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e formulations including
stereochemically defined glycomacromolecules for
delivery of saRNA

Jonas Becker, †a Beatriz Dias-Barbieri, †b Robin J. Shattock*b

and C. Remzi Becer *a

Targeted and efficient delivery of nucleic acid therapeutics (NATs) is one of the major challenges in the

development of next generation vaccine formulations. Glycosylated lipid nanoparticles (LNPs) utilising

mannose as an active targeting ligand have the potential to improve NAT based treatments owing to

their ability to bind to carbohydrate-binding protein receptors associated with immune cells. Addressing

these receptors specifically results in improved cellular uptake and therefore more efficient delivery of

the RNA cargo. Glycomacromolecules (GMs) with defined valency and configuration can distinguish

between receptors and enhance the functionality of LNP-based formulations by pinpointing different cell

types and enabling specific uptake. Therefore, in this study a library of nine discrete mannosylated GMs

with a distinct stereoconfiguration were synthesised and incorporated into LNP membranes via

cholesterol anchors. Established LNP formulations based on C12-200 are equipped with these GMs on

their surface and evaluated for their biological performance. Surface plasmon resonance spectrometry

(SPR) has been employed to investigate their binding properties with a variety of human lectins, to

elucidate the avidity of both the individual GMs and the LNPs to the receptors, revealing specific lectin

interactions. Additionally, the successful delivery of self-amplifying RNA (saRNA) in the glycosylated LNPs

is analysed for cellular transfection efficiency in cell lines such as HEK293T/17, THP-1 and BMDC, and

transfection efficiency is also evaluated in an ex vivo human skin explant model.
Introduction

Lipid nanoparticles (LNPs) have emerged as a promising
strategy to deliver nucleic acids in pharmaceutics, leading to
FDA-approved treatments such as Patisiran and the Covid-19
mRNA vaccines.1,2 These breakthroughs are the result of a vast
investigation of LNP formulations for gene delivery in vaccines,
protein replacement and gene silencing.3,4 LNPs have proven to
be effective, easy to scale up and safer than viral vectors.5–7 They
have especially achieved the successful delivery of otherwise
unstable mRNA, rendering a wide variety of potential thera-
peutic applications.8 Similarly, the utilisation of self-amplifying
RNA (saRNA) has raised attention, as it encodes a replicase that
can make copies of the original RNA strand, requiring signi-
cantly lower doses for an immune response than mRNA.9–12 One
crucial limitation of LNPs, however, is presented by their fate to
ultimately end up in the liver, when injected intravenously,
limiting their therapeutic versatility.13 Local administration, e.g.
arwick, Coventry CV4 7AL, UK. E-mail:

al College London, London W21PG, UK.

is work.

y the Royal Society of Chemistry
intramuscular, can circumvent this issue, but for future devel-
opments, tissue-specic targeting is desired to precisely tailor
immune responses to the area of interest.5,14,15 Evidently, the
chemical composition of the chosen formulation, in particular
the helper lipids, PEGylation, size and protein corona formation
can induce an effect for passive organ targeting.16–20 Moreover,
active targeting approaches with saRNA have been realised by
Goswami et al., showing the enhanced uptake of mannosylated
LNP systems by antigen-presenting cells (APCs).21,22 Notably, the
onset of immune response in both in vitro and in vivo was
observed to be more rapid with mannose on the surface of
LNPs. This carbohydrate-mediated targeting relies on the
multivalent interaction with carbohydrate-binding receptors
(lectins), increasing the efficiency of cellular uptake. Further-
more, glycosylated delivery systems for nucleic acids can
recognise specic cell types according to the lectins expressed
on their cell surface.23–25

Herein, we investigated the effect of glycosylation and vari-
ation of ligand stereochemistry on cellular transfection. This
approach does not only make use of mannose-mediated tar-
geting but also takes the conformation of the targeting mole-
cules into account. Precise glycomacromolecules (GMs) with
a dened tacticity and multivalency have been utilised, as they
exhibit selective binding to mannose-binding lectins.26 The
Chem. Sci.
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inuence of stereoconguration on biological performance of
LNP formulations presents an unprecedented attempt to
improve the cellular targeting selectivity, which remains an
issue in carbohydrate-mediated uptake.27–29

For this task, a library of nine GMs comprising two, four or
eight mannose units featuring a distinct stereoconguration (R
or S) was synthesised. Cholesterol moieties are introduced into
the structures, acting as anchoring units for the incorporation
into the lipid layer of LNPs (Fig. 1). The resulting formulations
were tested in cellular transfection and cytotoxicity assays with
human embryonic kidney (HEK) 293T/17, Tohoku Hospital
Pediatrics-1 (THP-1) and bone-marrow-derived dendritic cells
(BMDCs), with transfection efficiency also evaluated in human
skin explants ex vivo. Glycosylated LNPs exhibited no cytotox-
icity, comparable levels of saRNA expression to control samples
in human cell lines and a tendency of increased expression in
human skin explants. Taken together, these results demon-
strate the promising applicability of such systems for selective
delivery of saRNA LNP to immune cells, especially in an ex vivo
model of skin explants with previously demonstrated trans-
lational potential, which should be further explored.

Results and discussion
Synthesis and characterisation of cholesterol-containing
glycomacromolecules

A well-established synthesis approach to produce unimolecular
macromolecules with a dened stereochemistry has been
developed by Johnson and co-workers.30–32 Therein, iterative
exponential growth (IEG) is employed to elongate the overall
chain length of the oligomers by copper-catalysed azide–alkyne
cycloaddition (CuAAC). Whilst one chain end presents
a bromide, which can be readily converted into an azide moiety,
the other end contains a protected alkyne, allowing stepwise
CuAAC coupling of the precursors. This leads to a new triazole
formation with each cycle. The scaffold grows by 2n, where n
represents the number of IEG cycles performed. Notably, this
route renders macromolecules with total control over the chain
Fig. 1 Illustration of the scope of this study. (A) Library of glycomacromo
LNP formulations used in this study. (C) Illustration of cell transfection e

Chem. Sci.
length and stereoconguration, utilising chiral precursors. An
adaptation of this strategy was used in this study to fabricate
allyl-containing oligomers, in which the alkyne chain end is
functionalised with 3-(13-azido-5,8,11-trioxa-2-azatridecanoate)
cholesterol (cholesteryl-TEG-azide) (Fig. 2A). The valency of
allyl bonds, i.e. the number of carbohydrate units in the nal
compounds, was aimed at two, four and eight to examine the
effect of ligand multivalency on the performance of the desired
formulations. Additionally, all compounds were synthesised in
three stereocongurations: racemic, R and S. The nomenclature
of the enantiopure versions of this library (R and S congura-
tions) was adapted from the literature, namely that the letter
represents the conguration of the corresponding epichloro-
hydrin precursors used.31

The oligotriazoles produced aer the IEG cycles (IEGmers)
were deprotected in the presence of tetrabutylammonium
uoride (TBAF), upon which the CuAAC catalytic system con-
sisting of CuBr/PMDETA was added in a one pot reaction with
cholesteryl-TEG-azide.33,34 1H NMR (Fig. 2B) reveals the charac-
teristic cholesterol peak pattern between 0.6 and 2.8 ppm and
a new aromatic proton at 7.76 ppm, which can be assigned to
the additional triazole ring formed. In order to introduce lectin
recognition properties, 2,3,4,6-tetra-O-acetyl-1-thio-b-D-man-
nopyranose (Ac4ManSH) was chosen as a mannose reagent to
functionalise the double bonds via thiol–ene chemistry.35

Quantitative consumption of double bonds was monitored by
1H NMR (Fig. 2B) and was achieved at a molar ratio of allyl/
AIBN/Ac4ManSH = 1/0.25/6 at 70 °C overnight. Ultimately,
complete deacetylation of the mannose units was observed in
the spectra of the nal products.

To examine the integrity of the chiral information of the GMs
aer they had undergone several synthesis steps, circular
dichroism (CD) spectroscopy was employed (Fig. 2C). The
spectra were collected in water at neutral pH and showed
signicant differences depending on the chirality of the chosen
precursors. Whilst 4R and 8R exhibited a distinctive negative
band between 194 and 247 nm, 4S and 8S gave a negative signal
lecules with defined configuration and valency. (B) Components of the
xperiments performed.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthesis and characterisation of the functionalisation of IEGmers with cholesteryl-TEG-azide and subsequent glycosylation. (A) Synthetic
scheme (I) (1) TBAF, THF, 2 h, r.t. (2) CuBr/PMDETA, THF, 45 °C, 18 h. (II) AIBN, MeCN, 70 °C, 18 h. (III) NaOMe, MeOH, r.t., 2 h. (B) Stacked
representative 1H NMR spectra (400 MHz, CDCl3 or DMSO-d6) of each synthesis step. (C) Overlaid CD spectra of GMs in H2O. (D) Normalised
HPLC traces (DAD, 210 nm, eluent: H2O/MeCN 1% (+0.04% TFA)) of the final GMs. *System peak observed in higher intensity due to low sample
concentration.
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in the range from 197 to 219 nm but also showed a positive
band between 220 to 245 nm. Racemic samples 4 and 8 both
resulted in a CD response that lies in between the two corre-
sponding enantiopure counterparts. From this investigation it
can be deduced that the stereoconguration of the cholesterol-
containing GMs modulates their three-dimensional conforma-
tion and likely inuences the selective interactions of the GMs
with biomolecules, such as lectin receptors.

HPLC investigation of the nal cholesterol-containing GMs
(Fig. 2D) shows a single peak eluting within 2 minutes of the
chosen isocratic elution method. The non-polar component of
the eluent mixture (acetonitrile) was kept at a low amount of
1%, to maximise the interaction of the sample with the column,
however, the polar nature of the carbohydrate-carrying
compounds prevents a strong interaction with the hydro-
phobic C18 column, resulting in low retention times.36,37

Furthermore, all compounds elute at a very similar time,
regardless of molecule size or carbohydrate to cholesterol ratio.
Nevertheless, the synthesised GMs all showed an excellent
purity as observed on the HPLC chromatograms and seemed
therefore suitable for further biological experiments.

High resolution electron-spray microscopy (HR ESI-MS) of
the nal compounds was conducted to conrm their molecular
structure and the integrity of the cholesterol double bond
between carbons 5 and 6 of the steroid. Thiol–ene addition to
this bond is not intended, as it could lead to a change in polarity
of the cholesterol moiety and thus alter the characteristics
required for incorporation into lipid membranes. Comparison
of the spectra of GMs 2 and 4 with the predicted molecular
© 2026 The Author(s). Published by the Royal Society of Chemistry
weights (SI, Fig. S13 and S14) suggests that the cholesterol
double bond remains intact throughout the reaction procedure,
as the peak patterns of the sample measurement are in good
agreement with the predicted patterns of molecular ion peaks
[M + Na]+ and [M + 2Na]2+ for 2 as well as [M + 2H]2+ and [M + 2H
+ Na]3+ for 4, respectively. It appears that the cholesterol alkene
is less susceptible to a radical addition by the thiol than the allyl
bonds, likely owing to the increased steric hindrance. In addi-
tion, the distinctive peak patterns of the mass spectra reveal the
presence of the bromine atom in the nal molecules.
Surface plasmon resonance analysis of GMs

Before testing the cholesterol-containing GMs in LNP formu-
lations, their ability to engage in interactions with human lec-
tins was assessed. For this, the targeting ligands were examined
in a surface plasmon resonance (SPR) study with ve different
human lectins. In particular, dendritic cell-specic intercellular
adhesion molecule-3-grabbing non-integrin (DC-SIGN),
mannose-binding lectin (MBL), mannose-receptor (MR), lan-
gerin and liver/lymph node-specic intercellular adhesion
molecule-3-grabbing non-integrin (L-SIGN) were used as repre-
sentative lectins with vital immune system functions.38–43

Especially DC-SIGN as a receptor associated with macrophages
and dendritic cells is a protein of interest for targeted vaccina-
tions.44 Lectin-binding experiments can provide information
about the avidity of the mannosylated targeting ligands towards
individual proteins, which provides an indication on how they
will perform in cell uptake studies. Consequently, the
Chem. Sci.
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cholesterol-containing GMs were prepared in serial dilutions
ranging from 2.2 mM to 70 mM in HBS containing calcium as
a binding promoter for c-type lectins. The interaction was
measured by owing the sample solution over the proteins
immobilised on the SPR chip, resulting in binding curves of
different magnitudes depending on the analyte concentration
Fig. 3 SPR analysis of the interaction GMs with different lectins. Represen
SIGN, (D) Langerin, (E) mannose receptor (MR). (F) Bar plot of the kine
cholesterol-containing GMs and lectins using a Langmuir 1 : 1 binding m

Chem. Sci.
(Fig. 3A–E). Interaction with lectins could be observed for all
samples tested except for MR (SI, Fig. S17), where compounds 2,
4S and 8S showed unanalysable binding curves with only weak
interaction. Generally, binding to MR and L-SIGN generated
lower maximum response levels than the other lectins, which
can be assigned to the structure of MR with the mannose
tative binding curves of compound 8with (A) DC-SIGN, (B) MBL, (C) L-
tic association constants (Ka) evaluated from SPR binding curves for
odel. Full SPR binding data can be found in the SI.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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binding site located behind the galactose-specic motif.42,45 In
the case of L-SIGN, immobilisation efficiency appeared to be
slightly lower than for the other lectins tested, hence, the
immobilised proteins are unable to bind the same amount of
analyte. The highest response levels were obtained from inter-
action with MBL, likely induced by an increased number of
immobilised binding sites due to oligomer formation of MBL.46

Kinetic evaluation of SPR results

The kinetical interpretation of the binding curves obtained
from SPR experiments was performed via a 1 : 1 Langmuir
model to calculate the global kinetic parameters for the inter-
actions to the ve lectins (Fig. 3F; SI, Fig. S20, Table S1). The
data tting produces values for the association and dissociation
rate constants ka and kd, as well as the overall association and
dissociation constants, Ka and Kd. Moreover, the calculated Rmax

is reported, representing the theoretical maximal SPR response
for a specic analyte–receptor pair for the chosen conditions.
Correspondingly, this evaluation provides insight into the
avidity of the mannosylated structures to the individual lectins.

Comparison of the association rates (ka) indicates that
association occurs signicantly slower for compounds 2, 4S and
8 with MBL and Langerin than the rest of the tested GMs (SI,
Fig. S20A). A similar trend is observed for DC-SIGN with 8
generating the lowest ka value with this lectin, and for MR, with
almost a 3-fold increase in ka between 8 and 8R. L-SIGN,
conversely, exhibits the fastest association with 4S, although
the multivalency is lower than for the octamers. In contrast,
dissociation (kd) of 2 appears to be the slowest for MBL, DC-
SIGN and Langerin, despite presenting the lowest number of
carbohydrates for multivalent binding (SI, Fig. S20B). Notably
slow dissociation was also observed for 4R interacting with L-
SIGN, indicating a preference of the protein for a distinct
ligand conformation. MR shows generally high values for kd,
owing to weaker binding of the glycoligands with this receptor.
Examination of the overall association constants (Ka) underpins
the high avidity of 2 to MBL, DC-SIGN and Langerin (Fig. 3F).
Additionally, it becomes apparent that MR exhibits the overall
weakest adhesion to the GMs. Among the group of octamers, 8S
binds the strongest to most lectins, whereas 4R emerges as the
most potent ligand within the glycotetramers. Langerin
demonstrates preferred binding to glycotetramers over the gly-
cooctamers, which seems unexpected, as higher carbohydrate
content is known to lead to synergistic interaction based on the
multivalent cluster glycoside effect.47–49

Production and physicochemical characterisation of GLNPs

To determine the best concentration of glycooligomers to be
included in saRNA LNP formulations, we compared the effect
that different concentrations of 5%, 10%, and 15%molar ratios
have on the LNP physicochemical properties (Table 1).50,51 LNPs
with increasing molar ratios of glycooligomer exhibited higher
hydrodynamic diameters and polydispersity indices (PDI). A
RiboGreen assay was performed to quantify the encapsulation
efficiency of saRNA into the LNPs.52 Increasing molar ratios
resulted in lower encapsulation efficiencies. Whilst 5 mol% and
© 2026 The Author(s). Published by the Royal Society of Chemistry
10 mol% of glycoligand render satisfactory 94% and 93%
encapsulation efficiencies, respectively, the value dropped to
56% at 15 mol% glycosylation. Presumably, the glycoligands
interfere with RNA loading, as nucleic acids can interact with
sugars via carbohydrate–aromatic interactions.53,54 Additionally,
a drop in encapsulation efficiency caused by steric hindrance is
a known phenomenon for PEG-lipids, and it seems plausible
that the glycooligomers can also induce a similar effect.55

In the same set of LNPs, a sample was prepared without
adding any PEG lipid to the formulation, as it was reasoned that
the glycoligands could potentially replace PEG as a hydrophilic
stabiliser, leading to lower risk of anti-PEG immunity.56 In
addition, the PEG chains on the LNP might interfere with the
ability of the nanoparticle to interact with the cell surface and
shield the mannose units from the respective receptors.22

Characterisation of the altered formulation (Table 1) reveals
that the absence of PEG causes aggregation of particles, leading
to a hydrodynamic diameter of >200 nm and PDI > 0.3, thus
being inadequate for endocytosis.57,58 Furthermore, a signicant
drop in RNA encapsulation has been observed, which is in
agreement with mannosylated LNPs in the literature.21

Taken together, these results point to the use of saRNA LNPs
with 5 mol% of glycooligomers, since this was the only glyco-
sylated formulation to exhibit the desired physicochemical
properties, such as hydrodynamic diameter < 100 nm, PDI < 0.3,
and an encapsulation efficiency greater than 80%. Having
determined the optimal concentration of glycooligomers in LNP
formulations, we formulated control and glycosylated C12-200
LNPs using different types of glycooligomers and determined
their physicochemical properties (SI, Tables S2 and S3). The
control sample without glycoligands exhibited a slightly smaller
size (∼75 nm) than glycosylated formulations, most of which
ranged from 85 to 93 nm. The LNPs that include 2 are the
largest in the series with 112 nm. The surface charge gave
negative values ranging from −7 to −9.5 mV, indicating
successful encapsulation of saRNA, and agreeing with previous
literature for PEGylated C12-200 LNPs.19,56,59 The RiboGreen
assay conrmed excellent encapsulation efficiencies of ∼95%
and above for all samples.
Surface plasmon resonance of LNP formulations with lectins

Conrmation of the successful incorporation of the cholesterol-
containing glycoligands into the LNP formulations was per-
formed by SPR. It was presumed that glycosylation would
induce lectin binding, whilst the control sample without
carbohydrates on the surface would not adhere to the SPR chip.
The LNPs used in transfection studies were investigated for
their interaction with immobilised MBL and DC-SIGN (Fig. 4).
The sensorgrams for C12-200 LNPs with MBL (Fig. 4A) show
almost no curvature in the association phase with a dip in
response shortly aer sample injection followed by a nearly
linear association for 8R and 8S. No considerable interaction
was observed for the LNP control sample, which gave a signal
close to the buffer trace. Notably, formulations including 4 and
8 resulted in sensorgrams with lower response levels than the
buffer injection and the control sample. Assumably, the amount
Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03833f


Table 1 Physicochemical properties of saRNA LNPs with glycooligomer at different concentrations (hydrodynamic diameter, PDI, and
encapsulation efficiency). LNP: lipid nanoparticle, PEG: polyethylene glycol

Glycooligomer content
Hydrodynamic
diameter (nm)

Polydispersity
index (PDI)

Encapsulation efficiency
(%)

LNP control 64 � 1 0.19 � 0.01 97
LNP 5 mol% 70 � 3 0.26 � 0.04 94
LNP 10 mol% 100 � 8 0.39 � 0.09 93
LNP 15 mol% 83 � 2 0.31 � 0.06 56
LNP 15 mol% (PEG-free) 242 � 96 0.50 � 0.06 9
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of mannose moieties on these LNPs is not sufficient to enable
signicant interaction with the protein molecules on the chip
surface. This could be related to a low yield in the GM incor-
poration during the microuidic mixing process. In the disso-
ciation step, the SPR response remains nearly unaltered for all
tested samples, indicating that the surface-bound LNP-lectin
complex stays intact until the regeneration step. In the case of
DC-SIGN (Fig. 4B), the obtained curves are similar in trend to
MBL with lower overall response levels, supporting the nding
that 8S provides the highest binding levels to lectin receptors.
Accordingly, the binding to MBL and DC-SIGN indicates
successful carbohydrate coverage of the LNPs.
Luciferase transfection assays with glycosylated saRNA LNP in
human cell lines

The functionality of glycosylated LNPs was assessed in trans-
fection experiments by incubating the formulations for 24 h
with HEK293T/17 and THP-1 cells (Fig. 5). HEK cells present
a well-studied system for transfection experiments, given their
high transfectability and lack of RNA sensing
mechanisms.11,60–62 THP-1 is a monocytic cell line that repre-
sents an immune cell type and is responsive to saRNA.63–65

Transfection was allowed to occur for 24 h, upon which luciferin
was added to the wells. Since the saRNA encodes for luciferase,
the presence of luciferin will induce a luminescence signal,
which enables a quantitative readout for the amount of saRNA
transfected.66

Transfection results for LNPs with varying amounts of added
glycooligomer (Fig. 5A) conrmed the enhanced performance of
Fig. 4 Lectin binding studies of GLNP formulations. SPR sensorgrams of
with MBL, (B) C12-200 LNP formulations containing different GMs in HB

Chem. Sci.
the sample with 5 mol% compared to higher carbohydrate
contents. PEG-free LNPs exhibited minimal levels of trans-
fection, which could be explained by suboptimal particle
production, as well as differences in delivery pathways due to
different physicochemical properties. All GLNP samples pre-
senting different GMs (Fig. 5B) showed good transfection with
HEK cells (>105 RLU). C12 + 2R and C12 + 8 exhibited 12% and
9% higher transfection levels compared to the LNP control.
Likewise, two of the dimers performed better than the set of
tetramers. In THP-1 transfection, however, C12 + 4 provided the
highest level of expression, whereas C12 + 4R and C12 + 4S
presented the lowest values of all samples (Fig. 5C). C12 + 2S
showed the best performance within the group of dimers. From
the transfection in HEK cells and THP-1, it can be deduced that
the stereoconguration of the GMs has an inuence on the
biological performance, albeit not all samples show an
improvement over the control. It became apparent that the
carbohydrate valency of GMs did not have a major effect on
transfection, as some of the octamers exhibit lower levels of
luciferase expression than the corresponding dimers and
tetramers.
Cytotoxicity assay of glycosylated saRNA LNPs

Upon conrming that the glycosylated saRNA LNP formulations
can lead to functional protein expression in vitro, we then
evaluated their cytotoxicity (Fig. 5D and E). In general, highly
efficient systems for nucleic acid delivery tend to exhibit some
degree of cytotoxicity.67 Thus, the glycosylated formulations
were tested for potential cytotoxic properties. For this and the
(A) C12-200 LNP formulations containing different GMs in HBS buffer
S buffer with DC-SIGN.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Luciferase transfection assay results (luminescence intensity) of (A) saRNA LNPs with glycooligomer at various molar ratios. (B) LNP
formulations containing different GMs in HEK 293T/17 cell line. (C) LNP formulations containing different GMs in THP-1 cell line. (D/E) Cyto-
toxicity evaluation of glycosylated saRNA LNP formulations. HEK 293T/17 and THP-1 cells were incubated with the formulations for 24 h. Levels
of cellular toxicity were then determined using a CellTiter-Glo® assay. (D) Cell viability of HEK 293T/17 cells, and (E) cell viability of THP-1 cells.
Graphs show mean ± s.d. of n = 3. LNP: lipid nanoparticle, PEG: polyethylene glycol, RLU: relative light units, saRNA: self-amplifying mRNA.
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next experiments, a reduced sample size of glycooligomers was
selected, focussing on the compounds with a higher degree of
glycosylation. LNPs were incubated with cells in the same
conditions as described previously, and their toxicity levels were
analysed aer 24 h using a CellTiter-Glo® assay. For both HEKs
and THP-1s, none of the LNP formulations exhibited cytotox-
icity (glycosylated or not), demonstrating the safe applicability
of such delivery systems. The positive control lipofectamine, on
the other hand, was the only condition to exhibit a more
pronounced reduction in cell viability, in both cell types. This is
not surprising given that lipofectamine is known for its
toxicity.68
Cellular transfection efficiency in BMDCs expressing mannose
receptors

To further validate the selective delivery of saRNA LNPs to cells
that are known for expressing the relevant receptors to the
glycooligomers, we analysed transfection in murine bone
marrow-derived dendritic cells (BMDCs). Dendritic cells play an
important role in the immune system, as they are APCs with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
ability to trigger innate immune responses and initiate adaptive
immunity.69,70 BMDCs were chosen as a known model for
dendritic cells in transfection assays, as they express mannose
receptors.71–73 Owing to the potent binding of the GMs to DC-
SIGN, BMDCs seem a suitable system for the investigation of
mannosylated GLNPs. In this assessment, HEK cells were again
tested as a positive control for successful transfection,
providing additional information about the reproducibility of
the delivery system (Fig. 6A). In HEK cells, C12 + 8 displayed
higher levels of luciferase expression, in absolute numbers,
than both control samples. In contrast, C12 + 8S exhibited
a lower amount of luminescence, indicating reduced preference
for this glycoligand.

Examination of the transfection results with BMDCs revealed
the highest signal among the tested formulations was achieved
by C12 + 8 (Fig. 6B). GLNPs formulations exhibited transfection
levels in the same range of the control LNP. Although BMDCs
are more difficult to transfect than HEKs, this result was
unexpected, as the GLNPs do not seem to induce the desired
boost in transfection. The performance of GLNPs for C12-200
Chem. Sci.
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Fig. 6 Transfection assay results (luminescence intensity) of (A) C12-200 DSPC formulations containing different GMs in HEK 293T/17 cell line.
(B) C12-200 DSPC formulations containing different GMs in BMDCs. All results were recorded after 24 h of transfection. Graph shows mean
± s.d. of n = 3. (C) SaRNA expression levels in human skin explants transfected with glycosylated LNPs over seven days, which was used to
calculate (D) the area under the curve (AUC) for each formulation. Graph shows mean ± s.d. of n = 3.
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varies according to the type of glycooligomer, thus it can be
deduced that glycoligand stereoconguration modulates inter-
action with BMDCs in C12-200 formulations, however this
needs to be further explored.
Glycosylated saRNA LNPs result in high levels of expression in
human skin explants ex vivo

Since transfection of glycosylated saRNA LNPs with murine
BMDCs did not result in increased expression levels, we sought
to determine transfection efficiency in an ex vivo model of
greater relevance to human vaccination (Fig. 6C and D). Human
skin explants were employed as an ex vivo model due to their
previously demonstrated translational potential for saRNA
vaccines.19,74

In this study, explants were transfected with 1 mg of lucif-
erase saRNA encapsulated inside LNPs with different glycosy-
lated ligands, and transfection efficiency was assessed by
bioluminescence imaging. LNPs with ligand 8 exhibited
approximately 2-fold higher levels of saRNA expression in skin
explants, compared to the non-glycosylated LNP. Furthermore,
in absolute numbers, glycosylated formulations induced higher
expression levels than the non-glycosylated LNP. However, the
use of human skin explants as a model for assessing trans-
fection efficiency seems promising for the evaluation of func-
tionalised RNA LNP formulations. Differences between human
skin explants and murine BMDCs could be explained by inter-
species differences, as well as by intrinsic differences between in
vitro and ex vivo models, considering that each model will have
specic cell types and proportions of each.75,76
Chem. Sci.
Conclusions

In this work, the synthesis of cholesterol-containing glyco-
macromolecules with varying stereoconguration and number
of carbohydrates based on IEG has been described. CD spec-
troscopy was used to conrm the chiral integrity of the glyco-
oligomers aer synthesis completion. The GMs have been
investigated by SPR for their ability to bind to human lectins
MBL, DC-SIGN, L-SIGN, MR and Langerin. It was found that in
this specic case glycovalency was not the main driving force for
lectin binding, as altering the number of mannose units from
two to four or eight did not drastically affect the magnitude of
avidity. However, different association and dissociation kinetics
were observed for the variations in stereochemistry of the olig-
omer backbone, indicating preferential binding of specic gly-
cooligomer–lectin pairs. This is in agreement with previous
literature and further biological cell transfection studies were
employed to test the selective targeting abilities of the system.
Therein, cholesterol end groups of the glycooligomers act as an
anchoring point for the fabrication of glycosylated LNPs with
different surface carbohydrate valency and stereoconguration.
Successful incorporation of the oligomers into the LNPs was
conrmed by SPR. Additionally, saRNA-based transfection
assays with HEK293T/17, THP-1 and BMDCs revealed good
functional protein expression enabled by the formulations. For
HEK cells in particular, differences in expression levels indicate
that cellular uptake can potentially bemodulated by altering the
chirality of the glycoligands. The glycovalency, on the other
hand, seemed to have only a minor inuence on the trans-
fection. Additionally, glycosylated LNPs exhibited higher
© 2026 The Author(s). Published by the Royal Society of Chemistry
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expression levels in human skin explants compared to control
experiments, highlighting the benet of glycosylation in these
formulations. Ultimately, these ndings pave the way for more
selective therapeutics relying on carbohydrate-mediated nucleic
acid delivery.
Experimental section
Materials

Azobisisobutyronitrile (AIBN) (Sigma-Aldrich, 98%), sodium
azide (Sigma-Aldrich, >99%), tetrabutyl ammonium uoride
(1.0 M in THF, Sigma-Aldrich), anhydrous tetrahydrofuran
(THF) (99.9%, Acros Organics, extra dry), anhydrous acetonitrile
(99.9%, Acros Organics, extra dry), N,N,N0,N00,N00-pentamethyl
diethylenetriamine (PMDETA) (Sigma-Aldrich, 99%), copper(I)
bromide (CuBr) (Sigma-Aldrich, 98%), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma-Aldrich),
sodium methoxide (25w% in MeOH, Sigma-Aldrich), 3-(13-
azido-5,8,11-trioxa-2-azatridecanoate)cholesterol (cholesteryl-
TEG-azide, Sigma-Aldrich) were all used as received. Lectins
(DC-SIGN, L-SIGN (DC-SIGNR), MBL, Langerin and Mannose
Receptor 1) were purchased from Bio-Techne (USA) and used as
received. Dialysis tubing was purchased from SpectraPor (USA)
and rinsed with DI-water before use. 2,3,4,6-tetra-O-acetyl-1-
thio-b-D-mannopyranose (Ac4ManSH) was synthesised accord-
ing to the literature.77
Methods

Nuclear magnetic resonance. All NMR spectra were
measured at 298 K on a Bruker HD300 or HD400 in CDCl3, D2O
or DMSO-d6.

High-performance liquid chromatography (HPLC). HPLC
was performed on an Agilent 1260 Innity II system (DAD
detection at 210 nm) equipped with an Agilent InnityLab
Poroshell 120 EC-C18 (4.6 mmID, 100 mmL, 2.7 mm) column
with an isocratic elution mixture H2O/MeCN 1% (+0.04% TFA).

High resolution electron-spray ionisation mass spectrometry
(ESI-MS). HR ESI-MS spectra were measured on a Bruker
Compact Q-TOF in positive ion mode.

Circular dichroism spectroscopy (CD). CD spectra were
acquired on a Jasco J-1500 spectrometer at 25 °C using a 1 mm
cuvette. Sample solutions were prepared at a concentration of
1.0 mgmL−1 and ltered through a 0.2 mmnylon lter. If the CD
scan showed a high-tension voltage (HT) of over 700 V, the
sample was diluted down to stay below that threshold. A total of
128 scans were recorded.

Surface plasmon resonance (SPR). SPR was used to deter-
mine the extent of interaction between the GMs and lectins.
Samples were analysed on a BIAcore T200 system (Cytiva Life
Sciences). The lectins (25 mg mL−1) were immobilised via
a standard amino coupling protocol onto a CM5 sensor chip
that was activated by owing a 1 : 1 mixture of 0.1 M N-
hydroxysuccinimide (NHS) and 0.4 M N-ethyl-N0

(dimethylaminopropyl)-carbodiimide (EDC) over the chip for
5 min at 20 °C at a ow rate of 5 mL min−1 aer system equili-
bration with HEPES-buffered saline (HBS) buffer (10 mM
© 2026 The Author(s). Published by the Royal Society of Chemistry
HEPES pH 7.4, 150 mM NaCl, 5 mM CaCl2). Subsequently,
channels 1 (blank), 2, 3 and 4 were blocked by owing a solution
of ethanolamine (1 M pH 8.5) for 10 min at 5 mL min−1 to block
remaining reactive groups on the channels. Sample solutions
were prepared at varying concentrations (70 mM to 2.2 mM) in
the same HBS buffer to calculate the binding kinetics. Sensor-
grams for each sample concentration were recorded at 20 °C
with a ow rate of 25 mL min−1. Injection of GM solution 350 s
(on period) was followed by 200 s of buffer alone (off period).
Regeneration of the sensor chip surfaces was performed using
a solution of 10 mM HEPES pH 7.4, 150 mM NaCl, 10 mM
EDTA, 0.01% Tween20. All binding curves were subjected to
double referencing by subtracting the signal of a reference
channel without protein on the chip and the signal of a blank
buffer injection. Kinetic data was evaluated using a 1 : 1 lang-
muir binding model in the BIA evaluation 3.1 soware. SPR
samples for LNP formulations were prepared by diluting 40 mL
of the formulation stock solution in BSA with 160 mL of HBS.

In vitro transcription (IVT) of self-amplifying mRNA. Vene-
zuelan Equine Encephalitis Virus (VEEV)-derived self-
amplifying mRNA (saRNA) used in this study encoded for
rey luciferase (fLuc). The rst step consisted of linearising
the plasmid DNA template using MluI (New England BioLabs,
UK) for 3 h at 37 °C. DNA linearisation was conrmed by
agarose gel electrophoresis. Next, RNA synthesis was done via in
vitro transcription (IVT) reactions using the HiScribe kit (Invi-
trogen, Thermo Fisher Scientic, UK), according to the manu-
facturer's instructions. Transcripts were puried by lithium
chloride (LiCl) precipitation. Initially, transcripts were added to
a LiCl solution overnight at −20 °C and centrifuged the
following day at 14 000 rpm for 20 min at 4 °C. Pellets were
resuspended in 70% ethanol and centrifuged at 14 000 rpm for
5 min at 4 °C. The ethanol was removed, pellets were allowed to
dry for 5 min, and transcripts were reconstituted in ultrapure
H2O. RNA quantication was done using a NanoDrop One
(Thermo Fisher Scientic, UK) and RNA integrity was evaluated
by RNA gel electrophoresis.

LNP formulation. The following lipids were used for prepa-
ration of LNPs with and without polymers: C12-200 (Corden
Pharma, Switzerland), 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) (Avanti® Polar Lipids, US), cholesterol
(plant-derived) (Avanti® Polar Lipids, US) and 1,2-dimyristoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (ammonium salt) (DMPE-PEG2000) (Avanti® Polar
Lipids, US).

C12-200 LNPs were prepared with C12-200, DSPC, choles-
terol, and DMPE-PEG2000 at a molar ratio of 35 : 16 : 46.5 : 2.5,
at an RNA to lipid ratio of 1 : 55 (w/w). Glycopolymer stock
solutions were prepared in RNase-free water and added at
different molar ratios from 2% to 15%. The content of glyco-
polymer in the glycosylated LNPs replaced cholesterol in the
corresponding amounts.

saRNA solutions were prepared in 50 mM sodium acetate
(Sigma®, US) and 100 mM sodium chloride buffer (Sigma®, US)
at pH = 5.5. LNPs were formulated on a NanoAssemblr (Preci-
sion NanoSystems Incorporated, Vancouver, BC, Canada) using
a ow rate ratio of RNA:lipid of 3 : 1 and a total ow rate of 8
Chem. Sci.
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mL min−1. The formulated material was then diluted in Dul-
becco's phosphate-buffered saline (DPBS) 1× (Gibco, UK) in
approximately 5 times the volume of the total formulation. This
diluted sample was spun down using VivaSpin 6 lter tubes
with a molecular weight cut-off (MWCO) of 10 kDa (Sartorius,
Germany) at 4000 rpm and 18 °C until the desired concentration
was achieved. Samples were stored at 4 °C until usage.

RNA encapsulation efficiency by RiboGreen assay. The
quantication of saRNA encapsulated inside lipid nanoparticles
was analysed using a Quant-iT RiboGreen assay (ThermoFisher,
UK) according to Precision NanoSystems' protocol. Briey,
samples were diluted to a concentration in the range of 6 mg
mL−1 and added 1 : 1 in either 1× TE Buffer or Triton X-100,
using a black 96-well Costar® plate (ThermoFisher, UK).
Samples were incubated at 37 °C for 10 min to allow for the lysis
of LNPs and then kept for 5 min at room temperature. Ribo-
Green reagent was prepared at a 1 : 100 dilution in 1× TE buffer,
and 100 mL was added per well. An RNA standard curve was also
prepared as recommended by the protocol. Fluorescence
intensity was analysed on a microplate reader (BMG LABTECH,
UK) at an excitation of 480 nm and emission of 520 nm. The
concentration of total saRNA and saRNA on the outside (non-
encapsulated) was calculated based on the standard curve.
The concentration of encapsulated saRNA was calculated by
subtraction (total saRNA minus non-encapsulated saRNA). The
percentage of encapsulation efficiency (EE) was calculated as:

EE (%) = 100 × (RNA encapsulated/RNA added to assay)

LNP physicochemical characterization. Z-Average diameter
and zeta potential were analysed using a Zetasizer Nano ZS
(Malvern Instruments, UK). Samples were equilibrated at room
temperature and then diluted 1 : 100 in DPBS 1× (Gibco, UK), in
a total of 850 mL. DTS1070 cuvettes were used, and the param-
eters were as follows: material refractive index of 1.529, absor-
bance of 0.010, dispersant viscosity of 0.8820 cP, refractive index
of 1.330 and dielectric constant of 79.

Cell line and culture conditions. HEK293T/17 cells (ATCC,
US) were routinely grown in Dulbecco's Modied Eagle's
Medium (DMEM) (Gibco, Thermo Fisher, UK) supplemented
with 10% (v/v) foetal bovine serum (FBS), 1% (v/v) L-glutamine,
and 1% (v/v) penicillin/streptomycin (Thermo Fisher, UK), at
37 °C under 5% CO2. When conuent, cells were washed with
DPBS 1× (Gibco, UK) and treated with trypsin (TrypLE Express
1×) (Gibco, UK) for seeding in new culture asks (Corning, US).

THP-1 cells (ATCC, US) were routinely grown in RPMI-1640
Medium (Sigma, UK) supplemented with 10% (v/v) foetal
bovine serum (FBS), 1% (v/v) L-glutamine, and 1% (v/v)
penicillin/streptomycin (Thermo Fisher, UK), at 37 °C under
5% CO2. When conuent, the whole cell suspension in culture
media was centrifuged at 1750 rpm for 5 min, and the pellet was
re-suspended in fresh RPMI-1640 medium for seeding in new
culture asks (Corning, US).

Establishment of BMDCs culture. For the culture of bone
marrow cells, the bone marrow was initially harvested from
BALB/c mice by removing the excess fat and muscle tissue from
Chem. Sci.
the legs. Samples were kept on ice in Petri dishes (Thermo
Fisher Scientic, UK) containing RPMI medium (Sigma, UK)
and later sterilised by placing them in 70% ethanol for 1–2 min
on ice. Next, bones were transferred to a Petri dish containing
fresh complete RPMI medium and ushed using microne
insulin needles (BD Biosciences, US), for collection of bone
marrow cells. The medium was then transferred to 50 mL
conical tubes (Falcon®, Corning, US) and spun down at 400 g
for 5 min. The pellet was resuspended in 1 mL of ACK Lysing
buffer (Lonza, US) and incubated for 2 min at RT. Then, 9 mL of
complete RPMI medium was added, and the solution was
ltered using 70 mm strain lters (Falcon®, Corning, US). The
solution was spun down again, and the pellet obtained was
resuspended in complete RPMI medium. Cells were plated at 1
× 106 cells per mL in Petri dishes with complete RPMI medium
and supplemented with recombinant murine GM-CSF (Pepro-
Tech®, UK) 40 mg mL−1 at 1 : 1000 dilution, and 2-Mercaptoe-
thanol 50 mM (Gibco, UK) at 1 : 1000 dilution too. The cell
culture medium was changed every 3 days by removing half of
the medium and replacing it with an equal volume of fresh
medium and adding fresh growth factors. Upon 7 days, cells
were checked under the microscope for differentiation and
plated in 96-well plates (Falcon®, Corning, US) at a concentra-
tion of 50 × 103 cells per well in 100 mL.

Cell transfection assay. On the day before the experiment,
cells were seeded in 96-well plates at the following concentra-
tions: HEK 293T/17 at 50 × 103 cells per well, THP-1 cells at 80
× 103 cells per well, and BMDCs at 50 × 103 cells per well. For
the evaluation of transfection efficiency, a dose of 100 ng of
saRNA-LNPs was added to each well containing the appropriate
fully supplemented media, and transfection was allowed to
occur for 24 hours. Next, 50 mL of the medium was removed
from each well and replaced with 50 mL of Bright-Glo™ luciferin
substrate (Promega, UK). Aer 5 min, the whole 100 mL was
transferred to white plates (Falcon®, US), and luminescence
intensity was analysed using a FLUOstar Omega plate reader
(BMG LABTECH, UK).

Cellular viability assessment with CellTiter-Glo® 2.0 assay.
HEK 293T/17 cells were seeded at 50 × 103 cells per well and
THP-1 cells at 80 × 103 cells per well. Cells were transfected the
next day with 100 ng of saRNA encapsulated inside lipid
nanoparticles. Cells were incubated with saRNA LNPs for 24 h.
Plates were equilibrated at room temperature for 30 min and an
equal volume of the CellTiter-Glo® 2.0 (Promega, UK) reagent
was added to the wells (100 mL). Contents were mixed for 2 min
using an orbital shaker (Jencons Scientic Ltd, UK), and plates
were incubated for 10 min at room temperature. The total
volume was transferred to a white plate (Falcon®, US), and
luminescence intensity was analysed on a FLUOstar Omega
plate reader (BMG LABTECH, UK).

Human skin explants culture and bioluminescence imaging.
Human skin tissue samples were obtained from healthy donors
at Charing Cross Hospital, Imperial NHS Trust, London, UK.
Patients signed an informed consent form, and procedures
followed the Local Research Ethics Committee protocols. Skin
tissue was originally from elective mastectomy and abdomi-
noplasty surgeries. Initially, the subcutaneous fat layer was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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removed, and the explants of 1 cm × 1 cm were made by using
a scalpel (Swann-Morton™, Fisher Scientic, UK). Explants
were placed in 12-well plates with 2 mL of DMEM (Gibco,
Thermo Fisher UK) supplemented with 10% (v/v) foetal bovine
serum (FBS), 1% (v/v) L-glutamine, and 1% (v/v) penicillin/
streptomycin (Thermo Fisher, UK). Cell culture media was
replaced daily. To analyse saRNA expression in human skin
tissue, explants were transfected with 1 mg of fLuc encapsulated
within control and glycosylated LNP formulations. Samples
were injected intradermally with 1 mg of saRNA-LNP in 50 mL
using Micro-ne insulin needles (BD Biosciences, UK), at a 15°
angle in a controlled manner. For acquisition of biolumines-
cence imaging, media was replaced with 950 mL of DMEM
(Gibco, Thermo Fisher, UK) and 50 mL of IVISbrite D-luciferin
Bioluminescent Substrate in RediJect Solution (Revvity, UK) and
explants were incubated for 10 minutes. Image acquisition was
performed using the Ami HT Optical Imaging System (Spectral
Instruments Imaging, US) using a suitable exposure, and image
analysis was done using the Aura Image Analysis Soware
version 4.0.8 (Spectral Instruments Imaging, US).
Synthetic procedures

Typical procedure for CuAAC of triazole backbone with chol-
TEG-azide. Under inert atmosphere, allyl-IEG-dimer 1 (0.021 g,
0.05 mmol, 1 eq.) was dissolved in dry THF (0.25 mL) and the
solution was degassed with an N2 stream for 2 min. Tetra-
butylammonium uoride solution (1 M in THF, 0.053 mL, 1.1
eq.) was added and the mixture was stirred for 2 h at room
temperature. In a separate vial, cholesteryl-TEG-azide (0.038 g,
0.06 mmol, 1.2 eq.) was dissolved in dry THF (0.25 mL),
degassed, and added to the reactionmixture. Copper(I) bromide
(0.001 g, 0.008 mmol 0.15 eq.) and PMDETA (1.6 mL,
0.008 mmol, 0.15 eq.) were added and themixture was heated to
45 °C for 18 h. Aer completion, the solvent was removed under
reduced pressure and the residue dissolved in DCM (10 mL).
The organic layer was washed with H2O (3 × 10 mL), dried over
MgSO4, ltered and the solvent removed under reduced pres-
sure. The product 2A (0.044 g) was obtained as a viscous oil and
used in the next step without further purication.

1H NMR (400 MHz, CDCl3): d(ppm) 7.76 (s, 1H, Ar–H), 7.65 (s,
1H, Ar–H), 6.03–5.83 (m, 1H, CH]CH2), 5.80–5.62 (m, 1H, CH]
CH2), 5.34 (bs, 2H, Chol-C]CH), 5.26–5.07 (m, 4H, CH]CH2),
4.71–4.61 (m, 4H, OCH2-Ar), 4.60–4.52 (m, 4H), 4.51–4.35 (m,
4H), 4.30–4.20 (m, 3H), 4.10 (s, 2H), 4.05–3.96 (m, 3H), 3.93–3.81
(m, 4H), 3.66 (s, 4H), 3.65–3.57 (m, 13H), 3.57–3.47 (m, 7H),
3.41–3.26 (m, 5H), 2.40–2.19 (m, 4H), 2.08–1.90 (m, 5H), 1.90–
1.75 (m, 7H), 1.61–1.39 (m, 16H), 1.38–1.28 (m, 8H), 1.24 (s, 6H),
1.17–1.08 (m, 11H), 1.02–0.95 (m, 16H), 0.90 (d, J = 6.4 Hz, 8H),
0.85 (d, J = 6.5 Hz, 14H), 0.66 (6H).

Typical procedure for thiol–ene reaction with thiomannose.
Under inert atmosphere, 2A (0.016 g, 0.015 mmol, 1 eq.) was
dissolved in dry acetonitrile (0.4 mL) and Ac4ManSH (0.066 g,
0.180 mmol, 12 eq.) and AIBN (0.001 g, 0.008 mmol, 0.5 eq.)
were added. The suspension was degassed with a stream of
nitrogen for 5 min and was heated to 70 °C for 18 h. Aerwards
the solvent was removed under reduced pressure, and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
residue was dissolved in methanol (0.5 mL). Sodium methoxide
solution (25w% in MeOH, 20 mL) was added and the mixture
was stirred at r.t. for 2 h. A mixture of H2O/DMSO 1 : 1 (5 mL)
was added, and the solution was transferred into a dialysis bag
(MWCO: 100–500 Da) and dialysed against H2O for 48 h. Lyo-
philisation afforded the product 2 (0.010 g, 46%) as a white
solid.

1H NMR (400 MHz, DMSO-d6): d(ppm) 8.09 (s, 1H, Ar–H),
8.05 (s, 1H, Ar–H), 7.06 (t, J= 5.7 Hz, 1H, NH), 5.32 (bs, 1H, Chol-
C]CH), 4.80–4.70 (m, 4H, Man-CH), 4.69–4.63 (m, 2H, Man-
CH), 4.60 (s, 1H), 4.56 (s, 3H, OCH2-Ar), 4.54–4.47 (m, 6H,
OCH2), 4.46–4.41 (m, 2H), 4.41–4.33 (m, 2H), 4.33–4.24 (m, 2H),
3.85–3.78 (m, 3H), 3.70–3.60 (m, 5H), 3.54–3.44 (m, 14H, TEG-
CH2), 3.29 (bs, 4H), 3.13–3.00 (m, 5H), 2.69–2.61 (m, 2H), 2.54 (s,
5H), 2.35–2.13 (m, 4H), 1.99–1.86 (m, 3H), 1.86–1.70 (m, 5H),
1.68–1.58 (m, 3H), 1.57–1.42 (m, 8H), 1.42–1.28 (m, 7H), 1.23 (s,
5H), 1.15–0.98 (m, 10H), 0.95 (s, 5H), 0.89 (d, J = 6.4 Hz, 4H),
0.84 (d, J = 6.6 Hz, 8H), 0.64 (s, 3H).
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