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Characterising the interaction between cationic ionisable lipids (CIL) and nucleic acids (NAs) is key to

understanding the process of RNA lipid nanoparticle (LNP) formation and release of NAs from LNPs. Here,

we have used different surface techniques to reveal the effect of pH and NA type on the interaction with a

model system of DOPC and the CIL DLin-MC3-DMA (MC3). At only 5% MC3, differences in the structure

and dynamics of the lipid layer were observed. Both pH and %MC3 were shown to affect the absorption

behaviour of erythropoietin mRNA, polyadenylic acid (polyA) and polyuridylic acid (polyU). The adsorbed

amount of all studied NAs was found to increase with decreasing pH and increasing %MC3 but with

different effects on the lipid layer, which could be linked to the NA secondary structure. For polyA at pH

6, adsorption to the surface of the layer was observed, whereas for other conditions and NAs, penetration

of the NA into the layer resulted in the formation of a multilayer structure. By comparison to simulations

excluding the secondary structure, differences in adsorption behaviours between polyA and polyU could

be observed, indicating that the NA’s secondary structure also affected the MC3-NA interactions.

1. Introduction

The importance of successful RNA delivery in recent years
cannot be overstated. Lipid nanoparticle (LNP) based mRNA
delivery was used in two approved vaccines against SARS-CoV-2
(mRNA-12731 and BNT162b2), which have been some of the
most effective tools in the SARS-CoV-2 pandemic, in part due
to rapid and cost effective production methods.3 Although
there is a long history of work in this area, these recent suc-
cesses and proof of efficacy have led to growing interest in
RNA LNPs. This has resulted in the development of a range of
RNA LNP based products,4 many of which have reached clini-
cal trials.5 As these LNPs can be considered a ‘platform’ that
can be loaded with different cargos, they have found a wide
range of target illnesses, including previously thought ‘undrug-
gable’ illnesses and cancer.5,6 There is now a focus on the
rational design of LNPs in order to maximise their desirable
properties, including limiting the immune response, optimis-
ing nucleic acid (NA) encapsulation efficiency during formu-
lation, protecting the NA cargo from degradation and aiding
endosomal escape.3,4

Since their introduction by Semple et al.,7 cationic ionisable
lipids (CILs) have been shown to massively increase LNP deliv-
ery efficacy.3–5 The commonly used CILs are positively charged
at low pH (aiding efficient encapsulation of NA cargo during
LNP formulation) and near neutral at physiological pH (redu-
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cing the toxicity associated with permanently charged cationic
lipids).4,8 Since then, there has been further optimisation of
the CIL structure with regards to pKa of the charged group and
number of double bonds in the chain, among other
characteristics.9,10 One of the most potent CILs developed was
DLin-MC3-DMA (MC3), which has a pKa of 6.44,10 which
makes it optimal for such applications in vivo. Currently the
composition of the most widely used LNP formulations
includes a CIL, a neutral helper lipid (usually a phosphatidyl-
choline), cholesterol and a PEG lipid.3 There is a rapidly
growing body of literature investigating the application of
these LNPs with different formulations, especially with the
design of new CILs and RNA cargos, and their efficacy in vitro
(mostly focussing on hepatocytes) and in vivo (almost exclu-
sively in mouse models)(ref. 4–5 and references within,
ref. 11–18). Although there has been work on the physico-
chemical characterisation of LNP structural features,19–27 it is
much less common and detailed characterisation is rare. It
has, however, been generally concluded that the LNP structure,
composition, size and surface characteristics greatly affect LNP
function. Specifically, the structure of the LNP core and the
CIL interaction with the NA cargo (complexation vs. encapsula-
tion) are key.4 It is, therefore, vital to understand the inter-
action of the NA cargo with the delivery vehicle at different
pHs in order to optimise encapsulation and release in
different environments.28

However, detailed characterisation requires relatively large
amounts of material, which is often not possible or prohibi-
tively expensive when working with mRNA.28,29 ‘Model
mRNAs’, such as polyadenylic acid (polyA) and polyuridylic
acid (polyU), synthetic homopolymers of the RNA nucleotides
adenosine and uracil respectively, are an attractive alternative,
as they are cheaper and more readily available. These are often
used to initially characterise the binding properties of RNA to
RNA binding proteins30–32 and have been used in previous
studies of the LNP structure.19,22

Due to the complex and multicomponent nature of the
popular LNP formulations, it is challenging to isolate the con-
tribution of the CIL, therefore it is necessary to work with in a
simplified system. In this study, we have investigated a model
system of a supported lipid layer composed of varying ratios of
the CIL MC3 and DOPC, as PCs are the most commonly used
helper lipids in LNP formulations3–5,8,28,33 and here DOPC
facilitates deposition of a planar layer. The lipid layer struc-
ture, dynamics and interactions with different RNAs (human
erythropoietin (EPO) mRNA, polyA and polyU) have been
characterised in a cell relevant pH range using various surface
characterisation methods and compared to molecular
dynamics simulations.

2. Materials and Methods
2.1. Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, powder) was
purchased from Avanti Polar Lipids (Birmingham, AL, USA)

and (6Z,9Z,28Z,31Z)-heptatriacont-6,9,28,31-tetraene-19-yl 4-
(dimethylamino)butanoate (DLin-MC3-DMA or MC3, liquid
oil) was purchased from Biorbyt (Cambridge, UK). The fluores-
cently labelled lipid 1,2-distearyl-sn-glycero-3-phosphoethanola-
mine-N-(TopFluor AF488) ammonium salt was purchased from
Sigma (Avanti Polar Lipids). Chloroform, buffer salts (NaCl,
KH2PO4, Na2HPO4, NaH2PO4·H2O) and D2O were purchased
from Sigma Aldrich. MilliQ purified water (18 MΩ cm) was
used for all experiments.

Polyadenylic acid (polyA) and polyuridylic acid (polyU) were
purchased from Sigma Aldrich. CleanCap™ Erythropoietin
mRNA (EPO mRNA, 1.0 mg mL−1 in 1 mM sodium citrate at
pH 6.4) was purchased from TriLink Biotechnologies (San
Diego, CA, USA).

50 mM sodium phosphate buffers (pH 6 and pH 7) were
prepared in D2O, H2O and a mix of 38 : 62 D2O : H2O (CMSi,
contrast matched to Si) by mixing the corresponding 50 mM
Na2HPO4 and 50 mM NaH2PO4·H2O solutions while monitor-
ing the pH to the target pH (6, 6.5, 7, 8).

2.2. Sample preparation

Lipid vesicles were prepared using a modified version of the
protocol used by Dabkowska et al.34 In summary, stock solu-
tions of each lipid in chloroform were prepared and mixed to
the required MC3/DOPC molar ratio (0/100, 5/95, 10/90, 15/85),
which were briefly vortexed. The chloroform was then evapor-
ated under a gentle N2 flow followed by desiccation under
vacuum for 14 h to remove any remaining chloroform.

For quartz crystal microbalance with dissipation monitor-
ing (QCM-D) measurements, the lipid film was then hydrated
in phosphate buffered saline (1× PBS, pH 7.20 ± 0.05, 155 mM
NaCl, 2.97 mM Na2HPO4, 1.06 mM KH2PO4) to a final concen-
tration of 0.5 mg mL−1, vortexed until all of the lipid film was
removed from the surface of the vial and left for 15 min to
hydrate. The resulting dispersion was sonicated in an ice water
bath using a tip sonicator (Vibra-Cell VCX 130, Sonics &
Materials Inc., Newton, CT, USA) with the following settings:
15 min sonication time, 10 s on, 10 s off, 50% amplitude. After
sonication, the samples were diluted to 0.15 mg mL−1 in 1×
PBS.

For neutron reflectometry experiments, the lipid films were
prepared 1 week in advance, shipped in dry ice and stored in a
−20 °C freezer prior to the experiment. The general sample
preparation was as above, except the lipid films were hydrated
to 2 mg mL−1 before sonication using a Fisherbrand Model 50
Sonic Dismembrator (Fisherscientific, Waltham, MA, USA) at
POLREF/Vibra-Cell VCX 130 (Sonics & Materials Inc., Newton,
CT, USA) at D17 and diluted to 0.5 mg mL−1 in 1× PBS before
injection.

For total internal reflection fluorescence (TIRF) microscopy,
vesicles composed of pure DOPC, and with the MC3/DOPC
molar ratios 5/95, 10/90, and 15/85 with the addition of
0.1 wt% of the labelled lipid AF488-DSPE (1,2-distearyl-sn-
glycero-3-phosphoethanolamine-N-(TopFluor AF488)
ammonium salt, Avanti Polar Lipids, purity > 99%) were pre-
pared by dissolving the required amount of lipids in 200 μL of
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chloroform to reach a total lipid concentration of 0.5 mg
mL−1. After drying under a gentle N2 stream, a lipid film was
obtained and then hydrated in 1× PBS buffer. The mixture was
vortexed until it yielded a homogeneous opaque mixture and
sonicated using a tip sonicator (CV18 model, Chemical
Instruments AB) set at 50% amplitude, in pulse mode (10 s on,
10 s off ) for 30 minutes of total sonication time. The vesicles
samples were used within one hour of preparation.

PolyA and polyU were dissolved in 50 mM sodium phos-
phate buffer in H2O at the desired pH to a final concentration
of 0.1 mg mL−1 and vortexed until the solid had dissolved
(approximately 30 seconds). EPO mRNA was diluted 100-fold
in 50 mM sodium phosphate buffer in D2O at the desired pH
to a final concentration of 10 μg mL−1.

2.3. Quartz crystal microbalance with dissipation (QCM-D)

For the QCM-D measurements, quartz crystals (QSensor QSX
303 SiO2) with a top coating material of SiO2 were used. The
fundamental frequency of the crystals was 4.95 MHz. Before
use, the crystals were cleaned by rinsing with MilliQ water,
99.5% ethanol, drying with N2 and plasma cleaning for
10 min. The crystals were introduced to the measurement cells
immediately after cleaning. After each measurement, they were
cleaned for 5 min in 2% (vol/vol) Hellmanex III®, MilliQ water,
then 99.5% ethanol while sonicating, dried with N2 and stored
in air.

A Q-Sense E4 system (Biolin Scientific, Gothenburg,
Sweden) with 4 measurement cells was used. All measure-
ments were performed at 25.0 °C at a flow rate of 0.09 mL
min−1. Firstly, MilliQ water was introduced to the cells using a
peristaltic pump (Ismatec IPC-N 4, Zürich, Switzerland) and
the crystals were left to stabilise for 15 min before the funda-
mental frequencies and dissipation for each overtone were
determined. A baseline in MilliQ water was then acquired until
the baseline stabilised (at least 30 min), before establishing a
baseline in 1× PBS and 50 mM sodium phosphate buffer (for
mRNA, in H2O and D2O buffers). The vesicle samples were
then injected for 30 min, before rinsing with MilliQ water and
50 mM phosphate buffer (for mRNA, in H2O and D2O). For
polyA/polyU measurements, the polyA/polyU was flowed
through the cell until Δf and ΔD reached a plateau, then the
cell was rinsed with 50 mM phosphate buffer. For mRNA
measurements, the mRNA was injected in D2O buffer, then
incubated in the cell for 1 h before rinsing with 50 mM phos-
phate buffer (D2O, then H2O). All measurements were per-
formed in triplicate for each condition.

The measurement data was baseline corrected and plotted
in Matlab R2020b (The Mathworks Inc., Natick, MA, USA) and
the adsorbed mass was calculated using the Sauerbrey
equation.35

2.4. Neutron reflectometry (NR)

Neutron reflectometry measurements were performed using
polished silicon substrates (Sil’Tronix, Archamps, France) with
the dimensions 50 mm × 80 mm × 15 mm and capped with a
silicon oxide layer. The substrates were cleaned using the RCA

method, summarised here. The substrates were immersed in a
base mixture of 25% NH4OH, 30% H2O2 and MilliQ water (vol/
vol/vol 1/1/5) at 80 °C for 5 min, thoroughly rinsed with MilliQ
water, then immersed in an acid mixture of 32% HCl, 30%
H2O2 and MilliQ water (vol/vol/vol 1/1/5) at 80 °C for 5 min.
The substrates were thoroughly rinsed with MilliQ water, then
immediately introduced to the reflectometry cells. For
POLREF, as this was a remote experiment, the cells were filled
with D2O, sealed and shipped to the facility, whereas for D17,
this was performed at the facility. Custom neutron reflectome-
try flow cells optimised for measurements in a horizontal
sample geometry were used.

Specular neutron reflectometry measurements were per-
formed on the POLREF reflectometer at the ISIS Neutron and
Muon Source (STFC Rutherford Appleton Laboratory, Didcot,
UK) over q range 0.009–0.27 Å−1 and on the D17 reflectometer
at the Institut Laue–Langevin (Grenoble, France) over q range
0.007–0.27 Å−1. Throughout the experiment, the temperature
was maintained at 25 °C and for all non-manual sample or
contrast changes, an HPLC pump with a flow rate of 1 mL
min−1 (POLREF) and 2 mL min−1 (D17) were used. The raw
data from POLREF was reduced using Mantid Workbench36

and the data can be found at https://doi.org/10.5286/ISIS.E.
RB2010562. The raw data from D17 was reduced using LAMP37

and the data can be found at https://doi.ill.fr/10.5291/
ILL-DATA.8-02-892.

Initially the bare surfaces were characterised in D2O and
H2O before manual injection of the 0.5 mg mL−1 lipid vesicle
sample in 1× PBS. After an incubation period of 45 min–1 h,
the cells were manually rinsed with MilliQ water. NR curves for
the lipid layer only were obtained after rinsing with each
50 mM sodium phosphate buffer contrast in the following
order: D2O buffer, H2O buffer, CMSi buffer. D2O buffer was
then pumped into all the cells before the mRNA, polyA or
polyU was manually injected. EPO mRNA adsorption was
investigated on POLREF for a range of MC3 compositions: 5,
10, 15% MC3 at pH 6 (all) and pH 7 (5 and 15% MC3 only)
buffer, whereas adsorption of polyA and polyU was investi-
gated on D17 only for 15% MC3 in pH 6 buffer. After an incu-
bation period of 45 min–1 h, the cell was manually rinsed with
D2O buffer. NR curves were obtained after rinsing with each
50 mM sodium phosphate buffer contrast in the following
order: D2O buffer, CMSi buffer, H2O buffer. On D17, a further
mRNA matched contrast was acquired.

All neutron reflectometry data was fitted using the RefNX
data analysis package.38 In this process, the model of the struc-
ture is built up of a series of slabs described by a thickness, a
scattering length density (SLD), a volume fraction of solvent
(vf ) and an interfacial (Gaussian) roughness. The model fit
was co-refined with measurements in 3 solvent contrasts (D2O
buffer, CMSi buffer and H2O buffer, with an additional
CMRNA buffer after incubation with polyA/polyU) using differ-
ential evolution as the fitting method. Bayesian analysis was
performed using Markov chain Monte Carlo (MCMC) sampling
to estimate the posterior probability distributions for each fit
parameter, which were used to discuss if the fit is sensitive to
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this fit parameter and if parameters are correlated.39 The data
for the lipid layers alone were fit using multiple models, which
were compared based upon the calculated global χ2 (i.e. the
total for the 3 contrasts) and Bayesian distributions (i.e. is the
fit sensitive to each parameter). The values used for scattering
length density calculations (Tables S1 and S2) and fitting
models are described in detail in the ESI.†

2.5. Total internal reflection fluorescence (TIRF) microscopy

0.15 mm thick rectangular glass slides (number one coverslips
∅ 25 mm, Thermo Fisher Scientific) were cleaned following a
protocol already reported in the literature.40 The glass slides
were placed in a piranha solution (3 : 1 v/v of 99% H2SO4 and
30% H2O2, both from Sigma) and heated at 80 °C for
30 minutes. The glass slides were then rinsed excessively in
running, distilled water, and a press-to-seal silicon well
(Silicon isolators, 12 × 4.5 mm diameter, 1.7 mm depth, Grace
Biolabs) were attached to them. The vesicles were diluted 1 : 20
(v/v) in 60 μL of 1× PBS buffer and incubated for one hour at
room temperature in the well. The solution was kept for 1 hour
at room temperature and in dark conditions; after the incu-
bation, the excess of vesicles was removed from the formed
lipid layer by washing at least five times first with distilled
water and then with 50 mM sodium phosphate buffer to reach
the target pH in the well. The fluorescence recovery after
photobleaching (FRAP) measurements were performed using a
Nikon Eclipse TE2000-U microscope equipped with a
Hamamatsu ORCA-Flash4.0 LT Digital scientific CMOS camera
(C1140-22U) and a Nikon Apo TIRF 60× magnification oil-
immersion objective was employed for the fluorescence
measurements. The fluorescently labelled lipid layer was illu-
minated by Cobolt MLD compact diode lasers operating at
488 nm (30 mW). A small area of the lipid layer was photo-
bleached (circular bleaching with laser spot diameter = 20 μm)
by focusing the laser illumination to the center of the lipid
layer and the studying the recovery after bleaching. A high
recovery (>80%) was observed in all cases, and then the FRAP
profile was analyzed by the MATLAB program frap_analysis.41

The lipid layer images were acquired with 100 ms of exposure
time, via μ Manager version 1.4.42 The experiments were
repeated on three independent samples for each condition
and on two different areas per sample. The same protocol was
followed after addition of polyA and rinsing with the desired
50 mM sodium phosphate buffer.

2.6. Classical molecular dynamics (MD) simulations

Before performing classical MD simulations, a model for the
ionisable form of DLin-MC3-DMA was derived using the same
approach and methods as in previous work43 in order to comp-
lement the neutral model suitable for SLipids force field. Here
we note that there are several different force fields that can be
used in modelling this lipid in lipid bilayers. For a detailed
discussion we refer the reader to the recent work of Ibrahim
et al.44

In this work the goal was to derive partial atomic charges,
while all other parameters were taken from the previously

derived version of the force field. In contrary to the neutral
model the total charge of the ionised lipid was equal to +1.
Partial atomic charges were computed for 50 random confor-
mations of every ionised lipid using quantum chemical soft-
ware Gaussian09. The level of theory was B3LYP45 and cc-
pVTZ46 was the basis set. Restrained electrostatic potential
(RESP) approach in the R.E.D.47 software was utilised to obtain
more precise partial charges. The IEFPCM48 solvent model
with the dielectric constant of 78.4 were used in order to
mimic the solvent around the lipid head-groups since they
were of particular concern here. The set of partial charges can
be observed in Fig. S1 of the ESI.†

Then the derived model was added to the SLipids force
field database and the MD simulations were prepared accord-
ing to the following protocol. Firstly, lipid bilayers containing
DOPC and DLin-MC3-DMA were created where the ionisable
lipids were placed randomly among the phospholipids in
order to avoid any potential aggregation during the equili-
bration. Neutral systems with 5% of DLin-MC3-DMA contained
10 ionisable lipid molecules and 190 molecules of DOPC,
while systems with 15% of DLin-MC3-DMA had 30 molecules
of DLin-MC3-DMA and 170 molecules of DOPC. 16 000 water
molecules of the TIP3p49 model were present in both systems
as well as ions of Na and Cl for the concentration of salt equal
to 0.1 M. Systems with ionised lipids were constructed in a
similar way except that when adding the ions of salt the proto-
nation state of DLin-MC3-DMA was taken into account which
resulted in 30 extra Cl ions for the simulation with 15% of the
ionisable lipid and 10 additional Cl ions for the system with
5% of DLin-MC3-DMA in order to have the total charge of the
system equal to zero.

Then the created lipid bilayers in water were equilibrated in
NPT ensemble under the pressure of 1 atm and the tempera-
ture of 25 °C for 200 ns, followed by a production run of 600
ns. Berendsen barostat was employed for maintaining and
keeping the pressure under semi-isotropic50,51 pressure coup-
ling scheme. Velocity rescaling52 thermostat was used for regu-
lating the temperature. Newtonian equations of motion were
integrated by leap-frog53 algorithm with a step of 2 fs. The cut-
off scheme was Verlet54 with the type van der Waals and a
radius of 1.2 nm. LINCS55,56 algorithm was used for optimiz-
ing the bonds with 12 iterations. GROMACS-201957,58 software
was used for simulating all systems.

After equilibration of 200 ns frames with lipid bilayers were
extracted without water in order to create simulations with
polyA and polyU. Due to its large size which would lead to
extremely large systems, mRNA were not considered for MD
simulations. PolyA and polyU were taken in their short ver-
sions (11 residues for polyA and 8 residues for polyU) from the
existing structural solutions in the Protein Data Bank (PDB).
For polyA the structure 4JRD59 and for polyU it was a part of
the structure 5N9460 taken from the PDB. Both polynucleotides
were taken as single strands and their protonation states were
adjusted according to the pH of simulations.

In boxes containing only equilibrated lipid bilayers 4 polyA/
polyU chains were inserted randomly keeping the distance of
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7 Å from the membrane surfaces. The same distance was
applied between chains themselves. After the addition of poly-
nucleotides the total charge of every system was recalculated
and ions were added respectively for following the concen-
tration of salt equal to 0.1 M and the total charge of every
system equal to 0. Then 16 000 water molecules of TIP3p49

model were added and resulting boxes were equilibrated for
200 ns, followed by production runs until 600 ns. Settings,
algorithms and software for simulations with polynucleotides
were exactly the same as for membranes containing only
lipids.

3. Results and discussion
3.1. Lipid layer

From QCM-D data, the mass adsorbed to the crystal surface
and the viscoelasticity of the layer can be determined from the
change in frequency and dissipation, respectively. Assuming
that the layer is homogenous and rigid and that its mass is
small compared to the mass of crystal, the adsorbed mass can
be calculated using the Sauerbrey equation.35

Δm ¼ C
n
Δf ð1Þ

where Δm is adsorbed mass (ng cm−2), C is the crystal constant
(for the 5 MHz crystal used here, C ≈ −17.7 ng Hz−1 cm−2), n
is the overtone number and Δf is the change in frequency. The
adsorbed masses for all lipid compositions at all pHs
measured were calculated, assuming that the Sauerbrey
equation is valid, and are plotted in Fig. 1 (the frequency
change for overtone 7 for the lipid layer alone is plotted for
comparison in Fig. S2,† the overall result is the same within
error). A layer is considered ‘rigidly adsorbed’ if the change in
dissipation (ΔD) is low, which we take here to be less than
10–6, otherwise the calculated mass from the Sauerbrey
equation will be an underestimate. This is most likely the case
for the 5% MC3 layers above the apparent pKa. Within this
approximation, however, the masses of the adsorbed layer in
all conditions are the same within error. The pure DOPC layer
has a very low dissipation at all pHs (0.1–0.2 × 10–6 ± 0.2 ×
10–6), which is typical for a supported bilayer.61,62 From Fig. 1,
the 5% MC3 layers have a dissipation of more than 10–6 for all
pHs above the apparent pKa, indicating that the layer is more
viscoelastic, possibly due to increasing disorder and water
uptake in the layer. The dissipation for all of the MC3 contain-
ing layers is higher than the pure DOPC layer, but decreases as
the proportion of MC3 in the layer increases above 5%.

The dynamics in the lipid layer were studied by means of
fluorescence recovery after photobleaching (FRAP) using TIRF
microscopy to evaluate the lateral (2-dimensional) diffusion
constant and the immobile fraction (the fraction of immobile
molecules that do not contribute to the fluorescence recovery)
of the dye within the lipid layer. These values are dependent
on the chemical surroundings of the labelled lipid, therefore
we can get information about how the inclusion of MC3

affects the diffusivity of the probe in comparison to the control
membrane (pure DOPC). A clear difference in the behavior of
the probe in the pure DOPC membrane compared to all MC3
containing membranes can be observed. Even at 5% MC3 at
all pHs under investigation, the diffusion constant and the
immobile fraction increased, most likely due to an increased
disorder of the layer as already observed from the QCM-D
results. Interestingly, the apparent pKa of MC3 influences the
diffusion constant; the diffusivity below and slightly above this
threshold is lower than the one measured above the pKa (both
pH 7 and 8) and this difference becomes more evident when
increasing the MC3 content in the lipid layer. The pH depen-
dent mobility is related to the charge of MC3: apparently,
when it is positively charged, the diffusion of the fluorescently
labelled lipid is partially hindered, whereas it is enhanced at
neutral or basic pH. On the other hand, the number of
immobile molecules of dye that do not contribute to the FRAP
signal seems to be unaffected by the pH of the medium. By
increasing the MC3 content in the layer, the immobile fraction
increases, indicating that the inclusion of CIL mostly affects
the distribution of mobile dye molecules.

From this initial characterisation, it can be concluded that
even with a small proportion of MC3 in the lipid layer, the
bilayer structure is perturbed. It is therefore possible that the
decrease in dissipation observed when increasing MC3
content from 5% to 15% is due to partial phase separation of
the MC3 in the layer. If a lower MC3 content causes disorder

Fig. 1 Change in (a) adsorbed mass and (b) dissipation from QCM-D
measurements for lipid layers with different MC3 content at different
pHs before incubation with nucleic acid and change in (c) diffusion con-
stant and (d) immobile fraction of the fluorescent probe from TIRF
measurements.
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within the layer, a higher MC3 content might instead cause
phase separation, thereby reducing the disorder. In the TIRF
measurements, this could affect the immobile fraction of the
labelled lipid. In the TIRF images no domains were visible,
however given that the spatial resolution of the technique is
around 200–250 nm, there could be domains present with a
size below this limit.

The structure of the MC3 containing lipid layers was
further investigated using neutron reflectometry (NR) at 2
different pHs, above and below the apparent pKa. The experi-
mental results are discussed in comparison to complementary
molecular dynamics (MD) simulations of the same lipid com-
position with fully ionised or neutral MC3.

From snapshots of the simulated lipid layers (Fig. 2), an
idea of the structure of the layer can be inferred. In all cases,
the structure seems somewhat bilayer like. It should be noted
that, although in the 15% ionised MC3 snapshot, the layer
appears slightly bent, it is unlikely that this would be observed
in the corresponding experiments, due to the influence of the
supporting silicon surface on the layer in the experimental set
up. Mass density profiles for the simulated lipid layers
(Fig. S3†) show minimal differences, but it is possible to dis-
tinguish between them, as the 5% MC3 layers appear to be
slightly thicker than the 15% (the small difference observed in
the simulations is likely within experimental error, therefore
would not be detectable).

In order to highlight the difference in behavior between
groups of interest in MC3 in its protonated and neutral states,
subtracted partial mass density profiles were calculated
(Fig. 3). In the protonated system, the MC3 head groups are
situated mainly at the membrane surface while in the neutral
form they can reside below the carboxyl groups of the phos-
pholipid, closer to the membrane centre. Similarly, in the
ionised form, the methyl group and the unsaturated parts of
the MC3 tail prefer to locate closer to phospholipid head-
groups compared to the neutral case. When comparing the 5%
and 15% MC3 containing layers, these differences are even
more enhanced with a larger amount of MC3. In an earlier
work,63 it was demonstrated that in membranes with DOPC
containing some amount of neutral MC3, loading more of this
lipid could result in aggregation of this lipid in the bilayer,
which did not occur in the absence of MC3. This can explain
the observation of clusters in systems with a larger proportion
of neutral MC3.

Fig. 2 Snapshots of simulated systems containing no NA. (a) System
with 5% of neutral DLin-MC3-DMA. (b) System with 15% of neutral DLin-
MC3-DMA. (c) System with 5% of protonated DLin-MC3-DMA. (d)
System with 15% of protonated DLin-MC3-DMA. Colors: dark blue –

DLin-MC3-DMA lipids; cyan – DOPC; red/dark yellow balls are head
groups of DOPC lipids. Water is omitted for the clarity.

Fig. 3 Subtracted partial mass density profiles for simulations without NA for parts of DLin-MC3-DMA. Here the subtraction was done in a following
way: from the mass density of the charged system the mass density of neutral was subtracted. (a) Simulations with 5% of DLin-MC3-DMA. (b)
Simulations with 15% of DLin-MC3-DMA. “head” is for head-groups of DLin-MC3-DMA, “DB” – for the double bond region and “CH3” stands for CH3

groups in lipid tails.
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From these simulation predictions for the charged systems,
the lipid layers in pH 6 buffer are expected to have a more
“bilayer-like” structure with the MC3 head groups located close
to the DOPC head groups. As can be seen in Fig. 4 showing the
corresponding NR data, there is very little difference between

the scattering profiles for all of the MC3% in all solvent con-
trasts in pH 6 buffer. The applied bilayer model agrees well
with the experimental data for this pH, as shown in Fig. S4.†
The results from the fitting are discussed in more detail in the
ESI (Tables S3–S5, and Fig. S4–S11†). The volume fraction pro-
files for each sample were plotted for the bilayer model fit in
Fig. S5† and were similar for all of the lipid layers in pH6
buffer. All of the layers had a similar lipid area per molecule
(APM) and number of water molecules per lipid head group
(WPLH) (see Table S3†), which compare well to the literature
values of 72.2 Å2 and 11 respectively for a DOPC bilayer at
30 °C.64 It should be noted that the WPLH of ≈10 stated here
refers to the number of water molecules per lipid between
adjacent headgroups in the same monolayer. This is opposed
to the more commonly quoted larger number of water mole-
cules per lipid, reported to be 32 for the DOPC system, that
also include those between adjacent bilayers in a stack.65

However, a slightly higher WPLH and bilayer roughness for
the 5% MC3 layer resulted in a higher volume fraction of
solvent in the head group (Fig. S5a†) compared to the bilayers
with higher content of MC3 (Fig. S5b and c†). The roughness
of the layer increased with decreasing MC3 in the layer from
3.1 ± 0.1 Å for 15% MC3 to 4.4 ± 0.2 Å for 5% MC3.

Comparing the effect of different pHs for the 15% MC3
layers (Fig. 4), the curves mostly overlay but with a small differ-
ence at high q, indicating a minor increase in thickness in pH
7 buffer. However, a change in shape of the curve with pH can
be observed over the full q range for a content of 5% MC3. The
lipid layers at pH 7 can also be reasonably well described
using a bilayer model (Fig. S12†), resulting in a higher WPLH
but slightly lower APM for both layers compared to the pH 6
results. This is apparent from the volume fraction for the
different samples (Fig. S13†), especially for 15% MC3
(Fig. S13c and d†). A similar roughness was calculated for 5%
MC3 in pH 7 as in pH 6 buffer, whereas an increase in rough-
ness was observed for 15% MC3, which could be interpreted
as a roughening of the head group/tail interface due to cluster-
ing of the MC3 (see Table S6†).

In the snapshots from simulations (Fig. 2), for the 5% MC3
layers, there isn’t any clear clustering of the MC3, most likely
due to the small number of MC3 molecules present. For the
15% MC3 layers, however, clustering of the MC3 molecules
appears to be present in both the ionised and neutral cases,
but especially in the neutral form. In this case, clusters are
observed in the bilayer center, which was also observed in pre-
vious work.43 Since clustering appears to occur to some extent
for both charged and neutral MC3 and, given the difference in
the MC3 and DOPC tails, we can attribute this clustering to
the tail mismatch. For the neutral MC3, more extensive cluster-
ing was observed in simulation, which could also be driven by
the disruption of the H bonding network between DOPC and
water (Table S18†). Taking into account the difference in the
time-scale of simulations compared to the actual time scale of
lipid motions, i.e. lipid flip-flop can occur on a time-interval
from seconds to hours, while in atomistic computations the
limit is in microseconds, free energy calculations can help to

Fig. 4 Neutron reflectometry data for the lipid layers with different
content of MC3 in (a) pH 6 buffer for all contrasts: D2O (top), CMSi
(middle) and H2O (bottom). Minor differences in the NR data (b) for pH 6
and 7 are observed for the 5% MC3 layers over the whole q range and (c)
for the 15% MC3 layer at high q. Data is plotted as Rq4 against q to high-
light the small differences between the curves.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 777–794 | 783

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

10
:0

5:
48

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr03308b


establish if MC3 has the ability to aggregate inside a DOPC
bilayer.

Such calculations were previously performed63 for various
phospholipid bilayers with neutral forms of different ionisable
lipids. For each composition, 5 random starting configurations
were simulated in parallel in order to obtain better statistical
sampling. In calculations with a pure DOPC membrane and a
single molecule of MC3 it was observed that MC3 would not
penetrate the membrane spontaneously (the value of the
potential of mean force was positive in the bilayer center),
while in systems with pre-loaded MC3 the lowest negative
value of the potential of mean force was in the bilayer center
for a selected single molecule of MC3.63 This indicates its
ability to penetrate the membrane as well as to aggregate in
the bilayer center spontaneously. Consequently, it is possible
that on a larger time and length scale (than accessible for
simulations) this clustering could form domains.

This clustering could also be a reason for the minor dis-
agreement between the bilayer model and the experimental
neutron reflectometry data recorded in the silicon matched
water (CMSi) contrast for 15% MC3 at pH 7 (Fig. S12†), which
shows that the model does not describe the full behaviour of
the system. This is expected as the other complementary data
and simulation structures indicate that at a pH above the
apparent pKa, where the majority of the MC3 lipid would be
neutral, the structure does not behave as a perfect bilayer and
may contain some clustered MC3. It is under these conditions
where we expect the lipid layer to be the least ‘bilayer-like’ of
the samples measured. Fitting with alternative models, includ-
ing a bilayer with a water interlayer, a generic 3 slab model
and a generic 4 slab model to describe the lipid layer, also
cannot fully reproduce this part of the 15% MC3 pH 7 curve,
although all of them reproduce the trends in hydration and
roughness observed with the bilayer model fit. The models
and fitting parameters are discussed in more detail in the ESI
(Tables S6–S9, and Fig. S12–S21†). Due to the small amount of
MC3 included and the similar scattering length densities
(SLDs) of DOPC and MC3, there is some ambiguity in the data
fitting. Deuteration of the lipids would be required to confirm
the position of the MC3 in the layer.

3.2. Interaction between nucleic acids and the lipid layer

3.2.1. Experimental. QCM-D measurements were per-
formed for all lipid compositions (0–15% MC3) and in the pH
range 6–7 for all three types of RNA; different adsorption
behaviour with lipid composition and pH was observed for
each RNA. The QCM-D results after addition of the nucleic
acid to the equilibrated lipid layer can be categorised into one
of three types of behaviours: there was (i) no significant
change in Δf or ΔD (Fig. 5a), (ii) a decrease in Δf to a
minimum and increase in ΔD to a maximum which recovered
to the pre-nucleic acid values after equilibration and rinsing
(Fig. 5b) and (iii) a decrease in Δf and increase in ΔD which
remained after equilibration and rinsing (Fig. 5c).

In case (i), no change is observed in Δf or ΔD after addition
of the nucleic acid, except a small increase in dissipation

when adding the NA, which can be attributed to the small
increase in viscosity of the bulk solvent due to the dissolved
NA. This indicates that there is no significant interaction
between the lipid layer and NA. Case (ii) is more difficult to
interpret. Although this could be interpreted as NA adsorption
and desorption after rinsing, this is likely not the reason as a
clear permanent change is observed in the NR data (Fig. 7),
which is discussed in more detail below. An alternative, more
likely, interpretation is that the NA adsorbs to and penetrates
into the lipid layer. In this case, the initial Δf decrease and ΔD
increase correspond to the adsorption of the NA to the outside
of the layer, followed by a slow Δf increase and ΔD decrease as
the NA penetrates into the lipid layer, displacing water associ-

Fig. 5 Cases observed in QCM-D measurements. The trace starts from
the values of the equilibrated lipid layer after rinsing with 50 mM phos-
phate buffer to adjust the pH and are plotted for at least 4 overtones,
where (e.g.) F3 and D3 refer to the change in frequency (Δf ) and dissipa-
tion (ΔD) for overtone number 3. The changes in Δf and ΔD after
addition of polyA for different measurement conditions are plotted to
demonstrate the different cases: (a) shows case (i), where there is no sig-
nificant change upon addition of polyA; (b) shows case (ii), where there
are initial changes upon addition of polyA, which then recover after
equilibration and rinsing; (c) shows case (iii), where the changes upon
addition of polyA remain after equilibration and rinsing.
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ated with the layer and possibly removing lipid from the layer.
The Δf and ΔD values return to close to or slightly less than
those of the equilibrated lipid layer. In case (iii), there is a per-
manent change in Δf and ΔD indicating that there is added
mass to the adsorbed layer. This is most likely due to adsorp-
tion of NA to the surface of the layer possibly with some small
penetration into the lipid layer.

A general trend was observed for all RNAs, that with
increasing %MC3 and decreasing pH, the behaviour changed
from case (i) through case (ii) (for polyA and polyU) to case
(iii), as illustrated in Fig. 6. These changes in adsorption type
can be linked to both the (changes in) structure of each RNA
and the lipid layer.

Case (i) is observed for the pure DOPC and 5% MC3 layers
for all RNAs at all pHs, indicating that there is a threshold
amount of MC3 required in the layer for significant adsorption
of NA. This concept can be further extended to a required
charge density in the layer, as there is a clear MC3 content and
pH dependent trend in the adsorbed amount for the higher %
MC3 layers. The pH range of these measurements covers the
pKa of MC3, which is ≈6.44, therefore >50% of the MC3 is
expected to be positively charged at the lowest pH studied
here.66 It should be noted, however, that the cited pKa is the
apparent pKa, as the environment surrounding the protonation
site can have a large effect on its pKa.

67 As can be seen in
Fig. 8(a, c and e), the adsorbed mass upon addition of NA for
polyA, polyU and mRNA respectively, increases with decreasing
pH and increasing amount of MC3 in the layer. For mRNA the
adsorbed mass before and after equilibration was the same
within error for all conditions. At the same pH, the charge
density in the layer would be increased by the increasing the
amount of MC3 in the layer, resulting in higher NA adsorption
(e.g. Fig. 8c: polyU adsorption at pH 6). Similarly, at the same
MC3 content, the positive charge density in the layer is
increased by lowering the pH to below the pKa, i.e. an increas-
ing proportion of the MC3 becomes protonated. This results in
higher adsorption (e.g. Fig. 8c: polyU adsorption at 15% MC3).
Assuming that the frequency change between the lipid layer
and the initial minimum after addition of the NA for case (ii)
indicates the mass of the adsorbed NA, as in case (iii), the
adsorbed amounts for polyA and polyU are similar for the
lipid layer with 15% MC3, whereas the adsorbed mass for
mRNA is significantly higher.

To gain further insight on the adsorption of the NA to the
different lipid layers, the corresponding neutron reflectometry
measurements were also performed for 5, 10 and 15% MC3
layers in pH 6 (all) and pH 7 (5 and 15% only) buffer for EPO
mRNA. For both 5% MC3 layers, only a minor change was
observed after incubation with mRNA, therefore these curves
were fit with a bilayer model (Fig. S25–27†). Small differences
in the number of waters per lipid head (WPLH) and lipid area
per molecule (APM) were observed for both layers, with an
increase in roughness for both (see Table S11†). For all of the
other layers (10% MC3 in pH 6 and 15% MC3 in both pHs),
the appearance of a broad peak at approximately 0.082 Å−1 was
observed after incubation with mRNA, indicating the for-
mation of a multilayer structure with a repeat distance of
approximately 77 Å (Fig. 7). The conditions under which this
peak is observed correspond to those where a change in
adsorbed mass was observed with QCM-D. When plotted
together (Fig. S28†), the reflectivity curves overlap well apart
from a deviation at high q for 15% MC3 at pH 7 compared to
the corresponding layer at pH 6. The same trends were
observed already in the lipid layer alone, indicating a similar
multilayer is formed in these conditions. A mixed area model
of a bilayer and multilayer stack, where the stack consists of
two alternating layers, could be successfully fitted to the
experimental data (Fig. S29–32†). Judging from the SLD values
of the layers, they contain a mixture of lipids and mRNA, with
one less hydrated, lipid rich layer and one more hydrated,
mRNA rich layer (Table S12†). Considering the thickness of
the layer and the high degree of hydration, it does not appear
that the mRNA is densely packed in the mRNA rich layer,
however there is not sufficient sensitivity in the measurement
to extract any structural details.

NR measurements were additionally performed for 15%
MC3 in pH 6 buffer with polyA and polyU, in which conditions
case (iii) is observed for polyA (and EPO mRNA) and case (ii)
for polyU in QCM-D. Compared to the mRNA curve for the
same conditions, a similar but much smaller change can be
observed for polyU, with a broad peak at approximately
0.09 Å−1 (Fig. 7). This sample was therefore fit using the same
mixed area model of a bilayer and multilayer stack, with
similar fit values observed (Fig. S33, S34, and Table S13†). It
should be noted that this fit does not describe the region
where the peak observed in the D2O contrast, which indicates
the presence of a multilayer, very well. This is most likely due
to lack of sensitivity of the fit for this more subtle feature. In
the polyA sample, however, this broad peak is not observed
and the main difference is instead seen in the H2O contrast,
which is more sensitive to the lipid head groups. This sample
was best described by a mixed area model of a bilayer and a
bilayer with a single slab, when the bilayer parameters were
allowed to vary during the fitting process (Fig. S35–S38 and
Tables S14–S17†).

The question arises of whether the formation of the com-
plexes between NAs and MC3 can lead to removal of material
from the interface via mixed micelle formation. The QCM-D
results do not appear to indicate any large loss of material,

Fig. 6 Figure showing trends in QCM-D case with pH and %MC3 for
polyA (left), polyU (middle) and EPO mRNA (right), where case (i) is rep-
resented by white, case (ii) by a striped square and case (iii) by a solid
coloured square.
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Fig. 7 Neutron reflectometry data for the different %MC3 containing lipid layers after incubation with different NAs. For the 5% MC3 layers in both
pHs (a and b), only minor changes are observed after incubation with mRNA, which are mostly within experimental error. For the 10% MC3 layer in
pH 6 (Fig. S27†) and 15% MC3 layers in both pHs (c and d) after incubation with mRNA, the formation of a broad peak can be observed at approxi-
mately 0.09 Å−1, indicating the presence of a multilayer. For the 15% MC3 layer in pH 6 buffer after incubation with polyA (e), minor changes were
observed, mostly in the H2O contrast, whereas after incubation with polyU (f ), a subtle broad peak can be observed, mostly in the D2O contrast, ana-
logous to the ones in (c and d).
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however it is not possible to differentiate between loss of
material from the layer or of water associated to the layer.
From the reflectometry fitting, the total surface coverage
appears to be unaffected by the addition of NAs. For the 5%
MC3 layers in both buffers after addition of EPO mRNA and
the 15% MC3 layer in pH6 buffer after addition of polyA, the
fitted WPLT was zero within error. For the 10% MC3 layer in
pH 6 buffer after addition of EPO mRNA and the 15% MC3
layers after addition of polyU or EPO mRNA, the volume frac-
tion of solvent in the layer of the multilayer closest to the Si
surface is very low. The multilayer structure observed in the
15% MC3 layers after addition of EPO mRNA or polyU could
possibly be interpreted as mixed micelles. However, further
information would be needed to make this conclusion.
Assuming mixed micelles did form, they would be expected to

have close to zero net-charge and poor aqueous solubility,
therefore would be likely to remain close to the interface.

To interpret the different cases, NR curves and the con-
ditions in which they are observed, it is important to discuss
the structure of the different RNAs in solution. Over the pH
range investigated here, polyA undergoes structural changes,
where the structure depends on its protonation state (68 and
ref. within). The exact pH values for these transitions depend
on the solution conditions, temperature and measurement
technique. In neutral or slightly alkaline pH (≥7.3), it exists as
single stranded, right handed helix, with melted domains that
increase in size with increasing temperature.68 As the pH
lowers to ≈6.5 (pH 6.2–6.5), the double stranded structures
start to form, initially dominated by an intermediate ‘B’ state then
transitioning to a tightly packed ‘A’ state at ≈pH 6 then becomes
‘gel-like’ at lower pH.69,70 Conversely, although polyU can undergo
structural ordering at low temperatures, it has a random coil
structure under physiological conditions and the experimental
conditions investigated here (71 and ref. within). Understanding
the structure of even relatively short chain biological RNA is chal-
lenging, as many different secondary structures can form that
depend not only on the sequence but also environmental con-
ditions, such as temperature, pH, crowding, ions in solution,
enzymatic modification and protein or small molecule binding.72

The secondary structure is most often stabilised by intra-/inter-
strand base stacking and hydrogen bonding.72,73 Additionally
there are multiple possible tertiary structures into which the RNA
can fold, partially dictated by the secondary structure.73 Excluding
very specific conditions, even highly structured RNAs tend to
populate a variety of states and are highly dynamic, making simu-
lations, which often work by minimising the system energy,
struggle to capture a representative picture.72,73 Consequently,
although it was not possible to simulate the EPO mRNA used
here due to its size and complexity, it is assumed that it has some
secondary structure that could be pH dependent.

Taking these structural differences into account, the differ-
ences in QCM-D case with pH can be discussed (see Fig. 6).
Case (iii) is observed for polyA in pH 6, where the double
stranded structures start to dominate, and for mRNA in both
pH 6 and 7. The interaction of the nucleobases with the lipid
layer is likely to be hampered if the NA has a sufficiently
ordered or bulky structure or if substantial base pairing
occurs. The main interaction would then be via the charged
sugar phosphate backbone, which would limit the ability of
the NA to penetrate into the layer. This could result in an NA
layer forming on top of the lipid layer or partial penetration of
the NA into the head group layer, with a part remaining on or
near the interface. For adsorption of polyA in pH 6 buffer, the
data is well described by a model where parts of the bilayer
have polyA in a single slab on the bilayer surface. It should be
noted here that the main difference between the data before
and after incubation with polyA is observed in the H2O con-
trast, which is the most sensitive to the lipid head groups, indi-
cating that this part is affected the most by the NA interaction.

Case (ii) is only seen for polyU, which is a random coil for
all conditions here, and polyA in conditions where it is domi-

Fig. 8 The change in adsorbed mass before and after equilibration is
shown for polyA (a and b) and polyU (c and d). For mRNA in all con-
ditions, the adsorbed mass remained the same after equilibration (e).
Change in adsorbed mass before equilibration was calculated using the
difference in frequency between the lipid layer and the initial minimum
after addition of the NA. Adsorbed mass after equilibration was calcu-
lated using the difference in frequency between the lipid layer and the
plateau after equilibration and rinsing. The corresponding plots showing
change in dissipation (Fig. S22) are included in the ESI, along with the
equivalent plots using only the 7th overtone, which show the same
trend (Fig. S23 and S24†).
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nated by the single stranded helical form, from pH 6.5 and
above. This seems to indicate that the single stranded nature
of the structure is important to allow this penetration into the
lipid layer, which is possibly due to the less bulky nature of
the NA under these conditions and/or that such a configur-
ation allows access to the more hydrophobic parts of the
nucleotides promoting hydrophobic interactions with the lipid
acyl chains, as proposed previously.74–76 Although the model
fitting of the NR data for the polyU is somewhat ambiguous,
the presence of the broad peak in Fig. 7 indicates multilayer
formation. Clear multilayer formation, however, was observed
for 10% MC3 in pH 6 buffer and 15% MC3 on both pH 6 and
7 buffers after incubation with EPO mRNA, where alternating
mRNA rich and lipid rich layers with high roughness were
observed. This could be a result of penetration of the mRNA
into and disruption of the lipid bilayer, causing structural
rearrangement into a less ordered layer and/or coating of the
mRNA in lipids. However, as highlighted previously, this tech-
nique was not sensitive enough to resolve this level of struc-
tural detail.

Due to its comparatively complex sequence, it is likely that
the mRNA has parts that are double stranded, such as hairpin
loops, and parts which are single stranded. As a result, a com-
bination of these effects is likely to be relevant for mRNA with
parts that penetrate into the lipid layer and parts residing at
the surface of the lipid layer.

A further effect that could contribute to both the structural
changes observed in the NR measurements and the magnitude
of the ΔD and Δf changes observed in QCM-D measurements
is the size of the adsorbed molecules. Both polyA and polyU
are very polydisperse with a mean molecular weight that has
been shown to vary between batches, whereas mRNA has a
well defined length dictated by its sequence. For example, the
EPO mRNA used here has a length of 858 nucleotides with a
mass of 290 kDa.77,78 The magnitude of different effects due to
the molecule length (e.g. loss of conformational entropy upon
adsorption) could result in preferential adsorption of a certain
molecule size.

3.2.2. Classical molecular dynamics simulations. As in the
previous section, here we have employed molecular dynamics
simulations to help interpret the experimental data and
explain the reasons behind certain observations on a mole-
cular level.

Although molecular dynamics simulations today can
handle relatively large systems on an all-atom level, due to the
very large and complex structures of mRNA it cannot be inves-
tigated with such high resolution. Accurate and reliable
models of mRNA with a lower resolution (i.e. coarse grained
models) have not yet been developed in such a way that they
give proper information about the interactions and structures
of the system. In this work, we have therefore, only simulated
the interaction between our model lipid system and polyA or
polyU. As previously stated, short versions of the NAs were
used to avoid unfeasible simulation lengths, but it should be
noted that the shorter chain length could affect the lipid–NA
interaction. The effect of pH was additionally investigated by

changing the protonation states of the molecules in the system
and inserting counter ions in order to maintain the overall
neutrality of the system. This is a well-known approach for this
type of system.

One way to investigate the behavior of molecules in systems
containing lipid bilayers is through computing the mass
density profiles of those systems in the z-direction (perpen-
dicular to the bilayer plane). Such profiles can show if the
thickness of the bilayer (double the distance from the bilayer
center to the maximum value of the mass density) has
changed. Another way is to look at the radial distribution func-
tions of certain parts of the system components which provide
information about possible associations between the NAs and
lipids. Structural investigations of the NAs can show which
conformations can appear and how they could possibly affect
and be affected by the lipid layer.

In the molecular dynamics simulations, we have chosen to
add the NAs as single strands in order to see if; (1) the NA
strand alone is enough to reproduce experimental trends (i.e.
is the structure important or is the interaction on a molecular
level sufficient?) and (2) the lipid–NA interaction would induce
or inhibit the formation of the structures seen in solution (i.e.
can the solution structure form in the presence of lipids?). As
polyU was unstructured in all experimental conditions
measured, these considerations are more relevant to polyA, in
order to see if polyA would start forming ordered double
stranded structures which were assumed to be present in
experiment. For instance, in the work of N. Safaee et al.59 it
was shown that the process of formation of these ordered
structures was fast and polyA-binding protein was used in
order to inhibit it.

Fig. S39 in the ESI† shows the full mass density profiles of
the lipid systems with and without polyA/polyU. Although it
can be stated from these profiles that addition of the polynu-
cleotides changes the shapes of the curves around the lipid
head groups, looking at simulation snapshots and partial
mass density profiles are required to discuss the locations of
polyA and polyU respective to the membrane lipids in detail.

Snapshots are taken at selected time-points, but they
provide some insight into the conformation and distribution
of components in the system. Fig. S40–S43† shows that both
polyU and polyA tend to place themselves close to the surface
of the membrane in all conditions. Generally in the 5% MC3
systems, the NAs do not appear to be tightly bound to the lipid
layer. For the systems with 5% ionised MC3, both NAs tend to
colocalise with the MC3 lipids. For the 5% neutral MC3, this
colocalisation is less apparent, although the difference is not
overly visible due to the low number of MC3 lipids at this com-
position. Bigger differences can be observed in the systems
with 15% MC3. In the systems with the neutral form of this
lipid, polyA appears preferentially to associate with clusters of
ionisable lipid where it is in contact with the lipid layer, but is
not tightly bound. In the case of polyU, more of the neutral
MC3 appears closer to the centre of the layer and the polyU
molecules are barely in contact with the layer. In simulations
with ionised MC3, however, both NAs seem to have a much
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stronger interaction with the lipid layer, with much more
contact between polyU and the lipid layer and polyA stretched
and flattened along the layer. A similar trend can be observed
in the ionised system where polyA “collects” all of the MC3
lipids at the membrane surface, whereas in the system with
polyU bigger quantities of ionisable lipids can be observed
below the surface.

Although looking at snapshots can provide some infor-
mation about the appearance of various conformations, the
NA behavior in time can only be fully understood by comput-
ing dihedrals over various time intervals. There are many
different dihedrals in NAs. Since the NA backbone is respon-
sible for the secondary structure dihedrals were selected of the
backbone. Distributions for four of them (α, δ, γ and χ) were
chosen for analysis and computed by BARNABA software.79

Fig. S44–S59 in the ESI† show the dihedrals themselves as
well as their average difference computed at different time
points. In general, it can be observed (for 3 out of 4 dihedrals)
that there are fewer conformational changes for polyA regard-
less of the system, indicating that it is more rigid. Out of pre-
sented data it can also be concluded that pH and amount of
MC3 can affect the conformational distribution of NAs and
their stability. For instance, in simulations with 15% MC3 the
dihedrals vary over bigger degree intervals than in systems
with 5% of the ionisable lipid. Fewer variations in confor-
mation can be seen in systems with protonated DLin-MC3-
DMA, likely due to a stronger association with the ionised
lipid.

This brings into question how their possible molecular con-
formations are affected by the lipid interaction. It can be

already seen that polyA is tending towards double stranded
structures in simulations with protonated MC3. However,
during the nanosecond simulation time, it was not possible to
observe formation of “perfect” double stranded structures.
Additionally, in the simulations with ionised MC3 it could be
seen that polyA tended to build dimers (longer chains) while
polyU seemed to exist as single stranded, disordered struc-
tures. In available experimental data,59 where the structure of
polyA was well-characterised, in order to be able to solve the
crystal structure of polyA, a polyA-binding protein was necess-
ary to reduce the rate of association of RNA strands and
demonstrated a continuous helix of polyA. Although we have a
slightly different environment (i.e. no binding protein, added
lipids), we can compare our findings to the observed features
in this experiment. Fig. 9a shows the experimentally deter-
mined structure. This can be compared to observed simulation
structures in (b) and (c) one can see structures formed by
polyA in simulated systems with 15 % MC3. On the panel (b)
with the neutral DLin-MC3-DMA it can be observed that polyA
has some disordered single stranded structures (like rings)
even after 400 ns equilibration time. In systems with proto-
nated MC3, shown on the panel (c), polyA has formed
elongated chains which are similar to the ones observed in the
double stranded structures observed experimentally,59 but in
simulations the time scale might not be long enough to see
this and the interaction with the lipid layer might prevent for-
mation of the perfect double stranded long chains.
Nevertheless, the fact that the chain growth can be seen from
single-stranded conformations confirms the fact that in the
acidic environment polyA tended to build longer chains,

Fig. 9 Structures of polyA. (a) Structure visualized from the papers by N. Safaee et al.59 (b) A sample structure observed in simulation with 15% of
neutral DLin-MC3-DMA at 600 ns and snapshots of a bilayer with 15% of neutral DLin-MC3-DMA and polyA at 200 and 600 ns. (c) A sample struc-
ture observed in simulation with 15% of ionized DLin-MC3-DMA at 600 ns and snapshots of a bilayer with 15% of ionized DLin-MC3-DMA and polyA
at 200 and 600 ns. Water and DOPC lipids were omitted for clarity. Visualization: blue lines – DLin-MC3-DMA, big and fat molecules on top are
polyA, light blue and cyan balls are ions of salt.
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which was the first step observed in the formation of the
double stranded structures.59

The behaviour observed qualitatively in the snapshots, can
be discussed more quantitatively by looking at partial mass
density profiles for both lipids and the NAs. Fig. S60† shows
partial mass-density profiles for the systems with 5% MC3.
Both polynucleotides preferred to locate at the membrane
surface according to the distance from the bilayer center to the
points of maximums on profiles. Differences between ionised
and neutral simulations were rather insignificant here.

Fig. S61† shows the partial mass density profiles for simu-
lations with 15% MC3. In all systems containing 15% MC3,
the peaks of the NA profile are closer to the bilayer centre. In
the systems with neutral MC3, the NA peak for both polyA and
polyU is broader and has a tail on the side of the peak away
from the lipid layer, with a much wider, flatter profile for
polyU compared to polyA. For the ionised MC3 systems, for
both NAs, the NA peak is narrower and has a larger area of
intersection with the curves for the MC3 head group and
double bond regions. As expected the areas of intersection
with the DOPC NCH3 and PO4 groups also increase, as the
mass density profiles describe the proximity of the different
groups in the z-direction only. In order to understand which
lipids the NAs colocalise with, it is necessary to examine
partial radial distribution functions (RDFs) of the components,
as these also take into consideration the x and y direction.

Fig. S62–S73 in the ESI† show radial distribution functions
between the centres of mass of selected groups in the lipids
and parts of the NAs averaged over the last 200 ns of the simu-
lation. From the analysis of all the presented figures it can be
concluded that the strongest associations were observed
between the centres of mass of the residues of the NAs and the
head groups of MC3 at all concentrations and in both protona-
tion states (Fig. S62–S65†). This can be correlated with the
locations of the NAs in the systems since strong associations
with MC3 are related to the positions of its head groups. Most
of the RDFs for the DOPC phosphatic (Fig. S66–S69†) and car-
boxylic groups (Fig. S70–S73†) show a steady increase from
around 6 Å to a plateau, as opposed to the peaks observed in
the RDFs with the MC3 head groups (Fig. S62–S65†), indicat-
ing that the NAs do not specifically associate with these parts
of the DOPC lipids. Some peaks were observed in the RDFs for
the phosphatic groups of DOPC, but in smaller amounts and
mainly for polyU and less for polyA.

Additional understanding of the interactions in the systems
can be provided by looking at the occurrence of hydrogen
bonds between different components in combination with the
RDFs. Table S18 in the ESI† shows the number of hydrogen
bonds between various components in the systems. In systems
with 5% MC3 higher numbers of hydrogen bonds between
DOPC and water were detected than in simulations with 15%
of the ionisable lipid. A smaller number of hydrogen bonds
between DOPC and water were observed in the 15% MC3
systems compared to the 5% MC3 systems, with a larger
decrease observed after the addition of polyA than polyU. This
indicates a stronger dehydrating effect of polyA on the DOPC

head groups. Out of data presented in the table, unsurprisingly
there were more hydrogen bonds occurring between DOPC
and ionised MC3 in simulations with 15% MC3 compared to
those with 5% MC3, which did not significantly change with
the addition of NA. Along the same line, MC3 formed more
hydrogen bonds with water in simulations with 15% ionised
MC3 than 5% but was again not affected by the addition of
NA. Regarding the hydrogen bonds between NAs and water it
can be noted that polyA in general has significantly more
hydrogen bonds with water than polyU irrespective the proto-
nation state of MC3. Nevertheless, comparing only systems
with polyA or simulations with polyU, the lower amount of
hydrogen bonds between DOPC and water cannot only be
caused entirely by the presence of NA. As demonstrated in pre-
vious work,43 negligible amounts of water could also penetrate
the membrane with DOPC which contained more of MC3 due
to the disruption of hydrogen-bonding network at the mem-
brane surface. Therefore, insignificantly increased membrane
water-permeability could be a reason why the number of
hydrogen bonds between DOPC and water was affected in
investigated systems.

At 15% protonated MC3, polyA has more hydrogen bonds
with the ionised lipid than polyU, but given the low number of
hydrogen bonds observed between the MC3 and NAs and
typical MC3 head-residue distance (>4 Å) in the radial distri-
bution functions, it can be concluded that interactions
between MC3 and the NAs are not mainly related to hydrogen
bonds. It is more likely, as suggested earlier, that the MC3–NA
interactions are instead mediated by a combination of electro-
static (e.g. water/salt bridges) and hydrophobic interactions.
These hydrophobic interactions would become more domi-
nant as the pH increases, leading to a lower proportion of pro-
tonated MC3 and different position of the NA within the layer.
In the QCM-D data, at a pH far above the pKa of MC3, where it
can be assumed that all MC3 is in its neutral form, no further
absorption was observed with polyA. Under these conditions
the electrostatic interactions might not be strong enough to
bring the NA in close proximity for there to be a sufficiently
strong hydrophobic interaction between the MC3 tail and the
RNA nucleobase.

In the experimental conditions investigated here, the pHs
are relatively close to the apparent pKa of MC3, therefore it is
very likely that by changing the pH in the experiments the rela-
tive proportions of charged and neutral MC3 change but
neither population goes to zero. In the simulated systems,
however, the extreme cases of pH are explored for the MC3
lipid (i.e. fully ionised or fully neutral). For the neutral case, it
was previously shown that neutral MC3 had a higher affinity to
a DOPC layer when there was already some neutral MC3
present in the centre.63 Due to differences in time-scales
between molecular dynamics simulations and the actual
process of the lipid penetration through a membrane, it would
therefore be expected that the accumulation process of the
lipid in the membrane centre goes slowly and further aggrega-
tion of the neutral MC3 in the layer centre could have been
observed with dramatically longer simulation time. Here we
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can also add that since MD has shorter time-scale, free-energy
calculations show more accurate results of a possibility of a
spontaneous penetration process.63

A further consideration, which is rarely included in lipid
MD simulations and was briefly mentioned earlier, is the poss-
ible effect of a surface on the system. Adding (different kinds
of) solid supports has been shown to affect the behaviour of
the lipid membrane, including leaflet decoupling, changes in
diffusion coefficients and phase transition temperatures, in
addition to the clear limitation of curvature in the z
direction.80–83 This is especially a consideration in systems
where increased permeability could be observed, such as pene-
tration of mRNA through the layer as has been shown in the
multilayer structures formed here. Especially in the case of the
ionised MC3 containing layers, the slightly negatively charged
silicon and glass surfaces used in the experimental work are
likely to interact strongly with the charged lipid, and therefore
have an effect on the observed structure, such as strongly limit-
ing or preventing curvature seen in simulation snapshots with
15% ionised MC3.

4. Conclusions

In this work, we have investigated the effect of pH on the
adsorption behaviour of different (model) mRNAs in a model
system of varying DOPC and MC3 compositions. This study
has highlighted that even with low amounts of MC3 in the
lipid layer, the adsorption behaviour of different NAs and the
dynamics and viscoelasticity of the lipid layer change signifi-
cantly. The change in the structure of the system from a
bilayer-like structure to increased clustering of MC3 closer to
the centre of the layer was observed when changing the pH
from pH 6 to 7. This clustering observed with higher amounts
of MC3 in the layer seemed to decrease the viscoelasticity of
the layer, therefore indicating decreased disruption of the
bilayer structure, and could be important in NA binding.

A clear difference between the adsorption behaviour of the
NAs with pH and amount of MC3 was demonstrated, which
could be related to both the primary and secondary structure
of the NAs. The effect of the primary structure was investigated
using MD simulations, in which a stronger interaction
between polyA and the surface of the layer was observed,
resulting in a more tightly bound/condensed structure at the
surface and dehydration of the DOPC at the surface of the
layer. In comparison, polyU had a weaker interaction,
especially with the neutral form of MC3, and was less tightly
bound to the layer. The effect of the secondary structure contri-
butions could be observed in the polyA binding to the surface
layer at pH 6, where it is in its double stranded structure,
rather than penetrating into the lipid layer and/or causing
arrangement into the multilayer structure seen with other NAs
and in the other conditions, where polyA would be dominated
by its single stranded form. This effect of structure on inter-
actions is important to consider in investigations where polyA
is used as a model for mRNA. It has previously been used due

to its similar biophysical properties, but this structural tran-
sition can cause complications if used to formulate LNPs, as
polyA becomes gel-like in appearance below pH 3.5 (i.e. con-
ditions which are commonly used to prepare LNPs).84 As a
result, modifications to the standard formulations conditions
are often required.

In summary, the present study highlighted the influence of
the MC3 content on the structure of a lipid bilayer, even at
very low proportions. The simulation data shows the impor-
tance of hydrophobic interactions between the nucleic acids
and the lipids, in addition to the electrostatic component,
which is often neglected in the discussion surrounding LNP
formation. This is verified experimentally in follow up work,85

where we have observed a decrease in the stability of LNPs
with nucleic acid cargos with lower base pairing, which relates
to the penetration of the nucleic acid into the lipid layer
observed here. When developing a certain formulation it is
therefore important to consider the secondary structure of
mRNA and it is clear that furthering our mechanistic under-
standing of the interactions between the different NAs and
MC3 with pH will allow us to predict and optimise the
changes in the core of LNPs with pH. This will allow us to
obtain more stable formulations that at the same time facili-
tate cellular uptake.
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