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Using small angle X-ray scattering measurements, structural coherencies in lipid nanoparticle (LNP) formulations
comprising messenger RNA (mRNA) were elucidated in response to pH changes and as a function of RNA to lipid
ratio. Formulations were assembled using selected ionizable lipids with well-known activity from previous ex-
periments, with otherwise identical composition. Several structural parameters were determined, including in-
ternal organization, fraction of ordered material, the underlying repeating distance, and the fractal dimension of
the overall particles. Repeat distances increased with increasing pH, with profiles similar to the shape of pK,
curves, therefore allowing to directly reveal the structural implication of the pH responsiveness inside the par-
ticles. The fractal dimension, which so far had not been in the center of attention for quality control, was
correlated with biological activity. Such systematic data on structure-function coherencies in LNPs can serve as
complementary methods to standard lab-based quality control measures. This can help to facilitate and accel-

erate the rational formulation development of new RNA therapeutics.

1. Introduction

For the application of messenger RNA (mRNA) in pharmaceutical
products, delivery systems tailored for the intended route of application
and therapeutic intervention are required [1-5]. Since the authorization
of the first RNA-based therapies, with applications in gene silencing
therapy [6] and as vaccines for SARS-CoV-2 [7], so-called lipid nano-
particles (LNPs) have become a focal point of interest. These consist,
besides the nucleotide cargo, of a specific mixture of four lipids, with an
ionizable lipid being a key element for functionality [5,8,9].

Despite the broad interest, many aspects of LNPs related to their
activity and quality remain elusive to the developer community. A few
generally accepted concepts or paradigms exist, such as regarding the
optimum pK, value of the ionizable lipid [10], or the capacity to un-
dergo lamellar to hexagonal phase transitions [11,12]. However, these
are more conceptual than precise directives for selecting suitable
systems.

So far, the development of novel delivery systems largely relies on
screening lipids, lipid compositions, and the lipid to RNA ratio (known
as N/P ratio) [2,13-15]. However, this process can be tedious and time-
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consuming because of the vast number of potential combinations, along
with the risk that not all highly active compositions are recognized.
Here, we pursue an approach to identify structural aspects of LNPs that
correlate with activity, to provide a knowledge base for better experi-
mental planning towards improved formulations.

One parameter of interest is the pK, value of the ionizable lipid,
which gives information on how the charge of the ionizable lipid
changes with pH. It is considered relevant for the efficacy of endosomal
escape [16,17]. The pK, is typically determined by a fluorescence assay
using the dye molecule 6-(p-toluidino)-2-naphthalenesulfonic acid
(TNS). This process involves the binding of the dye and a change in
fluorescence intensity as a function of the lipid’s ionization state within
the particle [10]. It should be noted that the pK, value determined by
this fluorescence assay is strongly affected by the local environment in
the LNP. It differs substantially from that of one of the free ionizable
lipid molecules in solution, which is typically much higher [18].
Therefore, it is frequently referred to as the apparent pK, value.

Although not supported by all experimental data, it is widely
accepted that an apparent pK, value between 6 and 7 is most appropriate
for optimal LNP activity. Jayaraman and colleagues stated that a pK, of
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6.2 to 6.5 is ideal for siRNA delivery to the liver [16]. Hassett et al.
published that the optimal pK, for immunogenicity after intramuscular
administration is between 6.6 and 6.8 [19], which led to the develop-
ment of the SM-102 lipid used in the Spikevax® vaccine. Despite this,
the pK, of the ionizable lipid ALC-0315 used in the Comirnaty® vaccine
isreported as 6.09 [20], but it also led to comparable therapeutic results.

This highlights that the apparent pK, of the LNP determined by the
aforementioned method does not always allow for an exact prognosis of
potential therapeutic efficiency, without even considering differences
among tested cell types and routes of administration [21]. Notwith-
standing these unresolved issues, it seems clear that the ability to
measure and control the pK, value is an essential tool for tailoring
nanoparticles. For example, it has been shown that by adding a fifth
component, the so-called selective organ targeting (SORT) molecule, to
the LNP formulation, selectivity towards lung or spleen was achieved,
with the apparent pK, of the formulation being shifted towards higher or
lower values [22].

While the TNS assay is a straightforward lab-based method, the ob-
tained apparent pK, values are highly influenced by experimental con-
ditions such as buffer choice and varying dye sensitivity at extreme pH
values [23], which impairs the comparability of results obtained from
different laboratories and systems. A general limitation of the fluores-
cence assay is that it detects only the lipids accessible to the dye from the
bulk phase, which does not necessarily reflect the properties of the
overall particle. An alternative method to estimate the pK, of an LNP
formulation involves computational techniques that allow for estima-
tion from the lipid structures [24]. Other approaches include molecular
dynamics simulations to study pH-driven phase transitions and to
determine the actual pK, inside the LNP formulation [25]. However,
although these approaches deliver promising results, they require
further verification through comparison with more experimental data.

Here, we applied an approach to directly determine pH-dependent
changes in the structural properties of the overall particle using small
angle X-ray scattering (SAXS) measurements [26]. In extensive previous
SAXS and small angle neutron scattering (SANS) studies [26-30], we
revealed several fundamental structural features of mRNA nanoparticles
and demonstrated the influences of manufacturing protocols, lipid
composition, and polymer grafting on structure and functionality
[29,31,32]. By tracking lamellar spacing and other structural parame-
ters as a function of pH in multilamellar model systems, we obtained
curves similar in shape to pK, curves, allowing us to determine the
structural analogue of the pK, value, denominated as structural pK,.

In the present measurements, we investigated the pH responsiveness
of LNPs containing a series of ionizable lipids, namely DODAP, DODMA,
Dlin-MC3-DMA (MC3), and ALC-0315, using SAXS measurements. The
relative activity of formulations based on the respective ionizable lipids
is well-known from several previous studies, which describe potency
both in vitro and in vivo [18,33,34]. Based on that, we further classified
these model lipids with increasing potency in the order given above. We
revealed the structural characteristics of the different systems, including
their type of internal organization (lamellar or hexagonal), the repeating
distance of the ordered material, and overall particle organization,
expressed as the fractal dimension. LNPs from lipids with higher bio-
logical activity shared certain structural properties. These insights may
lead to refined paradigms for quality evaluation of LNP formulations and
criteria for tailoring future mRNA delivery systems.

2. Materials and methods
2.1. Materials

1,2-dioleoyl-sn-glycero-3-ethanolamine (DOPE) was manufactured
by Lipoid GmbH (Ludwigshafen, Germany). 1,2-dioleyloxy-3-dimethy-
laminopropane (DODMA), N-palmitoyl-sphingosine-1-{succinyl
[methoxy(polyethylene glycol)2000]} (C16-PEG2000-Ceramide), and
Cholesterol were manufactured by Avanti Polar Lipids (Alabaster, AL,
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USA). DODAP (1,2-dioleoyl-3-dimethylammonium-propane),
(6Z,9Z,28Z,31Z)-heptatriacont-6,9,28,31-tetraene-19-yl-4-(dimethyla-
mino) butanoate (DLin-MC3-DMA) and ALC-0315 ([(4-Hydroxybutyl)
azandiyl]bis(hexan-6,1-diyl)bis(2-hexyldecanoat)) was purchased from
MedChemExpress (Monmouth Junction, NJ, USA). mRNA encoding for
eGFP was purchased from etheRNA (Niel, Belgium). 6-(p-toluidino)-2-
naphthalenesulfonic acid (TNS), KHyPO4, and NasHPO,4 were obtained
from Sigma-Aldrich (St. Louis, MO, USA), and glycylglycine was ob-
tained from Carl Roth (Karlsruhe, Germany).

2.2. LNP preparation

LNPs were prepared using a dedicated ethanol injection method
developed by our group as described earlier [31]. The mRNA was
diluted to the intended concentration with a 10 mM aqueous glycyl-
glycine solution (pH 5.7 + 0.1), and the ethanolic lipid stock solutions
were pre-mixed to obtain the targeted molar ratios (Table 1). The
aqueous mRNA buffer was pipetted onto the lipid mix, and the sample
was then immediately vortexed for 10 s. This single-step protocol allows
for the manufacturing of mRNA LNPs in a directly applicable buffer
without further modification. The LNPs manufactured with this protocol
exhibit larger sizes than those obtained with microfluidic mixing (about
200 nm compared to 100 nm) but were described to be comparable in in
vitro and in vivo potency and show similar structural features [32].
Therefore, particularly regarding the structural features observed here,
we expect the results to be equally applicable for microfluidically
manufactured mRNA LNPs.

All LNPs comparing different ionizable lipids were prepared at a
molar ratio of ionizable lipid to mRNA (N/P ratio) of 5:1. For the N/P
ratio variation, LNPs between N/P 0.2 and N/P 5 were formulated.
Molar ratios were calculated as 100 mol% = " mol% (helper lipid,
ionizable lipid, cholesterol, stealth moiety). The LNP composition can be
seen in Table 1.

2.3. Dynamic light scattering (DLS)

The samples were diluted to an appropriate concentration (1 mg/mL
total lipid for size, 0.1 mg/mL for zeta potential) in glycylglycine buffer
and then transferred to a Zetasizer Nano ZS (Malvern Panalytical Ltd.,
UK) for size measurements using dynamic light scattering (DLS) and zeta
potential determination. The DLS measurements were conducted as
backscattering measurements (scattering angle: 173°) at 25 °C after a 30
s equilibration time. Results are presented in Supplementary Table 1.

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

Data were obtained at the P12 BioSAXS beamline of the European
Molecular Biology Laboratory (EMBL) at the PETRAIII synchrotron,
located at DESY (Hamburg, Germany) [35]. The experiments were
performed with an X-ray energy of 10 keV (A = 0.124 nm) at a 3.0 m
sample detector distance, resulting in a q range of ~0.03-7 nm .
Samples had a total lipid concentration of 2.5 mg/mL. Using the Bio-
SAXS automatic sample changer [36], 30 pL of the sample was trans-
ferred to a quartz capillary mounted in vacuum, where the sample was
exposed 20 times for 0.095 s to the beam. The scattering intensity was
collected by a Pilatus 6M detector (Dectris, Baden, Switzerland). The
buffer of each sample was measured under the same conditions before
and after each sample run for buffer subtraction. For the investigations
on LNP pH responsiveness, the samples were mixed with phosphate
buffer as proposed by Sorensen [37] from pH 4.5 to 10 for samples with
N/P < 1 and from pH 4.5 to 8 for samples with N/P > 1. Aqueous so-
lutions of KHyPO4 and NasHPO4 at 150 mM were mixed in different
ratios, and the pH was adjusted with 0.1 M HCI or NaOH. Samples were
mixed with phosphate buffers immediately before the SAXS measure-
ments, and the pH was checked. The ATSAS 3.0 software package (EMBL
Hamburg, Germany) was used for averaging of repeated measurements
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Table 1
Composition of investigated mRNA LNPs.
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Formulation ITonizable Lipid ITon. Lipid [mol%] DOPE [mol%] Cholesterol [mol%] Stealth lipid [mol%] mRNA [mol%]
DODAP N/P 5 DODAP 40 10 48 2 8
DODMA N/P 5 DODMA 40 10 48 2 8
MC3 N/P5 DLin-MC3-DMA 40 10 48 2 8
ALC-0315N/P 5 ALC-0315 40 10 48 2 8
DODMA N/P 0.2 DODMA 1.6 48.4 48 2 8
DODMA N/P 0.65 DODMA 5.2 44.8 48 2 8
DODMA N/P 2 DODMA 16 34 48 2 8
DODMA N/P 4 DODMA 32 18 48 2 8
MC3 N/P 0.2 DLin-MC3-DMA 1.6 44.8 48 2 8
MC3 N/P 0.65 DLin-MC3-DMA 5.2 44.8 48 2 8
MC3 N/P 2 DLin-MC3-DMA 16 34 48 2 8
MC3 N/P 4 DLin-MC3-DMA 32 18 48 2 8
and buffer subtraction [38]. Subtracted data were further analyzed 9
using QTIPlot 1.0.1 (IONDEV Sr, Bucuresti, Romania), as described in E= w (6)

the following section.

All scattering data are given as scattering intensity I as a function of
the momentum transfer, q, calculated according to eq. (1), with 26 being
the scattering angle and A the X-ray wavelength.

q= 4771' sin (?) M

SAXS data for the investigated g-range include the form factor of the
single lipid nanoparticles, which is determined by the overall size,
shape, and surface properties of the nanoparticles, as well as Bragg re-
flections derived from mRNA-lipid interactions as part of their internal
structure.

Determination of the intensity decay of the SAXS pattern can reveal
information about the shape and (surface) fractal dimension of the
nanoparticles. Using the power law shown in Eq. (2), the Porod expo-
nent, D, is determined.

I(q) =Io-q" 2)

Scattering from ideally smooth interfaces is characterized by a Porod
exponent of 4 (Porod law [39]), while a value of 2 indicates a diluted
Gaussian chain, and a slope of —1 points towards rigid rods. Of interest
here are the intermediate values, which reflect the surface roughness. By
using eq. (3), the surface fractal dimension, Ds, is obtained [40]. For
ideally smooth surfaces, Dy is 2, while with rising value (between 2 and
3), the surface roughness increases [41]. Values above 3 are indicative of
conformations of polymers in solution, as stated above.

D;=6-D 3

For investigations of internal structure properties, Lorentzian fit
functionality was used for peak fitting in the SAXS pattern, as given in
eq. (4)

2A w

(@) =+~ TG ol 4
where I is the baseline intensity, A the area under the peak, w the peak
width at half maximum (FWHM), and q. the peak center position
(Supplementary Table 2). The peak is derived from the ordered mRNA-
lipid complexes [26,30], where from the position of the peak center, the
repeat distance (d-spacing) is obtained by the Bragg eq. (5)

o
qc

d 5)

The peak width, w, provides information about the extent of the
ordered stacks [42], which can be described by the correlation length, &.
In the model for liquid crystalline structures [43] correlation length, &, is
calculated by Eq. (6), which is defined as the distance at which the
positional correlation decays to the value 1/e:

For formulations with an N/P ratio > 1, for the Bragg peak, Lor-
entzian fits with two overlaying peaks were used according to eq. (7)

2A, W, 2A, Wy

+ @)
T o4(q-q,)’+wi2 T 4(q-q) +ws?

I(q) =1 +

For the determination of the structural pK, of the LNP formulations, a
Boltzmann fit was used to describe the sigmoidal evolution of d-spacing
as a function of pH and to determine the inflection point of the function
asineq. (8)

d— spadngmax -d- Spacingmin

pKa—pH
14+10 pH

(3

d — spacing = d — spacing,,,. —

Where d-spacingmax and d-spacingmin are the upper and lower limits
of the fit, and pK, is the inflection point of the function, which is taken as
structural pK,.

2.5. pK, fluorescence assay

A common previously published assay using the fluorescent dye 2-(p-
toluidino)-6-naphthalene sulfonic acid (TNS) was performed to deter-
mine the apparent formulation pK, [44]. Measurements were performed
in triplicate on black TC-coated 96-well plates, with each well con-
taining 10 pL sample (at 0.1 mg/mL total lipid), 90 pL buffer (phosphate
buffer as proposed by Sorensen from pH 4.5 to pH 10 [37]) and 2 pL of
TNS in DMSO (300 pM). The fluorescence was measured from the top on
a TECAN Infinite 200Pro plate reader (Tecan Group Ltd., Mannedorf,
Switzerland) at 325 nm excitation and 435 nm emission wavelength.
Apparent pK, of the formulation was determined using a sigmoidal
Boltzmann fit,

NFlyox — NFIn;
NFI = NFlqx — ——— i 9
1410 »#

where NFI,x and NFI,;, are the maximal and minimal normalized
fluorescence intensity, and pK, is the inflection point of the fit, which is
stated as the apparent pK, of the formulation.

3. Results
3.1. Comparison of ionizable lipids

We investigated mRNA LNPs bearing four different ionizable lipids
(DODAP, DODMA, MC3, and ALC-0315; Table 1, Fig. 1A) under other-
wise identical conditions. For manufacturing, we used a proprietary
protocol (see Methods and Materials), which does not require complex
equipment, and has proven to result in particles with equivalent bio-
logical activity. As determined by comparative studies, we assume the
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Fig. 1. SAXS measurements for mRNA-LNPs with different ionizable lipids (from left to right: DODAP, DODMA, DLin-MC3-DMA, ALC-0315): A. Structure of the used
ionizable lipids in the order mentioned above. B. SAXS curves of mRNA-LNP samples over a pH range from 4.5 (red curves, bottom) to pH 8.0 (dark blue curves, top)
in ApH = 0.5 steps. In all cases, phosphate buffers were used for pH adjustment. The SAXS curves are shifted on the logarithmic y-axis for better visualization. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

particles to be equivalent in internal structure to LNPs, which are pro-
duced with microfluidic approaches [32]. Based on previous studies, the
relative potency of these model lipids is well-known, where activity is
assumed to increase in the above-mentioned order. The samples’ size
determination by Dynamic Light Scattering (DLS) revealed average sizes
between 170 and 210 nm with a polydispersity index around 0.2, and
Zeta-Potentials between 19 and 30 mV for all formulations (see Sup-
plementary Table 1).

To gain insight into structural changes during manufacturing and to
mimic the behavior of the LNPs after administration, SAXS measure-
ments were conducted as a function of bulk phase pH. These conditions
reflect the transition from near-neutral pH during circulation in the
bloodstream to stepwise acidification during endosomal uptake, leading
to acidic pH in late endosomal processing [45].

All SAXS patterns shared some common features, including smooth
curves with a steep decay in intensity up to a q-value of approximately
0.4 nm~! and a pronounced peak resulting from Bragg reflections of
ordered material. For all formulations, the Bragg peak position shifted
towards lower g-values (increase of d-spacing) with increased pH. This
shift was accompanied by a decrease in the area and a broadening of the
peak, where for DODAP and DODMA-LNPs, the peak was barely visible
at pH 8 (Fig. 1B). The Bragg peaks originated from repeating lipid and
mRNA stacks, consisting of only a very low number of repeating units
[26,29,30]. As observed in previous studies, we found indications for the
presence of two types of ordered lipid material (e.g., with high and low
amounts of mRNA inserted) having slightly different repeat distances.
Therefore, we fitted the Bragg reflections using a double Lorentzian
function and determined the peak position, peak width, and peak area of
each peak. While for the high-q (lower d spacing) peak of the two Bragg
peaks, the position decreased with an increasing pH, the second peak, at
a lower g-value (higher d spacing), showed only minor changes or even
increased for MC3- and ALC-bearing LNPs. Additionally, the area of the
peak at higher g-values decreased with increasing pH, while the area of

the low-q peak either remained unchanged or increased with increasing
pH (Fig. 2). We conclude that the low-q peak derived from lipidic sub-
structures with little or no mRNA content, while the high-q peak origi-
nates from mRNA/lipid stacks and is further referred to as the main
peak. Additionally, for MC3 and ALC-0315, a third, very sharp peak,
corresponding to a repeat distance of about 4 nm, was visible at low pH,
which diminished with increasing pH and disappeared above pH 5.5
(Supplementary Fig. 1). Partial phase separation of the lipid mixture,
leading to the formation of domains (e.g., rafts) with specific repeat
distances, may be the reason for this observation. These results highlight
the complexity of the LNPs as pharmaceutical products. Multiple frac-
tions with varying structures and pH-dependence may coexist in the
same particles or in the form of different particle populations.

For the main peak, resulting from repeating lipid bilayers with
mRNA inserted in the hydrophilic head group regions, the pH depen-
dence of the d-spacing arises from the electrostatic interactions between
mRNA and lipids. At acidic pH, the ionizable lipid reaches its highest
level of protonation, resulting in the strongest electrostatic attraction
with the negatively charged mRNA and, thus, the lowest repeat distance.
As the pH increases, the ionizable lipid’s protonation level decreases,
and the negative charge of mRNA is no longer completely balanced by
positive lipid charges. This results in weakening of the attraction forces
between mRNA and lipid, and thus, increased repeat distances, and a
loss of order. Therefore, the position of the main peak shifted to lower q,
the width increased (indicative of a loss of correlation length), and its
area decreased as pH increased. For the secondary peak, which corre-
sponds to a higher repeat distance, we expect either a lower amount of
mRNA or none to be inserted between the repeating layers. In that case,
the reduction of the lipid protonation state with an increase in pH results
in a reduction of the repulsive interaction between the adjacent layers,
consistent with the observed trend for a decrease in the repeat distance
(Fig. 2). The large excess of ionizable lipid in relation to the mRNA (N/P
5) makes segregation into fractions of different composition and
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Fig. 2. d-spacing and peak width from both peak fractions. As determined by double-peak Lorentzian fitting, d-spacing (top), and peak area (bottom) of the low-q
peak (red) and the main Bragg peak (black) are displayed as a function of pH. Note that for DODAP over pH 7, no low-q peak was detectable due to overlay with
intensity decay in the Porod region, and at pH 8, the low-q d-spacing exceeds the scale of the graph.

structure plausible. It is important to note that from the batch SAXS
measurements presented here, it is difficult to determine whether the
different patterns coexisted in the same particles, or whether different
particle populations having the respective structure were present. For a
clearer answer, fractionation of the particles based on size, surface
charge, or other characteristics before the SAXS measurements would be
beneficial. For example, coupling of asymmetrical flow field flow frac-
tionation to SAXS (AF4-SAXS) has successfully been applied to combine
a size separating technique with structure analysis for investigation of
lipoplexes and LNPs [28,46].

The observations were in accordance with previous findings on
multilamellar model systems with and without mRNA [26]. Similar to
the above conjectures, multilayers without mRNA displayed decreasing
d-spacing with increasing pH, while in the presence of mRNA, the d-
spacing increased. Here, we were able to determine such pH-dependent
effects for the situation in LNPs, which are of higher practical interest
but are more complex and less defined, due to the intrinsically lower
degree of order and the coexistence of different characteristic structures.

The pH dependence of the d-spacing for the main peak was analyzed
using a Boltzmann formalism (see Methods section). The inflection
points of the sigmoidal curves were taken as the structural pK, and
compared to the apparent pK,, derived from the fluorescence-based
assay (Fig. 3A, Table 2). Interestingly, for DODMA and MC3-LNPs, the
apparent pK, determined by the TNS assay (Table 2, Supplementary
Fig. 2) showed comparable values to the SAXS-based approach, whereas
differences were observed for LNPs composed of DODAP and ALC-0315.
While the apparent pK, of DODAP-LNPs was lower than the structural
pKa, for ALC-0315-LNPs, it was the opposite.

Several structural aspects of the systems derived from different
ionizable lipids showed correlation with their activity [18,33,34]. The
overall d-spacing of the LNP formulations manufactured from lipids with
higher activity showed lower d-spacings than the LNPs made with low
activity ionizable lipids (Fig. 3A, Supplementary Table 3). At pH 4.5, the
value for DODAP-LNPs was almost 2 nm higher than that for ALC-0315,
even though the ALC-0315 lipid possesses a bulkier structure than
DODAP. As well, the total shift of d-spacing was lower for the LNPs

comprising high activity ionizable lipids (Fig. 3A). While for DODAP-
LNPs the increase of the repeat distance was 1.45 nm, for LNPs with
MC3- and ALC-0315 it was only about 0.5 nm.

In addition to changes in peak position, we observed differences in
peak area and width as a function of pH (Supplementary Fig. 3). The
peak area diminished for all tested formulations as the pH increased. The
peak width increased for the systems manufactured with the two less
active lipids (DODAP and DODMA), resulting in a decrease in correla-
tion length as pH increased. The higher activity MC3- and ALC-0315-
LNPs did not show such an effect (Fig. 3B). When investigating the or-
ganization of the ordered stack, depicted as the ratio of correlation
length to repeating distance, particularly for ALC-0315-containing
LNPs, no loss of spatial order within the tested pH range was observed
(Supplementary Fig. 4). Therefore, the loss of order with increasing pH
is lower for active LNPs than for those with less active lipids.

Another property correlated with activity is the Porod exponent, D. It
is derived from a power law analysis of the intensity decay by fitting a
function based on eq. (2) to the experimental curve between the Bragg
peak and the Guinier region. For scattering from an ideally smooth
interface, the intensity decays with the fourth power of q (I(q) ~ q~%)
[39]. Real interfaces exhibit a certain roughness, which, in this case,
results from the distribution of molecular moieties perpendicular to the
interface. This leads to decreasing values for D as surface roughness
increases. There are several ways to express the surface roughness. In a
general mathematical approach, instead of the Porod exponent, the
(interfacial) fractal dimension, Ds, is observed (see eq. (3)) [29,47].

Dy has a value of 2 for ideal interfaces, and up to Dy = 3, increasing
surface roughness is deduced. Values for Dg higher than 3 are better
represented by a model of a Gaussian (polymer) chain conformation
[40,41]. In earlier studies, a higher biological activity was observed for
LNPs with higher surface fractal dimension [31]. Here, further to that
previous finding, we observed that LNPs prepared with three higher
activity ionizable lipids showed an increase in surface fractal dimension
upon pH decrease, while the low activity ionizable lipid DODAP
exhibited no change across the entire pH range (see Fig. 3C). Notably,
the pH at which the LNPs reorganize towards a higher fractal dimension
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Fig. 3. Analysis of SAXS derived parameters as a function of pH. A. Values for d-spacing calculated by the peak position as described in the methods section (see Eq.
(5)) as a function of environmental pH. The black line indicates a sigmoidal fit, whose inflection point can be used as the structural pK,. B: Correlation length as a
function of pH, calculated from the peak width (FWHM). While DODAP and DODMA LNPs show a decrease in correlation length, the more potent lipids maintain
their long-range order. C. Fractal dimension from analysis of lower q-range (<0.4 nm™') using a power law as a function of surrounding pH. Values of 2 indicate

smooth surfaces, whereas with growing values, the surface roughness increases.

Table 2
Results of determination of the structural pK, by SAXS and the apparent pK, by
TNS assay for the investigated mRNA LNP with varying ionizable lipids.

Formulation SAXS structural pK, TNS apparent pK,
DODAP N/P 5 6.7 £ 0.1 5.8 +0.1
DODMA N/P 5 6.9 + 0.2 6.6 + 0.1
MC3 N/P 5 6.5+ 0.1 6.7 £ 0.2
ALC-0315N/P 5 6.0 + 0.1 6.7 + 0.1

differs from the structural pK,. Differences in changes of internal
structure, as indicated by d-spacing, and surface roughness in response
to pH changes may be related to a different lipid composition in the LNP
surface layer [48]. Interestingly, among the tested ionizable lipids, the
ALC-0315 LNPs show the highest fractal dimension and therefore the
highest surface roughness at low pH values.

Certain general structural differences between high and low activity
LNPs observable over the total pH range were identified. While for the
LNPs from the less active lipids, DODAP and DODMA, Bragg peak areas
for main and secondary peaks were similar, for MC3 and ALC-0315 the
main peak takes ~75 % of the additive total peak area for MC3 and even
~95 % of the total area for ALC-0315 at acidic pH (Fig. 2). This would

mean that monophasic formulations tend to have higher activity, while
the presence of a second structure, either as an mRNA-poor phase in the
particles or an RNA-poor particles population, would point towards
lower activity.

As a general observation, we note that slight molecular structure
changes can substantially affect overall organization. The two less active
lipids, DODAP and DODMA, which only differ by an ether-to-ester
substitution (see Fig. 1A), exhibited clearly different d-spacings, with
DODMA showing smaller values. It still needs to be clarified if, in this
case, it has consequences for biological activity, but it highlights the
potential impact of even small molecular changes on LNP properties.

In summary, compared to less potent formulations, LNPs manufac-
tured with highly potent ionizable lipids, such as MC3 and ALC-0315,
showed (i) lower overall d-spacing, (ii) a reduced range of d-spacing
changes as a function of pH, (iii) no loss of long-range order with
increasing pH, and (iv) a pH dependent change in surface roughness,
with high fractal dimensions especially at low pH values.

3.2. Variation of N/P ratio

To further explore the structural organization properties of LNP
formulations, SAXS measurements were conducted on formulations with
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varying lipid to mRNA ratios (N/P ratios) for two selected ionizable
lipids: the less active DODMA and the more active MC3. The N/P ratio is
a critical formulation parameter that determines the quality and activity
of LNPs. In standard screening approaches, functional N/P ratios are to
be found empirically, as, so far, no direct molecular rationale for
determining appropriate N/P ratios is available. In this study, we
screened a wide range of N/P ratios, including conditions of mRNA
excess (N/P < 1). Such low N/P ratios are of particular interest, since
nanoparticle formulations assembled at N/P < 1 have proven high
selectivity for spleen targeting upon intravenous injections [2], and
products on this basis are currently undergoing different stages of clin-
ical trials for cancer immunotherapy [49]. Formulation parameters are
provided in Table 1. The total lipid concentration was kept constant to
generate comparable experimental conditions, so that only the ionizable
and helper lipid fractions were varied to set the N/P ratio.

Size determination by DLS exhibited a trend towards an increase in
LNP size with decreasing N/P ratio. Samples manufactured with an
excess of mRNA showed negative Zeta-potentials, while those manu-
factured with a lipid excess were positively charged in the acidic
manufacturing buffer (Supplementary Table 1).

SAXS patterns of LNPs were recorded as a function of bulk phase pH,
covering the range from 4.5 to 10 for LNPs with an N/P ratio < 1, and
from 4.5 to 8 for LNPs with N/P > 1 (Fig. 4). The overall characteristics
of the curves for the samples were similar to those described above. Also,
for the additionally tested N/P ratios, a shift of peak position towards
lower g-values (as displayed by the d-spacing in Fig. 5A), peak broad-
ening, and a decrease of peak area were observed with increasing pH.
Notably, all formulations manufactured at an N/P ratio < 1 exhibited
only one peak pattern, with a narrow first-order Bragg peak and
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additional higher-order peaks (Supplementary Fig. 5), mainly detectable
in acidic environmental buffers. Therefore, in contrast to the situation at
N/P> > 1, only a single type of ordered material with a high degree of
organization was present. A clearly higher correlation length (lower
peak width) was determined, likely because the order is not disturbed by
a second fraction of material (Fig. 5B). The positions of the higher-order
peaks correspond to \/ 3 and 2 times the g-value of the first-order peak
(Supplementary Table 4), indicative of a hexagonal liquid-crystalline
organization [50,51]. It was shown before that ionizable lipids can un-
dergo lamellar to hexagonal phase transition upon acidification, which
appears to be beneficial for the potency of the respective lipids [12].
Favorable conditions for the hexagonal packing found here can also
include the increased content of DOPE within formulations with a
decreasing N/P ratio in our experiments (see Materials and Methods).
Due to its cone-like shape, with small headgroup and bulky unsaturated
hydrocarbon chains, DOPE is known to readily undergo lamellar to
hexagonal phase transition [8,51,52].

We assume that for formulations manufactured with an excess of
mRNA, the nanoparticles consist of repeating stacks of lipid-complexed
mRNA with fixed stoichiometry, where excess mRNA is present as free
molecules in the bulk phase. Such patterns were observable up to an N/P
ratio of 2. Only at higher N/P ratios did the secondary low-q peak
emerge, which is indicative of the mRNA-depleted structural motif. With
increasing N/P ratio, the relative area of the secondary peak shows a
trend to increase (Supplementary Fig. 6), in accordance with increasing
amounts of mRNA-poor ordered material.

The overall d-spacing and the range of d-spacing within the pH
spectrum varied for the tested formulations (Fig. 5A, Supplementary
Table 5). The d-spacing under acidic conditions, such as in the state of
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Fig. 4. Results of SAXS measurements of LNPs with N/P ratio variations. SAXS curves of mRNA-LNP samples over a pH range from 4.5 (red curves, bottom) to pH 10
(black curves, top) or to pH 8(blue curves, in case N/P ratio > 1) in ApH = 0.5 steps. The visualization of pH-dependent structure evolution is similar to that of LNPs
described in Fig. 1B. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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full protonation, decreased with increasing N/P ratio, indicating a
higher packing density of the mRNA/lipid stacks. In most LNP formu-
lations, N/P ratios at the higher end of this range are selected, which,
according to the results observed here, are characterized by tighter
mRNA complexation. Regardless of whether there is a direct correlation
between packing density and activity, such structural information can
provide a quantitative basis for identifying quality-relevant properties of
LNP drug products.

When analyzing the structural pK, for a given formulation, we
observe a clear dependence on the N/P ratio (Table 3). The structural
pKj shifted from about 8.5 to about 6.5 on increasing the N/P from 0.2 to
5. Therefore, this dependence of the pK, value on the N/P ratio may be
applied as a valuable tool for fine-tuning LNP properties with a given
ionizable lipid. In fact, also in the fluorescence-based assay, a shift to-
wards higher apparent pK, was visible for formulations with decreasing
N/P ratio but revealing higher discrepancies to the structural pK, with

Table 3

Results of the determination of structural pK, by SAXS and apparent pK, by
fluorescence-based TNS assay of the formulations tested for N/P ratio variation.

Formulation SAXS structural pK, TNS apparent pK,
DODMA N/P 0.2 8.6 0.2 8.3+0.2
DODMA N/P 0.65 8.7 £ 0.1 7.8+ 0.2
DODMA N/P 2 7.7 £0.1 7.5+ 0.3
DODMA N/P 4 7.2+0.1 6.9 +£0.1
DODMA N/P 5 7.0 +£0.2 6.6 + 0.1
MC3 N/P 0.2 8.6 +0.1 7.4+ 0.2
MC3 N/P 0.65 8.6 £ 0.1 7.6 £0.1
MC3 N/P 2 7.7 £0.1 7.1+0.1
MC3 N/P 4 7.0 £0.1 6.7 £ 0.1
MC3 N/P 5 6.5+ 0.1 6.7 + 0.2

decreasing N/P ratio (Fig. 6). The controlled variation of the pK, value
has been demonstrated earlier with formulations having optimized
organ targeting properties using the SORT technology [22]. By adding a
fifth, charged lipid to the LNP, a clear effect on the pK, value was ob-
tained. At the same time, organ targeting towards the spleen or the lung
was improved. This underlines the potential of accurate control of the

DODMA DLin-MC3-DMA

- ® TNS
® SAXS (]

® TNS
® SAXS

a
a

©
|

-~
|

pK, / structural pK
pK, / structural pK

6 T T T 1
0.2 065 2 4 5

N/P Ratio

6 T T T 1
0.2 065 2 4 5

N/P Ratio

Fig. 6. Apparent pK, (black, as determined with TNS-assay) and structural pK,
(red, as determined by SAXS analysis) as a function of N/P ratio of the LNP
formulations. Lines were added for both parameters for illustration purposes.
(For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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pH responsiveness of the nanoparticles for tailoring their biological
activity.

Also, distinct observations were made when looking at the fractal
dimension of the particles in the extended range of N/P variation. The
fractal dimensions of the LNPs with N/P < 1 were even higher than 3,
therefore indicating a conformation more similar to a polymeric chain
rather than ‘only’ elevated surface roughness [41]. We hypothesize that
in LNPs assembled at N/P < 1, part of the excess mRNA forms shell-like
structures at the surface of the particles, where it also accounts for the
negative zeta potential. The conformational organization of the mRNA,
essentially being a high molecular weight biopolymer, is responsible for
the experimentally measured high fractal dimension. Increasing pH and
therefore decreasing electrostatic interactions between the LNP and the
RNA layer further foster this phenomenon at mRNA excess (Supple-
mentary Fig. 7). For high N/P formulations (N/P ratio 4 and 5), the
absolute fractal dimensions were lower but increased with decreasing
pH value for both tested lipids. Considering the low pH in the late en-
dosome, these findings on surface organization may be of relevance also
for the efficacy of mechanisms involved in endosomal release.

Taken together, quantitative structure analysis, such as done here by
SAXS measurements, provides valuable information on how the N/P
ratio influences the internal structural organization, surface properties,
as well as the pH-dependent behavior of LNPs. The N/P ratio directly
impacts the pH responsiveness, highlighting the potential of N/P ratio
variation as a tool for LNP fine-tuning. This complexity should be
considered for rational development of mRNA LNP formulations.

4. Discussion

Control strategies are of essential importance for the assessment of
the quality of LNP products. They are required during the development
of new formulations, as well as for regular quality control and stability
evaluation of existing products. Structural information plays a central
role in product quality evaluation. SAXS measurements are a powerful
tool for determining various structural parameters of LNP formulations
at different length scales, ranging from Angstroms to several hundred
nanometers. For application in pharmaceutical practice, it is important
to quantitatively analyze data, using standardized protocols to allow for
better comparability between results from different laboratories and
systems. Based on this, generally accepted criteria need to be defined to
evaluate product quality.

As a result of the present study, we can suggest a set of defined and
quantitative structural parameters to be considered in SAXS data anal-
ysis of LNP and similar formulations. For the scattering profiles, Bragg
peak analysis should include determination of position, width, and area,
with a decision on whether single or double peak fitting is appropriate.
Observation of structural features as a function of pH is important for
several reasons. Firstly, this reflects the pathway during manufacturing
from acidic to neutral conditions. Also, during biological action, the
particles undergo an environmental pH change from about neutral in
circulation to acidic conditions on endosomal uptake and processing.
The observation of pH-dependent structural changes constitutes an
important extension to the insight that can be given by the fluorescence-
based assay. It provides direct structural information of the overall
mRNA/lipid stacks instead of only the accessible interfacial moieties and
is not dependent on environmental settings such as buffer choice. These
structural parameters are relevant for cellular processing (e.g., endo-
somal uptake and release) and stability perspectives (e.g., drug sub-
stance and lipid integrity). As a further criterion, which has not been
extensively considered so far, we propose to analyze the Porod exponent
in the low-q region and to determine the (surface) fractal dimension. The
interfacial molecular conformation appears to be important for cellular
uptake and endosomal release processes and thus affects drug product
activity. Following these approaches, we were able to identify certain
structural features that varied with the relative activity of the four
ionizable model lipids:

i.

ii.

iii.
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The more potent lipids exhibited a higher perpendicular packing
density of the mRNA-lipid complexes than those with lower po-
tency. The higher packing density was maintained when the pH
was increased to neutral levels, as it occurs following intravenous
administration in the systemic circulation. This is envisaged to
provide better protection against the degradation of the particles
within the circulation. Considering that the mRNA-lipid Bragg
peak was maintained over the entire pH range tested, it demon-
strated the general stability of the complexes in varying pH en-
vironments during circulation after administration. However, it
should be noted that circulation stability depends on additional
variables such as shear forces and protein and membrane
interactions.

We found evidence for the coexistence of two different types of
ordered material in the same LNP formulation. In fact, in stan-
dard LNP formulations, a relatively high excess of ionizable lipid
relative to mRNA (N/P ratio > 4) is used. For reasons of charge
balance, and supported by previous data [30] mRNA-lipid com-
plexes inside the LNPs are expected to have an N/P ratio close to
one. Therefore, we assume that the two patterns in the nano-
particles resulted from complexes with higher and lower (or no)
amounts of mRNA inserted between the lipids. As in many LNP
systems the excess lipid is important for activity, it appears
helpful to gain more insight into the fraction having different
structural organization inside the LNPs. It should be noted that
several studies have reported the presence of LNPs with varying
loads of RNA in a given formulation [53]. In this study, batch
measurements averaging the signals from all types of present
LNPs were performed, and the data did not allow for clear
discrimination between these two options. Separation of different
nanoparticle fractions before the SAXS measurement, such as by
using AF4, can help to gain better insights into the individual
properties of the different fractions in a product [28]. Such sep-
aration approaches will be helpful for better evaluation of the
quality and activity of LNP formulations.

We found a correlation between activity and the surface fractal
dimension of the LNPs, a parameter that has not been widely
considered by the community yet. Previously, when we observed
higher transfection efficacy of MC3 compared to DODMA in
human peripheral blood mononuclear cells (hPBMCs), we
already found a higher surface fractal dimension for the more
active formulations, particularly at acidic pH [31]. We hypothe-
size that the increased surface roughness may be favorable for
interactions with the endosomal membrane, thereby promoting
mechanisms of endosomal escape. Increased fractal dimensions
may destabilize endosomal membranes within the phase where
positive LNP charges and negative endosomal charges interact.
Particles with rough interfaces or molecular moieties which loop
away from the surface of the particles may reduce the energy
barrier to rupture the (opposite) membrane compared to a par-
ticle with smooth interface. This could lead to higher perme-
ability of the endosomal compartment. It will be worthwhile to
investigate such membrane effects also in model membrane sys-
tems which allow quantitative assessment of the interactions (e.
g., Atomic Force Microscopy, Surface Force Apparatus) and to
correlate these results with activity.

iv. Some fundamental differences in the structural features of LNPs

manufactured at N/P ratio < 1 compared to N/P ratio > 1 were
evident. For formulations with an N/P ratio below 1, only a single
type of internal organization was present. We conclude that
mRNA/lipid complexes of defined stoichiometry had been
formed (accounting for charge balance), coexisting with an
excess of mRNA, which is not part of the particles and did not
contribute to the scattering patterns obtained here. Higher order
peaks were visible for the lipid complexed mRNA structure,
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indicating inverted hexagonal phase, one of the paradigms in
rational lipid synthesis for nucleic acid delivery.

v. The structural pKj, of the formulations determined by SAXS pro-
vides extended information compared to the traditional
fluorescence-based approach. While the values for DODMA and
MC3 were rather similar, ALC-0315 showed a lower SAXS-
derived value, and DODAP showed a lower TNS assay-derived
value.

vi. We identified a clear dependency of the N/P ratio on the struc-
tural pK, value. The decrease in the pK, with increasing N/P
could be one reason for the high excess of ionizable lipid in
current LNP products. This highlights that for developing new
LNP formulations, the selection of ionizable lipid, lipid compo-
sition, and N/P ratio together contributes to the pH-dependent
electrostatic properties of the particles. With a given lipid, the
effective pK, value of the particle can be fine-tuned by adjusting
the N/P ratio. Taking this into consideration, this can help to
tailor mRNA LNP formulations for a given therapeutic use.

With this, a set of generally applicable tools can be provided that
allow us to evaluate and compare product quality and to accelerate the
development of tailored LNP formulations for future applications.

5. Conclusion

In this study, model LNP compositions were investigated with SAXS
measurements, and structural features were identified that correlated
with transfection efficacy. The structural pH responsiveness for LNPs
yielded in similar, but refined results, which more accurately display the
actual in situ pH-dependent behavior of LNPs compared to the standard
fluorescence-based assay for determination of nanoparticle pK,. We
found the structural pK, value to systematically vary with N/P value,
which introduces a further degree of freedom in LNP optimization. The
optimal N/P values for active formulations may vary with ionizable
lipids having different molecular pK, values. High perpendicular pack-
ing density of the mRNA/lipid stacks and a high increase in surface
roughness (fractal dimension) in response to lowering pH were char-
acteristic of the more potent ionizable lipids. Overall, concise structural
investigations by SAXS can be helpful in rational LNP design. Structural
features characteristic of potent lipid excipients and LNPs can be iden-
tified, and general structure-function correlations for mRNA LNPs, a
versatile drug delivery system for various therapeutic targets, can be
derived.
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