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Peak �tting for in situ and static SAXS measurements of

LNPs during mixing and dialysis

The peaks visible in the SAXS data measured during dialysis were �t with the broad_peak

model in SasView within a very limited q range, as shown in Fig S1. The �xed parame-

ters were as follows: scale = 1 (�xed), porod_scale = 0 (�xed), lorentz_exp = 2 (�xed).

lorentz_scale, lorentz_length, half width half maximum (HWHM) and peak_pos were man-

ually estimated then were �t simultaneously.

Figure S1: All peaks present in the SAXS data for the LNP formulations during dialysis
were �t with a broad peak model in a q range limited to close to the peak position.
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Table S1: Fit parameters for DNA N:P 3 LNP SAXS data recorded during dialysis

DNA N:P 3 Outlet 7 hrs 12 hrs 18 hrs 24 hrs
lorentz_scale±1x10−10 4.3x10−9 5.99x10−8 4.25x10−8 2.71x10−8 2.53x10−8

lorentz_length±1 /Å 50 74 74 54 58
HWHM±0.002 /Å−1 0.020 0.014 0.013 0.019 0.017
peak_pos±0.002 /Å−1 0.109 0.118 0.122 0.119 0.118

d spacing±1 /Å 58 53 52 53 53

Table S2: Fit parameters for polyA N:P 3 LNP SAXS data recorded during dialysis

polyA N:P 3 Outlet 7 hrs 12 hrs 18 hrs 24 hrs
lorentz_scale±1x10−10 - 6.75x10−8 4.64x10−8 4.66x10−8 4.75x10−8

lorentz_length±1 /Å - 185 209 151 187
HWHM±0.002 /Å−1 - 0.005 0.005 0.007 0.005
peak_pos±0.002 /Å−1 - 0.112 0.132 0.118 0.116

d spacing±1 /Å - 51 48 54 54

Table S3: Fit parameters for polyU N:P 3 LNP SAXS data recorded during dialysis

polyU N:P 3 Outlet 7 hrs 12 hrs 18 hrs 24 hrs
lorentz_scale±1x10−10 - 1.74x10−8 1.86x10−8 3.16x10−8 1.22x10−8

lorentz_length±1 /Å - 52 116 107 53
HWHM±0.002 /Å−1 - 0.019 0.009 0.009 0.019
peak_pos±0.002 /Å−1 - 0.121 0.130 0.123 0.116

d spacing±1 /Å - 52 49 51 54
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Analysis of cryoTEM images

CryoTEM images were acquired for the following samples to inform the model choice for

SANS and provide some initial guesses for the �tting parameters. In addition, fast Fourier

transforms (FFT) were performed on the particle core in order to con�rm that the peak

observed in SAXS and SANS had the same dimensions as the repeat structures observed in

the cryoTEM images for some of the samples. The following images show some representative

cryoTEM images. Examples of the particles used in the FFTs are included below, with the

area of the particle used for the FFT highlighted with a yellow circle and the corresponding

FFT with the distance to the spots highlighted with a red arrow.

For the DNA N:P 3 sample, the inner core structure was more visible and spots were

observed in the FFTs. Unfortunately for the polyA N:P 3 and polyU N:P 3 samples, the

large number of ice crystals limited any in depth analysis of the images, however it was still

possible to see something of the structures in the polyU sample and there are spots in FFTs

from the polyA samples that agree well with the repeat distance derived from the SAXS

data.

DNA N:P 3

For the particles with visible spots in the FFT, the repeat distance was 55±4Å.
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Figure S2: Example cryoTEM images and FFTs for DNA N:P 3.
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polyA N:P 3

Although there was a large number of ice crystals, FFTs of the internal structure of the

particles produced a repeat distance of 54±4Å, which is in good agreement with the corre-

sponding SAXS data. Although most of the particles in this sample appear as spherical and

uniform, there are LNPs highlighted here which appear to have blebs on the surface, similar

to those observed in work by Cheng et al.1

Figure S3: Example cryoTEM images and FFTs for polyA N:P 3.

polyU N:P 3

Although ice quality and ice crystal formation limited the analysis here, it was possible to see

a combination of di�erent structures. The uniform spherical structures with a dark interior
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appeared similar to the other LNP formulations. However, there were additional oblate

structures with a more electron dense shell, which were not observed in any other samples.

Figure S4: Example cryoTEM images for polyU N:P 3.

SANS Fitting

Calculation of SLD values

All scattering length density values (SLDs) for the water and lipid components were calcu-

lated using the NIST Neutron activation and scattering calculator

(https://www.ncnr.nist.gov/resources/activation/) using the input values in Table S4.

All SLDs for the nucleic acids were calculated using the STFC ISIS Protein Scattering

Length Density Calculator

(http://psldc.isis.rl.ac.uk/Psldc/licence.html). For DNA, an equal number of A, G, T and C

bases was assumed and the input sequence length taken from the mean of the range provided

in the Sigma Aldrich certi�cate of analysis (708 bp), whereas for polyA and polyU, the input

sequence length was 700, approximating the equivalent length. In all cases, the SLD was
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calculated assuming 100% H2O in the solution and 0% deuteration.

Table S4: Calculated SLDs and molecular volumes for LNP components.

Components Input Molecular Neutron SLD
of LNP formula volume /A3 /10−6Å−2

H2O H2O 30 -0.559
D2O D2O 30 6.364

DLin-MC3-DMA (MC3) C43H79NO2 1290a 0.087
hChol C27H46Ob 630c 0.209

d45Chol (85% D purity) C27H7.75OD38.25d 630c 6.536
DSPC C44H88NO8Pb 1326e 0.202

DMPE(-PEG2000) C33H66NO8P 1026f 0.325
DNA (nt) - 309 3.175
polyA (nt) - 314 3.576
polyU (nt) - 282 3.287

aCalculated from the density in Arteta et al.2

bMolecular formula taken from Avanti Lipids product information.

cFrom Greenwood et al.3

dd45 cholesterol was kindly synthesised by the National Deuteration Facility (ANSTO, Pro-

posal NDF8442). From the certi�cate of analysis, the isotopic purity was 85±2%D.
eCalculated using the molecular volumes in Armen et al.4

fTail volume calculated using the molecular volumes in Armen et al.4 and head group volume

from Wilkinson and Nagle5.

Model free analysis: Guinier approximation and P(r) inversion

Guinier approximation

Using Guinier's approximation at low q6, the radius of gyration of a particle, Rg, can be

calculated:

I(q) ≈ I(0) exp
−q2R2

g
3 (1)
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Which can be linearised to:

ln I(q) ≈
−q2R2

g

3
+ ln I(0) (2)

The Guinier approximation is valid only in a limited q range de�ned by the Rg
6,7:

(i) The lower limit is given by qminRg < 0.65, which is lower than the lowest q value

measured here.

(ii) The upper limit for spherical objects is given by qmaxRg ≈ 1.3, which is indicated in

Figure S5 by the black dashed line.

Given the size of the LNPs measured here, the Guinier region in the measured q range

was very limited and there were large errors on the lowest data points, therefore the �t was

strongly in�uenced by small deviations of the data from linearity. Although the Rg calculated

from the Guinier analysis for the polyA and DNA samples reproduced the expected trend

in size observed in DLS, the high error on the �t for DNA and polyA samples and exclusion

of the e�ect of polydispersity limits any in depth interpretation. In the case of the polyU

samples, the low q upturn observed due to the aggregation in the sample obscures the Guinier

region, therefore it was not possible to �t this data. The solid black line plotted in Figure

S5C,D is included only to highlight the low q upturn.

Distance distribution function P(r)

The distance distribution function, P(r), can also be used to characterise the size and shape

of a particle7,8. The SANS data for the samples were �tted in Sasview in a q range excluding

the low q upturn (q < 0.0035Å−1) and the broad peak due to the internal particle structure

at ≈ 0.1−1 and the value of Dmax was manually optimised (typically 1000 - 1200 Å). For

all samples and all solvent contrasts, the P(r) has the bell shape curve typical of a sphere.

There is some asymmetry in the curves, which is more visible in the higher %D2O contrasts.

This could be due to; (i) the core-shell structure of the sphere and/or (ii) the polydispersity

of the samples, as this typically results in a tail on the higher r side of the curve and is more
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Figure S5: The low q region of the SANS data for the polyA N:P 3 (A) and 6 (B) and the
DNA N:P 3 (E) samples were �tted with the linearised equation of Guinier approximation
(solid black line). The data for the polyU N:P 3 (C) and 6 (D) samples has a low q upturn
due to aggregation which obscures the Guinier region, which is highlighted by the solid
black line (please note this is only to guide the eye). The upper limit for the Guinier region
is indicated by the black dotted line. All samples were measured in �ve di�erent solvent
contrasts: 0, 20, 40, 60, 80% D2O (plotted with light to dark colours for increasing D2O
amount). The data are o�set for clarity.
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prominent in the polyA and polyU samples, which have a higher polydispersity than the

DNA sample. The Rg of the particle can also be calculated from the P(r), which changes

with contrast following the expected trends from more detailed �tting with a core-shell sphere

model described below. The zero average contrast for the lipid composition and cargo used is

at ≈35% D2O and the particle core is matched out at ≈20% D2O, resulting in low intensity

for 20% D2O and 40% D2O. The comparison between the Rg calculated from the 0% D2O

data compared to the higher (60, 80%) D2O contrasts can be attributed to the shell of the

core-shell sphere. The contrast between the shell and solvent is low at the higher %D2O (60,

80%), therefore the shell is not very visible in these solvent contrasts and the calculated Rg

is lower. In the 0% D2O contrast, however, there is good contrast between the shell and

solvent, therefore the shell is visible resulting in a higher Rg.

Model description and �tting method

SANS data was �t with a core_shell sphere model plus a broad_peak model (CSS+BP) for

all samples, with the initial parameters for the model de�ned using a priori knowledge as

much as possible. The data was �rst �t in a limited range using the core shell sphere (CSS)

model only, with an upper q limit of 0.25 Å−1. The following parameters were estimated

and �xed for each sample:

(i) The scale was estimated based on the calculated LNP concentration (3.9 mg/mL)

(ii) The background was individually estimated for each dataset

(iii) The solvent SLD for each contrast was calculated from the ratio of D2O/H2O used to

make it (0, 20, 40, 60, 80% D2O).

(iv) Polydispersity with the Schulz distribution was estimated from the data and �xed at

that value for all solvent contrasts.

The following parameters were �tted:
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Figure S6: SANS data collected for LNPs containing polyA N:P 3 (A) and 6 (B), polyU N:P
3 (C) and 6 (D) and DNA N:P 3 (E) with the �t corresponding to the P(r) inversion plotted
as a solid black line. The �tted q range is indicated by vertical dashed lines and the data
are o�set for clarity.
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Figure S7: Distance distribution functions, P(r), plotted for LNPs containing polyA N:P 3
(A) and 6 (B), polyU N:P 3 (C) and 6 (D) and DNA N:P 3 (E). All samples were measured
in �ve di�erent solvent contrasts: 0, 20, 40, 60, 80% D2O (plotted with light to dark colours
for increasing D2O amount).
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Table S5: The <Z> hydrodynamic radius RH measured by DLS immediately after for-
mulation (Day 1) and when the SANS data were measured (Day 4) is presented with the
polydispersity index (PDI) in brackets. For DLS, the error is the standard deviation of 6
measurements. For the Rg value determined from the Guinier analysis, the error was deter-
mined from the 95% con�dence interval on the slope of the linear �t.

Sample
Contrast RH (PDI) /Å Rg from Rg from
(%D2O) Day 1 Day 4 Guinier /Å P(r)/Å

polyA N:P 3

0
520±10 520±10

450±40 340
(0.142±0.004) (0.143±0.004)

20 - - 550±30 384
40 - - 400±300 325
60 - - 500±40 329
80 - - 420±20 321

polyA N:P 6

0
410±10 420±10

300±100 316
(0.118±0.004) (0.124±0.004)

20 - - 360±70 333
40 - - 500±100 259
60 - - 300±100 260
80 - - 340±30 291

polyU N:P 3

0
390±10

- -

339
(0.0620±0.005)

20 - 377
40 - 354
60 - 311
80 - 326

polyU N:P 6

0
350±10

- -

376
(0.060±0.007)

20 - 391
40 - 381
60 - 278
80 - 284

DNA N:P 3

0
460±10 460±10

390±20 330
(0.050±0.005) (0.060±0.007)

20 - - 550±30 340
40 - - 400±100 274
60 - - 320±60 300
80 - - 400±10 307
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(i) For each sample, the radius and thickness were constrained to be the same and �tted

simultaneously for all solvent contrasts (D2O/H2O ratios for that sample).

(ii) Shell and core SLDs were �tted simultaneously for each solvent contrast

After initial �tting with the CSS model over the limited range, the combined CSS+BP

model was �tted to each dataset over the full q range. All structural parameters from the

CSS �t were kept the same and the peak structural parameters for the broad peak model

were estimated from the SAXS data for the corresponding sample. The porod exponent was

estimated from the data and �xed (2.3), the lorentz exponent was �xed (2), then the scale

of the lorentz peak, shell SLD and core SLD were then allowed to �t.

The volume fraction of solvent and dry SLD of the shell and core, respectively, were

calculated from the �tted shell and core SLDs for each solvent contrast as follows:

SLDwet = (vfsolventSLDsolvent) + ((1− vfsolvent)SLDdry) (3)

The calculated dry SLDs and solvent volume fractions for the core and shell were the mean

of these calculated values with standard deviation given as the error.

Table S6: Table of the core-shell sphere �t parameters for the core-shell sphere plus broad
peak model.

Model: SLDdry−shell SLDdry−core Core Shell
CSS+BP vfshell /10−6Å−2 vfcore /10−6Å−2 radius thickness PDI

/Å /Å
polyA N:P 3 0.37±0.09 3.1±0.2 0.33±0.05 1.0±0.1 215±1 45±1 0.23
polyA N:P 6 0.39±0.09 3.8±0.1 0.17±0.03 0.70±0.05 210±1 50±1 0.28
polyU N:P 3 0.32±0.09 3.2±0.2 0.43±0.05 0.9±0.1 295±1 49±1 0.22
polyU N:P 6 0.4±0.1 3.6±0.4 0.29±0.09 0.7±0.2 242±1 49±1 0.22
DNA N:P 3 0.1±0.2 2.9±0.3 0.29±0.05 0.84±0.09 288±1 48±1 0.17
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Table S7: Table of the broad peak �t parameters for the core-shell sphere plus broad peak
model.

Model: CSS+BP porod_scale lorentz_length peak_pos
polyA N:P 3 4x10−3 30±3 0.11±0.01
polyA N:P 6 1x10−3 20±3 0.11±0.01
polyU N:P 3 2x10−3 20±3 0.11±0.01
polyU N:P 6 1x10−3 20±3 0.11±0.01
DNA N:P 3 1x10−5 35±1 0.089±0.002

Calculating lipid composition of the shell and core

The lipid composition of the core and shell was determined using the method described

by Sebastiani et al.9 In summary, the molecules in the LNP partition between the shell and

core. Considering the molecular volume of each components and the available volume of core

and shell, the molecules can be partitioned such that the calculated SLDs match the �tted

SLDs. The volume fraction can then be recalculated to a molar fraction using the molecular

volume of each component. It should be noted that the composition was calculated assuming

that the input lipid molar ratio was conserved and taking into account the encapsulation

e�ciency measured by RiboGreen assay. It was assumed that all DSPC and PEG lipid were

present in the shell and that all NA was in the core.

E�ect of temperature

Additional SANS and SAXS measurements were performed to determine the temperature

sensitivity of the LNP structure for the di�erent LNP cargos. For the stock solution of polyU

N:P 6 (Figure S9D), there was a small decrease in intensity with increasing temperature,

possibly a result of increased aggregation and sedimentation with increasing temperature,

and decreased de�nition of the shoulder at 0.015Å−1 at the highest temperature (65°C),

which could be linked to decreasing order in the shell as this is above the chain melting

temperature of DSPC.10
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Figure S8: SANS curves for all samples in 0% D2O contrast at 25 and 37 °C.
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Figure S9: SANS curve for LNP stock solutions in 0% D2O contrast at 25, 37, 50 and 65 °C.
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Static SAXS �tting

Fitting empty LNP data

The empty LNP data kindly provided from a previous work by Yanez Arteta et al.2 was

initially �t with the broad_peak model. The following parameters were �xed: lorentz_exp

(2) and scale (1). The background was �tted initially, then �xed. All other parameters were

allowed to vary.

Although this provided a good description of the main peak, there appeared to be a

second order peak at higher q which was not well described. In order to capture this, a

broad_peak model (with parameters de�ned as above) + a Gaussian peak (all parameters

were allowed to vary) was �tted to the data. Although it was possible to manually get a

good description of the peak, when the model was allowed to �t, the �t wasn't sensitive to it.

When included in the later peak �ts of the NA LNPs, the additional peak did not improve

the �t and the scale factor went to ≈ 0, therefore the broad_peak �t was used for all sample

�tting.

Figure S10: Comparing �t using a broad peak model or a broad peak model plus a Gaussian
peak for the SAXS data for empty LNPs.
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Table S8: Fit parameters for the empty LNP SAXS data comparing the broad peak model
to the broad peak model plus a Gaussian peak.

Empty LNPs broad_peak broad_peak+Gaussian
broad_peak

porod_scale±1x10−9 7.572x10−6 8.607x10−6

porod_exp±0.01 4.00 3.86
lorentz_scale±1x10−9 6.9749x10−5 7.4670x10−5

lorentz_length±0.2 /Å−1 33.4 39.6
peak_pos±0.0001 /A−1 0.08103 0.08307

Gaussian
scale±1x10−8 - 7.00x10−6

peak_pos±0.001 /Å−1 - 0.186
sigma±0.002 /A−1 - 0.219

Fitting samples: Empty LNP + Gaussian peak

The polyA N:P 3 and 6 and polyU N:P 6 samples were �tted with a combination of the

broad_peak model and a Gaussian peak. The broad peak parameters were �xed from

the empty LNP �t results (porod_exp, lorentz_length, peak_pos, lorentz_exp) with only

the scale parameters allowed to vary (porod_scale, lorentz_scale). All parameters for the

Gaussian peak were allowed to vary.

Table S9: Fit parameters for the broad peak plus one Gaussian peak �ts to the SAXS data
for the polyA samples and polyU N:P 6.

Broad peak + Gaussian polyA N:P 3 polyA N:P 6 polyU N:P 6
Broad peak

porod_scale±1x10−10 8.30x10−8 1.007x10−7 6.60x10−8

lorentz_scale±0.0001 0.0476 0.0273 0.0356
Gaussian Peak 1

scale±0.0001 0.0664 0.0279 0.0149
peak_pos±0.001 /Å−1 0.110 0.110 0.111
sigma±0.001 /A−1 0.012 0.012 0.017

Fitting samples: Empty LNP + 2 Gaussian peaks

For the DNA sample, a single Gaussian peak did not describe the position of the main peak

well, due to the contribution from a shoulder on the higher q side of the main peak. For the
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polyU N:P 3 sample, there was a clear contribution from a sharp Bragg peak, which could

not be described with only 1 Gaussian peak in addition to the broad peak model for the

empty LNPs. These samples were therefore �tted with a combined model of the broad_peak

model + 2 Gaussian peaks. For comparison, the polyU N:P 6 sample was also originally

�tted with a broad peak + 2 Gaussian peak model, but the second peak contribution went

to 0, therefore was e�ectively �tted as a single Gaussian peak.

Table S10: Fit parameters for the broad peak plus two Gaussian peak �ts to the SAXS data
for the DNA samples and polyU N:P 3.

Broad peak + 2 Gaussians polyU N:P 3 DNA N:P 3
Broad peak

porod_scale±1x10−10 3.92x10−8 5.04x10−8

lorentz_scale±0.0001 0.0285 0.0354
Gaussian Peak 1

scale±0.0001 0.0327 0.0904
peak_pos±0.001 /Å−1 0.112 0.106
sigma±0.001 /A−1 0.016 0.011
Gaussian Peak 2

scale±0.0001 0.0673 0.0103
peak_pos±0.001 /Å−1 0.119 0.122
sigma±0.001 /A−1 0.003 0.015

Encapsulation e�ciency

Table S11: Encapsulation e�ciency of the LNP formulations measured using the Invitrogen
Ribogreen assay.

Sample Encapsulation e�ciency/%
polyA N:P 3 85
polyA N:P 6 96
polyU N:P 3 80
polyU N:P 6 78
DNA N:P 3 88
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