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higher masses (Fig. 2f–i). mRNA and lipid mass concentrations were 
determined using a previously described strategy for correcting 
the concentration measurements for UV scattering from the LNPs23. 
Microfluidic-formulated LNPs contained 4–30 times higher mRNA 
concentration than bulk-mixed LNPs. While the mRNA component is 

present throughout the microfluidic peak, in bulk samples, it appears 
to partition into smaller subpopulations, disappearing rapidly with 
larger sizes.

Empty LNPs prepared by microfluidic methods were larger in 
mass and Rh compared to loaded microfluidic-formulated LNPs, 
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Fig. 1 | Traditional physicochemical characterization of LNPs. a–g, LNP 
physicochemical characteristics including mRNA concentration (a) and 
relative encapsulation efficiency (b) determined by a RiboGreen assay, Rh (c) 
and particle concentration (d) obtained using DLS, ζ-potential calculated using 
electrophoretic light scattering (ELS) (e), apparent pKa determined by a TNS 
assay (f) and morphology determined using cryo-TEM (g). Measurements are 

reported as the mean ± s.d. of n = 4 technical replicates for a,b, n = 3 technical 
replicates for c,d and n = 10 technical replicates for e. For f, the s.d. was calculated 
from the upper and lower 95% confidence intervals (Methods). Scale bar, 100 nm. 
In a–f, a two-way ANOVA with Holm–Šídák correction for multiple comparisons  
was used to compare the concentration (a), encapsulation percentage (b),  
radius (c), concentration (d), ζ-potential (e) and pKa (f) across LNP formulations.
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with greater polydispersity as evidenced by Mw/Mn (dispersity, Ð). 
Microfluidic-formulated LNPs displayed Rh values that were 1.5–2-fold 
smaller than bulk-mixed LNPs and Rgeometric values that were 2–3-fold 
smaller. Rgeometric provides the radius of a solid sphere that produces 
the same radius of gyration (Rg), thus differing from the true Rg of 
an anisotropic particle, while Rh describes the effective radius of the 
particle on the basis of its diffusion properties. Overall, FFF–MALS 
can better resolve the true dispersity of these polydisperse samples, 
as Mw/Mn correlates more closely with the observed variations in mass 
and composition than the polydispersity index (PDI) values derived 
from DLS, which are based on intensity-weighted mean hydrodynamic 

diameters. A table of physicochemical parameters obtained using 
FFF–MALS is provided in Extended Data Table 1.

Probing LNP internal structure and shape using SAXS
SAXS is a free-solution measurement well suited for probing the inter-
nal structure of LNPs because the scattering length density of the 
electron-dense nucleic acid component is much higher than lipids 
when exposed to X-rays. LNPs exhibit a characteristic first-order Bragg 
peak at a scattering vector (q) of approximately 0.1–0.15 Å−1, corre-
sponding to a distance (d) of ~41.9–62.8 Å, where d = 2π

q , indicative  

of a highly ordered internal structure comprising tight interactions 
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Fig. 2 | Analysis of LNPs by DLS, AUC and FFF–MALS. a–d, Top, DLS 
distributions are shown for microfluidic-formulated empty LNPs (light solid 
line), microfluidic-formulated mRNA LNPs (dotted line) and bulk-mixed mRNA  
LNPs (dark solid line) for each of the four ionizable lipids: MC3 (a), C12-200 (b),  
SM-102 (c) and ALC-0315 (d). Diameter in nanometers is shown on the x axis 
and relative intensity is shown on the y axis. Bottom, ls–g*(s) distribution 
profiles from AUC analyses are shown for the same samples using the program 
SEDFIT. Species observed to the left of zero represent floating species while 
those to the right represent sedimenting species, with the area under the 

curve proportional to the relative abundance in the formulation. e, Diagram 
of FFF and LNP analysis. This image was created with BioRender.com. f–i, The 
determined molar mass profiles (upper panels) and mRNA weight fraction 
(lower panels) derived from MALS analysis for microfluidic-formulated  
(dark solid line) and bulk-mixed (light solid line) LNPs were overlaid with  
UV fractograms from inline FFF separations. Quadrants represent MC3 (f),  
C12-200 (g), SM-102 (h) and ALC-0315 (i). Additional parameters derived  
from these analyses are provided in Extended Data Table 1.
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between RNA and lipid components. Prior studies established mod-
els for LNP structures composed of bilayers with a disordered core 
or multilamellar LNPs, which can be discerned by the spacing of the 
Bragg peaks26–28.

Most SAXS measurements of LNPs have been conducted under 
equilibrium conditions with high particle concentrations, without 
accounting for the polydispersity of the formulations. As the scatter-
ing profiles represent the volume-weighted average of all scatterers 
within the X-ray path, we implemented two strategies in tandem to 
enhance the information content of the experiment: (1) inline SEC and 
(2) singular value decomposition (SVD) coupled with evolving factor 
analysis (EFA) to deconvolute the data (Fig. 3a). SVD analysis allows for 
the identification of multiple notable species within the dataset, allow-
ing for a better representation of polydisperse mixtures. In comparison, 
static SAXS measurements are not amenable to this approach because 
of the lack of data density needed to resolve the components. After the 
principal components are identified, EFA is performed to estimate the 
specific frames or elution points of each species. Finally, the individu-
alized SAXS profiles are extracted using regularized alternating least 
squares (REGALS) analysis, producing independent scattering data for 
each species from the parent SEC peak29.

For each LNP, we performed synchrotron SAXS measurements 
in line with SEC, both with and without SVD analysis, as incorporated 
in the program REGALS (Supplementary Figure 2). In control experi-
ments, we obtained static measurements on microfluidic-formulated 
LNPs and did not observe concentration-dependent behavior or evi-
dence of interparticle interference at LNP concentrations of ~1011 or 
lower (Supplementary Figure 3). Using UV–Vis data from an inline 
diode array detector, raw data from this experiment showed strong 
UV absorbance at 260 nm, coinciding with X-ray scattering intensity 
of q = 0.1–0.15 Å−1 (Supplementary Figure 4). As a control, LNPs with-
out mRNA were prepared and displayed no such peak feature. For 
each sample, 70–100 scattering profiles collected from the elution 
peak were combined for subsequent analysis, either by averaging the 
selected profiles of the isocratically eluted peak or by analyzing the 
profiles using SVD to decompose the data into minimal components 
with maximal redundancy (Fig. 3b–i and Supplementary Tables 1–4). 
Two to three notable components were readily identified through SVD 
analysis for each LNP and the data were decomposed accordingly. To 
substantiate the statistical uniqueness of the SAXS data, we used the 
volatility of ratio (Vr) metric, which describes the variability in the ratio 
of scattering intensity between two profiles and is advantageous over 
other methods of profile comparison, especially in regimes of weaker 
signals30. Different degrees of low similarity were observed between 
experimental profiles with or without SVD analysis and by method of 
preparation, which indicates that our method results in statistically 
significant differences in the experimental profiles (Fig. 4a).

These data were further assessed in two complementary ways. 
First, the higher-q peak features between ~0.1 and 0.15 Å−1 were analyzed 
using multiple-Lorentz-peak fitting to deconvolve the signal of struc-
tural ordering from the overlapping disordered signal at larger length 
scales, providing measurements of peak width (full width at half maxi-
mum) and magnitude (intensity at peak (Ip), area)6. Additionally, the 
size and shape of the LNPs were evaluated using the P(r) pair distance 
distribution function. Although Guinier analysis was not possible, the 
accessible q range (qmin = 0.005 Å−1) allowed for the assessment of Rg 
and the maximum particle dimension (Dmax) up to ~628 Å using P(r) 
analysis, in conditions where qmin × Dmax ≤ π is satisfied (Fig. 4b–e).

We found that the shape of the scattering profile and location of 
the peaks were primarily determined by the lipid type and not by the 
formulation method. Rather, the formulation method impacted the 
intensity of the peak, where higher intensity corresponds to a greater 
degree of lipid–RNA ordering. For each LNP, the first-order Bragg peak 
(qpeak) is 0.10, 0.16, 0.13 and 0.13 Å−1 for MC3, C12-200, SM-102 and ALC-
0315, respectively. The Bragg peak appeared only with RNA-loaded 

LNPs, demonstrating that the addition of the payload creates unique 
mesophases of 40–60 Å within the LNP. Of the four ionizable lipids 
examined in this study, C12-200 is the most dissimilar from the others 
because of its shorter alkyl tails and piperazine core, in contrast to only 
one nitrogen atom per molecule with longer alkyl tails for the other 
ionizable lipids. In fact, two peaks appear in the C12-200 q regime, 
where a smaller peak can be observed at q = 0.12 Å−1.

The multiple-Lorentz-peak fitting allowed for resolution of the 
primary peak feature from overlapping signal at lower q values. Using 
this approach, we observed that LNPs formulated with our microflu-
idic devices had higher-intensity Bragg peaks for all LNPs except C12-
200, upward of ~2-fold for the averaged scattering from the SEC peak 
and upward of ~10-fold higher for the SVD0 deconvoluted profiles; 
this higher intensity was concomitant with large peak area and width 
(Supplementary Table 3). The formulation method also impacted the 
peak position observed after the SEC enrichment step.

Shape distribution analysis was only possible for microfluidic- 
formulated LNPs as the bulk-mixed LNPs did not satisfy the 
qmin × Dmax ≤ π criterion. To assist in a qualitative assessment of these 
distributions, we also collected static SAXS measurements on 60-nm 
silver and gold nanoparticles (Fig. 4f–h and Supplementary  
Fig. 5). Relative to these isotropic particles, the shape distribution 
functions of LNPs displayed a greater skew of interatomic vectors to 
larger values relative to the peak (~Rg), suggestive of anisotropic shapes, 
with the greatest anisotropy observed for the C12-200 LNP. The algo-
rithm density from solution scattering (DENSS) can be applied to SAXS 
data from LNPs to reconstruct ab initio low-resolution electron density 
in three dimensions15. Consistent with the trends observed by P(r) 
analysis, anisotropic ellipsoids were observed for all four 
microfluidic-formulated LNPs (Fig. 4i–l). Using the parameters from 
the P(r) analyses, we estimated a ‘shape factor’ by calculating Dmax

Rg
, which 

is equal to ~2.58 and ~3.0 for spheres and prolate ellipsoids, respec-
tively. By plotting the Dmax versus Rg of each microfluidic-formulated 
LNP, we found that their values ranged from ~2.9 for MC3 and SM-102 
to 3.1 for C12-200 and ALC-0315, consistent with prolate ellipsoidal 
morphology (Supplementary Table 5 and Supplementary Fig. 6). 
Moreover, for C12-200, SM-102 and ALC-0315, there were differences 
in the shape factor among the average, SVD0 and SVD1 profiles, indicat-
ing that some LNP subpopulations have polydispersity in their shape.

To explore how diverse types of cargo impact LNP structure, we 
encapsulated green fluorescent protein (GFP) siRNA using the MC3 for-
mulation to mimic Onpattro. We evaluated microfluidic-formulated and 
bulk-mixed MC3-siRNA LNPs first using DLS (Supplementary Figure 7). 
Using our SEC–SAXS methodology, we then analyzed the LNPs, where, 
after SVD, MC3-siRNAµF had one notable specie (Supplementary Fig. 8a–c),  
whereas MC3-siRNABulk had two species (Supplementary Fig. 8d–f). 
Unlike the mRNA LNPs, MC3-siRNABulk had a more intense qpeak than 
MC3-siRNAµF, indicating that the LNP internal structure is sensitive 
to cargo type and formulation method for a given LNP are not con-
sistent in creating similar RNA–lipid interactions when switching 
RNAs (Supplementary Fig. 8g–i). The DENSS reconstructions for 
MC3-siRNAµF showed an elongated spherical morphology, similar to 
the mRNA MC3 LNPs (Supplementary Fig. 8j).

Evaluation and correlation in biological models
Current efforts to formulate next-generation LNPs rely on high- 
throughput screening of hundreds or thousands of unique LNPs to 
identify promising candidates for the desired biological application31,32. 
Because of a lack of structure–activity relationships between the lipid 
components and mRNA translation, lipid and LNP design are often 
randomly explored, leading to a substantial percentage of the tested 
library to perform poorly. Attempts to correlate biological performance 
with LNP physicochemical characteristics and structure have yielded 
unsatisfactory associations because of the use of low-resolution ana-
lytical techniques. Thus, we determined whether our solution-based 

http://www.nature.com/naturebiotechnology
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biophysical techniques could identify stronger correlations between 
LNP characteristics and efficacy. We evaluated our lipid library in pri-
mary human T cells as well as IV and IM administration in mice. CD4+ 
and CD8+ T cells (1:1) were obtained from healthy human donors and 
activated for 24 h using CD3/CD28 human Dynabeads. The eight LNPs 

encapsulating FLuc mRNA were incubated with the activated T cells 
and, after 24 h, luminescence and viability were analyzed (Fig. 5a,b). 
While the MC3µF, SM-102µF and ALC-0315µF LNPs had 2–3-fold higher 
luminescence signal than their bulk-mixed counterparts, the C12-200Bulk 
LNP outperformed the C12-200µF LNP by almost threefold and was the 
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averaging of detector data. This image was created with BioRender.com.  
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the number of singular values (second row), displaying scattering intensity of 
the main peak and corresponding singular values (third row) and fitting of the 
higher-q peak features (0.1–0.15 Å−1) using the multiple-Lorentz-peak feature 
(fourth, fifth and sixth rows), where red is the first-order Bragg peak fit, green 
represents higher-order particle disorder and blue is the cumulative fit of the  
two features. Some SVD0 and SVD1 scattering plots were omitted because of  
low scattering signals.
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and individual SVDs. b–e, P(r) analysis of the peak and SVDs for MC3 (b),  
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electron density reconstructions from the SEC–SAXS profiles for 60-nm silver 
spherical nanoparticles (g), 60-nm gold spherical nanoparticles (h) and MC3µF (i),  
C12-200µF (j), SM-102µF (k) and ALC-0315µF (l) LNPs. P(r) analyses and DENSS 
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top-performing LNP in the library. Additionally, cells treated with the 
bulk-mixed LNPs had 10–20% higher viability than cells treated with 
the microfluidic-formulated versions except for the C12-200 group, 
which had similar viabilities of ~80%.

Upon injecting the FLuc LNPs IV into C57BL/6 mice and analyzing 
liver luminescence after 6 h, the transfection trends mirrored the T cell 
results (Fig. 5c,d). The MC3µF, SM-102µF and ALC-0315µF LNPs induced 
2–3-fold higher liver luminescence signal than the bulk-mixed LNPs, 
whereas the C12-200Bulk LNP outperformed C12-200µF LNP by threefold. 
In contrast, IM administration resulted in much closer luminescence at 
the injection site between the microfluidic-formulated and bulk-mixed 
LNPs, with no statistically significant differences between the groups 
(Fig. 5e,f).

Physicochemical information of the LNP library was correlated 
with the luminescence readouts. Using Spearman correlations, with 
r > 0.6 or r < −0.6 as a threshold for medium-to-strong correlation, 
several physicochemical factors emerged as having strong correlation 
with biological outcome (Fig. 5g–j and Supplementary Table 6). T cell 
and IV luminescence had a strong positive correlation with the inten-
sity of the average SEC–SAXS peak (IAvgp ), with both the SVD0 (ISVD0p ) 
and SVD1 (ISVD1p ) peaks also correlating with the T cell data but not the 
IV data. When comparing LNPs on the basis of formulation method, Ip 
was predictive of LNP performance, as the formulation method with 
the stronger peak induced greater luminescence in T cells and IV 
delivery. This may explain the counterintuitive C12-200 results, as 
C12-200BM elicited a stronger peak than C12-200µF, whereas the oppo-
site occurred for the other three LNP groups (Fig. 5k–n). In contrast, 
ISVD0p  and ISVD1p  produced a strong negative correlation with the IM data, 
indicating an inverse relationship. Moreover, the T cell and IV biologi-
cal results had a strong positive correlation with the area of the SAXS 
peak, particularly for the average peak (areaAvg), with T cells also show-
ing a significant relationship with the SVD0 peak area (areaSVD0) and 
SVD1 peak area (areaSVD1). Between the biological models, the T cell 
but not IV results also correlated with the position of the SAXS peak 
maximum at q = 0.1–0.2 for SVD1 (qSVD1), with lower q indicating more 
efficacious delivery.

Encapsulation efficiency and nucleic acid number were determi-
nant factors for T cells but not the in vivo models. Additionally, pKa had 
a strong correlation solely with IM delivery. Rh and Rgeometric were poor 
predictors of performance for all three biological models; instead, 
polydispersity from MALS was a more accurate measure, with lower 
Mw/Mn correlating with stronger luminescence than size. Counterintui-
tively, for IV delivery, PDI had a strong positive correlation, indicating 
inconsistency between the MALS and DLS measurements.

We also investigated LNPs in cancer cells, which have a distinc-
tive cellular biology, especially their cellular metabolism and prolif-
eration33. Using FaDu cells, an oral squamous cell carcinoma line, we 
incubated the eight LNPs at a dose of 20 ng per 20,000 cells. After 24 h, 
we analyzed the luminescence and found that the LNP trends were 
unique compared to the studies with T cells (Supplementary Fig. 9a). 
MC3Bulk, SM-102Bulk and ALC-0315Bulk outperformed the corresponding 
microfluidic-formulated versions, whereas C12-200Bulk and C12-200µF 

had similar luminescence values. None of the LNPs induced less than 
75% viability (Supplementary Fig. 9b). When correlating transfection 
with physicochemical parameters, we found that larger size and posi-
tive ζ-potential correlated with increased luminescence, whereas high 
relative encapsulation efficiency, larger SAXS peak intensity and wider 
area negatively correlated with luminescence (Supplementary Fig. 9c). 
These differences are likely because of the higher rates of endocytosis 
in cancer cells, which may allow larger LNPs, such as the bulk-mixed 
formulations, to more easily transfect these cells34,35.

Assessing in vivo LNP toxicity
Measuring toxicity is equally important in studying LNP compositions 
and formulation methods. To do this, we reformulated the LNPs with 
5moU erythropoietin (epo) mRNA. Epo is a glycoprotein hormone 
that stimulates red blood cell production and has been used to assess 
LNP-induced toxicity36. All eight formulations showed similar but not 
exact Rh and relative encapsulation compared to the same LNPs with 
FLuc mRNA (Supplementary Figure 10). Mice were then IV administered 
the LNPs at a dose of 0.4 mg kg−1, four times higher than the FLuc mRNA 
dose from the previous study. While no complications were observed 
with the bulk-mixed and microfluidic-formulated FDA-approved for-
mulations, both C12-200 formulations induced severe lethargy in all 
mice, with two of the six mice dying in each group (Fig. 6a,b).

Additionally, after 6 h, serum was isolated from each mouse to 
examine the inflammatory cytokines tumor necrosis factor (TNF) 
and interleukin 6 (IL-6), liver toxicity markers alanine transaminase 
(ALT) and aspartate transaminase (AST) and epo levels. Consistent 
with the observed toxicity, the FDA-approved formulations induced 
only twofold increases in TNF levels compared to control mice, while 
the levels for C12-200 increased 7–8-fold, with no statistical differ-
ences between C12-200Bulk and C12-200µF (Fig. 6c). All LNPs increased 
IL-6 levels with the FDA-approved LNPs increasing IL-6 by 10–25-fold, 
compared to the C12-200 LNPs that increased levels by 1,000-fold 
(Fig. 6d). Similar to TNF, no major differences in IL-6 concentration 
were observed between formulation methods. The ALT and AST results 
differed slightly from this trend. While both C12-200 LNPs induced 
higher levels of AST and ALT, the C12-200Bulk AST levels were twofold 
greater than C12-200µF, whereas the opposite trend was observed for 
ALT levels (Fig. 6e,f).

The toxicity is likely because the structures of the ionizable lipids 
as MC3, SM-102 and ALC-0315 all contain biodegradable ester groups, 
whereas C12-200 has no biodegradable moieties, which are essential 
for mitigating the harmful effects of the lipids37. The increased levels 
of cytokines and liver markers were not a result of greater hepatic epo 
production, as ALC-0315Bulk induced a similar amount of epo as the 
C12-200 LNPs and ALC-0315µF was tenfold greater (Fig. 6g). Secondly, 
ALC-0315Bulk produced tenfold less epo than ALC-0315µF yet main-
tained the same TNF, IL-6, AST and ALT values as ALC-0315µF. Among 
the formulation methods, MC3µF also outperformed MC3Bulk, whereas 
there were no statistical differences between the C12-200 and SM-102 
formulations. The different trends for the LNPs with epo mRNA and 
the LNPs with FLuc mRNA are likely based on the disparity in mRNA 

Fig. 5 | LNP transfection in biological models and correlation with 
physicochemical parameters. a,b, MC3, C12-200, SM-102 and ALC-0315 LNPs, 
either bulk-mixed or microfluidic-formulated with FLuc mRNA, were incubated 
in 1:1 CD4+:CD8+ human primary T cells obtained from healthy donors at a dose 
of 300 ng per 60,000 cells. After 24 h, luminescence (a) and viability (b) were 
quantified. Relative luminescence and viability are reported as the mean ± s.d. 
of n = 11 for luminescence and n = 6 for viability. c,d, The eight LNPs were 
administered IV into C57BL/6J mice at a dose of 0.1 mg kg−1 (mRNA per body 
mass). After 6 h, mice were dissected and organ luminescence was imaged (c) and 
quantified (d) using IVIS. Heart (H), lungs (Lu), liver (Li), kidneys (K) and spleen 
(S), were dissected and analyzed. Total flux is reported as the mean ± s.d. of n = 6 
for C12-200Bulk and SM-102Bulk, n = 5 for C12-200µF, n = 4 for SM-102µF and n = 3 for 

MC3 and ALC-0315. e,f, The eight LNPs were also administered IM into C57BL/6J 
mice at a dose of 0.05 mg kg−1. After 6 h, luminescence at the injection site was 
imaged (e) and quantified (f) using IVIS. Total flux is reported as the mean ± s.d. 
of n = 6 for C12-200Bulk and n = 3 for all other groups. g–i, Spearman correlations 
for the T cell (g), IV (h) and IM (i) luminescence values using the physicochemical 
parameters from the traditional, FFF–MALS and SEC–SAXS methods. j, Heat 
map representing the entire dataset. For the Spearman correlation graphs, 
dotted lines represent r = −0.6 and 0.6. k–n, Overlayed Kratky plots of 
microfluidic-formulated and bulk-mixed MC3 (k), C12-200 (l), SM-102 (m) and 
ALC-0315 (n) LNPs obtained using SEC–SAXS. In a,b,d,f, a two-way ANOVA with 
post hoc Holm–Šídák correction for multiple comparisons was used to compare 
bulk-mixed to microfluidic-formulated luminescence values for each LNP group.
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lengths, being 859 and 1,922 nt, respectively. We previously found that 
LNP trends are different depending on whether the LNPs encapsulate 
FLuc or epo mRNA38. Moreover, as epo was measured in the serum, 
there may have been LNP-induced effects that altered the biochemical 
pathways that govern epo secretion into the bloodstream.

Examining the role of endosomal escape
Lastly, we investigated the relationship between endosomal escape 
and the different LNP formulations. For most applications of LNPs, 
endosomal escape is the final barrier for delivery. It is estimated that 
only a fraction of particles in endosomes can translocate their cargo to 
the cytosol, which is crucial as mRNA will rapidly degrade during lysoso-
mal maturation39. Using T cells as our model, we reformulated all eight 
LNPs with Cy5-tagged 5moU GFP mRNA and the lipophilic near-infrared 
carbocyanine dye, DiR, at 0.5 mol.%. This enabled the LNPs to be moni-
tored in three simultaneous ways, with DiR, Cy5 and GFP measuring LNP 
uptake, mRNA uptake and mRNA translation, respectively (Fig. 6h and 
Supplementary Fig. 11). We incubated the LNPs into T cells at 600 ng 
per 250,000 cells and analyzed fluorescence by flow cytometry after 
24 h. Despite all formulations successfully delivering DiR to over 95% of 
cells, the Cy5-positive cells ranged from 30% to 80% depending on the 
LNP (Fig. 6i–l). This discrepancy could be because of large populations 
of DiR-containing LNPs that do not contain mRNA. When redosed at 
50 ng per 250,000 cells, all eight formulations induced at least 80% 
DiR-positive cells with Cy5-positive cells ranging from <5% to 20% and no 
GFP-positive populations greater than 7% (Supplementary Fig. 12a–c).  
Despite the high proportion of DiR-positive cells, differences in LNP 
uptake were observed by analyzing the median fluorescence intensity 
(MFI). As DiR was loaded as mol.% on the basis of the ionizable lipid, 
different amounts of DiR were added to each of the four recipes; thus, 
MFI was only compared between preparation methods for each LNP. 
We found that MC3µF, C12-200µF and SM-102µF had 1.5–5-fold higher MFI 
than their bulk-mixed counterparts, whereas the MFI for the ALC-0315 
LNPs was approximately equal. A similar result was observed for Cy5 in 
both the percentage of cells and the MFI, with MC3µF and SM-102µF hav-
ing 40% more positive cells and double the MFI compared to MC3Bulk and 
SM-102Bulk, and the ALC-0315 LNPs having ~30% Cy5-positive cells and 
equal MFI. However, although C12-200µF facilitated more DiR uptake, 
it delivered 10% less mRNA than C12-200Bulk. Thus, while C12-200µF may 
be better at facilitating LNP uptake, C12-200Bulk is superior at delivering 
mRNA into the cell.

For GFP expression, the results aligned similarly with the FLuc 
luminescence, with C12-200Bulk outperforming C12-200µF, whereas, 
for the other formulations, the microfluidic-formulated version trans-
fected more cells than the bulk-mixed LNPs (Fig. 6m,n). In comparing 
the GFP and FLuc studies, ALC-0315µF was the top-performing LNP for 
GFP expression but the worst microfluidic-formulated LNP for FLuc 
delivery. The 996-nt GFP mRNA has a similar length to the 859-nt epo 
mRNA and, in both cases, the ALC-0315µF was the top candidate, 
although there were differences in the relative epo and GFP perfor-
mances for the other LNPs. ALC-0315µF is a unique case in that the Cy5 

uptake was similar to ALC-0315Bulk; however, the latter LNP had 20% 
less GFP transfection. Enhanced endosomal escape was the likely 
mechanism for the discrepancies in ALC-0315 performance, whereas, 
for the other LNPs, a combination of uptake pathways and endosomal 
escape were driving factors. The MC3 and SM-102 LNPs are examples 
of the dual importance of uptake and endosomal escape, as MC3µF and 
SM-102µF induced ~80% Cy5-positive cells, whereas only 30–40% of 
these cells were GFP positive. We then compared the percentages of 
Cy5 and GFP positivity of the microfluidic-formulated LNPs with their 
shape factor. Comparisons of the bulk-mixed LNPs were not possible 
as their shape factor could not be calculated because of their large 
sizes that did not satisfy the qmin × Dmax ≤ π criterion. We found that, 
as the shape factor increased, indicating elongation of the particle, 
mRNA uptake decreased sharply; however, for GFP translation, no 
such trend was observed (Supplementary Fig. 13a,b).

To further examine the role of endocytosis, we performed an 
endosome inhibitor study. T cells were activated and then incu-
bated with compounds that inhibit certain endocytosis pathways, 
including amiloride (macropinocytosis), methyl-β-cyclodextrin 
(lipid-raft-mediated endocytosis), chlorpromazine (clathrin-mediated 
endocytosis), Dynasore (dynamin-dependent endocytosis) and gen-
istein (caveola-mediated endocytosis). Inhibitors were incubated 
for 30 min and then dosed with the FLuc LNPs. After 24 h, lumines-
cence was measured and normalized for each individual formulation 
to treated control wells that did not receive inhibitors (Fig. 6o–s). 
Methyl-β-cyclodextrin treatment resulted in sharp decreases in lumi-
nescence for all LNPs but most strongly for the MC3 formulations, 
SM-102Bulk and ALC-0315µF, suggesting that lipid-raft-mediated endo
cytosis is a major pathway for successful mRNA translation in T cells. No 
decreases in viability were observed for T cells treated with inhibitors, 
indicating that decreases in luminescence are a result of changes in 
endocytosis (Supplementary Fig. 14). Chlorpromazine and Dynasore 
mostly inhibited luciferase expression, with the bulk-mixed formula-
tions more strongly impacted.

For amiloride, the bulk-mixed LNPs had lower luminescence while 
the microfluidic-formulated LNPs had higher luminescence, indi-
cating that the formulation method could alter endosomal escape, 
although the magnitude of these differences depended on the formula-
tion. Increases in luminescence are likely because of some pathways 
being dead ends for translation, where the LNPs are unable to escape 
the endosome. By removing these pathways, LNPs are more likely to 
transverse endocytosis pathways that lead to endosomal escape and, 
therefore, mRNA translation. Genistein increased luminescence for all 
LNPs except for C12-200Bulk, which had a twofold increase in lumines-
cence upon treatment with genistein. This suggests that C12-200Bulk 
can undergo escape in caveola-mediated endosomes, allowing for 
increased transfection, which may also explain its enhanced delivery 
compared to C12-200µF. While the SM-102 and ALC-0135 formulations 
all had higher luminescence after genistein treatment, SM-102µF and 
ALC-0315µF demonstrated significantly higher luminescence compared 
to the bulk-mixed counterparts.

Fig. 6 | Analysis of LNP toxicity and endosomal escape. a–g, C57BL/6J mice were 
IV administered with the eight LNPs encapsulating epo mRNA at 0.4 mg kg−1. 
Mice were monitored for 1 h for indications of lethargy (a) and survival (b). 
After 6 h, blood was drawn, serum was isolated and TNF (c), IL-6 (d), ALT (e), 
AST (f) and epo (g) levels were quantified using ELISA. Survival and lethargy are 
reported as percentage of total of n = 6 for the C12-200 groups and n = 3 for all 
other groups. Serum proteins levels are reported as the mean ± s.d. of n = 8 for 
the C12-200 groups (except for TNF for C12-200µF, which was n = 6) and n = 6 for 
all other groups. Dashed lines refer to average levels from PBS-treated mice. 
h, All eight LNPs were reformulated with 0.5 mol.% DiR and Cy5-tagged GFP to 
examine LNP uptake, mRNA uptake and mRNA translation in T cells. This image 
was created with BioRender.com. i–n, Human primary T cells (1:1, CD4+/CD8+) 
were activated for 24 h with human CD3/CD28 Dynabeads and then incubated 

with the dual-fluorescent GFP LNPs at a dose of 600 ng per 250,000 cells. After 
24 h, the T cells were analyzed by flow cytometry to measure the percentage of 
DiR-positive cells (i), DiR MFI (j), the percentage of Cy5-positive cells (k), Cy5 MFI 
(l), the percentage of GFP-positive cells (m) and GFP MFI (n). o–s, Activated T cells 
were incubated with endocytosis inhibitors for 30 min. After washing, the cells 
were dosed with the eight LNPs reformulated with FLuc mRNA at a concentration 
of 300 ng per 60,000 cells. After 24 h, luminescence was quantified relative to 
treated T cells with no inhibitors (o) and comparisons were plotted for the MC3 
(p), C12-200 (q), SM-102 (r) and ALC-0315 (s) LNPs. Relative luminescence is 
reported as the mean ± s.d. of n = 7 or 8 groups. Mβ-CD, methyl-β-cyclodextrin. 
In c–g,i–n,p–s, a two-sided multiple unpaired t-test with post hoc Holm–Šídák 
correction for multiple comparisons was used to compare bulk-mixed to 
microfluidic-formulated values for each LNP group.
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Discussion
Our results demonstrate that, for formulations encapsulating the 
same mRNA cargo, different spatial properties are observed, indicat-
ing that lipid composition and formulation method are strong deter-
minants of particle properties. Shape could be a key parameter for 
the interaction of mRNA-loaded LNPs with their target cells. A higher 
surface-to-volume (S/V) ratio increases the surface area available for 
interactions with the cell membrane, thereby enhancing the likelihood 
of efficient endocytosis. Smaller LNPs with high S/V ratios would be 
expected to diffuse more rapidly through the extracellular matrix, 
reducing resistance to movement and enabling them to reach the target 
cells more efficiently.

Along with overall shape, the internal structure of the lipid–RNA 
interaction is an important factor for RNA translation in T cells and 
for IV administration, as demonstrated by our Spearman correlations. 
More broadly, our correlation analyses point to the role of the biologi-
cal environment in determining which physicochemical parameters 
are most essential for efficacious mRNA delivery. LNPs that enter the 
bloodstream are coated in a more complex protein corona than in 
media, which directly impacts both the uptake pathway and endosomal 
escape. This may explain the poor correlation between in vitro and 
in vivo LNP transfection40.

When comparing the microfluidic and bulk-mixing techniques, clear 
differences emerge, despite using the same excipients and molar ratios 
in each formulation. For example, in T cells, all FDA-approved LNPs have 
enhanced mRNA transfection when formulated using microfluidics, 
whereas C12-200Bulk achieved superior delivery compared to C12-200µF. 
This suggests that the structure of the lipid components may be an 
important parameter in choosing the formulation method. It is likely 
feasible to optimize device composition, geometry and flow to achieve 
specific LNP physicochemical properties. As microfluidic formulation 
offers a potential path toward global scale-up of mRNA LNP therapeutics, 
as demonstrated with our devices, effort should be placed on how phys-
icochemical characteristics are altered on both small and large scales41.

While some predictive efforts use artificial intelligence to design 
ionizable lipids, our studies indicate that two identical recipes, formu-
lated differently, can have strong differences in biological activity42. We 
envision that a combination of lipid structure–activity relationships 
with a deep understanding of how formulation techniques relate to 
LNP properties is the key to unlocking rational LNP design. As such, 
we recommend the following insights to help guide LNP design and 
provide additional areas that should be investigated to help advance 
future LNP platforms:

•	 Formulation method: We demonstrate the importance in testing 
multiple formulation methods for a given LNP to optimize its 
performance. It is common to screen large LNP libraries using 
bulk mixing and then switch to microfluidic devices for the 
top-performing LNPs, but this may lead to false negatives.

•	 Shape: Our results suggest that different formulations have unique 
shapes and this should be further investigated, as it may impact 
protein corona formation43, cellular uptake44 and endocytosis45.

•	 Loading: Our studies support a growing body of evidence that 
a large fraction of LNPs have no mRNA. Designing formulation 
methods and lipids that can encapsulate mRNA more uniformly 
would enhance the likelihood of successful mRNA delivery.

•	 RNA–lipid interaction: We show that having a higher degree of 
RNA–lipid ordering can enhance delivery in certain applications, 
including in primary T cells.

•	 Biological environment: By comparing distinctive biological 
models such as T cells and cancer cells, we show that the route of 
delivery and biological environment strongly impact successful 
mRNA delivery. Moreover, certain therapies, such as vaccines, 
involve complex cellular and biochemical pathways that can effect 
LNP efficacy46.

•	 Endosomal escape: As previous studies have indicated that dif-
ferent cells have unique endosomes and endocytosis pathways, 
it is important to investigate the endocytosis mechanisms for the 
biological target of interest and optimize the lipids for the specific 
biological target47,48.

•	 Cargo: We found that the relative performance of a given LNP 
formulation changes with different mRNA cargo. Moreover, it is 
known that the performance of LNPs is altered depending on the 
mRNA modifications and purity49. Therefore, it may be important 
to screen the desired mRNA of interest, rather than relying on 
initial screening with gene reporters.

Although the biophysical techniques implemented in this manu-
script provide enhanced resolution compared to traditional tech-
niques, they are limited in their cost and availability. For SV-AUC, 
standard ultracentrifugation in density gradient tubes followed by 
downstream UV–Vis and fluorescence analysis would provide simi-
lar quality data and allow for the isolation of LNP fractions. MALS 
has gained popularity over the past decades and, thus, these instru-
ments are becoming more common, built with inline FFF or SEC 
systems. Obtaining high-magnitude synchrotron radiation is only 
possible in select institutions around the world; nevertheless, sev-
eral companies have developed home-source SAXS instruments that 
provide quality scattering data. Some systems include options for 
inline attachment of separating columns and 96-well plate formats for 
high-throughput screening.

In summary, we present a set of solution-based biophysical tech-
niques that can analyze LNP polydispersity, composition, size and 
shape with higher resolution. When paired with biological data, these 
analytical tools offer the ability to create rule sets that may guide future 
LNP design by establishing structure–activity relationships on the basis 
of physicochemical properties.
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Methods
All animal use was in accordance with the guidelines and approval 
from the University of Pennsylvania’s Institutional Animal Care and 
Use Committee (protocol 806540).

Materials
Lipid excipients were obtained from Avanti Polar Lipids. FLuc mRNA 
and epo mRNA was purchased from TriLink Biotechnologies and con-
tained 5moU substitutions. Cy5-tagged GFP mRNA was purchased from 
APExBIO and contained 5moU substitutions. GFP siRNA was purchased 
from Dharmacon. Dialysis cassettes, pH 7.4 10× PBS and DiR were 
obtained from Thermo Fisher Scientific. Citrate buffer was purchased 
from Teknova. Syringe filters were obtained from Genesee Scientific.

LNP preparation
Lipid excipients were dissolved in ethanol using the following 
molar ratios:

�MC3 LNPs: d-Lin-MC3-DMA (50 mol.%), DSPC (10 mol.%), choles-
terol (38.5 mol.%) and DMG-PEG2000 (1.5 mol.%).
�C12-200 LNPs: C12-200 (35 mol.%), DOPE (16 mol.%), cholesterol 
(46.5 mol.%), and C14-PEG2000 (2.5 mol.%).
�SM-102 LNPs: SM-102 (50 mol.%), DSPC (10 mol.%), cholesterol 
(38.5 mol.%) and DMG-PEG2000 (1.5 mol.%).
�ALC-0315 LNPs: ALC-0315 (46.3 mol.%), DSPC (9.4 mol.%), choles-
terol (42.7 mol.%) and ALC-0159 (1.6.%).
�For LNPs with Cy5-GFP mRNA, DiR dissolved in DMSO was added 
to the ethanol phase before formulation at a final concentration 
of 0.5 mol.%.

siRNA or mRNA was dissolved in 10 mM citrate buffer at pH 3. 
Each LNP was formulated using an IL-to-RNA weight ratio 10:1 with 
a volume ratio of aqueous phase to organic phase of 3:1. For the 
microfluidic-formulated LNPs, each phase was loaded into separate 
glass syringes (Hamilton) and attached to a Pump 33 DDS syringe pump 
(Harvard Apparatus). The liquid phases were pushed through a stag-
gered herringbone micromixer microfluidic device, fabricated in poly-
dimethylsiloxane using soft lithography9. A two-step exposure process 
was used to create the SU-8 master with positive channel features on a 
silicon wafer, where each mixing channel was 4 cm in length. The glass 
syringes were injected at a flow rate of 0.6 ml min−1 and 1.8 ml min−1 for 
the organic phase and aqueous phase, respectively. Empty LNPs were 
prepared using the microfluidic devices but without RNA in the citrate 
phase. For bulk-mixed LNPs, the ethanol and aqueous phases were 
transferred to a 1.5-ml microcentrifuge tube and mixed for 50 cycles 
using a repeater pipette at 0.1 ml. All LNPs were dialyzed against pH 7.4 
1× PBS in cassettes (20-kDa molecular weight cutoff) for a minimum of 
2 h at room temperature. Afterward, the microfluidic-formulated LNPs 
were passed through a 220-nm filter and the bulk-mixed LNPs were 
passed through a 450-nm filter and then stored at 4 °C.

LNP encapsulation and pKa

Relative encapsulation efficiency and encapsulated RNA concentration 
were determined using a Quant-iT RiboGreen assay (Thermo Fisher 
Scientific). LNPs were diluted 100-fold in 1× Tris–EDTA (TE) buffer 
(Thermo Fisher Scientific) and 1× TE buffer supplemented with 1% (v/v) 
Triton X-100 (Alfa Aesar). The LNPs equilibrated in the buffers for 5 min 
before being transferred to a black 96-well plate (Corning). A standard 
curve was prepared according to the manufacturer’s instructions using 
the encapsulated RNA as the standard. The RiboGreen reagent was mixed 
1:1 (v/v) with the standard curve and LNP solution and equilibrated for 
5 min. Afterward, fluorescence intensity was read on an Infinite 200 Pro 
plate reader (Tecan) at an excitation wavelength of 490 nm and an emis-
sion wavelength of 530 nm. RNA content was quantified using a standard 
curve estimated from a univariate least-squares linear regression. Encap-
sulation efficiency was calculated as Encapsulation efficiency = B−A

A
× 100%, 

where A is the measured RNA content in TE buffer and B is the measured 
RNA content after lysis. The encapsulated RNA concentration was cal-
culated as [Concentration] = B − A.

The relative pKa of the LNPs was determined by a TNS assay. LNPs 
were diluted threefold in pH 7.4 1× PBS. Buffers containing 150 mM 
sodium chloride (Millipore Sigma), 20 mM sodium phosphate (Millipore 
Sigma), 20 mM ammonium acetate (Millipore Sigma) and 25 mM ammo-
nium citrate (Millipore Sigma) were adjusted from pH 2 to pH 11 in 
increments of 0.5 pH units. TNS solution was prepared by dissolving 
TNS (Millipore Sigma) to a concentration of 160 µM in deionized water. 
In a black 96-well plate was added 125 µl of each pH-adjusted solution, 
2.5 µl of each LNP and 5 µl of TNS solution. The plate shook in the dark 
at 200 rpm for 5 min. Afterward, fluorescence was measured on a plate 
reader at an excitation wavelength of 322 nm and an emission wave-
length of 431 nm. Using a sigmoidal four-parameter logistic equation, 
the pKa was determined as the pH corresponding to the half-maximal 
fluorescence intensity, which corresponds to 50% protonation. The s.d. 
was calculated as s.d. = (X−Y)×√n

1.96
, where X is the upper 95% confidence 

interval, Y is the lower 95% confidence interval and n is the number 
of points.

DLS
Rh, PDI and particle concentration were obtained using a DynaPro Plate 
Reader III (Wyatt Technology) using a cumulants model. The LNPs were 
diluted 50-fold in pH 7.4 1× PBS and 30 µl of the resulting mix was loaded 
onto a 384-well Aurora plate (Wyatt Technology). The plate was cen-
trifuged for 5 min at 300g and then loaded onto the plate reader. Size 
is reported as the intensity-weighted average with n = 3 measurements 
and data are expressed as the mean ± s.d., where the s.d. was calculated 
as s.d. = √PDI × radius.

ζ-potential
Batch DLS, SLS and electrophoretic light scattering (ELS) measure-
ments were conducted on a DynaPro ZetaStar instrument (Wyatt 
Technology). The instrument is equipped with a 785-nm laser and 
individually optimized detectors for DLS, SLS and ELS measurements. 
The neat LNPs were diluted 100-fold in 0.02-µm-filtered 20 mM Tris 
pH 7.4, loading 65 µl of sample into the ZetaStar dip cell. Data acqui-
sition and analysis were performed with DYNAMICS software 8.3.1. 
(Wyatt Technology). Adaptive collection mode was used to optimize 
the applied current and measurement time. The resulting measure-
ment time was 60 s on average.

Cryo-TEM
Morphology and size were analyzed by cryo-TEM by adding 3 μl of the 
LNPs at an mRNA concentration of 50 ng μl−1 to a Quantifoil ( Jena) holey 
carbon grid that was glow-discharged. Grids were blotted and frozen 
in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific). 
Imaging was performed at the Beckman Center for Cryo-EM on a Titan 
Krios equipped with a K3 Bioquantum (Thermo Fisher Scientific).

SV-AUC
SV-AUC experiments were performed at 20 °C with an Optima ana-
lytical ultracentrifuge (Beckman-Coulter) and a TiAn50 rotor with 
two-channel charcoal-filled Epon centerpieces and sapphire windows, 
using both absorbance and interference optics. Data were collected in 
pH 7.4 1× PBS with detection at 260 and 280 nm, as well as interference 
optics. Complete sedimentation velocity profiles were recorded every 
30 s at 20,000 rpm and 20 °C. Data were fit using a least-squares g*(s) 
model as implemented in the program SEDFIT50.

Asymmetric-flow FFF measurements
Samples were injected undiluted in triplicate on an Eclipse FFF instru-
ment using a 350-µm fixed-height short channel with dilution con-
trol module and a 10-kDa regenerated cellulose membrane (Wyatt 
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Technology), connected to a 1260 Infinity II high-performance liquid 
chromatography system with a G1310B isocratic pump and a G1329B 
autosampler (Agilent Technologies). A DAWN MALS instrument with 
an integrated WyattQELS DLS detector (Wyatt Technology), an Optilab 
differential refractometer (Wyatt Technology) and a G1365C UV detec-
tor (Agilent Technologies) set to a wavelength of 260 nm were used for 
online detection. The mobile phase was 1× PBS pH 7.4. Samples were 
injected at volumes of 55–150 μL. The FFF system was controlled by 
VISION 3.2.0 software (Wyatt Technology). FFF method parameters 
consisted of a channel flow of 2.5 ml min−1, detector flow of 0.5 ml min−1 
(corresponding to a fivefold concentration enhancement from the 
dilution control module) and injection flow of 0.1 ml min−1. Focusing 
was at 1.0 ml min−1 with a 25% focus position for 14 min. Crossflow 
was ramped from 0 to 1.0 ml min−1 in the first minute of the method 
and then kept constant at 1.0 ml min−1 throughout focusing and the 
initial 5 min of the elution step, followed by an exponential gradient of 
1.0–0.04 ml min−1 over 30 min, after which the crossflow was kept con-
stant at 0.04 ml min−1 for 15 min. Before LNP injections, the membrane 
was conditioned by injecting 100 μl of a 2 mg ml−1 BSA standard (Wyatt 
Technology). The system performance was checked by injecting and 
analyzing a triplicate of 25 μl of the same BSA standard using the BSA 
short-channel FFF method built into the VISION 3.2.0 software. The 
online MALS detectors were calibrated at a 90° scattering angle and 
the remaining detector angles were normalized to the response at 90° 
using the BSA monomer peak data. Data acquisition and analysis were 
performed using the LNP analysis module in the ASTRA 8.2.2 software 
(Wyatt Technology). Blank injections of mobile phase were used for 
RI signal baseline subtraction. To obtain accurate concentration data 
from the online 260-nm UV absorbance signal, empty LNP samples 
were measured with the same FFF method as the mRNA LNP samples 
and the results from the empty samples were used to generate experi-
mentally derived UV scattering correction profiles with the ASTRA 
LNP analysis module. The scattering correction profiles were then 
applied nondestructively to the data collected for the corresponding 
mRNA LNP samples.

Synchrotron SEC–SAXS
SEC–SAXS data were collected at beamline 16-ID (LiX) of the National 
Synchrotron Light Source II51–53. SAXS and wide-angle X-ray scattering 
data were simultaneously collected at a wavelength of 0.89 Å, yielding 
an accessible scattering angle where 0.005 < q < 3.0 Å−1, where q is  
the momentum transfer, defined as q = 4π sin(θ)

λ
, where λ is the X-ray 

wavelength and 2θ  is the scattering angle; data to q < 0.5 Å−1 were  
used in subsequent analyses. LNPs in volumes of 100 μl and concen
trations of ~1011 particles per ml were injected and eluted isocratically 
at 0.35 ml min−1 from a prepared 3-ml Sepharose 4B (Millipore Sigma) 
column or TOSOH TSKgel G6000PWXL-CP SEC column (7.8 mm ×  
300 mm, 13-µm particle size; Millipore Sigma) equilibrated in pH 7.4 
1× PBS at room temperature. Eluent from the column flowed into  
a 1-mm capillary for subsequent X-ray exposure at 2-s intervals. Plots 
of intensity from the forward scatter closely correlated to inline  
UV and RI measurements.

SAXS analysis
Analysis of the SEC–SAXS datasets was performed in the program 
RAW54. Buffer-subtracted profiles were analyzed by SVD and the ranges 
of overlapping peak data were determined using EFA as implemented 
in REGALS55. The determined peak windows were used to identify the 
basis vectors for each component and the corresponding SAXS profiles 
were calculated. When manually fitting the pair distribution function 
P(r), the maximum diameter of the particle (Dmax) was incrementally 
adjusted in GNOM56 as implemented in RAW57 to maximize the total 
estimate and χ2 figures, to minimize the discrepancy between the fit 
and the experimental data to a qmax of 0.1 Å−1 and to optimize the visual 
qualities of the distribution profile.

Deconvolution of the primary Bragg peaks in SAXS was performed 
using multiple Lorentz fits with the built-in function:

y = y0 +
2 × area

π × width
4(x − xc)

2 +width2

where y0 is an offset and was set to the X-ray baseline and xc is a center 
of function and corresponds to the center of the SAXS peak.

Porod values were calculated using ScÅtter. The Porod region of 
the primary scattering profiles is defined by the region before the peak 
structural features (q < 0.1 Å−1) and after the Guinier region (q > 0.01 Å−1); 
the scattering in this region decays as I(q) ∝ q−P, where P is the Porod 
exponent that is dependent on particle shape58.

DENSS59 was used to calculate the ab initio electron density map 
directly from the GNOM output. In total, 20 reconstructions of electron 
density were performed in slow mode with default parameters and 
subsequently averaged and refined. Reconstructions were visualized 
using the PyMOL 2.5.2 Molecular Graphics System (Schrödinger) with 
five contour levels of density rendered with the following colors: 15σ, 
red; 10σ, green; 5σ, cyan; 2.5σ, blue; −0.7σ, blue, where σ denotes the 
s.d. above the average electron density value of the generated model.

In vitro transfection
Human primary T cells were obtained from donors at the Human Immu-
nology Core at the University of Pennsylvania. T cells were activated 
using human T activator CD3/CD28 Dynabeads (Thermo Fisher Scien-
tific) at a bead-to-cell ratio of 1:1 for 24 h. T cells were cultured in RPMI 
medium (Gibco) supplemented with 10% FBS (Gibco) and 1% penicil-
lin–streptomycin (P/S; Gibco). T cells were plated onto white 96-well 
plates (Corning) at a density of 60,000 cells per well. Immediately 
afterward, the cells were treated with LNPs containing FLuc mRNA at 
a dose of 300 ng per well. Following 24 h of incubation, the plates were 
centrifuged at 400g for 5 min to pellet the cells. Then, luminescence 
and viability were ascertained using a Promega luciferase assay system 
and a Cell-titer Glo luminescent cell viability assay, respectively, accord-
ing to the manufacturer’s instructions.

FaDu cells were obtained from the American Type Culture Col-
lection (HTB-43) and cultured in DMEM (Gibco) with l-glutamine sup-
plemented with 10% FBS and 1% P/S. The FaDu cells were plated onto 
white 96-well plates at a density of 20,000 cells per well and allowed to 
adhere for 16 h. Afterward, the cells were treated with LNPs containing 
FLuc mRNA at a dose of 20 ng per well and luminescence and viability 
were quantified as described above.

Murine biodistribution
C57BL/6J female mice (6–8 weeks old) with an average weight of 20 g 
were purchased from Jackson Laboratory. Animals were housed in a 
barrier facility with air humidity of 40–70%, ambient temperature of 
22 ± 2 °C and a 12-h light–dark cycle.

For IV studies, mice were injected with LNPs encapsulating FLuc 
mRNA through the lateral tail vein at a dose of 0.1 mg kg−1. For IM stud-
ies, mice were injected in the left quadricep at a dose of 0.05 mg kg−1. 
After 6 h, the mice were administered an intraperitoneal injection of 
d-luciferin (0.2 ml, 15 mg ml−1; Biotium). Then, after 5 min, full-body 
luminescence images were obtained using an in vivo imaging system 
(IVIS; PerkinElmer) for the IM group only. For the IV group, the mice 
were killed and the heart, lungs, liver, kidneys and spleen were removed 
and imaged for luminescence using IVIS. Total flux was quantified by 
the Living Image Software 4.7.3 (PerkinElmer) by placing rectangular 
regions of interest (ROIs) around the full-body or organ images, keep-
ing the same ROI sizes among each body or organ.

Epo toxicity
C57BL/6J female mice (6–8 weeks old) with an average weight of 
20 g were IV administered 5moU LNPs encapsulating epo mRNA at 
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0.4 mg kg−1. Mice were monitored for 1 h. Then, 6 h after the injec-
tion, blood was collected by retro-orbital bleeding in Microtainer 
blood collection tubes containing serum separator gel (BD Bio-
sciences). Blood was centrifuged for 15 min at 2,000g and serum 
was isolated. Epo levels were obtained using a Human epo ELISA 
(Thermo Fisher Scientific). TNF and IL-6 levels were measured using 
BioLegend ELISA Max deluxe set murine TNF and IL-6 using Nunc 
MaxiSorp ELISA plates, uncoated (BioLegend). AST values were 
obtained using a colorimetry activity assay (Cayman Chemical Com-
pany). ALT levels were obtained using a mouse ALT ELISA (Abcam). 
All ELISAs and colorimetric assays were performed according to the 
manufacturer’s instructions.

Endocytosis studies
Human primary T cells (1:1, CD4+ and CD8+), activated as described 
above, were treated with DiR-dyed LNPs encapsulating 5moU Cy5-GFP. 
T cells were treated with 600 ng of LNP per 250,000 cells in 24-well 
clear-bottom plates (Corning). After 24 h, the Dynabeads were removed 
using a magnet and the cells were centrifuged for 5 min at 400g. The 
medium was removed and the cells were resuspended in 1× PBS pH 
7.4. Flow cytometry was performed on a BD FACSymphony A5 SE flow 
cytometer (Becton Dickinson) and analyzed using FlowJo version 10.10 
(Becton Dickinson).

For the endocytosis inhibitor studies, T cells were incu-
bated with 2 mM amiloride (Thermo Fisher Scientific), 500 µM 
methyl-β-cyclodextrin (Thermo Fisher Scientific), 2 µM chlorproma-
zine (Millipore Sigma), 100 µM Dynasore (Millipore Sigma) or 200 µM 
genistein (Millipore Sigma) for 30 min. The cells were then centri-
fuged for 5 min at 400g, where the supernatant was aspirated and 
the cells were resuspended in freshly supplemented RPMI. The cells 
were then treated with FLuc LNPs at a dose of 300 ng per 60,000 
cells. After 24 h, luciferase and toxicity assays were conducted as 
described above. For luminescence, each group was normalized 
to T cells, which were not incubated with endocytosis inhibitor but 
treated with the corresponding LNP. For toxicity, no LNPs were added 
and each group was normalized to T cells that were not incubated with 
endocytosis inhibitors.

Statistics and reproducibility
All statistical analysis was performed in GraphPad Prism version 
10.4.0. All tests of significance were performed at a significance level 
of α = 0.05. For experiments with one variable and multiple techni-
cal or biological replicates, one-way analyses of variance (ANOVAs) 
with post hoc Holm–Šídák correction for multiple comparisons were 
used to compare responses across treatment groups. For experi-
ments that measured two variables with more than two treatment 
groups, two-way ANOVAs with post hoc Holm–Šídák correction for 
multiple comparisons were used. For experiments that measured 
two variables with two treatment groups in each variable, two-sided 
multiple unpaired t-tests with Holm–Šídák correction for multiple 
comparisons were used. All data are presented as the mean ± s.d. 
unless otherwise reported.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the paper 
and Supplementary Information. The SV-AUC, FFF–MALS and SEC–SAXS 
raw and analyzed data are available from Zenodo (https://doi.org/10.5281/
zenodo.17042311)60. Source data are provided with this paper.

Code availability
No original code was generated for this study.
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Extended Data Table 1 | Physicochemical parameters of LNPs obtained by FFF-MALS
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