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Hypothesis: Nano-scale dynamics of self-assembled therapeutics play a large role in their biological function. However, assessment

of such dynamics remains absent from conventional pharmaceutical characterization. We hypothesize that time-resolved small-angle

neutron scattering (TR-SANS) can reveal their kinetic properties. For lipid nanoparticles (LNP), limited molecular motion is important for

avoiding degradation prior to entering cells while, intracellularly, enhanced molecular motion is then vital for effective endosomal escape.

We propose TR-SANS for quantifying molecular exchange in LNPs and, therefore, enabling optimization of opposing molecular behaviors

of a pharmaceutical in two distinct environments.

Experiments: We use TR-SANS in combination with traditional SANS and small-angle x-ray scattering (SAXS) to experimentally quantify

nano-scale dynamics and provided unprecedented insight to molecular behavior of LNPs.

Findings: LNPs have molecular exchange dynamics relevant to storage and delivery which can be captured using TR-SANS. Cholesterol

exchanges on the time-scale of hours even at neutral pH. As pH drops below the effective pKa of the ionizable lipid, molecular exchange

occurs faster. The results give insight into behavior enabling delivery and provide a quantifiable metric by which to compare formulations.

Successful analysis of this multi-component system also expands the opportunities for using TR-SANS to characterize complex therapeutics.
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Introduction1

Lipid nanoparticle (LNP) therapeutics have revolutionized hu-2

man health. The COVID-19 pandemic accelerated the pipeline3

for LNP-based vaccines, facilitating unprecedented rapid develop-4

ment and commercialization. Through this development and pre-5

ceding it, many LNP complexities have been studied. However,6

the speed of commercialization necessitated bypassing some fun-7

damental understanding, and there remains room for improve-8

ment in LNP manufacturing, safety, efficacy, and stability.1 For9

LNP therapeutics to successfully deliver nucleic acids, compo-10

nents must traverse obstacles requiring a delicate balance of prop-11

erties.2 LNPs must maintain structural integrity in storage, de-12

livery, and at physiological conditions to protect the cargo from13

degradation or exchange with biomolecules prior to entering the14

cell. However, these particles must then exhibit facile dissociation15

of components to undergo endosomal escape and deliver inside16

the cell. 3,4 Optimizing the trade-off between stability and deliv-17

erability could allow for more flexible storage requirements, such18

as reducing cold-chain storage needs, and improve efficacy which19

lowers required dosages, increasing safety and tolerance.20

LNPs are comprised of five distinct molecular species: a21

cationic ionizable lipid, a zwitterionic "helper" lipid, a lipid with22

a poly(ethylene glycol) (PEG) head group, cholesterol, and nu-23

cleic acid cargo.2 No covalent bonds connect the LNP compo-24

nents; rather, hydrophobic associations between lipid tails and25

cholesterol as well as electrostatic associations between nucleic26

acids and polar or charged lipid groups drive assembly. There-27

fore, molecules are free to move and, as in many self-assembled28

soft matter systems, the dynamic nature of LNP molecular asso-29

ciations are pivotal to their behavior. Toxicological concerns for30

LNPs result not only from the particle as a whole, but also on po- 31

tential immunogenic responses from each individual component 32

on its own, indicating that they each may interact with biological 33

systems.5 Dynamic behavior known to occur prior to endocyto- 34

sis includes lipid mixing in initial formulation,6 degradation from 35

cargo exposure to nucleases, exchange with molecules (such as 36

glycosaminoglycans) in the blood stream,7 and shedding of the 37

PEG-lipid layer impacting binding and protein adsorption.8,9 Af- 38

ter undergoing endocytosis, LNPs must then exchange lipids with 39

the endosomal membrane to unpack cargo into the cytoplasm.3
40

Successful endosomal escape is the limiting step in delivery, oc- 41

curring for fewer than 10% of LNPs.10,11 We therefore posit that 42

understanding molecular dynamics of LNPs is key to unlocking 43

maximal performance. However, current in vitro characteriza- 44

tion focuses primarily on structural properties, relying on cell or 45

animal studies to characterize performance metrics known to be 46

impacted by dynamics. The molecular mobility in stable LNPs at 47

equilibrium has not been considered to date, with dynamic evalu- 48

ations having been limited to stability measures and assessments 49

of aggregation, fusion, drug leakage, or chemical degradation.12
50

To learn how components move into and out of LNPs in dif- 51

ferent environments, we can first characterize how molecules ex- 52

change between multiple LNPs in solution. The complex inter- 53

play between hydrophobic and electrostatic driving forces to self- 54

assembly makes such behavior difficult to predict. Experimental 55

procedures for quantifying molecular dynamics in situ are nec- 56

essary. Förster resonance energy transfer (FRET) assays can be 57

effective for studying molecular exchange;13 however, labeling 58

requires bulky fluorophores which impact dynamics, especially 59

of small molecules such as lipids and cholesterol. 1H NMR can 60
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characterize molecular mobility without requiring fluorophores,61

but is limited to short length- and time-scales.14 We instead turn62

to small-angle scattering. Small-angle X-ray and neutron scatter-63

ing (SAXS and SANS) are effective for characterizing LNP struc-64

tures from Angstroms to hundreds of nanometers.1,15,16 SANS is65

particularly powerful for studying biomacromolecules, as contrast66

can be changed using selective deuteration to enable isolated vi-67

sualization of specific components, and has been used with great68

effect characterizing LNP structure.17,18 Such isotopic labeling69

has minimal effect on molecular behavior, though isotopic effects70

do exist. For example, aggregation driven by hydrophobic inter-71

actions is slightly strengthened in D2O (heavy water) compared72

to H2O due to its stronger hydrogen-bonding network and the re-73

duction of van der Waals interactions.19 While these effects must74

be noted, they are minimal compared to changes imparted by flu-75

orescent tags.76

In recent years, the variable of time has been incorporated into77

SANS to observe phenomena in situ, enabled by higher flux beam78

lines that can make faster measurements and creative in-beam79

apparatuses.20,21 By coupling selective deuteration with time-80

resolution, molecular exchange between protonated and deuter-81

ated populations of molecules can be observed. Our group, and82

others, have used such time-resolved contrast variation SANS83

(TR-SANS) to capture molecular exchange in self-assembled soft84

matter.22–25 TR-SANS can capture changes on the order of sec-85

onds (if strongly scattering) to days. It requires at least one86

deuterated component and a selected solvent in which the lin-87

ear combination of scattering from deuterated and protonated88

populations is different from the scattering of a population cre-89

ated with pre-mixed deuterated and protonated molecules. This90

complexity has limited prior TR-SANS experiments to structures91

with one or two components. LNPs, on the other hand, typically92

contain five components. Therefore, using TR-SANS for LNPs in-93

troduced uncertainty to an already complex technique.94

An ideal TR-SANS molecular exchange experiment contrast95

matches every component except for the one whose exchange96

will be studied. Assay populations then contain either entirely97

protonated or entirely deuterated versions of this component of98

interest, such that measured scattering signal is due only to the99

exchanging molecule. Upon mixing these populations, molecules100

exchange in solution between all structures, eventually reach-101

ing a contrast-match condition themselves such that the struc-102

ture no longer scatters. However, experiments are non-ideal,103

and an unfortunate limitation of contrast variation techniques is104

that deuterated materials are difficult to obtain. While simple105

deuterated molecules are commercially available, more complex106

molecules such as state-of-the-art and proprietary lipids require107

advanced synthetic techniques and are often obtained through108

collaboration with industrial partners or one of few government109

agencies which specialize in this work. TR-SANS provides incom-110

parable data that will greatly enhance the understanding of bio-111

materials, such as LNPs. To maximize the impact of TR-SANS, ac-112

cess to deuterated molecules must be enhanced. That withstand-113

ing, in this work, we use TR-SANS to characterize LNP molecular114

exchange that has implications for drug accessibility and efficacy115

with only partial contrast-matching.116

Fig. 1 (A) SAXS measurements of LNPs in PBS as a function of pH

with inset showing a larger zoom and linear q axis for the feature at

q ⇡ 0.1Å�1
and (B) SANS measurements of LNPs in d-PBS at pH 7.4

of three synthesized populations: LNPs with 100% d-cholesterol, LNPs

with 100% cholesterol, and LNPs with 50:50 d-cholesterol and cholesterol

premixed.

We obtained deuterated cholesterol (d-cholesterol) through 117

Australia’s National Deuteration Facility. As cholesterol makes up 118

a significant portion of volume in current LNP formulations, we 119

anticipated that there would be sufficient scattering length den- 120

sity differences between LNPs synthesized with d-cholesterol ver- 121

sus cholesterol to enable molecular exchange experiments with- 122

out the need to obtain fully deuterated versions of all other com- 123

ponents. The other LNP components are either minimal volu- 124

metric contributions or more difficult to obtain deuterated. Al- 125

though exchange of all components has relevance to LNP func- 126

tion, we propose that cholesterol exchange can be used as a 127

signal for molecular exchange overall. Cholesterol is hydropho- 128

bic, and therefore would not be expected to pass the hydrophilic 129

LNP surface and through solution to other LNPs independently. 130
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Fig. 2 SANS scattering curves for LNPs at pH 7.4 in varied d-PBS:PBS ratios made containing (A) 100% cholesterol, (B) 100% d-cholesterol, and

(C) a 50:50 pre-mixed combination of d-cholesterol and cholesterol.

The solubility of cholesterol in water is approximately 2.5⇥10�5
131

mg/mL and even decreases slightly with the addition of salt.26,27
132

Therefore, the cholesterol is likely transported through the buffer133

with amphiphilic lipids. Our results can therefore suggest a lower134

bound on molecular exchange for other LNP components. Herein,135

we share the first quantification of inter-particle molecular ex-136

change of cholesterol exchange in LNPs using TR-SANS. While137

TR-SANS has been used to characterize molecular exchange dy-138

namics of self-assembled soft matter in the past, LNPs are more139

complex multi-component systems than previously studied for140

which it would be challenging and reductive to simplify their com-141

positions. We also probe pH-dependence of the LNP molecular ex-142

change. Experimental literature has examined internal structure143

at different pHs, suggesting decreased lipid ordering in the en-144

dosome,28,29 and simulations have seen pH-dependent lipid dy-145

namics in simplified leaflet systems.28 Molecular exchange of LNP146

components would optimally be pH-dependent: minimized dur-147

ing storage and delivery prior to entering cells, and maximized148

intracellularly. Therefore, our results provide therapeutically-149

relevant insight to LNP behavior.150

Materials and Methods151

LNPs were synthesized following existing literature recipes.18
152

LNPs comprised 1.5 mole % 1,2-Dimyristoyl-rac-glycero-3-153

methoxyPEG-2000 (DMG-PEG(2000)) (Cayman Chemical Com-154

pany, Michigan, USA), 10 mole % 1,2-Distearoyl-sn-glycero-155

3-PC (DSPC) (Cayman Chemical Company, Michigan, USA),156

50 mole % 4-(dimethylamino)-butanoic acid, (10Z,13Z)-1-157

(9Z,12Z)-9,12-octadecadien-1-yl-10,13-nonadecadien-1-yl ester158

(DLin-MC3-DMA or MC3) (Cayman Chemical Company, Michi-159

gan, USA), 38.5 mole % protonated cholesterol (cholesterol)160

(Cayman Chemical Company, Michigan, USA) and/or deuterated161

cholesterol (d-cholesterol) (cholesterol-d45 (C27HD45O) from162

ANSTO Australian National Deuteration Facility with 79± 2 %D163

by mass spectrometry prepared according to published meth-164

ods30), and a 60-nucleobase single stranded DNA (ssDNA) (In-165

tegrated DNA Technologies, Iowa, USA) sequence at an amine166

to phosphate ratio (N:P) of 3. Use of ssDNA provides polyan-167

ionic nucleic acid cargo without the cost and experimental diffi-168

culty of using RNA. Physicochemical properties governing molec- 169

ular exchange are expected to trend similarly. To perform sol- 170

vent injection LNP synthesis, lipids were combined in solution in 171

ethanol prior to being rapidly pipette into ssDNA in acidic citrate 172

buffer. A buffer exchange process was then used to filter and re- 173

place solvent with phosphate buffered saline (PBS) or deuterated 174

PBS (d-PBS) of varied pH. As the effective pKa of MC3 within 175

LNPs is 6.4,2 pH conditions were selected around this value. 176

Details of these solutions and exchange processes are provided 177

in Supplementary Information 1.1. SAXS was performed on a 178

Xenocs Xeuss 3.0 (Grenoble, France) at room temperature (ap- 179

proximately 20�C) at multiple sample-to-detector distances de- 180

tailed in Supplementary Information. SANS was performed on 181

the Bilby instrument at the Australian Centre for Neutron Scat- 182

tering at 25�C.31,32 All data have had solvent contributions sub- 183

tracted. Additional SAXS and SANS details are available in Sup- 184

plementary Information 1.3 and 1.4. 185

Results & Discussion 186

SAXS data collected for a wide range of pH values (4.4 through 187

8.4) shows that low q data remains relatively unchanged, indicat- 188

ing consistency of macroscale features (Figure 1A). Low q data is 189

fit with polydisperse spheres with 15 to 16 nm radii (fit for pH 190

7.4 data shown in Figure 1A, additional fits and parameters in 191

Supplementary Information 1.3). Dilute sample conditions were 192

selected to avoid the impact of structure factor effects on the scat- 193

tering. At the low concentration used, the LNPs are far apart from 194

one another and, therefore, interparticle correlations are negli- 195

gible such that only the form factor is dominant in the scatter- 196

ing. Spherical size increases slightly with pH for most conditions, 197

though with the radius changes spanning only a range of 9 , the 198

size and size distribution can be said to remain similar for LNPs 199

as pH changes despite charge state differences of internal com- 200

ponents. Hydrophobicity, therefore, is likely the dominant factor 201

dictating surface area to volume ratios. Low q feature shapes 202

seen in SAXS are also visible in SANS data from LNPs in 100% 203

d-PBS at pH 7.4 (Figure 1B). The low q LNP data are again fit 204

by polydisperse spheres, though radii of 39, 32, and 34 nm for 205

the d-cholesterol, cholesterol, and pre-mixed cholesterol popu- 206
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lations, respectively, are found (details in Supplementary Infor-207

mation 1.4). The larger radius from SANS compared to SAXS is208

likely due to the PEG corona, as the PEG-lipid does not have con-209

trast in PBS to X-rays but has significant contrast to neutrons in210

d-PBS (scattering length densities, or SLDs, for all components211

found in Supplementary Information 2). Additionally, due to ex-212

perimental limitations, the LNP syntheses for the SAXS and SANS213

experiments were executed at different times with slightly differ-214

ent protocols, perhaps creating size differences.215

A sharp peak at q ⇡ 0.1Å�1 is apparent in the SAXS data (Fig-216

ure 1A). The feature is less sharp in SANS results, consistent with217

literature and likely due to contrast differences between meth-218

ods. The peak corresponds to lipid ordering within the nanopar-219

ticles.16,29 There is some excess scattering above the sphere fit220

in SANS data which may correspond to the same structural fea-221

tures. However, lipid contrast varies between the two techniques,222

as confirmed by the scattering length density (SLD) values for223

each component in Supplementary Information 1.2. Contrast be-224

tween head groups, lipids, and nucleic acids provides the great-225

est signal in SAXS whereas contrast between solvent and all lipid226

structures provides the greatest signal in SANS. Therefore, the in-227

ternal lipid packing produces the more prominent feature seen in228

the inset of Figure 1A. The feature broadens and shifts slightly229

as the pH drops, which existing literature correlates to a change230

in ordering.28,29 The precise nature of the phase changes within231

LNPs are formulation-dependent, though there is agreement that232

a pH-driven structural evolution impacts lipid ordering.16,28,29,33
233

While research has shown the pronounced effect pH can have on234

LNP internal structure as MC3 changes charge state,29,34 exper-235

imental work has often used unfiltered and ethanol-containing236

solvent resulting from synthesis as the acidic condition, which is237

less representative of endosomal environments than PBS.29 Our238

results here indicate that the trends hold true as a function of pH239

in PBS, rather than as an effect of filtering and buffer exchange.240

The SANS data in Figure 1B depicts scattering for each LNP241

population needed for the molecular exchange experiment: LNPs242

with 100% d-cholesterol, LNPs with 100% cholesterol, and LNPs243

with 50:50 d-cholesterol and cholesterol pre-mixed prior to as-244

sembly. In pure d-PBS, the 3 populations are fit with similar radii,245

indicating relative consistency between the structures despite dif-246

ferences in cholesterol protonation. Each population was then247

examined at varied d-PBS:PBS ratios (Figures 2A, B, and C) to248

find a suitable solvent condition. Upon mixing for a kinetics assay,249

the d-cholesterol and cholesterol populations will scatter indepen-250

dently in dilute solution and manifest as the arithmetic mean of251

their independent scattering curves. As molecular exchange pro-252

gresses, scattering will shift towards that of the pre-mixed popu-253

lation. The pre-mixed population is equivalent to LNPs in which254

cholesterol has fully exchanged, having 50% d-cholesterol and255

50% cholesterol fully mixed throughout the structure. In Figure256

2, the shapes of the curves clearly differ between d-cholesterol,257

cholesterol, and pre-mixed cholesterol populations as the solvent258

deuteration changes. These differences are most noticeable in259

the mid q range, around q 0.004–0.030 Å�1. At q greater than 0.02260

Å�1, noise due to incoherent scattering dominates low d-PBS con-261

ditions. Therefore, the q range from minimum to 0.020 Å�1 was262

Fig. 3 Analysis for determination of experimental solvent contrast con-

dition through (A) scattering intensity integral data as a function of per-

cent deuterated solvent with second order polynomial fits as well as (B)

square-root of scattering intensity integral data as a function of percent

deuterated solvent with first order fits, as well as (C) an experimental

schematic depicting the expected molecular exchange assay.

selected to evaluate the point of minimum intensity (PMI) for 263

each population. The integral of intensity over this range was 264

calculated for each condition. Second order polynomials were 265
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then fit to these results, as shown in Figure 3A. For simpler anal-266

ysis in units of intensity, the square root of these values was then267

calculated and assigned charge based on positioning relative to268

the polynomial fits. This data was then fit with the absolute269

value of a linear equation, shown for each population in Figure270

3B. The ideal solvent for the molecular exchange assays maxi-271

mizes the difference between pre-mixed cholesterol and the arith-272

metic mean of the d-cholesterol and cholesterol populations (rep-273

resenting what would be present in solution immediately upon274

mixing). The selected experimental condition was 17.3% D2O,275

marked with a vertical red line in Figure 3B. Conceptually, Figure276

3C shows in red how this difference should translate to scattering277

curves and carry through to time-resolved experiments. Finding278

a sufficient contrast point is not trivial nor guaranteed. Systems279

could have contrast points greater than 100% deuterated solvent280

or less than 0% protonated solvent or the difference in intensity281

could be less than measurement noise. For example, deuterated282

DSPC lipid is impossible to match with aqueous solvents, as its283

scattering length density is greater than that of D2O.35 There-284

fore, finding this solvent condition is, itself, a major achievement285

for LNP characterization.286

Upon determining the contrast condition, kinetics samples287

were prepared by mixing 50% volume each of d-cholesterol and288

cholesterol LNP populations and then collecting scattering pro-289

files over time. Curves denoted with the average time after mix-290

ing (scattering performed for 1 hour, from 30 minutes before291

through 30 minutes after the labeled time) are shown in Fig-292

ure 4A for the sample at pH 7.4. Sample scattering decreases293

from its initial value towards the scattering of a pre-mixed pop-294

ulation (taken as reference representing complete molecular ex-295

change) as time evolves, indicating that cholesterol is exchanging296

between LNPs of each population in the solution. A comparison of297

pure d-cholesterol and cholesterol LNP populations before and af-298

ter the kinetics confirmed that time evolution is due to molecular299

exchange rather than structural change (Supplementary Informa-300

tion 2).301

To quantify molecular exchange from the scattering profiles, in-302

tensity was integrated from q = 0.003–0.010 Å�1 for each profile303

and depicted in Figure 5A. This integration range was narrower304

than the range used for solvent contrast selection due to increased305

noise at the shorter kinetics run time. The integrated scattering306

intensities were then converted to a relaxation function, R(t), per307

Equation 1,23 where I(t) is the integrated scattering intensity at308

time t. I•, the integrated scattering intensity after infinite time,309

was set equal to that of the pre-mixed cholesterol population. Ini-310

tial integrated scattering intensity, I0, was set equal to the first311

kinetic sample time point (t = 31 min). R(t) of 1 corresponds to312

the initial condition, while R(t) of 0 corresponds to LNPs which313

have fully exchanged cholesterol and contain 50% of each type.314

R(t) =
✓

I(t)� I•
I0 � I•

◆1/2
(1)

R(t) = e�kt (2)

Fig. 4 Molecular exchange of cholesterol in LNPs. SANS profiles during

kinetics assay over time at (A) pH 7.4 and (B) pH 4.4 including pre-

mixed cholesterol reference profiles in black dashed lines.

R(t) = (1� c)e�kt + c (3)

The resulting R(t) data in Figure 5B shows a steady decay un- 315

til the final point, t = 3934 min, where the R(t) value increases 316

slightly rather than continuing to decrease. The general down- 317

ward trend seen in R(t) as t progresses from the initial con- 318

dition to almost 2000 min (approximately 32 hours), confirms 319

our hypothesis that molecular exchange of cholesterol can be 320

observed through TR-SANS and that, despite being referred to 321

as "nanoparticles", LNPs are in fact mobile assemblies between 322

which molecules can and will dynamically exchange. Further- 323

more, the t = 3934 min point introduces an interesting possibility 324

that had not been anticipated. Although this is only a single data 325

point, and should be replicated to confirm related hypotheses, the 326

plateau before reaching an R(t) of 0 indicates that molecular ex- 327

change is no longer progressing on the experimentally available 328
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time frame. By comparing to the pre-mixed population, it is clear329

that exchange of cholesterol between LNPs is somehow limited to330

only a portion of the total cholesterol while another portion stays331

isotopically separated. Rather than continuing towards R(t) = 0,332

a subset of the cholesterol remains within individual LNPs and is333

not exchanged amongst them. We hypothesize that in the pH 7.4334

LNP structure, the initial cholesterol exchange only occurs for an335

accessible subset of molecules closer to the liquid interface. The336

cholesterol deeper within the core of the LNP would be less mo-337

bile than cholesterol closer to the corona, and its inter-particle338

exchange occurs on too long a time-scale to capture. Therefore,339

while the outer shells continue exchanging cholesterol, the cores340

maintain their initial d-cholesterol or cholesterol populations, as341

depicted schematically in the top of Figure 6. When fitting an342

exponential decay function to the relaxation from R(t) = 1 to343

R(t) = 0 (detailed in Supplementary Information 3), we therefore344

excluded t = 3934 min data. Using the remaining data, an expo-345

nential decay model bound from 0 to 1, Equation 2, was fit to pH346

7.4 data and a relaxation rate of k = 3.5⇥10�4 min�1 was deter-347

mined. In reality, there may be two relaxation rates at pH 7.4,348

with the exchange of the internal sub-population of cholesterol349

having a much lower exchange rate, and making its observation350

outside the experimental time frame. Accounting for the plateau351

value requires the addition of a constant, c, per Equation 3. Note352

that Equation 3 collapses to Equation 2 when c = 0. This constant353

represents the plateau value and fitting to the equation provides354

a rate for the first part of exchange of k = 10.4⇥10�4 min�1. With355

a plateau value fit of 0.53, this rate is characteristic for the first356

half of the cholesterol exchange, while the remaining half is not357

exchanged within the experimental time frame at pH 7.4.358

Now that TR-SANS has been demonstrated on LNP therapeu-359

tics, more extensive investigations are warranted, and could pro-360

vide insight into the observed behavior. In the current experi-361

ment, our kinetic scattering contribution are from the exchange362

of cholesterol isotopes, but the pre-mixed sample equivalent to363

t• acts as a baseline to all measurements and includes scattering364

contribution from the other 4 components. Alternatively, a fully365

contrast-matched system–LNPs incorporating deuterated popula-366

tions of DMG-PEG(2000), DSPC, MC3, and nucleic acid cargo in367

addition to the d-cholesterol used in this work–could be created368

such that the scattering observed at t• would be minimized. This369

would increase the difference between initial and final conditions370

for the kinetics assay and, therefore, improve resolution. Sec-371

ondly, deuterated populations of the other components would en-372

able molecular exchange rate assays for all components and an373

ability to compare. Given the different molecular exchange rates374

for heterogeneous lipid membrane constituents, each LNP com-375

ponent also likely has its own chemically-dependent rate that can376

be studied. Additionally, the nuanced results indicating a stag-377

nant sub-population of molecules at pH 7.4 prompts us to con-378

sider future structural analyses. Detailed static analysis of LNP379

samples allowed to exchange for several days, akin to the final380

time-points in this work, could expose information about the 53%381

of cholesterol which remains isotopically segregated at pH 7.4 in382

an intermediate structure, distinct from the infinite mixing con-383

trols, which illuminates the mechanism for partial exchange. Ana-384

lyzing contrast variation results from selectively deuterated sam- 385

ples through methods (such as a Stuhrmann analysis36) would 386

provide detailed results similar to Sebastiani et al.’s LNP struc- 387

tural studies for this intermediate. Our hypothesized mechanism, 388

Figure 6, envisions a core-shell type morphology with an outer 389

region which would fully exchange while an inner core remains 390

isotopically homogenous. This mechanism would appear as con- 391

centric spheres. Contrastingly, an alternate mechanism could see 392

some uniformly distributed sub-population of cholesterol remain- 393

ing unexchanged, which would manifest as a sphere equivalent 394

in radius to the initial (t = 0) scattering fit but with different con- 395

trast. Therefore, continued experiments on this system could il- 396

luminate whether the core-shell type localization of cholesterol 397

is in fact what determines its propensity to exchange in the first 398

rapid relaxation period. The mode in which molecules exchange 399

can also be further studied by measuring the exchange rate k as 400

a function of LNP concentration. The exchange rate would in- 401

crease as concentration increases if driven by collisions, but de- 402

crease if relying on component solubility as the solubility limit 403

would be reached sooner. Given the low solubility of cholesterol 404

in PBS,26,27 we hypothesize the cholesterol exchange does not 405

rely on cholesterol dissolution, and will be driven, at least in part, 406

by LNP collisions. Another potential mechanism involves choles- 407

terol molecules being carried along with other components and 408

these clusters of molecules may be exchanged via dissolution and 409

resorption, where the cholesterol can be sheltered by more sol- 410

uble amphiphilic lipids. If dissolution and resorption alongside 411

other components drives a portion of cholesterol exchange, the 412

rate found within the present study can act as lower bound on 413

lipid exchange and be considered a proxy for exchange of other 414

LNP components. Ultimately, a combination of mechanisms could 415

be at play. Even without the proposed next experiments, consid- 416

ering only the overall relaxation rate and the exchange quantified 417

within the time frame of the current work, our results still demon- 418

strate that even the most hydrophobic LNP components can ex- 419

change within hours at pH 7.4, indicating therapeutically relevant 420

dynamics. 421

The impact of pH-driven changes on molecular exchange was 422

then examined using the same kinetic assay method at pH 4.4, be- 423

low the effective pKa of the ionizable lipid. SAXS results showed 424

that LNP structure changed only subtly upon transitioning from 425

above pH 6.4 to below. However, kinetics results show a dras- 426

tic and obvious change. Qualitatively, Figure 4B shows a more 427

rapid decrease from the initial scattering (t = 31 min) such that 428

within the same time frame as the pH 7.4 sample, the acidic sam- 429

ple reaches the pre-mixed LNP scattering and indicates complete 430

cholesterol population exchange. Figures 5A and B show that 431

quantitatively, the full exchange occurs at almost 3 times the rate 432

at pH 4.4 as pH 7.4, having a relaxation rate of k = 9.6⇥ 10�4
433

min�1 when fit to Equation 2. The exchange rate at pH 4.4 is sim- 434

ilar to the k = 10.4⇥10�4 min�1 fit to Equation 3 for the first half 435

of cholesterol exchange at pH 7.4. However, the plateau value 436

at pH 4.4 is 0 (indicating that the data captured within the ex- 437

periment trends towards R(t) = 0 at infinite time), and the full 438

exchange of cholesterol populations therefore occurs much more 439

rapidly than at pH 7.4. Per the schematics in Figure 6, we hy- 440
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Fig. 5 The (A) integrated scattering intensity over time for each molec-

ular exchange condition as well as the correlating (B) relaxation function

with exponential decay curve fits. Where error bars are not visible, they

are smaller than the point size.

pothesize that internal structural changes enable all cholesterol441

throughout the LNPs to exchange in the acidic environment. The442

change in lipid ordering in acidic solution suggested from SAXS443

analysis and phase changes documented for bulk lipid structures,444

which pack with less curvature in acidic conditions,16 could re-445

duce the enthalpic penalty to molecular motion, create easier446

access to the solution, and contribute to the increased rate of447

exchange at pH 4.4. Even at more than double the rate of pH448

7.4, the pH 4.4 sample still shows cholesterol exchange in LNPs449

to be an order of magnitude slower than the exchange of oil in450

surfactant-stabilized emulsions previously characterized by our451

group, and multiple orders of magnitude slower than the chain452

exchange observed in block and random copolymer micelles by453

others.22,23,37,38 The exchange rates for cholesterol we calcu-454

lated are, on the other hand, actually comparable to those for the455

exchange of molecules in another lipid-based system: the inter-456

bilayer molecular exchange of phospholipids.39 Although Gerelli457

et al. characterized interbilayer phospholipid exchange at ele-458

vated temperatures (ranging between between 0.003 and 0.03459

min�1 at 48 to 68�C), an extrapolation of their data to lower460

temperature provides an interbilayer exchange rate of approx- 461

imately 4 ⇥ 10�4 min�1 and 7 ⇥ 10�4 min�1 for 5 mg/mL and 462

1 mg/mL samples, respectively, at 25�C. The lipid layers within 463

the solid supported bilayer system examined were necessarily in 464

close proximity, whereas the LNPs in the current investigation are 465

free in solution. Additionally, in the lipid bilayer system, it is 466

known that cholesterol flip-flops between layers orders of magni- 467

tude faster than phospholipids (on the order of milliseconds ver- 468

sus hours),40 as it does not require exposure of hydrophilic moi- 469

eties to the hydrophobic tails inside the bilayer as phosophlipid 470

exchange does. LNPs differ in many ways from lipid bilayers, 471

but the similarity in rate certainly raises interest in the similar- 472

ity between disrupting self-assembled constructs of amphiphilic 473

molecules driven by hydrophobic effects. Despite the relatively 474

slow inter-LNP exchange rate we found for cholesterol, pharma- 475

ceutical storage and circulation are highly sensitive to molecular 476

dynamics and the quantified values leave room for improvement. 477

Formulation design and optimization could be useful in decelerat- 478

ing exchange at neutral conditions and accelerating intracellular 479

exchange. 480

Conclusions 481

Our results show that TR-SANS provides an unprecedented view 482

of molecular dynamics in LNPs without structural simplification. 483

Further investigation will be required to understand how formu- 484

lations can maximize the difference between dynamics in neu- 485

tral versus acidic environments, as well as how exchange of other 486

components correlate to cholesterol. This work provides a frame- 487

work with which dynamics of additional components, alternate 488

formulations, and other solution environments can be probed 489

to ultimately enable optimization for more effective therapeu- 490

tics. We have demonstrated a valuable tool for characterizing 491

dynamics of self-assembled LNP systems. Despite the complexity 492

and expense of TR-SANS, the technique provides unprecedented 493

insight into environmentally-dependent molecular exchange be- 494

tween LNP therapeutics. The characterized exchange demon- 495

strates significant exchange of LNP components within hours, in- 496

dicating molecular mobility that can impact both storage and de- 497

livery. Even at neutral conditions, LNPs are constantly exchang- 498

ing molecules rather than existing as a static structure akin to 499

a nanoparticle formed through covalent bonds. Reducing this 500

dynamic behavior could avoid degradation and greatly enhance 501

storage stability. In considering cellular delivery, the time-scale 502

of exchange quantified is longer. However, the mechanisms of 503

endosomal escape would require the same type of lipid motion 504

and relate directly to the quantified properties. A comparison 505

of neutral and acidic conditions showed an exchange rate al- 506

most three times faster in lower pH, bolstering a molecular ra- 507

tionale for escape from the acidic endosome informed by prior 508

static studies of pH-driven structural changes.16,33,41 Through in 509

situ dynamics studies, we were able to quantify the implication 510

of such structural changes on molecular behavior. Coupling our 511

work with recent in-depth structural analyses can inform chem- 512

ical modifications to improve the dynamic trade-offs in different 513

stages of delivery.15,18 We have also paved the way for further 514

use of TR-SANS on LNPs, enabling quantifiable comparison of 515
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Fig. 6 Schematic shows hypothesized cholesterol exchange at each pH,

using LNP depictions structurally informed by Cárdenas et al., Philipp et

al., and Sebastiani et al..
1,16,18

Regions hypothesized to contain only pro-

tonated cholesterol are depicted in blue, regions hypothesized to contain

only deuterated cholesterol are depicted in yellow, and regions hypothe-

sized to contain an equal mix of the two are depicted in green.

formulations. Eventually, the difference between exchange before516

and after endocytosis can be maximized to optimize both stabil-517

ity and deliverability. Furthermore, our results also demonstrate518

the capability of executing TR-SANS on self-assembled systems519

with greater complexity than previously studied.22–25 Finally, the520

use of d-cholesterol which enabled this work provides motivation521

to seek deuterated versions of other components to study their522

exchange amongst LNPs and with biological serum and mem-523

branes. Deuterated materials are often sourced from one of few524

government facilities throughout the world, or procured through525

industrial collaboration.18 This hurdle could limit the potential of526

TR-SANS for complex biomaterials. Therefore, partnerships with527

pharmaceutical companies and continued support for deuteration528

facilities will be vital to maximizing impact and ultimately opti-529

mizing LNPs and other molecular constructs. With such mate-530

rials and further experiments, TR-SANS studies may eventually531

provide prescriptive dynamic insights to control the function of532

self-assembled therapeutics. 533
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