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Abstract The lipid nanoparticle (LNP) has been so far proven as a strongly effective delivery system

for mRNA and siRNA. However, the mechanisms of LNP’s distribution, metabolism, and elimination are

complicated, while the transportation and pharmacokinetics (PK) of LNP are just sparsely investigated

and simply described. This study aimed to build a model for the transportation of RNA-LNP in Hela cells,

rats, mice, and humans by physiologically based pharmacokinetic (PBPK) and quantum mechanics (QM)

models with integrated multi-source data. LNPs with different ionizable lipids, particle sizes, and doses

were modeled and compared by recognizing their critical parameters dominating PK. Some interesting

results were found by the models. For example, the metabolism of ionizable lipids was first limited by

the LNP disassembly rate instead of the hydrolyzation of ionizable lipids; the ability of RNA release from

endosomes for three ionizable lipids was quantitively derived and can predict the probability of RNA

release. Moreover, the biodegradability of three ionizable lipids was estimated by the QM method and

the is generally consistent with the result of PBPK result. In summary, the transportation model of

RNA LNP among various species for the first time was successfully constructed. Various in vitro and

in vivo pieces of evidence were integrated through QM/PBPK multi-level modeling. The resulting new

understandings are related to biodegradability, safety, and RNA release ability which are highly con-

cerned issues of the formulation. This would benefit the design and research of RNA-LNP in the future.
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1. Introduction

The lipid nanoparticle (LNP) is a powerful delivery system for
nucleic acid therapy. Its application led to the approval of the first
siRNA drug (Onpattro�) for treating the polyneuropathy of he-
reditary transthyretin-mediated amyloidosis in adults1 and the first
two mRNA vaccines (Comirnaty� and Spikevax�) against
COVID-192,3. Upon injection, LNP protects nucleic acids from
biodegradation and conveys them into the endosomes of target
cells. Then, nucleic acids escape from endosomes and have their
intended effects, down-regulating (siRNA-LNP) or up-regulating
(mRNA-LNP) protein expression4.

A typical LNP contains four lipid ingredients, including
ionizable lipids, cholesterol, phospholipids lipids, and poly-
ethylene glycol (PEG) lipids5. They account for the percentage in
typical LNP formulations at around 50, 38.5, 10, and 1.5,
respectively. Ionizable lipids can be positively charged in acidic
conditions, which promotes RNA encapsulation and the interac-
tion between LNP and endosomal membranes through electro-
static interaction. The other three types of lipids take the role of
modulating membrane fluidity, stabilizing particles, controlling
particle size, and helping endocytosis of LNPs6.

The use of ionizable lipids is the most striking feature of LNP,
endowing it with unique in vivo processes. Upon injection, LNPs are
discharged in neutral plasma, allowing adsorption of plasma proteins
onto particle surface and the following cellular uptake mediated by
receptors on cells6,7. Then, LNPs are transferred via endosomes,
wherein they become positively charged due to the acidic environ-
ment, interacting with and disrupting endosomal membranes,
resulting in RNA release into the cytoplasm. Meanwhile, LNPs
disassemble and the remaining lipids are transferred to lysosomes or
autolysosomes8,9 and undergo the metabolism route10.

The multi-steps of LNP transportation in the body complicates
the investigation of its pharmacokinetic (PK) properties. For drug
development, PK is important since around 80 percent of drugs
fail in clinical may due to PK-related issues11. Therefore, nowa-
days a deep understanding of PK and its impacting factors is
stressed in advanced drug development strategies12. However, due
to the complexity, the PK of LNPs is commonly simply described
as a bulk reflected by concentration versus time profiles10,13e15.
Although research deeply focusing on some steps of transportation
has been reported, this approach inevitably results in isolated
knowledge about PK behaviors8,9,16,17. Thus, better tools are
needed to promote the PK analysis for RNA-LNP formulations by
integrating multi-source data and characterizing or predicting ki-
netic properties for each step of LNP transportation. Based on this,
formulations can be compared and optimized.

Modeling is a useful approach to achieve this goal. The
physiologically-based pharmacokinetic (PBPK) model is an
advancedmechanistic modelingmethod that simulates the PK based
on physiological and pharmaceutical parameters18. Currently, wide
applications of PBPK to formulation development and medication
regimen recommendation have been reported19 and its usage is
recommended by regulatory agencies12,20. In RNA therapy, the
PBPK method has been used in the simulation of the disposition of
an N-acetylgalactosamine-conjugated siRNA21. For LNP
formulation, a model was built to simulate the PKof intramuscularly
injected LNP22. The model focuses on the transfer of LNP via the
lymphatic route to plasma, but the model structure of systemic cir-
culation is simple, and only one formulation was investigated.

Quantum mechanics (QM) is another commonly applied
modeling method in drug discovery, especially simulating drug
metabolism23. QM is an ab initio method that simulates the
interaction between molecules and atoms based on their electronic
structures calculated via the Schrodinger equation and wave
function. Thus, it can be used to investigate chemical reactions
from a microscopic and mechanistic view. In the LNP system, the
metabolism of ionizable lipids is a concern since it is the major
ingredient in the formulation and low biodegradability is likely to
induce toxicity due to lipid accumulation24. If the metabolism
process can be simulated and biodegradability can be assessed by
the modeling method, it would promote the development of
ionizable lipids and LNP formulation.

In this study, PBPK models were constructed to simulate RNA-
LNP delivery in Hela cells, rats, mice, and humans. In the animal
models, we focused on the PK of ionizable lipids, while in the cell
model, the PK of both RNA and ionizable lipids was simulated
simultaneously. The modeling aimed to disintegrate the PK of
LNPs into several steps and recognize their rate values. Besides,
QM modeling was conducted to simulate the metabolism of
ionizable lipids in the rats. Energy change of three lipids, DLin-
MC3-DMA (MC3), SM-102, and Lipid 5, during catalyzation by
esterase13,15 were calculated as the surrogate of biodegradability
and compared to the result from PBPK. By doing this multi-level
modeling (Fig. 1), we quantitatively compared the behaviors of
LNPs at multiple phases in PK and explained some experimental
observations mechanistically.

2. Materials and methods

2.1. PBPK modeling on in vivo disposition of RNA-LNP

2.1.1. Data collection
Various PK data were collected to help the building of PBPK
models for rats13,25, mice14,16, and humans26. In the rat study13,25,
Sprague‒Dawley rats at 225e250 g in body weight were intra-
venously administered with human erythropoietin (hEPO)
encoding mRNA-LNPs at the dose of 0.2 mg/kg dose mRNA. The
LNP was composed of ionizable lipids, DSPC, cholesterol, and
PEG-lipid at the molar ratio of 50:10:38.5:1.5. The ratio of ni-
trogen in the ionizable lipid and phosphate in the mRNA backbone
(N/P ratio) was estimated as 5.67 according to the research from
the same company24. The ionizable lipids used included MC3,
SM-102, and Lipid 513 (Supporting Information Fig. S1). In one
mouse study16, 6e8 week CD-1 mice were intravenously
administered with siRNA-LNP silencing the gene FVII at the lipid
dose of 0.33, 3.3, and 11.1 mg/kg. The dose and exposure pre-
sented a linear relationship. The LNP was composed of MC3,
DSPC, cholesterol, and PEG-lipid at the molar ratio of
50:10:38.5:1.5, and the weight ratio of total lipid to siRNA was
around 10:1. In another mouse study14, 6e8 week old C57BL/6
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Figure 1 PBPK and QM modeling of RNA-LNP transportation and metabolism. PK profiles of ionizable lipids in LNP were modeled through

the PBPK model by simulating their transportation and metabolism in different organs. The transportation of RNA-LNP in cells was also modeled

through a cellular PBPK model by simulating their uptake, transportation along endosomes, exocytosis, and RNA release. The metabolism of

ionizable lipid by esterase (hydrolysis of the ester bond) was modeled by QM modeling through a cluster approach focusing on the reaction in the

active site that is composed of a catalytic triad and an oxyanion hole provided by the esterase.
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mice were intravenously administered with siRNA at 0.3 mg/kg
loaded in similarly composed LNP. The used ionizable lipid was
DMAP-BLP which is an analog to MC3. The proportion that
PEG-lipid accounted for ranged from 0.25% to 5% to produce
LNP with different particle sizes, while the N/P ratios used were
three and six. The human data collected is from the phase 1
clinical trials (ALN-TTR02-001 and ALN-TTR02-005) of the first
approved siRNA drug (patisiran or Onpattro�)26. In the trial,
healthy volunteers were intravenously administered 0.5, 0.3, 0.15,
0.05, and 0.01 mg/kg doses of patisiran. Its LNP formulation is
very similar to that in the above mouse study16.

With information about doses of RNA, composition ratios in
ingredients, and the age or weight of subjects, it can calculate the
corresponding doses of ionizable lipids administered and allow PK
modeling.

2.1.2. Model structure, equations, and parameters
The PBPK model of RNA-LNP stressed the behaviors of ionizable
lipids. The model was built with MATLAB SimBiology APP (The
MathWorks, Inc., Natick, MA, USA) in the 2022a version. To
balance the reality and solvability of the model, a series of model
structures were built and fitted to the MC3-LNP data13 to find the
optimal one (Supporting Information Fig. S2). Eventually, the
model structure was optimized as Fig. 2. The whole body was
divided into six main compartments, including the vein, artery,
lung blood vessel, liver, spleen, and “other organs”. The distri-
bution of lipids in the liver and spleen was specifically modeled
since they are the main target organs of LNPs14.

Each link in the model structure is modeled as an ordinary
differential equation (ODE) which defines the lipid mass transfer
rate due to a specific process. For example, in the liver, the lipid
transfer is composed of the following elements as in Eqs. (1)‒(6):

From artery to organ blood through blood flow:

dMart org

dt
ZQ,Cart ð1Þ

From organ blood to vein through blood flow:

dMorg vein

dt
ZQ,Cblood ð2Þ

From organ blood to interstitium through permeation:

dMblood inter

dt
ZP ,S,ðCblood �CinterÞ ð3Þ

From interstitium to intracellular space through receptor-
mediated internalization:



Figure 2 The optimized PBPK model structure of the ionizable

lipid PK in the RNA-LNP delivery system. The ionizable lipid was

distributed in the circulating system and to all organs in the form of

LNP up to its disassembly and then was metabolized. P, permeability;

kin, cellular uptake rate of LNP; kdis, LNP disassembly rate to release

free ionizable lipids; kel, metabolism rate of the ionizable lipid.
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dMinter intact

dt
Z kin,Cinter,Creceptor,Vinter ð4Þ

LNP disassembly forming free ionizable lipids:

dMintact free

dt
Z kdis,Ccell,Vcell ð5Þ

Metabolism of free ionizable lipids:

dMfree meta

dt
Z kel,Ccell,Vcell ð6Þ

dM/dt (mg/h) means the mass change at a short time unit,
which is the change rate. Q (mL/h) is the blood flow. All C
symbols (mg/mL) except for Creceptor indicate lipid concentrations
in specific compartments. Creceptor (mmol/mL) is the concentration
of the receptor intermediating LNP uptake. Similarly, all V sym-
bols (mL) present the volume of various organs or sub-organs. P
(cm/s) is the permeability of LNP and S (cm2) is the endothelium
surface of an organ, and the product of them is the rate parameter
indicating lipid amount exchange between blood and interstitial
space of an organ. kin (mL/mmol/h) is the cellular uptake rate
relying on the concentration of lipids and receptors according to
the chemical kinetic law. kdis (1/h) is the LNP disassembly rate to
release free ionizable lipids. kel (1/h) is the metabolism rate at
which the ionizable lipid is hydrolyzed.

The ODE representing the change of lipid mass in a specific
compartment is the sum of the change rates associated with the
compartment considering the change direction. For example, the
ODE for mass change in the liver blood is calculated as in Eq. (7):

dMblood

dt
Z

dMart org

dt
� dMorg vein

dt
� dMblood inter

dt
ð7Þ

Because there is an influx of lipids from artery blood and ef-
fluxes to the interstitium and vein blood for the liver blood
compartment. The ODEs representing lipid mass change in all
compartments constitute the PBPK model, which are presented in
the Supporting Information.

The model requires physiological parameters such as organ
volumes and blood flows as input. To obtain these parameters,
growth curves of animals (such as from Charles River Labora-
tories) and the database of another PBPK modeling software, PK-
Sim 11 (Open System Pharmacology, https://www.open-systems-
pharmacology.org/) were referred to. The collected parameters
are shown in Table 1.

Before performing the PBPK simulation, the lipid mass in the
vein was initialized as the dose for intravenous administration, and
the mass in all other compartments was zero.
2.1.3. Model fitting and simulation
To characterize pharmaceutically related parameters for different
data sources, the model was modified accordingly to fit them. In
the rat PK data, LNPs containing ionizable lipids of MC3, SM-
102, and Lipid 5 were tested13, MC3 was deemed the standard and
the other two were compared to it based on scaling factors as in
Eq. (8):

X ZXMC3,ScaleXðX is kin; kdis;or kelÞ ð8Þ

LNP cellular uptake is dependent on receptor concentration in
the liver and spleen. Since no accurate concentration of the re-
ceptor in tissues was found, the receptor concentration in the liver
was assumed to be 1 mmol/mL and scaled to that in the spleen as
in Eq. (9):

Creceptor spleenZCreceptor liver,Scalereceptor ð9Þ

Although accurate values of parameter X and receptor con-
centration cannot be determined in this study, the design of scaling
factors still allows the comparison between LNPs.

For mice data, due to the limitations of the experimental
design, only the processes up to distribution to organs can be
parameterized14,16. Thus, a model shutting off the process of LNP
disassembly and hydrolyzation in the liver and spleen was used.
Additionally, for the data of DMAP-BLP containing LNP14, the
dissociation process of ionizable lipid from LNP was added to
every blood and interstitium compartment, and an additional
simulation was performed. For the fitting to human data26, the
model was further reduced by shutting off the LNP entry into the
spleen and the elimination route in the “other” compartment due
to the issue of data size and model solvability.

In the fitting, the default estimation method “Isqnonlin” was
chosen to fit the parameters. Four error models, “constant”,
“proportional”, “exponential”, and “combined”, were compared
to obtain the best performance model. Fitting results were vali-
dated mainly by our inspection and by Bayesian information
criterion (BIC), Akaike information criterion (AIC), and log-
likelihood.

https://www.open-systems-pharmacology.org/
https://www.open-systems-pharmacology.org/


Table 1 Physiological parameters used in the in vivo PBPK.

Parameter Unit Rat Mice Human

Body weight kg 0.2375 0.0270 69.70

Liver mL 10.74 1.230 2350

Lung mL 1.040 0.0947 1200

Other mL 216.6 18.90 63,760

Spleen mL 0.6260 0.0950 210.0

Vein mL 7.830 0.5700 1480

Artery mL 3.840 0.2900 940.0

Liver blood vessel mL 1.289 0.1476 399.5

Liver cell mL 7.733 0.8856 1574

Liver interstitium mL 1.718 0.1968 376.0

Spleen blood vessel mL 0.1753 0.02520 69.30

Spleen interstitium mL 0.09390 0.01350 31.50

Spleen cell mL 0.3568 0.05130 109.2

Other organs’ blood vessel mL 7.043 0.6855 2055

Other organs’ cell mL 209.5 18.22 61,710

Lung blood vessel mL 0.6552 0.05670 696.0

Hepatic artery blood flowa mL/h 697.7 114.3 88,200

Hepatic vein blood flow mL/h 737.3 119.4 98,400

Lung blood flow mL/h 2400 310.8 360,000

Other organs’ blood flow mL/h 1663 191.4 261,600

Spleen blood flow mL/h 39.60 5.100 10,200

Liver endothelium surface area cm2 1173 134.5 378,900

Spleen endothelium surface area cm2 167.6 25.37 64,650

Other organs’ endothelium surface area cm2 6123 589.9 1,805,000

Hematocrit Dimensionless 0.4500 0.4500 0.4700

Receptor concentration in liverb mmol/mL 1.000 1.000 e

Receptor scaling from the liver to spleenb Dimensionless 0.3729 0.1217 e

e, not applicable.
aThe value of “hepatic artery blood flow” is the sum of blood flows through the hepatic artery, large intestine, small intestine, and pancreas.
bThe “receptor concentration in the liver” is assumed to be 1, and the “receptor scaling from the liver to spleen” is the fold difference of receptor

concentration between the liver and spleen that was determined by fitting to PK data.
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2.2. PBPK modeling on cellular transportation of RNA-LNP

2.2.1. Data collection
The data of LNP transportation and RNA release in Hela cells of
three ionizable lipids, C12-200, MC3, and L319, were collected to
develop the cellular PBPK model8,9,17. After summarizing these
investigations, a route of LNP transportation in cells can be
described. LNP is first taken up into the early endosome or the
macropinosome through the intermediation of various receptors.
Then some exchanges of proteins take place between the endosome
or macropinosome and the cell and promote their maturing to form
the late endosome and further the lysosome. After uptake, LNP starts
to disassemble. In the stage of the late endosome, a considerable
proportion of LNP would be secreted to the outside of the cell
through moving vesicles. Meanwhile, a small proportion of LNP
contained in the late endosome triggers the RNA release event.
However, only fractional RNA loaded in the LNP can be released
into the cytoplasm even if release happens. After the release event,
the late endosome would be wrapped by autophagosome and then
integrated into autolysosome. In the research of C12-200, cellular
LNP uptake, disassembly, and egress out of cells were investigated9.
In the research ofMC3, time courses of LNP uptake, the fractions of
two types of endosomes and lysosomes, and the fraction of siRNA
release in relation to the amount of uptake are available17. In the
research of L319, data was presented on LNP uptake, the proportion
of vesicles that triggered the release event, and the proportion of
siRNA that was released and remained in endosomes8.
2.2.2. Model structures, equations, and parameters
The cellular PBPK model was also built with MATLAB
SimBiology APP (The MathWorks, Inc.) 2022a version. Accord-
ing to the LNP transportation mechanism in Hela cells mentioned
above, two versions of PBPK model structures were built, as
shown in Fig. 3. The complex model structure is a most mecha-
nistic model that presents the mechanisms of LNP transportation
in detail. However, the complex model may be too specialized and
not universal since the disassembly of LNP was not commonly
investigated in research. Therefore, a reduced model where the
LNP disassembly was not explicitly simulated was also built.
Some processes were not considered in the modeling work
because they were not the main focus of the study or were not
investigated due to the limitations of the experimental methodol-
ogy in the original studies. The processes omitted include LNP
disassembly in the culture medium, egress of intact LNP out of
cells, re-uptake of disassociated lipids and RNA, and metabolism
of lipids and RNA.

Similarly, all functions used in MATLAB SimBiology (The
MathWorks, Inc.) are presented in the Supporting Information. A
parameter of weight ratio was involved to describe the mass of
lipid and RNA in the LNP incubated with Hela cells at the initial
state. The process of LNP uptake was modeled as a function of
time which was fitted as the uptake profile presented in the orig-
inal data. The mass change due to other processes was modeled
with first-order kinetic parameters shown in the following Eqs.
(10)‒(17):



Figure 3 The PBPK model structure of LNP transportation in cells. First, the LNP with associated lipids (aL) and RNA (aR) is put in the

culture medium. Then the LNP is taken up by cells and transferred via endosomes, in which LNP disassembly, RNA release, and egress of LNP

take place8,9,17. The left panel is the complex model that is most mechanical. The right panel is a reduced model in which the process of LNP

disassembly is not specifically simulated. aL and aR, lipids and RNA associated in LNP; dL and dR, lipids and RNA disassociated from LNP; cR,

RNA really released to the cytoplasm; rL and rR, lipids and RNA wrapped in autophagosomes after release event taking place. kEE_LE, trans-

portation rate from early endosomes or macropinosomes to late endosomes; kLE_LY, transportation rate from late endosomes to lysosomes; kdis,

LNP disassembly rate; keg_Com, egress rate in the complex model, keg_Red, egress rate in the reduced model; krel, RNA release rate; frel, the fraction

of RNA released to the cytoplasm; kAP_AL, transportation rate from autophagosomes to autolysosomes.
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Lipid and RNA from the early to late endosomes:

dMEE LE

dt
Z kEE LE,MEE ð10Þ

Lipid and RNA from the late endosomes to lysosomes:

dMLE LY

dt
Z kLE LY,MLE ð11Þ

Free lipid and RNA dissociated from LNP:

dMintact free

dt
Z kdis,Mass ð12Þ

Egress of lipid and RNA:

dMLY eg

dt
Z keg,Mdis LE ð13Þ

RNA released to the cytoplasm after the release event:

dMLY cyto

dt
Z krel,frel,Mass LE ð14Þ

RNA wrapped in autophagosomes after the release event:

dMLY AP RNA

dt
Z krel , ð1� frelÞ,Mass RNA LE ð15Þ

Lipid wrapped in autophagosomes after the release event:

dMLY AP lipid

dt
Z krel,Mass lip LE ð16Þ
Lipid and RNA from autophagosomes to autolysosomes:

dMAP AL

dt
Z kAP AL,MAP ð17Þ

dM/dt (ng/h) is the mass change rate. k (1/h) is the kinetic rate.
Subscripts of the symbols indicate the site, situation, or process
experienced by the mass in discussion (EE, early endosome; LE,
late endosome; LY, lysosome; AP, autophagosome; AL, autoly-
sosome; “ass”, assembled; “dis”, disassociated; “lip”, lipid; “eg”,
egress; “rel”, release). In addition, kLE_LY is assumed to be equal
to kAP_AL. The parameter frel (dimensionless) is the fraction of
RNA released to the cytoplasm in relation to the RNA that un-
dergoes the release event. Similarly, these change rates need to be
combined into ODE for each compartment before simulation.

The cell model does not require physiological parameters such
as the total volume or number of cells in the culture medium. The
reason is that (1) their influence on LNP uptake was compensated
for by constructing absorption profiles the same as the data; and
(2) the subsequent transportation in cells was proportional to LNP
taken up through modeling in the first-order kinetic manner, which
is independent of cell numbers.

2.2.3. Model fitting and simulation
Before comparing critical parameters like krel and frel related to the
RNA release ability of LNP formulations, some physiological
parameters related to transfer between endosomes and LNP egress
needed to be determined. Therefore, the first step of the work is to
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simultaneously fit the model to the data of C12-200 and MC3 to
calculate physiological parameters and specific pharmaceutical
parameters. Then, specific parameters for L319 were fitted.

In the modeling work, substances that underwent the release
event or disassembly were all deemed in the dissociated state (e.g.,
cR, rR, and dR in Fig. 3); the total fraction of cR and rR based on
all RNA in cells indicates the fraction of vesicles undergoing the
release event; the fraction of cR and rR to all RNA in the modeling
system at the end of simulation indicate the probability of RNA
undergoing the release event.

In the fitting, the default “Isqnonlin” method was also used to
estimate parameters. Error models were compared, and the best
performance model was selected.

2.3. Molecular docking of ionizable lipids

Ionizable lipids are proposed to be metabolized by esterase. In
order to characterize the binding affinity of ionizable lipids to the
enzyme, Autodock Vina 1.1.2 (The Scripps Research Institute, La
Jolla, CA, USA) was used to perform the molecular docking27,28.
The crystal structure (PDB 2DQZ) of human carboxylesterase 1
(hCE1) was chosen as the macromolecule. The docking site was
near the active site, the Ser221, Glu354, and His468 of the C
chain29,30. The docking box center was X Z 45.089, Y Z �5.945,
Z Z 62.349. The docking box size was X Z 24.75, Y Z 33.75,
and Z Z 29.25. The macromolecule was rigid, while ionizable
lipid molecules were flexible. The number of modes for each
docking task was 50. The binding affinity of each mode was
calculated automatically.

2.4. QM modeling of ionizable lipid metabolism

The hydrolysis of ester bonds by esterase can be divided into four
steps (Supporting Information Fig. S3); however, the first step, in
which the hydroxyl group of serine attacks the carbonyl carbon of
the substrate to form the first intermediate (Td1), has been re-
ported to be the rate-limiting step in many situations. Therefore,
the calculation was focusing on this step31e34.

The model was built using the cluster approach, that is,
investigating the reaction profile in the active center with actual
structure while the other part of the enzyme is reduced to a
polarizable surrounding and kept fixed35. The cluster approach for
esterase has been reported before36,37. The active site is recog-
nized as an oxyanion hole and the serine-histidine-glutamate
catalytic triad comes from the esterase29,30. In this study, the
cluster approach was with the following structure36: methanol,
imidazole, and formate anion indicate serine, histidine, and
glutamate respectively, as well as two water molecules repre-
senting the oxyanion hole (Fig. 1).

Ionizable lipids are relatively large molecules for the QM
method, as a result, the transition state of the reaction and the
activation energy was difficult to determine. However, the Bell-
Evans-Polanyi principle proves that activation energy is propor-
tional to the energy change between reactions. Therefore, this
study calculated the energy change between the Td1 and the initial
enzyme-substrate complex as a surrogate of biodegradability for
the three ionizable lipids.

The first step is to determine the initial conformation of ionizable
lipid molecules. To do that, a low-energy conformation ensemble
was generated to sample favorable molecule conformer38. Herein,
we carried out extended tight-binding quantum chemistry39 (xtb), a
molecular dynamics and quantum chemistry software package that
keeps a balance between speed and accuracy, for conformational
searching and initial geometry optimization, as well as Gaussian 16
(Gaussian, Inc., Wallingford, CT, USA) for further computation.
Thousands of conformers were generated by the molecular dy-
namics function of xtb40. These conformers were then pre-optimized
at semi-empirical GFN0-xTB level, followed by GFN2-xTB level
under implicit aqueous solution model41. The top ten lowest-energy
conformers in the last step were calculated under the density func-
tional theory (DFT) level using Gaussian 16 (Gaussian, Inc.) to gain
an accurate enough ranking and find out the real lowest-energy
conformer. Geometry optimization and frequency correction were
conducted under B3LYP42/6-31G(d) model chemistry plus D3
dispersion correction43. Single point energy was calculated under a
more precise M06-2X44/6-31þg(d) level. In terms of the solvation
model, the one used for geometry optimization and frequency
calculation was IEFPCM45 to prevent oscillation while SMD46

model was used for single-point energy computation. The scaling
factor for zero-point energy was 0.9806 according to the previous
guideline47. Gibbs free energy was computed on Shermo software
package48. Boltzmann’s distribution of each conformer was calcu-
lated using Molclus software package. The calculation steps above
were all under the temperature of 298 k (room temperature).

After successfully locating the side chain conformation of
ester-containing lipids, it was adjusted to two complex minima of
the first enzyme-catalyzed reaction: the Td1 and the initial
enzyme-substrate complex. Then their conformation underwent
geometry optimization and Gibbs free energy calculation with the
same manipulation stated above. Their relative energy gap was
finally derived quantitatively to compare reaction rates.

3. Results and discussion

3.1. PBPK modeling on in vivo disposition of RNA-LNP

3.1.1. Model structure optimization
The model structure is the core of modeling. Since there was no
standard model for RNA-LNP formulation before, the optimal
model structure (Fig. 2) was determined by comparing the results
of a series of structures fitted to the same rat PK data13,25, and the
result is shown in Fig. S2. The first two models were simple in
structure and could not capture the PK curves (Fig. S2A and S2B).
Then the model that is reported to be applied to multiple nano
drugs49 was referred to, however, an overestimation of lipid
concentration in livers was observed (Fig. S2C). To address this
overestimation issue and to interpret the uptake of LNP in various
organs more mechanistically, one type of receptor was assumed to
be distributed in the liver and spleen, and its concentration impacts
the uptake rate. Some reasons contributed to this modification.
First, for multiple ionizable lipids, including MC3, Lipid 5, and
L319-like lipids, their LNPs were reported to primarily rely on the
low-density lipoprotein receptor (LDLR) to be taken up by
cells7,13,50, and SM-102 is very similar to Lipid 5 (Fig. S1).
Second, receptor concentration should be a factor that influences
the uptake rate of LNP.

The change led to the optimal model structure and improved
the fitting result (Fig. S2D). Some further modification was also
considered, like adding a digestion tract compartment and build-
ing the digestion tract and the “other” organs the same as the liver
and spleen in organ structure. However, it did not improve the
fitting performance (Fig. S2E). Although the simulated PK curves
are also close to the observed data, the higher AIC and BIC and
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lower Log-likelihood proved that the modification was
superfluous.

3.1.2. Disposition of mRNA-LNPs with different ionizable lipids
in rats
Ionizable lipid is the most important ingredient in LNP. Its ability
of conditional being charged enables LNP to entrap RNA during
manufacturing24,51, adsorb plasma protein normally for cellular
uptake7,14, and release RNA when wrapped in endosomes52. The
related critical processes were believed to be cellular uptake,
disassembly, and metabolism in the liver and spleen, the two main
target organs of LNP14. Cellular uptake relies on recognition be-
tween absorbed plasma proteins and receptors on cells and the
type of protein absorbed shows selectivity to ionizable lipids7.
LNP disassembly is related to RNA release and lipid metabolism.
RNA release requires the interaction of lipids from LNP and
endosomal membranes to form a non-bilayer lipid structure52,53,
which must disintegrate the LNP. Lipid metabolism is premised on
LNP disassembly, as only single molecules can be catalyzed by
enzymes. MC3, SM-102, and Lipid 5 all contain ester linkers and
should be hydrolyzed by esterase10. Biodegradability is a concern
of LNP13,24. Rapid metabolism of ionizable lipids allows for
higher tolerance and more frequent dosages. As reported, the
evolution of ionizable lipids from cationic lipids was partly due to
the less toxicity54,55, and the faster biodegraded SM-102 induces
fewer adverse effects than the slowly biodegraded MC324.

Therefore, the first application of the model was to investigate
the influence of ionizable lipids on the rate values of the three
processes. The rat PK data of three mRNA-LNPs containing MC3,
SM-102, and Lipid 5 as ionizable lipids was fitted13,25. For the
three critical processes, scaling factors based on the rates of MC3
were designed to better describe the influence of ionizable lipids
themselves on their PK behaviors. For the three LNPs, their per-
meabilities between the blood and interstitium in the liver and
spleen were assumed to be the same in the first place. The reason
is that these LNPs have similar sizes (80e100 nm), apparent pKa
(6.30e6.68)13, and zeta potential (�3.53e�3.88 mV)25, and these
hydrodynamic factors should dominate the penetration of big
particles56,57 through fenestrated sinusoidal capillaries in livers
and spleens. Permeation also takes place in “other” organs.
However, the endothelial vessel structure in other organs is
different from livers and spleens, and the “other” compartment
was just designed to balance the mass change in the whole body49.
Therefore, no special control was conducted for parameters
related to the “other” compartment.

The fitting result and parameters obtained are shown in
Fig. 4A. The fitting result is pretty well for three types of ionizable
lipids since the simulated PK profiles nearly overlap the observed
data. The parameters obtained by fitting are also presented in
Fig. 4A. The parameters kin (uptake rate), kdis (disassembly rate),
and kel (metabolism rate) in the liver and spleen first fitted for
MC3 were kept fixed, and then the scaling factors of them for SM-
102 and Lipid 5 were fitted respectively.

The results indicate that compared to LNP composed of MC3,
those containing SM-102 or Lipid 5 have slower uptake rates
(around 0.3- and 0.1-fold, respectively), higher disassembly rates
(around 85- and 137-fold, respectively), and slightly higher
(around 1.1- and 3.0-fold, respectively). The difference in uptake
and disassembly rates between MC3 and Lipid 5 is consistent with
the result from a cell assay13, wherein MC3 induced more uptake
of intact LNPs in cells but less release of mRNA in the cytoplasm.
The structure of SM-102 is like Lipid 5. Thus, its slower uptake
but faster disassembly of LNP is reasonable. Surprisingly,
although the PK profiles show large differences in the tissue lipid
concentrations for three types of ionizable lipids, especially at the
late phase of profiles, their metabolism rates just show small
differences (less than 3-fold). Their huge difference in metabolism
is first controlled by the upstream limiting step, the LNP disas-
sembly process. It should be noted that changing the metabolism
rates to a higher value for SM-102 and Lipid 5 manually might
also induce an acceptable simulation since the lipid concentration
at the late phase gets minimal. However, the significance of this
modeling is that the metabolism rate of a lipid is not necessarily
very high to achieve quick biodegradation and low toxicity.
Disassembly is the priority to be considered. The parameter
sensitivity analysis (PSA) in Supporting Information Fig. S4 also
shows the disassembly rate has a greater influence on PK profiles
than the metabolism rate.

In the first place, the permeability in the liver and spleen was
assumed to be the same for three types of mRNA-LNPs due to
their similarity in pKa and particle size. However, this assumption
was proven to be improper during the fitting work. The perme-
ability rate of MC3 applies to SM-102, but that of Lipid 5 had to
be down-regulated to get a satisfactory fitting. The underlying
mechanism is unknown so far. Ionizable lipid is truly reported to
influence the distribution of LNP, but this was concluded based on
either ionizable lipids are obviously varied in carbon chain
lengths58, heads, or linkers59, or formulations are varied in the
molar ratio60, or contain more than one charged lipids61. The
difference between SM-102 and Lipid 5 is just the location of one
ester linker. Its influence on the permeability of LNP needs to be
further investigated. An interesting finding from the PSA (Fig. S4)
is that the permeability shows a minimal influence on the liver PK
profile, but the spleen PK profile is very sensitive to the change of
permeability.

Based on an assumed receptor concentration in the liver, the
scaling factor of receptor concentration in the spleen was fitted as
around 0.37 (Table 1). The design of the scaling factor was due to
limited resources reporting receptor (LDLR in this case) con-
centrations in organs. The fitted difference value is supported by
mRNA copies of the gene in the public database. The RNA-seq
data (https://www.ncbi.nlm.nih.gov/gene/300438) shows the
LDLR expression level in livers is around six times higher than
that in spleens for rats.

The biodegradation of the three ionizable lipids relies on the
hydrolysis of their ester bonds catalyzed by esterase. To capture
the biodegradation process well at a molecular level, we first
conducted molecular docking between the lipid molecules and an
esterase and then performed QM modeling. The docking work
was to determine the strength of binding between substrates and
the enzyme. The hCE1 was chosen as the enzyme because: (1) this
enzyme is found to form a complex with and catalyze the hy-
drolysis of a long molecule, palmityl CoA30; (2) this enzyme is
abundant in livers; (3) this enzyme is inter-species conserved62.
However, the binding affinity of the three ionizable lipids is
similar, around �6.1 kcal/mol (Supporting Information Fig. S5)
which indicates that the difference in biodegradability of the three
lipids is not attributed to the binding process.

The QM modeling was used to calculate the energy gap in
hydrolysis to estimate the biodegradability of lipids. QM is a
precise calculation method but costs a lot of computational power.
Therefore, the cluster approach was adopted which only considers
a limited number of atoms around the active site at a quantum
mechanical level. Our cluster approach referred to a previously

https://www.ncbi.nlm.nih.gov/gene/300438


Figure 4 Modeling result of rats’ PK and biodegradability of ionizable lipids. (A) Rats received intravenous administration of mRNA-LNP

containing different ionizable lipids (MC3, SM-102, Lipid 5) at the dose of 0.2 mg/kg mRNA (equivalent to about 2.23 mg/kg for MC3, and

2.46 mg/kg for SM-102 and Lipid 5). The mean concentration of ionizable lipids at different time points (the dots) was extracted from the original

study13,25. The in vivo PBPK model was fitted to the original data, resulting in optimized PK curves (the solid lines) and parameter values. (B) QM

calculation of the energy change between the initial reaction complex and the first tetrahedral intermediate during esterase catalyzation using the

cluster approach.
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reported setting dealing with ester bond hydrolysis36. This is
reasonable since the esterase family has highly conserved struc-
tures, sharing the common active site of the same core catalytic
mechanism37,63. Since it is difficult to determine the precise
transition state energy for the three lipids due to their big sizes, the
energy change in the first step of the hydrolysis reaction (Fig. S3)
was calculated as a surrogate of biodegradability according to the
Bell-Evans-Polanyi principle. This principle is based on a phe-
nomenon that ‘for a series of homologous chemical reactions, a
more endothermic (exothermic) reaction leads to a higher (lower)
energy gap’. Some previous studies64,65 adopted the Bell‒Evans‒
Polanyi principle to compare reaction rates indirectly, avoiding
locating transition state structure.

The QM result is shown in Fig. 4B. MC3 has only one ester
bond with an energy change of over 100 kJ/mol. SM-102 has two
ester bonds, and the energy change at Site 1 is 59.7 kJ/mol,
making this bond the main target of catalysis. Thus, SM-102 is
more likely to be metabolized than MC3. Lipid 5 has two ester
bonds with an energy change of around 70 kJ/mol, making it also
more likely to be metabolized than MC3. This result is consistent
with that calculated from PBPK. However, because the action
energy has not been determined yet, the precise kinetic rate cannot
be calculated from QM at this time and compared to the PBPK
result.

3.1.3. Transportation of siRNA-LNPs with different particle
sizes in mice
Then, the PBPK model was used to characterize LNPs with
different sizes. The effect of size was investigated in mice using
siRNA-LNP. The model for siRNA is the same as mRNA because
we only focused on processes related to RNA transfer other than
those of RNA exerting effects, and the transfer routes for both
RNA are the same until the RNA is released from endosomes.
Besides, both formulations are similar in their LNP composition
and ratio of lipid to RNA.

First, LNP at the diameter of 80 nm containing MC3 was
modeled. In the original study16, PK data of intravenous admin-
istration at the 0.03, 0.3, and 1 mg/kg siRNA (equivalent to 0.33,
3, 11.1 mg/kg of lipid) was presented. They showed similar time
courses of percent dose remaining in blood, liver, and plasma,
implying a linear relationship between dose and exposure, which
was also supported by many other animal test results26. Besides,
the study traced the distribution of LNP to organs with 3H-CHE
labeling, a marker that is non-exchangeable and non-metaboliz-
able66. Summarizing this information, the PK result calculated
based on 11.1 mg/kg of lipid injection was decided to be fitted.
The result should be general due to the linear relationship. Be-
sides, in the model, processes of LNP disassembly and meta-
bolism in the liver and spleen were shut off, but the elimination
route in “other” was maintained to trap superfluous lipids. The
fitting result and parameters obtained are shown in Fig. 5A, with
the scaling factor of receptor concentration between the liver and
spleen fitted to be 0.1217 (Table 1).

Compared to the parameters of MC3 for rats, the permeability
to the liver in mice is higher, while the permeability to the spleen
is lower. This contradicts what can be plainly read from the mice
PK result wherein the lipid concentration in the liver is lower than
that in the spleen. However, this can be explained by their dif-
ference in physiological parameters. Mice have a relatively
smaller endothelial surface area in the liver but a larger area in the
spleen (Table 1) which asked for corresponding changes in per-
meabilities to compensate for this difference. Other physiological
parameters like organ volumes and blood flow all made their
contributions to the PK results. Besides, the receptor in organs
also impacts LNP distribution. Similar to rats, the scaling factor
fitted indicates that the receptor concentration in the liver is larger
than that in the spleen for mice, which is also supported by an
LDLR RNA-seq result (https://www.ncbi.nlm.nih.gov/gene/
16835). This indicates that the parameters fitted match the phys-
iological condition of mice and allow formulations to be
compared in them.

Then, LNP at diameters of 78 and 45 nm was modeled. In the
original study14, the mice were intravenously administrated with
FVII siRNA at 0.3 mg/kg (equivalent to the ionizable lipid DMAP-
DLP (Fig. S1) at about 3.42 mg/kg) and 3H-CHE labeling was also
used to trace the organ distribution. Since the ionizable lipid they
contain is similar to MC3, therefore parameters determined in
Fig. 5Awere first tried to simulate the PK of the 78 nm LNP and the
result is shown in Supporting Information Fig. S6. The PK curves
of lipids in blood and liver were very accurate, while lipids in the
spleen were within a 1.5-fold error of the experimental data. Then,
parameters were further optimized by fitting.

For the 78 nm LNP containing DMAP-DLP, the permeability
and uptake rate of MC3-LNP are suitable (Fig. 5B). The gap in the
permeability of spleens may be due to the difference in their
molecular properties. Compared to the LNP at 78 nm, the LNP at
45 nm shows less permeability to the liver but a much higher
uptake rate (Fig. 5C). The high uptake rate is understandable from
the high corner appearing in the PK curve of the 45 nm particle
taken up in the liver, which is a sign that the LNP is rapidly and
irreversibly absorbed into the liver, and this is dominated by the
uptake of LNP from interstitium to cells. In such a case, the
contribution of permeability to absorption may become concealed.
Overall, the fitting result is satisfactory.

However, a previous interesting finding is that LNP at the size
of 45 nm was taken up by livers much faster than LNP of 78 nm
but showed less ability in knocking down genes14. The authors
compared the disassociation rate of ionizable lipids from LNPs
with the two particle sizes and supposed that the 45 nm LNP
disintegrating more quickly conveyed less ionizable lipids into
livers leading to compromised knockdown ability. Subsequently,
the authors used 30 nm LNPs at different N/P ratios proving that a
higher ratio of ionizable lipids could improve the knockdown
ability.

However, since the experiment did not directly show the
ionizable lipid concentration in livers for the 45 and 78 nm LNP,
we performed a simulation on the concentration further consid-
ering lipid dissociation. Based on the model shutting off LNP
disassembly and metabolism, ionizable lipid disassociation pro-
cesses were added to LNP in all blood and interstitium compart-
ments, with the disassociation rates (kdis_plasma) fitted through a
one-compartmental PK model (Fig. 6A). Then the same situations
(as Fig. 5B and C) were simulated to calculate ionizable lipid
concentration in livers (Fig. 6B). The result shows the LNP at
45 nm still carries more ionizable lipids into the liver than that at
78 nm, even when lipid disassociation is considered. Therefore,
there must be other factors contributing to the better knockdown
ability of LNP at 78 nm. Further investigation about it may
involve the tool of the PBPK model simulating RNA release
which is discussed later.

https://www.ncbi.nlm.nih.gov/gene/16835
https://www.ncbi.nlm.nih.gov/gene/16835


Figure 5 PBPK model fitting results of siRNA-LNP in mice and parameters fitted. (A) Mice were intravenously administered with siRNA-LNP

at the lipid dose of 11.1 mg/kg. LNP was composed of MC3 as the ionizable lipid and at a particle size of around 80 nm16. (B and C) Mice were

intravenously administered with siRNA-LNP at the 0.3 mg/kg siRNA (equivalent to about 3.42 mg/kg DMAP-DLP). LNP was at the size of

around 78 and 45 nm, respectively14. The mean concentrations of ionizable lipids at different time points (the dots) were calculated based on the

signal of 3H-CHE labeled on LNP in the original study. The in vivo PBPK model, which excludes the disassembly and metabolism processes, was

fitted to the original data, resulting in optimized PK curves (the solid lines) and parameter values.

Quantum mechanics/physiologically-based pharmacokinetic modeling of RNA lipid nanoparticles 4601
3.1.4. Transportation of siRNA-LNPs at different doses treated
in humans
PBPK is becoming an important tool in clinical. For example,
PBPK can be used to estimate the dose used in the first-in-human
study67 and in individualized regimens68. Therefore, an attempt
was made to generalize our PBPK model to human data.

Patisiran (Onpattro�) is the first approved siRNA-LNP
formulation in which MC3 is used. The review document of the
drug includes the PK data of healthy volunteers (clinical trials
ALN-TTR02-001 and ALN-TTR02-005) which is desired for our
usage. In the first place, parameters fitted from mice PK data were
attempted to be used in combination with human physiological
parameters (Table 1) to capture the PK profiles in humans.
However, the simulated plasma MC3 concentration was much less
than the observation. Thus, fitting is necessary. To consider the
issue of model solvability, the model structure was further reduced
by shutting off the permeation to the spleen and elimination in the
“other” organ.



Figure 6 Ionizable lipid disassociation from LNPs and mice hepatic ionizable lipid concentration simulation considering dissociation. (A)

LNPs at 45 or 80 nm were incubated in mice plasma in vitro, and the ionizable lipid fractions remaining in LNP at different time points were

reported (the dots)14. A one-compartmental PK model was fitted to the data, resulting in the optimized remaining lipid curves (the solid lines) and

disassociation rates (kdis_plasma). (B) Based on the model and parameters in Fig. 5B and C, the same cases were simulated to calculate mice hepatic

ionizable lipid concentration by further considering its dissociation from LNP in plasma and interstitium.
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With the resulting model, the PK data of 0.5 mg/kg patisiran
was first fitted and parameters were obtained (Fig. 7). After that,
the parameters were fixed, and the PK for other doses was
simulated. As the results show, the fitting and simulation are with
good accuracy. The simulation overlaps with the observed result
for at least up to 1000 h (more than 41 days). Therefore, the model
is applicable to the simulation of various doses. Besides, one
advantage of PBPK modeling is to combine pharmaceutical
properties with altering physiological conditions of populations to
predict the PK in them69.

However, it cannot be denied that applications of the current
PBPK model are limited. In fact, this model cannot provide much
more information than the already developed population PK
Figure 7 PBPK model fitting result of human PK data of siRNA-

LNP at different doses. Healthy human subjects intravenously

received patisiran at the dose of 0.01, 0.05, 0.15, 0.3, and 0.5 mg/kg

(phase 1 clinical trials ALN-TTR02-001 and ALN-TTR02-005).

The mean concentration of ionizable lipids MC3 at different time

points (the dots) was extracted from the original study26. The reduced

in vivo PBPK model was fitted to the data of 0.5 mg/kg, resulting

optimized PK curve (the blue solid line) and parameter values. Then,

these parameters were fixed, and other doses were simulated (the other

solid lines).
model of patisiran26. Developing a more refined model is urgently
needed in this field70,71. One of the potential improvements is to
incorporate the mechanisms related to LNP delivery into models.
Thus, a PBPK model simulating the LNP transportation in cells
was built as an exploration in this field.

3.2. PBPK modeling on cellular transportation of siRNA-LNP

3.2.1. Characterizing physiologically related parameters
The Hela cell is a very commonly used tool to investigate the
delivery and pharmacology of LNP. siRNA-loaded LNP trans-
portation in the cell has been deeply researched in previous
studies8,9,17. The authors used confocal microscopy or electron
microscopy to find the co-localization of LNPs and various
cellular vesicles or critical proteins to identify their experience,
which can be summarized as the model structure shown in Fig. 3.
Compared to the model structures reported in previous
studies21,72,73, our built model highlights both the transportation of
lipid and RNA components considering the processes of uptake
and egress of LNP, and specifically calculates the fractions of
RNAwhich is just undergoing the release event or is truly released
to cytoplasm.

The goal of modeling is to identify the factors from LNP itself
contributing to its performance. To do that, rates of physiological
processes, such as LNP transportation between different vesicles
and the egress of LNP, had to be discriminated. In the research of
C12-200, cellular LNP uptake, disassembly, and egress were
investigated9. Specifically, the cell was incubated with LNP for
3 h, and then was washed to monitor the LNP egress for 25 h. In
the research of MC3, time courses of LNP uptake, LNP fractions
in early- and late-endosomes, and lysosomes were tested for up to
6 h17. To combine the two datasets, the cellular PBPK model was
fitted to them simultaneously. The C12-200 was fitted with both
model structures, while the MC3 was just fitted with the reduced
model due to the data limit. All models shared the transfer rate of
LNP between cellular vesicles, the two fittings of C12-200 used
the same release rate, and the two fittings based on the reduced
model structure shared the same LNP egress rate. With these
settings, the fittings were linked together, and the result is shown
in Fig. 8.
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Fig. 8 shows the fitting was generally satisfactory (mean
squared error is 0.0232). Fig. 8C shows the parameters fitted,
including physiological parameters controlling LNP transfer in the
cell and egress and pharmaceutical parameters specific to C12-
200. The release rate, krel, of C12-200 could be fitted in this
case because the cR, rR, and dR (Fig. 3) were all deemed in the
disassociated status, which is supported by the molecular simu-
lation result74.

3.2.2. Comparison in pharmaceutically related parameters
among three ionizable lipids formulated in LNPs
Based on physiological parameters obtained before, the release
behavior of other LNPs can be fitting. The index of the fraction of
vesicles undergoing the release event referred to the result of
siRNA released from L319-based LNP in cells8. The authors
found that when an endosome containing LNP experiences the
release of siRNA, the damaged endosome recruits the protein
galectin-8, which consequently leads it to be engulfed by auto-
phagosomes. The test showed that only around 7% of cellular
vesicles containing LNPs were co-localized with galectin-8,
which meant only 7% of internalized siRNA underwent the
release event. Besides, only half of siRNA could eventually escape
into the cytoplasm (frel Z 0.5) even if the release event happens to
an endosome, which was evidenced by the detected fluorescence
signal.

This series of information, along with the given cellular uptake
data (Fig. 9A) and the physiological parameters fitted above,
allowed the parameterization of the critical release rate (krel) of
L319-LNP, which was 0.0157 (Fig. 9B and D). Note that the
Figure 8 Fitting result of cellular transportation of the LNP containing

C12-200 for 3 h and then washed to remove the medium. The data of LNP

25 h were extracted from the original study9 (the dots). (B) Hela cells were

and fraction in early endosomes, late endosomes, and lysosomes were extra

fitted to data of C12-200 (with complex and reduced model structure) and

rates of transfer from early endosomes to late endosomes (kEE_LE) from

lysosomes (kAP_AL) and egress out of cells (keg). The resulting optimized PK

200-LNP and physiological processes.
steady state was achieved by extending the simulation time due to
no metabolism route was included in the model. After that, the
fraction of cR and rR (Fig. 3) to all siRNA in the model was
simulated as the probability of siRNA undergoing the release
event, which was slightly over 0.021. Surprisingly, a similar
probability could be calculated from the cell test8. In the test,
siRNA targeting eGFP was delivered via L319-LNP into eGFP-
expressing cells. At the end of the test, the fluorescence signal
of the cells decreased to around 0.1-fold to the initial value, and
the number of LNPs each cell took up was more than 100. Be-
sides, the eGFP knockdown of a single cell was identified as an
“all-or-nothing” event, which means the siRNA release of merely
one LNP was enough to extinguish the fluorescence signal of the
cell. Therefore, if the release event of a single LNP is considered
as a Bernoulli experiment with a certain probability p, and if the
probability that all 100 repetitions of the Bernoulli’s test result in a
negative outcome is 0.1, then p can be calculated to be approxi-
mately 0.0228 using Eq. (18). This value is close to the probability
of 0.021 that was derived via simulation.

ð1� pÞ100Z0:1 ð18Þ

For the situation of MC3, the fraction of siRNA released to the
cytoplasm based on all cellular siRNA was measured as 0.0134,
but the measurement of frel was not reported

17. However, since the
MC3 is like L319 in structure (Fig. S1) assuming the frel of MC3
as 0.5, equivalent to that of L319, was reasonable. Combining this
information with the uptake profile of MC3 (Fig. 8B) the release
rate was fitted as 0.0058 (Fig. 9D) and the probability of siRNA
undergoing the release event was also simulated (Fig. 9C).
C12-200 or MC3. (A) Hela cells were incubated with LNP containing

uptake up to 3 h and LNP disassembly, and exocytosis in the following

incubated with LNP containing MC3 for 6 h. The data of LNP uptake

cted from the original study17 (the dots). The cellular PBPK model was

MC3 (with reduced model structure) simultaneously, sharing values of

late endosomes to lysosomes (kLE_LY) from autophagosomes to auto-

curves (the solid lines) were presented. (C) Parameters fitted to C12-



Figure 9 Fitting and simulation of cellular transportation of the LNP containing L319 and MC3. (A) The reduced cellular PBPK model was

fitted to uptake data (the points) of LNP containing L319 incubated with Hela cells8, obtaining the uptake profile (solid line). (B) The fraction of

vesicles undergoing the release event for L319 was observed in the original study (the yellow dashed line). The sum of cR and rR based on all

RNA in cells was fitted to the fraction (the yellow solid line) obtaining the RNA release rate (krel). Based on that, the probability of siRNA

undergoing the release event, which is the fraction of cR and rR to all RNA in the modeling, was simulated (the red solid line) and compared to the

experimental data (the red dashed line). (C) The fraction of RNA released to the cytoplasm for MC3 was observed in the original study17 (the

orange dashed line). The cR based on all RNA in cells was fitted to the fraction (the orange solid line) obtaining krel and the following simulated

probability of siRNA undergoing the release event (the red solid line). (D) Comparison in critical parameters related to siRNA release of LNPs

containing L319, MC3, and C12-200.
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For the situation of C12-200, its krel was fitted as 0.0080
(Figs. 8C and 9D). Its frel could not be obtained since related re-
sults were not reported from the source literature9, and the
chemical structure of C12-200 is very different from other
ionizable lipids.

Eventually, parameters representing the ability of RNA release
of the LNPs of the three ionizable lipids were obtained. They are
critical for RNA release, which is reflected by the PSA result of
Supporting Information Fig. S7. Change of krel in the range be-
tween �0.2- to 5-fold of the original value results in release
probability from 0.005 to 0.1. Compared to the pure results from
the cell assays, these parameters discriminated from confounding
physiological factors are more basic for drug formulations and
useful for comparison between formulations. In the above PK
simulation of LNPs at the size of 45 and 78 nm, we have sug-
gested that the 78 nm LNP performs better than the 45 nm LNP in
gene knockdown efficiency may be due to factors more than the
mass of lipids entering livers. In fact, the size or curvature of the
particle is one of the underlying factors influencing the perfor-
mance of lipid-based formulations, such as the binding constants
between bio-molecules located at membranes75 and the fusion of
membranes74. We suppose the effect of size should be contained
in the parameters since they characterize the interaction between
lipid layers of LNP and endosomal membranes.

4. Assumptions in the model and perspectives

The present PBPK model is successfully built under some
necessary assumptions (Supporting Information Table S1) and
inevitably has some limitations. First, as the in vivo model shown
in Fig. 2, the structure is simple relative to a whole-body model.
Drug distribution into organs is considered at the liver and spleen.
This is applicable to the three ionizable lipids, MC3, SM-102, and
Lipid 5, but for other formulations which, for example, show
improved distribution to the lung76, the model needs improve-
ments. Besides, the PK of patisiran shows there is a minimal
secondary peak in the plasma MC3 concentration curve, sug-
gesting a pump-out process from organs to blood15. But in animal
data, this efflux effect is inconspicuous, therefore, this process was
not added to the model.
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Second, in the in vivo model, only one receptor type is involved
with an assumed concentration. It is proper in our model because
LDLR is the dominant receptor of the three types of LNPs.
However, it should be noted that other types of proteins are also
likely to mediate the internalization, and ionizable lipids show
sensitivity to the protein type7. The parameters need to be adapted
to specific conditions.

Third, the same value of permeability was applied to multiple
conditions in the first place since it is assumed to be dependent on
the particle size, apparent pKa, and zeta potential of LNP. This was
enlightened by other modeling work for nanoparticles, wherein the
in vivo behavior of particles can be derived from the physico-
chemical properties49. However, our PBPK model does not directly
link physicochemical properties to the in vivo parameters, which is
an important issue to be further improved in future work.

Fourth, in the cellular PBPK model, RNA and lipids would not
be re-taken up if emitted out from cells. In the original study, the
fluorescent label on RNA was traced to unravel the trafficking of
LNP in the cells. No method was applied to show the trace of lipid
molecules and naked RNA is difficult to enter most types of
cells77. Therefore, neglecting their reuptake is reasonable in this
case. The process has not been investigated.

Fifth, in the cellular model, the simulation is terminated at the
stage of lysosomes. The original data does not reflect the meta-
bolism of RNA and/or lipids, as the measured signal was from the
fluorescent label.

Another limitation is the empirical modeling of LNP uptake in
the cellular model. The LNP internalization is really a complex
process, which involves two interactive entry pathways, endocy-
tosis, and macropinocytosis, under the control of multiple cellular
proteins9,17. Modeling LNP uptake mechanistically is a chal-
lenging but interesting topic. More deep research is needed.

In terms of QM modeling, it is regretful that the absolute acti-
vation energy has not been investigated in this study. The calculation
of activation energy depends on the identification of the transition
state. However, ionizable lipids are large molecules, and it is chal-
lenging to observe their transition states. Without the activation
energy, a precise kinetic rate of hydrolysis cannot be derived.
However, the biodegradability of the three lipids has been roughly
compared through the Bell-Evans-Polanyi principle. Besides,
increasing the molecule numbers in the QMmodel or extending it to
the quantummechanics/molecularmechanics (QM/MM)78model to
better mimic a real enzyme can be considered in the future.

Although there are some limitations, this QM/PBPK approach
still has the potential to advance the research of nanomedicines.
PBPK modeling has been applied to various types of nano-
particles, including gold, iron, polymeric, and liposome parti-
cles79. Through PBPK methods, a macroscopic picture of drug PK
in bodies can be concentrated on some key parameters at a sub-
scale level. The mechanistic details of these critical processes
can be further unraveled in a microscopic picture by tools like QM
modeling. This multi-level modeling approach80,81 integrates the
understanding of nanoparticles in vivo. The QM method is able to
predict the properties such as biodegradability and safety of in-
gredients without prior experiments.
5. Summary

Our study successfully constructed multi-scale modeling of LNP,
including PBPK models of RNA-LNP delivery in Hela cells, rats,
mice, and humans, and QM modeling of the biodegradability of
ionizable lipids. Key factors dominating the PK of LNP with
different ionizable lipids, particle sizes, and doses were quanti-
tatively characterized, which is helpful in predicting PK profiles in
new conditions. We found that the LNP disassembly rate has a
great influence on the metabolism of ionizable lipids. The hy-
drolysis of ionizable lipids was simulated by PBPK and QM
methods, which showed consistent results. This finding supports
the estimation of biodegradability and safety of the formulation.
The cellular PBPK model determined a key parameter (release
rate) as a good indicator of the interaction between LNP and
endosomal membranes and can predict RNA release probability.
In summary, new understandings of LNP transportation in bodies
and cells are derived from the QM/PBPK modeling approach by
integrating multiple source data. The findings and methodology
have the potential to facilitate the rational design of ionizable
lipids, RNA-LNP, and other nanomedicine formulations.
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