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ABSTRACT

Lipid nanoparticles (LNPs) employing ionizable lipids are the most advanced technology for delivery of RNA, most notably mRNA, to cells. LNPs represent well-
defined core-shell particles with efficient nucleic acid encapsulation, low immunogenicity and enhanced efficacy. While much is known about the structure and
activity of LNPs, less attention is given to the timing of LNP uptake, cytosolic transfer and protein expression. However, LNP kinetics is a key factor determining
delivery efficiency. Hence quantitative insight into the multi-cascaded pathway of LNPs is of interest to elucidate the mechanism of delivery. Here, we review
experiments as well as theoretical modeling of the timing of LNP uptake, mRNA-release and protein expression. We describe LNP delivery as a sequence of stochastic
transfer processes and review a mathematical model of subsequent protein translation from mRNA. We compile probabilities and numbers obtained from time
resolved microscopy. Specifically, live-cell imaging on single cell arrays (LISCA) allows for high-throughput acquisition of thousands of individual GFP reporter
expression time courses. The traces yield the distribution of mRNA life-times, expression rates and expression onset. Correlation analysis reveals an inverse
dependence of gene expression efficiency and transfection onset-times. Finally, we discuss why timing of mRNA release is critical in the context of codelivery of
multiple nucleic acid species as in the case of mRNA co-expression or CRISPR/Cas gene editing.

1. Introduction

Lipid nanoparticles (LNPs) provide a facilitating platform for mRNA-
based delivery [1-3]. The tremendous success of mRNA based vacci-
nation during the SARS-CoV2 pandemic also boosted the perspectives of
mRNA-LNP-based therapies in a wide range of applications, including
cancer immunotherapies [4,5], CAR-T cell-based immunotherapies [6]
and CRISPR-based gene editing [7]. As personalized gene therapies
advance, the demand for an efficient, broadly applicable and reliable
mRNA delivery platform grows. LNP formulations stand out by unique
properties such as defined size, colloidal stability, low immunogenicity
and the possibility of cell-specific delivery via surface functionalization.
These properties are in parts the result of rational design approaches [8]
and high-throughput screening of libraries of lipid-like compounds
[9,10]. Current LNP formulations are composed of four lipid compo-
nents: (i) ionizable lipid, (ii) helper lipids, e.g., DSPC (1,2-distearoyl-sn-
glycero-3-phosphocholine), (iii) PEG (polyethylene glycol)-lipid, and
(iv) cholesterol. It is understood that the favourable properties come
about by optimal choice of these lipid components that ensure self-
assembly into a well-defined core-shell architecture. Typically, PEG-
lipid and helper lipids, such as DSPC and cholesterol, form a surface
monolayer that stabilizes LNP size, while the ionizable lipid, cholesterol
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and nucleic acids reside in the core [2,11,12]. LNP manufacturing em-
ploys efficient condensation and encapsulation of negatively charged
nucleic acid cargo with ionizable lipid at low pH via rapid microfluidic
mixing, which promotes homogeneous self-assembly of lipid nano-
particles by fast solvent exchange [13]. Particle size and stability is
adjusted via modification of core-lipids to shell-lipids ratio [12]. LNP
formulations govern their ability to efficiently mediate cellular uptake
via plasma proteins and subsequent release of nucleic acid to the cytosol.
The LNPs were developed and first optimized for siRNA delivery
[8,14,15]. Interestingly the same LNP formulations with only small
adjustments proved also highly efficient for mRNA delivery [9,16]. In
this review we will focus on mRNA-LNPs, but refer to siRNA-LNPs for
comparison or in cases where corresponding data are not available for
mRNA-LNPs. Over the past decade substantial progress has been made
in optimizing LNP formulations turning both siRNA and mRNA LNP-
based delivery into a manageable platform technology. However,
quantitative pharmacokinetic modelling of LNP delivery and profound
understanding of the delivery mechanism at the molecular level are still
in their infancy.

The aim of the present review is to present a quantitative reaction
kinetic framework of gene delivery and to collect kinetic rates for the
various sub-steps leading to gene expression. We begin with an
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abstraction of nucleic acid delivery as a chain of transfer processes. Next,
we introduce common reporter readouts and single-cell time lapse im-
aging. We then show that time courses of reporter gene expression
reflect the reaction kinetics of a simple translation model. Single-cell
expression exhibits distinct onset-times that indicate the delivery time
as the period from LNP administration to mRNA release. We highlight
factors that influence the uptake-rates and the existence of a window of
opportunity in endosomal release. Experiments using multiple fluores-
cence markers or multiple mRNAs reveal distinct event-time correla-
tions. We discuss codelivery of different mRNA reporter constructs and
provide an outlook how timing can be modulated to achieve controlled
gene expression.

2. Modelling LNP-based mRNA delivery

Quantitative modelling aspires to describe mRNA-LNP delivery as a
sequence of discrete stochastic transfer processes [17-20]. As demon-
strated in our earlier work [21] it is useful to dissect delivery in sub-steps
as shown in Fig. 1. After administration of LNPs, rapid exchange of PEG-
lipid and plasma proteins leads to the formation of a LNP protein corona.
The protein corona enables LNPs to bind to the cell surface in a binding
reaction followed by receptor mediated endocytosis. As discussed later
in section 5 and 6, various pathways of endosomal uptake and endo-
somal processing exist. Most prominently, some endosomes are guided
to undergo exocytosis, while other endosomes acidify due to the action
of proton pumps and evolve into lysosomes. As a consequence, ionizable
lipids become protonated and engender endosomal escape via LNP
fusion with the endosomal membrane [9,20-23]. This crucial and still
fairly unexplored step is subsumed in a single “escape” rate, ki, (Fig. 1).
Subsequently mRNA is released from the remaining LNP shell into the
cytosol. At this point, translation is initiated by ribosome binding and
mRNA translation into protein, which in the case of a reporter protein
like enhanced green fluorescent protein (eGFP) leads to a fluorescence
readout (trajectories in Fig. 1). As detailed in section 4, eGFP fluores-
cence requires an additional chemical reaction known as maturation
(with rate ky). Each of the intracellular interstage products are
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continuously exposed to the risk of degradation. A further complication
is the fact that many loaded endosomes differ in their number of LNPs as
LNPs may enter endosomes either alone or as a cluster. The latter case
has been addressed in multilevel modeling in reference [21]. For the
sake of simplicity, we restrict ourselves to the linear model shown in
Fig. 1. It is challenging, however, to reinforce the delivery cartoon by
actual numbers. Only few of the kinetic rates have been measured.
Furthermore most, if not all, parameters must be considered cell-type
dependent. In order to provide data for quantitative modelling, single-
cell time courses need to be recorded. Studying single cells allows us
to get beyond the population average and to access cellular heteroge-
neity and subpopulations [18,24,25]. In more detail, single cell trajec-
tories resolve rare events [26], event-time correlations [26,27],
fluctuations and noise [28]. Fluctuations are seen in terms of cell-to-cell
variability as well as intrinsic noise in expression trajectories, caused by
stochastic nature of the underlying molecular processes. In any case,
time-resolved microscopic observation is crucial to access LNP delivery
and expression kinetics.

3. Reporter genes and time resolved microscopy

GFP provides the most convenient quantitative time-resolved mea-
surement of protein expression [29]. GFP-reporters based on mRNA or
plasmid vectors are widely used to signal the efficiency of nucleic acid
transfer [30]. Moreover, the dynamics and spatial distribution of protein
expression is readily observed in live-cell imaging. Variants of GFP exist
that show enhanced or color shifted fluorescence allowing for moni-
toring protein expression of multiple genes in parallel [31]. Recently,
more advanced reporters in terms of maturation speed, brightness and
quantum yield became available such as mGreenLantern [32] or
mScarlet [33]. In order to follow the fate of exogenous reporter genes
during transfection, the nucleic acids can be labelled themselves using
various nucleotide-bound cyanine dyes or dyes binding to 3" UTRs of
synthetic mRNAs [34,35]. Together with countless markers for live
imaging of cell compartments and processes, high-resolution fluores-
cence imaging is a powerful method to unravel gene delivery pathways.
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Fig. 1. Reaction pathway of mRNA-LNP delivery and expression: After incubation of LNPs to cell medium or blood serum PEG-lipid desorbs and protein adsorption
decorates the LNP with proteins. The protein corona mediates LNP adhesion to the plasma membrane (blue timescale) and facilitates uptake (orange timescale).
Subsequently, LNPs either undergo endosomal recycling (exocytosis), lysosomal degradation or endosomal escape (yellow timescale). Those endosomal escape events
then result in cytosolic particles consisting of mRNA and residing lipids that can release their nucleic acid cargo (grey timescale). After those delivery steps, RNA is
ready for cellular processing, here: mRNA translation for protein expression is depicted including steps of translation, protein maturation and potential degradation of
both mRNA and protein species (green timescale). In case of reporter proteins, expression can be captured (inset with traces). Adapted from Ligon et al. [21] (© 2014
Ligon et al.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In particular, specific antibody labelling against clathrin or caveolin are
available to follow endocytosis and intracellular processing of endo-
somes [34]. In addition to imaging of individual uptake and endosomal
escape events, automated live-cell imaging is frequently employed to
follow reporter gene expression over time. However, in order to obtain
high-quality time resolved single-cell transfection data, platforms that
provide identical local microenvironments are convenient. Micro-
patterned substrates enable us to collect high-quality fluorescence tra-
jectories with sufficient statistics. Live-cell imaging on single cell arrays
(LISCA) as described in Reiser, Krzyszton, Murschhauser or Miiller al-
lows for high-throughput measurement of time resolved single-cell im-
aging and combines the above-mentioned techniques [26,36-38]. In
short, arrays with cell-adhesive squares and a cell-repellent surrounding
are produced and allow for cells to self-assemble to the single-cell
pattern as depicted in Fig. 2a. Imaging under physiologic conditions
over time (Fig. 2b) allows measurement of hundreds of single-cell
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fluorescence trajectories in parallel (Fig. 2c). This high statistic
together with fine time-resolution allows modelling of gene expression
as for example with a three-stage-maturation model described by
Krzyszton et al. (Fig. 2d) [37]. Further, this isolation of cells in defined
adhesion sites results in standardized cell shape and hence area. How-
ever, it is to be noted that the lack of direct cell-cell contacts might result
in adverse effects. Therefore, it is important to track cell division, sur-
vival rates and morphology as an indicator for vitality.

To quantify LNP uptake and release, real-time 3D particle tracking
microscopy approaches [39] and analysis methods can help to obtain
quantitative data over a large timespan. Tracking analysis led to great
advancement in the field of virus-based vaccination [40,41]. In the case
of LNPs, the molecular components, mRNA or lipids, can be labeled
independently, revealing potentially different kinetics [42-44]. In
recent studies, super resolution techniques like Stochastic Optical
Reconstruction Microscopy (STORM), Stimulated Emission Depletion
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Fig. 2. Live Cell Imaging on Single Cell Arrays (LISCA) monitoring single cell reporter protein expression. (A) Micropatterned structures allowing for self-sorting of
single cells on isolated adhesion sites. (B) Time-lapse movies under physiologic conditions generate (C) single cell fluorescence trajectories (green lines) which then
can be fitted to quantitative models (black dashed lines). (D) translation-maturation model for GFP-mRNA expression according to Krzyszton et al. [37]; adapted
from Miiller et al. [38]. (E) Predicted time course of GFP expression. Protein production and protein degradation are separately depicted by exponential functions
with mRNA degradation rate & and protein degradation b as respectively. The total transient protein expression is shown as shaded region (AUC) and calculated from
the fit as described in section 3. Correct determination of the expression onset-time distribution requires consideration of the GFP maturation step. (F) Distributions of
mRNA stabilities with and without siRNA (Dharmacon, GFP Duplex I siRNA) mediated knockdown. (G) Distributions of onset-times from fits of hundreds of tra-
jectories shows faster transfection mediated via cationic lipoplexes compared to LNPs. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Microscopy (STED) or the Structured Illumination Microscopy (SIM) are
used to observe the trajectory of endosomes inside eucaryotic cells [45],
the release of siRNA loaded nanovectors [46], the shape of nanocarriers
[47] and the clustering of LNPs inside the early endosome [48]. As the
release mechanism is little understood, it is beneficial to record the
endosomal trajectories simultaneously with information about the
microenvironment, a feature that most current imaging techniques lack
[49].

To enhance our understanding of endosomal release kinetics and
trajectories, more sophisticated imaging methodologies are needed.
Among these, fluorescence lifetime imaging microscopy (FLIM) stands
out as a useful technique. Fluorescence lifetime, the average time a
fluorescent molecule spends in its excited state, is highly sensitive to the
fluorophore’s immediate biochemical environment. Variations in pho-
tophysical properties, such as those induced by fluctuations in pH-Value,
temperature, or the solvent polarity, are detectable through changes in
fluorescence lifetime [50,51]. This sensitivity exceeds the capabilities of
traditional intensity-based microscopy techniques, which is constrained
by morphological details. The specificity of this parameter to environ-
mental factors has pushed extensive research into creating specialized
fluorophores. Such probes are engineered to respond to changes within
microenvironments, like subcellular pH levels within cytosolic regions
of endosomes and lysosomes [52]. Fluorescence lifetime measurements
can also be used to incorporate techniques like the forster resonance
energy transfer (FRET) [53-55]. FRET’s sensitivity to subnanometer-
scale changes allows for detailed examination of lipid membrane dy-
namics [56] crucial to endosomal release, offering precise insights into
the details of cellular trafficking processes. By incorporating fluores-
cence lifetime measurements simultaneously with other techniques, a
richer understanding of the multifaceted mechanisms of the endosomal
release can be achieved.

4. Mathematical model of mRNA-LNP mediated protein
expression

When mRNA is released into the cytosol, protein expression is turned
on (green area in Fig. 1). In a coarse-grained view, mRNA translation is
described as a biochemical reaction and a corresponding mathematical
model is readily set up. As described in the original work by Leonhardt in
2014 [18] the rate of protein (P) production in an individual cell is given
by

d

—pP= -m— f-P 1
7 kr-m — B (@)
where kg is the translation rate, m the number of accessible mRNA
molecules in the cytosol and g the degradation rate of protein. As mRNA
has a finite life-time the concurrent decay of mRNA is described by

d

—mRNA = —5m 2
dt

where § denotes the degradation rate of mRNA. Eq. (1) and Eq. (2) can
be solved yielding the following analytical expression for the time
course of the number of proteins

mo-kry, N i
P(t) = (1 = e @0=A=10) ). p=Bli=10) 3
(®) 55 (1—e )-e 3)

where my denotes the number of mRNA molecules that are in an
idealized view instantly released at a given point in time, to. Eq. (3)
provides a prediction for the time course of number of proteins in a
single cell. In the case of eGFP reporter genes, P(t) is proportional to the
total eGFP fluorescence emanating from a single cell (Fig. 2¢). Fig. 2d
explicates the characteristic features of the expression dynamics
resulting from Eq. (3). At time point ty, which we term the onset-time,
fluorescence sets in and shows an initial linear increase with slope
mok,. The onset-time hence is an idealized time point when my mRNA
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molecules are thought to be concurrently set free and bound by ribo-
somes for consecutive production of protein. The rate of fluorescence
increase exponentially slows down as mRNA is degraded. As indicated
by the dashed line in Fig. 2e, the protein level would saturate at a
constant value, if proteins were stable (8 = 0). With finite protein sta-
bility, eGFP fluorescence reaches a maximum and approaches a regime
dominated by exponential decay at long time scales. We recall the
protein half-life, i.e., the time when half of the initial protein is left over,
is given by 7gpp = In(2)/p. Likewise, the half-life of mRNA is defined as
Tmrva = In(2)/8. Note that 7,rna represents the functional life-time of
mRNA, i.e., the time until mRNA translation ends, which is different
from molecular degradation or the time until mRNA can no longer be
detected e.g., via FISH probes. As a rule of thumb, 7,zna is equal to the
time the expression needs to reach half-maximum of the expression level
and 7gpp the time scale of expression decay. Without loss of generality,
we can assume that the degradation rate of mRNA is larger than the
degradation rate of eGFP protein, § > . This is confirmed by measuring
the protein degradation in an independent experiment. To this end, after
some initial expression, the drug cycloheximide is added, which
immediately inhibits translation. In this case, the single exponential
fluorescence decay is solely determined by protein degradation [37].

Due to the finite life-time of both mRNA and protein, the expression
of protein is transient. In this context the measured “area under the
curve” (AUC) is generally used to describe the overall pharmaceutical
protein availability. We obtain the theoretical AUC of the expression
model by integration of Eq. (3)

AUC = (1”2)2 “Mo-Krr Trna TEGFP @

Eq. (4) is astoundingly insightful. It states that the AUC, and hence
pharmaceutical efficacy, is equally dependent on four factors, the
number of mRNA molecules delivered, the translation rate, the mRNA
life-time and the protein life-time. Each of these factors is equally
important in order to maximize efficiency. In fact, single-cell time
courses can be used to screen for optimal rate constants such as
increased mRNA life-time using stabilizing UTR sequences as demon-
strated by Ferizi et al. [57]. Fitting experimental fluorescence time
courses yields single-cell values for four parameters: the two degrada-
tion rates ( and §), the expression rate mok, and the onset-time ty. Note
the expression rate, i.e., the speed of protein production, is determined
by both the initial number of mRNA molecules and the translation rate,
and it is not possible to separate these two factors from the analysis of
the fluorescence time courses alone. Fig. 2f shows a two-color histogram
of single-cell eGFP-mRNA stabilities. The histogram reflects the effect of
decreasing mRNA stability in the presence of targeting siRNA (Dhar-
macon, GFP Duplex I siRNA) (Fig. 2g). Another meaningful histogram is
the distribution of expression onset-times dependent on the carrier as
shown in Fig. 2f. In this case, another subtle effect needs to be consid-
ered. GFP fluorescence appears somewhat delayed after completion of
protein translation. This is due to the fact that GFP undergoes an addi-
tional autocatalytic chemical reaction, known as maturation, that leads
to the formation of the cyclic chromophore inside the protein barrel
[30]. Including maturation into the system of chemical rate equations
(see Fig. 2d) results in time course P(t) with slightly delayed onset as
shown in the inset of Fig. 2e. In the work of Krzyszton et al. we showed
that inclusion of maturation improves the overall quality of best fits of
the mathematical model to experimental time courses [37]. Note that
including protein maturation in the mathematical description of mRNA
translation fits experimental fluorescence time courses very well
(dashed line in Fig. 2c). However, deviations from Eq. (3) can be seen at
very high expression levels, when the expression burden on the organ-
ism is high [58]. Interestingly, the experimental single cell time courses
are well described by a model which assumes that all mRNA is released
at a particular time, to. This fact supports the notion that, most likely, all
mRNAs are released from a few endosomal fusion events occurring in a
narrow time window. Moreover, in the case of relatively stable mRNAs



J.A. Miiller et al.

and proteins the heterogeneity in transfection onset times is less prom-
inent and ensemble average data exhibit a similar time course as
described by Eq. (3). For example, time resolved plate reader data could
be fitted with the same model yielding estimates of average protein
lifetime and translation rate. However, single cell analysis clearly is the
preferred access to expression kinetics as it not only yields the full dis-
tribution of rates across the population, but also allows us to correlate
kinetic rates and event times as discussed below. The question, what
causes cellular heterogeneity in expression onset suggests itself. As
shown in Fig. 1, the transfer of LNPs into the cellular cytosol is dissected
into at least three stochastic processes, namely uptake, endosomal fusion
and mRNA release and will be discussed in the following sections.

5. Endosomal uptake

RNA loaded LNPs are internalized by cells via endocytosis [59].
Various endocytic pathways can be classified: the receptor-mediated
caveolin or clathrin-mediated endocytosis (CME) as well as the
receptor-independent micropinocytosis and phagocytosis [60-62]. The
intracellular fate and hence the cytosolic delivery efficiency of inter-
nalized particles is determined by the path of entry [63,64]. The uptake
path is further dependent on the particle characteristics as well as cell
type [65]. The dominant path of entry is the receptor-mediated endo-
cytosis [23]. Specifically, CME uptake requires receptor binding that is
mediated via the passively formed protein corona consisting of ApoE
targeting low-density lipoprotein (LDLR) interaction [66], high-density
lipoprotein (HDL) coating as recently described by Liu [67],
Lipoprotein-D coating (Fig. 3a) [68] or tumor cell type specific coating
with albumin [69]. LNP uptake in particular is mediated by PEG-lipid
dissociation and concomitant protein adsorption [70]. Enhanced up-
take via protein corona is a frequently occurring phenomenon on
nanoparticle-cell interactions. In case of positively charged polyplexes,
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the negatively charged serum proteins assemble around the polyplex
and facilitate uptake via CME [71]. In applications where highly specific
targeting is required, uptake can be promoted by addition of targeting
ligands to the LNP shell [66] or adapt lipid composition to target
different tissues [72]. For example, T-cell targeting LNPs have recently
reached clinical studies for next generation CAR-T cell therapies
[6,73,74].

Time estimates for how long uptake after receptor binding takes,
vary in the literature. Table 1 provides an overview of uptake time data
from selected works varying in the proposed mechanism as well as type
of studied particle and cargo. In general, literature proposes uptake
times for mRNA LNPs from several minutes [18,69,75] to several hours
[42,76,77]. Based on fluorescent labelling and confocal microscopy
Gilleron et al. reported a timing for the uptake of siRNA LNPs ranging
from 0.5 to 1.5 h for CME and 2-6 h in case of micropinocytosis [60].
For comparison, the well-studied viral uptake in case of CME is in the
range of seconds (e.g. AAV-2 s) to minutes (e.g. HIV-1 s) [78]. Studies
using smFISH showed a high uptake rate during the first 4 h after
transfection and subsequent slow-down of uptake [42]. Advanced im-
aging setups as two-photon microscopy (Fig. 3b) or single particle
tracking (SPT) allows to distinguish between random movement and
active transport and showed that uptake can be distinguished in 3 phases
that strongly depend on carrier and cell type [44,64]. It is generally
believed that uptake and hence efficiency is dependent on nanoparticle
composition [79] and size. Large particles in the um-range enter the cell
via micropinocytosis [80], for particles smaller than 500 nm the
caveolae-dependent pathways appeared to be dominant in accordance
with the finding that CME has an upper size limit of 200 nm [81].
Theoretical considerations lead to predictions of an optimal size for
entry of 30 to 60 nm [82], which is in accordance with theoretical
findings for polymer nanoparticles [83], whereas the maximal efficiency
for mRNA-LNP based vaccines was found for 100 nm sized particles

10 um
Cy-5 labelled mRNA in LNP + cell nucleus (Hoechst)
LNP DAPI Rabll DAPI

e .
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Fig. 3. Imaging of kinetics of LNP-RNA uptake and release: (A) HuH7 expressing eGFP upon transfection with LNPs encapsulating Cy5-eGFP-mRNA. LNPs were pre-
incubated with or without 10 % Lipo-D protein. Cells were fixed and imaged with confocal microscopy [68] (© 2022 Aliakbarinodehi et al.). (B) Two-photon
microscopy images recorded with a 60x water immersion objective. An ultrashort pulsed laser at 80 MHz with wavelengths of 1034 nm 780 nm was used as
excitation source. Image analysis was performed using Fiji and Huygens software (unpublished data). (C) Human primary adipocytes after incubation with LNPs
encapsulating fluorescently labeled mRNA. After 2 h cells were fixed and antibody labeled for endosomal markers (shown here: early endosomal marker APPL1 and
late endosomal marker Rab11). Reprinted with permission from Ref. [79] (© 2021 Paramasivam et al).
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Table 1
List of uptake times and corresponding uptake mechanism.
First Author Year Estimated Time Proposed mechanism Type of particle Method
Dahlman [76] 2017  Maximum after 2 h n/a DNA barcodes in vivo
Miao [69] 2020 15 min CME or micropinocytosis Fluorescence microscopy
Miao [69] 2020 15 min CME or micropinocytosis Fluorescence microscopy
Patel [42] 2020 Within4h n/a 3D Single particle tracking
Gallud [75] 2021 17 min (+2h if no serum PEG shedding + LDLR receptor Single NP imaging, NMR diffusometry, SANS, Proteomics, DLS
incubation) dependent LNP + mRNA
Munson [77] 2021 4-10h n/a Live-cell imaging
Paramasivam 2022  2-24 h (i-lipid dependent)  n/a Super resolution microscopy
[79]
Liu [67] 2023 n/a HDLR dependent Multiomics
Aknic [66] 2010 n/a LDLR dependent Automated spinning disc confocal microscopy (fixed or live
cells)
Gilleron [60] 2013 15h CME LNP + siRNA Blocking or knock out of respective components, Colocalization
experiments of LNP and Rab5, EM
Hunter [103] 2023 n/a Receptor mediated endocytosis 70 nm LNP + Confocal microscopy + machine learning
siRNA
2-6h Micropinocytosis larger LNP +
siRNA
Leonhardt [18] 2014 10-30 min n/a Lipoplex + DNA LISCA
Rensen [131] 2001 n/a GalNAc/ASGPR dependent Liposomes Radiactive labelling and live-cell fluorescence microscopy
uptake

[84]. Interestingly, a CME endosome is only about 100 nm in diameter
and hence has limited LNP capacity [62]. A recent study also showed
that LNP shape matters, observing a higher uptake for star-shaped LNPs
compared to round LNPs [85].

6. Endosomal fusion and mRNA release

Next, we discuss the timing of endosomal escape, considered as the
bottleneck in LNP-based delivery of mRNA [86]. Following receptor-
mediated uptake, LNPs are trapped in early endosomes with an inter-
nal pH ranging from 5.5 to 6.5 followed by maturation into late acidic
endosomes with a pH of 5-5.5 [77,87,88]. Acidification of endosomes is
likely to be crucial for fusion of LNPs with the endosomal membrane
[89]. LNPs that do not escape the endosome at this stage are degraded or
exocytosed [86,90,91]. Degradation through lysosomal fusion enriches
the endosome with degrading enzymes while Rab-mediated signaling
transports endosomes towards the plasma membrane and enables fusion
for exocytosis. In fact, the majority of LNPs undergo one of the later
pathways and hence do not deliver mRNA to the cytosol [59]. Escape
efficiency is generally defined in terms of percentage of trapped LNPs
that escape from the endosome. Some measurements of escape effi-
ciencies are listed in Table 2 ranging from 2 % [60] to 3.5 % [92] for
siRNA-LNPs and for mRNA LNPs from 1 % [93] up to 15 % with

Table 2
List of estimated times of endosomal release.
First Author Year Estimated Type of Method
Time Nanoparticle
Miao 2020  15-30 min LNP + mRNA  Confocal microscopy,
qPCR
Gallud 2021 12 min LNP + mRNA
Alakbarinodehi 2022 5-15 min LNP + mRNA Live-cell TIRF,
supported membranes
Kirschmann 2017 5h Lipoplex + Spinning disc confocal
mRNA microscopy
Gilleron 2013 Upto6h LNP + siRNA Quantitative light and
electron microscopy
Wittrup 2015 5-10 min LNP + siRNA Gal9 recruitment,
5-15 min Lipoplex + Fluorescence imaging
siRNA in two modi (long and
short exposure)
Wrobel&Collins 1995  1-2 min Liposomes + Fluorescence
DNA microscopy
Sonawane 2003  30-75 min PEI + DNA Cl- sensing

fluorescenct probes

Moderna’s own ionizable lipid 5 [94], similar to theoretical calculations
predicting 14 % escape [95].

The timing of endosomal fusion is a key factor for delivery efficiency.
It appears that only within a narrow window of opportunity the condi-
tions allow LNPs to escape through endosomal fusion [86]. A correlation
between fast endosomal trafficking and expression efficiency was
described [88]. Different timescales were reported (Table 3), ranging
from 0 to 1 h in case of small endosomes [79] or more general, 5 to 15
min [96] and up to 4 h [88]. Gilleron et al. described a gradual increase
of siRNA-LNPs in the endosome within the first 4 h after uptake with a
maximum co-localization of siRNA-LNPs in the endosome after 1 h [60].

Since the discovery of cationic lipid-mediated nucleic acid delivery,
an extensive search for factors affecting endosomal escape efficiencies
has been conducted. In early studies on DNA-lipoplexes it was demon-
strated that cationic lipids complex into liquid crystalline nucleic acid-
-lipid complexes [97] and that inverse hexagonal mesophases showed
higher delivery efficiency than lamellar phases [98]. LNPs made from
cationic ionizable lipid likewise condense nucleic acid at low pH during
the microfluidic mixing process. LNPs exhibit electron-dense core
structures in cryo-TEM with a wide range of polymorphism. In the work
by Arteta et al. using X-ray scattering it was shown that in the case of
DLin-MC3-DMA the core phase consists of an inverse hexagonal phase
[12]. Other LNP forming lipids exhibit cubic phases [99]. Recent X-ray
studies revealed that the LNP core phase undergoes structural changes as
a function of pH [100-102]. It is hypothesized that acidification-induced
structure evolution inside LNPs leads to endosomal destabilization. pH
driven lipid head group charge as well as release of elastic membrane
energy favor membrane fusion. Local pH change as a prerequisite of LNP
fusion and acidification of the endosome is a rate limiting factor in

Table 3
Endosomal release efficiencies in percent of LNPs that are released into the
cytosol from the total taken up.

First Year Estimated Type of Method

Author Efficiency Nanoparticle

Sabnis 2018 15% LNP + mRNA Fluorescence microscopy,
Moderna lipid

Maugeri 2019 1% LNP + mRNA EV extraction, gPCR, UPLC

Gilleron 2013 1-2% LNP + siRNA Quantitative light and
electron microscopy

Wittrup 2015 35% LNP + siRNA Gal9 recruitment,

Fluorescence imaging in
two modi (long and short
exposure)
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endosomal release. Endosomal escape is favored at late stages when the
LNP reaches the cytosolic area around the nucleus [103] and their active
transport seems to be higher for small endocytosed particles [71]. Also,
the number of LNPs in the endosome is relevant as several particles per
endosome were discussed to block required acidification possibly due to
the buffering effect of the ionizable lipid [68,79]. Furthermore, the
optimal pH for endosomal escape is lowered by the protein corona,
dependent on its composition [68]. Whereas Paramasivam et al. [79]
described an independency of the type of ionizable lipid and timing,
many others tackled the influence of the ionizable lipid on escape effi-
ciency [94,104]. Cholesterol and analogues enhance membrane fusion
[42] and stabilize high curvature regions [105]. PEG type and ratio
change not only the expression level but also the expression kinetics
[76,106]. Release of mRNA into the cytosol requires phase separation
and membrane fusion. Therefore, the protein corona needs to be
removed at least partially [107]. Apart from the lipid composition, also
the type of RNA cargo might interfere with endosomal escape. Endo-
somal escape differs for mRNA compared to siRNA: The amount of co-
localization of siRNA-LNPs with small endosomes reduces after 1 h
whereas the amount of mRNA in large endosomes saturates after 1 h
with no decrease until 2 h after uptake [60,79]. This leads to the general
question if there is a relation between uptake pathway and release ef-
ficiency, respectively degradation. It was observed that there are at least
two different types of endosomes (e.g. RAb11 positive vs. ACU22 posi-
tive as depicted in Fig. 3c) with different escape probabilities [79].
Maugeri et al showed that the endocytosis and the packaging into
extracellular vesicles (EVs) for secretion are linked [93]. Furthermore,
an influence of endosomal size and endosomal escape was described
[108] and endosomal size is dependent on the endocytic pathways [62].
Peetla et al. discussed that the interaction of LNPs with artificial plasma
and endosomal membranes differs [109]. Reiser et al. studied uptake
kinetics and transfection efficiency for different cell media and found a
concerted population correlation dependent on serum concentration
(see also Fig. 4a) [110]. Similarly, Aliakbarinodehi found that the pro-
tein corona enhances cellular uptake and, at the same time, shifts the
endosomal escape towards lower pHs and therefore to later timepoints
and lower probabilities [68]. These opposing trends were also described
by Miao et al. [69]. Nevertheless, it is to be noted that maximum protein
expression does not necessarily increase in a linear manner with
enhanced endosomal escape as cellular resources are limited but a more
efficiently escaping drug might lower dose requirements [77,79].
Further, the linear delivery model as described in Fig. 1 includes a step

A
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where the mRNA escapes from residual lipids to become available for
the translation machinery. To access this step, mRNA can be labelled
and tracked over time to observe an increase of fluorescence upon
unpacking. Simultaneous tracking of reporter protein expression allows
to measure the time window between release and start of protein
expression as shown in Fig. 4b [102].

7. Codelivery of different nucleic acid agents

Codelivery of multiple distinct elements is an increasingly relevant
necessity in advanced rational design gene therapy. For example,
codelivery of mRNA and siRNA allows for more effective targeting of
cancer cells by simultaneous knockdown of oncogenes and over-
expression of tumor suppressor genes [111]. Likewise mRNA/siRNA
codelivery improves CAR-T cell engineering by expressing chimeric
antigen receptor (CAR) mRNA together with siRNA knockdown of the
programmed cell death protein (PD-1) in primary human T cells [112].
Also the expression of a pDNA mediated transgene was shown to be
prolonged by simultaneous codelivery of anti- inflammatory siRNAs
[113]. The relevance of nucleic acid codelivery was recognized at the
latest with the rise of CRISPR/Cas based therapies, which typically
require Cas9 protein and single guide RNA (sgRNA). These components
are commonly delivered via adeno-associated viruses (AAVs) [114] but
face limitations due to the limited packing size of AAVs [115] and
redosing challenges [116]. LNP-based codelivery allows for selectable
combinations of synthetic Cas-mRNA and sgRNA [117-120] or Cas RNP,
sgRNA plus donor DNA [121]. In all these examples, codelivery of
different nucleic acid elements is expected to unfold a synergistic effect.
To this end, however, it is important to ensure synchronized release
kinetics and action. Time-resolved single-cell studies employing two-
color fluorescence enable to scrutinize the timing in codelivery [122].

In general, LNP-based codelivery of two RNA species can be achieved
by two strikingly unlike mixing protocols: Each delivery agent can be
encapsulated independently prior to combined administration (post-
mixing protocol) or all components are jointly encapsulated in mixed
nanoparticles (pre-mixing protocol). The first bears the advantage that
each component can be encapsulated in its ideal vehicle and dosing can,
if required, happen in cascades [37]. Yet, there is a remarkable differ-
ence between pre-mixing and post-mixing codelivery efficiency. In case
of codelivery of two different GFP reporter genes, both for pDNA-
lipoplex [95,122] as well as mRNA-LNP delivery [95], the percentage
of cells that express both genes is higher for pre-mixing compared to
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post-mixing. Fig. 5a,b provides an example from Ref. [95] that shows
the red-green fluorescence co-expression outcome as a function of the
molar ratios of red/green encoding mRNAs in single RNA LNPs (Sg and
Sg) compared to mingled LNPs (Mgg). In the regime of equimolar de-
livery post-mixing, i.e., delivery of either red or green encoding LNPs the
percentage of co-expression is lower as seen by the heterogeneous dis-
tribution of cells that express only red or green. The experimental red/
green likelihoods are quantitatively explained by stochastic mRNA-LNP
uptake in the limit of small success rates of endosomal escape LNPs
[95,122]. In recent work also the kinetics of co-expression were studied
with the interesting observation, that differences in red/green onset-
timing exist despite the fact that red and green encoding mRNAs were
delivered in pre-mixed LNPs [37]. Fig. 5¢c shows exemplary single-cell
fluorescence time courses for eGFP and CayRFP respectively, with
clearly time shifted onsets, which also manifests in the onset-time cor-
relation plot showing the entire population of single data (Fig. 5d).
Possible reasons for this yet unexplained mRNA specific expression
onset shift might be different release times, i.e., mRNA unpacking ki-
netics after endosomal release or different translation timing. While the
former might be possible due to different secondary structure of the two
distinct mRNA constructs, the latter could be caused by different un-
translated region (UTR) and initiation site design. Also, base modifica-
tion introduced to reduce the immunogenicity of mRNA were shown to
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influence uptake of LNPs in a tissue specific manner [123] and therefore
needs to be considered in codelivery.

The issue of delayed expression gains further complexity as more
than one type of nucleic acid species is encapsulated. It was discovered
previously that mRNA and siRNA form different internal structures
within an LNP [27] which has the potential to affect release and
therefore expression timing. siRNA was found to be complexed into
aqueous pockets by the phospholipids in the LNP. This leads to several
questions regarding the molar ratio in codelivery of two species that
have different physico-chemical properties: Are premixed LNPs ho-
mogenous in composition and if so, does the LNP nucleic acid content
mirror the molar ratio that was set during LNP preparation? How many
nucleic acid molecules are exactly contained in a single LNP? Based on
SAXS structural data the number of mRNAs in LNPs varies as a function
of size ranging from 10 molecules in LNPs of 50 nm diameter up to 200
molecules in LNPs with 140 nm [12,95]. Interestingly the number of
functional mRNA molecules derived from statistical analysis of red/
green fluorescence in codelivery was found to be 27 for 300 nm sized
lipoplexes [95,122].For siRNA/mRNA no equivalent studies exist but an
enhanced overall siRNA-mediated knockdown was reported for siRNA
when codelivered with mRNA [111]. Little is known about discrimi-
nating or synergetic effects in endosomal escape and subsequent de-
packing in siRNA/mRNA codelivery. Furthermore, each species has
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Fig. 5. Co-Delivery of RNA. (A) Co-delivery of LNPs with different ratios of mCherry-mRNA to GFP-mRNA encapsulated in single lipoplexes (Sgg) (B) different ratios
of mRNA encapsulated in mingled lipoplexes (Mgg). (C) Single cell traces of HuH?7 cells transfected with co-encapsulated RFP-mRNA and GFP-mRNA show shifted
onset of protein expression. (D) correlation plot of GFP vs. RFP onset time distribution. (A)&(B) reprinted with permission from Ref. [95] (© 2021 Zhang et al.), (O)&

(D) reprinted with permission from Ref.[37] (© 2019 Krzyszton et al.).
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different dynamics that need to be taken into account. Protein expres-
sion upon mRNA delivery is dependent on translation initiation, trans-
lational speed and protein maturation which is of special interest if the
readout is a fluorescence reporter protein [37]. In contrast, siRNA needs
to be spliced by the Ago Protein, assemble the RNA-induced silencing
complex (RISC) and trigger mRNA degradation.

In case of CRISPR/Cas gene editing the cargo conveyed by the de-
livery vehicles consists of Cas protein and guide RNA (gRNA). Three
discernible cargo options can be chosen: pDNA, mRNA, and ribonu-
cleoproteins (RNPs). pDNA entails the delivery of genetic material in
plasmid form, necessitating its entry into the nucleus for subsequent
expression. This approach offers stability and prolonged expression but
is associated with increased off-target effects and challenges in con-
trolling the number of plasmids per cell [124]. Transfection can be done
with one plasmid encoding for both Cas and gRNA, which ensures co-
expression, simplifying the process but requiring cloning in large plas-
mids for each gRNA and/or Cas protein. However transfecting Cas and
gRNA on separate plasmids allows independent control but necessitates
co-transfection, introducing additional complexities [122]. In contrast
to pDNA, mRNA is directly translated upon delivery, bypassing the
nuclear entry step. This method possibly enables faster edits. However,
it suffers from lower stability and delivery limitations due to the size of
the Cas mRNA [125]. Timing differences were for example observed in
Cas9 expression maxima that were measured after 36 h [118] whereas
expression maxima for eGFP or CayRFP were found to peak after 15 to
20 h [37]. A difference in mRNA length (approx. 1000 nt for eGFP and
CayRFP and 4500 nt for Cas9) is known but which part of the expression
kinetics this impacts in which way is unknown up to date. Further to be
mentioned is the timescale of sgRNA whose efficiency is described with
the whole CRISPR process and is therefore ultimately extended. Apart
from the different timescales of the various processes, also the different
stabilities of for example mRNA and sgRNA relevant for CRISPR systems
need to be taken into account [118]. RNPs, on the other hand, are
preassembled complexes consisting of the Cas protein and gRNA. This
structure renders them immediately functional within the cellular
environment, allowing for prompt and precise genome editing actions.
Challenges here include the protein extraction [125] and the missing
continued production of Cas and gRNA [126]. Further considerations
should also be given to the possibility of mixing cargo and delivery
methods, i.e., Cas pDNA and later transfected gRNA as mRNA, which
could offer timed advantages, but also strain cells more with multiple
transfection periods [124,127]. Selecting the optimal CRISPR delivery
method is crucial for achieving efficient and accurate genome editing.
The best choice of a specific cargo delivery strategy with regards to
stability, control, and efficiency is still a matter of current research.
Rational design approaches will have to take the delivery kinetics into
account.

8. Summary and perspective

In this paper we reviewed the kinetics of LNP mediated delivery of
RNA. Uptake, escape and RNA release of LNPs can be effectively
modeled as a series of discrete stochastic transfer processes, wherein
each step can be described by distinct rates. We discussed those rates
that have been measured in isolated studies using advanced time
resolved microscopy techniques. In particular, the time course of mRNA
mediated reporter gene expression is well documented in single-cell
time-lapse studies and found to be in full agreement with reaction ki-
netics of translation, GFP maturation and associated degradation rates of
mRNA and protein. Kinetic modelling contributed a substantial progress
in our mechanistic understanding and consequently predictive power.
Quantification of underlying rates and timescales is the basis for sys-
tematic screening approaches that aim to improve transfection and
transient expression at every level of the multistep process. Time courses
determine AUCs and have tangible implications in clinical applications
[128]. The kinetic model of protein expression is universal and hence
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the analytic expression is widely useful. For example, in the work of
Sabnis et al [94] the level of secreted protein hEPO and IGG protein was
measured over days showing a qualitatively similar asymmetric time
course as described in our model albeit with different, protein specific,
life-times. Also, the time courses of SARS CoV-2 spike protein after
mRNA Covid vaccination should follow the predicted behavior although
in different timescales [129,130]. For future mRNA-based therapies,
that follow rational design strategies for combinatorial therapies, the
delivery of multiple protein and RNAs will become important. We
showed that consideration of timelines in codelivery of multiple species
is potentially complex, not necessarily strictly synchronized and
dependent on physical-chemical properties of the different nucleic acid
components. Firstly, the molar packing efficiency in codelivery is an
open problem. Secondly, very little is known about the fate of nucleic
acids in the time window after endosomal escape and before measurable
action, like GFP expression. We would like to call this time window the
dark hour of transfection (see Fig. 1). Modern single molecule fluores-
cent techniques could bring light into mechanisms of mRNA release
from remaining ionizable lipid, the intracellular transport and degra-
dation processes and the details of codon-specific binding and process-
ing via ribosomes. The challenge is the detection of rare events, since,
only a small fraction of LNP particles and mRNA molecules are active, as
well as the detection of correlations that could elicit the mode of action.
To this end it will be crucial to develop novel fluorescent probes, that
signal the state of the mRNA or the microenvironment as well as auto-
mated image analysis tools that detect correlations and rare events. In
principle, combinatorial delivery based on RNA-LNPs could be extended
to a larger number of different nucleic acid components. LNP formula-
tions are compatible with nucleic acid molecules in general, including
PDNA, mRNA, siRNA as well as sgRNA. Multiple synthetic nucleic acid
molecules enable the execution of transiently expressed synthetic cir-
cuits and open the possibility of LNP based synthetic biology [58].
Regulation of mRNA life-time via micro-RNAs is a prominent motif in
natural gene regulation, correspondingly complex synthetic gene
manipulation via LNP mediated RNA delivery should be feasible.
Moreover, RNAs that interfere with gene circuits at multiple anchor
points will allow for enhanced, highly specific and even personalized
combinatorial gene therapies. Kinetic modelling of LNP delivery and
expression is a prerequisite for a reliable system-level prediction of gene
expression response and will be a guiding tool for future precision en-
gineering of therapeutic options.
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