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ABSTRACT: The optimization of mRNA-lipid nanoparticles
(mRNA-LNPs) for therapeutic applications is limited in part by
the inadequate characterization of mRNA payload heterogeneity.
One current challenge is accurately measuring the number of
mRNA copies within individual LNPs, where the standard method
of intensity-based mRNA number determination is sensitive to
fluorescent dye−dye interactions and heterogeneity of mRNA
labeling. Here we present a single-particle microscopy method that
combines direct counting of the mRNA copies per LNP with LNP
size measurements. While confined in microwells, individual
mRNA-LNPs are lysed to release their cargo and stained with a
dye such that the number of mRNA molecules in each well can be
directly counted using fluorescence microscopy. Since the method
stains the mRNA cargo in situ, it enables characterization of LNPs formulated with therapeutic grade (e.g., unlabeled) mRNA. We
applied this approach to two Onpattro-based LNP formulations prepared using different formulation buffers, where the two
formulations had different average mRNA copy number, particle size, and fraction of LNPs lacking mRNA. The ability to directly
count the number of mRNA molecules in LNPs establishes a complementary method to intensity-based mRNA number
determination and supports the characterization and screening of clinically relevant LNP formulations.

Lipid nanoparticles (LNPs) are a highly effective platform
for mRNA delivery to cells and show significant promise

for the advancement of cancer immunotherapy, gene editing,
and protein replacement.1−3 Building on the application of
mRNA-LNP vaccines against SARS-CoV-2, there is increasing
interest in using LNPs to deliver a wide range of cargoes to
treat a variety of diseases, such as melanoma and cystic
fibrosis.1,4 Beyond traditional cargoes such as siRNA and
mRNA, LNPs can successfully encapsulate large cargo
molecules, such as CRISPR-Cas9 editing systems and self-
amplifying RNA (saRNA), whose properties may advance the
therapeutic possibilities of LNPs.5−7

Despite the widespread use of LNPs, gaps remain in our
understanding of their biophysical properties and their
relationship to each other, such as the heterogeneity of size
and mRNA payload across LNPs within the same formula-
tion.8,9 For particle size, the polydispersity index from dynamic
light scattering (DLS) measurements is commonly used to
estimate sample heterogeneity.10 For mRNA payload, the
RiboGreen encapsulation efficiency assay is used to determine
the percentage of mRNA that is encapsulated within LNPs at
the ensemble level.11,12 However, this metric measures neither
the fraction of empty particles nor the variation in single-
particle payload.11−13 As a result, our understanding of

intrasample heterogeneity and its potential relationship with
mRNA-LNP efficacy remains limited.14

Existing single-particle methods for estimating the number
of mRNA molecules per LNP typically rely on rescaling the
average payload intensity to a copy number using the signal
from a single labeled mRNA molecule, assuming a linear
proportionality between the number of mRNA and the
fluorescence intensity.15−17 However, this approach assumes
that the labeling ratio and fluorescence intensity are consistent
for all mRNA molecules (section S4.3 in the Supporting
Information, as well as Figure S5C),18,19 ignoring potential for
self-quenching19,20 and fluorescence resonance energy transfer
(FRET).15,16 Therefore, unless the linearity is carefully
validated, there is an inherent uncertainty of such intensity-
based mRNA number estimates. Furthermore, this approach is
not always applicable to therapeutic LNPs, as the use of labeled
RNA can alter in vivo performance.21 In some cases, this can
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be overcome by using membrane permeable dyes that
specifically bind to mRNA.22−24 However, relating the
fluorescence signal to a mRNA number relies on the
assumption that the labeling is homogeneous for all mRNA
molecules in the sample, where it has been shown that some
membrane permeable dyes label mRNA heterogeneously
depending on where the mRNA is located in the LNP.25

Therefore, there is a need for complementary approaches to
count the number of mRNA copies in individual LNPs.

To address the need for improved characterization of the
mRNA copy number for both labeled and unlabeled cargo, we
herein introduce a method to directly count the number of
mRNA molecules per LNP at the single-particle level using
Convex Lens-induced Confinement (CLiC) microscopy.16,26,27

To achieve this, we lyse confined LNPs and stain their mRNA
cargo, allowing for single-molecule counting of confined
mRNA molecules using fluorescence imaging. Combined
with pre-lysis size measurements obtained from single-particle
tracking, this method allows us to correlate particle size and
mRNA copy number at the single-particle level and investigate
a relationship that is not yet well understood.14,15,28

■ EXPERIMENTAL SECTION

Preparation of the Lipid Nanoparticles
In this study, two different Onpattro-based LNP formulations were
formed by mixing a lipid phase with a 25 mM sodium acetate
(NaOAc) or 300 mM sodium citrate (NaCit) buffer at pH 4
containing Firefly luciferase mRNA (1921 nt) via a T-junction mixer
before being dialyzed overnight (section S3 in the Supporting
Information).1,29,30 In brief, the lipid phase consisted of D-Lin-MC3-
DMA (MC3), cholesterol, distearoylphosphatidylcholine (DSPC),
and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000
(PEG-DMG), and one of 1,1-Dioctadecyltetramethylindodicarbocya-

nine (DiD) or 3,3′-Dioctadecyloxacarbocyanine perchlorate (DiO) at
a molar ratio of 50/38.5/10/1.5/1, respectively. DiD was added to
formulations containing unlabeled mRNA and DiO was added to
formulations containing Cy5-labeled mRNA to ensure spectral
separation between the lipid and mRNA channels.

CLiC Measurements
To enable direct counting of unlabeled mRNA cargo, we used a CLiC
flow-cell designed for reagent exchange to trap individual LNPs in
microwells, thus allowing LNP lysis, staining of released mRNA
molecules, and single-molecule counting using fluorescence micros-
copy (Figure 1).31,32 Briefly, the flow-cell consists of two coverslips
with a 30 μm spacer, where the top coverslip contains an array of
cylindrical posts (10 μm diameter, 20 nm height, 20 μm spacing) and
the bottom coverslip contains an array of microwells (5 μm diameter,
500 nm depth, 3 μm spacing). The posts form a nanoslit (20 nm
height) above the microwells that is connected to a microchannel
(20−30 μm depth, 200 μm width) on the bottom coverslip to allow
reagent exchange (Figure 1A).

Before flow-cell assembly, both coverslips were functionalized with
5 kDa polyethylene glycol (PEG) to minimize LNP interactions with
flow-cell surfaces, as previously described (Section S1.1in the
Supporting Information).16,26,31 Once injected into the flow-cell, the
LNPs were confined to the microwells by lowering the CLiC pusher
lens. The confined LNPs were then imaged for 130 frames to estimate
their diffusivity and hence hydrodynamic radii (Figure 1B and section
S2.5 in the Supporting Information), where the ensemble-average
result of particle sizing using CLiC has been shown to be in good
agreement with other methods.16 To minimize the occurrence of
multiparticle wells, the bulk dilution of the LNP sample is chosen
such that 10%−20% of all wells meet the single-particle criteria,
which, by Poisson statistics, implies that wells containing multiple
LNPs occur at a frequency of around 1%. Moreover, the pre-lysis
imaging enables detection of wells containing a single LNP using the
same detection and counting analysis as for the post-lysis mRNA
counting, where only wells with a median particle count of one are
included in the subsequent mRNA counting. Next, a mixture of

Figure 1. Schematics of the experimental method for LNP lysis and mRNA counting. (A) Schematic of Convex Lens-induced Confinement
(CLiC) equipped with reagent exchange for (i) LNP confinement, (ii) size measurements, (iii) buffer exchange to induce LNP lysis, and (iv) RNA
labeling. (v) The LNPs are confined in cylindrical microwells with 5 μm diameter and 0.5 μm height, where the 20 nm gap allows (vi) LNP lysis
using Triton X-100 and (vii) mRNA staining using RiboGreen while ensuring that the mRNA remains confined in the well. (B) Analysis pipeline
for (i) LNP trajectory data to extract particle size via (ii) mean squared displacement (MSD) analysis. (C) Sample images of (i) LNPs pre-lysis, (ii)
lysed LNPs, and (iii) post-lysis labeled mRNA. The pre-lysis imaging enables detection of wells containing a single LNP, where only wells with a
single LNP are included in the subsequent mRNA counting. (D) Analysis pipeline for (i) mRNA imaging data to determine mRNA copy number
from (ii) frame-by-frame counts, as validated with (iii) single-molecule simulations (section S6 in the Supporting Information). The variation in
mRNA count between different frames comes from temporary overlapping mRNA molecules.
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Triton X-100 (0.2% w/w) and RiboGreen (1:500 dilution) was
introduced into the microwells via microfluidic buffer exchange to lyse
the confined LNPs and label their mRNA cargo (Figure 1C) (Section
S1.2 in the Supporting Information). Finally, the post-lysis-labeled
mRNA molecules were imaged for 50 frames to enable direct copy
number counting. Data were acquired with a Nikon Ti-E inverted
microscope using a 100× oil immersion objective and an exposure
time of 20 ms (section S1.3 in the Supporting Information).
Direct mRNA Counting
The mRNA counting in this work is based on the detection of local
intensity maxima after LNP lysis in each well, where each local
maximum above an integrated intensity threshold corresponds to a
single mRNA molecule (Figure 1D). To improve the signal-to-noise
(SNR) ratio during single molecule detection, all microscopy videos
were denoised with a U-Net model (section S2.1 in the Supporting
Information). The intensity maxima of individual LNPs and mRNA
molecules were quantified by fitting a 2D Gaussian to the intensity
peak(s) (sections S2.2 and S2.4 in the Supporting Information).
Direct counting was applied to mRNA molecules labeled with either
Cy5 or RiboGreen. Cy5-labeled mRNA molecules were covalently
labeled prior to the particle formulation step, whereas RiboGreen-
labeled mRNA molecules were initially unlabeled during the
formulation step but later stained in situ during the lysis step. Since
the number of visible peaks changes between frames due to positional
overlap, the number of molecules per well was calculated using a
custom statistical estimator that is based on using the median value
from frames with the highest mRNA count (section S2.3 in the
Supporting Information).

■ RESULTS AND DISCUSSION
We applied our direct mRNA counting and particle sizing
method to two Onpattro-based LNP formulations manufac-
tured using either NaOAc or NaCit buffer, where these
formulation buffers are known to produce distinct differences
in LNP structure detectable by Cryo-TEM (Figure 2A). In
particular, a large subpopulation of NaCit LNPs contains
structures known as blebs, while the use of NaOAc produces
LNPs with a solid oil core. This structural difference likely
gives rise to different mRNA payloads, where blebs are
hypothesized to enclose the mRNA molecules.33 Furthermore,
the presence of blebs has been reported to affect functional
mRNA delivery in mice.33

For the NaOAc formulation, the mean number of mRNA
molecules per particle was 1.3 ± 0.1, with ∼35% of LNPs
lacking mRNA cargo. In contrast, the NaCit formulation

exhibited a higher mean of 2.7 ± 0.1 mRNA molecules per
particle, with only ∼20% of particles lacking cargo (Figure 2B).
The NaCit formulation also showed greater polydispersity in
mRNA copy number, with a standard deviation of ±2.3,
compared to ±1.3 for the NaOAc formulation. This increased
dispersity arises from a larger subpopulation of LNPs in the
NaCit formulation containing >5 mRNA molecules (>13%),
whereas such highly loaded particles are rare in the NaOAc
formulation (<2%).

In the analysis, a distinction is made between high (≥5) and
low (<5) mRNA copy numbers. For LNPs containing ≥ 5
mRNA molecules, direct mRNA counting becomes unreliable
due to spatial overlap (section S2.3 in the Supporting
Information). This upper limit of direct counting comes
from a compromise between throughput, where larger wells
allow accurate (>90%) counting of copy numbers ≥ 5 (section
S6.5 in the Supporting Information) but reduces the number
of wells within the field of view. Therefore, in microwells
containing ≥5 mRNA molecules, the mRNA copy number was
estimated by rescaling the post-lysis mRNA fluorescence signal
using nearby wells containing <5 mRNA molecules (section
S6.3 in the Supporting Information), producing the copy
number estimates in the inset of Figure 2B, which are
consistent with prior studies.16,17,34 As a result, copy number
estimates of ≥5 mRNA are more uncertain than those of <5
mRNA molecules. However, since most LNPs (>75%) contain
<5 mRNA, this uncertainty has minimal impact on the
estimation of the mean copy number. Moreover, the increased
spatial separation of mRNA molecules in the wells post-lysis
reduces FRET and self-quenching, enabling a calibration of
fluorescence intensity to mRNA copy number for formulations
containing labeled mRNA (section S5.2 and Figure S7 in the
Supporting Information).

In addition to measuring post-lysis labeled mRNA, the
mRNA counting method was also applied to LNPs containing
Cy5-labeled mRNA, which were also formulated in either
NaOAc or NaCit buffers (section S5.1 in the Supporting
Information). The average mRNA copy number and overall
loading distribution using labeled and unlabeled mRNA are
similar, with the Cy5-labeled mRNA yielding an average copy
number of 1.8 for the NaOAc formulation and 2.6 for the
NaCit formulation. This indicates a minimal effect on mRNA
loading into individual LNPs when using Cy5-labeled mRNA,

Figure 2. Size and mRNA copy number distributions for LNPs made using two different formulation buffers. (A) Cryo-TEM images of LNPs
formulated in NaOAc (top) and NaCit buffer (bottom) with schematics of the structural differences. (B) Distribution of mRNA copy number for
LNPs formulated in NaOAc (blue) or NaCit (orange) buffer. The dashed line indicates the mean mRNA copy number (n) of the population
(nNaOAc = 1.3, nNaCit = 2.7) and the leftmost bar indicates the empty fraction (e), rounded to the nearest percent (eNaOAc = 35%, eNaCit = 20%). In
panel (B), the counts >4 are adjusted using a linear fit on the summed pixel intensities of each well (section S6.3 in the Supporting Information).
(C) Distribution of particle diameter for LNPs formulated in NaOAc (blue) or NaCit (orange) buffer. The dashed line indicates the mean
diameter (d) of the population (dNaOAc = 60 nm, dNaCit = 78 nm).
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which is important considering that preformulation labeled
mRNA is commonly used in both molecular and in vitro
studies of mRNA-LNPs.14,16,34−36

In addition to the increased mRNA payload, LNPs
formulated in NaCit buffer have a larger mean diameter (78
± 2 nm) than those formulated in NaOAc buffer (60 ± 1 nm)
(Figure 2C). The size distribution of the NaCit formulation is
also more polydisperse than that of the NaOAc formulation, as
shown by the long tail of the distribution (Figure 2C). These
size measurements are in agreement with DLS control
measurements performed on the same samples (section S3.3
and Table S1 in the Supporting Information).

To further investigate the relationship between the amount
of mRNA cargo and particle size, we compared LNP diameter
distributions for each discrete mRNA copy number (Figure 3).

Our results show a weak correlation between diameter and
mRNA copy number for the NaOAc formulation (Figure 3A),
as shown by a Pearson correlation coefficient (r) of 0.06. In
contrast, there is a weak to moderate correlation (r = 0.25)
between diameter and mRNA copy number for LNPs
formulated in NaCit buffer (Figure 3B). While precise
conclusions on the correlation between mRNA copy number
and particle diameter are limited by the number of analyzed
particles and the limited LNP track length in this study, our
findings agree with previous measurements using labeled
mRNA where the correlation between mRNA copy number
and particle volume was shown to depend on the formulation
buffer.16 The same study also reported that there is
approximately no size difference between NaOAc LNPs with
and without mRNA cargo, while such a size difference is
present for NaCit LNPs. Thus, although the single-particle
track length can be improved using, for example, label-free
imaging of the LNPs,37 these results suggest that the size and

mRNA counting in this work has the precision to observe
differences in scaling between different LNP samples.
Considering that these LNP formulations have different
structures (Figure 2A), the difference in scaling could
potentially be related to structure, where it has been shown
for a few different LNP formulations that the occurrence of
blebs appears to coincide with a noticeable size difference
between loaded and empty LNPs.16 However, investigating
such a potential relation in the case of using unlabeled mRNA
would require single-particle loading and structure information
for a large collection of different LNP formulations with
different structures, which is beyond the scope of this
investigation.

Overall, our measurements of the average mRNA copy
number (1.3−2.7) fall within the approximate range seen in
previous studies.16,34,38,39 However, there are conflicting
reports on whether mRNA copy number is correlated with
particle size38−41 or if the relationship is more complex.14,16

Here, the ratio between the average mRNA copy numbers for
the two measured LNP formulations (0.48, Figure 2B) is
similar to the ratio between the average particle volumes (0.45,
Figure 2C), whereas the correlation between size and mRNA
copy number within each formulation is limited (Figure 3A).
In the case of a consistent RNA concentration in the LNPs, it
is expected that the mRNA copy number scales with particle
volume.16 Thus, the similarity in ratio between the average
particle volume and the average mRNA copy number for the
two formulations indicates that the occurrence of blebs does
not affect the average mRNA concentration of the LNPs.
Moreover, the weak correlation between the mRNA copy
number and the particle size at the single-particle level could
reflect a Poisson loading process (section S2.6 in the
Supporting Information). Unless the lipid concentration in
the LNPs follows the varying mRNA concentration, which
would alter the water fraction in the LNPs,37 a difference in
mRNA copy number without a corresponding volume change
would imply a different ratio between lipid and nucleotides. A
varying lipid-nucleotide ratio could in turn affect the ratio
between ionizable lipids and nucleotides, where a difference in
the latter ratio is known to affect LNP function.14 Thus, the
relationship between particle size and mRNA copy number
could potentially be used to obtain information about
compositional heterogeneity within an LNP sample, as well
as to compare the composition across samples.

■ CONCLUSIONS
By combining single-particle confinement microscopy with
lysis and mRNA staining, we establish here a method for direct
counting of the mRNA copy number in individual LNPs.
Unlike existing methods, we can measure LNPs loaded with
therapeutic grade (e.g., unlabeled) mRNA at the single particle
level without relying relating an fluorescence intensity to a
mRNA count. For this reason, the direct mRNA counting is a
complementary method to the previously used methods for
single-particle mRNA counting. Since this method works for
both labeled and unlabeled mRNA (section S5 in the
Supporting Information), we are also able to evaluate the
relationship between encapsulated fluorescence intensity and
mRNA count.

By combining mRNA counting with single-particle size
measurements for two different Onpattro-based formulations,
we show that the relationship between particle size and
payload is formulation dependent, however, the average values

Figure 3. Particle diameter as a function of mRNA copy number.
Scatter plots of mRNA copy number as a function of particle diameter
for LNPs formulated in (A) NaOAc (blue, n = 415) or (B) NaCit
(orange, n = 270) buffer. The solid line shows the least-squares fit.
Pearson’s correlation coefficient (r) for each LNP formulation was
calculated as rNaAOc = 0.06 and rNaCit = 0.25, with p-values of pNaAOc =
0.18 and pNaCit < 10−4, respectively.
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of particle volume and mRNA copy number scale with each
other at the ensemble level. This method also enables the
quantification of the fraction of LNPs that do not contain any
cargo, which is relevant when determining appropriate dosage
in relation to the immunogenicity.42 The obtained empty
fractions of 20% and 35% are similar to those obtained using
labeled mRNA,16 which indicates that the empty fraction is not
overly sensitive to the use of labeled mRNA.

Although the main focus of this work is direct counting of
the mRNA copy number using post-formulation labeled
mRNA, the method can also be combined with preformulation
labeled mRNA, for which we determined a similar mRNA copy
number distribution (Section S5.1in the Supporting Informa-
tion). One interesting possibility of using preformulation
labeled mRNA is the ability to compare the RNA label
intensity of the mRNA-LNP particles prior to lysis, and the
direct count following lysis. This has allowed us to evaluate the
mRNA number using two different measurement approaches,
each of which functions at the single-particle level. Our analysis
shows an approximately proportional relationship between
these measures (Figure S8 in the Supporting Information).
However, there is also a significant dispersity when comparing
the intensity signal at the single-particle level. This highlights
the possibility of combining pre-lysis intensity measurements
and direct mRNA counting to explore the heterogeneity of
mRNA labeling, which is relevant when evaluating membrane
permeable dyes, for example.

Moreover, although the method is optimized to directly
count the mRNA copies in the low copy number regime, it also
enables count estimates in the larger mRNA number regime,
where the distance between mRNA molecules post-lysis
minimizes dye−dye interactions. The upper limit for the
number of detectable RNA molecules is set by the well size as
the direct counting relies on limited spatial overlap between
the mRNA molecules (section S6.6 in the Supporting
Information). In the case of counting smaller RNA molecules,
two criteria must be met. First, it is important that each
molecule contains more than one fluorophore to minimize the
effects of fluorophore bleaching and blinking. Second, the
accessible gap between the PEGylated coverslips must be small
enough that the RNA molecules cannot easily escape while
being large enough for the lysis and labeling agents to enter the
wells. Since RNA consisting of 1000 nucleotides has a diameter
of approximately 20 nm when in solution,43 the current
implementation of the mRNA counting method has a lower
limit of approximately 1000 nucleotides. Moreover, the low
copy number regime is important for therapeutic applications,
for which the LNP diameter is generally less than 100 nm and
the mRNA is often >2000 nucleotides.44 If the RNA
concentration in said therapeutic LNPs is similar to the
LNPs investigated here, this would imply that the average copy
number should be lower when using a larger cargo molecule.
Therefore, considering that saRNA molecules typically consist
of more than 10,000 nucleotides, saRNA-LNPs such as in a
recently approved saRNA-based vaccine against SARS-CoV-2
are expected to be well suited for direct RNA counting using in
situ staining as the saRNA size is much larger than the 20 nm
gap for the fluid exchange.45,46 Furthermore, in the case of
LNPs coloaded with different preformulation labeled cargoes,
the same direct counting approach is expected to be applicable.
This would enable detailed characterization of LNPs
containing complex cargoes, such as coloaded Cas9-encoding
mRNA and guide RNA in CRISPR gene editing systems. Thus,

direct counting is expected to be applicable to a broad range of
cargo sizes and types, with high accuracy expected in the
regime of 5 or fewer cargo molecules.

Together, our results show that precise quantification of
mRNA copy number is possible using single-molecule
confinement for LNP lysis and labeling. We have validated
our method using two distinct LNP formulations, but this
approach could be applied to characterize LNP payload in the
context of numerous formulation parameters, such as the ratio
of lipid components, the choice of ionizable lipid(s), and the
length of RNA cargo. The presented method for direct cargo
counting is applicable to a broad range of clinically important
LNP formulations and is complementary to mRNA estimation
based on rescaling the fluorescence intensity of the
encapsulated RNA. This approach to mRNA counting can
provide LNP developers with precise analytics of mRNA copy
number and size at the single-particle level.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.6c00937.

Additional experimental details, methods, validation
measurements and parameter optimization using com-
puter simulations; additional interpretation of the size-
loading and Cy5-labeled mRNA-LNP results (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Sabrina R. Leslie − Michael Smith Laboratories, University of
British Columbia, Vancouver, BC V6T 1Z4, Canada;
Department of Physics and Astronomy, University of British
Columbia, Vancouver, BC V6T 1Z1, Canada; orcid.org/
0000-0003-4336-0447; Email: sabrina.leslie@msl.ubc.ca

Authors

Sadie Graves − Michael Smith Laboratories, University of
British Columbia, Vancouver, BC V6T 1Z4, Canada;
Department of Physics and Astronomy, University of British
Columbia, Vancouver, BC V6T 1Z1, Canada; School of
Biomedical Engineering, University of British Columbia,
Vancouver, BC V6T 2B9, Canada; orcid.org/0009-0004-
3157-9446

Martin Jasinski − Michael Smith Laboratories, University of
British Columbia, Vancouver, BC V6T 1Z4, Canada;
Department of Physics and Astronomy, University of British
Columbia, Vancouver, BC V6T 1Z1, Canada; orcid.org/
0009-0004-6020-9786

Erik Olsén − Michael Smith Laboratories, University of British
Columbia, Vancouver, BC V6T 1Z4, Canada; Department of
Physics, University of Gothenburg, Gothenburg 41296,
Sweden; orcid.org/0000-0002-4002-0917

Albert Kamanzi − Michael Smith Laboratories, University of
British Columbia, Vancouver, BC V6T 1Z4, Canada;
ScopeSys, Inc., Vancouver, BC V6T 1Z4, Canada;

orcid.org/0000-0002-6790-1140
Yao Zhang − Michael Smith Laboratories, University of British
Columbia, Vancouver, BC V6T 1Z4, Canada; Department of
Biochemistry and Molecular Biology, University of British
Columbia, Vancouver, BC V6T 1Z3, Canada; School of
Biomedical Engineering, University of British Columbia,

Analytical Chemistry pubs.acs.org/ac Letter

https://doi.org/10.1021/acs.analchem.6c00937
Anal. Chem. 2026, 98, 15961−15967

15965

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c00937/suppl_file/ac6c00937_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c00937/suppl_file/ac6c00937_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c00937/suppl_file/ac6c00937_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c00937/suppl_file/ac6c00937_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c00937?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c00937/suppl_file/ac6c00937_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabrina+R.+Leslie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4336-0447
https://orcid.org/0000-0003-4336-0447
mailto:sabrina.leslie@msl.ubc.ca
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sadie+Graves"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0004-3157-9446
https://orcid.org/0009-0004-3157-9446
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Jasinski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0004-6020-9786
https://orcid.org/0009-0004-6020-9786
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erik+Olse%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4002-0917
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Kamanzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6790-1140
https://orcid.org/0000-0002-6790-1140
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yao+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c00937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Vancouver, BC V6T 2B9, Canada; orcid.org/0000-0003-
2783-1317

Jerry Leung − Michael Smith Laboratories, University of
British Columbia, Vancouver, BC V6T 1Z4, Canada;
Department of Biochemistry and Molecular Biology,
University of British Columbia, Vancouver, BC V6T 1Z3,
Canada

Michael Venier-Karzis − ScopeSys, Inc., Vancouver, BC V6T
1Z4, Canada

Amin Safaeesirat − Department of Physics, Simon Fraser
University, Burnaby, BC V5A 1S6, Canada; orcid.org/
0000-0002-6500-5086

Pieter R. Cullis − Department of Biochemistry and Molecular
Biology, University of British Columbia, Vancouver, BC V6T
1Z3, Canada; orcid.org/0000-0001-9586-2508

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.6c00937

Notes

The authors declare the following competing financial
interest(s): A.K. and S.L. have financial interests in Scopesys,
Inc. P.R.C. has financial interests in NanoVation Therapeutics
and Acuitas Therapeutics. The three companies mentioned
above are active in the space of lipid nanoparticle development.
The remaining authors declare no conflict of interest.

■ ACKNOWLEDGMENTS
We acknowledge the substantial financial and other support
from several granting agencies, including the Canadian
Foundation for Innovation, British Columbia Knowledge
Development Fund, PacifiCan and Western Diversification
Fund, National Science and Engineering Research Council of
Canada, Nanomedicines Innovation Network, as well as
Startup Funds from the The University of British Columbia
Faculty of Science, Department of Physics and Astronomy, and
Michael Smith Labs. S.G. held a NanoMedicines Innovation
Network graduate award, M.J. held a NSERC CREATE
fellowship, E.O. held an international Postdoctoral fellowship
from the Swedish Research Council (grant number 2024-
00439), A.K. held a Mitacs Postdoctoral fellowship, and Y.Z.
held a NanoMedicines Innovation Network graduate award
and a Canadian Institutes of Health Research Doctoral Award
(FBD 193487). S.L. was supported by a Killam Accelerator
Research Fellowship. Cryo-TEM grid preparation and data
collection was performed at the High Resolution Macro-
molecular Electron Microscopy (HRMEM) facility at the
University of British Columbia (https://cryoem.med.ubc.ca).
We thank Claire Atkinson, Amy Wo, Barathy Deivanayaga,
Liam Worrall and Natalie Strynadka. HRMEM is funded by
the Canadian Foundation for Innovation and the British
Columbia Knowledge Development Fund.

■ REFERENCES
(1) Cullis, P.; Felgner, P. The 60-year evolution of lipid

nanoparticles for nucleic acid delivery. Nat. Rev. Drug Discovery
2024, 23, 709−722.

(2) Wu, Y.; Yu, S.; de Lázaro, I. Advances in lipid nanoparticle
mRNA therapeutics beyond COVID-19 vaccines. Nanoscale 2024, 16,
6820−6836.

(3) Zhang, Y.; Zhang, X.; Gao, Y.; Liu, S. Principles of lipid
nanoparticle design for mRNA delivery. BMEMat 2025, 3,
No. e12116.

(4) Imiołek, M.; Cojocaru, R.; Fekete, S.; Le Huray, J.; Lauber, M.
High-Throughput Quantification and Characterization of Dual
Payload mRNA/LNP Cargo via Deformulating Size Exclusion and
Ion Pairing Reversed Phase Assays. Anal. Chem. 2025, 97, 3091−
3098.

(5) Karmacharya, P.; Patil, B. R.; Kim, J. O. Recent advancements in
lipid−mRNA nanoparticles as a treatment option for cancer
immunotherapy. J. Pharm. Invest. 2022, 52, 415−426.

(6) Vallet, T.; Vignuzzi, M. Self-amplifying RNA: advantages and
challenges of a versatile platform for vaccine development. Viruses
2025, 17, 566.

(7) Ly, H. H.; Daniel, S.; Soriano, S. K.; Kis, Z.; Blakney, A. K.
Optimization of lipid nanoparticles for saRNA expression and cellular
activation using a design-of-experiment approach. Mol. Pharmaceutics
2022, 19, 1892−1905.

(8) Simonsen, J. B. A perspective on bleb and empty LNP structures.
J. Controlled Release 2024, 373, 952−961.

(9) Münter, R.; Larsen, J. B.; Andresen, T. L. The vast majority of
nucleic acid-loaded lipid nanoparticles contain cargo. J. Colloid
Interface Sci. 2024, 674, 139−144.

(10) Tian, Y.; Tian, D.; Peng, X.; Qiu, H. Critical parameters to
standardize the size and concentration determination of nanomaterials
by nanoparticle tracking analysis. Int. J. Pharm. 2024, 656,
No. 124097.

(11) Bizmark, N.; Nayagam, S.; Kim, B.; Amelemah, D. F.; Zhang,
D.; Datta, S. S.; Priestley, R. D.; Colace, T.; Wang, J.; Prud’homme, R.
K. Ribogreen fluorescent assay kinetics to measure ribonucleic acid
loading into lipid nanoparticle carriers. Adv. Mater. Interfaces 2024, 11,
No. 2301083.

(12) Bepperling, A.; Richter, G. Determination of mRNA copy
number in degradable lipid nanoparticles via density contrast
analytical ultracentrifugation. Eur. Biophys. J. 2023, 52, 393−400.

(13) Sych, T.; Schlegel, J.; Barriga, H. M.; Ojansivu, M.; Hanke, L.;
Weber, F.; Beklem Bostancioglu, R.; Ezzat, K.; Stangl, H.;
Plochberger, B.; Laurencikiene, J.; El Andaloussi, S.; Fürth, D.;
Stevens, M. M.; Sezgin, E. High-throughput measurement of the
content and properties of nano-sized bioparticles with single-particle
profiler. Nat. Biotechnol. 2024, 42, 587−590.

(14) Liao, S.; Wang, S.; Wadhwa, A.; Birkenshaw, A.; Fox, K.;
Cheng, M. H. Y.; Casmil, I. C.; Magana, A. A.; Bathula, N. V.; Ho, C.
H.; Cheng, J.-Y.; Foster, L. J.; Harder, K. W.; Ross, C. J. D.; Cullis, P.
R.; Blakney, A. K. Transfection Potency of Lipid Nanoparticles
Containing mRNA Depends on Relative Loading Levels. ACS Appl.
Mater. Interfaces 2025, 17, 3097−3105.

(15) Li, S.; Hu, Y.; Lin, J.; Schneiderman, Z.; Shao, F.; Wei, L.; Li,
A.; Hsieh, K.; Kokkoli, E.; Curk, T.; Mao, H.-Q.; Wang, T.-H. Single-
particle spectroscopic chromatography reveals heterogeneous RNA
loading and size correlations in lipid nanoparticles. ACS Nano 2024,
18, 15729−15743.

(16) Kamanzi, A.; Tuckmantel Bido, A.; Zhang, Y.; Olsén, E.;
Stibbards-Lyle, M.; Jasinski, M.; Gu, Y.; Wang, B.; Venier-Karzis, M.;
Berti, R.; Jeliazkova, M.; Shaheen, C.; Leung, J.; Cheng, M. H. Y.;
Cullis, P. R.; Leslie, S. Single-Particle Multiparametric Microscopy
Reveals Structural, Size, and Payload Heterogeneity in mRNA-Loaded
Lipid Nanoparticles. ACS Nano 2026, 20, 1290−1303.

(17) Sabnis, S.; Kumarasinghe, E. S.; Salerno, T.; Mihai, C.; Ketova,
T.; Senn, J. J.; Lynn, A.; Bulychev, A.; McFadyen, I.; Chan, J.; et al. A
novel amino lipid series for mRNA delivery: improved endosomal
escape and sustained pharmacology and safety in non-human
primates. Mol. Therapy 2018, 26, 1509−1519.

(18) Willets, K. A.; Callis, P. R.; Moerner, W. Experimental and
theoretical investigations of environmentally sensitive single-molecule
fluorophores. J. Phys. Chem. B 2004, 108, 10465−10473.

(19) Kretschy, N.; Sack, M.; Somoza, M. M. Sequence-dependent
fluorescence of Cy3-and Cy5-labeled double-stranded DNA. Bio-
conjugate Chem. 2016, 27, 840−848.

(20) Paramasivam, P.; Franke, C.; Stöter, M.; Höijer, A.; Bartesaghi,
S.; Sabirsh, A.; Lindfors, L.; Arteta, M. Y.; Dahlén, A.; Bak, A.; et al.
Endosomal escape of delivered mRNA from endosomal recycling

Analytical Chemistry pubs.acs.org/ac Letter

https://doi.org/10.1021/acs.analchem.6c00937
Anal. Chem. 2026, 98, 15961−15967

15966

https://orcid.org/0000-0003-2783-1317
https://orcid.org/0000-0003-2783-1317
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jerry+Leung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Venier-Karzis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amin+Safaeesirat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6500-5086
https://orcid.org/0000-0002-6500-5086
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pieter+R.+Cullis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9586-2508
https://pubs.acs.org/doi/10.1021/acs.analchem.6c00937?ref=pdf
https://cryoem.med.ubc.ca
https://doi.org/10.1038/s41573-024-00977-6
https://doi.org/10.1038/s41573-024-00977-6
https://doi.org/10.1039/D4NR00019F
https://doi.org/10.1039/D4NR00019F
https://doi.org/10.1002/bmm2.12116
https://doi.org/10.1002/bmm2.12116
https://doi.org/10.1021/acs.analchem.4c06296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.4c06296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.4c06296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s40005-022-00569-9
https://doi.org/10.1007/s40005-022-00569-9
https://doi.org/10.1007/s40005-022-00569-9
https://doi.org/10.3390/v17040566
https://doi.org/10.3390/v17040566
https://doi.org/10.1021/acs.molpharmaceut.2c00032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.2c00032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2024.07.046
https://doi.org/10.1016/j.jcis.2024.06.158
https://doi.org/10.1016/j.jcis.2024.06.158
https://doi.org/10.1016/j.ijpharm.2024.124097
https://doi.org/10.1016/j.ijpharm.2024.124097
https://doi.org/10.1016/j.ijpharm.2024.124097
https://doi.org/10.1002/admi.202301083
https://doi.org/10.1002/admi.202301083
https://doi.org/10.1007/s00249-023-01663-y
https://doi.org/10.1007/s00249-023-01663-y
https://doi.org/10.1007/s00249-023-01663-y
https://doi.org/10.1038/s41587-023-01825-5
https://doi.org/10.1038/s41587-023-01825-5
https://doi.org/10.1038/s41587-023-01825-5
https://doi.org/10.1021/acsami.4c20077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c20077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c02341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c02341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c02341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c17445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c17445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c17445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ymthe.2018.03.010
https://doi.org/10.1016/j.ymthe.2018.03.010
https://doi.org/10.1016/j.ymthe.2018.03.010
https://doi.org/10.1016/j.ymthe.2018.03.010
https://doi.org/10.1021/jp049684d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp049684d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp049684d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.6b00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.6b00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1083/jcb.202110137
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c00937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tubules visualized at the nanoscale. J. Cell Biol. 2022, 221,
No. e202110137.
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