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Lipid nanoparticles (LNPs) are small particles composed of lipids that can be used to
encapsulate and deliver therapeutic substances like mRNA or other drugs to specific cells
or tissues. LNPs are specifically designed to protect the payload from degradation,
enhance payload stability, and improve delivery to target cells and tissues. When
developing LNPs for nucleic acid-based therapeutics, there are two characteristics that
are often analyzed to determine the quality of the formulations: size distribution and
loading efficiency. Various techniques are used to determine the size of nanoparticles,
with each providing different details and having specific advantages and limitations. In
this study, we evaluated the use of nanoparticle tracking analysis, dynamic light
scattering, and two different nano cytometers to determine LNP size. We compared the
results obtained from these four methods to the particle size determined using cryogenic
transmission electron microscopy. Our findings showed that nano-flow cytometry
instrumentation, like NanoFCM and CytoFLEX nano, offers a robust and accurate method
for sizing LNPs with measurements in high concordance to those obtained by
conventional cryogenic transmission electron microscopy.

Introduction

Lipid nanoparticles (LNPs) are small spherical particles
composed primarily of lipids, typically ranging from 20 to
1000 nm in diameter.! They have emerged as a promising
platform for delivering nucleic acid-based therapeutics, in-
cluding mRNA vaccines and gene editing tools. The size of
LNPs influence biodistribution, cellular uptake, and thera-
peutic efficacy; therefore, accurate characterization of LNP
size is essential.2 (See Figure 1 for different techniques to
measure lipid nanoparticle size).

Cryogenic transmission electron microscopy (cryo-TEM)
is widely regarded as the reference method for direct phys-
ical size measurement of LNP morphology and size. Cryo-
TEM can accurately measure the true size of particles by
looking at electron density.3 However, cryo-TEM is techni-
cally demanding, time-intensive, and low-throughput, re-
quiring specialized equipment and expertise that may not
be readily accessible in all laboratory settings. Nanoparticle
tracking analysis (NTA) and dynamic light scattering (DLS)
are also commonly used methods of characterizing LNP
size and concentration. These techniques measure hydro-
dynamic diameter and are highly dependent on tempera-
ture and buffering conditions. They are also limited by user
input factors, such as brightness, focus, and speed settings
for the NTA and attenuator level and scatter angle for DLS,
respectively. These factors may lead to inconsistent results
due to subjectivity in user input.4

Alternative methods that balance accuracy and effi-
ciency with ease of use and affordability are needed to over-
come these limitations. One such platform, nanoparticle

flow cytometry (NanoFCM), has recently gained attention
as a promising new tool for high-resolution nanoparticle
size analysis. NanoFCM uses light scattering and fluores-
cence, which allow for the simultaneous measurement of
size and concentration of nanoparticles, including extracel-
lular vesicles, viruses, and LNPs.>¢ One key advantage of
NanoFCM is that it uses silica nanoparticles as size refer-
ence standards. Silica nanoparticles have a refractive index
(RI) that closely matches that of biological particles such
as extracellular vesicles (~1.40) and viruses (~1.46).6-8 This
similarity is the primary reason why NanoFCM claims to
produce results comparable with TEM measurements using
only side-scatter detection. This technique also offers sig-
nificant improvements in throughput and ease of use.

In this study, we evaluated the performance of the con-
ventional cryo-TEM measurements for LNP sizing com-
pared to results obtained using NanoFCM, CytoFLEX nano,
DLS, and NTA. Our results indicate that NanoFCM serves
as a rapid, reliable, and accessible alternative for cryo-TEM,
providing similar size-resolution capabilities while requir-
ing far less effort to implement.

Materials and Methods

LNP Preparation

Lipid nanoparticles (LNPs) were fabricated according to the
LNP fabrication method described by Grippin et al (2025).°
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Figure 1. Graphical Abstract.** Different techniques to
measure lipid nanoparticle size.

NanoFCM Analysis

The NanoFCM was set up following the manufacturer’s in-
structions (NanoFCM Co., Ltd., Nottingham, United King-
dom). Briefly, the instrument was calibrated before each
use with 250-nm silica nanospheres (QC Beads, Cat.
#S08210, NanoFCM Co., Ltd.) diluted 100-fold in MilliQ wa-
ter to determine the standard particle concentration (par-
ticles/mL) and sample flow rate (nL/min). Size calibration
for small particles was performed using S16 size silica cal-
ibration beads of 68, 91, 113, and 155 nm (Cat. #S16M-
Exo, NanoFCM Co., Ltd.). Samples were serially diluted at
a 1:200,000 ratio in a 1x tromethamine-ethylenediaminete-
traacetic acid buffer and were acquired at 1.0 kPa per 1
minute on a NanoFCM (NanoFCM Co., Ltd.) using side-
scatter (SSC) triggering with a 488-nm laser using the soft-
ware’s built-in automatic small signal threshold to gate the
nanoparticles from noise as shown in Supplemental Figure
2. Data was acquired in triplicate (minimum of 3000 events
per replicate) and processed using NanoFCM analysis soft-
ware (v2.0). Populations were assessed for mean particle di-
ameter (nm) and concentration (particles-mL~ 1).

CytoFLEX nano Analysis

Set-up of the CytoFLEX nano (Beckman Coulter, Brea, CA,
USA) was as described by Messaggio (2024).10 CytoFLEX
sheath fluid (Beckman Coulter) was used to perform the
runs on the CytoFLEX nano. NIST 100-nm beads were used
for size calibration. Unstained LNPs were diluted at a ratio
of 1:100,000 in 1x Phosphate Buffered Saline (PBS) and an-
alyzed using a CytoFLEX nano configured for small parti-
cle detection. Blank 1x PBS was analyzed as a control. Side
scatter was triggered on the 405-nm laser (violet SSC) de-
tection, which has the highest sensitivity for sizing. Data
was collected in triplicate, and populations were analyzed
using FCMPASS software following the guidance of Welsh
and Jones (2021).1! The calibration was done on VSSC2 to
fit the full range of sizing beads to determine the collec-
tion angle. This collection angle was then used on FCM-
PASS along with the NIST 100-nm size beads.

Figure 2. Determination of LNP diameter. At least three
aliquots from the same LNP preparation were analyzed by
(A) NanoFCM; (B) NanoSight NS300; (C) Zetasizer Nano
ZS; and (D) CytoFLEX nano. Mean D represents the
average diameter obtained from at least three different
aliquots from the same LNP preparation.

Nanoparticle Tracking Analysis (NTA)

Unstained LNPs were diluted at a ratio of 1:50,000 in 1x
PBS and analyzed on a NanoSight NS300 (Malvern Pana-
Iytical, Malvern, United Kingdom) equipped with a 488-nm
laser. Three consecutive 60-second videos were recorded
under the following instrument settings: camera level of 15,
detection threshold of 5, and syringe pump speed of 35.
NIST 100-nm polystyrene beads were diluted at a ratio of
1:25,000 in 1x PBS and run as a control. Three consecutive
60-second videos were recorded under the following instru-
ment settings: camera level of 12, detection threshold of 5,
and syringe pump speed of 30. Videos were processed using
NTA 3.4 software to determine mean size (nm) and particle
concentration (particlessmL™ 1).

Dynamic Light Scattering (DLS)

Hydrodynamic diameters were determined using a Zeta-
sizer Nano ZS (Malvern Panalytical). NIST 100-nm poly-
styrene beads were run as a control. LNP samples and poly-
styrene beads were diluted until they fell into a rate of
300-600 kcps at an attenuator level of 8 (a ratio of 1:1000
for LNPs and 30:1000 for polystyrene beads in ultrapure
water, respectively). Samples were equilibrated at 25°C in
disposable polystyrene cuvettes and measured via
backscatter sizing in triplicate. Results are reported as the
intensity-weighted Z-average diameter * standard devia-
tion. LNPs were run using the preset liposome RI setting
(1.45), while polystyrene beads were run on the preset poly-
styrene latex bead RI setting (1.59).

Cryogenic Transmission Electron Microscopy
(Cryo-TEM)

Particle size determination was obtained by preparing
replicate samples on four separate grids. Cryo-TEM grids
were prepared by applying 3 uL. of LNP sample onto freshly
glow-discharged Quantifoil copper grids (Quantifoil R 2/2
400 mesh), blotting, and vitrifying using a Vitrobot Mark
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4 (FEI) at 95% humidity and 4°C. Using a Glacios G2 cryo-
TEM equipped with a Falcon 4i camera (Thermo Fisher Sci-
entific Inc., Waltham, MA), four replicate data sets were
collected from the grids, each composed of images of four
individual 2-pm holes within the carbon support film of the
electron microscopy (EM) grids. All LNPs in the holes of the
four sets of data were measured using Image]J software. The
diameter and standard deviation were calculated from all
collected data.

Data Analysis

Mean particle size measurements obtained from the same
batch of LNPs were compared across five platforms: Zeta-
sizer Nano ZS (DLS), NS300 (NTA), NanoFCM, CytoFLEX
nano (after FCMPASS analysis), and Glacios G2 (cryo-TEM).
For each platform, size estimates were calculated according
to standard instrument-specific reporting conventions: in-
tensity-weighted means for NTA and DLS and means for
NanoFCM, CytoFLEX nano, and cryo-TEM. Independent
replicate measurements (n = 2—-4 per instrument) were used
for the analysis. Overall differences among instruments
were evaluated using one-way Welch analysis of variance
(ANOVA) followed by pairwise Welch’s t-test with Holm
correction using cryo-TEM as the reference. Results are re-
ported as mean * standard deviation with 95% confidence
intervals based on independent measurements. Particle
concentration measurements were included where applica-
ble.

Results

Particle Size Determination

Unstained LNPs analyzed in triplicate by NanoFCM had an
average diameter of 65.5 # 11.4 nm (Figure 2a). The same
formulation showed a mean diameter of 69.5 = 10.5 nm
when analyzed using the CytoFLEX nano and processed us-
ing FCMPASS software. The NanoSight NS300 reported a
mean diameter of 83.0 £ 0.8 nm and a total concentration
of 3.75 x 103 particles-mL~ ! for the LNPs (Figure 2b). Ze-
tasizer Nano ZS analysis yielded a diameter of 84.6 * 0.09
nm (Figure 2c). DLS is a measure of the Z-average, which
makes the method more susceptible to skewing. Both mea-
surements were larger than those obtained using nano-flow
cytometry and cryo-TEM, but they were consistent with
the expected bias from light-scattering intensity measure-
ments.*

Particle Morphology and Size Distribution by
Cryo-TEM

LNP imaging was performed using the Glacios G2 cryo-
TEM. All LNPs from four sets of replicate grids were mea-
sured using Image] software, and the diameter and stan-
dard deviation were calculated from a total of 686 LNPs.
Mean diameter was defined to be 68.9 £16.3 nm. The ma-
jority of LNPs appeared round in the images, which suggest
they have a spherical morphology (Figure 3).

Figure 3. LNP size determination by cryo-TEM. A
representative micrograph of one 2-pum hole within the
carbon support film with LNPs suspended in a layer of
vitreous ice.

Discussion

This comparative analysis highlights the variability inher-
ent to different nanoparticle sizing methods. While cryo-
TEM offers direct visualization and accurate size assess-
ment, nano-flow cytometry techniques proved to be the
most comparable optical technique for LNP sizing, partic-
ularly in the sub-100 nm range. One-way Welch ANOVA
followed by Holm-adjusted post-hoc pairwise comparisons
showed that measurements obtained using Zetasizer Nano
ZS (DLS) and NanoSight NS300 (NTA) were significantly
different from those obtained by cryo-TEM (Table 1). This
indicates that NTA and DLS measurements should be inter-
preted with caution for narrowly distributed nanoparticles
due to their tendency to overestimate size and mask minor
populations.*

When selecting LNP sizing methods, it is important to
consider the most feasible balance between user accessi-
bility, throughput, resolution, and accuracy necessary for
the specific application. Among the methods compared,
NanoFCM and CytoFLEX nano most accurately matched
the size determined using cryo-TEM. Although providing a
monodisperse size distribution with consistent concentra-
tions, both NanoSight NS300 and Zetasizer Nano ZS over-
estimated particle size. We conclude that our comparative
analysis validates the use of nano-flow cytometry tech-
niques for accurately determining LNP size and provides
a rapid, cost-effective, and high-throughput alternative to
cryo-TEM.
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Table 1. Comparison of mean particle diameter (Mean D) obtained from NanoSight NS300, Zetasizer Nano ZS,
NanoFCM, and CytoFLEX nano with Mean D determined using cryo-TEM. Overall differences among instruments were
evaluated using a one-way Welch ANOVA, followed by a pairwise Welch’s t-test with Holm correction using cryo-TEM as

the reference.

Instrument Mean D (nm) Holm-Adjusted p-Value
NanoSight NS300 (NTA) 83.0+0.8 0.00079*
Zetasizer Nano ZS (DLS) 92.3+0.3 0.00075*

NanoFCM

(Nano-flow cytometry) 652+11.4 0.08600
CytoFLEXnano 69.5+10.5 0.92422

(Nano-flow cytometry)

Glacios G2 (cryo-TEM) 68.9+16.3 --

*Significantly different from cryo-TEM measurement (p < 0.001).
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