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A B S T R A C T

Lipid nanoparticle-borne, RNA-based therapeutics have emerged as transformative tools in nanomedicine. 
However, to optimize lipid nanoparticle (LNP) formulations against different pathologies, it will be necessary to 
change LNP payload, lipid composition, and production parameters. High-throughput formulation screening 
provides a way to rapidly develop and assess new LNP formulations, however this requires the capacity for high- 
throughput LNP physico-chemical characterization methods. When considering a shift towards automated/semi- 
automated high-throughput methods, it is pertinent to evaluate whether such characterization is comparable to 
so-called “tried and true” methods, especially in the context of scaling hit formulations from the screening phase 
to production. Here, we show that combining a semi-automated microfluidic system with a high-throughput 
characterization instrument enables the rapid production and characterization of LNP. Compared to conven
tional methods, the high-throughput plate reader DLS provided comparable hydrodynamic diameter data and 
faster analysis, albeit with lower sensitivity for RNA quantification. Additionally, we conducted an independent 
analysis of raw autocorrelation function data from dynamic light scattering measurements to mitigate functional 
differences between the high-throughput and single sample instruments. Fluorescence-based assays, also capable 
for high-throughput workflows, were demonstrated to be more sensitive for RNA quantification. These results 
illustrate that high-throughput systems can streamline LNP development, and be integrated into a translational 
workflow, i.e. screening to identify hit formulations, transition of hit formulations to scalable production 
methods, and validation of screening characterization results. This integrated workflow represents an important 
step for RNA therapeutic development pipelines, where increasing characterization capacity can accelerate 
nanomedicine development.

1. Introduction

Increasingly, automation is accelerating our capacity for scientific 
discovery. One field that stands to benefit from innovations in labora
tory automation is nanomedicine (Hickman et al., 2023; Liu et al., 
2021). In fact, automation has already been applied towards high- 
throughput screening of nano-formulations (Fan et al., 2021) and the 
identification of “hit” nanomedicine formulations to advance through 
the development pipeline (Cui et al., 2022). However, there exists a 
necessity to translate currently accepted methodologies, especially in 
the context of nanoparticle characterization, into high-throughput and 
automated workflows. Moreover, in the perspective of formulation 
scale-up and translation, the congruence of formulations produced and 
characterized via high-throughput screening must be validated with 

downstream methodologies where screening workflows is not necessary.
Automation has existed for quite some time in the fields of chemical 

synthesis and development (Coley et al., 2019). However, commercially 
available solutions for “nano”-centric applications have only recently 
become available to the average scientific consumer (Cui et al., 2022; 
Dauer et al., 2021; Le Ru et al., 2025; Mohr et al., 2013). This includes 
tools that facilitate automated nanoparticle production (i.e. either 
through microfluidics, automated liquid handling, or other automated 
mixing processes), and critically, in nanoparticle characterization (Cui 
et al., 2022b; Shepherd et al., 2023; Yoo et al., 2025). In fact, since 
nanoparticles do not behave as small molecules, their physical size and 
colloidal behavior necessitate certain considerations, and the translation 
of automated workflows in nano-characterization has generally lagged 
behind automation in other fields of research. Here we set out to 
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systematically compare conventional methods in nanomedicine formu
lation development, specifically in the context of lipid nanoparticles for 
the delivery of nucleic acid payloads, with high-throughput and auto
mated solutions. In particular, we looked at a plate reader dynamic light 
scattering (DLS) system that combined multi-angle DLS with UV/Vis 
spectroscopy to evaluate nanoparticle hydrodynamic diameter, dis
persity (polydispersity index, PdI), and encapsulation of RNA payloads 
(e.g. mRNA or siRNA). This high-throughput approach was compared to 
conventional techniques such as one-at-a-time DLS instrument (for hy
drodynamic diameter and PdI) and the RiboGreen assay for RNA 
loading. Such evaluation is critical in bridging the screening phase to 
downstream formulation scale-up, by verifying nanoparticle quality 
attributes remain consistent throughout the development process.

2. Materials and methods

2.1. Materials

9-Heptadecanyl 8-((2-hydroxyethyl)[6-oxo-6-(undecyloxy)hexyl] 
amino) octanoate (SM-102) and dilinoleyl-methyl-4- 
dimethylaminobutyrate (DLin-MC3-DMA) were purchased from BLD 
Pharm (Hamburg, Germany). Cholesterol, ethanol, and phosphate 
buffered saline (PBS) were supplied from Sigma-Aldrich (Saint Louis, 
Missouri, USA). 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) and 
1,2-Dimyristoyl-rac-glycero-3-methoxy polyethylene glycol-2000 
(DMG-PEG2k) were obtained from Avanti® Polar Lipids (Alabaster, 
Alabama, USA). CleanCap® EGFP mRNA was purchased from TriLink 
BioTechnologies (San Diego, California, USA). The NanosphereTM size 
standards and SilencerTM Select Negative Control No. 1 siRNA used in 
this study were obtained from Thermo Fisher Scientific (Waltham, 
Massachusetts, USA). All reagents were used without further 
purification.

2.2. Nanoparticle production

Lipid nanoparticles (LNP) were prepared using the Sunshine™ 
microfluidic platform (Unchained Labs, Pleasanton, United States). D- 
Lin-MC3-DMA (or SM-102), cholesterol, DSPC and DMG-PEG2k were 
dissolved in ethanol (EtOH) at molar percentages of 50 %, 38.5 %, 10 %, 
and 1.5 %, respectively, at a final total lipid concentration of 5.5 mM. 
The aqueous phase consisted of EGFP mRNA diluted to 17 µg/mL (or 29 
µg/mL) in acetate buffer (15 mM, pH 4.0). For siRNA LNP, the aqueous 
phase contained scrambled siRNA at 2 μM.

The solutions were injected at a flow rate ratio of 3:1 aqueous to 
organic phases, at varying total flow rates (1, 2, and 3 mL/min). Solvents 
were mixed in a Particle Works Junction Chip (190 μm etch depth, 
Royston, United Kingdom) where the fluidic path was arranged in a T 
junction configuration. Microfluidic channels had a height of 190 μm 
and width of 195 μm at the fluid intersection, and after the mixing 
chamber the channel width expands to a width of 390 μm while main
taining a channel height of 190 μm. The resultant LNP were collected 
with an automated fraction collector and dialyzed at 4 ◦C in 1 × phos
phate buffered saline (PBS, pH 7.4) to remove trace amounts of EtOH 
and exchange from an acidic to neutral pH.

2.3. Nanoparticle characterization

2.3.1. Nanoparticle hydrodynamic diameter, dispersity, and concentration
Nanoparticle hydrodynamic diameter (dH) and dispersity were 

evaluated via dynamic light scattering (DLS) by comparing two 
methods: (1) A conventional single-sample DLS (singleDLS) approach 
using a Malvern Zetasizer Ultra and (2) a high-throughput screening DLS 
(htsDLS) approach using an Unchained Labs Stunner plate reader DLS. 
Optimal DLS settings were automatically set by the instruments, and 
unless otherwise stated, scattering angles were set at 173◦ or 143◦ for 
the singleDLS and htsDLS, respectively. To compare the dH distribution 

curves of the nanoparticles between instruments, scattering intensity 
density plots were normalized, i.e. the intensity values were normalized 
between 0 and 1 according to the Eq. (1): 

Inorm =
I-Imin

Imax-Imin
(1) 

where I is the intensity at a certain dH (nm), Imin is the minimum intensity 
across the entire dH distribution, and Imax maximum intensity value 
across the dH distribution. This normalization facilitates the comparison 
of relative intensity distributions of the nanoparticles across 
instruments.

Nanoparticle concentrations were also evaluated on both the sin
gleDLS and htsDLS, as well as via nanoparticle tracking analysis (NTA) 
on a Malvern NanoSight NS 300. For NTA, nanoparticle dispersity is 
represented by the span (Eq. (2)), rather than via PdI: 

Span =
D90-D10

D50
(2) 

where D90 is the size comprising up to 90 % of the volume of material of 
the nanoparticle size distribution, while D50 is the size comprising up to 
50 % (the median size) and D10 is the size comprising up to 10 %. The 
span represents the sample's polydispersity. A low span indicates a 
greater particle homogeneity, while a high value reflects an increased 
dimensional variability.

Nominal nanoparticle concentration for standard polystyrene 
NanosphereTM particles were estimated based on material properties 
reported by the manufacturer and simple conversion of size/mass con
centration to nanoparticle concentration. Briefly, it was assumed that as- 
supplied standard polystyrene nanoparticles had a density of 1.05 g/cm3 

with a reported concentration of 1 w/v%. The mass of a single particle 
was approximated using the equation for a sphere multiplied by the 
density of polystyrene, with an assumed radius calculated as the nomi
nal size divided by two. The mass concentration was then divided by the 
mass per nanoparticle to get an estimated nominal concentration in 
number of nanoparticles per volume.

2.3.2. Quantification of RNA loading
Payload concentrations were likewise evaluated via a conventional 

approach (the RiboGreen assay) and an automated approach (Stunner). 
LNP, either in Tris-EDTA buffer to quantify external (unencapsulated) 
RNA or in 0.5 v/v% Triton X-100 in Tris-EDTA to lyse LNP for total RNA 
quantification, were incubated with the Quant-IT RiboGreen reagent 
according to manufacturer specification. Quantitative analysis was 
performed by spectrofluorimetry at λex/λem 475 nm/520 nm on a 
ProMega GloMax Plate reader. Results are reported as actual loading 
(μg/mL of encapsulated mRNA or nM of encapsulated siRNA), encap
sulation efficiency (internal RNA over total measured RNA) and RNA 
entrapment yield (% of total RNA over theoretical RNA loaded). All 
results are expressed as the mean value ± SD of three independent 
experimental replicates.

For automated total mRNA or siRNA loading, the Stunner (htsDLS) 
was used, which combines static light scattering (SLS), dynamic light 
scattering (DLS), and UV–Vis spectrophotometry in a single device. First, 
a library of the payloads and materials used was constructed – mRNA 
and siRNA were scanned at different wavelengths and over a series of 
dilutions. These are used by the instrument to construct a “fingerprint” 
of the various materials.

Practically, 2 μl of LNP sample are loaded into the specialized 
Stunner plate, and DLS and UV/Vis measurements are performed 
contemporaneously. The instrument then calculates RNA loading by 
spectral unmixing of the UV/Vis absorption profiles for the LNP and 
mRNA. Because the RiboGreen assay and Stunner rely on two mecha
nistically different methods to quantify RNA loading, namely UV/Vis 
absorption versus a fluorescent assay, a third method for quantifying 
RNA loading was employed, the NanoDrop, which allows rapid 
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measurement of UV/Vis spectra in small volumes (i.e. 1 μL). A series of 
RNA dilutions were measured on the NanoDrop, and the absorbance at 
260 nm was recorded for RNA concentration.

The limit of detection (LOD) and limit of quantification (LOQ) for all 
methods of RNA measurement were calculated by Eqs. (3) and (4), 
respectively: 

LOD =
3.3σ
m

(3) 

LOQ =
10σ
m

(4) 

where σ is the standard deviation of the blank (or lowest concentration 
measurement) and m is the slope of the aggregate best fit linear model (i. 
e. best fit curve through all standard curves combined). Standard curves 
for mRNA or siRNA were performed on n ≥ 5 independent standard 
curves.

RNA loading was quantified via three metrics: (1) the total RNA 
measured, (2) the % RNA entrapment yield (% YieldRNA), and (3) as the 
% encapsulation efficiency (% EE). The latter two can only be calculated 
via the Ribo Green assay. Total RNA is the total amount of RNA reported 
by the measurement method. The % RNA entrapment yield assesses the 
encapsulated RNA cargo (i.e. within the LNP) relative to the initial 
nominal total RNA concentration (i.e. the total input RNA used to pre
pare the formulation). Thus, the initial nominal total RNA concentration 
assumes no loss during the production process and represents the 
theoretical total concentration of RNA. The % entrapment RNA yield is 
estimated with Eq. (5): 

%YieldRNA =
[RNAtot ]-[RNAext ]

[RNAinitial]
× 100 (5) 

where [RNAext] is the external, unencapsulated concentration of RNA, 
[RNAtot] is the total RNA concentration measured, and [RNAinitial] is the 
theoretical maximum concentration of RNA (i.e. initial amount of RNA 
in the formulation).

The % encapsulation efficiency (%EE) quantifies the fraction of RNA 
that is successfully entrapped within the nanoparticles by comparing the 
measured external RNA (i.e. unencapsulated RNA) that is determined by 
the RiboGreen assay before lysing the LNP with Triton X-100, versus the 
total RNA measured in the LNP after lysing with Triton X-100 (Eq. (6)). 

%EE =

(

1-
[RNAext ]

[RNAtot ]

)

× 100 (6) 

2.4. Computation and statistics

Statistics were calculated with R version 4.4.3 “Trophy Case”. 
Comparison of means was performed either via a one-tailed Student’s T 
test or analysis of variance with post hoc Tukey’s Honestly Significant 
Difference (HSD) test. A significant difference was defined as a p-value 
< 0.05. Raw autocorrelation data was analyzed with a custom script 
written in Mathematica version 14.

3. Results and discussion

3.1. High-throughput workflow for nanoparticle characterization

LNP have risen to prominence thanks to their critical role in fighting 
the SARS-CoV-2 (COVID-19) pandemic (Cullis and Felgner, 2024, p. 60; 
Dolgin, 2021). This success has generated an influx of interest in 
developing LNP platforms for the delivery of nucleic acid payloads (e.g. 
siRNA, mRNA). However, the rapid optimization of an LNP formulation 
to deploy some nucleic acid payload against a specific pathology may 
depend on the systematic evaluation of many different formulation 
parameters.

It is critical that the quality attributes of LNP developed during an 

automated high-throughput screening process (e.g. dH, dispersity, RNA 
payload loading efficiency) are as similar as possible to those results 
obtained when scaling the LNP development. Thus, the output of high- 
throughput characterization methods should match as closely as 
possible with those results evaluated downstream in the development 
process. Fig. 1 shows a conceptual schematic where single measure in
struments are employed to characterize nanomedicine quality attri
butes, and how the all-in-one, high-throughput system can merge these 
analyses.

3.2. Evaluating colloidal properties of nanoparticles

3.2.1. Validating methods on standard nanoparticles
We first investigated the reliability of the htsDLS for analyzing 

nanoparticle colloidal properties using standard polystyrene Nano
sphere™ with nominal sizes of 60 and 200 nm. Fig. 2 shows the dH and 
dispersity results of multi-angle DLS performed on 60 nm or 200 nm 
polystyrene standard nanoparticles. It was observed that dH and poly
dispersity index (PdI) values for both instruments tended to converge as 
the scattering angle increased, likely because measuring at backscat
tering angles minimizes the effect of large contaminants and multiple 
scattering events (Stetefeld et al., 2016). Comparisons of nanoparticle dH 
measurements were thereafter made with the backscatter angle. To 
simplify comparison between instruments, the intensity values of the 
backscatter dH distributions were normalized (Eq. (1)). Size distribu
tions on the singleDLS showed a much broader peak width compared to 
those measured on the htsDLS (Fig. 2A, right and 2B, right), which is due 
to differences in instrument scattering angle (143◦ or 173◦ for htsDLS or 
singleDLS, respectively), laser wavelength (660 nm vs 633 nm for the 
htsDLS and singleDLS, respectively), and the particular algorithm/ 
workflow that the two instruments utilize for extracting dH distributions 
from the raw autocorrelation function data.

In fact, it is important to point out the fundamental differences be
tween the singleDLS and htsDLS. As stated above, both instruments 
employ different backscatter angles and laser wavelengths. However, 
more practically, the singleDLS measures concentration of a large volume 
(e.g. ~ 1 mL depending on the type of cuvette used), while the htsDLS uses 
a minimal volume of 2 µL. The htsDLS here also requires a specialized well 
plate where the solution is loaded into a capillary with two windows, one 
used for multi-angle DLS measurements and the other for UV/Vis mea
surements. This is in contrast with other high-throughput DLS methods 
that utilize conventional well-plates (Dauer et al., 2021).

To this last point, we implemented an instrument-independent 
approach to evaluate the raw autocorrelation data to calculate particle 
dH and dispersity. The rationale was to remove any bias associated with 
the instrument data processing and evaluate the particle dH and dis
persity based purely on the signal (autocorrelation function) data. Here, 
the method of cumulants approach was applied which is a classical 
approach in DLS used to extract particle dH information (Koppel, 1972; 
Stetefeld et al., 2016). Traditionally, this involves fitting the logarithm 
of the field correlation function to a polynomial, yielding cumulants like 
mean and variance. However, this linear method is sensitive to noise, 
requires data truncation, and assumes a fixed baseline. Frisken (2001)
and Mailer et al. (2015) proposed a nonlinear reformulation using mo
ments about the mean, which allows for more robust and accurate fitting 
(especially with modern computational tools). This nonlinear approach 
fits the entire dataset, treats the baseline as a free parameter, and per
forms well even with noisy data. It reliably estimates the mean and 
variance of the decay rate distribution for moderate polydisperse sam
ples (up to approx. PdI of 0.3). Therefore, the method is best suited for 
monomodal, narrow distributions and is limited in resolving multimodal 
or broad distributions. Overall, nonlinear cumulant analysis offers a 
practical balance between simplicity and accuracy in particle sizing. 
This approach was applied to raw data from both the htsDLS and sin
gleDLS, thus enabling the comparison of reported dH and PdI across both 
instruments and analysis methods.
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Fig. 1. Workflow for the preparation and characterization of LNP. (A) The figure shows the self-assembly of an LNP using four lipids (DLin-MC3-DMA, DSPC, DMG- 
PEG2k, cholesterol) and a nucleic acid payload (mRNA or siRNA). (B) The characterization of the LNP was carried out by comparing two approaches: an “All in one 
solution” (htsDLS) approach that integrates the essential analyses, and another in which the individual dedicated platforms were used for each specific analysis. The 
latter include Dynamic Light Scattering (DLS) for dH and PdI, Nanoparticle Tracking Analysis (NTA) for particle concentration, and RiboGreen Assay and UV/Vis 
analysis for cargo encapsulation efficiency.

Fig. 2. Dynamic light scattering analysis of NIST-standard polystyrene NanosphereTM on either the singleDLS or htsDLS plate reader DLS with nominal sizes of (A) 
60 nm and (B) 200 nm. dH (left column) and polydispersity index (PdI, center column) were measured over multiple scattering angles. dH and PdI values for both 
particle sizes and instruments converged at the backscatter angle (i.e. 143◦ and 173◦ for htsDLS and singleDLS, respectively), the backscatter angle was used to 
compare dH distributions across instruments (right column). For back scatter measurements (right column), solid, dashed, and dotted lines represent three inde
pendent experimental replicates. Horizontal green lines represent the nominal size for either 60 nm or 200 nm NanospheresTM.
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Fig. 3 shows the dH and PdI values for either the 60 nm or 200 nm 
polystyrene standard particles, as reported by the instrument data pro
cessing (default) or as derived from our independent analysis of the 
autocorrelation data (independent). Differences in mean Z-average dH 
were evaluated with analysis of variance and post-hoc Tukey’s HSD. For 
60 nm NanospheresTM, there was no significant difference in dH between 
default and independent analysis for either the singleDLS (p-value =
0.91), or the htsDLS (p-value = 0.58). Similarly, no differences were 
observed in DLS measurements for Z-average dH between singleDLS and 
htsDLS using the default analysis (p-value = 0.22) or the independent 
analysis (p-value = 0.48). For the 200 nm Nanospheres, there was no 
significant difference between default or independent analysis for either 
the singleDLS (p-value = 0.88), while for the htsDLS the differences were 
at the limit of signifance (p-value = 0.05). There was no significant 
difference found between singleDLS or htsDLS for either the default 
method of analysis (p-value = 0.06) or the independent analysis (p- 
value = 0.93). These data underscore that for both instruments the 
sizing results on standard samples remain consistent, even when eval
uated with an independent computation of dH distribution. A similar 
analysis revealed that there were no significant differences in any of the 
PdI values reported.

3.2.2. Measuring standard nanoparticle concentrations
Next, a comparison between the singleDLS and htsDLS was per

formed to evaluate the capacity for measuring nanoparticle concentra
tion with the NanosphereTM standards (Austin et al., 2020). With DLS, 
measuring nanoparticle concentration is dependent on the relationship 
between particle size and scattering intensity (Vysotskii et al., 2009). Liu 
et al. (2008) reported the direct correlation between gold nanoparticle 
(spheres and rods) concentration and scattering intensity as measured 
by DLS. Multi-angle dynamic light scattering further enables the calcu
lation of nanoparticle concentration based on the intensity-weighted 
size distribution and the scattered count rate (Austin et al., 2020). In 
essence, scattered count rate is derived from the mean count rate, and is 
dependent on particle size, concentration, scattering angle, and the 
differential scattering cross section. A deeper discussion on the calcu
lation of particle concentration via DLS can be found in several reviews 
(Maguire et al., 2018; Shang and Gao, 2014).

The standard NanosphereTM nanoparticles provide a means for 
administering nanoparticles at controlled concentrations based on the 
nominal size and known material properties. For comparison, nano
particle tracking analysis (NTA) was also employed as a mechanistically 
different method for evaluating nanoparticle dH (Table 1) and concen
tration (Fig. 4). Notably, the range of concentrations that could be 
measured was different for these two particles with nominal sizes of 

either 60 nm or 200 nm. This difference is due to the physical and optical 
properties of the particles and the type of detection of each instrument. 
Larger particles, such as the 200 nm NanospheresTM, scatter light more 
strongly and are thus more easily detected by optical scattering tech
niques such as the singleDLS and htsDLS. Conversely, smaller particles 
like the 60 nm nanospheres generate weaker signals that are more prone 
to background noise, limiting the capability of the instruments to 
accurately detect and quantify them. For the 200 nm NanosphereTM, the 
htsDLS was almost perfectly correlated between the nominal size and 
measured concentrations. Likewise, the singleDLS was in good agree
ment with the nominal particle concentration until the highest con
centration of 10E11 NP/mL. This is likely because the larger particles 
have stronger optical scattering, thus enabling the htsDLS to detect 
concentrations close to nominal values. For 60 nm Nanospheres, both 
the singleDLS and htsDLS reported concentrations below the nominal 
concentration, with the htsDLS under-reporting the concentration more 
than the singleDLS. This underestimation by the singleDLS and htsDLS 
could be justified based on the principles of DLS, which evaluates con
centration indirectly from the signal count rate and dH. Moreover, DLS- 
based instruments systematically tend to underestimate the concentra
tion of smaller particles compared to direct counting methods such as 
NTA, based on individual particle tracking, that tends to overestimate 
the nominal concentration, likely due to counting aggregates or smaller 
particles as multiple entities. These results are in line with previous 
reported work (Austin et al., 2020).

In Tian et al. (2024), a working particle concentration range of 106 – 
109 particles/mL was recommended for measuring size/concentration 
with 100 nm polystyrene or SiO2 nanoparticles. However, DLS mea
surements for concentrations outside of the ranges reported here, 
1.0E11–1.0E13 particles/mL for 60 nm or 1.0E9–1.0E11 particles/mL for 
200 nm NanospheresTM, were either too dilute or too concentrated to 
obtain reliable measurements. Within these concentration ranges, only 
one of the measurements fell outside of the recommended 10–100 NP/ 

Fig. 3. Comparison between default values for dH and polydispersity index (PdI) reported by the instruments, and those calculated independently from the raw auto- 
correlation function data, using nanospheres of 60 and 200 nm. Measured at backscatter angles of 173◦ and 143◦ for the singleDLS and htsDLS, respectively (n = 3).

Table 1 
Summary of standard NanosphereTM polystyrene nanoparticle size measure
ments (n = 3).

Particle Instrument Z-average dH (nm) PdI/Span

60 nm NanosphereTM singleDLS 67 ± 1 0.020 ± 0.016
htsDLS 67 ± 1 0.032 ± 0.022
NTA 75 ± 5 0.153 ± 0.015†

200 nm NanosphereTM singleDLS 208 ± 0.2 0.015 ± 0.014
htsDLS 207 ± 11 0.011 ± 0.001
NTA 187 ± 13 0.457 ± 0.100†

† Size dispersity for the NTA is reported as the “span” (Eq. (2)), not PdI.
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frame as shown in Fig. S1 (Gardiner et al., 2013; Tian et al., 2024; 
Vestad et al., 2017).

A Student’s T-test was used to compare the different analytical 
techniques at each concentration measured for the two particles at 
different nominal concentrations. For 60 nm particles, at the lowest 
nominal concentration (1.0E11 NP/mL), no significant differences were 
observed between the singleDLS and htsDLS (p = 0.057), but both 
differed significantly from NTA (p < 0.05). At concentrations ≥ 1.0E12 
NP/mL, the data of all three instruments were significantly different (p 
< 0.05), suggesting increasing disagreement with rising concentration. 
For 200 nm particles, only NTA was significantly different at 1.0E9 (p <
0.05) while there were no significant differences at 1.0E10 NP/mL. 
However, at the highest concentration (1.0E11 NP/mL), all comparisons 
among the instruments showed significant differences (p < 0.05).

3.2.3. Comparing colloidal properties of lipid nanoparticles
After validating the measurement of colloidal properties for the 

standard NanospheresTM, LNP were employed as a “real-world” system 
to compare the singleDLS and htsDLS systems. LNP were loaded with 
either mRNA or siRNA, and were formulated on a semi-automatic 
microfluidic system. Flow channels were configured in a T-junction, 
and the organic:aqueous flow rate ratio (FRR) was maintained at 3:1, 
while total flow rate (TFR) was varied between 1–3 mL/min (Fig. 5). 
Other production parameters such as total lipid concentration (5.5 mM), 
lipid ratios, and N/P ratio were kept constant. This particular 

combination of lipids and lipid ratios (50 % DLin-MC3-DMA, 38.5 % 
cholesterol, 10 % DSPC and 1.5 % DMG-PEG2k) was selected as it is 
comparable to clinically approved Onpattro (siRNA-loaded LNP) (Chen 
et al., 2016; Ojansivu et al., 2025) and is a conventional formulation 
widely utilized for LNP (Gambaro et al., 2024; Guo et al., 2024; Kawa
guchi et al., 2023; Vigil et al., 2021). This semi-automated approach 
enabled the investigation of LNP with different colloidal properties 
based on their production parameters, and allowed verification of the 
inter-instrument measurement consistency.

LNP colloidal properties were evaluated (dH and PdI) and then 
compared with the independent analysis of the correlation function 
(Fig. 6). For mRNA-loaded LNP, there were no significant difference in 
dH between default and independent analysis for either the singleDLS (p- 
value = 0.526, 0.121, 0.388 when the TFR is 1,2 and 3 mL/min, 
respectively), or the htsDLS (p-value = 0.148, 0.137 and 0.198 when the 
TFR is 1,2 and 3 mL/min, respectively). Nor were there differences in dH 
for siRNA-loaded LNP between default and independent analysis for 
either the singleDLS (p-value = 0.787, 0.925 and 0.423 when the TFR is 
1,2 and 3 mL/min, respectively), or the htsDLS (p-value = 0.148, 0.374 
and 0.407 when the TFR is 1,2 and 3 mL/min, respectively). These data 
underline that for both instruments the dH results on samples of LNP 
remain consistent, even when evaluated with an independent calcula
tion of the dH distribution. A similar analysis revealed that there were no 
significant differences in any of the reported PdI values, except for the 
LNP formulation encapsulating mRNA produced with a TFR of 3 mL/ 

Fig. 4. Comparison of nanoparticle concentrations measured via either the singleDLS, htsDLS, or via nanoparticle tracking analysis (NTA) for (A) 60 nm or (B) 200 
nm NanosphereTM standard polystyrene nanoparticles. Solid points represent mean ± 1x standard deviation for n = 3 experimental replicates. Axes are logarithmic 
(base 10) and the dashed grey line represent perfect correlation between nominal concentrations and measured concentrations.

Fig. 5. Schematic diagram of LNPs formulation.

S. Misto et al.                                                                                                                                                                                                                                    International Journal of Pharmaceutics 690 (2026) 126581 

6 



min and analyzed by the htsDLS method. This result reinforces the idea 
that both instruments provide comparable and reliable results.

3.3. RNA loading

The htsDLS combined SLS, DLS and UV/Vis spectroscopy, where 
payload concentrations can also be reported by demixing the UV/Vis 
absorbance spectra from the constituent components (e.g. LNP and 
mRNA). The obvious benefit here is an increased capacity to generate 
novel formulations and rapidly screen LNP quality attributes. However, 
we were interested in comparing how such a high-throughput method 
practically compares to standard assays. To compare the results of the 
htsDLS with “conventional” characterziation methods (i.e. singleDLS for 
dH/dispersity and the RiboGreen assay for RNA loading), LNP were 
therefore used as a model system.

3.3.1. Validating RNA measurement across instrumentations
First, RNA quantification with the htsDLS platform was compared to 

the RiboGreen assay. While the RiboGreen assay can similarly be run in 
a high-throughput format (plate reader assay), the htsDLS offers an all- 
in-one approach in which DLS and RNA loading are measured almost 
contemporaneously with no change in sample handling. Thus, the limit 
of detection (LOD) and limit of quantification (LOQ) were determined 
for both methods. Standard curves of known concenterations of mRNA 
or siRNA were measured for each assay in five independent experiments. 
LOD and LOQ were then calculated as described in Eqs. (3) and (4), 
respectively, based on best fit linear models (Table 2). It is important to 
note that R2 values reported in Fig. 7 represent linear models fit through 

all 5 standard curve measurements in aggregate, and for each individual 
experiment the R2 values ranged from 0.876 to 0.999 (Table S1).

The RiboGreen assay and htsDLS measure RNA through two mech
anistically different means: the RiboGreen assay through a fluorophore 
which becomes fluorescent upon binding to nucleotides and the htsDLS 
based in the UV/Vis absorbance (coupled with spectral unmixing) of 
RNA and lipids (Cavaluzzi and Borer, 2004; Jones et al., 1998). As a 
parallel to the htsDLS, mRNA or siRNA content was also measured via 
UV/Vis absorption at 260 nm on a NanoDrop (Fig. S2).

Notably, during experimentation there were significant differences 
in the limits obtained via the fluorometric assay compared to the UV/ 

Fig. 6. Comparison between default values for dH (bars) and polydispersity index (PdI, circles) reported by the instruments, and those calculated independently from 
the raw auto-correlation function data, using mRNA- and siRNA-loaded LNP produced via microfluidic mixing at three TFRs: 1, 2, and 3 mL/min. Values represent 
mean ± 1x standard deviation for n = 3 experimental replicates.

Table 2 
Limits of detection (LOD) and limits of quantification (LOQ) for the different 
methods of quantification and payload types (n = 5). The nanomolar (nM) 
concentrations calculated for mRNA were based on an assumed molecular 
weight of 320 kDa.

Payload Method of quantification LOD LOQ

mRNA RiboGreen (w/o Triton 
X-100)

0.01 μg/mL (0.03 
nM)

0.02 μg/mL (0.06 
nM)

RiboGreen (w/ Triton X- 
100)

0.04 μg/mL (0.13 
nM)

0.13 μg/mL (0.41 
nM)

htsDLS 30.69 μg/mL 
(95.91 nM)

93.01 μg/mL 
(290.66 nM)

siRNA RiboGreen (w/o Triton 
X-100)

0.53 nM 1.60 nM

RiboGreen (w/ Triton X- 
100)

0.66 nM 2.01 nM

htsDLS 501.70 nM 1520.29 nM
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Vis-based assays. The RiboGreen was significantly more sensitive, 
reporting LOD approximately 700 × lower than the htsDLS for mRNA 
and approximately 150 × lower than the htsDLS for siRNA. The differ
ences observed in the LOD between RiboGreen Assay and the htsDLS can 
be attributed to their different type of detection. Fluorescence-based 
assays benefit from signal amplification, which improves the signal-to- 
noise ratio. In contrast, the UV/Vis-based method measures RNA 
absorbance, which produces a weaker signal and is more sensitive to 
optical interference from other formulation components (e.g., solvents, 
lipids), leading to lower sensitivity. Furthermore, RiboGreen shows 
greater sensitivity for mRNA than for siRNA. This can be explained by 
the greater molecular size (increased number of nucleotides) of mRNA, 
which provides more available binding sites for the fluorophore, thus 
producing a stronger signal. siRNA, being shorter and more structurally 
compact, has fewer binding sites for RiboGreen which results in a lower 
signal intensity and reduced sensitivity. Notably, the range of RNA 
concentrations measured for each type of assay (htsDLS or RiboGreen) 
had to be adjusted based on the type of RNA (siRNA or mRNA). For 
example, mRNA was measured between 0.1 to 3.0 nM for the RiboGreen 
assay versus approximately 100 to 1,000 nM for the htsDLS. Likewise, 
siRNA was measured between 5 to 100 nM via the RiboGreen assay 
while the range of siRNA concentrations measured on the htsDLS was 
approximately 120 to 10,000 nM.

In this context, an analysis of the LOD, as reported in Table 2, reveals 
that the value of 0.03 nM for mRNA using RiboGreen assay without 
Triton X-100 reagent, is in good agreement with the results discussed by 
Jones et al, (1998) who established the sensitivity of the RiboGreen 
reagent at 1.0 ng/mL (equivalent to approximately 0.02 nM for ribo
somal RNA). This agreement underscores the reliability and high 
sensitivity of the assay. The increase in LOD with Triton X-100 reagent 
(in particular 0.13 nM for mRNA and 0.66 nM for siRNA) is also 
consistent with the findings of Bizmark et al, (2024) who demonstrated 
that detergents could alter the dye-RNA interactions in the RiboGreen 
assay. Instead, the higher LODs for the htsDLS based on UV/Vis analysis 

(in particular 93.29 nM for mRNA and 501.70 nM for siRNA) reflect the 
limitations of absorbance-based measurements, especially for nucleic 
acids at low concentrations. The higher LOD for siRNA compared to 
mRNA is attributable to its lower molecular weight, requiring higher 
molar concentrations to measure absorbance. These values are in perfect 
agreement with the study of Gallagher (2011), who underscore that UV/ 
Vis spectroscopy at 260 nm has a range generally from 1 to 50 μg/mL for 
nucleic acids (corresponding to approximately 100 nM to 5 μM for DNA, 
depending on size). Furthermore, this method is also highly sensitive to 
optical interference caused by lipid nanoparticles and their components, 
which can lead to overestimation of RNA concentration or reduced 
accuracy.

3.3.2. Characterization of RNA payload encapsulation in LNP
LNP loading was measured after defining the LOD and LOQ for each 

instrument and validating the measurement of both mRNA and siRNA. 
After formulating the LNP with either RNA payload at different TFR, the 
quantity of total mRNA (Fig. 8A) or siRNA (Fig. 8C) were measured via 
either the RiboGreen assay or the htsDLS. For mRNA, we observed that the 
htsDLS tended to report values lower than the RiboGreen assay. One 
rationale for this is that the theoretical amount of mRNA in this formu
lation, based on the amount of mRNA in the initial aqueous phase and the 
volumes recovered after dialysis, is below the LOD for the htsDLS. How
ever, there was only one mRNA-LNP formulation where there was a sta
tistically significant difference between % mRNA entrapment yield 
measured via RiboGreen and htsDLS (TFR 1 mL/min, p-value = 0.05). For 
all others there was no statistically significant difference. What is evident 
is that the htsDLS is more effective than a purely UV/Vis-based approach 
(i.e. NanoDrop), and reports trends comparable to the RiboGreen assay. 
When comparing % siRNA entrapment yield between the htsDLS and 
RiboGreen assay, only the formulation produced at TFR 2 mL/min showed 
a statistically significant difference (p-value = 0.04).

An additional limitation for UV/Vis-based measurements (the 
htsDLS and NanoDrop), is that unlike the RiboGreen assay, UV/Vis- 

Fig. 7. Standard curves for the quantification of (A,B) mRNA or (C,D) siRNA via the RiboGreen assay or via UV/Vis measurements with the htsDLS. Standard curves 
represent the average of 5 × independent experimental replicates. Linear models are fit through all experimental points in aggregate.

Fig. 8. Loading of RNA in LNP. Total amount of (A) mRNA or (C) siRNA measured by either the Ribo Green assay or via the htsDLS instrument for LNP prepared at 
different total flow rates. Encapsulation efficiency (% internal vs total RNA) of the LNP loaded with (B) mRNA or (D) siRNA as a function of TFR (1, 2 and 3 mL/min) 
as evaluated by the RiboGreen assay. Data shows the mean ± standard deviation for n = 3 experimental replicates.
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based measurements are unable to distinguish between unencapsulated 
and encapsulated RNA. Because the RiboGreen assay is able to distin
guish between unencapsulated and encapsulated RNA, we report the 
encapsulation efficiency (i.e. percent of internal encapsulated RNA over 
total RNA measured, Fig. 8B, D). The results revealed between 80 % and 
90 % of RNA is captured internally for all LNP. mRNA-loaded LNP 
showed a progressive increase of encapsulation efficiency at higher TFR 
(Fig. 8B), while siRNA-loaded LNP showed the opposite trend (Fig. 8D). 
These results suggest that for each formulation the encapsulation effi
ciency, as well as the % entrapment yield of payload recovered (Fig. S3), 
depends on the TFR and type of cargo/cargo molecular weight.

These data have shown how the htsDLS compares to conventional 
singleDLS and RiboGreen assays for measuring size/PdI and RNA 
loading, respectively. To evaluate how general this process could be 
across LNP formulations, we formulated LNPs with a different ionizable 
lipid (SM-102) and at a different N/P ratio (10:1). This formulation was 
produced on the microfluidic system at a TFR of 3 mL/min and an 
aqueous:organic FRR of 3:1. Fig. S4A shows the hydrodynamic diameter 
and PdI of the SM-102 LNP, and singleDLS and htsDLS showed very 
similar results. Likewise, measurements of total mRNA loading showed a 
similar trend where the RiboGreen assay measured more total RNA in 
comparison with the htsDLS.

4. Conclusion

The emergence of automation in nanoparticle production and char
acterization has the potential to rapidly increase the throughput in 
which hit nanomedicine formulations can be identified through high- 
throughput screening. However, it is critical that the quality attributes 
of nanomedicines developed via high-throughput screening remain 
consistent as that formulation is developed from screening approach 
through production scale, and there must be parity between high- 
throughput screening methods and conventionally accepted methods 
of nano-characterization. Here, an in-depth analysis comparing “gold 
standard” approachs in lipid nanoparticle characterization are validated 
in a high-throughput workflow. Demonstrating that data obtained from 
high-throughput platforms are consistent is a fundamental requirement 
to ensure the robustness of the pharmaceutical development process, 
data reproducibility, and transferability of the best formulations- 
fundamental aspects for translational medicine and industry.

We report here a technical analysis comparing conventional tech
niques for characterizing LNP attributes (dH, dispersity, and RNA 
loading) with a high-throughput plate-reader based approach. We 
observed that, for the measurement of colloidal properties, the htsDLS 
provides results comparable to conventional one-at-a-time DLS (or 
NTA). However, for RNA quantification, in particular at low concen
trations, the sensitivity of the plate reader, UV/Vis-based approach ap
pears lower compared to the RiboGreen assay. This is especially 
apparent for mRNA. Thus, as a tool the plate-reader UV/Vis approach is 
useful for rapid screening, but additional confirmation of RNA payload 
loading via other (e.g. fluorescence-based) assays is necessary for ac
curacy. These results show how the integration of microfluidic produc
tion with automated characterization is an important step for the 
efficient and scalable development of LNP, with important applications 
in clinical and pharmaceutical fields.
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