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mRNA lipid nanoparticles (LNPs) are at the forefront of nucleic acid intracellular delivery, as exemplified by

the recent emergency approval of two mRNA LNP-based COVID-19 vaccines. The success of an LNP

product largely depends on the systematic optimisation of the four lipidic components, namely the ioni-

sable lipid, PEG lipid, structural and helper lipids. However, the in vitro screening of novel lipidic com-

ponents and LNP compositions is limited by the low-throughput of LNP preparation. To address these

issues, we herein present an automated high-throughput screening platform to select novel ionisable

lipids and corresponding LNPs encapsulating mRNA in vitro. This high-throughput platform employs a

lab-based automated liquid handling system, amenable to high-throughput (up to 384 formulations per

plate and several plates per run) and allows precise mixing and reproducible mRNA LNP preparation

which ensures a direct head-to-head comparison of hundreds and even thousands of novel LNPs. Most

importantly, the robotic process has been successfully applied to the screening of novel LNPs encapsulat-

ing mRNA and has identified the same novel mRNA LNP leads as those from microfluidics-mixing techno-

logy, with a correlation coefficient of 0.8751. This high-throughput platform can facilitate to narrow down

the number of novel ionisable lipids to be evaluated in vivo. Moreover, this platform has been integrated

into a fully-automated workflow for LNP property control, physicochemical characterisation and biologi-

cal evaluation. The high-throughput platform may accelerate proprietary lipid development, mRNA LNP

lead optimisation and candidate selection to advance preclinical mRNA LNP development to meet urgent

global needs.

Introduction

Nucleic acid-based medicines including antisense oligo-
nucleotide (ASO), small interfering RNA (siRNA), microRNA
(miRNA), messenger RNA (mRNA), self-amplifying RNA
(saRNA) and DNA have emerged as game changer therapies
with the potential to address previously undruggable targets
and cure diseases. The first ASO drug, Fomivirsen, was
approved by the U.S. Food and Drug Administration (FDA) in
1998.1 Fourteen years later, the first DNA-based medicine
(Glybera) was approved by the European Medicines Agency
(EMA).2 In 2018, the first siRNA drug (Onpattro) delivered by a
non-viral vector (lipid nanoparticles, LNPs) was approved by
the FDA3 followed by the approval of another siRNA drug
(Givlaari) in 2019.4 These series of successes have evoked
fierce competition for biotechnology and pharmaceutical com-
panies to develop nucleic acid drugs.

Among a large panel of nucleic acids, mRNA is in the spot-
light of recent technological innovation due to its great poten-
tial in preventing and treating disease. A key advantage of
mRNA is its ability to use our own body to transiently make

†Electronic supplementary information (ESI) available: Supplementary figures of
stability of the mRNA LNPs generated from the high-throughput platform, high-
throughput characterisation of mRNA LNPs including DLS for particle size dis-
tribution, Ribogreen assay for mRNA encapsulation, TNS assay for pKa determi-
nation and cell assay for LNP-mediated mRNA transfection, and in vivo proof-of-
concept of the pDNA LNPs generated from the high-throughput platform by
whole body and ex vivo tissue imaging. See DOI: 10.1039/d1nr06858j

aAdvanced Drug Delivery, Pharmaceutical Sciences, BioPharmaceuticals R&D,

AstraZeneca, Cambridge CB21 6GH, UK. E-mail: lili.cui@astrazeneca.com,

lilicuinike@gmail.com
bDepartment of Molecular & Integrative Physiology, University of Michigan Medical

School Ann Arbor, Michigan 48109-5624, USA
cBioscience Renal, Research and Early Development, Cardiovascular, Renal &

Metabolism (CVRM), BioPharmaceuticals R&D, AstraZeneca, Cambridge CB21 6GH,

UK
dAdvanced Drug Delivery, Pharmaceutical Sciences, BioPharmaceuticals R&D,

AstraZeneca, Boston 02451, USA
eGlobal Lab Automation, Antibody Discovery & Protein Engineering,

Biopharmaceuticals R&D, AstraZeneca, Cambridge CB21 6GH, UK

1480 | Nanoscale, 2022, 14, 1480–1491 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 0
5 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

on
 5

/2
3/

20
24

 5
:3

2:
00

 A
M

. 

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0002-0668-2837
http://orcid.org/0000-0002-7473-546X
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr06858j&domain=pdf&date_stamp=2022-01-24
https://doi.org/10.1039/d1nr06858j
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014004


proteins, thus rendering better tolerability and safety profiles
compared to other nucleic acid-based drugs. With the current
global pandemic of COVID-19, sixteen mRNA LNP-based vac-
cines are at various stages of clinical development and two
mRNA LNP-based vaccines have already been approved for
emergency use.5 From a developability perspective, mRNA has
advantages over DNA because mRNA production does not
require biological systems. Through cell-free in vitro transcrip-
tion, mRNA can be safely produced in large-scale at relatively
low costs. From the delivery perspective, the target site of deliv-
ery for mRNA is the cytosol, whereas for DNA it is the nucleus.
As a result, designing delivery systems for mRNA is a lower
challenge relative to DNA.

Along with the successful clinical trials, there have been a
number of failures,6 mainly attributed to safety and lack of
efficient delivery. However, these problems can be circum-
vented by the development of safe and efficient non-viral deliv-
ery systems. Since LNP is the first non-viral delivery vector that
has been successfully introduced in the clinic for the intra-
cellular delivery of nucleic acids, many scientific efforts have
been focused on LNP development. The first ever approved
LNPs are composed of siRNA and four lipids: DLin-MC3-DMA
(MC3), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC),
cholesterol and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethyl-
ene glycol-2000 (DMG-PEG 2000).3 These lipids form stable
nanoparticles with siRNA encapsulated in the core.7 Due to a
high percentage of cholesterol content (38.5% molar ratio),
these nanoparticles mimic endogenous low density lipopro-
teins particles (LDLs) and can be coated with plasma apolipo-
proteins following intravenous injection.8,9 Apolipoprotein E
(ApoE) has been shown to be the main apolipoprotein to coat
LNPs and facilitate liver targeting.10 Therefore, ApoE-coated
LNPs are like a ‘Trojan Horse’ to deliver siRNA to its target
tissue and intracellular compartment. One of the key features
of MC3 LNPs is their pKa of 6.44,11 which prompts
MC3 headgroup ionisation at low pH and the establishment of
electrostatic interactions with the oppositely charged nucleic
acids, leading to high encapsulation efficiency during formu-
lation. More importantly, during endosomal acidification, the
ionised MC3 forms ion pairs with the anionic endosomal
lipids, which facilitates endosomal escape of nucleic acids
through the formation of unstable hexagonal structures.12

Given the pivotal role of ionisable lipids in promoting endo-
somal release, it is not surprising that LNP development is
centred around the screening of novel ionisable lipids.13–18 In
fact, to advance the best in vivo performing LNPs, hundreds
and even thousands of novel lipids are usually screened
in vitro.13–17,19,20 Furthermore, the composition and LNP
physicochemical properties often need to be optimised to
achieve efficient intracellular delivery,11 which translates into a
large number of combinatorial conditions to be evaluated.

LNPs are produced by lipid precipitation mainly through
T-junction mixing and microfluidics-mixing techniques.21–23

The former involves controllable mixing in T-shaped tubing
which is currently used as a large-scale production process,
while microfluidics-mixing makes use of herringbone or baffle

microstructures.22,24,25 The herringbone micromixer-based
technique has been developed into commercial devices such
as the NanoAssemblr from Precision NanoSystems which has
been widely used to prepare LNPs to study morphology,
surface property and degradability of LNPs,26–29 in vitro profil-
ing and intracellular fate of LNPs,30,31 and in vivo understand-
ing/application of LNP formulations.32,33 However, microflui-
dic-mixing technology is usually chip-based and features a
low-throughput preparation, which limits its application for
the screening of big libraries of novel LNPs. Therefore, there is
an increasing demand for a high-throughput counterpart that
allows automated LNP generation, physicochemical character-
isation and biological evaluation to screen novel ionisable
lipids and establish structure–activity relationships (SAR) for
mRNA delivery. Some effort has been made to reduce prepa-
ration volumes (e.g. NanoAssemblr Spark) or increase through-
put to 24 formulations or specific for antisense
oligonucleotides.24,34 However, to our knowledge there are no
studies exploring the feasibility of using automations for high-
throughput screening of novel ionisable lipids for mRNA
delivery.

In this study, we adapted an automated liquid handling
system which is commonly used in labs and optimised the
mixing parameters for the purpose of mRNA LNP high-
throughput preparation. To verify if this platform could be
used to screen novel LNPs encapsulating mRNA, 10 new ioni-
sable lipids were synthesised, premixed with helper lipids and
formulated into LNPs using the automated platform, followed
by the in vitro evaluation of their mRNA functional delivery.
For head-to-head comparison, the new ionisable lipids were
prepared into mRNA LNPs by standard microfluidics-mixing
technology. Interestingly, we have demonstrated that this new
platform has identified the same novel LNP leads in view of
mRNA functional delivery as the standard microfluidics-
mixing (correlation coefficient of 0.8751) which would help
reduce the number of novel lipids for further evaluation. It is
worthwhile to note that the nucleic acid payload applied in
this automated LNP platform is a long RNA (mRNA) which is
996 nucleotides (about 60-fold longer than ASOs) and is rela-
tively difficult to be encapsulated and delivered. Moreover, two
out of the ten novel LNPs made from the high-throughput plat-
form were out-performed in comparison with the standard-
mixing method, whose mechanism will be discussed in
another publication.35 Another equally attractive aspect of this
platform is its high-throughput capability with up to 384 LNPs
per plate and many plates per run (versus 1 LNP per run for
the standard microfluidic-mixing technique). Therefore, the
automated high-throughput platform renders at least 100-fold
improvement in mRNA LNP preparation efficiency, cutting
down the formulation timeline from weeks to hours when
used in a continuous mode. Additionally, this automated
process allows the preparation of lipid mixtures and mRNA
dilutions, microliter-scale (60 µL) generation of mRNA LNPs
and nearly full recovery of the mRNA and lipid premix and
mRNA LNP formulations from preparation wells which is extre-
mely valuable for fulfilling automation process, reducing

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14, 1480–1491 | 1481

Pu
bl

is
he

d 
on

 0
5 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

on
 5

/2
3/

20
24

 5
:3

2:
00

 A
M

. 
View Article Online

https://doi.org/10.1039/d1nr06858j


materials and costs, and increasing preparation efficiency.
This robotic process can be easily integrated into a fully-auto-
mated workflow for mRNA LNP physicochemical characteris-
ation and biological evaluation. Combining this platform with
the design of experiment (DOE) and multiparametric screen-
ing of mRNA LNP formulations would serve as a useful tool to
improve the in vitro and in vivo correlation. We envision that
this platform will accelerate LNP discovery for mRNA-based
therapeutics and vaccines.

Results and discussion
An efficient and economical automated platform for LNP
preparation

High-throughput screening with reliable reproducibility and
accuracy often relies on mechanical automation. Considering
the high cost of raw materials, including mRNA and novel ioni-
sable lipids, an automated LNP platform should have the
ability to generate samples at a microliter scale and meanwhile
to avoid loss of starting materials or final formulations in the
process. For this reason, we focused on common laboratory
automated liquid handling systems, such as Hamilton or other
similar instruments. These technologies can handle actions
such as tip-loading, aspirating, dispensing and mixing with
high-throughput and reliable precision. Therefore, the control-
lable and robust dispensing and mixing can be explored to
prepare mRNA and lipid premix and mix mRNA aqueous and
lipid-ethanolic phases to prepare LNPs (Fig. 1). Moreover, this
system is compatible with either 96- or 384-well plates which
allows not only high-throughput and microscale LNP prepa-
ration, but also the incorporation of modular downstream
workflows for LNP quality control, physicochemical character-
isation and cell-based biological evaluation (Fig. 1). The first
question we sought to answer in the present work is whether
the mixing produced by an automated liquid handling system
is efficient enough to generate mRNA LNPs. It is well estab-
lished that the formation of LNPs involves lipid precipitation
(also known as anti-solvent precipitation, nanoprecipitation or
phase separation) that occurs when lipid molecules are super-
saturated from mixing.21,22,36 Nanoprecipitation essentially
involves nucleation and nucleus growth of solutes (mRNA and
lipids in the case of LNPs) when solvent compositions change.
Molecular interactions define the self-assembly process of
solutes and therefore the properties of the resulting particles,
such as size, surface charge and internal structure. Thus, we
hypothesised that an automated liquid handling system with
robust mixing could potentially generate nanoprecipitation to
produce mRNA LNPs.

In order to determine the feasibility of this liquid handling
platform to fabricate LNPs, a benchmark MC3-LNP formu-
lation was used as a proof-of-concept. Specifically, 15 µL lipid
solution was dispensed into 45 µL mRNA aqueous solution in
each reaction well (96 well-plates) followed by mixing at a
speed of 300 µL s−1 for ten cycles. Another 60 µL PBS was
added to each well to dilute down the ethanol content and

stabilise any nanoparticles that had been formed. For 384 well-
plates, the volumes are 10 µL and 30 µL for lipid solution and
aqueous solution respectively, followed by 40 µL PBS dilution.
The resultant mixture was dialysed in PBS buffer (pH7.4) to
generate LNP formulations. To assess if mRNA LNPs were
formed, we used a series of characterisation methods to deter-
mine particle size and size distribution, morphology and pKa

(Fig. 2). Fig. 2a shows the results of dynamic light scattering
(DLS) measurement of the LNP formulation generated from
the automated platform. Strikingly, a smooth correlation func-
tion was observed as a single exponential curve which
suggested the presence of monodispersed particles. This was
confirmed by the histogram of particle size distribution,
revealing a Z-average size of 157.4 nm and a polydispersity of
0.095. To note, the large size of the LNPs is an advantage for
loading more mRNA per particle.35 As expected, surface zeta
potential of these nanoparticles was neutral (1.67 ± 0.34 mV)
as all lipidic components are neutral at physiological pH. In
addition, nanoparticle tracking analysis (NTA) further con-
firmed the formation of monodispersed nanoparticles
(Fig. 2b). Morphology investigation using cryogenic trans-
mission electron microscopy (cryoTEM) revealed LNPs with a

Fig. 1 Diagram illustrating an example of an automated workflow for
premix preparation, and LNP generation and characterisation. mRNA
solution and lipid mixtures are first prepared by automation. The LNP
generation steps involved in the automated preparation of LNPs include:
(1) robot dispenses mRNA aqueous phase and lipid ethanolic phase into
384 or 96-well plates; (2) mRNA aqueous phase is aspirated from its
original plate and dispensed into an LNP generation plate. Similar to
mRNA, lipid ethanolic phase is aspirated from its original plate and dis-
pensed into the same LNP generation plate, followed by mixing to
produce LNP nanosuspensions. The aim of this automated workflow is
to screen novel lipids and select lead lipids in vitro, therefore reducing
the number of LNP formulations (to be prepared by microfluidic-mixing)
to be tested in vivo. For downstream LNP characterisation, a robot aspi-
rates and dispenses the LNPs into each assay plate for measurement of
size (by using dynamic light scattering, DLS), mRNA encapsulation
efficiency (using Ribogreen assay), pKa assay (using TNS fluorophore)
and mRNA functional delivery (cell-based assays).
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spherical shape (Fig. 4e). Interestingly, these automated LNPs
displayed a pKa of 6.27 (Fig. 2c), similar to the standard micro-
fluidic-based LNPs, which represents a determinant factor for
intracellular delivery. These results demonstrate that the auto-
mated liquid handling system can be used for mRNA LNP
preparation, which opens up the opportunity for high-through-
put mRNA LNP fabrication that can be standardised and trans-
ferrable across labs.

Manipulating key automation-based parameters for LNP
performance evaluation

After confirming that the automated platform could be
applied to mRNA LNP preparation, it was important to under-
stand whether these LNPs were biologically functional and
able to render productive delivery of mRNA. mRNA is a long
RNA and relatively harder to be loaded and delivered than
small RNA such as siRNA or ASO. In parallel, the potential
effect of various mixing parameters of the automated platform
were investigated. Depending on the liquid handling system
used, parameters such as pipetting speed and mixing volume
should be optimised to ensure generation of high-performing
LNPs. For the Hamilton liquid handling robot, key factors
investigated included the mixing speed, mixing volume, dis-
pensing speed, liquid tracking and tip type. When one para-

meter was manipulated, all other parameters were fixed to
allow a controlled evaluation of the effect of that parameter on
LNP generation. mRNA functional delivery of the automated
LNPs was determined in H358 cells (human lung epithelial
cells). Our previous studies have shown that H358 cells have
slow pH change and lysosomal maturation with medium trans-
fection capacity30 and therefore represent a suitable cell model
to evaluate LNP functional delivery and rank different ionisa-
ble lipids.

Mixing speed

The mixing speed of mRNA aqueous phase and lipid ethanolic
phase was first investigated. Fig. 3a shows the particle size and
eGFP mRNA expression of LNPs produced at a mixing speed of
100 µL s−1 and 300 µL s−1 (while other mixing parameters
were fixed, as shown in Fig. 3a). The low mixing speed is not
investigated from a practical perspective because high mixing
speed helps with mixing efficiency and reducing time con-
sumed in the process. The mixing occurs with a position of
2 mm to the bottom of wells. Promisingly, all LNPs exhibited

Fig. 2 Physicochemical characterisation of mRNA MC3-LNPs produced
with the automated platform. (a) Correlogram (left) of dynamic light
scattering (DLS) measurements and size distribution of nanoparticles
(right). (b) Visualized nanoparticle tracking (left) and size distribution
from nanoparticle tracking analysis (NTA, right). (c) TNS assay of the
automated LNPs.

Fig. 3 Key parameters of automated platform influencing LNP mRNA-
eGFP functional delivery to H358 cells. (a) Mixing speed at 100 and
300 µL s−1 (mRNA 50 ng per well); (b) mixing volume of 10, 30, 50 µL;
(c) dispensing speed at 1 and 120 µL s−1; (d) liquid tracking and (e) con-
ductive and non-conductive tip types. *P < 0.05, **P < 0.01, ****P <
0.0001. Data was analysed by one-way (a) and two-way (b–e) ANOVA
followed by Tukey’s multiple comparisons.
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efficient eGFP mRNA expression (∼2.5 × 105) well above the
background level of the untreated cells (p < 0.0001). It is worth
highlighting that three batches of mRNA LNPs made at a
mixing speed of 100 µL s−1 yielded the same eGFP expression
(p = 0.6843), which indicates that the automated platform gen-
erates functionally reproducible mRNA LNP formulations.
Next, the mixing speed was increased to 300 µL s−1 (close to
the upper limit of 350 µL s−1) to test whether mixing could
enhance mRNA functional delivery by generating particles
with better properties. No statistical difference in eGFP
expression (p = 0.1033) was obtained for LNPs prepared at
100 µL s−1 and 300 µL s−1, suggesting that the mixing speed
has no effect on mRNA LNP functional delivery in the current
setup. This may be because mRNA LNPs have formed in the
step of dispersing the organic phase into mRNA-contained
aqueous solution which is ahead of the mixing step. The effect
of dispensing on mRNA LNP formation and functional delivery
will be discussed later.

Mixing volume

Another process parameter that was investigated was mixing
volume, which is the volume of liquid that is aspirated into the
pipette tip when mixing the lipid and mRNA solutions. In this
experiment, three mixing volumes of 50 µL, 30 µL and 10 µL
were tested (while other parameters were fixed, as shown in
Fig. 3b). As expected, when the mRNA dose was increased
from 6.25 to 100 ng per well, the LNPs showed increasingly
higher mRNA transfection efficiencies (Fig. 3b). Interestingly,
with the increase of mixing volumes from 10 µL to 30 µL,
mRNA expression was improved (p < 0.01). However, when the
mixing volumes increased from 30 µL to 50 µL, no statistically
significant difference in the mRNA expression was observed.
This indicates that a suitable mixing volume is required to
produce beneficial effects for mRNA LNP functional delivery.
Therefore, a mixing volume of 30 µL was used in further
experiments unless otherwise specified.

Dispensing speed

In this automated process, the organic phase is dispensed into
the corresponding wells where it is mixed with the mRNA
aqueous phase to form LNPs. The dispensing speed is defined
as the flow rate at which the lipid-containing ethanolic phase
is injected to the mRNA aqueous solution. At this point, the
two phases are mixed to produce LNPs and the dispensing
speed resembles the mixing speed in the microfluidic mixing
technology. Therefore, we investigated if the dispensing speed
could have an impact on LNP formation and thus, on mRNA
functional delivery. For this purpose, a slow dispensing speed
of 1 µL s−1 and a median dispensing speed of 120 µL s−1 were
applied to make mRNA LNPs. The dispensing height was kept
at 1 mm to the bottom of wells. The particle size and eGFP
expression levels of the resulting mRNA LNPs are shown in
Fig. 3c. Interestingly, the slow dispensing speed did not affect
the particle size nor the mRNA transfection efficiency. The
slow dispensing renders a very low ethanolic phase to aqueous
phase volume ratio and generates a sudden increase of polarity

in the ethanolic phase which is beneficial to the formulation
of nanoparticles. This could potentially suggest that in this
automated platform, mRNA LNPs are formed in a shorter time
scale than seconds and 1 µL s−1 has already been fast enough
for the injection of 15 µL ethanolic solution to generate LNPs.
It is not unreasonable to presume the LNP formation is very
rapid in view that charge–charge interaction is instant and
fast. Indeed, Zhigaltsev et al. have reported that small LNPs
have formed within milliseconds by using a microfluidic
mixing.37 120 µL s−1 dispensing speed was used hereafter to
fabricate mRNA LNPs unless otherwise specified.

Liquid tracking

Liquid tracking is a mode of liquid dispensing/aspiration. In
liquid tracking mode, pipette tips move up during dispensing
and go down during aspiration to ensure that tips stay in the
same position relative to the liquid level. It is reasonable to
think that up and down movement of tips during dispensing
and aspirating could render more efficient liquid mixing. In
the particular case of LNP preparation, this could translate
into a greater mixing of organic and aqueous phases, which
could thus accelerate the change in polarity of the lipid-etha-
nolic phase, resulting in the nucleation and formation of
LNPs. To assess whether liquid tracking mode could increase
phase change and improve LNP properties, we prepared auto-
mated mRNA LNPs with and without liquid tracking. The
hydrodynamic size and functional delivery of the resulting
mRNA LNPs are shown in Fig. 3d. Interestingly, liquid tracking
generated slightly smaller mRNA LNPs, which showed 3-fold
higher eGFP expression compared to those obtained without
liquid tracking (p < 0.0001 for 40 ng per well). These results
show that the liquid tracking mode is important to generate
efficient in vitro performing mRNA LNPs. On the other hand,
without liquid tracking, pipette tips stay still at the same level
relative to plate bottom when dispensing ethanolic lipid solu-
tion. This may lead to an inefficient diffusion of lipid solutions
into the mRNA aqueous phase and to a supersaturated state in
a local microenvironment, therefore affecting LNP particle
size.38 In the subsequent experiments, liquid tracking was
used to prepare LNPs unless otherwise specified.

Tip type

The pipetting tips used on the Hamilton liquid handling
system can either be conductive tips (black, carbon-containing)
or non-conductive tips (clear, non-carbon). These two types of
tips are used to achieve dual liquid level detection (LLD) when
the robot is performing liquid aspiration and dispensing. The
conductive tips are used in capacitive LLD mode which detects
conductive liquid. Contrarily, non-conductive tips are used in
pressure LLD mode which detects all liquids, including non-
conductive liquid. Since tips are in the core of a liquid hand-
ling system and given that well-performing mRNA LNPs rely on
an efficient mixing, the effect of these two types of tips on the
particle size and transfection of the resulting mRNA LNPs was
investigated (Fig. 3e). Interestingly, non-conductive tips gener-
ated slightly smaller mRNA LNPs and with significantly greater
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mRNA transfection efficiency at doses of 40 ng and 80 ng
(8-fold enhancement, p < 0.0001). Despite both types of tips
being made of the same primary material (polypropylene), the
conductive tips include carbon to improve the electrical pro-
perties. Therefore, the negative impact of the conductive tip
may come from the interference of conductivity on the for-
mation of mRNA LNPs by disturbing charge–charge inter-
actions of lipids and mRNA. In the subsequent experiments,
non-conductive tips were used to prepare LNPs unless other-
wise specified.

Table 1 summarises the parameters that were evaluated and
the optimised settings for mRNA LNP preparation in the fol-
lowing studies. The stability of the automated mRNA LNPs was
also evaluated. As shown in Fig. S1,† the hydrodynamic size of
the automated mRNA LNPs didn’t change over 3 weeks and
mRNA expression was maintained for one week when stored at
4 °C.

Head-to-head comparison of automated and standard
platforms for mRNA LNP preparation

Following the establishment of the automation process for
high-throughput mRNA LNP generation, we explored the feasi-
bility of this platform to screen mRNA LNPs composed of ten
novel ionisable lipids (iLipids) (Fig. 4a). To this end, a widely-
used LNP fabrication technique (NanoAssemblr Benchtop) was
used as a standard platform for head-to-head comparison and
proof-of-concept (Fig. 4b).

It is worth noting that the mRNA LNPs generated from the
automated and standard platforms have the same compo-
sitions and all steps in the formulation process are performed
in the same way, except the mixing technique. For the auto-
mated mRNA LNPs, the mixing adopts the optimised para-
meters as shown in Table 1. For the standard mRNA LNPs, the
mixing parameters were used as previously reported.29 All
mRNA LNPs were characterised in terms of hydrodynamic size,
PDI and mRNA encapsulation efficiency which have all been
adapted to a high-throughput format (96 or 384-well plates)
compatible with robotic automation. Here, we have shown that
the techniques routinely used for mRNA LNP characterisation
can equally be performed on an automated high-throughput
platform, including the DLS for particle size distribution (ESI
Fig. S2†), the Ribogreen assay to calculate mRNA content and
encapsulation efficiency (ESI Fig. S3†), the TNS assay for pKa

determination (ESI Fig. S4†) and the LNP-mediated transfec-
tion (ESI Fig. S5†). As shown in Fig. 4c, mRNA LNPs fabricated
with the automated platform were generally bigger and more

polydisperse compared to LNPs obtained by microfluidic-
mixing. A larger size was anticipated for the automated LNPs
as the mixing in this automated platform occurs in a plate
without any mixing microstructures. Indeed, microstructures
have been demonstrated to facilitate size reduction for LNP
formulations.24,25 Kimura et al. designed a type of micromixer
containing baffle microstructures for LNP generation and have
shown that microstructures decreased the size of siRNA LNPs
in comparison to those without microstructures.25 Chen et al.
also compared their 24-channel micromixer with and without
microfeatures and showed that when a microfeature is absent,

Fig. 4 LNP preparation platforms and characterisation of ten novel
LNPs-mRNA. (a) Formulation fabrication scheme (left) and components
(right) of LNPs. (b) Key steps to fabricate mRNA LNPs using standard
(left) and automated (right) platforms. Hydrodynamic size and PDI (c),
mRNA encapsulation efficiency (d) and representative cryoTEM images
(e) of the resulting mRNA LNPs fabricated with standard and automated
platform.

Table 1 Summary of the optimised parameters and the impact on mRNA functional delivery

Optimisation parameter investigated Tested range Optimised condition Fold-improvement

Mixing speed 100–300 µL s−1 300 µL s−1 None
Mixing volume 50–10 µL 30 µL None
Dispensing speed 1–120 µL s−1 120 µL s−1 None
Liquid tracking Yes or no Yes 3×
Tip type Conductive or non-conductive tip Non-conductive 8×
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the resulting LNPs were 2-fold larger.24 Interestingly, although
automated LNPs were larger, they appeared to have lower
mRNA encapsulation efficiency (Fig. 4d) and loading efficiency
(ESI Fig. S6†). The lower mRNA encapsulation but higher
mRNA expression were also observed by others which may be
related with more mRNA copies per nanoparticle and
increased LNP protonation in endosomal compartments.35,39

The cryoTEM images of these two types of mRNA LNPs (com-
posed of lipid 6, MC3) are shown in Fig. 4e. In terms of par-
ticle size, the automated mRNA LNPs were about 2-fold larger
than the standard mRNA LNPs, consistent with the DLS
measurements. In addition, both mRNA LNPs were spherical
with a dense core, although the automated mRNA LNPs
appeared to be less homogeneous (Fig. 4e). From a product
development perspective, pharmaceutical properties such as
small particle size with narrow size distribution and a high
encapsulation efficiency are preferred. However, the purpose of
this high-throughput platform is to automate the process to
efficiently generate a large number of mRNA LNPs with low
cost and small volumes that is enough for characterisation and
in vitro screenings. Therefore, we are interested in applicability
of this platform in screening mRNA LNPs and selecting novel
ionisable leads in vitro compared with microfluidic technology
rather than improved pharmaceutical properties of the result-
ing mRNA LNPs. Our hypothesis is that if the automated
mRNA LNPs with large size and low encapsulation efficiency
works in vitro, their counterparts prepared by microfluidic-
mixing would also work in vitro. The in vivo proof-of-concept of
the automated mRNA LNPs is shown in a following
manuscript.35

In vitro screening of novel LNPs-mRNA produced with the
automated and standard platforms

As one of the biggest advantages of such an automated plat-
form is the increase in throughput, we sought to investigate if
the automated platform could identify the same leads for
mRNA delivery from a library of novel LNP candidates as those
identified with the standard platform. As suggested by publi-
cations, novel ionisable lipids are closely related with intra-
cellular delivery efficiency of nucleic acid cargos and a large
number of new lipid structures need to be screened for
optimal efficiency and safety profile.13–17,19,20 Therefore, as
mentioned in the section above, we synthesised 10 novel ioni-
sable lipids including MC3 and formulated them into eGFP
mRNA-containing LNPs by using the two platforms. The func-
tional delivery of these novel LNPs were tested in H358 cells by
measuring eGFP fluorescence intensity. As shown in Fig. 5a,
the automated LNPs exhibited efficient mRNA functional deliv-
ery for all 10 new lipids. More importantly, eGFP expression
produced by the automated mRNA LNPs was comparable or
higher to that of the standard mRNA LNPs. Interestingly, the
mRNA LNPs generated by the two platforms could be cate-
gorised in terms of mRNA functional delivery into: high
expressers (lipid 6–10 including positive control MC3) and low
expressers (lipid 1–5) which were defined as 100-fold difference
in mRNA functional expression. This finding shows that the

novel automated LNPs are not only functional but also able to
be ranked into ‘good’ (high expressers) or ‘bad’ (low expres-
sers). It is worth noting that the ranking in vitro is of great
value to reduce the number of novel lipids and mRNA LNPs
that will be used for next round of screening and optimisation.
In the current study, 5 out 10 of the novel lipids (50%) would
be selected for further evaluations. This selection is especially
useful when a large library of novel lipids need to be screened
in order to identify preclinical leads. It is not uncommon that
hundreds or thousands of new lipids or lipidoids need to be
screened for lead structures.13–17,19,20 Furthermore, the eGFP
expression of the automated vs. the standard mRNA LNPs posi-
tively correlates with an R value of linear regression equal to
0.8751. Similarly, for the low expresser group (lipid 1–5), the

Fig. 5 Functional delivery of novel LNPs-mRNA made from automated
and standard platforms. (a) eGFP mRNA expression efficiency of LNPs
using automated (red bars) and standard (blue bars) platforms. **P <
0.01, ****P < 0.0001 between two different groups (multiple unpaired-t
test). (b) Correlation of mRNA functional delivery by automated and
standard platform-fabricated LNPs (solid line). Dotted line represents a
linear correlation with R = 1. Correlation of low expressor (LNP1–5) on
the left graph (as in the ring) is enlarged and demonstrated on the
bottom graph.
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eGFP expression obtained for the two mRNA LNPs was also
correlated (circled in Fig. 5b), with a regression R value of
0.8786. The data generated supports our hypothesis that the
same lipid leads are identified regardless of using the auto-
mated or standard LNP fabrication methods and shows that
the automated platform is valid to differentiate novel lipids
even when mRNA expression is in the lower range.

To this end, we have demonstrated a high-throughput auto-
mation platform for generating mRNA LNPs and screening
novel lipid screening. This high-throughput platform can
make hundreds and even thousands of mRNA LNPs in a cost
and time-efficient way which is unachievable for the standard
platform. From the high-throughput perspective, the advan-
tage of the automation platform over the standard platform is
summarised in Table 2. Lastly, it is worthwhile to note that
this platform is suitable for not only lipid-based nanosystems
but also polymer-based nanosystems (data not shown). Besides
suitability for various delivery systems, this platform can be
used for other nucleic acid modalities such as siRNA and
pDNA. Despite the current platform is not intended for in vivo
application, the LNPs encapsulating mRNA and pDNA gener-
ated from this platform were injected to mice. The in vivo
proof-of-concept data for the automated mRNA LNPs has been
shown in our mechanistic studies.35 The in vivo proof-of-
concept data for the automated pDNA LNPs (pDNA encoding
luciferase) is presented in ESI Fig. S7.† Interestingly, both the
pDNA LNPs prepared from the high-throughput platform and
the standard platform show luciferase expression in whole
body and ex vivo organ images after tail vain i.v. injections
(Fig. S7†). To note, the pDNA expression was observed in 48 h
post injection but not early time points (6 h and 24 h), as
pDNA first must cross the nucleus, be transcribed into mRNA,
and trafficked back to the cytoplasm for translation. More
interestingly, the LNPs generated from the high-throughput
platform produced the same level of pDNA expression as these
from standard platform (Fig. S7†). It is worth noting that this
platform is intended for early-stage discovery of lipid nano-
particles and is a proof-of-concept of the development of a
fully-automated workflow for LNP preparation, physico-
chemical characterisation and biological evaluation. Further
optimization, such as analytical target profile and risk ana-
lysis, may be required when transitioned to late-stage
development.

Experimental
LNP preparation by standard and automated platform

LNPs containing eGFP mRNA (Trilink cleancap, 5MoU) or luci-
ferase pDNA (made in-house) were prepared by lipid precipi-
tation. The LNPs were composed of a ionisable cationic lipid
(DLin-MC3-DMA or novel lipids (chemically synthesised)),
DSPC (Avanti Polar Lipids), cholesterol (Sigma Aldrich),
DMG-PEG2000 (NOF America Corporation) at
50 : 10 : 38.5 : 1.5 molar ratio. All lipids are dissolved in ethanol
and mRNA is in 50 mM citrate buffer with pH 3. The mRNA
concentration was kept at 0.14 mg ml−1 (lipids : mRNA weight
ratio 20, lipids : pDNA weight ratio 33) in all formulations. The
lipids and mRNA or pDNA solutions were mixed either in a
NanoAssemblr (Precision Nanosystems) microfluidics device
or in a robotic liquid handling system (Hamilton Microlab
STAR). Lipid mixture and mRNA dilutions are prepared by the
robotic liquid handling system for the high-throughput
process and manually for the standard NanoAssemblr process.
The mixing volume ratio of aqueous : ethanol was 3 : 1.
Following the preparation process, the LNP formulations were
transferred to Slide-A-Lyzer G2 dialysis cassettes (Thermo
Scientific, MWCO 10 K) or 96 well microdialysis membrane
(Thermo Scientific Pierce™, MWCO 10 K). Dialysis was per-
formed in PBS for 2 h at RT, and then buffer was exchanged to
fresh PBS and incubated overnight at 4 °C.

Size and zeta potential measurement in single cuvette or
384-well plates

The hydrodynamic ζ size and surface ζ-potential of LNPs was
measured using a Nano ZS Zetasizer (Malvern-Panalytics)
equipped with a 633 nm HeNe laser at a back scattering angle
of 173 °C. Briefly, LNPs were 100-fold diluted in sterile PBS
(for sizing) or deionised water (for surface ζ-potential) prior to
measurement. The PBS viscosity of 0.8992 cP and refractive
index of 1.331 were applied (25 °C). Samples were measured
using a particle refractive index of 1.45. For novel LNPs, the
hydrodynamic ζ size of LNPs was measured in 384-well plate
(Greiner) using a DynaPro plate reader II (Wyatt Technology)
equipped with a semiconductor laser with a wavelength of
approximately 830 nm. Data analysis was performed automati-
cally using cumulant method. Hydrodynamic particle radius
(R) is obtained from diffusion coefficient D using Stokes–

Table 2 A summary of the comparison of the automation platform with the standard platform for the preparation of the in vitro LNP formulations

Features Automated platform Standard platform (NanoAssemblr Benchtop)

Minimal LNP volume 0.06 ml, saving materials and costs 1 ml
Minimal mRNA amount ∼0.006 mg, saving materials and costs ∼0.1 mg
Dead volume in the process No Yes
Throughput High, 96 or 384 LNPs per run Low, 1 LNPs per run
Time consumed (96 LNPs) ∼40 min, high efficiency Days
Process features Automated, integration with other functions Manually, no integration with other functions
Lipid mixture preparation mRNA dilutions Yes No
LNP characterisation Yes No
In vitro evaluation Yes No
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Einstein equation (D = kBT/6ηπR), where D is derived from the
decay rate Γ (Γ = q2D) that is calculated by fitting a polynomial
of third degree to the logarithm of the intensity correlation
function.

mRNA encapsulation measurement by automation

The mRNA encapsulation efficiency (EE%), defined as encap-
sulated mRNA relative to overall mRNA including free and
encapsulated mRNA, was quantified by a Quant-iT Ribogreen
RNA assay kit (Invitrogen) following manufacturer’s instruc-
tions and adapted to be performed on a Hamilton Microlab
STAR (Hamilton) liquid handling system equipped with CO-RE
tips (Hamilton). Briefly, 9 µL LNPs were diluted in 291 µL 1×
TE buffer in a black clear-bottom 96-well plate (Corning).
Then, 50 µL of diluted LNP were rapidly mixed and dispensed
into wells containing either 1× TE buffer (for quantification of
“free/unencapsulated” mRNA) or 2% (v/v) Triton X-100 (for
quantification of “total” mRNA) to make 100 µL per well.
Aspiration and dispensing speed was set to 150 µL s−1 with
3 mixing cycles. Similar steps were performed to generate the
mRNA standard curve. After Triton X-100 addition, the plate
was incubated for 10 min at 37 °C to facilitate LNP disruption
and complete mRNA release. Following incubation, 100 µL of
Ribogreen solution was added to each well at a speed of
120 µL s−1 followed by 5 mixing cycles. Ribogreen fluorescence
was determined on an EnVision microplate reader
(PerkinElmer) using an excitation wavelength of 480 nm and
emission wavelength of 525 nm.

High-throughput pKa measurement

The TNS assay was used to determine the apparent pKa of
LNPs. Briefly, a solution containing 10 mM HEPES, 10 mM
MES, 10 mM ammonium acetate and 130 mM sodium chloride
was aliquoted into different vials and the pH of each solution
was manually adjusted to be in the range of 3.5–11. Next, LNPs
were pipetted into an ECHO-qualified 384-well plate (Labcyte)
and then dosed in triplicates into a 384-well black clear-
bottom plate (Greiner) using an acoustic liquid handler (ECHO
550, Labcyte). LNP volumes (x) transferred were such that the
final total lipid concentration was 10 µM. Three additional
wells containing the same volume of PBS were used as a blank
for background subtraction. Next, (95 − x) µL of each pH
buffer solution were transferred to the 384-well plate contain-
ing LNPs using a multichannel pipette. Finally, 5 µL of a
120 µM TNS solution in DMSO were added to the wells con-
taining LNPs, making a final TNS concentration of 6 µM.
Fluorescence was determined on an EnVision microplate
reader (PerkinElmer) using an excitation wavelength of 323 nm
and an emission wavelength of 435 nm. The data was fitted to
four-parameter logistic equation (Sigmoidal, 4PL) using
GraphPad Prism v8.0.1. The apparent pKa of LNPs was deter-
mined as the pH value corresponding to half of the maximum
fluorescence. This assay could potentially be adapted to a
Hamilton liquid handling system to be fully-automated.

NTA measurement

NanoSight NTA 3.0 instrument (Malvern-Panalytics) was used
for the determination of the size distribution of LNPs (a red
laser for light scattering acquisition). LNPs were first diluted
in PBS (prefiltered by 0.02 µm-pore membrane) to obtain
50–200 particles per frame in the field of view. After a suitable
dilution factor was selected, LNPs were loaded to a syringe and
then measured for 5 times and 60 s per time with a syringe
pump infusion rate at 50 µL min−1. The camera level was set
to 11 and the analysis detector threshold was 5. The data
acquisition and analysis were performed using Nanosight NTA
3.0 software (Malvern-Panalytics).

cryoTEM imaging

Sample preparation and image capture was a service of FEI at
the Nanoscience Centre, University of Cambridge. LNPs were
blotted and flash frozen in liquid ethane using a
VitrobotMKIV and quantifoil R1.2/1.3 2 mm carbon coated/
copper 300 mesh grids. The grids were made hydrophilic by
glow discharge in a weak vacuum in a Pelco Easiglo glow dis-
charge unit at 0.39 mbar for 60 s at 25 mA. The Vitrobot was
operated at 4 °C, 100% relative humidity, 2.5 s blot time. 2 µL
LNP (containing 1 mg mL−1 mRNA) was used and the blotting
was repeated twice per grid. Blot force was calibrated to give a
“wedge” of thick ice on roughly 1/3 of the grid, with a gradient
of ice thicknesses on the other 2/3 of the grid, corresponding
to a setting of −6 on this system. Vitrified LNPs were stored in
liquid nitrogen. Images were acquired on a Titan KriosTM G3i
transmission electron microscope (FEI, Thermo Scientific TM)
equipped with a Falcon 3 direct detector using the single par-
ticle data acquisition package EPU (1.10). Brightness and con-
trast were corrected in Fiji (ImageJ).

Cell culture

Human lung epithelial (H358) cells were obtained from
American Type Culture Collection (ATCC). H358 cells were cul-
tured in RPMI 1640 (Gibco, Thermo Fisher) supplemented
with 10% heat-inactivated foetal bovine serum (FBS) (Gibco,
Thermo Fisher), 2 mM GlutaMAX (Gibco, Thermo Fisher).
Cells were maintained in a humidified incubator at 37 °C/5%
CO2 for up to 10 passages post-thawing and regularly tested
for mycoplasma (MycoSEQ™, Thermo Fisher).

LNP-mediated functional delivery of eGFP mRNA

One day prior transfection, 4.0 × 103 cells per well were seeded
in 30 µL of complete culture media into poly-D-lysine black
clear-bottom 384-well plates (Greiner) and incubated at 37 °C/
5% CO2. The following day, LNPs containing 12.5–100 ng of
mRNA at a working concentration of 40 ng µL−1 were added
into cells using the acoustic droplet dispenser ECHO 550
(Labcyte). Immediately after LNP addition, 20 µL of complete
medium was added to each well and cells were imaged using
an Incucyte S3 (Essen Bioscience). The kinetic mRNA
expression and phase contrast images were acquired using a
10× objective every 4 h for a total of 48 h. Image analysis was
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performed using the integrated Incucyte S3 2019A
software. Fluorescence threshold level was adjusted to a value
above the background level (non-transfected cells) in order to
identify mRNA expressing cells. Fluorescence total integrated
intensity and mean cell confluence were determined using seg-
mentation masks applied over the fluorescence and phase con-
trast images, respectively. Statistical analysis and graphing
were performed in GraphPad Prism 8 (GraphPad Software, La
Jolla, CA).

Animal study

Female BALB/c mice approximately 6–8 weeks of age were
obtained from Charles River UK and were housed in
AstraZeneca animal facility (Babraham Research Campus). All
procedures were carried out in accordance with Home Office
U.K. ethical and husbandry standards, under the authority of
an project licence of P8A7322E2. Randomised mice received
tail injections of 100 µl of luciferase pDNA LNPs at a dose of
0.25 mg kg−1. 6, 24, 48 hours post injection, mice were injected
with 0.1 ml (15 mg ml−1) XenoLight D-Luciferin (PerkinElmer)
via i.p. route. Mice were anesthetized in a chamber with 3%
isoflurane prior to imaging. 15 min post D-Luciferin adminis-
tration, mice were imaged in an IVIS spectrum imager
(PerkinElmer) including organs (liver, spleen, lungs, kidneys,
heart, brain and fat tissues such as brown and white adiposes)
exercised at 48 hours. Bioluminescence was quantified as
average radiance (p s−1 cm−2 sr−1) and the data was analysed
with GraphPad Prism v8.1.1 using unpaired t-test and two-way
ANOVA followed by Tukey’s multiple comparisons (significant
p value < 0.05).

Conclusions

In this study, we have developed an automated high-through-
put platform for mRNA LNP generation which is amenable to
the modular integration of mRNA LNP physicochemical
characterisation and biological evaluation. One of the advan-
tages of this automated platform is the capability to prepare
hundreds and even thousands of mRNA LNPs (microliter-
scale, less materials required). The head-to-head comparison
of the high-throughput platform with the standard microflui-
dic-mixing technology identifies the same lipid leads and
shows a correlation coefficient of 0.8751 justifying the applica-
bility of the high-throughput platform for novel ionisable lipid
screening. Meanwhile, this high-throughput automation plat-
form can narrow down the number of novel ionisable lipids
and mRNA LNP formulations to be evaluated in in vivo studies.
We envision that this platform can be expanded to many more
applications such as DOE and multiparametric screening of
mRNA LNP formulations which could serve as a useful tool to
improve the in vitro and in vivo correlation and SAR relation-
ship establishment to accelerate proprietary lipid and pre-
clinical mRNA LNP development. The in vivo Proof-of-Concept
data has been generated and will be presented with the

mechanistic study of the enhanced mRNA functional delivery
by the automated LNPs in a following publication.35
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