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Genetic medicines represent the latest paradigm in drug innovation following small molecules 
and proteins/peptides. Innovations in gene sequencing and big data are driving the advancement 
in our understanding of the genetic and epigenetic factors at the root cause of the most 
challenging and persistent diseases. Delivering nucleic acids as therapeutic agents is crucial to 
realizing therapies such as RNA interference, gene editing, genetic vaccines and cell therapies 
that enable personalized medicines that treat disease at its molecular root cause. However, 
efficient and scalable delivery technologies are required to make genetic medicines practical in 
the clinic.    

Non-viral delivery of nucleic acids is desirable to overcome the limited genetic capacity, immune-
stimulatory issues, and slow, expensive production associated with viral delivery. Cationic 
liposomes and polymeric nanoparticles can complex with, and deliver nucleic acids, but lipid 
nanoparticles (LNPs) are the most clinically advanced non-viral gene delivery system with the 
LNP-based small interfering RNA (siRNA) therapeutic Onpattro® having been approved by the 
FDA in 2018. Lipid nanoparticles safely and effectively deliver nucleic acids, overcoming a major 
barrier to the development and use of genetic medicines. LNPs represent an evolution over 
cationic liposomes for nucleic acid delivery. 

LNPs differ from their predecessors by employing pH-sensitive ionizable cationic lipids that 
function to improve encapsulation of nucleic acids, lower toxicity and mediate efficient release of 
the nucleic acid payload into the cytoplasm. 

Highlighted below are several examples from peer-reviewed literature as well as application 
notes with original results to illustrate the multitude of applications of NanoAssemblr® technology 
for developing and optimizing LNPs for gene delivery.
 

 

Introduction

Genetic medicines allow 
different degrees of 
personalization

Lipid nanoparticles deliver genes to 
the cytoplasm through an endogenous 
receptor-mediated endocytosis
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Particle Type Active Ingredient Example Application Carrier Materials

Nucleic acid  
Lipid Nanoparticles 
(LNP)

• Rare genetic diseases
• mRNA protein replace-
ment
• mRNA vaccines
• Gene and cell therapy

• Ionizable lipids
• Phospholipids
• Cholesterol
• PEG-Lipids

Liposomes • Vaccine adjuvants
• Antimicrobials
• Cancer chemotherapy 
• Diabetes combination 
   therapy

• Phospholipids
• Cholesterol
• PEG-Lipids

Polymer NPs • Cancer chemotherapy
• Targeted protein delivery 
• Controlled release/ 
   biodistribution
• Immuno-oncology

• Poly-lactides (ex: PLGA)
• Block copolymers  
  (ex: PEG-b-PLGA)
• Polysaccharides  
  (ex: chitosan, cellulose)

Emulsions • Cancer chemotherapy
• Drug formulation
• Controlled release/ 
   biodistribution

• Triolein/POPC
• Oil/Surfactant

Organic/ 
Inorganic NPs

• Theranostics
• Imaging

• Lipids
• Noble metal NPs
• Rare Earth Metals
• III-V semiconductors
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Featured Nucleic Acid Publications

MicroRNAs Enable mRNA Therapeutics to Selectively
Program Cancer Cells to Self-Destruct

Ruchi Jain,1 Josh P. Frederick,2 Eric Y. Huang,3 Kristine E. Burke,4 David M. Mauger,5 Elizaveta A. Andrianova,1

Sam J. Farlow,2 Summar Siddiqui,6 Jeffrey Pimentel,6 Kahlin Cheung-Ong,2 Kristine M. McKinney,3,*

Caroline Köhrer,1 Melissa J. Moore,1 and Tirtha Chakraborty1,{

The advent of therapeutic mRNAs significantly increases the possibilities of protein-based biologics beyond
those that can be synthesized by recombinant technologies (eg, monoclonal antibodies, extracellular enzymes,
and cytokines). In addition to their application in the areas of vaccine development, immune-oncology, and
protein replacement therapies, one exciting possibility is to use therapeutic mRNAs to program undesired,
diseased cells to synthesize a toxic intracellular protein, causing cells to self-destruct. For this approach to work,
however, methods are needed to limit toxic protein expression to the intended cell type. Here, we show that
inclusion of microRNA target sites in therapeutic mRNAs encoding apoptotic proteins, Caspase or PUMA, can
prevent their expression in healthy hepatocytes while triggering apoptosis in hepatocellular carcinoma cells.

Keywords: miRNA, mRNA, therapeutic, suicide therapy, RNA modifications

Introduction

In recent years, synthetic messenger RNA has emerged
as a powerful alternative to conventional DNA-based gene

therapy for driving protein expression in vivo. Because of its
transient nature and its extremely low likelihood of genome
integration, mRNA mitigates two of the major risks associ-
ated with gene therapy [1]. Further, exploiting the cell’s
natural machinery to synthesize a therapeutic protein is likely
to yield native folding and proper post-translational modifi-
cations, providing a key advantage over administration of
recombinantly produced synthetic proteins.

To date, significant progress has been made in advanc-
ing the use of mRNA therapeutics for vaccine development,
immune-oncology, and protein replacement. A potential ther-
apeutic area yet to be explored, however, is the delivery of
mRNAs encoding toxic intracellular proteins that selectively
elicit cell death in undesired, diseased cells. Success of such a
Trojan horse approach would require mechanisms to tightly
limit toxic protein expression to the target cell type, which
remains an obstacle for mRNA therapeutics in general [1–4].
While minimizing off-target expression would be beneficial

in the development of protein replacement therapies and
cancer immunotherapies, it will be vital for any approach
aimed at selective elimination of cells by mRNAs encoding
toxic payloads.

Most current delivery methods exhibit a high propensity for
expression in the liver upon systemic administration [5], sug-
gesting that mRNA strategies to program death of diseased
cells remain unviable unless ways can be found to eliminate
mRNAdelivery to and/or blockmRNA expression in the liver.

Here, we demonstrate that cellular microRNAs (miRNAs)
with cell type- and disease-specific expression profiles can be
recruited to degrade a synthetic, modified mRNA by a small
interfering RNA (siRNA)-like cleavage mechanism. This
strategy can be utilized to suppress protein expression from the
mRNA in unintended recipient cells. The conserved principles
of miRNA–mRNA regulation allow this technology to be
applied across species. Exploiting endogenous miRNA pools,
we are able to drive apoptosis of tumor cells using an mRNA
encoding a toxic protein, while avoiding damage to the liver.
Such miRNA-mediated elimination of liver toxicity is effec-
tive for both intratumoral and systemic administration, even at
high doses of potentially lethal mRNAs.

Departments of 1Molecular Biology and 2Oncology, Moderna Therapeutics, Cambridge, Massachusetts.
3New Venture Labs, Moderna Therapeutics, Cambridge, Massachusetts.
4Non-Clinical Sciences, Moderna Therapeutics, Cambridge, Massachusetts.
5Computational Sciences, Moderna Therapeutics, Cambridge, Massachusetts.
6Rare Diseases, Moderna Therapeutics, Cambridge, Massachusetts.
*Current affiliation: Department of Oncology, Arrakis Therapeutics, Waltham, Massachusetts.
{Current affiliation: CRISPR Therapeutics, Cambridge, Massachusetts.

ª Ruchi Jain et al. 2018; Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the Creative
Commons License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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Nucleic Acid 
Therapeutics, 2018

MicroRNAs Enable mRNA Therapeutics to 
Selectively Program Cancer Cells to Self-Destruct 
Jain R, Frederick J, Huang E, Burke K, Mauger D, Andrianova E et 
al. Nucleic Acid Therapeutics 2018; 28: 285-296.

Summary
•	 An exciting possibility for protein therapy is to use therapeutic mRNAs to 	
	 program undesired, diseased cells to synthesize a toxic intracellular protein, 	
	 causing cells to self-destruct. However, methods are needed to limit toxic 	
	 protein expression to the intended cell type 
•	 Researchers from Moderna Therapeutics aim to prevent expression of the toxic 	
	 proteins in healthy hepatocytes while triggering apoptosis in hepatocellular 	
	 carcinoma cells by delivering an mRNA encoding caspase or PUMA but also 	
	 microRNA target sites (miRts) that mark the mRNA for destruction in healthy 	
	 cells before translation of the toxic protein
•	 To encapsulate and deliver RNA they used lipid nanoparticle (LNPs) which they 	
	 directly injected into subcutaneous MC38 tumors in mice, resulting in readily 	
	 detectable Luc activity in the liver across a wide range of mRNA doses 
•	 Mice injected with Luc mRNA harboring both a 142ts and a 122ts in the 3’ UTR 	
	 exhibited 89% and 85% lower luminescence from the liver and spleen, 		
	 respectively, compared with CTRL Luc mRNA
•	 To test if miRts-mediated suppression is likely to work in humans, CTRL and 	
	 122ts mRNAs were tested in mice and nonhuman primates. PXB mouse livers 	
	 are predominantly composed of human hepatocytes. In these ‘‘humanized’’ 	
	 mice, miRts-mediated knockdown of protein expression was observed with both 	
	 Luc and 	Epo reporters. African green monkeys also demonstrated protein 	
	 suppression from miRts-containing mRNAs
•	 In combination with targeted LNP delivery and modified nucleotides, they 	
	 anticipated that miRts’s will be valuable in enabling selective expression of 	
	 therapeutic proteins in efficacious doses from synthetic mRNAs in specific 	
	 tissues.

info@precision-nanosystems.com  1-888-618-0031
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Immune Modulatory Nanoparticle Therapeutics 
for Intracerebral Glioma
Yaghi N, Wei J, Hashimoto Y, Kong L, Gabrusiewicz K, Nduom E et 
al. Neuro-Oncology 2017; 19: 372-382

Summary
•	 Dysregulation of microRNA (miRNA) is associated with a variety of disease 	
	 states, especially cancer, so researchers at the University of Texas M.D. 		
	 Anderson Cancer Center identified a link between suppression of the miRNA 	
	 miR-124 and how glioma evades the immune system
•	 Restoring physiological levels of miR-124 could restore immune function against 	
	 glioma but, clinical application of RNA-based therapy has been challenging due 	
	 to the need for a safe, scalable and clinically relevant delivery method. They 	
	 formulated IKE into PEG-PLGA nanoparticles using NanoAssemblr  
	 technology to improve solubility and reduce off-target toxicity
•	 The researchers teamed up with Arcturus Therapeutics who used lipid 		
	 nanoparticles (LNPs) to encapsulate and deliver miR-124 to activate the immune 	
	 system against glioma, using NanoAssemblr technology to develop and 		
	 manufacture the miRNA-LNPs
•	 These particles exhibited enhanced delivery into the immune cell compartment 	
	 in vivo and successfully induced immune system-mediated antitumor effects in 	
	 mice with glioma, and remarkably, immune protection against recurrence of 	
	 glioma
•	 This study demonstrated that LNPs are a safe and efficacious delivery method 	
	 for miRNA and made miR-124 more practical as a therapeutic, allowing 		
	 researchers to unlock its clinical potential

© The Author(s) 2017. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved. 
For permissions, please e-mail: journals.permissions@oup.com

Neuro-Oncology
19(3), 372–382, 2017 | doi:10.1093/neuonc/now198 
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Most preclinical therapeutic studies of microRNAs 
(miRs) and small interfering (si)RNAs have provided 
“proof of principle” that upon ex vivo transfection of 
cancer cells, a therapeutic effect can be obtained.1–3 
We previously demonstrated that the need to transfect 
could potentially be overcome by using miR to directly 
modulate the immune system and initiate antitumor 
cytotoxicity.4 Malignant cells express various antigens 
recognized by the immune system, but antitumor cyto-
toxicity is restrained by signal transducer and activator 

of transcription 3 (STAT3) signaling.5–8 We have identi-
fied miR-124 as a key regulator of the STAT3 pathway 
and shown that systemically administered miR-124 has 
marked therapeutic effects in preclinical malignancy 
models, including in established, heterogeneous, high-
grade, genetically engineered murine models during 
late stages of gliomagenesis.4 These therapeutic effects 
encompass marked enhancement of antitumor immu-
nity, including interferon (IFN)-γ responses, and reversal 
of tumor-mediated immunosuppression.4,9 Although the 

Immune modulatory nanoparticle therapeutics for 
intracerebral glioma

Nasser K. Yaghi,*Jun Wei,* Yuuri Hashimoto,* Ling-Yuan Kong, Konrad Gabrusiewicz,  
Edjah K. Nduom, Xiaoyang Ling, Neal Huang, Shouhao Zhou, Brittany C. Parker Kerrigan,  
Jonathan M. Levine, Virginia R. Fajt, Gwendolyn Levine, Brian F. Porter, Eric G. Marcusson, 
Kiyoshi Tachikawa, Padmanabh Chivukula, David C. Webb, Joseph E. Payne, Amy B. Heimberger

Departments of Neurosurgery (N.K.Y., J.W., Y.H., L.-Y.K., K.G., E.K.N., X.L., N.H., B.C.P.K., A.B.H.) and Biostatistics 
(S.Z.), The University of Texas M.D. Anderson Cancer Center, Houston, Texas; Texas A&M University College of 
Veterinary Medicine & Biomedical Sciences, College Station, Texas (J.M.L., V.R.F., G.L., B.F.P.) ; Arcturus Therapeutics, 
San Diego, California (E.R.M., K.T., P.C., D.C.W., J.E.P.)

Corresponding Author: Amy B. Heimberger, MD, Department of Neurosurgery, The University of Texas M.D. Anderson Cancer Center, 
Unit 442, Houston, TX 77030-1402 (aheimber@mdanderson.org).

*co-lead authors

Abstract
Background. Previously we showed therapeutic efficacy of unprotected miR-124 in preclinical murine models of 
glioblastoma, including in heterogeneous genetically engineered murine models by exploiting the immune sys-
tem and thereby negating the need for direct tumor delivery. Although these data were promising, to implement 
clinical trials, we required a scalable formulation that afforded protection against circulatory RNases.
Methods. We devised lipid nanoparticles that encapsulate and protect the miRs from degradation and provide 
enhanced delivery into the immune cell compartment and tested in vivo antitumor effects.
Results. Treatment with nanoparticle-encapsulated miR-124, LUNAR-301, demonstrated a median survival exceed-
ing 70 days, with an associated reversal of tumor-mediated immunosuppression and induction of immune mem-
ory. In both canine and murine models, the safety profile of LUNAR-301 was favorable.
Conclusions. For the first time, we show that nanoparticles can direct a therapeutic response by targeting intracel-
lular immune pathways. Although shown in the context of gliomas, this therapeutic approach would be applicable 
to other malignancies.

Key words 

glioma | immunotherapy | microRNAs | nanoparticles | STAT3

Neuro-Oncology, 
2016

Cell, 2017

Vaccine Mediated Protection Against Zika Virus-
Induced Congenital Disease 
Richner J, Jagger B, Shan C, Fontes C, Dowd K, Cao B et al. Cell 
2017; 170: 273-283.e12.

Summary
•	 Current vaccines based on attenuated viruses, plasmid DNA and mRNA have 	
	 been developed for Zika virus but protection against birth defects such as 	
	 microcephaly, has not been established 
•	 The Diamond lab from Washington University in St. Louis tested whether 	
	 vaccination by mRNA-LNPs and live attenuated viruses could confer protection 	
	 against the fetal transmission of Zika since size and size distribution of 		
	 nanoparticles is important for effective tumour accumulation
•	 The mRNA-LNPs formulated with NanoAssemblr technology provided effective 	
	 mRNA delivery into the cytoplasm of antigen presenting cells and are safer 	
	 option than live attenuated viruses (LAV) for immune-deficient or pregnant 	
	 people
•	 Mice treated with either mRNA or LAV vaccine had high levels of neutralizing 	
	 antibodies in their serum
•	 The mRNA-LNPs offered a higher level of protection to placentas and fetal heads
•	 These findings demonstrate for the first time that maternal vaccination against 	
	 Zika can prevent the infection of future progeny and hence, reduce the risk of 	
	 Zika-related birth defects

precisionnanosystems.com
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Science 
Immunology, 2019

A Lipid-Encapsulated mRNA Encoding a Potently 
Neutralizing Human Monoclonal Antibody Protects 
Against Chikungunya Infection
Kose N, Fox J, Sapparapu G, Bombardi R, Tennekoon R, de Silva A 
et al. Science Immunology 2019; 4: eaaw6647.

Summary
•	 Researchers from RNA medicine company Moderna and Vanderbilt University 	
	 Medical Center sought to address an unmet need for an effective vaccine 	
	 against chikungunya (CHIKV) virus infection. CHIKV can cause arthritis and can 	
	 be lethal
•	 Unlike previous reports of mRNA vaccines, they directly encoded an antibody 	
	 with previously proven activity against CHICKV in mRNA, which was then 	
	 encapsulated into lipid nanoparticles using NanoAssemblr technology
•	 They found the antibody encoded by the mRNA was effective in preventing 	
	 arthritis in mice and in protecting against a lethal dose of virus in immune-	
	 compromised mice
•	 These studies suggest that passive immunization or treatment of humans by 	
	 administration of LNP formulations containing mRNAs encoding an anti-CHIKV 	
	 antibody may be feasible

A Single Administration of CRISPR/Cas9 Lipid 
Nanoparticles Achieves Robust and Persistent In 
Vivo Genome Editing
Finn J, Smith A, Patel M, Shaw L, Youniss M, van Heteren J et al. 
Cell Reports 2018; 22: 2227-2235.

Summary
•	 Development of clinically viable gene editing therapeutics such as CRISPR/	
	 Cas9 requires transient expression of Cas9 to mitigate the risk of off-target 	
	 edits, efficient delivery of CRISPR components, the ability to re-dose if needed, 	
	 and scalable manufacturing
•	 Intellia Therapeutics, a gene editing company co-founded by CRISPR pioneer 	
	 Jennifer Doudna, have used NanoAssemblr technology to develop lipid 		
	 nanoparticles to deliver CRISPR components that addresses these needs
•	 In this proof of concept, Intellia have targeted the rare genetic disease 		
	 hereditary transthyretin (ttr) amyloidosis by editing out the ttr gene in mice, 	
	 observing a 97% reduction in serum ttr levels after a single dose that persisted 	
	 for at least 12 months
•	 Their system employed biodegradable lipids encapsulating both mRNA encoding 	
	 Cas9 and single guide RNAs (sgRNA) targeting ttr, demonstrating how 		
	 modifications to the sgRNA can be screened to maximize editing efficiency
•	 In all, the paper demonstrated the effectiveness of RNA-LNP formulations for 	
	 meeting the requirements for successful implementation of gene editing 	
	 therapeutics

Report

A Single Administration of CRISPR/Cas9 Lipid
Nanoparticles Achieves Robust and Persistent
In Vivo Genome Editing

Graphical Abstract

Highlights

d LNP delivery achieves >97% target protein knockdown for at

least 12 months

d Editing level is cumulative following multiple LNP doses

d A sgRNA chemical modification pattern was critical for high

levels of in vivo activity

d Biodegradable lipid and CRISPR/Cas9 components are

transient and well tolerated

Authors

Jonathan D. Finn, Amy Rhoden Smith,

Mihir C. Patel, ..., Walter R. Strapps,

Yong Chang, David V. Morrissey

Correspondence
davidm@intelliatx.com

In Brief

Finn et al. describe the development of a

transient, biodegradable LNP-based

CRISPR/Cas9 delivery system that

achieves >97% knockdown of serum TTR

levels following a single administration.

Editing levels were stable for 12 months,

despite the transient nature of the

delivery system and the editing

components.

Finn et al., 2018, Cell Reports 22, 2227–2235
February 27, 2018 ª 2018 Intellia Therapeutics, Inc.
https://doi.org/10.1016/j.celrep.2018.02.014

Cell Reports, 2018 
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mRNA Lipid
Nanoparticles
Robust low-volume production for screening 
high-value nanoparticle materials
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Abstract

In 2018, the FDA approval of Patisiran, a lipid nanoparticle 
(LNP) formulation and the first small interfering RNA 
therapeutic to receive FDA approval, established LNPs 
as the premier technology for non-viral RNA delivery. 
Concurrently, the NanoAssemblr® platform, which 
harnesses microfluidic mixing, has been demonstrated as 
a simple, robust and scalable production method for LNPs 
encapsulating various types of nucleic acids with near 
100% encapsulation efficiencies. LNPs provide a versatile 
option for gene knockdown or gene expression studies in 
vitro and in vivo. The NanoAssemblr Spark™ exploits an 
additional advantage of microfluidic mixing: microliter-
scale formulation that conserves high-value materials 
such as novel lipids and mRNA. This unique combination 
of ultra-low volume formulations with a rapid, simple and 
reproducible process makes Spark an ideal platform for 
screening and early preclinical development of mRNA-
LNP formulations. Effective screening programs can 
significantly narrow the parameter space for developing 
and optimizing next-generation delivery technologies and 
nanoparticle therapeutics.
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Screening an array of active pharmaceutical ingredients, excipients and formulation 
parameters in early nanomedicine discovery and development enables more focused and 
efficient development in later stages by narrowing the parameter space. To this end, 
fast, reproducible nanoparticle production at low volume is needed to ensure observed 
differences in the properties or activity of the formulation can be attributed to controlled 
changes in composition or conditions, which informs rational design of nanomedicines. 
Furthermore, achieving this at low volumes minimizes the use of API and excipients, 
which at the discovery stage, may be limited in availability, expensive to acquire or 
laborious to produce. 
In particular, active ingredients used in the genetic manipulation of cells such as small 
interfering RNA (siRNA), guide RNA (gRNA), messenger RNA (mRNA) or plasmids 
are either scarce or very expensive. While non-viral nucleic acid delivery systems are 
enabling revolutionary treatments such as mRNA vaccines,1,2 immuno-oncology,3 targeted 
oncology,4-6 CRISPR/Cas9 gene editing,7–9 and the treatment of rare diseases,10,11 there 
remains a substantial need for improving the fundamental understanding of nucleic acid 
delivery systems and for further innovation to improve the quality and performance of 
gene-delivery nanoparticles. Specifically, further innovation of nanoparticle excipients 
used to encapsulate, protect, and deliver these payloads into diseased cells is necessary 
to advance the field. These excipients are, by their innovative nature, largely unavailable 
at large, low-cost commodity scales. 
So, there is an unmet need in the field for robust and reproducible low volume 
production of nanoparticles containing genetic payloads appropriate for researchers 
in the discovery space. For instance, minimum volumes for T-tube mixing are on the 
order of 10 mL when only microliters are required for in vitro screening.  For this 
reason, researchers are using crude pipette-mixing methods to perform bottom-up 
nanoprecipitation of complex nucleic acid-nanoparticle formulations. Mixing with pipettes 
offers little control, is operator-dependent, and mixing conditions that dictate the 

Buffer +
mRNA

mRNA-LNP

Ethanol +
lipids

Laminar
Mixing in 
< 1 ms

1

2

3

100 µm

Figure 1.) Microfluidic mixing 
technology for manufacturing 
nanoparticles: An organic solvent 
containing dissolved lipids and an 
aqueous solution containing nucleic 
acids are injected into the two inlet 
channels of the NanoAssemblr cartridge. 
Under laminar flow, the two solutions 
do not immediately mix, but microscopic 
features engineered into the channel 
cause the two fluids to intermingle in a 
controlled and reproducible way, where 
molecules interact with each other by 
diffusion. Within 1 millisecond, the two 
fluids are completely mixed, causing a 
change in solvent polarity that triggers 
the homogenous self-assembly of 
nanoparticles loaded with nucleic acids. 

Introduction
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properties of resulting nanoparticles cannot be repeated with fidelity. Hence, nanoparticle 
attributes and payload protection vary, resulting in high variability in functional activity 
studies. This hampers the innovation in this field. Furthermore, once lead formulations 
are identified, the production conditions have to be scalable such that formulations have 
the potential to advance through pre-clinical development and clinical manufacturing.
Time-invariant conditions afforded by NanoAssemblr mixers ensures the conditions of 
self-assembly remain consistent throughout a single formulation and between individual 
formulations. This allows formulations to be scaled in volume across several orders of 
magnitude to suit various stages of development. Figure 1 describes the process of 
mixing in a NanoAssemblr microfluidic mixer in more detail.
Here, we describe the NanoAssemblr Spark for the controlled and reproducible 
manufacturing of nucleic acid-containing lipid nanoparticles (LNPs) at volumes ranging 
from 100 to 250 µL. The Spark realizes the advantages of microfluidic mixing in a 
format that allows  consistent formulation at microliter scales in seconds (Figure 2). The 
resulting formulation can be applied directly to cells in culture.  This makes Spark ideal 
for rapidly producing numerous formulations for in vitro testing while conserving rare or 
costly materials. Consistent conditions allows any observable differences in the outcomes 
to be attributed to the differences in formulations to inform rational design of gene-
delivery vehicles.
Similar lipid delivery systems have been well described in the literature for the delivery of 
siRNA, mRNA and plasmid payloads.12–15 We demonstrated how mRNA-LNP formulations 
can be screened by systematically varying LNP composition, reagent concentrations, 
and the N/P ratio (the ratio between cationic amines in the lipid excipient and the 
anionic phosphates on mRNA). We also demonstrated how the Spark can be used for 
encapsulating various lengths of mRNA with consistent results. In all, we demonstrated 
the utility of the Spark as an efficient screening platform that allows a large number of 
different mRNA-LNP formulations to be rapidly produced using sub-milligram quantities 
of both API and nanoparticle excipients at a scale well suited for downstream physical 
characterization or in vitro functional screening. 

A
B

C

3) Insert1) Pipette 
 Precursors

2) Cap

5) Pipette Out 6) Dilute4) Push ‘Start’

<10s

Figure 2.) The NanoAssemblr® 
Spark™ workflow for producing 
nanoparticle systems:  
Step 1 – Precursor solutions were 
pipetted into the wells of the Spark 
microfluidic cartridge as follows: a) 12 µL 
of lipid mix in ethanol, b) 36µL of mRNA 
in acetate buffer, c) 48 µL of PBS.  
Step 2 – The cartridge cap was fitted, 
Step 3 – The cartridge is inserted into the 
Spark instrument. Setting 2 was selected  
via the touch screen interface.  
Step 4 – The “Start” button was 
depressed to begin mixing. Mixing takes 
~3s.  
Step 5 – The resulting mRNA-LNP 
suspension is pipetted out of the 
collection well.  
Step 6 – The LNP suspension (96 µL) is 
mixed with 96 µL of dilution buffer in a 
microcentrifuge tube. 

info@precision-nanosystems.com  1-888-618-0031
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Solution preparation:
Messenger RNA (TriLink Biotechnologies) was diluted using sodium acetate buffer, 
pH 4 (Sigma Aldrich) to a final buffer strength of 100 mM and to the required mRNA 
concentration. Stock solutions of cationic lipid (CL), 1,2-Distearoyl-sn-glycero-3-
phosphocholine (DSPC, Avanti Polar lipids), Cholesterol (CHOL, Sigma Aldrich) and 
PEG-lipid (NOF America Corp) in ethanol were mixed at a mole fraction of 50:10:40-
x:x respectively. Here, x is the mole fraction of PEG-lipid and was varied between 1.5 
to 5%, substituting for cholesterol. Cationic lipids (CL) were one of 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP, Avanti Polar Lipids), 1,2-di-O-octadecenyl-3-
trimethylammonium propane (DOTMA, Avanti Polar Lipids), or a Precision Nanosystems 
proprietary ionizable cationic lipid (PNI-ILa). 

Ultra-low volume LNP preparation:
LNP samples were prepared as indicated in the Spark workflow (Figure 2) 12 µL of 
35 – 65 mM lipid mix (to explore the effect of lipid concentration), and 36 µL of mRNA 
solution containing 10 - 25 µg of nucleic acids (as required by the N/P ratio) in 100 mM 
sodium acetate buffer were pipetted into the first and second wells, respectively, of the 
Spark microfluidic cartridge (Precision NanoSystems, Vancouver, Canada). 48 µL Ca2+- 
and Mg2+-free PBS (Corning) at pH 7.4 was pipetted into the collection well (well 3). To 
initiate microfluidic mixing of lipid and mRNA solutions, the loaded cartridge was capped, 
and inserted into the NanoAssemblr Spark (Precision NanoSystems, Vancouver, Canada) 
and the formulation was run with the Spark setting at “3”. The resulting mRNA LNPs 
were immediately diluted on-chip in the collection well. The contents of the collection 
well were then immediately transferred to a microcentrifuge tube containing 96 µL of 
Ca2+- and Mg2+-free PBS at pH 7.4. All samples were prepared in triplicate.
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A BFigure 3.) Ultra low volume 
screening of mRNA LNP 
formulations for lipid-PEG amounts. 
Figure shows the effect of different PEG 
content on the size and PDI (A), and 
encapsulation efficiency (B) of mRNA-LNP 
formulations using the NanoAssemblr 
Spark by changing the mole percentage 
of PEG (2000) -DMG. Values represent 
the mean from triplicate formulations. 
Error bars represent the standard 
deviation. Means grouped by horizontal 
bars were not significantly different (P 
>0.05 by ANOVA (A) and Tukey’s multiple 
comparison test (B)). Error bars not 
drawn when error is less than the size of 
the symbol. 

Formulation Parameters

Lipid Composition PNI-ILa:DSPC:Cholesterol:PEG-DMG
50:10:40-x:x | x = 1.5, 3, 5 mol%

Initial Lipid Concentration 50 mM
mRNA GFP (996 nt), 0.025 mg
N/P 4
Organic Solvent Ethanol

Aqueous Phase 0.695 mg/mL mRNA in 100 mM 
sodium acetate

Instrument Setting 2

Downstream Processing 4x dilution with nuclease-free PBS

Materials & Methods

precisionnanosystems.com
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The suitability of three cationic lipids for producing mRNA-LNPs was determined by 
comparing EE% and particle size (Figure 4). Permanently cationic lipids DOTAP and 
DOTMA were compared to PNI’s proprietary ionizable cationic lipid (PNI-ILa). N/P ratio, 
concentrations of reagents and the formulation process were held constant. PNI-ILa 
produced significantly smaller LNPs with the lowest PDI.

The effect of PEG content was examined by comparing samples containing 1.5, 3 and 
4 mol% PEG lipid (Figure 3). PEG content did not have a statistically significant impact 
on size. The formulation PNI-ILa:DSPC:Cholesterol:PEG-DMG (50:10:38.5:1.5 mol%) 
had the highest encapsulation efficiency, whereas there was a statistically significant 
reduction in EE% at 4 mol% PEG-lipid.

0
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PDIDiameter, Z. Avg (nm)

0.0

0.8
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0.6
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Ionizable/cationic lipid
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0

DOTAP DOTMA PNI-ILa

Encapsulation Efficiency

Ionizable/cationic lipid

20

40

60

80

100

100

150

200
n.s.

n.s.

A BFigure 4.) Screening different 
cationic/ionizable lipids in low-
volume mRNA-LNP formulations. 
Figure shows effect of different cationic/
ionizable lipids on size and PDI (A) 
and encapsulation efficiency (B) of 
mRNA LNP formulations. Encapsulation 
efficiencies over 90% were achieved. 
Formulations were prepared in triplicate. 
Values represent the mean and error 
bars, the standard deviation. Means 
grouped by horizontal bars were not 
significantly different (P>0.05 by 
Tukey’s multiple comparison test). Error 
bars not drawn when error is less than 
the size of the symbol. 

Formulation Parameters

Lipid Composition

CL:DSPC:Cholesterol:PEG-DMG 
(50:10:38.5:1.5mol%)
CL = DOTAP (18:1 TAP) or DOTMA or 
PNI-ILa

Initial Lipid Concentration 50 mM
mRNA GFP (996 nt), 0.025 mg
N/P 4
Organic Solvent Ethanol

Aqueous Phase 0.695 mg/mL mRNA in 100 mM sodium 
acetate

Instrument Setting 2

Downstream Processing 4x dilution with nuclease-free PBS

Analysis of LNPs:
Encapsulation efficiency (EE%) was measured using a fluorescence plate-based assay 
employing the Ribogreen reagent (Invitrogen) as per PNI Ribogreen assay protocol16. 
This assay measures the quantity of mRNA in samples with intact LNPs to determine 
the quantity of unencapsulated RNA as well as in LNP samples disrupted by triton X-100 
(Sigma Aldrich) to measure the total RNA. EE% is calculated as the difference between 
the total RNA and the unencapsulated RNA divided by the total RNA. 
Size and polydispersity index (PDI) were determined by dynamic light scattering using a 
Zetasizer Nano ZS (Malvern Panalytical, UK). 10 µL of LNP suspension was transferred to 
a low-volume cuvette containing 300 µL of Ca2+- and Mg2+-free PBS at pH 7.4. Refractive 
index was set to 1.14 and temperature was set to 25°C. 

Results

The N/P ratio has been shown to affect siRNA-LNP quality and efficacy. To determine the 
effect of N/P ratio on mRNA LNPs, three N/P ratios were tested: 4:1, 6:1 and 8:1 (Figure 
5). At 4:1 the particle size is larger with a slight decrease in EE% compared to 6:1 and 
8:1. At N/P of both 6:1 and 8:1 similar size, PDI and EE% were achieved suggesting that 
an asymptotic limit has been reached.

info@precision-nanosystems.com  1-888-618-0031
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Formulation Parameters
N/P

4 6 8

Lipid Composition PNI-ILa:DSPC:Cholesterol:PEG-DMG 
(50:10:38.5:1.5 mol%)

Initial Lipid Concentration 50 mM

mRNA GFP (996 nt), 
0.025 mg

GFP (996 nt), 
0.0167 mg

GFP (996 nt), 
0.0125 mg

Organic Solvent Ethanol

Aqueous Phase
0.695 mg/mL 
mRNA in 100 mM 
sodium acetate

0.464 mg/ml 
mRNA  in 100 mM 
sdoium acetate

0.347 mg/mL 
mRNA in 100 mM 
sodium acetate

Instrument Setting 2
Downstream Processing 4x dilution with nuclease-free PBS

Three mRNAs with different lengths were encapsulated to explore the effect of RNA 
length. These were GFP mRNA containing 996 nt, Luc mRNA containing 1921 nt and 
Cas9 mRNA containing 4521 nt. Across all three mRNAs EE% of 90% were achieved 
with consistent size and PDI, indicating that mRNA length does not impact key physical 
attributes of the LNPs (Figure 6). 
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Formulation Parameters
Lipid Composition PNI-ILa:DSPC:Cholesterol:PEG-DMG 

(50:10:38.5:1.5)
Initial Lipid Concentration 50 mM
N/P 4
Organic Solvent Ethanol

Aqueous Phase 0.695 mg/mL mRNA in 100 mM 
sodium acetate

Instrument Setting 2
Downstream Processing 4x dilution with nuclease-free PBS

Figure 6.) High encapsulation 
efficiency achieved for mRNAs 
independent of mRNA length. Size 
and PDI (A) was measured by dynamic 
light scattering, and encapsulation 
efficiency (B) was measured by modified 
ribogreen assay. Formulations were 
prepared in triplicate. Values and error 
bars represent the mean and standard 
deviations, respectively. Means grouped 
by horizontal bars were not significantly 
different (P>0.05 by Tukey’s multiple 
comparison test (A) and ANOVA (B)). 
Error bars not drawn when error is less 
than the size of the symbol. 

Figure 5.) Systematic screening 
of N/P ratios with low-volume 
mRNA-LNP formulations. Increasing 
N/P ratios were tested. Size and PDI 
(A) were measured using dynamic light 
scattering and encapsulation efficiency 
(B) was measured by modified ribogreen 
assay. Formulations were prepared in 
triplicate. Values represent the mean 
and error bars, the standard deviation. 
Means grouped by the horizontal bars 
were not significantly different (P>0.05 
by Tukey’s multiple comparison test).  
Error bars not drawn when error is less 
than the size of the symbol. 

precisionnanosystems.com
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In some formulations, the initial concentration of lipid can affect the particle size. The 
effect on EE%, size and PDI for three initial lipid mix concentrations of 35, 50 and 65 mM 
were compared (Figure 7). Other parameters were held constant, particularly the N/P 
ratio and lipid composition. EE% remained above 80% in all cases, and no significant 
difference in size or PDI were observed.
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Formulation Parameters
Lipid Mix Concentration (mM)

35 50 65

Lipid Composition PNI-ILa:DSPC:Cholesterol:PEG-DMG
(50:10:38.5:1.5) mol%

N/P 4

Organic Solvent Ethanol

Aqueous Phase
0.487 mg/mL mRNA  
in 100 mM sodium 
acetate

0.695 mg/mL mRNA 
in 100 mM sodium 
acetate

0.904 mg/mL mRNA 
in 100 mM sodium 
acetate

Instrument Setting 2

Downstream Processing 4x dilution with nuclease-free PBS

We have manufactured lipid nanoparticles encapsulating mRNA at microliter volumes 
for the purposes of screening materials and formulation parameters, while requiring just 
10-25 µg of valuable mRNA and less than 1 mg of novel cationic lipid per formulation. 
Formulation parameters including PEG content, N/P ratio, choice of the cationic/ionizable 
lipid, mRNA length and lipid mix concentration were independently examined for their 
effect on nanoparticle attributes. Reproducible batch-to-batch encapsulation efficiencies, 
size and PDI were achieved across all variables, demonstrating how Spark is a robust 
platform for small-volume production of nucleic acid-loaded LNPs. It is important to 
note, however, that these factors may have a more dramatic effect on biological activity. 
Hence, further testing with biological end points is necessary. From these results, it 
is evident that the Spark is ideal for screening novel formulations that use scarce or 
expensive active pharmaceutical ingredients and formulation excipients. 

An examination of PEG content in formulations containing PNI-ILa, revealed an 
unexpected behavior. It had been demonstrated in the past with formulations containing 
a different but similar ionizable cationic lipid and encapsulating siRNA, that greater 
PEG quantities in this range led to smaller particles.17 Here, with mRNA as the payload, 
the size was unaffected by PEG content. PEG content did however reduce EE% with 
formulations containing 4 mol% PEG-lipid. This decrease in EE% at higher PEG-lipid was 
also observed in formulations produced at mL scales on the NanoAssemblr (data not 
shown). It was found that increasing the N/P ratios from 4:1 to 8:1 has minimal effect 
in encapsulation efficiency. This is expected, the mRNA will be completely encapsulated 
beyond a threshold N/P ratio.

Figure 7.) Effect of lipid mix 
concentration on mRNA LNP. Low 
volume mRNA-LNPs were formulated 
with different total lipid concentration 
between 35 – 65 mM. Size and PDI 
(A) were measured by dynamic light 
scattering. Encapsulation efficiency (B) 
was measured by modified Riobogreen 
assay. Formulations were prepared 
in triplicate. Values and error bars 
represent the mean and standard 
deviations, respectively. Means grouped 
by horizontal bars were not significantly 
different (P>0.05 by ANOVA (A) and 
Tukey’s multiple comparison test (B)). 
Error bars not drawn when error is less 
than the size of the symbol. 

Discussion

info@precision-nanosystems.com  1-888-618-0031
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Screening active ingredients, excipients and formulation conditions are important in 
the discovery and early development stages in order to streamline future development 
and rational design of nanomedicines. This work uses the NanoAssemblr Spark’s 
unique ability to quickly and reproducibly formulate mRNA-LNPs at volumes ideal for 
screening (100 – 250 µL; 10-25 µg of RNA; < 1 mg of novel cationic lipid). The Spark 
uses proprietary microfluidic mixing technology for the rapid (< 10 seconds), controlled 
and reproducible manufacturing of nanoparticles. mRNA-LNPs produced using PNI’s 
proprietary ionizable cationic lipid were in the range of 90 – 140 nm in diameter with 
PDI below 0.2. The encapsulation efficiencies of mRNA were consistently over 80%. We 
have determined that formulation parameters such as PEG content above 3% can reduce 
encapsulation efficiency without detectable changes in particle size or PDI. The Spark is 
the only system that combines ultra-low volume formulation with reproducible conditions 
making the Spark ideal for screening formulations that use scarce or expensive active 
pharmaceutical ingredients and/or excipients to inform rational design of nanoparticle 
drug delivery systems.

We have previously shown that mRNA-LNPs produced with the Spark were effective in 
eliciting exogenous gene expression in rat primary neuronal cultures, and that these 
formulations can be scaled up for in vivo studies using the larger-volume NanoAssemblr 
instrument while maintaining consistent EE above 90%, even with different mRNA 
lengths.18 Hence, once the lead nanoparticle formulations have been selected by 
screening using the Spark, they can be scaled up using the bench-scale NanoAssemblr 
system for further optimization and early in vivo testing, and the the NanoAssemblr Blaze 
for larger in vivo studies or as production demands dictate.

Conclusion
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Abstract

Lipid nanoparticles (LNPs) are the leading technology 
for delivering therapeutic nucleic acids. Their quality 
and efficacy are influenced by their physico-chemical 
properties, which are sensitive to the method of 
production. Hence, a robust and reproducible process 
is crucial to making high quality LNPs for preclinical and 
clinical development. 

Laminar flow microfluidic mixing, as employed across the 
NanoAssemblr® platform, affords exceptional process 
control and consistency that is also easily scalable. 
Consistency of the process across the NanoAssemblr 
suite is demonstrated by producing LNPs encapsulating 
siRNA against Factor VII in batch sizes that span three 
orders of magnitude produced using the a bench-scale 
NanoAssemblr system, Blaze and Scale-Up systems, 
the latter employing 8 microfluidic mixers in parallel. 
Formulations were found to be indistinguishable in 
size, size dispersity, composition, and in vivo biological 
activity across the three systems. Seamless scale up was 
demonstrated by transferring parameters optimized at 
bench scale, to the Blaze and 8x Scale-Up systems without 
modification. Finally, the process produced robust results 
throughout a 5 L formulation using a single mixer with the 
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The recent phase three clinical validation of Patisiran – a lipid nanoparticle (LNP) 
formulation and the first small interfering RNA (siRNA) therapeutic to reach this stage of 
development1 – establishes LNPs as the premier technology for small RNA delivery.  There 
are numerous LNP formulations being developed not only for siRNA2,3 but also mRNA4 and 
plasmid DNA,5 some of which are being tested in the clinic. Initially, thin-film hydration 
followed by homogenization was the only method for producing cationic liposomes that 
are then complexed with nucleic acids, but this is a multi-step process that is challenging 
to scale up, and the product produced was cationic and consequently toxic.  Along with 
ionizable lipids, second-generation methods based on in-line precipitation of LNPs from 
ethanol by bulk mixing with an aqueous buffer were developed to partially mitigate 
these challenges. Bulk mixing by ethanol injection or in a T-tube is a turbulent mixing 
process that is inherently heterogeneous. Nanoparticle precipitation is a complex process 
involving numerous interactions between molecules of the nucleic acid, lipids, solvent, 
water and ions whose local concentrations affect the kinetics of particle formation. Hence, 
heterogeneous conditions produced by bulk mixing may result in a heterogeneous product. 
Third-generation microfluidic mixing was developed to harness laminar flow mixing to 
permit greater control and homogeneity of the precipitation conditions while maintaining a 
continuous flow process amenable to scale up manufacturing (Figure 1).
  
The NanoAssemblr® platform (see back cover) has made microfluidic nanomedicine 
production accessible to researchers regardless of prior experience with the technique, 
and has since been established as a robust process that can be scaled over several orders 
of magnitude from µL volumes to tens of litres. The platform has been used extensively 
in preclinical development of not only siRNA LNPs2,3 but also antibody-targeted LNPs,6 
mRNA-LNPs for protein replacement therapy,4 mRNA vaccines,7,8 and delivery of CRISPR 
gene editing components.9,10 The high degree of scalability is ideal for screening and 
optimization of nucleic acids and lipid excipients at microliter and milliliter volumes to 
reduce cost. The same microfluidic technology is employed in systems designed for 
advanced preclinical and clinical scale production, which allow previously optimized 
conditions to be replicated at larger scales. 

Introduction

Scale-Up system, even at 8-fold higher concentrations, 
as determined by comparing physico-chemical properties 
of the formulation collected in fractions at different time 
points. 

Taken together, these findings suggest that a 25 L 
formulation encapsulating > 34 g of siRNA in 4.5 h is 
well within achievable limits while maintaining high 
product quality with minimal process development. The 
NanoAssemblr platform is therefore apt to accelerate the 
development and translation of genetic medicines.



19

Figure 1

To date, a microRNA formulation for immuno-oncology11 as well as mRNA-LNP vaccines 
against Zika7 and influenza8 have been developed with the help of NanoAssemblr 
technology and scaled up for testing in larger animal models such as canines, and non-
human primates. Here, we examine the physical properties and in vivo efficacy of siRNA-
LNP formulations at different scales of production that span three orders of magnitude.  
Formulations were first developed at 10 mL batch size using the bench-scale NanoAssemblr 
system. These were then scaled up 10-fold using the NanoAssemblr Blaze™ designed for 
larger animal studies, and 100-fold using the NanoAssemblr 8x Scale-Up system designed 
for the cGMP environment and clinical development. Due to different volumes of product, 
buffer exchange to isolate LNPs from solvent and unincorporated reagents, if any, were 
optimized for each stage. The formulations produced on all three systems were found 
to perform identically in terms of their physical and chemical characteristics and in vivo 
knockdown efficacy, thereby validating the seamless transfer of formulation conditions 
between instruments. It also indicates that conditions remained consistent among the 8 
parallel microfluidic mixers in the Scale-Up system. Additionally, process robustness was 
assessed by producing a 5 L formulation using a single mixer on the scale-up system 
at 8 times the concentration. The high concentration formulation exhibited excellent 
physico-chemical properties and the collected fractions of the batch were found to be 
indistinguishable from one another by dynamic light scattering and liquid chromatography, 
indicating exceptional process uniformity throughout a long formulation run. 

Figure 1. siRNA in acidic buffer is 
injected into the left inlet while lipids 
including an ionizable cationic lipid 
dissolved in ethanol are injected into 
the right inlet of the NanoAssemblr 
microfluidic mixer. Following controlled 
mixing in microfluidic channels, lipid 
nanoparticles (LNPs) are spontaneously 
formed. 

1. Two fluids (Buffer and ethanol) 
entering the channel under laminar flow 
do not mix.

2. Microscopic features in the channels 
are engineered to cause the fluid 
streams to mingle in a controlled, 
reproducible, and non-turbulent way.

3. Intermingling of the fluids increases 
as they continue through the mixer. 

4. Fluids emerge from the mixer 
completely mixed. The whole process 
takes < 1 ms, which is faster than 
particles can assemble
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100 µm
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flow rates

Inlet 2:
Lipids and verteporfin in 
ethanol/DMF (97.5:2.5 v/v)

Outlet: 
Verteporfin-loaded 

liposomes
Inlet 1:

PBS

1.	 Two fluids (buffer and ethanol) entering the channel under laminar flow do not mix.
2.	 Microscopic features in the channels are engineered to cause the fluid streams to mingle in a 

controlled, reproducible, and non-turbulent way.
3.	 Intermingling of the fluids increases as they continue through the mixer.
4.	 Fluids emerge from the mixer completely mixed. The process takes < 1 ms; faster than 

molecules can assemble into particles.

Inlet 1:
siRNA in 
Buffer

Inlet 2:
Lipids in ethanol

Outlet:
siRNA-Lipid

Nanoparticles
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First, LNPs encapsulating siRNA against Factor VII were produced at three scales: 10 
mL batches on a bench-scale NanoAssemblr, 100 mL on the NanoAssemblr Blaze, and 
1000 mL on the NanoAssemblr 8x Scale-Up system using the same Total Flow Rate 
(TFR), Flow Rate Ratio (FRR), lipid composition and reagent concentrations. Size and 
polydispersity index (PDI) — a measure of size heterogeneity — were determined by 
dynamic light scattering. A Size of 58 ± 2 nm and PDI of 0.05 were observed for all 
samples regardless of batch size and instrumentation (Figure 2). This indicates that the 
conditions of LNP precipitation were replicated identically between the three systems.  
PDI was exceptionally low, indicating highly uniform particles across the population. 

Secondly, the chemical compositions of LNPs produced on each instrument were 
measured by disrupting the LNPs and separating components by HPLC.  Samples were 
tested both before and after the buffer exchange process employed to isolate LNPs from 
un-incorporated materials, if any. Buffer exchange was not found to measurably affect 
composition. Additionally, the composition of LNPs produced using the three systems 
were remarkably uniform (Figure 3). Lipid compositions were found to be within ± 10% 
of target specifications in all cases. Encapsulation efficiencies were found to be >90% for 
all cases as determined by Ribogreen assay (not shown).

Knockdown efficacy of Factor VII (F-VII) was tested in vivo using murine models. F-VII 
is a blood clotting protein commonly used in proof-of-concept studies because it can 
be measured in plasma samples. LNPs were administered by tail vein injection at 4 
different doses and compared to a PBS control and a LNP control containing a siRNA 
with no target in the model animal. LNP efficacy was consistent across the NanoAssemblr 
platform (Figure 4). All formulations exhibited a dose-dependent knockdown with ~90% 
knockdown at the highest doses of 1 mg/kg. Hence, formulations produced on the three 
systems are indistinguishable in size, composition, and biological activity, indicating 
consistent formulation conditions were achieved.

 

Bench scale
(10 mL)

Blaze
(100 mL)

8x Scale-Up
(1000 mL)
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Figure 2. Factor VII siRNA LNPs maintain 
size and PDI when scaled by 10x and 
100x on the NanoAssemblr platform. 
10 mL formulations were produced 
on the bench-scale system, 100 mL 
on the Blaze and 1 L on the 8x Scale-
Up systems. Hydrodynamic size and 
particle size distribution (expressed as 
polydispersity index, PDI) were both 
determined by dynamic light scattering. 
Samples were measured in triplicate. 
Values represent mean and error bars 
represent standard deviation.
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Figure 3. Factor VII siRNA LNPs 
maintain composition when scaled by 10x 
and 100x on the NanoAssemblr platform. 
10 mL formulations were produced 
on the bench-scale system, 100 mL 
on the Blaze and 1 L on the 8x Scale-
Up systems. LNPs were disrupted, 
components separated by HPLC and 
analyzed by ELS.

Figure 4. in vivo knockdown efficacy 
of Factor VII siRNA LNPs maintained 
when scaled by 10x and 100x on 
the NanoAssemblr platform. 10 mL 
formulations were produced on the bench 
scale system, 100 mL on the Blaze and 1 
L on the 8x Scale-Up systems. LNPs and 
controls were administered to healthy 
mice by tail vein injection at specified 
concentrations. Blood samples were 
taken 24h later and assayed for F-VII 
levels. Values represent mean and error 
bars represent standard deviation of 3 
animals.

Bench scale

Bench scale

To test the robustness of the process, formulations were produced using the 
Scale-Up instrumentation employing a single microfluidic mixer at two different 
concentrations. A final siRNA concentration of 0.174 mg/mL represents commonly 
reported concentrations. A formulation was also produced at 8 times that 
concentration (1.39 mg/mL) by increasing the concentrations of all reagents. In 
both cases, the batch size was 5 L. Each formulation was collected in 6 fractions 
without stopping the process. Excellent uniformity was maintained throughout 
the formulation run with no observable difference in the size or PDI between the 
collected fractions (Figure 5A and C). 

F-VII siRNA-LNP
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The higher concentration formulation was found to be the same diameter (60 nm, 
Figure 5C) as lower concentration formulations produced with the bench-scale system, 
Blaze, and Scale-Up in its 8x configuration (Figure 2). Composition of the particles 
remained unaffected by the change in concentration (Figure 5B and D).

PNI Ionizable 
Lipid

Cholesterol
DSPC
PEG-Lipid

Figure 5.  Factor VII siRNA-LNPs 
manufactured at high concentrations 
on the Scale-Up system retain their 
physico-chemical properties. Lipid 
Nanoparticles (LNPs) containing siRNA 
against Factor VII optimized on the 
NanoAssemblr bench-scale system at 
0.174 mg/mL siRNA, were made on the 
Scale-Up system with a single chip at the 
same concentration and at 1.39 mg/mL. 
A 5 L batch was manufactured at each 
concentration and collected in fractions. 
Each fraction was analyzed for size and 
PDI (A and C) and composition (B and 
D).
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Diameter (nm) PDI Further details: 
Hydrodynamic diameter and 
polydispersity index (PDI) of siRNA-
LNPs were consistent between 
fractions collected from continuous 
flow manufacturing on the 8x Scale-
Up system. Diameter and PDI were 
measured by dynamic light scattering.

Further details: 
Composition of siRNA LNPs were 
consistent between fractions collected 
from 5L continuous flow manufacturing 
run on the 8x Scale-Up system. LNPs 
were disrupted and lipids were separated 
and analyzed on an HPLC column and 
quantified by ELS

PNI Ionizable 
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Cholesterol
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PEG-Lipid

Discussion
Nanoparticle precipitation is an intricate process dependent on numerous intermolecular 
interactions. For LNPs, pH sensitive ionizable lipids must interact with components 
of the buffer to become cationic, following which, they interact electrostatically 
with anionic nucleic acids to form reverse micelles. As the polarity of the solvent 
increases, interactions between the exposed lipid tails and solvent molecules become 
unfavourable, triggering assembly of lipids around reverse micelles. PEGylated lipids, 
being the most soluble in polar solvent, precipitate last and passivate the surface of the 
particles.2,3 Mixing of the solvent phase with the aqueous phase is critical in determining 
the local concentrations of reagents, as well as the local dielectric constant of the 
solvent, which affects electrostatic interactions critical to ionization of the novel lipid 
and its association with the nucleic acid. Homogeneous mixing is crucial in ensuring 
mixing conditions remain consistent from time-to-time, and from point-to-point within 
the mixing volume. 
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Laminar flow microfluidic mixing, as employed across the NanoAssemblr platform, affords 
exceptional control over the microenvironment of LNP formation that ultimately influences 
physico-chemical properties and consequently biological activity. Because the bench-scale 
system, Blaze and Scale-Up systems share the same microfluidic architecture, the same 
parameters can be transferred between systems to produce the same results. This is 
substantiated in the consistent size, dispersity, composition and potent biological activity 
observed in bench-scale, Blaze and 8x Scale-Up batches that spanned three orders of 
magnitude in volume. The platform allows formulations to be produced at scales suited for 
any stage of development. Furthermore, this seamless transfer of optimized conditions allows 
development at earlier stages to carry forward to later stages, greatly reducing time and effort 
spent developing and reoptimizing production processes.

Conclusion

Microfluidics offers superior homogeneity in mixing which results in highly uniform 
batches of LNPs. Because the process is time-invariant, conditions of mixing can be 
replicated among different mixers bearing the same mixing geometry using the same 
parameters such as TFR, FRR, reagents and concentrations. Hence, it is unsurprising 
that formulations produced on a bench-scale system, Blaze, and 8x Scale-Up, have 
indistinguishable physical and chemical characteristics given that these systems use the 
same microfluidic mixer design. These characteristics ultimately dictate biological function 
such as biodistribution, particle uptake, and payload release, so it follows that the 
biological activity is also conserved across all systems. 

Consistent results across all systems allow rapid optimization of particle characteristics 
and performance at scales between 1 and 15 mL on the bench-scale system and 
production of identical particles in batches of up to 1 L on the Blaze and 25 L in 4.5 h on 
the 8x Scale-Up system without reoptimizing parameters. 

The observation that LNPs produced with 8 mixers in parallel were indistinguishable from 
those produced with a single mixer, indicate excellent process control and stability with 
the NanoAssemblr microfluidic platform and the exceptional uniformity between individual 
NanoAssemblr microfluidic devices. As a consequence, the conditions of mixing induced 
by each device are likewise uniform. It follows that throughput can be scaled up further 
by increasing the number of mixers without impacting the quality of LNPs produced.

The property of time-invariance of laminar flow microfluidic mixing gives rise to 
consistency in LNP characteristics throughout an extended 5 L formulation run as 
exhibited in Figure 5 using a single mixer. These results are indicative of a robust 
process, wherein any arbitrary volume of reagents undergoes an identical process, 
yielding identical results. Such consistency is not achievable with turbulent processes 
whose microscopic conditions, can vary over time. 

Given that process consistency was demonstrated throughout a 5 L run on a single mixer 
and also between 8 mixers used in parallel, it follows that a large batch totaling 25 L is 
well within achievable limits of the 8x Scale-Up system while maintaining high product 
quality with minimal process development. At final RNA concentrations of 1.39 mg/mL, 
this formulation would suffice to encapsulate >34 g of siRNA. At a combined flow rate of 
96 mL/min such a formulation can be accomplished in a run time of ~4.5h, which can fit 
into a single cleanroom shift. Employing more than 8 parallel NanoAssemblr microfluidic 
devices can further increase throughput of the Scale-Up system with equally robust 
results.
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Factor VII siRNA formulation: Appropriate amounts of PNI ionizable cationic lipid, 
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti Polar lipids), Cholesterol 
(CHOL, Sigma Aldrich) and PEG-lipid (NOF America Corp) were dissolved in ethanol 
at molar ratio of 5:1:3.85:0.15, respectively. Factor VII siRNA (Axolabs) was dissolved 
in acetate buffer (pH 4) at 0.232 mg/mL, 0.928 mg/mL and 1.856 mg/mL. The siRNA 
concentration was determined using UV spectroscopy (Nanodrop Lite, Thermo Fisher 
Scientific Inc).

For scale-up study, about 10 mL of formulation was prepared on the NanoAssemblr 
Benchtop* at an aqueous:organic FRR of 3:1 and TFR of 12 mL/min. The formulation was 
scaled-up to 100 mL on the Blaze and 1000 mL on the 8X Scale-up System using identical 
parameters. LNPs were manufactured at siRNA concentration of 0.7 mg/mL in all three 
instruments and diluted with PBS before buffer-exchange on tangential flow filtration 
system (KrosFlo® Research IIi Tangential Flow Filtration (TFF) System, Spectrum Labs). 
Finally, the particles were concentrated to 1 mg/mL, sterile filtered and stored at 4 °C 
before further analysis.

For single mixer experiments, two 5000 mL LNP formulations were prepared each with 
a single Scale-Up mixer at each of 0.174 mg/mL and 1.39 mg/mL siRNA concentration 
(nominal, at the output of the microfluidic process). Particle dilution and buffer exchange 
was performed by TFF as described above. 

Particle characterization: A sample of bulk diluted and final product was used to 
determine physico-chemical characteristics (size, PDI, encapsulation), lipid concentration 
and siRNA concentration. Particle size was determined using dynamic light scattering 
(Malvern Zetasizer Nano ZS, UK) and encapsulation using RiboGreen assay. Lipids were 
separated and analyzed on a HPLC column using an ELS detector. For siRNA, LNPs 
were disrupted using a surfactant and analyzed by HPLC using a photodiode (UV) array 
detector.

Factor VII gene knockdown: CD1 mice (18-23 g; 6-8 weeks) were divided into 11 groups 
(n=3) and siRNA LNPs were administered intravenously using a single bolus injection 
via tail vein at a dose of 0.1 mg/kg, 0.5 mg/Kg and 1 mg/Kg. Non-targeting (NT) siRNA 
containing chemical modifications and length similar to Factor VII siRNA was used for 
preparation of negative control. After 24 hours, blood (~ 500 µL) was collected by cardiac 
puncture after euthanizing mice. The blood samples were allowed to stand for 20-40 min 
at RT to allow the blood to clot. Serum was separated by centrifuging at 2000xg for 10 
min at 15 °C and was stored at -80 °C for later analysis. Analysis of Factor VII protein 

Materials & Methods

The use of 8 microfluidic mixers in parallel did not measurably affect outcomes, indicating 
exceptional consistency in the manufacturing of individual devices. Additionally, comparisons 
between collected fractions of a 5 L formulation using a single mixer found no measurable 
difference in the physical characteristics of the particles throughout the process. Production 
was also scaled by increasing the concentration of reagents 8-fold with the single mixer 
configuration, and the resulting particles had the same size as those produced with the 
8-mixer configuration while comfortably exceeding quality requirements for PDI.  Taken 
together, these findings suggest a 25 L batch encapsulating over 34 g of siRNA in 4.5h is 
imminently achievable with the NanoAssemblr platform. Such robustness and scalability is 
essential to accelerating the development and translation of genetic medicines by enabling 
efficient optimization and scale-up of nucleic acid LNP formulations.

* The bench-scale formulations described in this work were produced using the 
discontinued NanoAssemblr Benchtop. The NanoAssemblr Ignite can be used in place of 
its predecessor, the NanoAssemblr Benchtop
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About the NanoAssemblr Platform:
For an overview of the NanoAssemblr platform, see the back cover and visit:
www.precisionnanosystems.com/systems/
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other helpful resources. 

Publications and other resources:
www.precisionnanosystems.com/resources/

Visit our resources  page regularly for the latest publication summaries, Application 
Notes, webinars, and posters. 

1.   Alnylam Pharmaceuticals, Inc. - Alnylam and Sanofi Report Positive Topline Results 
from APOLLO Phase 3 Study of Patisiran in Hereditary ATTR (hATTR) Amyloidosis 
Patients with Polyneuropathy. Investors.alnylam.com (2017). at <http://investors.
alnylam.com/releasedetail.cfm?ReleaseID=1041081>

2.   Ramishetti, S., Landesman-Milo, D. & Peer, D. Advances in RNAi Therapeutic Delivery 
To Leukocytes Using Lipid Nanoparticles. Journal of Drug Targeting 24, 780-786 
(2016).

3.   Cullis, P. & Hope, M. Lipid Nanoparticle Systems for Enabling Gene 
Therapies. Molecular Therapy 25, 1467-1475 (2017).

4.   Nabhan, J. et al. Intrathecal Delivery of Frataxin mRNA Encapsulated In Lipid 
Nanoparticles To Dorsal Root Ganglia As A Potential Therapeutic For Friedreich’s 
Ataxia. Scientific Reports 6, (2016).

5.   Kulkarni, J. et al. Design of Lipid Nanoparticles For In Vitro And In Vivo Delivery Of 
Plasmid DNA. Nanomedicine: Nanotechnology, Biology and Medicine 13, 1377-1387 
(2017).

 6.  Ramishetti, S. et al. Systemic Gene Silencing in Primary T Lymphocytes Using 
Targeted Lipid Nanoparticles. ACS Nano 9, 6706-6716 (2015).

 7.  Richner, J. et al. Vaccine Mediated Protection Against Zika Virus-Induced Congenital 
Disease. Cell 170, 273-283.e12 (2017).

8.   Bahl, K. et al. Preclinical and Clinical Demonstration of Immunogenicity by mRNA 
Vaccines against H10N8 and H7N9 Influenza Viruses. Molecular Therapy 25, 1316-
1327 (2017).

9.   Miller, J. et al. Non-Viral CRISPR/Cas Gene Editing In Vitro and In Vivo Enabled by 
Synthetic Nanoparticle Co-Delivery of Cas9 mRNA and sgRNA. Angewandte Chemie 
International Edition 56, 1059-1063 (2016).

10. Zhang, X. et al. Biodegradable Amino-Ester Nanomaterials for Cas9 mRNA Delivery in   
Vitro and in Vivo. ACS Applied Materials & Interfaces 9, 25481-25487 (2017).

11. Yaghi, N. et al. Immune Modulatory Nanoparticle Therapeutics For Intracerebral 
Glioma. Neuro-Oncology now198 (2016). doi:10.1093/neuonc/now198

References

Related Material



27

The NanoAssemblr® Ignite™
with NxGen™ Technology

Develop a robust, scalable, 
manufacturing process from the 
earliest stage enabling you to 
create transformative medicine 
at the bench 

Designed with the End 
in Mind

Developed for drug researchers 
who are targeting delivery of 
the drug to the disease cells/
tissues/organs enabling the 
creation of transformative 
medicines yet to be imagined

Designed for the future

Innovative, intuitive technology 
improves efficiency of 
nanomedicine development to 
overcome key challenges and 
accelerate data generation

Designed to Maximize Time

Precision NanoSystems is proud to introduce the next 
stage of evolution in nanomedicine formulation. The Ignite 
embodies everything that made the NanoAssemblr Benchtop the workhorse of 
nanomedicine development for over 100 biopharma companies, while bringing the 
latest innovations developed for the cGMP system to the bench.
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NxGen™ Technology

-   Limited applications

-   Difficult to reproduce

-   Harsh process
    conditions

-   Difficult to scale

Microfluidic 
Approaches

NxGen MicrofluidicsIn-Line 
Macromixing

High Energy 
Techniques

-   Limited applications

-     Difficult to reproduce

+    Gentler process
       conditions

+    Improved Scalability

-   Some scaling
    challenges remain

-    Mixers are difficult
      to make

+   Expanded Applications

+   Reproducible

+   Non-turbulent
      process conditions

+  Easy to Scale

+  Mixers are Easy to
     make

+  Potential multi-mixer integration
     opens possibilities

+  Reproducible

+  Non-turbulent
     process conditions

The only technology that can scale a single 
mixer from early in-vitro screening to 
commercial, GMP manufacturing

Freedom to Scale

NxGen technology provides precise, time-
invariant control to ensure the best results on 
each run.

Process Matters

Drug developers of all backgrounds have options 
to bring solutions into their lab or work with out 
team based on their needs

Empowerment

NxGen is a unique and innovative technology 
offering drug developers the solutions they need 
to bring transformative medicines to patients

Innovation

The formulations described in this work were produced using the discontinued 
NanoAssemblr Benchtop. The NanoAssemblr Ignite can be used in place of its 

predecessor, the NanoAssemblr Benchtop
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Other Resources
Read other application notes in this series

•	 The delivery of specific active ingredients with 		
	 different formulation

•	 Or the versatile applications of 	different nanoparticle 	
	 materials

•	 Exciting papers featuring NanoAssemblr technology 	
	 published in peer reviewed journals 

•	 Detailed application notes about formulating 		
	 nanoparticles with the NanoAssemblr platform

Learn about:

Visit us online to:
Learn about our 3 disease 
focus areas

Browse hundreds of peer-reviewed publications 
and recorded webinars

Sign-up to keep up 
to-date with the 
latest NanoAssemblr 
developments
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