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ABSTRACT: A major challenge to advance lipid nanoparticles
(LNPs) for RNA therapeutics is the development of formulations
that can be produced reliably across the various scales of drug
development. Microfluidics can generate LNPs with precisely defined
properties, but have been limited by challenges in scaling throughput.
To address this challenge, we present a scalable, parallelized
microfluidic device (PMD) that incorporates an array of 128 mixing
channels that operate simultaneously. The PMD achieves a >100×
production rate compared to single microfluidic channels, without
sacrificing desirable LNP physical properties and potency typical of
microfluidic-generated LNPs. In mice, we show superior delivery of
LNPs encapsulating either Factor VII siRNA or luciferase-encoding
mRNA generated using a PMD compared to conventional mixing,
with a 4-fold increase in hepatic gene silencing and 5-fold increase in luciferase expression, respectively. These results suggest that
this PMD can generate scalable and reproducible LNP formulations needed for emerging clinical applications, including RNA
therapeutics and vaccines.
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RNA therapeutics, a potent and versatile alternative to
pharmacological drugs such as small molecules and

proteins, treat illnesses by modifying the expression of
disease-related genes that are considered “undruggable” with
current medicines.1,2 These disease-related genes can be
controlled by various approaches: small interfering RNA
(siRNA) or microRNA (miRNA) for gene knockdown,
messenger RNA (mRNA) for transient gene expression, or a
combination of guide RNA (gRNA) and mRNA for CRISPR/
Cas9 gene editing.3−7 Recent advances in RNA therapeutics
led to the U.S. Food and Drug Administration approval of
Alnylam Pharmaceuticals’ lipid nanoparticle (LNP)-based
siRNA therapeutic Onpattro and their N-acetylgalactosamine
(GalNAc) siRNA conjugate Givlaari, in addition to the
COVID-19 mRNA vaccines developed by Moderna and
Pfizer/BioNTech that have received emergency use author-
ization.8−12 Since naked RNAs are subject to rapid degradation
by serum endonucleases and cannot readily cross cell
membranes due to charge repulsion, RNA therapeutics require
a delivery platform for intracellular delivery.4,13,14 Synthetic
delivery vehicles, such as LNPs, have been developed for RNA
delivery due to their biocompatibility, potent intracellular
delivery, and protection from innate immune recognition and
endonuclease degradation.4,15−21 A key challenge toward the
broad clinical translation of LNP RNA therapeutics are

formulation techniques that can robustly and consistently
produce formulations on production scales that range from
early phases of development to clinical applications.
LNPs can be formulated by several methods, where a lipid

solution dissolved in ethanol is mixed with a nucleic acid
solution to produce LNPs via self-assembly.22,23 In each
method, size is an important parameter to control as it greatly
influences LNP fate in vivo.24 Bulk processes do not require
specialized equipment, but they lack precise control over
mixing time and thus create large (>100 nm), polydisperse
particles with low encapsulation efficiency that varies batch-to-
batch and can require more downstream processing in large-
scale manufacturing, which reduces yields and increases
production costs.5,25−27 Alternatively, microfluidic mixing
processes have been designed to achieve rapid and controlled
folding of fluids within microseconds to milliseconds, for
precise control of particle size, more homogeneous size
distributions, higher encapsulation efficiencies, and greater
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reproducibility than bulk methods.28,29 An example of this
approach is hydrodynamic flow focusing, a microfluidic
laminar flow method where particles are formed at the
interface of laminar flowstreams; however, this process is
limited in throughput (<10 mL/h) and mainly used for
preparing liposomes, which have less structural complexity
than LNPs.30−33 Another type of rapid mixing process is T-
junction mixing, where turbulent mixing in a macroscopic
channel (>1 mm)5,20,29,34 can achieve small LNP sizes (<100
nm)35 but cannot scale down to the small volumes (μL)
needed for high-throughput library screening of nanomateri-
als.21,24,29

In this paper, we focus on the staggered herringbone
micromixer (SHM) design, a widely applied, low-throughput
(<100 mL/h) microfluidic strategy for the production of
precisely defined LNPs.26,29,36 This design enables reagents to
be rapidly and controllably mixed (<10 ms) with high
reproducibility, LNP size homogeneity, and the lowest
reported LNP sizes (<30 nm).26,28,29 Despite these notable
successes, there remains an unmet need for a single integrated
design that can formulate nucleic acid therapeutics in a
controlled manner on production scales ranging from bench-
top to human applications for LNPs to reach their full clinical
potential. Adding additional relevance to this challenge, for
LNP-based COVID-19 mRNA vaccines, the formulation of
LNPs has been identified as the bottleneck for the production
process.37

We address this challenge by developing a parallelized
microfluidic device (PMD) that can incorporate an array of
SHM mixing channels (1×, 10×, 128×) that operate
simultaneously for the formulation of LNPs encapsulating
RNA therapeutics, without sacrificing the desirable LNP
physical properties and potency typical of microfluidic-
generated LNPs. This technology is directly scalable from
small-scale discovery experiments (mL/h) to clinically relevant
production rates (L/h) by simply integrating more mixing
units into a single microfluidic chip, eliminating the need for
additional optimization or further scale-up challenges. To
address this challenge and to ensure that each device in the
array produces LNPs with identical physical parameters, we
used a ladder geometry that incorporates flow resistors
upstream of each SHM to distribute fluid evenly to each
SHM in the array.38,39 Moreover, the flow resistors decoupled
the design of the mixing channels and the design requirements
for parallelization, allowing for the modular incorporation of
mixing channel geometries into our architecture without
redesign. While parallelized microfluidic architectures have
been implemented for NP production,29,40,41 these have been
limited in throughput and cannot be scaled to the thousands of
devices necessary for operation at the commercial scale.
Here, we compared three formulation methods, a micro-

fluidic single channel device, PMD, and bulk mixing, to
produce LNPs that encapsulate either siRNA for gene
knockdown in vitro and in vivo or mRNA for translation in
vivo. For these studies, we used a gold standard ionizable lipid
with formulations previously optimized for siRNA and mRNA
delivery to demonstrate scalable production of LNPs using our
microfluidic platform. The fabrication of this PMD addresses
the clinical need of scalable LNP production, with the potential
to enable rapid formulation of reproducible and homogeneous
LNPs for a broad range of RNA therapeutics and vaccines.

■ FABRICATION OF A SCALABLE, PARALLELIZED
MICROFLUIDIC DEVICE

We have fabricated a PMD for large-scale manufacturing of
LNPs that increases production rates by over 100-fold (18.4 L/
h) compared to the current single channel microfluidic device
(Figure 1).26 By incorporating a ladder design architecture,

flow resistors, and soft lithography techniques, we patterned
our designs into a single piece of polydimethylsiloxane
(PDMS) that can be operated at moderate pressures (50
psi).42 PDMS was selected for the device material due to its
low cost, widespread use in the field, and compatibility with
the intended solvents.43,44 By incorporating the existing SHM
geometry,26,45 we take advantage of the already demonstrated
benefits of microfluidic LNP production, such as reproducible
production of small size LNPs (<100 nm) and low
polydispersity (Figure 1A). Compared to a bulk-mixing
method for LNP production, such as repeated pipetting to
mix solutions, microfluidic devices produce LNPs with higher
potency in vivo (Figure 1A).
Our PMD (Figure 1B) consists of an array of SHMs, each

connected to layers of channels that deliver and collect fluid
from each device in the array. The PMD is designed to
incorporate 1×, 10×, or 128× mixing channels in a ladder

Figure 1. Fabrication of a scalable PDMS-based microfluidic platform
for precise and large-scale RNA lipid nanoparticle (LNP)
formulations. (A) Microfluidic formulation produces smaller and
more homogeneous LNPs for potent RNA delivery, while larger and
more heterogeneous LNPs produced by bulk methods are more
variable in terms of RNA delivery. Microfluidic formulation can be
scaled up using the same design (staggered herringbone micromixers)
for rapid mixing to produce comparable LNPs for RNA delivery. (B)
Photograph of the PDMS device, which incorporates 128 (4 × 32)
mixing channels with only two inlets and one outlet. Scale bar: 5 mm.
(C) Production rate comparison of different continuous LNP
formulation methods (T-junction;7,34,46−48 hydrodynamic focus-
ing;32,33 SHM;26,29 NanoAssemblr Ignite, NxGen Blaze, GMP
system49), highlighting the total volumetric production rate and
respective LNP size.
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architecture to ensure that each device in the array operates
with the same flow conditions (Figure 2A). The 128×
micromixer device is arranged in an array of 4 rows of 32
SHMs. In our ladder design, supply channels connect to the
array using 4 rows of delivery channels, each connected by a
single arterial line that connects to the external inlets and
outlets. Upstream of each SHM are flow resistors (Figure 2B),
and each SHM mixing channel is connected to the second
layer of channels (in a plane above the mixing channels) by a
vertical via (Figure 2B, G).
The devices were fabricated in PDMS using double-sided

imprinting.42 While fabrication using double-sided imprinting
is a robust prototyping method for this design, this approach
can also be translated to silicon/glass devices, where device
yields of 100% can be achieved in addition to increased solvent
compatibility and compliance with industrial regulations (i.e.,
Good Manufacturing Practice).50 Compared to previously
published production rates using other methods of LNP
formulation, our PMD can achieve high production rates while

maintaining advantageous microfluidic parameters for the
formulation of small LNPs (Figure 1C).

■ MICROFLUIDIC DESIGN PRINCIPLES
To ensure uniform operation of each of the SHMs in the array,
the fluidics are designed such that each SHM receives its inputs
with the same flow rates. To achieve this goal, we borrowed a
design principle developed for designing arrays of droplet
microfluidic devices, wherein each mixing unit is designed such
that the fluidic resistance of each mixing unit is much greater
than that of the delivery channels, allowing the SHMs to
operate as if they are connected in parallel.38,39 However,
because we developed this technique to be modular such that
it can be applied to any nanoparticle-generating device at any
level of parallelization, we did not want to have the
parallelization considerations place any restrictions on the
design of the individual SHMs. To this end, we incorporated
flow resistors50,51 upstream of each SHM (Figure 2B, C, F),
which dominate the overall resistance of the device, thus

Figure 2. Incorporation of ladder design architecture, flow resistors, and herringbone micromixers out of the parallelized microfluidic device
(PMD) enable large-scale LNP production. (A−C) Schematic diagram for the design of this device containing 4 rows of 32 mixing channels (A),
highlighting the individual mixing unit design with a top view and a side view (B) and the individual mixing cycle design with a top, angled, and side
view (C). Direction of flow is indicated by white arrows. Schematics are not to scale. (D) Circuit model of the delivery channels (Rdelivery), resistors
(Rresistor), mixing channels (Rmixing), and individual mixing channel unit (Rdevice). (E) Resistance of an individual mixing channel unit versus length
of the mixing channel, where the Rdevice is dominated by the resistance of the fluidic resistors, not the mixing channels. Rdevice is normalized to the
resistance of an individual mixing channel unit with resistors and a mixing channel length of 20 cycles. (F) Device features. Scale bar: 200 μm. (G)
Cross section of the PMD. Scale bar: 200 μm.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c01353
Nano Lett. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01353?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01353?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01353?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01353?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01353?rel=cite-as&ref=PDF&jav=VoR


decoupling the design of the mixing channels and its
requirements for parallelization. The resistance of a single
mixing device is the sum of the resistance of flow resistors
(Rresistor) and the resistance of SHMs (Rmixing) to make a total
device resistance (Rdevice) (Figure 2D), which is dominated by
the resistance of the fluidic resistors (Figure 2E). Additionally,
this ladder geometry is designed to be resilient to clogging, a
key challenge in the field of microfluidics,52 since the SHMs
are connected in parallel; thus, if one SHM has a change in
fluidic resistance due to clogging, this has a minor impact on
the flow distribution to other SHMs. Further, we incorporated
lithographically defined in-line filters that are smaller (20 μm)
than our smallest channels (35 μm) such that any debris or
aggregates that enter the device will be caught upstream by the
filters and cannot block the downstream channels.

■ VALIDATION OF PARALLELIZED MICROFLUIDIC
DESIGN

To validate our parallelized microfluidic design, we performed
mixing analysis by flowing two different fluorescent dyes
through the device and quantifying a mixing value for various
flow rates and channel positions. The two dyes, fluorescein
isothiocyanate (FITC) dextran and rhodamine dextran, were
selected since they roughly mimic the size of RNAs53 and
because the intensity of each fluorescent stream could be
quantified independently by different filters.
We fabricated a single channel device to evaluate mixing

efficiency at different flow rates by quantifying a mixing value
ranging from 1 (not mixed) to 0 (completely mixed) (Figure
3A). We calculated this mixing value for five different flow
rates, which are indicated by their respective Peclet number, a
dimensionless quantity that is directly proportional to total

Figure 3. Validation of uniform mixing across all scales of microfluidic devices. Mixing characterization for microfluidic devices: single channel (A,
B), single row PMD (C−F), and PMD (G−J). (A) Schematic for the mixing experiment, where FITC and rhodamine were flowed through a single
channel device to quantify mixing at various channel lengths, showing the red and green plot profiles versus channel distance at the outlet (inset).
Scale bar: 200 μm. (B) Quantification of mixing versus channel length for five different flow rates, where the channel length for 90% mixing
(±standard error mean) is directly correlated with the natural log of the Peclet number (inset). (C) Schematic of the mixing experiment with a
single row PMD consisting of 10 parallel channels. (D−E) Fluorescent images of mixing in a channel, showing the red and green plot profiles
versus channel distance at the outlet (inset). Scale bars: 200 μm. (F) Comparison of the channel length required for 90% mixing (±standard error
mean) for all 10 channels and the single channel device. Samples were compared by one-way ANOVA. ns: p > 0.05. (G) Schematic for the mixing
experiment with the PMD. (H, I) Fluorescent images of mixing in a channel, showing the red and green plot profiles versus channel distance at the
outlet (inset). Scale bars: 200 μm. (J) Comparison of the channel length required for 90% mixing (±standard error mean) for three channels across
the device and the single channel device. Samples were compared by one-way ANOVA. ns: p > 0.05.
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volumetric flow rate (Figure 3B). For each flow rate, we
determined the channel length at which the dyes are 90%
mixed (mixing value = 0.1), a value that could be compared
between devices to evaluate mixing performance. We identified
a linear relationship between the natural log of the Peclet
number and the channel length needed for 90% mixing (Figure
3B inset), matching prior work,36 which is maintained over 2
orders of magnitude of flow rates (24 μL/min to 2400 μL/
min).
In addition to the PMD with 128 SHMs, we fabricated a

single row PMD with only 10 SHMs to validate our design
principles. Using the single row PMD, we quantified the
channel length needed for 90% mixing and compared it to the
single channel device at the same flow rate per channel (Figure
3C−F). Similarly, we used the PMD with 128 SHMs to
quantify the channel length needed for 90% mixing and
compared it to the single channel device at the same flow rate
per channel (Figure 3G−J). Our mixing quantification for the
single row PMD and PMD demonstrates that mixing efficiency
is unaffected by the incorporation of 10 or 128 SHMs,
validating the design of the device.
To characterize the uniformity of the geometry of our

SHMs, we quantified channel heights and the flow rate ratio
for each channel. By evaluating the cross sections of each
channel, we determined there were no significant differences in
channel heights across the device (Figure S1). To quantify the
flow rate ratios for each of the channels of the single row PMD,
we flowed two fluorescent dyes through the device and

quantified the ratio of rhodamine to FITC for each of the 10
channels, where we found no significant differences in flow rate
ratio between channels (Figure 4A,B). Here, we show that
each channel has a flow rate ratio of ∼0.3, which is the ratio of
lipids to nucleic acids used for LNP formulations.26

Collectively, we validated the uniform fabrication and
performance of the PMD to ensure it was suitable for
formulating LNPs.

■ FORMULATION OF LNPs ENCAPSULATING RNAs
WITH PARALLELIZED DEVICE

To validate that our PMD could formulate LNPs at a large
scale without compromising the desirable physical parameters
of LNPs produced by microfluidic single SHMs, we produced
LNPs and evaluated their physical propertiessuch as size,
size distribution, and encapsulation efficiency. Further, to
verify that our PMD does not compromise LNP efficacy, we
formulated LNPs encapsulating siRNA for in vitro screening in
cell lines, as well as LNPs encapsulating either siRNA or
mRNA for in vivo gene silencing or gene expression,
respectively, in mice. Throughout these in vitro and in vivo
studies, we demonstrate that potency is comparable between
LNPs formulated by a microfluidic single channel device and
PMD.
To confirm that LNP formulations were reproducible across

all channels of the single row PMD, we fabricated a device with
individual outputs for each of the 10 SHMs for individual
analysis of LNP formulations (Figure 4E). To evaluate gene

Figure 4. Validation of mixing, uniform LNP physical properties, and potent RNA delivery in vitro for the single row PMD. (A) Ten mixing
channels are organized in a single row, with the two inlets connected by a ladder geometry to each channel, showing the beginning (left), center
(middle), and end (right) of each channel. Scale bars: 200 μm. (B) Quantification of the ratio of red to green inlets (±standard deviation) for each
channel. (C) DLS curves for firefly luciferase siRNA LNPs produced from each channel. (D) Luciferase expression (±standard deviation) in HeLa
cells after treatment with 5 nM of luciferase siRNA LNPs produced from each channel. Data is normalized to cells without treatment with
background subtracted. n = 10. (E) Photograph of the single row PMD with two inputs (blue, orange dye) and 10 outputs, one for each mixing
channel, used to collect LNPs from each channel. Scale bar: 5 mm. (F) Calculated IC50 (±standard deviation) indicates the luciferase siRNA dose
needed to silence 50% of the firefly luciferase gene for each formulation method. Samples were compared by one-way ANOVA. ns: p > 0.05.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c01353
Nano Lett. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01353/suppl_file/nl1c01353_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01353?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01353?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01353?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01353?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01353?rel=cite-as&ref=PDF&jav=VoR


knockdown efficiency in vitro for LNPs formulated by each
mixing channel, we formulated LNPs with the ionizable lipid
C12−200, a gold standard lipid that is well validated for siRNA
and mRNA delivery, to aid in cellular uptake as well as
endosomal escape to ultimately enable potent intracellular
delivery.18,54−57 To induce LNP self-assembly in the device,
luciferase siRNA was rapidly mixed with a solution of lipids:
C12−200, phospholipid 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine (DOPE), cholesterol, and lipid-PEG.18,57,58

Dynamic light scattering (DLS) analysis of the siRNA LNPs
from each of the 10 output channels demonstrated no
significant differences in size or size distribution (Figures 4C
and S3). Gene silencing in vitro was evaluated using a validated
screening assay19,20,59,60 where HeLa cells, modified to stably
express firefly (Photinus pyralis) luciferase, were transfected
with these siRNA LNPs, and the resultant reduction in
luciferase expression (>80%) was comparable between LNPs
formulated across the 10 SHMs (Figure 4D). Additionally,
luciferase siRNA LNPs were formulated by the single row
PMD, a single channel microfluidic device, and bulk mixing,
where both microfluidic methods produced small (70 nm)
LNPs and bulk mixing produced large (130 nm) LNPs (Figure
S3). HeLa cells were transfected with LNPs generated by each
of the formulation methods, and luciferase expression was
quantified for different siRNA doses to determine an IC50 value
(Figures 4F and S3). For these in vitro experiments, luciferase
knockdown was equivalent for all formulation methods tested.
To demonstrate potent in vivo siRNA and mRNA delivery

via PMD-formulated LNPs, siRNA LNPs to knockdown
Factor VII and luciferase-encoding mRNA LNPs were
compared to LNPs produced by a microfluidic single channel
device and bulk mixing (Figure 5A). siRNA LNPs were
formulated by mixing Factor VII siRNA with a solution of
lipids: C12−200, 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), cholesterol, and lipid-PEG (selected based on their
use in previous in vivo Factor VII studies).18,19 Similarly,
mRNA LNPs were formulated by mixing luciferase mRNA
with a solution of lipids: C12−200, DOPE, cholesterol, and
lipid-PEG, where excipients and excipient ratios were selected
based on previous studies for mRNA LNP optimization.18 An
initial study with siRNA LNPs formulated using a microfluidic
single channel device investigated a range of doses (0.1−2.0
mg/kg) for Factor VII knockdown, where a dose of 0.1 mg/kg
would achieve ∼50% knockdown of Factor VII activity in
plasma at 2 days post injection (Figure 5B); thus, we chose a
dose of 0.2 mg/kg for our subsequent studies to ensure >50%
knockdown for microfluidic-formulated LNPs. Both micro-
fluidic methods produced Factor VII siRNA LNPs with a small
size (<85 nm), whereas bulk mixing produced LNPs with a
large size (>120 nm) (Figure S4). Factor VII siRNA LNPs
were administered to C57BL/6 mice via tail vein injection, and
Factor VII activity was quantified in plasma 2 days post
injection5,19 (Figure 5C). PMD and single channel micro-
fluidics produced LNPs that were more potent than bulk
mixed LNPs, where microfluidic LNPs reduced Factor VII
activity by >90% while bulk mixed LNPs minimally (20%)
reduced Factor VII activity. There were no significant
differences in toxicity between formulation groups as indicated
by histological analysis performed by hematoxylin and eosin
(H&E) staining of liver samples (Figure S5). To show that our
technology could also be used for mRNA delivery, we
formulated luciferase mRNA LNPs with the three formulation
methods, where both microfluidic methods produced LNPs

with a small size (<85 nm) and bulk mixing produced LNPs
with a large size (>140 nm) (Figure S4). These mRNA LNPs
were administered to C57BL/6 mice via tail vein injection,
where LNP efficacy was determined by a luminescent signal18

Figure 5. Scalable PMD formulates LNPs with uniform physical
properties for potent in vivo therapeutic RNA delivery compared to
bulk mixing methods. (A) Schematic for comparison between
microfluidic single channel device, single row PMD, and bulk mixing.
(B) Microfluidic-formulated siRNA LNPs targeting Factor VII were
delivered to C57BL/6 mice to determine the optimal dose and
collection time point. LNPs were formulated with Factor VII siRNA
by a microfluidic single channel device, and Factor VII activity is
reported as a percentage of activity 1 day prior to LNP administration.
n = 3. (C) Mice were dosed with 0.2 mg/kg of Factor VII siRNA
LNPs, and Factor VII activity was quantified 48 h later. Factor VII
activity is reported as a percentage of activity 1 day prior to LNP
administration. *p < 0.05 (p = 0.0116); ****p < 0.0001 in unpaired t
test to siControl LNP. n = 4. (D) LNPs were formulated with mRNA
encoding firefly luciferase and administered to mice via tail vein
injection at a dose of 0.2 mg/kg. Luminescent flux of a region of
interest was quantified 4 h after LNP administration. ***p < 0.001 in
unpaired t test to bulk mixed LNPs. n = 3−4.
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at 4 h post LNP administration (Figure 5D). LNPs produced
by both microfluidic methods were more potent than bulk
mixed LNPs, where microfluidic-formulated LNPs demon-
strated a 5-fold increase of luciferase expression compared to
bulk mixed LNPs. We predict that the poor performance of the
bulk mixed LNPs in vivo could be attributed to its large size
(>120 nm) that led to rapid blood clearance by the
reticuloendothelial system and limited passage through liver
fenestrations.61,62 Additionally, we observed no significant
differences in toxicity as indicated by no clinically significant
changes of aspartate transaminase (AST), alanine transaminase
(ALT), or alkaline phosphatase (ALP) between formulation
groups (Figure S6). Overall, these results demonstrate that our
PMD produces LNPs at a large scale that achieve potent in vivo
siRNA and mRNA delivery that are comparable to LNPs
formulated using single channel microfluidics.

■ CONCLUSIONS
In conclusion, we have developed a simple and scalable PMD
fabricated using PDMS to produce highly monodisperse LNPs
on a scale (1×, 10× and 128×) relevant for clinical
applications, which is >100× the throughput of a single
microfluidic device.26 By using double-sided imprinting and
incorporating upstream flow resistors to decouple the design of
the mixing channels and the overall resistance of the device, we
fabricated devices that are inexpensive and can be tailored to
the applications of potentially any user. This technology has
the potential to address the challenge of scalability for
microfluidic formulation of LNPs, where the total throughput
scales directly with the number of incorporated mixing
channels (Figure 1C). While alternative methods like T-
junction mixing can produce LNPs at clinically relevant rates
(2.4−3.6 L/h), this method is not fully scalable since it cannot
produce small volumes (μL) needed for discovery experi-
ments.46−48 Additionally, Precision NanoSystem’s NanoAs-
semblr platform can also achieve clinically relevant rates (>10
L/h) with desirable LNP properties49 but requires multiple
devices operating independently, which is not easily scalable to
>100x since each device requires macroscopic manifolds to
deliver fluids to each device separately. Overall, our proof-of-
concept scalable PMD technology may potentially address key
unmet needs of scalable microfluidic processes for LNP
formulation, by generating precisely engineered nanomaterials
that can potentially be economically scaled across all aspects of
the development of LNP formulations, including RNA
therapeutics and vaccines.
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