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Significance

A major unmet need in the 
advancement of lipid 
nanoparticles (LNPs) for RNA 
therapeutics and vaccines is the 
development of formulation 
technologies that can generate 
LNPs across the various scales of 
drug development, from small- 
scale discovery experiments to 
large- scale clinical trials. 
Microfluidic technologies, which 
formulate LNPs with precisely 
defined properties, have been 
limited by scalability challenges. 
To overcome this, we fabricated 
a silicon and glass microfluidic 
platform for throughput- scalable 
manufacturing of mRNA- LNP 
vaccines. This technology can be 
widely applied to nanoparticle 
formulations and can accelerate 
the development of LNP- based 
RNA therapeutics and vaccines to 
address emerging pathogens and 
sudden outbreaks.
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Lipid nanoparticles (LNPs) are a potent delivery technology that have made it possible 
for the recent clinical breakthroughs in mRNA therapeutics and vaccines. A key challenge 
to the broader implementation of mRNA therapeutics and vaccines is the development 
of technology to produce precisely defined LNP formulations, with throughput that 
can scale from discovery to commercial manufacturing and meet the stringent man-
ufacturing standards of the pharmaceutical industry. To address these challenges, we 
have developed a microfluidic chip that incorporates 1×, 10×, or 256× LNP- generating 
units that achieve scalable production rates of up to 17 L/h of precisely defined LNPs. 
Using these chips, we demonstrate that LNP physical properties and potency in vivo 
are unchanged as throughput is scaled. Our chips are fabricated out of silicon and glass 
substrates, which have excellent solvent compatibility, compatibility with pharmaceutical 
manufacturing, and can be fully reset and reused. SARS- CoV- 2 mRNA- LNP vaccines 
formulated by our chips triggered potent antibody responses in a preclinical study. These 
results demonstrate the feasibility of directly translating microfluidic- generated LNPs 
to the scale necessary for commercial production.

nanoparticle | nanomedicine | vaccines | drug delivery | mRNA

mRNA- based therapeutics and vaccines are revolutionizing the pharmaceutical industry 
as they provide unprecedented opportunities for protein replacement therapies, gene edit-
ing, and rapid vaccine development (1, 2). However, mRNAs are subject to rapid degra-
dation and cannot achieve effective cellular uptake due to their large size and anionic 
charge; (3, 4) thus, they require a delivery platform for intracellular delivery to the target 
site. Ionizable lipid nanoparticles (LNPs) are a clinically translatable synthetic delivery 
vehicle for RNAs that are typically composed of an ionizable lipid, phospholipid, choles-
terol, and a polyethylene glycol–lipid conjugate (PEG–lipid), where the ionizable lipid is 
neutrally charged at physiological pH and becomes charged in the acidic endosome so it 
can release the RNA cargo into the cytosol (5–7). Due to the self- assembly of the lipids 
and their electrostatic interactions with RNA, LNPs stabilize the nucleic acid cargo, min-
imize toxicity, and protect RNA from nuclease degradation (8, 9). 

Notably, LNPs have been approved by the US Food and Drug Administration for severe 
acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) mRNA vaccines, which were 
developed by Moderna and Pfizer/BioNTech. In addition, they have been approved for 
the treatment of polyneuropathy by a small interfering RNA (siRNA) LNP as developed 
by Alnylam Pharmaceuticals (10, 11). For a given application, the LNP formulation param-
eters are optimized in small- scale discovery experiments to enhance RNA delivery by 
modifying the lipid chemical structures, mRNA modifications, or relative amounts of lipid 
and nucleic acid components (5, 12–14). However, once this optimized LNP formulation 
is identified, it can be challenging to produce this formulation at the high production rates 
needed for clinical testing and commercial production since the current methods for 
small- scale production and large- scale production differ (15, 16). Small- scale LNP pro-
duction relies on pipette mixing or microfluidic mixing techniques (17, 18), while 
large- scale production uses T- junction mixing (16), a method of turbulent mixing where 
two input streams collide in a T- shaped mixing design. This challenge in scale- up can 
become costly with respect to time to ensure that LNP physical properties and potency 
are unchanged between formulation methods. In the case of outbreaks or pandemics, it is 
essential to minimize the time between the discovery phase and commercial production. 
During the coronavirus disease 2019 (COVID- 19) pandemic, caused by SARS- CoV- 2, 
there was an unprecedented need to develop a potent vaccine that could be manufactured 
at high volumes (19, 20). Among the vaccines that entered clinical trials, mRNA vaccines 
were a promising candidate since they facilitated a strong immune response and the mRNA 
could be synthesized rapidly without the need for cell cultures (21). However, throughout 
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the entire mRNA LNP production process, the LNP formulation 
method was identified as the bottleneck (21, 22) since companies 
operated multiple T- junction mixers simultaneously instead of 
engineering new mixing processes, which would have slowed down 
the rollout of vaccines (15). While this approach was sufficient to 
produce LNPs for the SARS- CoV- 2 mRNA vaccines, there is an 
unmet need for scalable production processes to rapidly formulate 
nanomedicines to prevent future bottlenecks for upcoming 
LNP- based RNA therapeutic and vaccine applications.

Microfluidic chips—which facilitate millisecond mixing at the 
nanoliter scale—have been applied to LNP production to improve 
RNA encapsulation efficiency, reduce size heterogeneity, and ulti-
mately produce more potent LNPs for mRNA therapeutics and 
vaccines (17, 23, 24). In contrast to traditional methods that 
involve lipid film hydration or bulk mixing that may require spe-
cialized infrastructure for downstream processing to reduce LNP 
size and size heterogeneity, microfluidic processes are robust and 
reproducible, as LNPs can be formulated with defined sizes by 
adjusting operating parameters, such as flow rates and flow rate 
ratios (25). While several microfluidic mixing architectures have 
been investigated, (26–29) staggered herringbone micromixers 
have emerged as a widely applied strategy due to short mixing times 
of <10 ms with smallest reported LNP sizes (<30 nm) (16, 17, 24, 
30). While these microfluidic approaches are advantageous to pro-
duce small scale (0.1 L/h) LNP formulations for rapid screening, 
they cannot produce LNPs at commercial scales; thus, paralleliza-
tion of mixing channels has been employed to increase production 
rates (23, 31–33). However, these chips were fabricated in poly-
dimethylsiloxane (PDMS), which are incompatible with stringent 
pharmaceutical requirements due to sterility concerns and potential 
leaching of chip materials into the final product (34, 35). 
Additionally, other mixing architectures, such as bifurcating mix-
ers, have been commercialized (Precision Nanosystems’s 
NanoAssemblr platform) and can achieve high production rates 
of >10 L/h, but their approach is not easily scalable to >10× chips 
since each mixing unit requires macroscopic fluidic handling sys-
tems to each independent mixing chip (28). Currently, these 
microfluidic chips are not employed commercially due to remain-
ing limitations in throughput and durability of chip operation—
thus, other rapid mixing techniques, such as T- junction mixing, 
are used that cannot scale down to small- scale discovery experi-
ments (15, 16).

Here, we present a silicon scalable lipid nanoparticle generation 
(SCALAR) platform fabricated entirely out of silicon and glass 
substrates that incorporates an array of 256 mixing units for 
high- throughput production of RNA LNPs on a single microflu-
idic chip (Fig. 1B). Our platform has the potential to shorten the 
time from LNP formulation optimization to clinical applications 
since our chips can achieve high production rates while minimizing 
variations in LNP physical properties or potency that could result 
from using differing formulation techniques at the small scale and 
large scale. Our design combines a ladder design geometry with 
branching architecture to incorporate 256 staggered herringbone 
micromixer mixing units onto a 100- mm silicon chip that can be 
operated at a moderate pressure of 100 pounds per square inch 
(PSI) and fabricated by conventional semiconductor processes 
(Fig. 1C). A ladder geometry is generally preferred for parallelized 
designs to distribute fluids to and collect fluids from individual 
mixing units since it requires a smaller footprint and is more resil-
ient to clogging than a branched design alone (36) (SI Appendix, 
Fig. S1). Thus, we incorporated this design with a branched design 
for the inputs to reduce the operating pressure by 40%.

To ensure that each device in the array produces LNPs with 
identical physical parameters, we incorporated high fluidic 

resistance microchannels upstream of each device in the array to 
decouple the design of the mixing unit and the fluidics required 
for parallelization (39, 40). We fabricated chips that incorporated 
1×, 10×, or 256× mixing units that allows the LNP production 
rate to be varied from 0.1 L/h to 17 L/h depending on the intended 
application without changing the mixing geometry or flow con-
ditions compared to a single 1× mixing chip. Compared to pre-
vious microfluidic chips fabricated in polymers such as PDMS, 
our SCALAR chips are highly reproducible in fabrication and 
operation, are resistant to solvent swelling/damage, eliminate the 
concern for chip materials leaching into the product, and are 
compatible with high temperatures (Tmax > 500 °C) required for 
sterilization processes such as autoclaving (41).

We used our SCALAR chips to formulate SARS- CoV- 2 Spike-  
encoding mRNA LNP vaccines using a benchmark formulation 
(42) with FDA- approved DLin- MC3- DMA (MC3) as the ionizable 
lipid. We demonstrated similar LNP vaccine efficacy in mice, quan-
tified by antigen- specific antibodies, following intramuscular 
administration of these LNPs formulated by standard PDMS 
microfluidic chips or our SCALAR chips. Further, we formulated 
LNPs at a production rate of 17 L/h, equivalent to 8.5 g/h mRNA 
or 34,000 vaccines doses per h (Fig. 1 D and E), demonstrating 
comparable LNP physical properties across all scales (1×, 10×, 256×) 
of the SCALAR chips. These results demonstrate the feasibility of 
silicon- glass microfluidic chips for large- scale and reproducible pro-
duction of mRNA LNPs for therapeutic and vaccine applications. 
Additionally, our chip materials allow for the resetting and reuse of 
the chips. Since this fabrication strategy can parallelize many 
(>20,000) (43) identical microfluidic units, the total throughput 
can be scaled further by simply incorporating more mixing units 
on a single 100- mm microfluidic chip, thus eliminating the need 
for excess fluidic handling systems. Further, this LNP formulation 
process can be integrated with other processes (e.g., dialysis or tan-
gential flow filtration) in a continuous manner to streamline RNA 
LNP production. The development of scalable microfluidics will 
enable LNP and nanomedicine therapies to become more widely 
exploited throughout the field as major manufacturing challenges 
are being addressed.

Results

Design and Fabrication of a Silicon and Glass Scale- Up Chip. All 
chips were fabricated using a single 500- µm thick 100- mm silicon 
wafer encapsulated in glass to increase production rates by over 200- 
fold compared to current small- scale single- channel microfluidic chips 
(24). By incorporating a ladder design architecture with branching 
instead of the ladder design alone, we reduced the operating pressure 
by 40% (100 PSI vs. 166 PSI) to ensure safe, reliable operation of 
the parallelized chip. Of note, these chips have a high maximum 
pressure (Pmax > 1,000 PSI) afforded by anodic bonding. These design 
parameters, in combination with flow resistors, enabled the integration 
of 256 identical mixing units that used a well- validated staggered 
herringbone micromixer architecture (23, 24, 44) for the production 
of precisely defined, potent mRNA LNPs. In contrast to previous 
microfluidic approaches that have utilized polymeric substrates for 
chip construction, we chose to build our chips entirely out of silicon 
and glass to improve solvent compatibility, increase robustness of chip 
operation, and allow for a range of formulation conditions for future 
applications (e.g., high- temperature formulations, autoclaving for 
sterilization). We demonstrate that LNPs produced by our SCALAR 
chips match the potency of LNPs produced by the standard PDMS 
chip for mRNA delivery in vivo.

Our parallelized chip incorporates an array of 256 mixing units, 
where each mixing unit is connected to 1) layers of channels that D
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deliver the two inputs (RNA and lipids) and 2) layers of channels 
that collect the formulated LNPs. In our design, supply channels 
connect each external input to two branched sets of four delivery 
channel rows, totaling to eight rows. Each delivery channel row 
connects to 32 identical mixing units by vertical vias; each mixing 
unit consists of flow resistors upstream of staggered herringbone 
mixing channels (SI Appendix, Fig. S2). Finally, mixing units are 
connected to channels that deliver the formulated LNPs to external 
outputs by vertical vias. The silicon wafers are patterned with four 

steps of lithography and deep reactive ion etching—standard pro-
cesses in microfabrication—to define the mixing channels (h = 70 
µm), herringbones and resistors (h = 25 µm), vias (h = 60 µm), and 
delivery channels (h = 370 µm) (SI Appendix, Fig. S3). The patterned 
silicon wafer is anodically bonded to Borofloat glass wafers on each 
side to encapsulate the design; one of the glass wafers is microma-
chined with holes for the inputs and outputs prior to bonding to 
enable macroscopic fluidic connections. A custom chip holder 
machined out of 6061- T651 aluminum ( manufactured by Protolabs) 

C D FE

B

A

Fig. 1. Fabrication of a Silicon sCAlable Lipid nAnoparticle geneRation (SCALAR) platform for production of mRNA LNP vaccines. (A) Schematic for LNP formulation 
by rapid mixing of RNA and lipid components, where mRNA LNPs are generated on a scale relevant for clinical applications. (B) A throughput- scalable SCALAR 
platform that incorporates 1× (Left), 10× (Center), or 256× (Right) mixing units onto a single microfluidic chip to formulate mRNA LNPs for therapeutic and vaccine 
applications. Scale bars are 1 mm for the 1× chip; 5 mm for the 10× chip; 10 mm for the 256× chip. Relative volumetric throughputs and mass throughputs are 
shown for each chip with potential applications. (C) An image of the SCALAR 256× chip showing 256 mixing units. (Scale bar, 10 mm.) (D) Comparison of the LNP 
production rate for the SCALAR platform (Top; blue), T- junction mixing (37, 38) (Center; purple), and a single herringbone micromixer chip (23, 24) (Bottom; green) 
in terms of volumetric throughput (Bottom x axis) and mRNA vaccine doses per hour (Top x axis) assuming that 1 mRNA vaccine dose is equivalent to 0.5 mL 
LNP (= 0.1 mg mRNA). The blue dotted line for the SCALAR platform indicates what could be achieved with a 1000× chip. (E) Empty LNPs generated in 10 min by 
the 256× mixing chip (2.8 L) with the 256× chip in the foreground. (F) Cryo- TEM imaging of empty LNPs generated by the 256× mixing chip. (Scale bar, 100 nm.)
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encased the chip, allowing for observation of mixing channels on the 
topside with threaded ports for the inputs and outputs on the backside 
of the holder (SI Appendix, Figs. S4 and S5). Reagents are delivered to 
the chip by a custom pressure- driven system, where stainless steel pres-
sure vessels are pressurized with nitrogen and reagents are delivered to 
the chip by PTFE tubing and stainless steel fittings.

Our SCALAR platform includes chips that incorporate 1×, 10×, 
or 256× mixing units, where the mixing design is unchanged 
between chips, ensuring that each mixing unit at any scale of par-
allelization operates with the same flow conditions and thus pro-
duces identical LNPs for potent mRNA delivery. To ensure this, we 
followed previously established design rules for designing arrays of 
microfluidic droplet generators, (39–41) where each mixing unit 
has a much higher fluidic resistance than its upstream delivery chan-
nels; thus, the mixing units operate as if connected in parallel.

Chip Validation and Investigation of Reuse. To validate our design 
principles, we analyzed the mixing performance of SCALAR chips 
that incorporated 1× (Fig. 2 A–C), 10× (Fig. 2 D–F and SI Appendix, 
Fig. S6), or 256× (Fig. 2 G–I and SI Appendix, Fig. S7) mixing 
units. Two fluorescent dyes, fluorescein isothiocyanate (FITC) 
dextran and rhodamine B isothiocyanate dextran, were flowed 
through each chip, and images were captured and analyzed with 
image analysis software (ImageJ) to quantify a mixing value for 
positions throughout the channel. These dyes were selected since 
they approximate the size of our LNP components, such as the 
lipids and RNA (45, 46), respectively, and the fluorescent intensity 
profiles could be quantified by independent fluorescence channels. 
The mixing value ranged from 1 (not mixed) to 0 (completely 
mixed) as previously described, (32) where a mixing value of 0.1 
indicated the channel length at which the dyes are 90% mixed—a 

D F

A B C

G H I

J K L

E

Fig. 2. Validation of device performance across all scales of SCALAR chips by mixing quantification. Fluorescein (FITC)–dextran and rhodamine B–dextran were 
flowed through each chip (1×, 10×, 256×) (A–I) to perform mixing analysis by quantifying mixing efficiency (J–L). (A–C) A single mixing chip (SCALAR 1×), showing 
a schematic of the chip (A), images of the chip (B), and fluorescent images (C) of mixing in a channel. (D–F) A single row parallelized chip (SCALAR 10×), showing a 
schematic of the chip (D), images of the chip (E), and fluorescent images (F) of mixing. (G–I) A parallelized chip (SCALAR 256×), showing a schematic of the chip (G),  
images of the chip (H), and fluorescent images (I) of mixing. (J–L) Quantification of mixing efficiency (±SD; errors produced by a curve- fitting model), calculated 
by the channel length needed for fluids to become 90% mixed. (J) Mixing efficiency for each of the 10 channels in the SCALAR 10× chip. Samples were compared 
by a one- way ANOVA. P = 0.9096. (K) Mixing efficiency for five channels in the SCALAR 256× chip, where the channels chosen surveyed the top left (channel 1),  
top right (channel 2), center (channel 3), bottom left (channel 4), and bottom right (channel 5) of the chip. Samples were compared by a one- way ANOVA.  
P = 0.2634. (L) Comparison of mixing efficiency for all scales of SCALAR chips. Samples were compared by a one- way ANOVA. P = 0.3914. Scale bars are 10 mm 
for the chip images (B, E, and H) and 300 µm for the fluorescent images (C, F, and I).
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value that could be compared across chips. We determined that all 
scales of SCALAR chips had equal mixing efficiency, as determined 
by channel length needed for 90% mixing (Fig. 2 J–L).

Next, we investigated the reuse of SCALAR chips for RNA LNP 
formulations. For these studies, we used a single 1× mixing chip. We 
formulated LNPs with the ionizable lipid MC3, phospholipid 

IHG

B

F

A

C D E

Fig. 3. SCALAR chips enhance the durability of chip operation by enabling chip reuse. (A) Schematic for experiment: LNPs were formulated in a single (SCALAR 
1×) chip until the chip was fouled (~20 min); the chip was reset with Triton- X 100 surfactant prior to the next LNP formulation. (B–E) The same polyA LNP 
formulation was produced in three consecutive runs with the same microfluidic chip with no significant changes in LNP physical properties between runs.  
(B) PolyA concentration (±SD), quantified by a RiboGreen assay, from the LNPs produced. n = 4 technical replicates. Samples were compared by an ordinary 
one- way ANOVA, P = 0.5245. (C) PolyA encapsulation efficiency (±SD), quantified by a RiboGreen assay. n = 3 technical replicates. Samples were compared 
by an ordinary one- way ANOVA, P = 0.1768. (D) LNP diameter (±SD), quantified by intensity- based dynamic light scattering. Errors are calculated SD from the 
average size and PDI. n = 3 measurements. Samples were compared by an ordinary one- way ANOVA, P = 0.9979. (E) LNP concentration (±SD), quantified by a 
combination of dynamic and static light scattering. n = 6 measurements. Samples were compared by an ordinary one- way ANOVA, P = 0.9177. (F) Schematic 
for experiment: Three different mRNA LNP formulations were produced in the same single (SCALAR 1×) chip; the chip was cleaned with Triton- X 100 surfactant 
between formulations. (G) mCherry mRNA LNPs were formulated and administered to Jurkat cells at a dose of 60 ng/60,000 cells; mCherry expression was 
quantified by percent positive cells using flow cytometry at 24 h. n = 3 technical replicates. Samples were compared by the two- tailed unpaired t test; P = 0.8438. 
(H) Luciferase mRNA LNPs were formulated and administered to Jurkat cells at a dose of 60 ng/60,000 cells; luciferase expression was quantified by luminescence 
at 24 h. n = 4 technical replicates. Samples were compared by the two- tailed unpaired t test; P = 0.7541. (I) GFP mRNA LNPs were formulated and administered 
to Jurkat cells at a dose of 60 ng/60,000 cells; GFP expression was quantified by percent positive cells using flow cytometry at 24 h. n = 3 technical replicates. 
Samples were compared by two- tailed unpaired t test; P = 0.6702.
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distearoylphosphatidylcholine (DSPC), cholesterol, and DMG- PEG 
2000 to encapsulate polyA as a substitute for mRNA. PolyA was 
chosen as a substitute for mRNA due to its low cost, high encapsula-
tion (>80%) in LNPs, and prior use in the field (25) for LNP formu-
lations. It is well known that microfluidic chips can foul or clog over 
time (47, 48), a phenomenon that we observed in our mixing chips 
after ~20 min of LNP formulation (Fig. 3A and SI Appendix, Fig. S8). 
We used a nonionic surfactant (1% triton X 100) followed by a nitro-
gen purge to clean the chip after 20 min of polyA LNP formulation 
and repeated this process three times to compare LNP physical prop-
erties between the three runs (Fig. 3 B–E and SI Appendix, Fig. S9). 
Triton X was selected as a cleaning agent for the chip due to its use in 
LNP characterization assays (e.g., RiboGreen assay) to lyse LNPs. We 
found no significant differences in polyA concentration, relative 
encapsulation efficiency, LNP hydrodynamic diameter, or LNP con-
centration as measured by a RiboGreen fluorescent quantitation kit 
(polyA concentration, encapsulation), dynamic light scattering (size), 
or a combination of dynamic and static light scattering (LNP con-
centration). We confirmed that our cleaning method was effective in 
resetting these chips for a single LNP formulation with high repeata-
bility. Additionally, we autoclaved a SCALAR 1× mixing chip and 
formulated luciferase mRNA LNPs before and after the autoclaving 
cycle to demonstrate the chip’s compatibility with pharmaceutical 
regulations. Device performance was not affected by autoclaving; the 
formulated LNPs had no significant differences in physical properties 
or potency for mRNA delivery to HepG2 cells (SI Appendix, Fig. S10).

Further, we tested whether we could formulate LNPs with dif-
ferent compositions on the same mixing chip without compro-
mising LNP potency or physical parameters. Using a single 1× 
chip, we formulated LNPs encapsulating mCherry- encoding 
mRNA, luciferase- encoding mRNA, or GFP- encoding mRNA 
and cleaned the chip between runs using the same protocol as 
described previously (Fig. 3F and SI Appendix, Fig. S11). We eval-
uated the potency of mRNA LNPs generated by a SCALAR 1× 
chip compared to a PDMS 1× chip and ensured that each LNP 
formulation was independent and did not contain mRNA LNPs 
from the previous formulation run. We delivered these mRNA 
LNPs to Jurkat cells, an immortalized T cell, and measured func-
tional delivery of mRNA by luminescence or flow cytometry. We 
found no significant differences in the potency of mRNA LNPs 
from a standard PDMS 1× chip or a SCALAR 1× chip (Fig. 3 G–I) 
and did not detect any transfection from the mRNA LNPs gen-
erated in previous formulation runs, thus eliminating the concern 
for cross- contamination between subsequent formulations. 
Collectively, we validated the performance of our SCALAR plat-
form (1×, 10×, or 256×) for rapid mixing and demonstrated its 
potential to be leveraged as a reusable mixing chip.

Formulation of LNPs for Potent mRNA Delivery In Vitro, Ex Vivo, 
and In  Vivo. To validate that our SCALAR platform could 
formulate LNPs for potent mRNA delivery, we produced LNPs at 
two different scales (SCALAR 1×, 10×) and compared the physical 
properties to bulk mixed LNPs and LNPs generated by a standard 
PDMS 1× mixing chip. Additionally, we measured the potency 
of these luciferase- encoding mRNA LNPs by delivering them to 
HepG2 cells, primary T cells, or mice and quantified functional 
mRNA delivery by luminescence measurements. HepG2 cells were 
chosen since they are a common cell line for LNP screening (49).  
We used a SCALAR 10× chip in lieu of the SCALAR 256× chip 
for these studies to validate our parallelized design principles. 
Throughout this study, we demonstrate that LNP properties 
and potency are comparable between microfluidic formulations 
(SCALAR 1×, SCALAR 10×, PDMS 1×), which outperform bulk 
mixed LNPs for in vitro and ex vivo mRNA delivery.

We formulated LNPs with the ionizable lipid MC3, a well-  
validated ionizable lipid that has been FDA approved for Onpattro, 
(8) an RNA LNP therapeutic. We combined MC3 with the phos-
pholipid DSPC, cholesterol, and lipid- anchored PEG (DMG- PEG 
2000) for our mRNA formulations at a molar ratio of 50:10:38.5:1.5, 
respectively, similar to the Spikevax SARS- CoV- 2 mRNA vaccine 
developed by Moderna. Cryo- TEM imaging of the mRNA LNPs 
demonstrated the polydispersity of bulk mixed LNPs with respect 
to size distribution and morphology (Fig. 4A) while the microfluidic-  
formulated LNPs (Fig. 4 B–D and SI Appendix, Fig. S12) were rel-
atively monodisperse with respect to size distribution and had a 
uniform, electron- dense morphology. Dynamic light scattering 
revealed that there were no significant differences in the hydrody-
namic size between SCALAR 1×- generated LNPs, SCALAR 
10×- generated LNPs, and PDMS 1×- generated LNPs (approx. 
70 nm), which were significantly smaller than bulk mixed LNPs 
(approx. 160 nm) (Fig. 4E). Relative encapsulation efficiency meas-
urements, quantified by a RiboGreen assay, demonstrated that LNPs 
generated by microfluidic chips had a high relative encapsulation 
efficiency (>85%), while bulk mixed LNPs had a lower relative 
encapsulation efficiency (~60%) (Fig. 4F). We delivered these 
luciferase- encoding mRNA LNPs to HepG2 cells at a dose of 50 ng 
per 5k cells and found comparable potency between all methods of 
microfluidic formulation (SCALAR 1×, SCALAR 10×, PDMS 1×), 
while bulk mixed LNPs were significantly lower in potency (Fig. 4G). 
Similarly, we tested these luciferase mRNA LNPs in primary T cells 
(1:1 ratio of CD4+:CD8+) as a model cell type that is hard to trans-
fect and found comparable potency between microfluidic- generated 
LNPs with minimal toxicity (SI Appendix, Fig. S13). Thus, we 
demonstrated that our SCALAR platform could produce mRNA 
LNPs at two different scales (1×, 10×) that were comparable to cur-
rent PDMS small- scale microfluidic chips with respect to LNP 
physical properties and potency.

To demonstrate potent in vivo mRNA delivery using LNPs gen-
erated by our SCALAR chips, we formulated luciferase- encoding 
mRNA LNPs and compared potency of functional mRNA delivery 
for three microfluidic formulation methods: SCALAR 1× chip, 
SCALAR 10× chip, and PDMS 1× chip. We injected C57BL/6 mice 
intramuscularly to the right hind limb at 5 µg per mouse; 6 h later, 
we quantified the luminescent signal in major organs (heart, lungs, 
liver, spleen, and kidneys) and inguinal lymph nodes (Fig. 5 A and 
B). LNPs mainly transfected the injection sites and inguinal lymph 
nodes (iLN), with some transfection in the liver (Fig. 5B). We deter-
mined that there were no significant differences in mRNA delivery 
to the proximal inguinal lymph node between the formulation 
groups (Fig. 5C), although there is some variability due to dissection 
efficiency and luminescent measurements. Additionally, we found 
that there were no significant differences between the whole- body 
luminescent signal from the SCALAR 1×, SCALAR 10×, and PDMS 
1× formulation groups (Fig. 5D). Thus, we demonstrated that our 
SCALAR platform can formulate mRNA LNPs for potent in vivo 
mRNA delivery with no differences between the scale of chip (1× or 
10×) and similar potency to the PDMS small- scale microfluidic chip.

SARS- CoV- 2 mRNA LNP Vaccine Production. To demonstrate 
the rapid production of vaccines using our SCALAR platform, 
we formulated mRNA LNPs for a vaccination study. Here, we 
vaccinated mice with a prime- and- boost strategy with a widely 
used vaccination route of intramuscular injection. The mRNA 
incorporated N1- methylpseudouridine (m1ψ) nucleoside modifi-
cations to avoid immune recognition and to improve translation. 
The m1ψ- modified SARS- CoV- 2 mRNA encoded for the diproline 
modified Spike glycoprotein, where the mRNA coding sequence 
was identical to the mRNAs used in the two FDA- approved D
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mRNA vaccines, Spikevax and Comirnaty (50). We formulated 
LNPs using the lipids mentioned previously (MC3, DSPC, 
cholesterol, DMG- PEG) and SARS- CoV- 2 Spike- encoding 
mRNA using three microfluidic formulation methods: SCALAR 
1×, SCALAR 10×, and PDMS 1×. Physical characterization (cryo-  
TEM morphology, size, encapsulation, pKa, zeta potential) of 
LNPs indicated no significant differences between any of the 
microfluidic formulation techniques (SI Appendix, Fig. S14). We 
delivered the LNPs intramuscularly to C57BL/6 mice at days 0 
and 14, respectively (Fig. 5E). On day 35, serum was collected 
and analyzed for the production of specific antibodies against the 
S1 subunit of the Spike protein using an endpoint dilution ELISA 
(Fig. 5F). The IgG titers reflect the vaccine efficacy and antibody 
responses, with comparable levels (106 to 107) to previous studies 
of SARS- CoV- 2 vaccination (50, 51). We determined that our 
mRNA- LNPs induced high levels of S1- specific IgG; moreover, 
vaccine potency was comparable between all formulation methods 
with no significant differences in S1- specific antibody levels with 
mean titers 106 to 108. Altogether, these results suggest that our 
SCALAR platform can rapidly formulate mRNA LNPs at various 
scales for vaccine applications.

Formulation of LNPs at 17 L/h. To demonstrate the potential of this 
approach for industrial- scale manufacturing of LNPs, we generated 
sub- 100- nm empty LNPs at a production rate of 17 L/h (Fig. 6 E–G 

and Movie S1). Our LNP formulation used C12- 200, another gold- 
standard ionizable lipid (52), with lipids 1,2- dioleoyl- sn- glycero- 3- 
phosphoethanolamine (DOPE) (53), cholesterol, and DMG- PEG. 
We used this formulation since we could synthesize C12- 200 lipid at 
large scales (>1 g yield) (SI Appendix, Figs. S15–S17) at reasonable 
costs for these high- throughput experiments. Our custom- built 
pressure- driven flow system used pressure vessels to house the 
RNA aqueous input and lipid ethanol input (Fig. 6 A and B and 
Movie S1) and operate the chip at 100 PSI and 60 PSI for each input, 
respectively, to achieve a flow rate ratio of 3:1 at a total flow rate of 
17 L/h. Our combination of ladder design geometry and branching 
architecture (Fig. 6 C and D) allowed us to reduce the operating 
pressure by 40% (100 PSI vs. 166 PSI) compared to a ladder 
design geometry alone (Fig. 6E). Cryo- TEM imaging confirmed 
that LNPs generated by the 256× SCALAR chip were comparable 
in morphology to LNPs generated by a SCALAR 1× and 10× chips 
(SI Appendix, Figs. S18 and S19). Additionally, we confirmed that 
LNP hydrodynamic diameter and concentration were comparable 
among all scales of silicon chips (1×, 10×, 256×) with a mean size 
of ~70 nm (Fig. 6G). We formulated empty LNPs for 27 min with 
our SCALAR 256× chip, demonstrating uniform size and LNP 
concentration among all fractions collected (Fig. 6H). Further, we 
demonstrated the formulation of RNA LNPs with our SCALAR 
256× chip using polyA LNPs. PolyA was chosen as a substitute 
for mRNA as an economical approach for this study due to the 
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Fig. 4. Luciferase mRNA LNPs generated by SCALAR chips have similar physical properties and potency in vitro compared to standard PDMS microfluidic 
chips. (A) Cryo- TEM of luciferase mRNA LNPs produced by bulk mixing at 105 kx magnification. (Scale bar, 100 nm.) (B) Cryo- TEM of luciferase mRNA LNPs 
produced by the PDMS 1× chip at 105 kx magnification. (Scale bar, 100 nm.) (C) Cryo- TEM of luciferase mRNA LNPs produced by the SCALAR 1× chip at 105 
kx magnification. (Scale bar, 100 nm.) (D) Cryo- TEM of luciferase mRNA LNPs produced by the SCALAR 10× chip at 105 kx magnification. (Scale bar, 100 nm.)  
(E) LNP diameter (±SD), quantified by intensity- based dynamic light scattering. ****P < 0.0001 in Tukey’s multiple comparisons test between bulk mixing and 
microfluidic formulations. n = 3 to 5 independent LNP batches. (F) Relative mRNA encapsulation efficiency (±SD), quantified by a RiboGreen assay. ****P < 
0.0001 in Tukey’s multiple comparisons test between bulk mixing and microfluidic formulations. n = 3 to 5 independent LNP batches. (G) Luciferase expression 
of HepG2 cells treated with luciferase mRNA LNPs at 50 ng per 5,000 cells for 24 h. *P < 0.05 in Tukey’s multiple comparisons test compared to bulk mixed LNPs. 
n = 3 biological replicates.
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cost and complexity of obtaining mRNA at this scale. PolyA LNPs 
generated by the SCALAR 1×, 10×, or 256× chips were comparable 
with respect to relative encapsulation efficiency, zeta potential 
(Fig. 6I), size, and LNP concentration (Fig. 6J). Additionally, we 
demonstrated that our 256× chip could formulate polyA LNPs for 
23 min with no significant differences in LNP size or concentration 
(Fig. 6K). Thus, we have validated the use of our SCALAR platform 
at any scale (1×, 10×, or 256×) for high- throughput production of 
RNA LNPs with controlled physical properties.

Discussion
Here, we have developed a SCALAR platform to mass produce 
RNA LNPs for vaccine and therapeutic applications in a manner 
that can be compatible with pharmaceutical manufacturing. These 
chips are fabricated entirely out of silicon and glass substrates, which 
have excellent solvent compatibility, are compatible with high- 
temperature sterilization, and can be fully reset and reused. Our 
approach directly addresses the disconnect between formulation 
techniques at the small- scale discovery stage and formulation tech-
niques at the large scale used for clinical testing and translation. 
Further, our throughput- invariant system uses the same staggered 
herringbone micromixer design with the same dimensions at the 
1×, 10×, or 256× scale, thus eliminating the concern for variability 
or minute differences in LNP physical properties or potency during 
scale- up. Throughout this study, we have validated the design of 
the SCALAR chips, formulated SARS- CoV- 2 Spike mRNA LNPs 
for vaccination in mice, and demonstrated robust RNA LNP for-
mulation at 17 L/h for >20 min.

While other studies have formulated LNPs at high production 
rates (>5 L/h) using the NanoAssemblr platform or T- junction 

mixing, many of these techniques cannot scale past 10× since the 
complexity of fluid handling requires individual sets of inputs and 
outputs for each chip. Alternatively, our platform can easily scale 
to >1,000× and could be feasible for use in the pharmaceutical 
industry. If produced at scale, one 256× chip could be fabricated 
for approximately $100 (41). Further, since these chips are fabri-
cated using anodically bonded silicon and glass, it can operate at 
significantly higher pressures (>1,000 PSI) than typical PDMS 
devices, making it particularly well suited for high- throughput 
processing of highly viscous fluids. While we chose to fabricate 
these chips using 4- inch silicon wafers, one could use 6- inch or 
12- inch wafers (41) to incorporate >1,000 mixing units onto a 
single chip. Further, since the flow resistors decouple the design 
of the mixing unit and the fluidics required for parallelization, 
these mixing units can be modified to accommodate any desired 
architecture, such as bifurcating mixers, baffle mixers, or mixers 
designed for particular applications. Additionally, due to the com-
plexity of cold chain storage conditions for mRNA therapeutics 
and vaccines that limit access to vaccines in resource- poor coun-
tries, (54) these chips could be used for point- of- demand phar-
maceutical production at locations convenient to the patient.

One limitation of this work is the fouling of microchannels 
during RNA LNP formulations. This phenomenon has been well 
documented for microfluidic systems, and there are a few strategies 
to overcome this challenge. The chip could be monitored with 
flow meters (55) during operation to ensure that the total flow 
rate remains constant, and then a cleaning solution could be used 
as needed or on a regular period to reset the chip (e.g., every 
15 min, as shown in Fig. 3) and the LNP formulation could con-
tinue. This provides advantages compared to current microfluidic 
chips fabricated in cyclic olefin copolymer (COC), which have 
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Fig.  5. SCALAR platform formulates potent mRNA 
LNPs for in vivo SARS- CoV- 2 vaccination. (A) Luciferase 
mRNA LNPs were formu lated by PDMS 1× chip, SCA-
LAR 1× chip, or SCALAR 10× chip and administered to 
C57BL/6 mice via intramuscular injec tion at 5 μg per 
mouse. (B) Representative IVIS imaging at 6 h after LNP 
administration, showing luciferase expression in the 
proximal inguinal lymph node. H, heart; Lu, lungs; Li, 
liver; S, spleen; K, kidneys; iLN, inguinal lymph nodes. 
(C) Quantification of the lumines cent signal (±SD) in 
the proximal inguinal lymph node. ns: P = 0.1211 in 
one- way ANOVA. n = 5 mice per formulation group.  
(D) Quantification of luciferase signal (±SD) in the whole 
body. ns: P = 0.4810 in one- way ANOVA. n = 5 mice per 
group. (E) Scheme of the prime and boost vaccination 
strategy using SARS- CoV- 2 Spike- encoding mRNA LNPs. 
C57BL/6 mice were immu nized twice with 1 μg Spike 
mRNA LNPs at days 0 and 14, and serum was collected 
on day 35. (F) S1- specific IgG titer (±SD) was determined 
by endpoint dilution ELISA. ns: P = 0.1070 in one- way 
ANOVA between LNP formulation groups. n = 3 mice 
for PBS group; n = 5 mice per LNP formulation group.
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KJI

HG

EDC

BA

F

Fig. 6. High- throughput (17 L/h) production of LNPs at moderate pressures (100 PSI) using a SCALAR 256× chip. (A and B) Experimental setup to test the 256× 
chip by a custom pressure- driven flow system, showing the setup schematic (A) and an image of the setup (B). (C) Image of the 256× chip showing the inputs/
outputs corresponding to the schematic in D. (D) Schematic of chip design summarizing the incorporation of branching geometry and ladder design architecture 
to uniformly distribute inputs to each mixing unit. Schematic is not to scale. (E) Advantages of the branching geometry to reduce the pressure needed to run a 
parallelized chip. Curves plotted are the theoretical operating pressure needed for chips that incorporate a certain number of mixing units (Right y axis), arranged 
in eight rows that are all in parallel (‘no branching’; blue curve) or two sets of four rows that are connected by a branching unit (‘branching’; pink curve). Our 256× 
chip is highlighted. The incorporation of branching (pink curve) reduced the necessary pressure by over 40% compared to an unbranched design (blue curve) 
for 256 total mixing units. The dashed red line indicates the maximum operating pressure for these chips using our experimental setup. (F) Image showing 
the relative throughput of 1× and 256× SCALAR chips that produced LNPs for 10 min with resultant volumes of 2.8 L (256× chip; shown in a 3.5- L beaker) or 
0.01 L (1× chip; shown in a 15- mL conical tube). (G and H) Physical characterization of empty LNPs produced by a 256× SCALAR chip compared to 1× and 10× 
chips. (G) Size and LNP concentration measurements (±SD) indicated that there were no differences between LNPs produced by the SCALAR 1×, 10×, or 256× 
chips. Size and concentration data from n = 6 to 12 LNP samples (1×: n = 6; 10×: n = 12; 256×: n = 11) were combined and plotted. Samples were compared by 
a two- way ANOVA, ns: P = 0.1714. (H) Size and concentration (±SD) of empty LNPs produced by a SCALAR 256× chip over 27 min. n = 3 size measurements and 
n = 6 concentration measurements per sample. (I- K) Physical characterization of polyA LNPs produced by a SCALAR 256× chip compared to 1× and 10× chips. 
(I) Relative polyA encapsulation efficiency (±SD) and zeta potential (±SD) of polyA LNPs produced by SCALAR 1×, 10×, or 256× chips. Samples were compared 
by a two- way ANOVA, P = 0.4182. (J) Size and LNP concentration measurements (±SD) indicated that there were no differences between LNPs produced by the 
SCALAR 1×, 10×, or 256× chips. Samples were compared by a two way ANOVA, P = 0.0717. (K) Size and concentration (±SD) of empty LNPs produced by a SCALAR 
256× chip over 23 min. n = 3 size measurements and n = 6 concentration measurements per sample.D
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limited reuse due to interactions of LNP formulation components 
and chip material (56). Another approach could implement coat-
ings that would reduce interactions of RNA and lipid components 
with the channel walls to prevent adsorption of materials and 
eventual channel blockages. An advancement in antifouling coat-
ings for LNP formulations would be essential to the field.

In summary, we have developed a SCALAR platform to  produce 
RNA LNPs on the small- scale (0.1 L/h) and large- scale (17 L/h) 
without altering the desirable physical properties and potency 
typical of microfluidic- generated LNPs. These chips can address 
challenges in the formulation of LNPs for RNA therapeutics and 
vaccines and can be broadly applied to nanoparticle formulations 
that are based on rapid mixing of reagents.

Materials and Methods

Chip Fabrication. The chips were fabricated in the Quattrone Nanofabrication 
Facility at the University of Pennsylvania. The chip has four mask layers which 
were designed in AutoCAD (Autodesk, San Rafael, CA) to define the delivery chan-
nels (layer 1), mixing channels (layer 2), herringbones and resistors (layer 3), 
and through silicon vias (etching layer 4; layer 5 overall). The design of each 
layer was patterned onto chrome- coated soda lime photomasks (AZ1500; Telic 
Company, Santa Clarita, CA) using a Heidelberg 66 plus laser writer with a 10- mm 
write head. Photomasks were developed in the AZ 300MIF developer (EMD 
Performance Materials Corp., Philadelphia, PA) for 90 s and then in chromium 
etchant (Transene Company, Danvers, MA) for 2 min; the remaining photoresist 
was removed by Remover 1,165 (DuPont, Wilmington, DE) with sonication at 
60 °C for 1 min. To fabricate the chip, each layer is lithographically patterned 
onto a single 100- mm silicon wafer (ID 775; University Wafer, South Boston, 
MA) followed by deep reactive ion etching (DRIE) to define the channels. For the 
lithography, S1805 photoresist (Dow, Midland, MI) is mixed with acetone (1:8), 
and the resist is spray- coated to the desired thickness using an AS8 AltaSpray 
Coater (SUSS MicroTec, Garching, Germany).

In the first etching layer, the wafer is dipped in 49% hydrofluoric acid (HF) to 
improve photoresist adhesion; then, 16 µm of photoresist is spray- coated onto 
the front side of the silicon wafer. The wafer is left idle at room temperature for 
1 h for rehydration, soft baked at 110 °C for 8 min, and then left idle at room 
temperature for 45 min before exposure. All bakes are performed in an oven. The 
delivery channel design is exposed using an MA6 mask aligner (SUSS MicroTec); 
then, the wafer is baked at 110 °C for 2 min and left idle at room temperature for 
rehydration for 30 min. The wafer is developed in AZ 300MIF developer, rinsed 
with water, dried with N2, and baked at 110 °C for 10 min. The wafer is etched 
using DRIE (SPTS Rapier Si DRIE, Newport, UK) to a 370- µm etch depth, cleaned 
using acetone and isopropanol for 5 min each, and then cleaned by immersion 
in Nano- Strip (CMC Materials, Aurora, IL) heated to 110 °C for an hour followed 
by cleaning in a Spin Rinse Dryer (SRD; RENA Compass, RENA, Albany, OR). For 
the second etching layer, the wafer is dipped in 49% HF; then, the backside of 
the wafer is coated with 8 µm of photoresist, left idle at room temperature for 
20 min, baked at 110 °C for 4 min, and then exposed with the mixing channel 
design. The wafer is then left idle at room temperature for 20 min, developed, 
baked at 110 °C for 5 min, and then etched to a 70- µm etch depth using DRIE. 
The wafer is then cleaned using acetone, isopropanol, Nano- Strip, and SRD 
as before. For the third etching layer, the wafer is dipped in 49% HF; then, 
the backside of the wafer is coated with 4 µm of photoresist, left idle at room 
temperature for 20 min, baked at 110 °C for 2 min, and then exposed with the 
herringbone and resistor design. The wafer is then left idle at room temperature 
for 20 min, developed, baked at 110 °C for 4 min, etched to a 25- µm etch depth 
using DRIE, and then cleaned using acetone, isopropanol, Nano- Strip, and SRD 
as before. Using plasma- enhanced chemical vapor deposition (Oxford Plasma 
Lab 100 PECVD) (Oxford Instruments, Abingdon, UK), 4 µm of SiO2 is deposited 
onto the backside of the wafer at a rate of 0.3 µm per min, and then the wafer 
is cleaned using Nano- Strip and SRD. The SiO2 acts as an etch- stop layer for 
DRIE (43) to circumvent the need for temporary adhesives or carrier wafers 
when etching through silicon vias. For the fourth etching layer, the front side of 
the wafer is coated with 8 µm of photoresist, left idle at room temperature for 
20 min, baked at 110 °C for 4 min, and then exposed with the through silicon 

via design. The wafer is left idle at room temperature for 20 min, developed, 
baked at 110 °C for 5 min, and then etched to a 60- µm etch depth using DRIE. 
The wafer is then cleaned using acetone and isopropanol as before, and then, 
the SiO2 layer is removed by immersion in 25% HF for 5 min. The etched silicon 
wafer and a 100- mm Borofloat 33 glass wafer (ID 517; University Wafer) are 
cleaned using Nano- Strip and SRD as before. Another Borofloat 33 glass wafer 
is micromachined with 1- mm holes that serve as inlets and outlets for the chip 
using an IX- 255 laser system (IPG Photonics, Oxford, MA); then, this wafer is 
cleaned using Nano- Strip and SRD as before. Finally, the three wafers (glass/
silicon/glass) are stacked together and anodically bonded on each side using an 
EVG 510 Wafer Bonding System (EVG Group, Oberosterreich, Austria) at 900 v 
with a 1,000- N piston force at 400 °C (SI Appendix, Fig. S3).

Experimental Setup. To connect the silicon and glass chip to a fluidic han-
dling system, a custom housing system was designed in SOLIDWORKS (Dassault 
Systèmes, Vélizy- Villacoublay, France) and machined out of Aluminum 6061- 
T651 (Protolabs, Maple Plain, MN) with 1/4” – 28 UNF threaded connections on 
the front side of the chip for the inputs/outputs and an observation window on 
the backside of the chip to observe the mixing channels (SI Appendix, Figs. S4 
and S5). Aluminum pieces were 6.35- mm thick each for 1× and 10× chip hold-
ers; pieces were 8 mm thick each for 256× chip holders. An acrylic centering 
piece was laser cut to align the chip in the housing system for 1× and 10× 
chips (SI Appendix, Fig. S4), where the acrylic piece was thinner than the wafer 
stack such that the aluminum makes contact directly with the silicon or glass 
surfaces of the chip. Bonded wafer stacks are either 1 mm thick (1×) or 1.5 mm 
thick (10×, 256× chips). Of note, 256× chips were manually aligned between 
the aluminum plates since there was variation (± 2 mm) in the bonded chip 
(glass–silicon–glass stack) diameter. A custom- built pressure- driven flow system 
(Fig. 6 A and B) rated to 200 PSI delivered fluids to the chip. A nitrogen tank was 
connected to two dual- valve pressure controllers (Alicat Scientific, Tucson, AZ) 
that controlled the RNA and lipid inputs using FlowVision 2.0 software (Alicat 
Scientific). The pressure controllers were connected to 5- gallon and 3- gallon 
T- 304 stainless steel pressure vessels (Alloy Products Corp., Waukesha, WI), 
where the 5- gallon vessel was used for the RNA input and the 3- gallon vessel 
was used for the lipid input. Connections between the nitrogen tank, pres-
sure controllers, and pressure vessels used PTFE tubing with a 1/4” OD (Part 
52365K61; McMaster- Carr, Elmhurst, IL) and 316 stainless steel compression 
fittings (Parts 52245K521, 52245K533; McMaster- Carr). Pressure vessels were 
connected to the chip using 1/4” OD PTFE tubing and 1/8” OD FEP tubing 
(Part 52355K41; McMaster- Carr) that were connected with 316 stainless steel 
compression fittings (Part 8239K232; McMaster- Carr). ETFE flangeless fittings 
(Part XP- 348, Idex Corporation, Lake Forest, IL) connected the 1/8” OD tubing 
to the aluminum housing system. The housing system was mounted on an xyz 
translational stage (SI Appendix, Fig. S4) to monitor individual device perfor-
mance during operation.

Mixing Characterization. Mixing efficiency of the chips was evaluated as previ-
ously described (57). Briefly, 10 kDa FITC- dextran (Item FD10S; MilliporeSigma, 
Burlington, MA) and 10 kDa rhodamine B isothiocyanate- dextran (Item R8881; 
MilliporeSigma) were dissolved to 20 µM in water, filtered with a 0.22- µm PES 
filter, and flowed through chips at a total flow rate of 0.072 L/h (1× chip), 0.72 L/h 
(10× chip), or 20 L/h (256× chip). Fluorescence images of the channel were 
taken at different channel lengths, and the intensity profile of each dye across 
the channel was quantified using ImageJ (NIH) for numerical analysis in MATLAB 
(MathWorks, Natick, MA). The background was subtracted from the dye intensity 
profiles; then, the profiles were normalized to the maximum intensity, and a 
mixing value was calculated by quantifying the area under the curve for the 
difference of the rhodamine B normalized intensity from the FITC normalized 
intensity. This mixing value ranged from 1 (solutions not mixed) to 0 (solutions 
completely mixed), where a value of 0.1 was used to indicate 90% mixing. An 
exponential decay model was used to calculate the SE.

Lipid Synthesis. The ionizable lipid C12- 200 (1,1'- ((2- (4- (2- ((2- (bis(2- hydroxy
dodecyl)amino)ethyl)(2- hydroxydodecyl)amino)ethyl)piperazin- 1- yl)ethyl)azan-
ediyl)bis(dodecan- 2- ol)) was synthesized by adding N1- (2- (4- (2- aminoethyl)
piperazin- 1- yl)ethyl)ethane- 1,2- diamine (1.00 g, 4.64 mmol, 1.0 equiv.), ethanol 
(10 mL), and 1,2- epoxydodecane (7.10 mL, 32.5 mmol, 7.0 equiv.) to a 50- mL 
round- bottom flask with a stir bar. The reaction was stirred at 80 °C for 48 h. D
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Afterward, the ethanol was removed in vacuo and then diluted in 15 mL dichlo-
romethane (DCM). The compound was purified using a CombiFlash (Teledyne 
ISCO, Lincoln, NE) using a 40 g RediSep Gold® silica gel flash column using a 
gradient mobile phase from 100% DCM to 20% DCM and 80% Ultra solution (75% 
DCM, 22% methanol, and 3% ammonium hydroxide) over 30 min. The solution 
was run purified in two runs, using half of the DCM mixture each time. C12- 200 
was isolated as a yellow- orange oil in 37% yield and characterized by 1H NMR, 
13C NMR, and LC- MS (SI Appendix, Figs. S12–S14).

1H NMR and 13C NMR spectra were obtained on a NEO 400 MHz spectrometer 
using d- chloroform as the solvent. LC- MS was performed on an Agilent LCMS 
system equipped with UV–Vis and evaporative light scattering detectors (ELSD). 
Flash chromatography was performed on a Teledyne ISCO CombiFlash Rf- 200i 
chromatography system equipped with UV- Vis and ELSD.

LNP Formulation and Characterization. LNPs were formulated using a 
microfluidic chip or pipette mixing by rapid mixing of an aqueous phase con-
taining RNA with an ethanol phase containing lipid components. The aqueous 
phase consisted of mRNA or polyA (Roche, Product 10108626001) diluted to 
74 µg/mL in 10 mM citrate buffer (Alpha Teknova, Inc., Hollister, CA). mRNA 
encoding for mCherry or GFP was purchased from TriLink (L- 7201, L- 7203; TriLink 
BioTechnologies, San Diego, CA); mRNA encoding for firefly luciferase or Spike 
was gifted from the Weissman lab. The ethanol phase contained D- Lin- MC3- DMA 
(HY- 112251; MedChemExpress, Monmouth Junction, NJ), 1,2- distearoyl- sn- glyc
ero- 3- phosphocholine (DSPC, Product 850365; Avanti Polar Lipids, Alabaster, AL), 
cholesterol (Sigma- Aldrich, St. Louis, MO), and DMG- PEG 2000 (Product 880151; 
Avanti Polar Lipids) in ethanol at molar ratios of 50%, 10%, 38.5%, and 1.5%, 
respectively. The ionizable lipid to mRNA weight ratio was 10:1 for all formula-
tions. LNPs formulated by the 10× or 256× chip had reagents diluted by 3× to 
preserve reagents. For the large- scale LNP formulation in the 256× chip, LNPs 
were formulated with the synthesized ionizable lipid C12- 200, phospholipid 
1,2- dioleoyl- sn- glycero- 3- phosphoethanolamine (DOPE, Product 850725; Avanti 
Polar Lipids), cholesterol, and DMG- PEG 2000 at molar ratios of 50%, 10%, 38.5%, 
and 1.5%, respectively.

Using the custom pressure- driven flow system, the aqueous phase with RNA 
and the ethanol phase with lipids were infused at a flow rate ratio of 3:1 with a 
total volumetric flow rate per mixing channel of 1.1 to 1.2 mL/min. LNPs were 
dialyzed against 1× PBS in 20- kDa MWCO dialysis cassettes (Products 87734, 
87735; Thermo Fisher, Waltham, MA) for 2 h before filtration by 0.22- µm PES 
filters (Product 25- 243; Genesee Scientific, Morrisville, NC). LNPs were stored 
at 4 °C for future use. If needed, LNPs were concentrated using 50-  or 100- kDa 
MWCO centrifugal filters (Product UFC205024, UFC210024; MilliporeSigma). 
For pipette- mixed LNPs, an Eppendorf Xplorer Electronic Pipette (Thermo Fisher) 
set to the pipette/mixing mode mixed the reagents at the maximum speed for 
50 cycles; after dialysis, LNPs were filtered using a 0.45- µm PES filter (Product 25 
to 245, Genesee Scientific). For chip reuse experiments, chips were flushed with 
1% triton X for 5 min, nitrogen for 1 min, and then ethanol for 5 min between 
formulations. For chip autoclaving, the SCALAR chip was disassembled from the 
tubing and device holder; then, the chip was placed into a glass beaker, and a 
standard glass sterilization cycle was performed.

To characterize the LNPs, LNPs were diluted 1:30 in 1× PBS and a combi-
nation of dynamic and static light scattering was performed using a DynaPro 
Plate Reader III (Wyatt Technology, Santa Barbara, CA) to quantify hydrody-
namic size, polydispersity index (PDI), and LNP concentration. Sizes reported 
are intensity- weighted averages, and SD of LNP size is calculated by σ = (PDI * 
diameter2)1/2. RNA concentration was measured by 260- nm absorbance using 
a Tecan NanoQuant Plate (Thermo Fisher) and an Infinite M Plex plate reader 
(Tecan, Männedorf, Switzerland). Relative encapsulation efficiency was measured 
using a RiboGreen Quant- it RNA assay kit (Thermo Fisher) per the manufacturer 
instructions and reported as a percentage of encapsulated RNA to total RNA in 
the sample. For zeta potential measurements, LNPs were diluted 1:100 in DI 
water and measured using a Zetasizer Nano (Malvern Instruments, Malvern, UK). 
To quantify pKa, a 6- (p- toluidinyl) naphthalene- 2- sulfonic acid (TNS) assay was 
performed as previously described (58). For the cryo- TEM imaging, 3 µL of LNPs 
at a concentration of ~100 ng per µL mRNA were applied to a Quantifoil holey 
carbon grid which had been glow discharged. Grids were blotted and plunge 
frozen in liquid ethane using a Vitrobot Mark IV (Thermo Scientific). Imaging was 

performed at the Beckman Center for cryo- EM on a Titan Krios (Thermo Scientific) 
equipped with a K3 Bioquantum at 64 kx or 105 kx magnification. ImageJ was 
used to measure LNP sizes from the cryo- TEM images.

mRNA Delivery In Vitro and Ex Vivo. Jurkat cells (TIB- 152, ATCC) were cultured in 
RPMI- 1,640 with L- glutamine (Thermo Fisher) supplemented with 10% fetal bovine 
serum and 1% penicillin–streptomycin; HepG2 cells were cultured in DMEM sup-
plemented with 10% fetal bovine serum and 1% penicillin–streptomycin. Jurkats 
were plated at 60k cells per 60 µL in a 96- well plate and treated with luciferase 
mRNA LNPs, mCherry mRNA LNPs or GFP mRNA LNPs. HepG2 cells were plated 
at 5k cells per 100 µL in a 96- well plate and treated with luciferase mRNA LNPs 
24 h after plating. Luminescence was measured 24 h after LNP treatment using a 
Luciferase Assay System (E4550; Promega, Madison, WI) per the manufacturer’s pro-
tocol. Luminescent measurements were normalized to untreated cells on the same 
plate. mCherry and GFP expression was measured at 24 h using flow cytometry.

Primary human CD4+ and CD8+ T cells were obtained from the Human 
Immunology Core at the University of Pennsylvania. Cells were activated over-
night with Human T- activator CD3/CD28 Dynabeads (Thermo Fisher) at a 1:1 
cell:bead ratio in supplemented RPMI medium. CD4+ and CD8+ T cells were 
counted and combined at a 1:1 ratio, plated at 60k cells per well in a 96- well 
plate and treated with luciferase mRNA LNPs; luminescence was measured 24 h 
later with a Tecan Infinite M Plex plate reader using a Luciferase Assay System. 
Luminescent measurements were normalized to untreated cells on the same 
plate. Cell viability was measured by a CellTiter- Glo assay (G7572; Promega) per 
the manufacturer’s protocol and normalized to untreated cells.

Animal Studies. All animal procedures were performed on female C56BL/6 mice 
aged 6 to 8 wk (The Jackson Laboratory) in accordance with protocols approved 
by the Institutional Animal Care and Use Committee (IACUC) of the University of 
Pennsylvania. For the luciferase study, mice were injected by intramuscular injection 
with luciferase mRNA LNPs at an mRNA dose of 5 µg per mouse. At 6 h postinjection, 
mice were intraperitoneally injected with D- luciferin potassium salt at 150 mg/kg. 
Bioluminescence imaging of the whole body and dissected major organs as well 
as inguinal lymph nodes was performed on an in  vivo imaging system (IVIS; 
PerkinElmer, Waltham, MA). Bioluminescence values were quantified by measuring 
photon flux in the region of interest using Living Image 4.7.3 software (PerkinElmer), 
and photon flux values were normalized to the background of each image.

For the immunization study, mice were intramuscularly injected with SARS- 
CoV- 2 mRNA LNPs at a dose of 1 µg mRNA per mouse twice using a prime and 
boost strategy at a 2- wk interval. At week five (day 35), blood was collected through 
the retro- orbital route and transferred into serum separator tubes (SKU 365967; 
BD, Franklin Lakes, NJ). Serum was incubated at room temperature for 30 min, 
centrifuged at 10,000 g for 5 min, and then collected and stored at −20 °C.

To quantify anti- S1 antibody titers using ELISA, High Bind Stripwell Corning 96- 
Well Clear Polystyrene Microplates were coated overnight with 1 μg/mL purified 
SARS- CoV- 2 His–tagged S1. Plates were washed once with wash buffer (0.05% 
Tween- 20 in PBS) and blocked for 2 h at room temperature using a solution of 
heat- inactivated, IgG- depleted, protease- free bovine serum albumin (2% w/v BSA 
in PBS). After blocking, plates were washed three times, and mouse sera were 
serially diluted in the blocking solution and incubated for 2 h at room temper-
ature. Plates were washed three times before the addition of HRP- conjugated 
anti- mouse secondary antibody specific to total IgG (1:10,000) in blocking buffer. 
Plates were incubated for 1.5 h, washed three times before the addition of 100 μL 
per well of KPL TMB substrate for 8 min. The reaction was stopped by adding 
50 μL of 2N sulfuric acid, and the absorbance was measured at 450 nm using a 
SpectraMax 190 microplate reader. S1- specific IgG end point dilution titer was 
defined as the highest dilution of serum to give an OD greater than the cutoff 
OD value determined using the Frey method (59).

Statistical Information. Statistical tests were performed by GraphPad Prism 9. 
Data are presented as mean ± SD unless otherwise specified. Student’s t- test 
or one- way (ANOVA) followed by Tukey’s multiple comparisons test was used 
to compare between two groups or several groups, respectively. P < 0.05 was 
considered statistically significant.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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