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ABSTRACT: Despite the numerous advantages demonstrated . Haper Lipid Fouling resistant
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efficiencies, and improved reproducibility, their translation from RNA )
research to commercial manufacturing remains elusive. A
persistent challenge hindering the adoption of microfluidics
for LNP production is the fouling of device surfaces during
prolonged operation, which significantly diminishes perform-
ance and reliability. The complexity of LNP constituents,
including lipids, cholesterol, RNA, and solvent mixtures, makes
it difficult to find a single coating that can prevent fouling. To address this challenge, we propose using an immobilized liquid
lubricant layer of perfluorodecalin (PFD) to create an antifouling surface that can repel the multiple LNP constituents. We
apply this technology to a staggered herringbone microfluidic (SHM) mixing chip and achieve >3 h of stable operation, a
>15X increase relative to gold standard approaches. We also demonstrate the compatibility of this approach with a parallelized
microfluidic platform that incorporates 256 SHM mixers, with which we demonstrate scale up, stable production at L/h
production rates suitable for commercial scale applications. We verify that the LNPs produced on our chip match both the
physiochemical properties and performance for both in vitro and in vivo mRNA delivery as those made on chips without the
coating. By suppressing surface fouling with an immobilized liquid lubricant layer, this technology not only enhances RNA-
LNP production but also promises to transform the microfluidic manufacturing of diverse materials, ensuring more reliable
and robust processes.
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INTRODUCTION function in vivo."”~'® The function of the LNP in vivo is itself
also multidimensional, including its tropism to particular cell
types or tissues, the immune response it elicits, its ability to
induce the target cells to express the protein of interest, and its
ability to traverse biological barriers such as the blood—brain
barrier.”'*'” Given the pivotal role of formulation on LNP

function, a critical challenge hindering the successful develop-

Lipid nanoparticles (LNPs) have emerged as highly effective
delivery vehicle for mRNA vaccines and therapeutics.'~* They
played a pivotal role in the Pfizer/BioNTech and Moderna
COVID-19 vaccines' ® and are now revolutionizing the
pharmaceutical industry as they offer opportunities for protein

replacement therapies,7’8 gene editing,g’10 and accelerated

vaccine development.'”>” RNA-loaded LNP (RNA-LNP) ment of RNA-LNP drugs is the current lack of technologies

therapeutics are typically composed of an RNA, an ionizable that can produce a precisely defined LNP formulation across

lipid, phospholipid, cholesterol, and a polyethylene glycol—

lipid conjugate (PEG—lipid); the ionizable lipid is designed to Received: September 14, 2024
be neutrally charged at physiological pH and charged when Revised: ~ November 28, 2024
endocytosed so it can release its RNA cargo.”'"'? As the field Accepted:  December 9, 2024

rapidly advances, there is increasing recognition of the Published: December 19, 2024

profound influence of the choice of the constituent materials
of the LNP, as well as its size, charge, and morphology, on its
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Figure 1. (A) Schematic for robust manufacturing of RNA-LNP using the SCALAR-AF chip. (B) Photograph of the SCALAR-AF chip with a
staggered herringbone micromixer. Scale bar: 10 mm. (C) Schematic of the antifouling behavior of RNA-LNP on the lubricant layer-coated
surface showing tethered perfluorocarbon (TP) bound to a substrate, which then allows a stable film of liquid perfluorodecalin (LP) to
adhere to the surface. (D) Photograph showing the immiscibility between a water/ethanol (3:1) mixture solution and the lubricant oil phase.
(E) A plot showing the maximum operating time of microfluidic mixing chips coated with different types of surface treatments. (F)
Schematic and microscope images showing the fouling resistant microfluidic chip producing smaller and more homogeneous LNPs for
potent RNA delivery, whereas larger and more heterogeneous LNPs are being produced by bulk formulation and conventional microfluidic
chips, resulting in imprecise and unreliable delivery of RNA due to fouling inside devices. Scale bar: 300 um. Cryogenic (cryo)-TEM images
showing RNA-LNPs produced by bulk formulation, a bare chip, and a lubricant layer-coated chip before and after fouling. Scale bar: 100 nm.

the many orders of magnitude of throughput—from discovery
(mL/h) all of the way to commercial manufacturing (L/h)—
all while also meeting the stringent quality standards of the
pharmaceutical industry.”'®"?

Microfluidics has recently emerged as a promising solution
to this problem. Microfluidic mixing units for RNA-LNP
production, which allow rapid mixing at the micrometer-scale
level, have demonstrated superiority over bulk methods as they
provide improved precision for controlling particle size,
homogeneity of particle size distributions, morphology,
encapsulation efficiencies, and reproducibility.”~** Due to
the nonuniformity of mixing over the time-scales of LNP
formation, the conventional bulk mixing approaches tend to
result in poor encapsulation eficiency, high polydispersity, and
high batch-to-batch variations.'®'”*"** The parallelization of
microfluidic mixing units, where ~1 to >10* units can be
incorporated onto a single chip and operated in parallel, has
successfully demonstrated scale-invariant, precision production
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of RNA-LNPs."®**** These devices have been implemented
using replica-molding of polymers, 3D printing for rapid
prototyping, and silicon and glass (Si/glass). The Si/glass
platform is particularly well suited for pharmaceutical
manufacturing because of its solvent compatibility and the
ability to operate at high pressures.'®**~*” However, despite
the advantages offered by microfluidic mixing units in LNP
production, a significant challenge arises from the fouling of
RNA-LNP constituents on the surface of the microfluidic
device during operation. Over time such a phenomenon
significantly degrades the performance of the device through
the loss of particle homogeneity and a significant reduction in
encapsulation efficiency; moreover, fouling ultimately induces
the catastrophic failure of the device due to clogging.”’~*” The
inability to effectively prevent fouling in these devices likely
impedes the widespread adoption of continuous manufacturing
using microfluidic technologies.'”*”*" In our previous work,
we demonstrated that microfluidic chips could be reused or
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Figure 2. (A) Schematics showing various surface coating methods tested for antifouling behavior in a microfluidic chip for the
manufacturing of RNA-LNPs; (i) bare, (i) PEG, (iii) zwitterion, (iv) layer-by-layer, and (v) fluorine coatings on Si and glass substrates
(from left to right). Conventional microfluidic coating strategy fails to protect surface from fouling for LNP formulation. (B) Photographic
images showing the wetting/nonwetting of a water/ethanol (3:1) mixture solution on Si-wafer (upper) and glass (bottom) substrates with
various coatings at a tilt angle of 45°. (C) Photographs (left columns) and DLS results (right columns) showing the fouling behavior and size
variation of the resulting RNA-LNP from each chip as a function of the operation time. Scaling bar: 150 pgm.

continuously recycled by applying a cleaning solution to
periodically reset it.”> However, this approach complicates
external instrumentation, reduces throughput, and restricts the
applicability to batch processing rather than continuous
processing. Previous approaches to prevent fouling in micro-
fluidic devices employ surface modifications such as poly-
ethylene glycol (PEG) coatln§3 33 zwitterionic coating,”
layer-by-layer (LbL) coatmg, and amine-/hydroxy-/fluo-
rine-based coatmg.3 8% However, these methods were
primarily designed to prevent biomolecule adsorption in
aqueous environments and have not been successfully applied
to the RNA-LNP manufacturing process, which involves
solvent mixtures of water/ethanol for precipitation and self-
assembly.

Here, we address this challenge by developing a microfluidic
chip that incorporates a lubricant oil layer coating to inhibit
fouling, enabling continuous and robust manufacturing of
RNA-LNPs (Figure 1). Our microfluidic mixing chip, termed
SCALAR-AF (silicon scalable lipid nanoparticle generatio-
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n—anti fouling platform), is entirely fabricated with silicon and
glass (Si/glass) substrates to meet the manufacturing require-
ments of the pharmaceutical industry (Figure 1B).”® When the
Si/glass chip’s channels are uncoated, fouling occurs within 10
min into the production of RNA-LNPs, a phenomenon also
observed with polydimethylsiloxane (PDMS) and other
polymer microfluidic chips (Figures S1 and 1E). We evaluate
various gold standard strategies to prevent fouling, including
coating with PEG, zwitterion, LbL, and fluorine coatings;
however, fouling occurred within 20 min for all coatings. To
address this challenge, we develop an alternative approach
based on biomimicry, wherein we protect the surface from
fouling using a tethered oil lubrication coating of liquid
perfluorocarbon (TLP) immobilized to the surface of the
microfluidic channels using a perfluorinated surface (Figure
1C).>7*°~*! The TLP surface coating, which is immiscible with
a mixture of water and ethanol (Figure 1D), forms a slippery
surface that suppresses fouling of the microfluidic channels
during RNA-LNP formation. We employ PFD oil, a lubricant
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Figure 3. (A) Schematic of the production of RNA-LNP from the TLP-coated SCALAR-AF chip. (B) Photographs showing the repellency of
a water/ethanol mixture (3:1) on the TLP coated Si-wafer (upper) and glass (bottom) substrates at a tilt angle of 45°. (C1—C4) Confocal
micrographs showing the presence of a lubricant oil layer on the surface of the microfluidic device at different heights. (D) Micrographs
revealing an excellent mixing efficiency in a 1X SCALAR-AF chip; Nile red in ethanol and FITC in water are flowed through the channel to
quantify mixing at different locations along the channel; the red and green intensity profiles versus channel distance at the position of A—A’
and B—B’ (insets). Scale bar: 150 gm. (E) Quantification of mixing efficiency (+standard deviation) calculated by channel lengths required
for 90% mixing for bare and 1X SCALAR-AF chip (n = 3, one-way ANOVA, ns: p > 0.05). (F) Sequential micrographs showing no severe
fouling during RNA-LNP formulation over a period of ~180 min. Scale bar: 150 um. (G—I) Physical characterization of polyA LNPs
produced by a 1X SCALAR-AF chip from 1 to 180 min. (G) Hydrodynamic diameter (+standard deviation), (H) encapsulation efficiency
(#standard deviation), and (I) RNA concentration (+standard deviation) of the resulting polyA LNPs from 1 to 180 min (n = 3, one-way
ANOVA, ns: p > 0.05). (J) Cryo-TEM of polyA LNPs produced by 1X SCALAR-AF chip. Scale bar: 100 and 25 nm.

oil approved by the U.S. Food and Drug Administration LNPs produced using SCALAR-AF chips are validated to have
(FDA) for various therapeutic and biomedical applications, physiochemical properties and performance in both in vitro
such as blood substitutes, cancer therapy, and diagnosis.”‘”’42
The SCALAR-AF approach successfully demonstrates con-
tinuous and robust production of RNA-LNPs for at least 3 h
(>15-fold increase compared to the bare chip) without fouling

and in vivo model systems that matched those of uncoated
chips at early time points before fouling. Beyond the LNPs

generated in this article, we envision this technology finding

(Figure 1E,F). To illustrate its applicability to scaled-up broad utility as an antifouling lubricant layer coating in
production, we design a microfluidic chip that integrates 256 microfluidic chips for applications requiring continuous and
parallel mixing units on a single 4 in. chip, with every robust production of functional particles used in drug delivery

generator’s surface coated with TLP to prevent fouling; this
chip can generate RNA-LNPs at L/h throughputs. We
characterize the performance of our SCALAR-AF chip using

systems, cosmetic products, optical displays, pharmaceuticals,

and foodstuffs. We demonstrate this potential by continuous

a gold standard formulation previously optimized for siRNA producing of Ag,S nanoparticles, a completely different type of
and mRNA delivery, demonstrating robust LNP production. nanoparticle, without any fouling in our SCALAR-AF chip.
1093 https://doi.org/10.1021/acsnano.4c12965
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RESULTS AND DISCUSSION

Evaluation of Conventional Surface Coatings to
Prevent Fouling in the Microfluidic Generation of
RNA-LNPs. We first evaluate the antifouling performance of
various coatings that have shown antifouling properties in the
literature. These coatings, some of which are hydrophobic and
some of which are hydrophilic, include PEG coating (PEG-
silane),” zwitterion coating (sulfobetaine-silane),*”** LbL
coating (poly(acrylic acid)/polyacrylamide multilayers),*®
and fluorine coating (perfluoro-silane) (Figure 2A).37’39_41
We confirm the modification of Si and glass surfaces with these
coatings by quantifying their water contact angles in air. Upon
surface modification, the water contact angles change
dramatically from 37° + 3° for Si wafer and 47° + 4° for
glass substrates to 14° + 3°, 9° & 3°, and 12° + 2° upon PEG,
zwitterion, and LbL coatings, respectively; these values are
consistent with those reported in prior publications (Figure
$2).*7* In contrast, the fluorine coating renders the surface
hydrophobic with a contact angle value of 109° + 5° (Figure
S2). When a mixture of water and ethanol in a 3:1 volume
ratio, identical to the solvent condition for RNA-LNP
formulation, is placed on these surfaces that are tilted at 45°,
the liquid spreads extensively and stays on the three
hydrophilic surfaces (Figure 2B), indicating strong interactions
between the mixture and the modified surfaces. In contrast, the
perfluorosilane-treated substrate does not allow for extensive
spreading of such a mixture, often resulting in pinned droplets
on the tilted substrate (Figure 2B).

To test the antifouling performance of these coatings in a
microfluidic mixing device used to generate RNA-LNP, we
prepare a single microfluidic mixing chip on a silicon and glass
(Si/glass) substrates (Figures S3 and S4) (details of these
coatings on the surface of the SHM via a flow technique are as
described in Experimental Section). We employ the staggered
herringbone micromixer (SHM) design, characterized by short
mixing times of less than 10 ms, resulting in highly uniform
and small lipid nanoparticles (LNPs) (polydispersity index
(PDI) <0.2 and average size <60 nm).””** To evaluate our
system, we use an LNP formulation that includes DLin-MC3-
DMA (MC3) with phospholipid distearoylphosphatidylcholine
(DSPC), cholesterol, and PEG-lipid (DMG-PEG 2000) at a
molar ratio of 50:10:38.5:1.5, respectively; this composition is
similar to those found in the Comirnaty and Spikevax COVID-
19 mRNA vaccines developed by Pfizer/BioNTech and
Moderna, respectively (Figure 2A).""° PolyA is selected as a
surrogate for RNA to evaluate the durability and performance
of surface-modified devices owing to the high costs associated
with using functional RNA. We infuse an aqueous polyA
solution and an ethanolic lipid solution into each surface-
modified chip with a flow rate ratio of 3:1 at a total flow rate of
1.2 mL/min by using syringe pumps or pressure driven pumps.
Within 10 min of the infusion of the two solutions, we observe
severe fouling in the bare Si/glass chip (Figure 2C). Dynamic
light scattering (DLS) of the product stream shows that the
particle size increases significantly from 70 to 200 nm in this
short time span, and relatedly the uniformity of the RNA-LNPs
is significantly decreased, with the PDI increasing from 0.1 to
0.5 (Figure 2C).

We next evaluate the four surface coatings described above
(PEG, zwitterionic, LbL, and perfluorinated silane) to prevent
fouling in the single microfluidic staggered herringbone chip.
Although the surface fouling proceeds more slowly compared
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with the bare device, all of these coatings fail within 20 min.
For all coatings, fouling becomes apparent in microscopy
within 15 min of operating the device and leads to channel
blockages within 20—25 min (Figure 2C). Among the four
coatings, zwitterionic surface treatment provides the longest
antifouling behavior; yet, the device fails in less than 20 min.
As fouling progresses, the size of the produced LNPs becomes
larger, exceeding 150 nm, and their size distribution becomes
broader, often exhibiting a bimodal pattern. Although various
hydrophilic and hydrophobic coatings are widely studied for
their ability to prevent fouling, they are known for inhibiting
adsorption and fouling of biomolecules in fully aqueous
solutions.*” In contrast, LNP formation involves a mixture of
water and ethanol and the precipitation and self-assembly of
four lipids and RNA, leading to a highly complex micro-
environment that promotes the deposition of materials onto
solid surfaces. Thus, commonly reported hydrophilic or
hydrophobic coatings that are designed to keep water
molecules tightly bound to or away from the surface are not
suitable for resolving the fouling issue that arises during the
LNP manufacturing process.

Continuous and Robust Manufacturing of RNA-LNPs
from SCALAR-AF Chip. We next evaluated the ability of the
TLP coating to prevent fouling on our chip (Figure 3A). We
confirm the modification of Si and glass surfaces with TLP
coatings by quantifying their water contact angle in air. The
water contact angles on TLP-coated planar Si and glass
substrates are 120° &+ 5° and 119° + 6°, respectively; these
values are higher compared to those observed for surfaces
coated with a simple perfluorosilane and are consistent with
the literature (Figure $6).%727~* Moreover, we observe that
the TLP-coated substrates provide excellent slipperiness
against the water/ethanol mixture, effectively preventing fluid
retention or adhesion on the substrates (Figure 3B). To coat
our chips with TLP, we (1) create reactive —OH groups on the
surface by exposing the surface of the microfluidic channels
and SHMs to a NaOH solution; (2) form a covalently bonded
perfluorinated surface by flowing the tethered perfluorocabon
(TP) silane solution through the chip, followed by heating in
an oven at 60 °C for overnight; (3) apply the liquid
perfluorocarbon (LP) oil layer by flowing the PFD into the
chip, and (4) remove the excess PFD from the water phase by
using a syringe pump (details of TLP coating on the surface of
the SHM via a flow technique are as described in Experimental
Section). We denote the TLP-coated microfluidic single chip
as a 1 X SCALAR-AF chip. Confocal microscopy of the
Rhodamine-labeled (red fluorescent dye) lubricant layer on the
three dimensionally structured microfluidic channels shows
conformal coating on the channel floor, ceiling, walls, and
features of the SHM patterns (Figure 3C). In addition, we
observe that the thickness of the lubricant layer that was
formed on a planar Si wafer treated using the same protocol is
7.9 + 0.7 nm, as measured by using an ellipsometer. Lubricant-
infused coatings can change the flow characteristics of liquid
above the surface and hence potentially impact the mixing
efficiency of herringbone channels;*”*” thus, we test the mixing
efficiency of the 1X SCALAR-AF chip by monitoring the
mixing of the aqueous and ethanolic solutions by adding
fluorescein isothiocyanate (FITC) dextran and Nile red in the
two solutions, respectively (Figure 3D). These two dyes are
selected since they approximate the size of the lipids and RNA,
respectively.”> The mixing efficiency is evaluated by quantify-
ing the channel length at which the two dyes are 90% mixed
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Figure 4. (A) Sequential micrographs showing no severe fouling during 2 runs of polyA LNP formulation over a period of ~180 min. Device
was cleaned with 1% Triton-X 100, a nitrogen purge, and then an ethanol wash followed by a nitrogen purge again. Subsequently,
perfluorodecalin (PFD) liquid was applied to create the lubricant layer for the antifouling surface. The replenished SCALAR-AF chip shows
antifouling performance by repelling the multiple LNP constituents. Scale bar: 150 ym. (B—D) Physical characterization of polyA LNPs
produced by a 1X SCALAR-AF chip over two successive runs. (B) Hydrodynamic diameter (+standard deviation), (C) encapsulation
efficiency (+standard deviation), and (D) RNA concentration (+standard deviation) of the resulting polyA LNPs from 1 to 180 min (n = 3,
one-way ANOVA, ns: p > 0.05).

(Figure 3E). At a flow rate ratio of 0.3, which is the lipid to over two successive runs. To further demonstrate the versatility
nucleic acid ratio, the 1X SCALAR-AF chip allows excellent and broad applicability of our lubricant oil layer coating, we
mixing efficiency, consistent with prior results obtained with a expand our study beyond lipid nanoparticles (LNPs) to the
pristine Si/glass device.** The 1x SCALAR-AF chip continuous production of inorganic Ag,S nanoparticles. Our
continuously produce LNPs for at least ~180 min without results show that the lubricant oil layer enables robust
severe fouling, a marked improvement over the other manufacturing of Ag,S-NPs without any performance degra-
antifouling coatings tested which all failed within 20 min dation for at least 60 min (Figure S7). In stark contrast, severe
(Figure 3F). The physical characteristics of polyA LNPs show fouling occurs in a bare Si/glass chip within just 20 min,
no significant changes over this time period, as evidenced by significantly compromising the process. The Ag,S-NPs
consistent hydrodynamic diameter, encapsulation efficiency, produced using our coated chip consistently maintain a
and RNA concentration throughout the 3-h period (Figure diameter below 5 nm with exceptional uniformity, whereas
3G-I). In addition, the cryogenic TEM images of the resulting those produced on the bare chip experience a marked increase
polyA LNPs demonstrate the high uniformity of LNPs in size in size and a loss of uniformity due to fouling, as clearly
and morphology (Figure 3]). In addition, after using a demonstrated in Figure S7. These compelling results reinforce
SCALAR-AF chip for polyA LNP production for 3 h, we our assertion that the lubricant-infused coating is highly
replenish the same chip with the lubricant oil and test its effective not only for LNPs but also across a broad spectrum of
antifouling properties. The 1X SCALAR-AF chip is cleaned microfluidic applications. Furthermore, to monitor the change
with 1% Triton-X 100 surfactant, a nitrogen purge, an ethanol in the amount of perfluorodecalin (PFD) in the SCALA-AF
wash, and then a nitrogen purge. Subsequently, perfluorode- chip, we label the lubricant layer with Rhodamine and then
calin (PFD) liquid is applied again to create the lubricant layer expose it to a water/ethanol (3:1) flow at 1.2 mL/min for 20
for the antifouling surface. The replenished SCALAR-AF chip min. Top-down fluorescent microscopy images show a
shows the same antifouling performance as observed in the first minimal change in fluorescent intensity during the first 60
operation (Figure 4). We find no significant differences in the min. After that, the intensity gradually decreases, with a
hydrodynamic diameter, encapsulation efficiency, and RNA significant reduction observed at 180 min (Figure S8),
concentration (Figure 4B—D). We confirm that the indicating the depletion of the lubricant layer on the surface
replenished SCALAR-AF chip shows the antifouling perform- of the SCALAR-AF chip. We notice that the 1X SCALAR-AF
ance with repeatability for robust formulation of RNA-LNP chip start showing evidence of surface fouling after 3 h likely
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Figure S. (A) Photographs showing the frontside (upper) and backside (bottom) views of the 256X SCALAR-AF chip. (B) Schematic of chip
design illustrating the integration of branching geometry and ladder design architecture to ensure uniform distribution of inputs to each
mixing unit. The schematic is not to scale. (C) Circuit model of the delivery channels (Rygjivery), resistors (Rieistor), mixing channels (Ryyixing)s
and individual mixing channel unit (Rgyc.). (D) Photographs showing the experimental setup for scaling-up the production of RNA-LNP
from the 256X SCALAR-AF chip by a custom pressure-driven flow system. (E) Photograph showing the assembled aluminum holder of the
256X SCALAR-AF chip, with the frontside windows for observation at different positions. (F) Photography image showing the relative
throughput of 256X and 1xX SCALAR-AF chips that produced LNPs for 20 min with resultant volumes of 4.8 L (256 chip; shown in 3.5 L
beakers) and 10 min 0.012 L (1X chip; shown in a 15 mL Falcon tube), respectively. (G) Hydrodynamic diameter (+standard deviation),
(H) encapsulation efficiency (+standard deviation), and (I) RNA concentration measurements (+standard deviation) of the resulting polyA
LNPs produced by the 256X SCALAR-AF chip (n = 3, one-way ANOVA, ns: p > 0.05).

due to the depletion of the lubricant oil under shear as well as experimental results demonstrate that the RNA-LNPs
its diffusion into the flowing water/ethanol mixture stream. produced from this chip consistently maintain high-quality

Scaling-Up the Production of RNA-LNP via Paralleli- physical properties, such as hydrodynamic diameter, RNA
zation and Surface Modification. To demonstrate the concentration, and encapsulation efficiency, without any
potential of this approach for industrial scale manufacturing of fouling issues. This uniformity across channels is a critical
RNA-LNPs, we fabricate a SCALAR-AF microfluidic chip that outcome of the TLP coating, which effectively prevents
parallelizes 256 microfluidic SHM devices (Figures SA, S4, SS, clogging and ensures reliable, reproducible production of
and S9). A ladder design is applied for parallelization to RNA-LNPs.'**>* In addition, we observe no considerable
distribute fluids to and collect fluids from individual mixing alteration in the flow distribution and mixing efficiency of the

units (Figure SB)."”*® The effective resistance of a single parallelized 256X SCALAR-AF chip (Figure S10). To validate
mixing device (Ryeyice), Which is the sum of the resistance of a that the 256X SCALAR-AF chip can produce LNPs at a large

flow resistor (Rieggor) and that of the mixer (Rygng), is scale while maintaining their physical characteristics of LNPs,
designed to be significantly greater than the resistance of the we produce RNA-LNPs and compare their physical properties
delivery channel between two devices (Figure SC), satisfying such as hydrodynamic diameter, RNA concentration, and
the previously reported design rule: 2N (Rdehvery/Rdevice) < encapsulation efficiency with those generated using a 1X

0.01."* The TLP coating approach can be readily extended to SCALAR-AF. We use C12-200, another gold-standard
the parallelized 256X SCALAR-AF chip thanks to the ionizable lipid with DSPC, cholesterol, and DMG-PEG. We
simplicity of the method as well as the uniform flow use polyA as our RNA and C12-200 as the ionizable lipid

distribution that the chip design ensures. In a parallelized (Figure S11), to make this high throughput experiment
device, if a uniform flow distribution is compromised due to financially feasible. We inject the polyA aqueous and ethanolic
clogging, the optimal conditions for particle generation can lipid solutions into each input port of the 256X SCALAR-AF
vary across channels, potentially leading to variations in the chip with a flow rate ratio of 3:1 at a total flow rate of 14.4 L/h
physical properties of the resulting RNA-LNPs. Our using our custom-built pressure-driven flow system (Figure
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Figure 6. (A) Schematic illustration showing the luciferase RNA-LNPs generated by the bare chip (at f = 1 min and after severe fouling) and
the TLP-coated SCALAR-AF chip (at t = 1 and 60 min). (B) DLS results (+standard deviation) of luciferase RNA-LNPs produced from each
device. (n = 3, one-way ANOVA and Tukey’s multiple comparisons, *p < 0.05). (C) RNA encapsulation efficiency (+standard deviation)
from each device, quantified by a RiboGreen assay (n = 3, one-way ANOVA and Tukey’s multiple comparisons, *p < 0.05). (D) Luciferase
RNA-LNPs are formulated and administered to HeLa cells at a dose of 60 ng/60,000 cells; luciferase expression is quantified by
luminescence after 6 h (n = 4—S5, one-way ANOVA and Tukey’s multiple comparisons, ***p < 0.001). (E) Luciferase RNA-LNPs are
formulated and administered to mice via tail vein injection at a dose of 4 ug per mouse. Representative IVIS imaging at 6 h after LNP
administration, showing luciferase expression in the whole body (upper) and dissected organs (bottom). (F) Quantification of luciferase
signal in the whole body at 6 h after LNP administration (n = 3—4, one-way ANOVA and Tukey’s multiple comparisons, **¥p < 0.001;
#kiEp < 0.0001). (G) Quantification of luciferase signal in the liver (n = 3, one-way ANOVA and Tukey’s multiple comparisons, **p < 0.01;
*kky < 0.001).

5D). The chip is able to produce polyA LNPs for 20 min wafer. This cost can be greatly reduced as scale-up production
without fouling with a resultant volume of 4.8 L, which is is increased. Moreover, this expense is only a fraction of the
equivalent to 2.4 g of RNA or 9,600 vaccine doses (Figure SF). overall cost of producing high-quality LNPs, given that the
Additionally, we confirm that the LNP hydrodynamic diameter price of critical reagents (e.g., lipids and RNA) is exceptionally
(~80 nm), encapsulation efficiency (>80%), and the RNA high, with mRNA costing more than $2,000 per 1 mg.

concentration (~22.5 ng/uL) measured during the 20 min In Vitro and In Vivo Validation of RNA LNPs Prepared
operation of the parallelized chip are comparable to those from SCALAR-AF Chip. We evaluated the potential impact of
measured for resulting formulation from the 1X SCALAR-AF TLP-coating on the potency of RNA LNPs. To this end, we
chip (Figure SG—I). The cost to fabricate our chip at the use the TLP-coated SCALAR-AF to formulate luciferase RNA-
university of Pennsylvania is approximately $2,000 per 4” LNPs and compare their physical properties as well as their in
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vitro and in vivo activity to LNPs generated by a bare chip (t =
1 min and after severe fouling) (Figure 6A). We encapsulate
mRNA encoding luciferase in LNPs composed of MC3, a well-
validated ionizable lipid that has been FDA approved for RNA
delivery, phospholipid DSPC, cholesterol, and lipid-anchored
PEG (DMG-PEG 2000) at a molar ratio of 50:10:38.5:1.5.
While the LNPs generated by bare chips after severe fouling
have a dramatic increase in their size (>150 nm) and size
heterogeneity (PDI > 0.4); in contrast, LNPs generated by the
1x SCALAR-AF chip at t = 1 and 60 min show no significant
changes in the hydrodynamic size (<80 nm) and size
distribution (PDI < 0.2) (Figure 6B). In addition,
encapsulation efficiency measurements, quantified by a Ribo-
Green assay, demonstrate that the 1X SCALAR-AF chip
maintains a high encapsulation efficiency (>85%) after 60 min,
whereas the encapsulation efficiency of the bare chip degrades
significantly to ~60% over the same period of time (Figure
6C).

For in vitro evaluation, HeLa cells are selected to
demonstrate a potential application for cell engineering (i.e.,
gene delivery) using RNA-LNPs (Figure 6D). We deliver
luciferase-encoding RNA-LNPs to HeLa cells at doses of 60 ng
of RNA per 60k cells. We observe that while the luciferase
expression of luciferase RNA-LNPs formulated by 1X
SCALAR-AF chip at t = 1 and 60 min show high activity,
the potency of LNPs produced by a bare chip after severe
fouling degrades by 4-fold compared to LNPs produced at t =
1 min (Figure 6D). For in vivo testing, these RNA-LNPs are
administered to C57BL/6 mice via tail vein injection at 4 ug
per mouse, and we quantify the luminescent signal in the
whole body and dissected major organs (i.e., heart, spleen,
liver, lung, and kidneys) after 6 h (Figure 6E). We observe that
there are no significant differences between the whole-body
and liver luminescent signals for RNA- LNPs prepared using
the 1X SCALAR-AF chip at both t = 1 and 60 min (Figure
6F,G). Although RNA-LNPs produced from the bare chip at ¢
= 1 min show a strong luminescent signal, the potency of the
LNPs degrades dramatically to the point where little
luminescence is detected in the whole-body and in the liver
when the device is fouled and clogged (Figure 6F,G). The
poor performance of the LNPs produced from bare chips after
fouling is likely due to the larger LNP size (>150 nm) as well
as lower encapsulation efficiency (~60%), leading to rapid
blood clearance by the reticuloendothelial system and
restricted traversal through liver fenestrations.'"*>*° Overall,
these results demonstrate that our antifouling TLP chip can
formulate highly potent RNA-LNPs for potential applications
of RNA therapeutics and vaccines.

CONCLUSIONS

We present a promising solution to the persistent challenge of
fouling in microfluidic mixing devices for RNA-LNP
production. By making use of recent work on using
immobilized li(%uid lubricant layers to avoid fouling in complex
solutions,””**™*" we have successfully created an antifouling
surface capable of repelling the diverse constituents of LNPs in
the mixture of solvents used in their production. This
approach, applied to a SHM mixing chip, extends stable
operation to over 3 h, representing a substantial improvement
over the conventional method. Furthermore, our approach is
scalable, as demonstrated by its compatibility with a
parallelized microfluidic platform incorporating 256 SHM
mixers, achieving production rates suitable for commercial
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applications. Importantly, we confirm that LNPs produced
using our coated chip maintain identical physicochemical
properties and performance for both in vitro and in vivo RNA
delivery, compared to uncoated devices at short time-scales
before they foul, validating the efficacy of our antifouling
strategy in maintaining LNP quality.

This advancement holds significant promise for advancing
microfluidic LNP production toward broader adoption in
commercial manufacturing, enabling enhanced precision and
reliability in RNA-based therapeutics and vaccine develop-
ment. While our work has demonstrated promising results and
a significant step forward in the field of microfluidic LNP
production for RNA-based therapeutics, there are still
challenges to overcome. For example, we believe that by
adjusting the viscosity of the liquid lubricant layer and
optimizing channel design, we can extend device lifetime
further.*”°~>* We anticipate that these efforts will contribute
to the continued advancement of microfluidic technology for
LNP production and may have broader implications for
nanomedicine, medical device, and microparticles synthesis via
continuous-flow lithography, by establishing a low-adhesion
nonfouling interface. This coating technology presents a major
breakthrough, ensuring robust, continuous production of
functional nanoparticles, which are critical in fields such as
drug delivery, electronics, catalysis, optical displays, and
foodstuffs. By effectively mitigating fouling, our approach
significantly enhances the scalability and reliability of micro-
fluidic manufacturing, positioning it as a versatile solution for
diverse industrial applications.

EXPERIMENTAL SECTION

Chip Fabrication. In the case of a single 1X chip, the process
involved omitting the delivery channel (layer 1) while keeping all
other procedures identical. The chips were fabricated at the
Quattrone Nanofabrication Facility, University of Pennsylvania. The
chip design comprised four mask layers designed in AutoCAD
(Autodesk, San Rafael, CA), defining the delivery channels (layer 1),
mixing channels (layer 2), herringbones and resistors (layer 3), and
through silicon vias (etching layer 4; layer S overall) (Figure S4).
Chrome-coated soda lime photomasks (AZ1500; Telic Company,
Santa Clarita, CA) were patterned using a Heidelberg laser writer with
a 10 mm write head and developed in an AZ 300MIF developer
(EMD Performance Materials Corp., Philadelphia, PA). Chromium
was etched with Transene chromium etchant (Danvers, MA), and the
photoresist was removed with Remover 1165 (DuPont, Wilmington,
DE). Fabrication proceeded by lithographically patterning each layer
on 100 mm silicon wafers (ID 775; University Wafer, South Boston,
MA), followed by deep reactive ion etching (DRIE). For lithography,
a S180S photoresist (Dow, Midland, MI) was spray-coated to the
desired thickness using an AS8 Alta Spray Coater (SUSS MicroTec,
Garching, Germany).

First etching layer: the wafer was dipped in 49% hydrofluoric acid
(HF), spray-coated with 16 um of photoresist, and soft-baked at 110
°C for 10 min. The delivery channel design was exposed using a MA6
mask aligner (SUSS MicroTec), baked at 110 °C for 5 min, developed
in an AZ 300MIF developer, rinsed with water, dried with N,, and
baked at 110 °C for 10 min. The wafer was etched to a 370 ym depth
using DRIE (SPTS Rapier Si DRIE, Newport, UK), cleaned using
acetone and isopropanol (IPA) for S min each, then cleaned by
immersion in Nano-Strip (CMC Materials, Aurora, IL), followed by
cleaning in a Spin Rinse Dryer (SRD; RENA Compass, RENA,
Albany, OR).

Second etching layer: after 49% HF dipping, the wafer’s backside
was coated with 8 ym of photoresist, baked at 110 °C for S min, and
exposed with the mixing channel design. Then, the wafer was
developed and baked at 110 °C for 5 min. DRIE was used to etch the
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material to a 70 pm depth. The wafer was then cleaned using acetone,
IPA, Nano-Strip, and SRD as before.

Third etching layer: the wafer was dipped in 49% HF, then the
backside of the wafer was coated with 4 ym of photoresist and baked
in an oven at 110 °C for 5 min, then developed and baked in an oven
at 110 °C for S min, and etched to a 25 pm etch depth using DRIE.
Plasma-enhanced chemical vapor deposition (Oxford Plasma Lab 100
PECVD) (Oxford Instruments, Abingdon, UK) deposited 4 ym of
SiO,, followed by cleaning using Nano-Strip and SRD.

Fourth etching layer: the frontside of the wafer was coated with 8
um of photoresist, baked at 110 °C for S min, and exposed to the
through silicon via design. The wafer was developed, baked at 110 °C
for S min, and then etched to a 60 ym depth using DRIE. Cleaning
steps included acetone, IPA, and 25% HF for 5 min.

After etching, the silicon wafer and a 100 mm Borofloat 33 glass
wafer (ID 517; University Wafer) were cleaned using Nano-Strip and
SRD as before. Another Borofloat 33 glass wafer was micromachined
with 1 mm holes for the inlets and outlets. Then this wafer was
cleaned using Nano-Strip and SRD. For a single 1X chip, a glass wafer
was anodically bonded on one side of the Si wafer. For a 256X chip,
two glass wafers were anodically bonded to either side of the silicon
wafer using an EVG 510 Wafer Bonding System (EVG Group,
Oberosterreich, Austria) at 900 V with 1000 N for 1 h. We note that
these Si/glass chips demonstrate high pressure resistance (P, >
1000 psi (pounds per square inch)) and high temperature (T, > SO0
°C) tolerance, along with excellent solvent resistance, making them
idea}gmicroﬂuidic platforms for large-scale nanomaterial manufactur-
ing.

Surface Coating Methods. Basically, to coat our chips with TLP,
the Si/glass microfluidic mixing chip was flushed by infusing a 0.01 M
NaOH solution to activate the hydroxyl group (—OH) on the surface
of Si/glass microchannels for 30 min at room temperature, followed
by rinsing with water and ethanol. Then, we formed a covalently
bonded tethered perfluorocarbon (TP) surface by flowing the liquid
silane solution (5%v/v trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(Sigma-Aldrich) in anhydrous ethanol (Sigma-Aldrich)) for 6 h at
room temperature. The chip was rinsed with anhydrous ethanol and
gently heated in an oven with desiccant at 60 °C overnight. We
applied the liquid perfluorocarbon (LP) oil layer into the channel by
flowing perfluorodecalin (PFD, Sigma-Aldrich) oil, followed by
removing excess PFD with the water phase by using a syringe
pump at the flow rate of 1 mL/h. In addition, the thickness of the
lubricant layer on a planar Si wafer was measured by using an
ellipsometer (Alpha-SE, J.A. Woollam Co., Inc., USA).

For different coatings, some of which are hydrophobic and some of
which are hydrophilic, include PEG coating (PEG-silane),*
zwitterion coating (sulfobetaine-silane),***> LbL coating (poly(acrylic
acid) /polyacrylamide multilayers),*® and fluorine coating (perfluoro-
silane)*”**™*' These coating methods were prepared based on
methods reported in prior papers and using flow surface coating
methods.

For PEG coating, we formed a covalently bonded PEG surface by
flowing a liquid silane solution (1S wt % mPEG-silane (M, S 000,
Sigma-Aldrich) in anhydrous dimethyl sulfoxide (DMSO, Sigma-
Aldrich)) for 1 h at 90 °C, followed by rinsing with anhydrous
DMSO.

For zwitterion coating, we formed a covalently bonded zwitterion
surface by flowing a liquid sulfobetaine silane solution (10 mM SBSi
(3-(dimethyl(3-trimethoxysilyl)propyl)Jammonium propane-1-sulfo-
nate, Gelest) in pH 3.5 DI water) for 6 h at room temperature,
followed by rinsing with pH 3 DI water.

For LbL coating, we formed the LbL assembly of multilayer films
by alternately flowing a liquid 10 mM solutions of poly(acrylic acid)
(PAA, M,, ~ S0 000, 25% aqueous solution, Sigma-Aldrich) and
polyacrylamide (PAAm, M,, ~ S 000 000—6 000 000, Sigma-Aldrich)
in pH 3 DI water. For 10 bilayers of a PAA/PAAm film inside a
microfluidic chip, the PAA solution and the PAAm solution were
applied sequentially for 10 min each, with a 2 min rinsing step in pH 3
deionized water performed between the two polymer adsorption
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processes. After LbL assembly, the PAA/PAAm was cross-linked in a
vacuum oven for 8 h at 180 °C.

For fluorine coating, we formed a covalently bonded fluorine
surface by flowing the liquid silane solution (5%v/v trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich) in anhydrous
ethanol (Sigma-Aldrich)) for 6 h at room temperature, followed by
rinsing with anhydrous ethanol.

Lipid Synthesis. The synthesis of the ionizable lipid C12-200 was
achieved by combining 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) in
a 50 mL round-bottom flask equipped with a stir bar. The reaction
mixture was maintained at 80 °C for 48 h under constant stirring.
Subsequently, ethanol was removed under reduced pressure and the
residue was diluted with 15 mL of dichloromethane (DCM).
Purification of the crude product was performed using a Teledyne
ISCO CombiFlash system with a 40 g RediSep Gold silica gel column,
employing a gradient elution from 100% DCM to a mixture of 20%
DCM and 80% Ultra solution over 30 min. The process was carried
out in two separate runs, each utilizing half of the DCM solution. The
resulting C12-200 was collected as a yellow-orange oil with a 37%
yield and analyzed by 'H NMR spectroscopy (Figure S11). "H NMR
spectra were obtained on a Bruker NEO 400 MHz spectrometer using
deuterated chloroform (CDCIl,) as the solvent. "H NMR (400 MHz,
CDCl,) 6: 4.99—3.30 (m, 8H), 3.14—1.99 (m, 30H), 1.84—1.05 (m,
90H), 1.05—0.67 (m, 15H).

RNA-LNPs Formulation Using 1x and 256x SCALAR-AF
Chips. RNA-loaded lipid nanoparticles (RNA-LNPs) were prepared
through either microfluidic mixing or pipet-based rapid mixing of an
aqueous RNA solution with an ethanol-based lipid mixture. The
aqueous phase included luciferase RNA (TriLink) or polyA (Roche)
at a concentration of 24.7 ug/mL in a 10 mM citrate buffer (Alpha
Teknova, Inc.,, Hollister, CA). The ethanol phase contained p-Lin-
MC3-DMA (MedChemExpress, Monmouth Junction, NJ), DSPC
(1,2-distearoyl-sn-glycero-3-phosphocholine; Avanti Polar Lipids,
Alabaster, AL), cholesterol (Sigma-Aldrich, St. Louis, MO), and
DMG-PEG 2000 (Avanti Polar Lipids), mixed in ethanol at molar
ratios of 50%, 10%, 38.5%, and 1.5%, respectively. All formulations
maintained a 10:1 weight ratio of ionizable lipid to RNA, yielding a
final RNA-LNP concentration of 271.7 pug/mL. The aqueous and
ethanol phases were combined at a 3:1 flow rate ratio with a total
volumetric flow rate of 1.2 mL/min using syringe pumps or a custom-
built pressure-driven flow system. For large-scale RNA-LNP
production, the synthesized ionizable lipid C12-200 was used instead
of MC3. The aqueous phase contained polyA RNA at 24.7 ug/mL in
10 mM citrate buffer, while the ethanol phase included C12-200,
DSPC, cholesterol, and DMG-PEG 2000 in molar ratios of 50%, 10%,
38.5%, and 1.5%, respectively. A custom-built pressure driven flow
system (Figure 4D) rated to 100 pounds per square inch (psi)
delivered fluids to the chip. The 10:1 lipid-to-RNA weight ratio was
maintained. A nitrogen tank connected to dual-valve pressure
controllers (Alicat Scientific, Tucson, AZ), operated via FlowVision
2.0 software, regulated the fluid flow to the microfluidic chip. These
pressure controllers directed RNA and lipid solutions from stainless
steel pressure vessels (S-gallon for RNA, 3-gallon for lipids; Alloy
Products Corp., Waukesha, WI) through PTFE tubing (1/4” OD,
McMaster-Carr, Elmhurst, IL). Downstream connections to the chip
employed 1/4 in. OD PTFE and 1/8 in. OD FEP tubing (McMaster-
Carr). The system, mounted on an xyz translational stage (Figure S6),
allowed performance monitoring during operation. LNPs were
subsequently dialyzed against 1X PBS using 20 kDa MWCO dialysis
cassettes (Thermo Fisher, Waltham, MA) for 4 h.

Characterization of RNA-LNPs. Lipid nanoparticles (LNPs)
were characterized using dynamic light scattering (DLS) on a
DynaPro Plate Reader III (Wyatt Technology, Santa Barbara, CA) to
determine the hydrodynamic diameter and polydispersity index
(PDI). The reported sizes represent intensity-weighted averages,
and the standard deviation of the particle size was calculated using the
formula: ¢ = (PDI X diameter’)/2. RNA concentrations were
quantified through A260 absorbance measurements performed with a
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Tecan NanoQuant Plate (Thermo Fisher) and an Infinite M Plex
plate reader (Tecan, Minnedorf, Switzerland). Relative encapsulation
efficiency was assessed using the RiboGreen Quant-iT RNA assay kit
(Thermo Fisher), following the manufacturer’s protocol, and
expressed as the percentage of RNA encapsulated relative to the
total RNA in the sample. For cryo-EM analysis, 3 yL of LNPs at an
approximate RNA concentration of 100 ng/uL was applied to glow-
discharged Quantifoil holey carbon grids. The grids were blotted and
plunge-frozen in liquid ethane using a Vitrobot Mark IV (Thermo
Scientific). Imaging was conducted at the Beckman Center for Cryo-
EM with a Titan Krios (Thermo Scientific) equipped with a K3
BioQuantum detector.

RNA Delivery Studies In Vitro. Firefly luciferase-expressing
HeLa cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Thermo Fisher), supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin, and maintained at 37
°C with 5% CQO,. Cells were counted, mixed at a 1:1 ratio, and seeded
at a density of 10,000 cells per well in a 96-well plate (Thermo
Fisher). After plating, the cells were treated with luciferase RNA-
LNPs, and luminescence was measured 6 h post-treatment using the
Luciferase Assay System (Promega), following the manufacturer’s
instructions. Luminescent signals were normalized to untreated cells
after subtracting background luminescence from the control wells
containing only reagents without cells. Cytotoxicity was evaluated
using the Cell Titer-Glo Luminescent Cell Viability Assay (Promega),
performed according to the manufacturer’s protocol. The resulting
luminescence values were normalized to those of untreated cells after
accounting for background luminescence.

Animal Studies. Animal experiments were conducted using 6—8-
week-old female CS7BL/6 mice (The Jackson Laboratory) in
compliance with protocols approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Pennsylvania.
For the luciferase study, mice received intramuscular injections of
luciferase RNA-LNPs at a dose of 4 yig of RNA per mouse. Six hours
after administration, the mice were injected intraperitoneally with D-
luciferin potassium salt at a dose of 150 mg/kg. Whole-body and
major organ bioluminescence imaging was conducted by using an in
vivo imaging system (IVIS; PerkinElmer, Waltham, MA). Bio-
luminescence signals were quantified by calculating the photon flux
in defined regions of interest using Living Image 4.7.3 software
(PerkinElmer), with photon flux values normalized to the image
background.

Statistical Information. Statistical analyses were conducted using
GraphPad Prism 9. Results are expressed as the mean =+ standard
deviation unless stated otherwise. Comparisons between two groups
were performed using one-way analysis of variance (ANOVA), while
Tukey’s post hoc test was applied for multiple group comparisons. p <
0.0S was considered statistically significant.

Continuous Production of Ag,S Nanoparticles. Two solutions
were prepared and coinjected by syringe pumps into each bare and
SCALA-AF chip, which were prepared as previously described. One
solution was prepared with 767 mg of L-glutathione (GSH, 98%,
Sigma-Aldrich) and 42.5 mg of AgNO; (99%, Sigma-Aldrich) in 75
mL of DI water, then the pH of this solution was adjusted to 7.4 using
NaOH (Fisher Scientific). Then, for the second solution, 10 mg of
Na,S (Sigma-Aldrich) was dissolved in 25 mL of DI water. The two
solutions were simultaneously injected into each bare and SCALA-AF
chip at a 3:1 flow rate ratio, respectively, with a total flow rate of 1.2
mL/min. The products were collected, concentrated, and sub-
sequently washed with deionized (DI) water using 3 kDa molecular
weight cutoff (MWCO) filtration tubes (Sartorius Stedim Biotech,
Germany). Filtration was carried out by centrifugation at 4000 rpm
for 20 min. The concentrated nanoparticles were further purified by
passing them through a 0.02 ym filter membrane (Whatman Anotop,
Boston, MA). The samples were analyzed using a cryo-electron
microscope. Image] software was used to measure the core diameter
of the nanoparticles. 100 nanoparticles per sample were analyzed.
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