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heterogeneity.21 Moreover, liquid handlers are typically limited
to a maximum volume of 1 mL per sample, requiring that a
different LNP generation method must be used to formulate
LNPs beyond the production scale necessary for discovery,
confounding the use of LNPs discovered by this method for
large animal testing or subsequent clinical evaluation.22

Microfluidic mixing solves the issue of heterogeneous particle
formulation by rapidly mixing particle components at the
micrometer scale,23,24 resulting in particles with consistent
physicochemical and biological properties.22,23,25−27 Using
recently developed microfabricated, parallelized architectures
such as the silicon scalable lipid nanoparticle generation
(SCALAR) chip, microfluidic mixing can also scale over 3
orders of magnitude of production scale, from the discovery
phase (∼10 mL/h) to the production phase (∼10 L/h)
without affecting LNP properties.23,24 While existing micro-
fluidic systems have made important strides to match the
throughput of formulation with parallelized downstream
analyses such as barcoding or automated plate-based trans-
fection assays,28 the production of large LNP libraries using
these technologies is hampered by either cost, throughput, or
both.29,30 Systems which use disposable mixing cartridges29

require significant manual intervention, and the cost of single-
use cartridges is generally prohibitive for large screening
efforts. Systems which feature a reusable glass microfluidic chip

are more cost-effective and sustainable long-term but can
produce around 15−20 distinct formulations per hour.30

Beyond the time required for mixing, these methods further
require the manual preparation of individual stock solutions to
vary the lipid stoichiometry between formulations. Thus, the
early screening of new, clinically relevant LNP formulations is
limited by the rate at which we can formulate novel LNP
formulations.

To accelerate the rate of LNP discovery, we have developed
a platform for formulating distinct LNPs at a maximum
throughput of one formulation every four s, on the order of
100× faster than conventional microfluidic approaches (Figure
1). We name the platform LIpid nanoparticle Batch
production via Robotically Integrated Screening (LIBRIS).
We have designed LIBRIS using a parallelized microfluidic
device architecture wherein multiple fluidic inputs, each
bearing an LNP component, are delivered to individual LNP
generators in defined proportions determined by on-chip
differentially encoded fluidic resistors and pressure-driven flow
controlled dynamically in under 150 ms using programmable
electronic pressure regulators. LIBRIS integrates a custom-
designed and microfabricated silicon-glass chip with a
microcontroller-operated plate robot and pressure manifold,
enabling automated control and direct collection of distinct
outputs into dialysis cassettes for postnucleation processing.

Figure 1. (A) Overview of the iterative generation and screening of LNP libraries using LIBRIS. (B) Comparison of the number of unique
formulations per hour possible using LIBRIS and other commercially available devices for microfluidic generation of LNPs. LIBRIS could be
scaled beyond 103 formulations hr−1 by increasing the number of mixing units using very large-scale microfluidic integration (VLSMI). (C)
Depiction of the scale invariance of parallelized microfluidic mixing, demonstrated with a parallelized chip comprising many of the same
mixing units and resistors (SCALAR),24 as compared with other mixing techniques for LNP formulation.
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Figure 2. Design and fabrication of the LIBRIS chip. (A) Schematic of the LIBRIS chip, depicting fluid entering one of six inputs �1−6 and
being distributed differentially through resistors ��,�, where � indexes the fluidic input and � indexes the LNP generator. The six inputs
combine in different combinations in each LNP generator �1−8 to generate distinct formulations �1−�8. (B) Labeled image of a single
mixing unit. Circuit diagrams for the resistor network for a single (C) device and (D) fluidic input. The LIBRIS chip varies pressures ��,� (E,
top middle) to deliver a set of lipid structures at a given set of concentrations (E, top left) through a set of lithographically defined resistors

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c15613
ACS Nano XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acsnano.5c15613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c15613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c15613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c15613?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c15613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


We evaluated the formulations produced by LIBRIS by
profiling the physicochemical properties and in vitro efficacy
of a library of 96 distinct LNP formulations, comprising three
sets of 32 formulations each made from a different set of well-
characterized lipids. We then validate the in vivo performance
of a subset of the library against well-benchmarked, previously
optimized formulations.6 To determine our potential through-
put, we establish relevant time scales for operational
parameters of our platform, including cleaning and reagent
interchange during continuous operation. Thus, we establish a
realistic throughput of around 300 �L of one LNP every five
seconds based on these calculations. At a lower collection
volume of ∼50 �L per sample, we achieved a higher
throughput of ∼1200 distinct LNPs per hour, around one
formulation every four seconds, currently constrained by the
time needed to exchange lipid solutions�a limitation that can
be further reduced in a next-generation platform with
automated input handling on the LIBRIS chip.

RESULTS
Integrated Microfluidic LNP Library Generator Lev-

erages Differentially Encoded Flow Resistors across
Identical Mixers. The LIBRIS chip comprises eight micro-
fluidic LNP generators that mix three fluidic inputs (i1, i2, i3)
containing lipid components solubilized in ethanol and three
fluidic inputs (i4, i5, i6) containing RNA and citrate buffer
(Figures 2A and S1). On the back side of the chip, a delivery
channel distributes each fluidic input to each of the eight
generators on the front side of the chip using through-silicon
vias (Figure 2A,B).31 Upstream of each LNP generator, there
are six unique lithographically defined resistors that control the
relative flow rates of each of the six ethanol and aqueous inputs
into the generator (Figure 2A). First, the aqueous and ethanol
inlets are separately mixed in two different staggered
herringbone mixers (SHMs). After separate and complete
mixing of both the aqueous and ethanol inputs, they combine
to formulate LNPs in the final SHM (Figure 2B).

We designed the LIBRIS chip using a lumped-element
circuit model (Figures 2C,D, S2−S3). We incorporate
lithographically defined microfluidic flow resistors upstream
of each LNP generator (Figure 2C), where the resistance of
each resistor Ri,m is much greater than the resistance of the
downstream SHMs such that the total resistance of each LNP
generating device is approximately Ri,m, for each fluidic inlet i
and LNP generator m. We model the fluidic resistance of each
element in LIBRIS, assuming a rectangular cross section of
dimensions length L, width w, and height h (assuming here
that h is the smallest dimension), using the relation24,32

( )
R

wh

12 L

1
h h

w
3 0.63

We vary the resistance of each of the fluidic resistors, Ri,m, by
varying the width of each resistor. Modifying the height across
different devices would require many additional lithography
steps and would be more sensitive to fabrication errors due to
the strong nonlinear dependence of Ri,m on the limiting
dimension h. We maintain the same length for each resistor to

simplify the connection of each generator to the delivery
channels.

We chose the resistances Ri,m through each of the three
ethanol phase inputs i of the LIBRIS chip to follow the relation
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By doing so, the relative stoichiometries of lipid components
can vary either directly or inversely proportionally with one
another across the eight generators, depending on which
inputs. Thus, modulating input pressures to achieve the desired
stoichiometry involves varying the input pressures inversely
between i1 and i2. The dynamic range of input pressures is
defined by the range at which the backflow of one input into
the delivery channel of another does not occur. Using a
fluorescent dye as a marker and monitoring backflow, we
established the dynamic input pressure range for i1 and i2 as ±
40% around a central pressure of 20 PSI, corresponding to an
∼15-fold variation in flow rate between lipid inputs (Table
S1).

We designed the chip to generate formulations with small,
precisely defined differences in stoichiometry (∼1% changes in
stoichiometry) between the eight on-chip generators, leverag-
ing the precision afforded by our lithographically defined flow
resistors. A new set of eight distinct formulations can be
generated by then rapidly changing the pressures applied to
each fluidic input. We rationalize our decision for small
differences in stoichiometries between generators since
previously assayed extremes, e.g., an LNP comprising either
0 or 80% PEG lipid, generally do not meet effective
physicochemical criteria or perform well in terms of a
biological output such as transfection efficiency and are thus
generally omitted from most screens.4,6,14,33,34 On the
contrary, meaningful biological differences, such as changes
in particle immunogenicity,35 have resulted from fine
stoichiometric gradations in the design space, similar to our
own (Tables S2 and S3). Nonetheless, our chip could produce
such extremes in the design space by simply changing the lipid
stock concentrations to those that would center the given
distribution around the desired stoichiometry.

We model our chip architecture as a ladder geometry where
the fluidic resistance of the delivery channel between each of
the generators RDel ≪ Ri,m (Figures 2D and S2).24,36 Thus, we
assume that the flow rate �i,m through each resistor is defined
by the pressure applied to each inlet Pi divided by the
resistance of each resistor Ri,m. We validate this assumption by
simulating the circuit across the range of our operating
pressures and performing a pairwise distance analysis between
the flow rates through each generator generated by the circuit
simulation and by the values calculated using the assumptions
above (Figure S3). We observe a strong correlation of
simulated and calculated relative flow rates across all LNP
generators (R2 = 0.99) (Figure S3C) as well as simulated and
actual relative flow rates (R2 = 0.97) (Figure S3D,E). Thus,
with an integrated pressure manifold, we can rapidly modulate
each inlet pressure Pi to vary the relative flow rate of each LNP

Figure 2. continued

(E, bottom), producing a library of LNPs of the size 8�, where � is the number of pressure settings (E, right). (F) Though we vary relative
flow rates, the total flow rate through the ethanol and aqueous mixers of each LNP generator remains the same across all pressures tested.
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Figure 3. Characterization of mixing efficiency and relative flow rates across LIBRIS chip generators. (A) Image of the fabricated LIBRIS
chip. (B) Fluorescent dyes were imaged flowing through the device. �1 is schematized as containing the IL and cholesterol, while �3 contains
phospholipids and PEG lipids. Mixing efficiencies were quantitated (�SD; errors determined by fitting 1 − � to an exponential decay
model) and compared using a one-way ANOVA, followed by Tukey’s HSD posthoc test across the (C) ethanol (� = 0.001, � = 1.0), (D)
aqueous (� = 0.006, � = 1.0), and (E) combined mixing regions of the chip (� = 0.004, � = 1.0). (F) The assumed flow rate ratios for each
mixing device were compared using (G) pairwise distance analysis to the actual flow rate ratios. (H) Correlation between pairwise distance
matrices was compared using a Mantel test (�2 = 0.96, � = 0.001).
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component through the resistors Ri,m to generate many distinct
sets of eight formulations (Figure 2E).

We designed the LIBRIS chip to maintain a constant total
flow rate through each generator, even as the relative flow rates
of the LNP components vary, allowing the lipid stoichiometry
to change while preserving consistent mixing conditions
(Figures 2F and S2). We achieve this function by using one
of the aqueous and ethanol inputs to compensate for the flow
rates from the other inputs that are varied. We designed the
flow rates of each ethanol input (i1, i2, i3) at a 1:3 ratio to their
corresponding aqueous input (i4, i5, i6) to maintain the same
ratio of IL from i1 and mRNA from i4 across all LNP
generators16,37,38 and to maintain the total flow rate ratio of
ethanol and aqueous inputs at 1:3, as is commonly done in the
literature.26

Silicon and Glass Chip Architecture Permits Highly
Precise Featuring and Chemical Inertness at High
Pressures. We fabricated the chip by photolithographically
patterning and then anisotropically etching four unique layers
into a single 500 � m-thick, 100 mm-diameter silicon wafer
that we anodically bond to glass wafers, diced into chips, and
fit within custom aluminum housing compatible with conven-
tional fluidic fittings found in standard HPLC instruments
(Figures S4−S8).24,31 We chose to use silicon and glass for
their capacity to be patterned with submicron resolution,39 to
be operated above 1000 psi,40 and to be compatible with a
wide variety of solvents.41 Choosing to manufacture a device
with features as small as those of our fluidic resistors in soft
materials, such as PDMS, would result in uncertainty in flow
rates due to channel deformation at our typical operating
pressures.42

Characterization of the LIBRIS Chip Reveals Efficient
and Uniform Mixing across All LNP Generators and
Validates Intended Flow Rate Ratios. We characterized
the mixing efficiency of each of the eight LNP generators and
determined both that their mixing rates were the same and that
the relative flow rates through each mixer were as designed
(Figure 3). To perform this characterization, we used solutions
of three water-soluble fluorescent dyes with minimal spectral
overlap as each of the ethanol inputs (i1, i2, and i3) and the
corresponding aqueous inputs (i4, i5, and i6). While operating
the chip at the pressure settings, it was later used to generate
LNP libraries (Table S1); we imaged the chip using a
fluorescence microscope, ensuring that intensity was within the
linear dynamic range of the camera across all fluorescence
channels (Figure 3B).

To quantify the efficiency of mixing (H) for each device, a
fluorescence micrograph was taken of each mixing portion, and
three fluorescence channels were overlaid. To eliminate
nonspecific background, grayscale values of a brightfield
image of the corresponding mixing portion were subtracted,
and then the mean squared deviation of the dye intensity for
each dye was integrated with respect to position y across the
width w of the channel.43,44 The mixing efficiency was
calculated from the fluorescence intensity values I at each
pixel as follows44

=H
I y I y

wI
1

( ( ) ) d
w

0 mean
2

mean
2

We calculate H for each of the three dyes used and report
the arithmetic mean of all three values. When 1 − H is plotted
against the number of mixing cycles, the data fits an

exponential decay model (Figure 2C−E). Consistent with
previous literature, we observe a plateau in mixing efficiency
before the end of each of our SHM regions�10 mixing cycles
for the aqueous and ethanol SHMs and 15 mixing cycles for
the LNP generating SHM. Consistent with previous literature,
we consider complete sample mixing at 1 − H ≈ 0.2.44 Within
each group of ethanol, aqueous (Figure 3C,D), and LNP
generating SHMs (Figure 3E), we observe the mixing value of
1 − H < 0.2 at the same mixing lengths, indicating that
observed differences in LNP characteristics derive from
differences in lipid ratios between generators, not differences
in mixing efficiency.

From the same mixing experiments, we evaluated the relative
mixing ratios of the different LNP components through each
LNP generator. We qualitatively observe the previously
described relationship
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in the color gradient of the generator outputs across the chip,
where the flow rates of green dye (�i,1, �i,4) and red dye (�i,2,
�i,5) trend inversely to the blue dye (�i,3, �i,6) flow rate across
the generators (Figures 3B and S2).

To quantify the mixing of the fluid from each fluidic input in
the microfluidic mixer, we performed the following analysis.
Each ethanol-phase inlet was supplied with a distinct
fluorescent dye. The relative ratio of each dye through each
channel was quantified by calculating the ratio of the
fluorescence intensity of each dye when fully mixed to its
intensity in the unmixed entry region of the chip. Each of these
ratios was represented as a fraction of the sum of the dye
intensity ratios. We opted to measure relative intensities rather
than to measure laminar thicknesses, given the effects of
boundary conditions on the fluidic velocity profile in a channel
of rectangular cross section.32 To compare the difference
between the predicted and actual flow rate ratios of the LIBRIS
chip, we normalize flow rates through each mixing unit at each
pressure setting and perform a pairwise distance analysis on the
relative flow rates through each input (Figure 3F, inset) of our
calculated distribution (Figures 2F and 3F) and actual
distribution (Figure 3G) as determined above, observing that
the distributions of relative flow rates are nearly identical as
compared by a Mantel test (R2 = 0.96, P = 0.001) (Figure 3H).

Beyond characterization of relative flow rates, we used high-
performance liquid chromatography (HPLC) to characterize
the relative molar percentages of a set of eight particles
produced at a single pressure setting. We show that all
theoretical and actual lipid ratios correlate strongly (Figure
S8). By Wilcoxon signed-rank tests, our phospholipid and
cholesterol ratios do not differ significantly from our predicted
ratios, but our ionizable lipid and PEG lipids appear
significantly different from their theoretical values (Figure
S8). These results initially appear contradictory, given that in
the experiment depicted, ionizable lipid and cholesterol were
present in the same input solution used for i1, and
phospholipid and PEG lipid were paired for input i3, meaning
that their flow rates to each generator were identical, and
trends between these lipids should not deviate significantly.

For the ionizable lipid, we observe a similar trend between
cholesterol and the ionizable lipid. However, the tighter
observed stoichiometric range may be related to its presence as
the stoichiometrically leading component in solution. Thus, for
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Figure 4. Schematic overview, timing diagram, and collection consistency of the custom plate robotic interface. (A) Overview of a single
collection run, where a user initiates the setup and the microcontroller synchronizes plate motion with pressure regulation. (B) The life cycle
of a single set of eight LNPs generated and collected by the plate robotic interface. After initiating, (C) a timing diagram shows the
breakdown of the 2.75 s waste cycle for a set of eight LNPs, (D) where a total of ∼70 s is required to collect 32 LNPs. (E) A labeled set of
images of the plate robot. Measurement of the precision of collection in (F) � = 20 iterations of movement on the same plate and (G) � = 20
iterations of movement across three separate plates. (F, left) Measurements of puncture marks across four collection positions for the same
needle position were compared using a one-way ANOVA followed by a Tukey HSD posthoc test (� = 1.5, � = 0.19). (F, right) A one-sample
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a tightened flow rate range of i1, which held both ionizable
lipid and cholesterol, the observed narrowing of the range of
accessed stoichiometries will be exaggerated for ionizable lipid
relative to cholesterol. We hypothesize that the apparent
deviations in the theoretical and actual values of the PEG lipid
stoichiometry arise from its proportion and thus error
susceptibility relative to the other lipids (Figure S9).

It may also be the case that the predicted flow rates and thus
input stoichiometry do not map identically to the predicted
output stoichiometry. While some kind of nonlinear mapping
between input concentration and stoichiometry in the final
solution of LNPs has not been firmly established in the
literature, previous efforts in time-resolved structural character-
ization of LNPs indicate distinct lipid−RNA and lipid−lipid
interactions for each lipid during particle nucleation and
subsequent growth and equilibration phases.45−48 It is well
established that different lipids segregate to different locations
within the particle49,50 and behave differently in terms of their
rate of exchange between particles,46,51 which could ultimately
result in differences in the particle stoichiometry after dialysis.

Design and Implementation of Custom Plate Robotic
Interface Allows for Rapid Collection of Distinct LNPs to
In-Line Dialysis. Though the LIBRIS chip rapidly generates
many formulations from a single set of solutions simply by
varying pressures, each of these outputs must be kept separate
for further screening. Thus, we designed and fabricated an
interface that coordinates the motion of a custom plate robot
with the control of a set of programmable pneumatic
regulators, enabling disposal of undesired priming solution
and collection of pure sample directly into on-plate dialysis
cassettes once the chip has equilibrated (Figures 4A,B and
S10).

The step-by-step process for LIBRIS to generate a set of
distinct formulations is as follows: it initializes its flow under a
new set of pressures, discards the output associated with this
initialization, moves the plate to collect the eight outputs into
individual dialysis cassettes, and collects ∼300 �L of each
formulation, which takes around 17.5 s, i.e., 0.5 s per
formulation (Figure 4C,D). In this time per formulation, the
integrated robotic system both equilibrates the chip and moves
between each 4 × 2 array of dialysis cassettes to collect sets of
eight samples. By integrating direct serial control of the
regulators, the microcontroller initiates the pressure regulators
in under 150 ms, and subsequent equilibration of the pressure
regulators occurs within 1.5s, as dictated by the proportional-
integral-derivative (PID) controller (Figure S11, Video S1).
From the time of pressure initiation, stabilization of the fluidic
lamina on the chip occurs in 1.6 s, determined by analyzing the
laminar flow versus time using inlets that contain fluorescent
dye. To minimize the time it takes for the robot to move the
chip to the next set of wells, motion of the plate from one
position to another begins 600 ms before the chip has finished
equilibrating flow and enters the collection well at 2.75 s
(Figure 4C, Video S1). We achieved these exchange times
between samples by minimizing on-chip volume, minimizing
tubing length and volumes, incorporating a silicon and glass
architecture to improve the response time of the fluid flow to

changes in pressure relative to mechanically softer devices
made of soft polymers, and designing the plate robot to be as
stiff as possible to improve its mechanical response time. The
highest total dead volume of any output is ∼35 �L, comprising
the volume of the chip outlets and outfitted needle (Figure
S10). Thus, at a flow rate of 20 �L/s, the dead volume of each
output has been completely flushed between collections. The
total collection time for 32 LNPs is ∼70 s, with ∼10 s of waste
collection (Figure 4D). Because the throughput described here
is dominated by collection time, with a different microfluidic
mixing geometry which operates at higher flow rates,44 or with
less sample collected, our throughput could increase propor-
tionally.

To determine the theoretical limitations of our throughput,
including cleaning and interchange of fluidic inputs, such as
distinct lipids or RNA, we measured the time required to
perform a manual cleaning and interchange of two fluidic
inputs. To demonstrate an appropriate time scale for cleaning
the chip and substituting lipid inputs, we interchange both of
our lipid inputs with a prepared 0.1 M NaOH cleaning solution
and run a high-pressure cleaning step by pressurizing both
cleaning inputs at 100 psi for 5 s, flushing over >5× our chip
dead volume with cleaning solution. We then dip rinse the
outside of our input tubing in ultrapure water to prevent lipid
contamination with cleaning solution, replace our input
solutions with a different fluidic input, perform a high-pressure
priming step for ∼5 s, equivalently priming with 5× our chip
dead volume, and then equilibrate pressures for operating
pressures for 3 s. This entire process required around 1.75 min,
with manual interchange (Video S2). To validate that this
cleaning process did not negatively affect our LNPs, we
collected fractions of SM-102 LNPs at 20 s intervals over the
course of a 4 min continuous collection and compared the
physicochemical characteristics of LNPs produced before and
immediately after cleaning, observing no significant difference
in LNP characteristics before and after cleaning (Figure S12).

To demonstrate the consistency of our sample collection
when scaled across many plates, we measured the ratio of
fluorescent dyes loaded into two of the variable lipid inputs
across n = 10 plates, which corresponded to 320 LNP
formulations. We collected 80 �L of each sample, without
sample exchange, in ∼ 7.5 min, resulting in a theoretical
throughput of ∼2500 LNP formulations per hour including
manual plate interchange (Video S3). Residuals of the ratio of
fluorescence intensities across all of these replicates indicate
minimal variance between samples, which may result from
small inconsistencies in volume from residual droplets clinging
to the collection membrane (Figure S13).

We measured the precision of the positioning of the plate
beneath the fixed LIBRIS chip to ensure that no leaking or
cross-contamination of the outputs would occur. Each chip
output is connected to a needle, which we position above the 2
mm × 2.5 mm aperture of a dialysis cassette situated in a 96-
well plate (Figures 4B, S10, S14, and S15). By covering each
cassette with a disposable membrane, we prevent any backflow
or leakage from the cassette and collect the sample directly into
dialysis. We measured the precision of the plate positioning by

Figure 4. continued

�-test was performed to determine whether the radius of puncture was below the acceptable radius of 1 mm (� = −572.4, ���� = � ≪
0.0001). (G) The variance of the puncture marks at the same positions across three plates (left) was compared similarly (� = 1.4, � = 0.27),
and the absolute position for each needle within the cassette was compared across plates (right, � = 2.2, � = 0.14).
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programming the robot to move through four collection
positions 20 times in a row on the same 96-well plate and
measuring the radius r of the puncture marks made by the
collection needles (Figures 4F, S14, and S15). The diameter of
the puncture marks across all cassettes measured only 130 � m
greater than the diameter of the needle, meaning that any
centered needle is exceedingly unlikely to puncture outside of
the acceptable radius of 1 mm from the center of the cassette
(Figure 4F). We further evaluated plate positioning across
multiple plates by measuring the puncture marks relative to a
fixed position (Figures 4G, S14, and S15). No significant
difference was observed across the variance of puncture marks
at the same movement position across the three plates (Figure
4G).

We then evaluated the consistency of total sample volume
collection between wells and the minimum collection volume
possible to determine the versatility of the LIBRIS platform
across volumes. Using 10s collection times, consistent sample
volumes of 120 �L were collected across all outputs (Figure
S14A), and the platform was capable of collecting a minimum
volume of 10 �L per sample, enabling the screening of
physicochemical characteristics with minimal lipid and RNA
use (Figure S16B).

To improve the accessibility of our robotic system to
researchers who are not experts in microfluidic and robotic
technology, we designed a user-friendly graphical user interface
(GUI) that converts a set of input concentrations and a desired
range of molar percentages for the LNP components into the
correct input pressures (Figure S17).

Physicochemical Characterization of 96 LNP Library
Validates Production of Distinct LNPs. The composition
of each set of eight LNP formulations is determined by the
flow rates of each lipid-bearing ethanol phase input, namely, i1
and i3, into each of the eight generators. We define these flow
rates at any given set of input pressures Pi,n by our
lithographically defined resistors, designed to have resistances

significantly greater than those of the generators or delivery
channels. Therefore, their hydraulic resistance controls the
flow rate from each input to each generator at a given pressure.
By the relation P = QR, the difference in flow rates supplied to
generator 1 and generator 2 from a given input i is dictated by
the fixed resistances Ri,1 and Ri,2. Because these resistors are
lithographically defined and cannot be changed dynamically,
we cannot independently choose the flow rates differentially
provided to each generator from a single input and, therefore,
cannot independently choose the stoichiometry for each LNP
in a set of eight.

However, by adjustment of the relative pressures of inlets i1
and i2, any set of flow rates, and thus stoichiometries, across
the eight predefined formulations can be achieved within the
bounds detailed below (Figure S18). While the differences in
relative flow rates of an input i at a pressure setting Pi,n are fixed
from one generator to another, changing P for any input i
accesses stoichiometries between those previously defined
formulation ratios. The dynamic range of accessible mole
percentages for each lipid is defined by the maximum
difference in pressure drop between inputs in any given
generator; otherwise, backflow will occur (Figure S18). In the
LIBRIS chip, because we define the resistances Ri,m of our
resistors to be at least 5× greater than those of the downstream
mixers, no backflow occurs within approximately a 5-fold
difference in relative flow rates in any generator. The
resolution of LNP stoichiometries produced by our system is
defined by the resolution of our pressure regulators (∼0.01
PSI). This pressure error propagates to a compositional error
of ∼10−3 mol % per lipid component (Figure S18).

While any set of eight formulations can be modeled as eight
points in a plane (Figures S19 and S20), the full range of
potential LNP stoichiometries producible on-chip with a single
set of fluidic inputs at fixed concentrations can be described by
a curve in two-dimensional parameter space (Figures S18−
S20). The range of possible formulas can be further expanded

Figure 5. Physicochemical characterization of the LNP libraries generated by the LIBRIS chip. (A) Schematic of the potential design space
assayed in this library. Across each lipid set, IL and cholesterol mole percent ratios vary directly proportionally with one another, which vary
inversely with the phospholipid and PEG lipid ratios. A decrease in LNP size is shown with increased PEG concentration, schematized in the
top right of the subpanel. (B) DLS measurements of the size of each formulation. (B, insets) Size decays exponentially with the molar
percentage of PEG (MC3: � < 0.0001, SM-102: � < 0.0001, C12−200: � < 0.0001). (C,D) 95/96 particles and 93/96 particles fall within
physicochemical benchmarks of the encapsulation efficiency (EE %) and polydispersity index (PDI).
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by changing the lipid concentrations in the fluidic inputs
between formulations. With the same pair of lipids per input,
one can sweep across this curve in the plane of potential
stoichiometries (Figure S21), allowing for any pairwise
combination of lipid ratios. Further, by changing which lipids
are paired together in each input (e.g., pairing an ionizable
lipid with a PEG lipid instead of cholesterol), one can span a
full tetrahedron in three-dimensional composition space
(Figure 5A).

To validate the generation of LNPs with different
physicochemical properties by using the LIBRIS platform, we
formulated a library of 96 LNPs. We refer to each group by
shorthand for the IL: D-Lin-MC3-DMA (MC3), SM-102, and
C12−200. We chose to use the MC3 and SM-102, given their
clinical validation, and to use C12−200, given its status as a
gold standard for transfection efficiency.6,52,53 The design
space assayed during these experiments varies the molar
percentages of IL and cholesterol in direct proportion, which
both vary inversely with the concentration of phospholipid and
PEG lipid (Figure 5A). Using the LIBRIS chip, we formulate
each of these lipids into a set of 32 LNPs at the molar ratios
outlined (Tables S2−S4), as determined by the stock
concentrations and the relative flow rate ratios derived from
the mixing experiments above. We measured the hydro-
dynamic diameter (size) and polydispersity index (PDI) of
each sample using dynamic light scattering, observing distinct
sizes which correlate inversely with the percentage of PEG
both within each set of eight LNPs and across all groups
(Figure 5B, insets).20,54 Across all samples, only three
formulations demonstrated a polydispersity index (PDI)
above 0.3, and only one formulation demonstrated an
encapsulation efficiency (EE %) of less than 70%, meaning
that nearly all particles fall within acceptable physicochemical

benchmarks (Figure 5C,D). Unlike size, the EE % and PDI did
not correlate with the molar concentration of PEG (Figure
S22).

To ensure that the differences in physicochemical character-
istics between sets of eight LNPs were not an artifact of drift
between samples, we continuously operated the chip to
generate the same formulation 5 times. Across a representative
sample of three SM-102 formulations, we measured consistent
particle size between collections at the beginning and end of
operation, indicating that particle characteristics do not
meaningfully change within the operating time of the
experiments performed (Figure S23). We further compared
the physicochemical characteristics of LNPs generated using
our SHM-based mixing technique against automated pipets,
meant to mimic conventional liquid handlers. We demonstrate
that using the LIBRIS chip, we generate significantly smaller
particles (∼80 nm vs ∼180 nm) with higher batch-to-batch
consistency and a lower, more consistent PDI than when using
automated liquid handling (Figure S24). Additionally, we
showed that LNPs made using the LIBRIS platform compare
in size and PDI to particles made using a control PDMS SHM,
and a 10× parallelized SHM (Figure S24). Thus, as
demonstrated here and by our previous work,24 we can screen
for an optimal LNP formulation at discovery scale and then
generate a formulation with identical properties using the same
mixing architecture at market scale.

In Vitro and In Vivo Performance of LNPs from
Library Validates Differences Observed in Physico-
chemical Characterization. We evaluated the utility of the
LIBRIS chip in the LNP screening process by measuring the
transfection efficiency of particles across the previously
described libraries (Figure 6A). Using RNA concentrations
determined during EE % characterization of the libraries, we

Figure 6. In vitro and in vivo validation of differences between LNPs in libraries shown by physicochemical characterization. (A) Heat map
of the % of mCherry+ HepG2 cells across all 96 LNPs screened. The lowest and highest transfecting C12−200 LNP moved forward from the
in vitro screen into in vivo testing. (B) Representative IVIS images of the major organs extracted from one member of each cohort 6 h after
LNP administration, showing luciferase expression in the liver (H, heart; Lu, lungs; Li, liver; Sp, spleen; 	i, kidneys). (C) Quantification and
analysis of hepatic luciferase expression between each treatment group. Normality of each sample distribution was validated by a Shapiro−
Wilk test (PBS: � = 0.5881, �4: � = 0.5913, �24: � = 0.3048, BF: � = 0.6586). One-way ANOVA followed by Tukey’s HSD test was used to
compare total luminescence between all groups (�� < 0.05, ��� < 0.01). � = 4 mice in the PBS group. � = 6 in treatment groups.
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dosed HepG2 cells with LNPs loaded with mCherry from the
MC3, SM-102, and C12-200 groups (Figure 6A). Using flow
cytometry, we determined both the percentage of mCherry +
cells and the mean fluorescence intensity (MFI) for n = 5
wells, where we observed the difference in LNP transfection
efficiency contingent on formulation (Figures 6A, S25, and
S26). To determine which of the physicochemical character-
istics had the most meaningful implications on transfection
efficiency, we performed a principal component analysis,
excluding the LNPs that failed to meet previous physicochem-
ical benchmarks (Figure S27A). We observed that, excluding
composition, which varies in fixed increments between
samples, either EE %, seen in the MC3 group, or size, seen
in the SM-102 and C12-200 groups, had the most significant
loading across the groups, a result generally consistent with the
literature.55,56 To analyze the relationship between size, a
variable with significant loading across all samples, and
transfection efficiency, we performed Pearson correlation
analyses between transfection efficiency and PEG lipid molar
composition across each group, revealing that in the MC3 and
SM-102 groups, PEG percentage and transfection efficiency
correlate inversely, while in the C12−200 group, transfection
efficiency and PEG percentage correlate directly (Figure
S27B).

To evaluate the relation between the in vitro performance of
particles made using our chip and their in vivo performance,
we quantified the in vivo hepatic transfection from the top-
performing LNP (C12−200 F4), the poorest performer
(C12−200 F24), and the previously optimized C12−200
formulation (Figures 6B and S28).6 Instead of formulating
these using the LIBRIS chip, we sought to cross-validate the
results of the in vitro screen by determining the molar
concentrations of each lipid corresponding to the formulations
above (Table 1), then formulating each LNP using a single
microfluidic mixing device as described previously.56,57

Separate cohorts of mice were treated intravenously (i.v.)
with each of these formulations loaded with firefly luciferase
mRNA at a total dose of 0.1 mg/kg (Figure 6C). Expression
was observed almost entirely in the liver, consistent with
previous literature (Figures 6C and S29);6 thus, we report total
hepatic luminescence as opposed to luminescence in other
organs. Total hepatic luminescence indicated around a 2-fold
increase in expression between F4 and F24, with F4
performing comparably to the previously optimized LNP
formulation (Figure 6C).58,59 These results further validate the
differences in composition generated in each library by the
LIBRIS chip and suggest that there exist more biologically
optimal LNPs discoverable by varying compositional ratios
within a single set of lipid structures.

DISCUSSION
We present an approach that significantly enhances the
throughput of generating precise microfluidic formulations of
distinct LNP formulations, using a mixing method which can
scale in volume from early discovery to production
quantities.24,81 By parallelizing the delivery of lipid compo-

nents on our LIBRIS platform through lithographically
encoded resistors, we achieve a 100-fold increase in throughput
relative to manual microfluidic device operation. The LIBRIS
platform has the potential to accelerate the discovery pipeline
over the state of the art by enabling a much more rapid and
precise screening of formulation spaces for existing or
previously untested sets of lipids.

The LIBRIS platform can be used to generate volumes as
low as 10 �L of many distinct formulations for screening; then,
using the SCALAR chip,24 manufacturing of that formulation
can be scaled to L/h under the same mixing conditions. On the
whole, while it is expensive to screen thousands of LNP
formulations, our ability to handle small fluid volumes (∼50
�L or less) and integrate into conventional high-throughput
workflows could ultimately result in lower material costs. In
many cases, plate-based analogs of macroscale disposables for
LNP handling are significantly less expensive, as demonstrated
by single-use dialysis cassettes, which are approximately three
times cheaper in plate-based formats than in comparable
macroscale formats.60,61 Additionally, because the chip is
manufactured from silicon and glass, it can be rapidly cleaned
at high pressure or modified with antifouling coatings.62,63

Finally, because our robot measures approximately 18 × 18 ×
10 in3 (length × height × width), the entire setup can be
placed inside a biosafety cabinet to generate particles under
sterile conditions.

To further improve the throughput of LIBRIS, it is possible
to increase the number of devices by 10 or 100× on the area of
a silicon wafer up to 6 or 9 in. diameter. We have previously
expanded the ladder geometry design principles of parallelized
resistors fed via delivery channels, described here, to 20,000
generators on a single chip for droplet generation.64 However,
even if many more distinct formulations were generated per
pressure setting on the chip, the downstream collection of
those formulations into millimeter-scale compartments for
subsequent screening and handling remains a limiting
challenge.65

While the throughput of our system is on the order of
∼1000 formulations per hour, dialysis or postprocessing of
LNPs occurs on a much longer time scale after formulation,
typically ∼2−24 h.51 Because our robotic platform can deposit
LNPs directly into plate-based dialysis cassettes, these dialysis
processes can occur in parallel, avoiding a bottleneck in
formulation rate but still introducing a fixed delay between
generation and downstream screening. With additional
conventional automation�such as a robotic arm and liquid-
handling modules�these plates of postprocessed LNPs could
be automatically exchanged from the plate-handling robot,
stored, and removed from their cassettes for further plate-
compatible physicochemical66 or in vitro screening.19,67 Given
the mismatch in time scales between generation and
postprocessing, further parallelization will require innovations
in on-chip separation, labeling, and postprocessing of distinct
formulations or novel approaches to off-chip compartmental-
ization.

Table 1. Physicochemical Characteristics and Molar Compositions of LNPs Tested In Vivo

formulation IL (%) cholesterol (%) phospholipid (%) PEG lipid (%) size (nm) PDI

F4 33.3% 44.3% 19.4% 3.0% 73.8 0.20
F24 40.1% 53.3% 5.7% 0.9% 121.8 0.06
base formulation 35% 46.5% 16% 2.5% 63.8 0.26
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Given the novelty of our chip design and implementation,
we here benchmark our parallelized microfluidic approach to
LNP formulation using clinically validated or well-bench-
marked lipids6,52 which have been well profiled for hepatic
delivery68−71 to demonstrate that our platform can generate
formulation libraries that match those using gold standard
technologies at a significantly improved throughput.

However, our system is well optimized to screen new lipid
structures across ex vivo modalities, where downstream
automation can readily process these LNPs, dose cells, and
analyze their biological performance.19,28,72,73 However, to
utilize this system for high-throughput in vivo screening,
additional processing must be performed to distinctly barcode
these particles. In the case of distributing barcodes, most
commonly oligonucleotides,17,18,74 one would require n inputs
for n outputs, as each distinct LNP formulation would have to
be identifiable by its barcode. Certain solutions may be
compatible with our system, such as the incorporation of
barcodes in the LNP formulation after initial nucleation by
modifying RNA chemistry75 or incorporating additional mixing
stages,76 but the incorporation of this additional processing
with our existing system to enable high-throughput in vivo
screening requires further development. Nonetheless, the
acceleration in the rate of ex vivo screening could accelerate
the discovery of new cell therapies77,78 or enable a more
thorough explanation of the formulation space using emerging
methods of higher resolution physicochemical character-
ization.79

We ultimately envision that, coupled with these advance-
ments in automation and downstream analysis, LIBRIS could
be useful for the rapid generation of large LNP libraries to train
new machine learning (ML) models. Many groups have made
important advancements in establishing model architectures
and screening methodologies for predicting new LNP
formulations.19,28,34,80 However, a significant issue thus far
has been a mismatch between the training data, largely in vitro
reporter assays, and the ultimate use of the model output to
predict LNP formulations with improved in vivo performance.
Additionally, the composition space for each set of lipid
structures is generally sparsely sampled.12,33,38 In addition to
the incorporation of in-line methods to functionalize LNPs for
high-throughput in vivo screening, future developments to
LIBRIS may involve enabling the capacity to more widely span
a compositional design space with a single set of fluidic inputs
(Figures S18−S21) and the ability to more easily interchange
fluidic inputs and thus more rapidly screen across different
lipid structures or RNA sequences.

Ultimately, we believe that the discrepancy in particle mixing
methods between early screening and validation experi-
ments9,28 may potentially obscure true optimal candidates for
a given biological outcome. We believe that training ML
models using LNPs generated with clinically translatable
mixing methods such as those shown in LIBRIS, using well-
curated biological data, which would effectively predict
therapeutic efficacy in clinically relevant ex vivo or in vivo
models, provides the highest likelihood of determining
screening hits, which can be scaled for market production
using the same mixing methods at scale.

CONCLUSIONS
In summary, we present a platform that integrates microfluidic
parallelization and automation to generate and collect on the
order of 103 distinct formulations of LNP formulations per

hour. We demonstrate the promise of this approach for ex vivo
screening and validate our screening results in vivo. We believe
that the platform demonstrated here provides a potential
means of generating clinically relevant LNPs at a throughput
relevant for the future training of ML models for the discovery
of LNP candidates to address unmet medical needs.

METHODS
Fabrication of the LIBRIS Chip. Chips were fabricated in the

Quattrone Nanofabrication Facility at the University of Pennsylvania.
The chip design comprises four layers, designed in AutoCAD (San
Rafael, CA): the mixing channels (layer 1, depth: 85 � m), the
resistors and herringbones (layer 2, depth: 20 �m), the delivery
channels (layer 3, depth: 365 �m), and the “through silicon vias” or
interconnects between both sides of the wafer (layer 4). In brief, using
a Heidelberg 66+ laser writer (Heidelberg, Germany), chrome-coated
soda lime photomasks (Telic Company, Santa Clarita, CA) were
patterned, developed in an AZ300 MIF developer (EMD Perform-
ance Materials Corp., Philadelphia, PA), and then the exposed pattern
was etched into the chrome (Transene Company, Danvers, MA). The
remaining photoresist was removed by a PE Remover (DuPont,
Wilmington, DE) under sonication at 65 °C for 10 min. The general
pattern for fabrication of each layer etched into a single 500 � m thick,
100 mm diameter silicon wafer (ID 775; University Wafer, South
Boston, MA) is as follows: prepare wafer with resist adhesion
promoter, spray coat resist, bake, rest, lithographically pattern, rest,
develop, etch, perform metrology, adjust etching if feature depths are
incorrect, and clean before moving to the next layer. In greater detail,
at the beginning of each layer, the wafer was coated with 49% HF for
30 s, then rinsed thoroughly with water, and dried on a 200 °C hot
plate for 2 min. S1805 photoresist (Dow, Midland, MI) was mixed at
a 1:8 ratio with acetone and then spray-coated on the processed wafer
to the desired thickness using an AS8 AltaSpray Coater (SÜSS
MicroTec, Garching, Germany). Wafers were baked at 110 °C for
approximately 5 min per 4 �m of resist immediately after spray
coating and then left to rest at room temperature for >30 min for each
step to prevent outgassing during exposure. The respective resist
thicknesses for each layer 1−4 are 8 �m, 8 �m, 16 �m, and 4 �m.
After spray coating, resting, and baking, a mask aligner (MA6, SÜSS
Microtec) was used to expose the coated wafer. Exposure times varied
depending on the resist thickness. After exposure, each wafer was
developed in AZ300 MIF developer, rinsed, dried at room
temperature, and subsequently underwent a deep reactive ion etch
(DRIE) (SPTS Rapier Si, Newport, UK) to the etch depths listed
above. After etching, each wafer was profiled using an optical
profilometer (Profilm 3D, Filmetrics, San Diego, CA), cleaned using a
PE remover and Nano-Strip (VWR, Radnor, PA), and heated to 110
°C. This process was repeated for each layer.

Layer 2 (resistors and herringbones) underwent a slight
modification to the procedure to preserve the edges of the mixing
channels, where resist can delaminate during the exposure process.
After the cleaning at the end of Layer 1, the wafers were conformally
coated with 500 nm of SiO2 using plasma-enhanced chemical vapor
deposition (Oxford Plasma Lab 100 PECVD) (Oxford Instruments,
Abingdon, UK). The layer process proceeded as described until after
exposure, where the exposed 500 nm layer of SiO2 was etched away
using CF4 plasma in the reactive ion etcher (Oxford 80 Plus, Oxford
Instruments, Concord, MA).

For Layer 4, a 4 � m thick layer of SiO2 was deposited using
PECVD on the delivery channel side (backside) of the wafer to
prevent the breaking of the vacuum lock under the final through
silicon via DRIE step. Instead of promoting resist adhesion using 49%
HF, which would rapidly dissociate this oxide layer, the wafer was
coated with bis(trimethylsilyl)amine (HMDS) (Genesis Prime Oven,
Genesis Systems, Davenport, IA) for 10 min.

The fully etched wafer, and two 100 mm Borofloat 33 glass wafers
(ID 517; University Wafer), one of which was micromachined with a
custom inlet−outlet hole setup using an IX-255 laser system (IPG
Photonics, Oxford, MA), are left in Nano-Strip at 110 °C for 30 min.
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All wafers are spin-rinse-dried (RENA Compass, RENA, Albany, OR)
and then stacked in a glass/silicon/glass arrangement, aligning the
inlet−outlet glass holes with the etched delivery channels. The triple
stacked wafer is anodically bonded at 900 V and 400 °C under a 100
N piston force using an EVG 510 Wafer Bonding System (EVG
Group, Oberosterreich, Austria), and then the wafer stack is allowed
to cool to at least 180 °C before flipping the wafer stack over to repeat
the bonding in the other direction, producing a bonded triple stack of
wafers. The wafers are diced into single chips using a dicing saw
(ADT 7100, ADT, Horsham, PA) fitted with a resin blade.

Circuit Simulation. A replica of the chip was rendered in LTSpice
Version 17.2.4. Pressure (Pa) was analogized as voltage for each
respective fluidic inlet i across each set of pressures that we

experimentally validated (Pi,n). The flow rate ( )mm
s

3

was analogized

to current. Hydraulic or fluidic resistance ×( )Pa s

mm3 was analogized to
electrical resistance. Hydraulic resistances were calculated from
dimensions determined by measurements of each chip by using
optical profilometry (Profilm 3D). Pairwise distance analyses were
performed between relative flow rate values derived from the LTSpice
simulation and both predicted and actual values. Correlation
coefficients were calculated using a Mantel test (Figure S2).

Mechanical Integration of the Pneumatic Regulator Setup
with the Chip. A custom housing for the chip was designed in
Fusion360 (Autodesk) and machined from 6061-T651 aluminum
(Protolabs, Maple Plain, MN). 1/4”−28 UNF threaded ports were
included on the backside of the chip to allow for collection of inlets
and outlets, and viewing windows exposing all mixing channels were
located on the front side of the chip (Figure S10). A nitrogen tank
was connected to six dual-valve pressure controllers (Alicat Scientific,
Tucson, AZ) via a 7-port manifold for 1/16 in. outer diameter (OD)
tubing (IDEX H�S, Oak Harbor, WA). Each regulator was connected
to a pressurizable vessel (Elveflow, Paris, FR) via flat-bottom 1/4“-28
PEEK M-UNF fittings (IDEX H�S). These vessels contained the
fluidic inputs, which were distributed to the separate delivery channels
on chip through a pressure fit connection between the machined glass
and a 1/16 in. OD ferrule (IDEX H&S). For the collection of outputs,
eight M-UNF 1/4″-28 × Luer slip adapters (IDEX H&S) were
threaded into the 1/4″-28 M-UNF output ports of the aluminum
housing, and 30G × 9 mm low-dead volume needles (Air-Tite,
Virginia Beach, VA) were press-fitted to the adapters. An additional
manifold was cut from 1/8 in. thick clear acrylic and fit over the
collars of the needles to better align and support the needles in the 4
× 2 array.

Design and Fabrication of the Plate Robot. All parts of the
skeleton of the robot, including robot legs, plate stage, and motor
compartments, were designed in Fusion360. Lead screw nuts were
printed using a Form2 SLA printer with Durable Resin (Formlabs,
Somerville, MA). All other components were printed from a PolyLite
PETG filament (Polymaker, Shanghai, China). The top base plate
which held both the chip and the xyz stage for the portable
microscope was laser-cut from 1/4″ thick clear scratch-proof acrylic
(McMaster-Carr, Robbinsville, NJ) with a 0.0075″ tolerance.
Additional parts, such as stainless steel and ceramic-coated 6061-
T651 aluminum shafts (3/8″ diameter, 9″ long), lead screws (1018
Carbon Steel Precision Acme Lead Screw, Fast-Travel, Right-Hand,
3/8″-5 Thread, 5:1 Speed), and stainless-steel bearings (3/8″ Bore,
3/8“ × 5/8” × 1−19/32″) were acquired (McMaster-Carr), and the
skeleton of the robot was fabricated using additional bolts, nuts, and
spacers from the GM Lab at the University of Pennsylvania.

The skeleton of the robot was fabricated by first assembling the
central plate support, as shown (Figure 4E). This assembly was then
mounted on two 12-in. linear motion shafts (Tapped Linear Motion
Shaft, 52,100 Alloy Steel, 3/8″ diameter, 8″ long, McMaster Carr),
which were secured to H-supports at both ends using 16 mm M4
screws (GM Lab). The top acrylic sheet was press-fitted onto the H-
supports to complete the primary framework. Motors for motion in
the z-axis (two motors), y-axis, and x-axis were purchased from
Digikey and assembled into their respective compartments (Figure 4).

Integration of robot motion with pneumatic regulator control: To
control the robot, an Arduino Mega (Monza, IT) was utilized as the
primary controller. X and y motors were controlled utilizing an
Adafruit motor shield (v2, Adafruit Industries) with an external 12 V
2A power supply. Two A4998 stepper motor drivers (Pololu
Corporation, Las Vegas, Nevada) with a 1/4 microstep were used
to control both z stepper motors with an additional 12 V 3A power
supply. To serially communicate with the five 50 psi PCD-series
pressure regulators and one 100 psi PCD-series pressure regulator as
shown (Movie S1). A simplex architecture operating with an inverted
transistor−transistor logic protocol at a baud rate of 19,200 Bd was
employed, where the gauge pressure of the devices was read via analog
pins on the Arduino Mega. Communication was performed through
an 8-pin mini-DIN connector and an 8-pin mini-DIN to breadboard
adapter.

Development of a Graphical User Interface. An ESP32-C3M5
stamp (Digikey) was used to generate a Wi-Fi router hosting a
website developed in CSS, HTML, and JavaScript. This stamp was
connected to the primary Arduino Mega by using a serial peripheral
interface communication protocol.

Mixing Characterization of the LIBRIS Chip. Solutions of 10
kDa FITC-dextran (MilliporeSigma, Burlington, MA), 10 kDa
rhodamine B isothiocyanate-dextran (MilliporeSigma), and 10 kDa
Cascade Blue-dextran were dissolved to 10 � M in ultrapure (UP)
water and filtered through 0.22 �m poly(ether sulfone) or
polyvinylidene fluoride filters (Thermo Fisher). Each solution served
as a separate fluidic input for each of the three ethanol or aqueous
phase inputs, with FITC-dextran being pressurized through i1 and i4,
rhodamine B-dextran through i2 and i5, and Cascade Blue-dextran
through i3 and i6. The other three fluidic inputs (either aqueous or
ethanol) comprised UP water. The image of the full chip was taken
where all inputs i1 and i4 carried FITC-dextran, i2 and i5 carried
rhodamine B-dextran, and i3 and i6 carried Cascade Blue-dextran
(Figure 2B). Each input was pressurized at the pressures used to
generate the LNP libraries (Table S1), resulting in a total flow rate of
300 � L/min for the ethanol phase and 900 �L/min for the aqueous
phase, thus 1.2 mL/min through each combined mixing unit.

Fluorescence micrographs of the entire chip were taken using a
fluorescence microscope (Leica, Wetzlar, Germany). Intensity profiles
were measured for all three fluorescence channels at the same location
on the chip by using image analysis tools in Python.

Mixing efficiency was calculated using the equation described in
Section 2.2. Solutions varied from H = 0 (completely unmixed, prior
to any mixing cycles) to H = 1 (completely mixed). Above H = 0.8, or
1 − H = 0.2, solutions were considered completely mixed,38 validated
by the fitting of an exponential decay model to each data set. Standard
errors were calculated from the model fit at 10 mixing cycles for the
ethanol or aqueous SHMs or 15 mixing cycles for the LNP generating
the SHM.

Measurements of the relative flow rates in each channel were
determined by analysis of the total intensities of each dye at the fully
mixed stage (1 − H < 0.2, after 10 mixing cycles) of a channel when
normalized to the intensity of the dye at an entirely unmixed stage
(before 0 mixing cycles). Thus, for i1 in m1, the relative intensity, I1,1,
and thus the normalized relative flow rate �1,1 are calculated:

=
+ +

I

I I I1,1
1,1

1,1 2,1 3,1
, where each I1,1 is calculated from =I

I

I1,1
1,mixed

1,init
for a

given fluorescence channel measurement from a given channel. To
generate the images seen in Figure 2B, images were stitched together
and blended using Adobe Photoshop (San Jose, CA). All mixing
analysis was performed from raw images.

Lipid Quantitation Using HPLC-CAD. A Thermo Fisher
Vanquish Flex UHPLC system (Waltham, MA, USA) consisting of
a binary pump, thermostated split sampler equipped with a 25 �L
loop, thermostated column compartment, and charged aerosol
detector was used for quantifying lipid molar ratios in LNPs. A
continuous source of high-purity nitrogen was provided by a Peak
Scientific Corona nitrogen generator and compressor. Samples were
separated using a Phenomenex (Torrance, CA, USA) Gemini C6-
Phenyl column (110 Å, 3 �m, 150 × 3.0 mm) at a flow rate of 0.5
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mL/min and a column temperature of 50 °C. The sampler was set to
23 °C, and the injection volume was 5 �L. The CAD evaporation
temperature was set to 50 °C using a power function of 1, a data
collection rate of 5 Hz, and a filter of 5.0 s. Data was processed using
ThermoScientific Chromeleon 7 Chromatography Data System
Version 7.3.2 software. Mobile phase A consisted of 50% water,
50% methanol, 0.1% formic acid (v/v), and 10 mM ammonium
formate. Mobile phase B consisted of 25% acetonitrile, 75% methanol,
0.1% formic acid (v/v), and 10 mM ammonium formate. Separation
was accomplished using a brief step-gradient with an initial 1 min hold
at 60% B, a 1 min gradient from 60−90% B, a 9 min hold at 90% B, a
0.5 min gradient returning to 60% B, with a total elution time of 18
min. A lipid mix consisting of all 4 lipids was prepared in 75%
isopropanol, with calibration curves ranging from 0.073 to 0.73 mg/
mL for SM-102, 0.030 to 0.300 mg/mL for cholesterol, 0.008 to 0.080
mg/mL for DMG-PEG2000, and 0.020 to 0.200 mg/mL for DSPC.
LNP samples in 1× PBS were run neat at concentrations of 25−60
ng/�L or diluted with 75% isopropanol to stay within the calibration
curve if required. The peak area of each lipid was used to interpolate
the lipid concentrations.

SM-102 was purchased from Broadpharm (San Diego, CA, USA).
Cholesterol was purchased from Sigma-Aldrich (St. Louis, MO,
USA). 1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-
2000 (DMG-PEG2000) and 1,2-distearoyl-sn-glycero-3-phosphocho-
line (DSPC) were purchased from Avanti Research (Alabaster, AL,
USA). Isopropyl alcohol (LC/MS grade), acetonitrile (HPLC grade),
methanol (LC/MS grade), formic acid (LC/MS grade), and
ammonium formate (LC/MS grade) were purchased from Fisher
Scientific (Schwerte, Germany). Water (18.2 MΩ·cm) was dispensed
using a Milli-Q filter system from Millipore (Burlington, MA, USA).

LNP Formulation and Characterization. LNPs were formu-
lated by using the LIBRIS chip at the designated compositional ratios
(Tables S1−S3). For all three libraries (MC3, SM-102, and C12−
200), the IL and cholesterol were pooled in fluidic input i1 and the
phospholipid and PEG lipid were pooled together in fluidic input i3.
The stock solutions used to make the library comprised the lipids D-
Lin-MC3-DMA (MedChemExpress, Monmouth Junction, NJ), 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti Polar Lipids,
Alabaster, AL), cholesterol (Sigma-Aldrich, St. Louis, MO), and
DMG-PEG 2000 (Avanti Polar Lipids) at concentrations of 2.22 mg/
mL, 0.55 mg/mL, 1.03 mg/mL, and 0.26 mg/mL respectively. The
SM-102 library comprised SM-102 (Cayman Chemical, Ann Arbor,
MI), DSPC, cholesterol, and DMG-PEG 2000 at concentrations of
2.22 mg/mL, 0.49 mg/mL, 0.93 mg/mL, and 0.24 mg/mL,
respectively. The C12−200 library comprised the lipids C12−200
(Cayman Chemical), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE, Avanti Polar Lipids), cholesterol, and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-
2000] (DSPE-PEG 2000, Avanti Polar Lipids) at concentrations of
2.22 mg/mL, 0.66 mg/mL, 1.00 mg/mL, and 0.38 mg/mL,
respectively. Input i2 was comprised of a solution of filtered ethanol.

The aqueous inputs i4, i5, and i6 comprised nucleic acid cargo and
two buffer inputs of 10 mM citrate buffer at pH ∼ 3 (Alpha Teknova,
Inc., Hollister, CA), respectively. Measures of chip repeatability and
scalability were conducted using a ssDNA cargo of the sequence 5‘−
ATG GTT CTA GCT T − 3‘ (IDT, Coralville, IA) as the nucleic acid
cargo with the SM-102 lipid set. Otherwise, the nucleic acid cargo
consisted of either firefly luciferase or mCherry CleanCap mCherry
mRNA (5moU) (TriLink Biotechnologies, San Diego, CA). The
LIBRIS chip was primed for 10 s using UP water and then either
ethanol or citrate, depending on the fluidic input, each for 30 s. After
priming, lipid stocks were loaded, and then the microcontroller was
initiated, pressurizing each input to the pressures referenced (Tables
S1−S3). Lines were flushed and flow-equilibrated for 20 s, the first
sample was collected for 20 s, and then each set of LNPs was
equilibrated for 2.6 s. After sample collection, the chip was flushed
with 1% Alconox (Alconox Inc., Glenn Plains, NY) for 2 min and then
flushed with UP water for an additional 2 min.

Each output was collected in a 0.3 mL 20k MWCO Pierce
Microdialysis Cassette (A50472, Thermo Fisher Scientific, Waltham,

MA), sitting in a well of 1.2 mL of 1× phosphate-buffered saline
(PBS, Thermo Fisher Scientific). The cassettes were arranged in a 4 ×
2 pattern matching the chip output setup (Figures S12 and S13).
After collection of all 32 outputs for a given set of fluidic inputs, the
dialysis cassettes were transferred to new wells of 1.2 mL of PBS two
additional times at intervals of 20 min. Samples were transferred from
the cassettes and stored at 4 °C.

LNPs were diluted 1:30 in 1× PBS, and using a DynaPro Plate
Reader III (Wyatt Technology, Santa Barbara, CA), dynamic light
scattering was performed to quantify the hydrodynamic diameter
(referred to as “size” throughout) and polydispersity index (PDI). All
sizes reported are the intensity-weighted mean hydrodynamic
diameters (z-averages). Standard deviation is calculated based on
measurement replicates. Relative encapsulation efficiency and RNA
concentration were measured by reading the results of a RiboGreen
Quant-it RNA assay kit (Thermo Fisher) on an Infinite M Plex plate
reader (Tecan, Man̈nedorf, Switzerland).

In Vitro Characterization of mRNA Transfection. HepG2 cells
(HB-8065, ATCC, Manassas, VA) were cultured in DMEM (Thermo
Fisher) supplemented with 10% v/v fetal bovine serum (FBS, Thermo
Fisher) and 1% v/v Penicillin−Streptomycin (Thermo Fisher). Cells
were plated at 40k cells/100 �L of media in a 96-well plate and then
dosed after 24 h with either mCherry LNPs from the MC3, SM-102,
or C12−200 libraries at a dose of 10 ng mRNA/10k cells. After
another 24 h, cells underwent preparation for flow cytometry as
follows.

Each well of cells was washed with 100 �L of 1× PBS and then
treated with 60 �L of 0.25% Trypsin−EDTA (Thermo Fisher) for 6
min at 37 °C. Each well was diluted in 100 �L of DMEM and then
spun down at 0.3 rcf for 5 min. LIVE/DEAD Fixable Green Dead Cell
Stain (Thermo Fisher) was diluted in 1× PBS to a concentration of 1
�L of dye per 5 mL of PBS. The medium was aspirated, and 50 �L of
dye was added to each well. Each well was agitated using a
multichannel pipet and left to rest covered from light for 30 min at 25
°C. 100 �L of 1× TE buffer (Thermo Fisher) was added to each well,
and the plate was centrifuged at 0.3 rcf for 5 min. TE was aspirated,
and 70 �L of 2% v/v neutral buffered formalin (NBF, Thermo Fisher)
diluted in 1× PBS was added to each well and left to incubate covered
from light for 10 min; then, the plate was centrifuged at 0.6 rcf for 5
min. 150 �L of 1× TE buffer was added to the cells; the cells were
centrifuged again at 0.6 rcf for 5 min, then resuspended in 150 �L of
1× PBS, and stored at 4 °C until run on the cytometer.

A Guava easyCyte HT System (Luminex, Austin, TX) was used to
perform the cytometry experiment. Samples were gated according to
the following scheme (Figure S18).

In Vivo Characterization. Candidates were selected from the in
vitro assay for high performance (C12−200 F4), for poor perform-
ance (C12−200 F24), and from the previously optimized standard
formulation for C12−20056 for validation in vivo. Compositional
ratios for each particle were calculated from the relative flow rates and
input concentrations of F4 and F24 collected from the LIBRIS chip,
as they corresponded to their in vitro performance. Ethanol stocks
were mixed, where all of the lipids were pooled at the calculated
compositional ratios (Tables S1−S3), and were precipitated together
with 5-methoxyuridine CleanCap Firefly Luciferase mRNA (Trilink)
dissolved in a pH ∼ 3 10 mM citrate buffer (Thermo Fisher) through
a single microfluidic mixing device as described in previous
literature.6,56 The relative flow rates of the ethanol to aqueous phases
were 1:3, respectively, with a total flow rate of 1.2 mL as dictated by
displacement-driven flow using a syringe pump (Pump 33 DDS,
Harvard Apparatus, Holliston, MA). Samples were collected in 20
kDa MWCO Slide-A-Lyzer dialysis cassettes (Thermo Fisher) and
dialyzed against 1× PBS (Thermo Fisher) for 1.5 h before continuing
the analysis.

Female C57BL/6 mice between six and 8 weeks old (Jackson
Laboratories, Bar Harbor, ME) were used for all animal
experimentation. All animal experiments were performed with
approval of the University of Pennsylvania Institutional Animal
Care and Use Committee (IACUC; protocol number 806540).
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The temperature of the animal housing facility was 22 ± 2 °C, held
at a 12 h dark/light cycle, with 40−70% air humidity. Randomly
allocated mice for each group were injected intravenously (i.v.) at a
dose of 0.1 mg mRNA/kg (2 � g per mouse, around 100 �L of
volume through a tail vein injection). After 6 h, mice were injected
intraperitoneally (i.p.) with 200 �L of D-luciferin potassium salt
(Thermo Fisher) at a concentration of 15 mg/mL. Mice were
sacrificed 10 min post i.p. injection, and their hearts, lungs, kidneys,
livers, and spleens were dissected and imaged using a Lumina S3 in
vivo imaging system (IVIS, PerkinElmer, Waltham, MA). Bio-
luminescence analysis was performed with Living Image 4.7.3
software (PerkinElmer).

Statistical Analysis. Statistical analyses and plotting were
performed in Python using the scikit-learn or SciPy packages or in
GraphPad Prism 10 with a significance level of � = 0.05. Data are
represented as mean ± s.d. One-way ANOVA followed by Tukey’s
HSD test or the LSD test followed by a Bonferroni correction was
performed for multiple comparisons between groups.
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generation of many nanoparticle formulations described
herein.
Code Availability: All code used to operate the collection robot
and the GUI is available at https://github.com/arhanna/
LIBRIS.
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