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Oxidized mRNA Lipid Nanoparticles for In Situ Chimeric
Antigen Receptor Monocyte Engineering

Alvin J. Mukalel, Alex G. Hamilton, Margaret M. Billingsley, Jacqueline Li, Ajay S. Thatte,
Xuexiang Han, Hannah C. Safford, Marshall S. Padilla, Tyler Papp, Hamideh Parhiz,
Drew Weissman, and Michael J. Mitchell*

Chimeric antigen receptor (CAR) monocyte and macrophage therapies are
promising solid tumor immunotherapies that can overcome the challenges
facing conventional CAR T cell therapy. mRNA lipid nanoparticles
(mRNA-LNPs) offer a viable platform for in situ engineering of CAR
monocytes with transient and tunable CAR expression to reduce off-tumor
toxicity and streamline cell manufacturing. However, identifying LNPs with
monocyte tropism and intracellular delivery potency is difficult using
traditional screening techniques. Here, ionizable lipid design and
high-throughput in vivo screening are utilized to identify a new class of
oxidized LNPs with innate tropism and mRNA delivery to monocytes. A library
of oxidized (oLNPs) and unoxidized LNPs (uLNPs) is synthesized to evaluate
mRNA delivery to immune cells. oLNPs demonstrate notable differences in
morphology, ionization energy, and pKa, thereby enhancing delivery to human
macrophages, but not T cells. Subsequently, in vivo library screening with
DNA barcodes identifies an oLNP formulation, C14-O2, with innate tropism
to monocytes. In a proof-of-concept study, the C14-O2 LNP is used to
engineer functional CD19-CAR monocytes in situ for robust B cell aplasia
(45%) in healthy mice. This work highlights the utility of oxidized LNPs as a
promising platform for engineering CAR macrophages/monocytes for solid
tumor CAR monocyte therapy.
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1. Introduction

Immunotherapy has transformed the land-
scape of cancer therapeutics by utilizing ex-
ogenous signals to stimulate a dormant im-
mune system to fight cancer, enabling im-
proved clinical outcomes compared to con-
ventional chemotherapeutics. Specifically
of interest, chimeric antigen receptor (CAR)
T cells, patient-derived autologous T cells
that are virally engineered ex vivo, have had
remarkable success in treating hematolog-
ical cancers, generating robust and long-
lasting responses in the clinic.[1–4] As of
2023, there are six Food and Drug Admin-
istration (FDA)-approved CAR T cell ther-
apies, four targeted toward CD19 B cell
cancers and two B-cell maturation antigen
(BCMA)-targeted therapies to treat multiple
myeloma.[5] Although these therapies have
demonstrated efficacy in treating hemato-
logical cancers, they still face several chal-
lenges toward their broader application,
both in terms of efficacy against other
types of cancer—such as solid tumors—and
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patient accessibility. Solid tumors present several physical
and chemical barriers to CAR T cell therapy. Tumors are highly
fibrotic, contain dense immunosuppressive cytokine gradients,
and compete for metabolic substrates, which severely dimin-
ishes the efficacy of CAR T therapy through mechanisms of
physical exclusion and inactivation of the engineered T cells.[6–9]

Simultaneously, the relatively low number of patients who qual-
ify for CAR T cell therapies is further reduced by the intricate
manufacturing requirements of this treatment. In CAR T cell
therapy, a patient’s own T cells are isolated from peripheral
blood, expanded ex vivo, and virally transduced to express a
CAR before being reinfused back into the patient.[10] Only a
few institutions can support the personalized nature of CAR T
cell therapy, as it requires highly specialized processes, equip-
ment, and training that are time, labor, and cost-intensive.[10–12]

Together, these challenges necessitate the exploration of new
engineering approaches for the development and generation of
CAR-based therapies to improve their clinical impact.

Innate immune cells, such as macrophages and their cir-
culating precursors, monocytes, have had long-standing inter-
est as therapeutic targets for cancer immunotherapies, as these
cells can account for up to 50% of the tumor mass.[13–15]

Tumors secrete high levels of chemokine ligand 2 (CCL2)
and colony-stimulating factor (CSF), actively recruiting cir-
culating monocytes and promoting their extravasation from
the blood and migration into the tumor.[16–18] Within the
tumor, these monocytes differentiate into tumor-associated
macrophages (TAMs) or myeloid-derived suppressor cells (MD-
SCs) which heavily contribute to the immunosuppressive tu-
mor microenvironment.[19,20] Clinically, therapeutic approaches
to combat these tumor monocytes attempt to either (1) directly
block monocyte recruitment into tumors by inhibiting chemo-
tactic signals or (2) broadly deplete monocyte populations to re-
duce intratumoral immunosuppressive signaling, both with vary-
ing degrees of success.[16,18,21]

In the healthy body, monocytes and macrophages carry out di-
verse immune functions including cytokine and chemokine se-
cretion, phagocytosis, and antigen presentation to engage the ac-
tive arm of the immune system. By integrating effector and reg-
ulatory functions, monocytes and macrophages are capable of
generating a multifaceted immune response. Breakthroughs in
immunoengineering, such as CAR T cell therapy, have recontex-
tualized monocytes as a therapeutic target whose innate tumor
infiltrating properties and immunoregulatory functions can be
leveraged for solid tumor therapies. Prior works have engineered
monocytes to ameliorate immunosuppression through the secre-
tion of inflammatory cytokines such as interferon (IFN)-𝛼 and
interleukin (IL)-12; however, more recent strategies engineered
monocytes to express HER2-targeted CAR, allowing monocytes
to directly kill tumor cells in vitro and in vivo in an antigen-
specific manner.[22–26] Although this therapy route is nascent and
under preclinical development, it highlights the opportunity for
CAR monocytes as a new therapeutic modality to treat solid tu-
mor malignancies.

However, conventional viral engineering of CAR T cells and
next-generation targets such as CAR monocytes continue to face
significant safety and technical hurdles to successful clinical
translation. Viral engineering platforms such as lentiviruses and
adeno-associated viruses (AAVs) can possibly integrate into the

host genome and give rise to harmful mutations which, at clini-
cally relevant scales, pose a risk to patient safety.[27–29] Further, ad-
ministration of viral vectors in vivo is challenging, as vectors can
interact with the immune system, eliciting systemic responses
that require additional therapeutic interventions and simulta-
neously reduce the expression of the transgene, especially true
for patients receiving multiple doses.[30–32] Perhaps most impor-
tantly, virally engineered cells express the transduced protein for
extended periods of time, in some cases permanently.[29,33–37] In-
deed, patients who have received virally engineered BCMA-CAR
T cells suffer from expected, but lasting, loss of healthy BCMA+

humoral immune cells.[38] Alternatives to viral platforms, specif-
ically those that provide temporal control over CAR expression
and can be administered safely in vivo with minimal immuno-
genicity, are critical for CAR therapy to realize its full potential.

mRNA-lipid nanoparticles (mRNA-LNPs) are a clinically ap-
proved non-viral delivery vector capable of generating therapeu-
tically relevant patient responses, as evidenced by the Food and
Drug Administration (FDA) approval of COVID-19 mRNA-LNP
vaccines developed by Moderna and Pfizer.[39,40] mRNA-LNPs
offer several advantages over viral platforms, namely in tran-
sient mRNA expression and the lower immunogenicity of LNPs
compared to AAVs.[41,42] Together, these features can improve
the safety and efficacy profiles for CAR therapies, especially in
treating solid tumors.[43,44] Previous works have demonstrated
the ability of mRNA-LNPs to facilitate CAR therapies in T cells
and macrophages, in applications spanning from cancer im-
munotherapy to cardiac injury.[45–47] However, most of this work
for cancer applications was accomplished using in vitro or ex vivo
methods and the only in vivo demonstration of this technology
utilized LNPs functionalized with CD5-targeted antibodies to de-
liver CAR mRNA to T cells for cardiac repair.[46,47] The addition of
biologics such as antibodies to LNPs increases the compositional
and manufacturing complexity of these technologies, adding an-
other challenge to the regulatory process.[48] Non-targeted LNP
approaches have been explored by other groups for mRNA-LNP
delivery to myeloid cells such as tissue-resident macrophages in
the lungs, liver, and spleen.[49] However, there have been rela-
tively few non-viral engineering strategies developed for mono-
cytes, let alone approaches to directly engineer these cells in situ,
as they are an emerging therapeutic target.[15,17,50] Notably, of the
nanoparticles developed for monocyte modulation, many plat-
forms are lipidic, and further leverage enhanced monocyte affin-
ity for naturally occurring oxidized lipids and oxidized lipopro-
teins found in circulation.[50–56] Thus, a facile approach would
integrate these motifs into the design of the LNPs to engineer
endogenous tropism to monocytes and circumvent the use of ad-
ditional targeting moieties. However, identification of LNPs with
endogenous tropism to specific tissues and cell types using con-
ventional fluorescence-based reporter assays is low-throughput
and cost-intensive, and it is well established that in vitro screen-
ing results are minimally predictive of in vivo efficacy.[57] To ad-
dress this, molecular barcoding has been applied to simultane-
ously screen dozens of nanoparticles in vivo for cell and tissue
specificity.[58–61] Typically, this is accomplished using short single-
stranded DNA oligomers, where each distinct LNP formulation
is used to encapsulate a unique DNA barcode and accumulation
of the barcode is informative of LNP tropism to that cell or tis-
sue type. Thus, exploring oxidized ionizable lipid nanoparticle
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Figure 1. Oxidized mRNA lipid nanoparticles for in situ CAR monocyte engineering. A) Ionizable lipid design and screening were used to identify oxidized
ionizable lipids, with an internal ether chemical motif, that enhanced mRNA delivery to macrophages. B) High throughput in vivo screening via DNA
barcoding combined with mRNA validation studies was used to identify mRNA LNPs capable of engineering CAR monocytes directly in situ for solid
tumor immunotherapy.

structures using discovery platforms such as DNA barcoding is
a compelling strategy to develop mRNA-LNPs for engineering
monocytes in situ.

Here, we combined lipid design, high throughput LNP screen-
ing, and mRNA-based CAR therapy to identify an LNP formula-
tion with an innate tropism that can be used to engineer func-
tional CAR monocytes in vivo. Taking inspiration from myeloid
affinity for oxidized lipids, we designed a library of ionizable
lipid structures of varying degrees of oxidation (O1, O2, and
O3) and a corresponding set of unoxidized ionizable lipids (U1,
U2, and U3) and formulated these ionizable lipids into oxi-
dized lipid nanoparticles (oLNPs) or unoxidized lipid nanopar-
ticles (uLNPs), respectively. We utilized this lipid library to un-
derstand the effect of oxidation on mRNA-LNP physicochemi-
cal properties and delivery to immune cells in vitro and in vivo.
We found that oLNPs had favorable ionization and morpholog-
ical properties which translated to enhanced mRNA delivery to
macrophages in vitro compared to uLNPs. We employed DNA
barcoding to identify LNPs with tropism to macrophages, mono-
cytes, T cells, and B cells in vivo and confirmed functional mRNA

delivery to these cells in vivo using a fluorescence-based reporter
mRNA. Lastly, we demonstrated that an oLNP with high delivery
to blood monocytes, C14-O2, could generate functional CD19-
targeted CAR monocytes following a single intravenous adminis-
tration at a dose of 1 mg kg−1 which was confirmed through a 45%
reduction in blood resident CD19+ B cells in healthy mice (B cell
aplasia). This work highlights a platform for in situ CAR mono-
cyte engineering while elucidating structural features of ioniz-
able lipids that can be beneficial for in vitro or ex vivo engineering
of human myeloid cells (Figure 1).

2. Results and Discussion

2.1. Synthesis and Characterization of Oxidized and Unoxidized
Ionizable Lipid Nanoparticles

In previous works, it was found that LNPs containing ionizable
lipids derived from a parent C12-200 molecule could potently en-
gineer human T cells both in vitro and ex vivo.[47] These lipids
varied in structure by altering the number of piperazine groups
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and by introducing branched architecture or oxidation via the in-
corporation of additional internal oxygen atoms. Notably, the top
ionizable lipids identified in those screens were all oxidized, al-
beit to different degrees, containing 1, 2, or 3 oxygen atoms. Thus,
we were motivated to elucidate the importance of these oxidized
lipids to the bioactivity of the LNPs. Further, since macrophages
and monocytes play a significant homeostatic role in scaveng-
ing oxidized lipids and lipoproteins in the blood, we hypothe-
sized that oLNPs would be well-suited for engineering these cell
types. To explore this hypothesis, we synthesized a complemen-
tary set of ionizable lipids using polyamine cores that were un-
oxidized, where the total number of carbons in the molecule
was kept constant between each pair of oxidized and unoxidized
lipids (Figure 2A). This second-generation ionizable lipid library
was synthesized using an SN2 reaction between the polyamine
core and epoxide-terminated alkyl tails varying in 12, 14, or 16
carbons in length (Figure 2A–C). The resultant ionizable lipids
were combined into a single ethanol phase containing the excipi-
ents 1,2-dioleoyl-snglycerphosphoethanolamine (DOPE), choles-
terol, and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (C14-PEG2000) and mixed
with an aqueous phase containing luciferase mRNA via a mi-
crofluidic device to form LNPs. The unoxidized LNPs (uL-
NPs) and the oLNPs were characterized for size, zeta potential,
and mRNA encapsulation (Figure S2, Supporting Information).
There were minimal differences found between the oLNPs and
uLNPs in terms of hydrodynamic diameter and mRNA encapsu-
lation efficiency (Figure S2A,C, Supporting Information). Inter-
estingly, LNPs with the highest degree of oxidation (O3) tended to
have a more positive surface charge compared to their U3 coun-
terparts at all epoxide-tail lengths (Figure S2B, Supporting In-
formation). The differences in zeta potential suggest a relation-
ship between the degree of oxidation and the overall protonation
state, in turn affecting the net charge of the LNP at pH 7.4, where
greater oxidation increased the protonation state of the LNP.

To further characterize the oLNP/uLNP library, ionization
properties such as pKa and ionization energy were quantified
using a 6-(p-Toluidino)-2-naphthalenesulfonic acid (TNS)-based
fluorescence assay as previously described.[47,62] In general, oL-
NPs were found to have higher apparent pKa compared to their
uLNP counterparts, with the notable exception of the O3 LNP
(Figure 2D). This coincided with an increase in ionization energy,
which has been demonstrated to impact LNP-mediated mRNA
delivery, though this result was not seen here in the C16 lipids
(Figure 2E).[62] Although TNS is used to characterize bulk LNP
properties such as ionization energy and pKa, the bulk signal
is an aggregate of interactions between the TNS probe and mi-
croenvironments within the LNP. Thus, the observed increase in
pKa could result from positive charges that are better stabilized
by hydrophilic ether groups, compared to the hydrophobic alkyl
groups, which is supported by the predicted differences in pH-
dependent hydrophobicity (log D) between equivalent oxidized
and unoxidized ionizable lipids (Figure S3, Supporting Informa-
tion). Cryogenic transmission electrion microscopy (cryo-TEM)
was used to further characterize LNP morphological properties;
oLNPs demonstrated spherical multilamellar morphology, con-
sistent with that of other gold standard LNPs such as C12-200,
while uLNPs were found to have less spherical and segmented
morphology in comparison (Figure 2F). Empty LNPs were found

within each sample, consistent with recent studies on mRNA dis-
tribution within LNP suspensions.[63] The role of LNP morphol-
ogy, as determined by TEM imaging of vitrified LNPs, in LNP
bioactivity is still not fully understood, as morphology emerges
from a convolution of other variables such as lipid identity and
LNP composition. Irregular and non-uniform LNP structures
can, in some contexts, promote bioactivity, and recent work has
shown that LNP polymorphism can enhance delivery via down-
stream effects on LNP trafficking within cells.[64–66] For phago-
cytic cells such as macrophages, monocytes, and dendritic cells,
particle shape and size can determine the mechanisms by which
particles interact and are endocytosed by cells, and can even dic-
tate systemic immune responses.[67–70] These notable differences
in LNP characteristics such as charge, ionization, and morphol-
ogy provided promise that there might be subsequent differences
in LNP bioactivity.

2.2. In Vitro Screening of oLNPs and uLNPs in Human Immune
Cells

The oLNP and uLNP library was screened in phorbol 12-
myristate 13-acetate (PMA)-differentiated THP-1 macrophages
to compare the effect of oxidation state on LNP bioactivity in
macrophages. Generally, oLNPs outperformed their uLNP coun-
terparts at all tail lengths tested (Figure 3A). C12 LNPs were
generally less bioactive than their C14 and C16 counterparts
and, at longer tail lengths, oLNPs significantly outperformed
uLNPs, with minimal toxicity (Figure 3A). The library was fur-
ther screened in Jurkat T cells to ascertain if trends found in
macrophages were more broadly applicable to other immune cell
types. Interestingly, there was no trend between luminescence
signal and epoxide tail length or oxidation state in Jurkat cells
(Figure 3B) although the oLNP C14-O1 was notably superior to
the rest of the library for mRNA delivery to Jurkat cells. Lastly,
the library was screened in primary human macrophages de-
rived from CD14+ monocytes isolated from human peripheral
blood. We identified the same trend in mRNA delivery to pri-
mary macrophages compared to THP-1 cells where oLNPs sig-
nificantly outperformed uLNPs (Figure 3C).

Interestingly, there was an apparent relationship between the
degree of oxidation and bioactivity in macrophages, as O2 LNPs
had higher delivery compared to O1 and O3 LNPs, suggesting
a local optimum for delivery that can potentially help to inform
the design of future lipids for ex vivo engineering of macrophage
cell therapies. The inclusion of oxidation in the form of ether
groups potentially has two effects. First, ionization energy has re-
cently been proposed as a contributing physicochemical property
impacting LNP payload delivery, as protonation of the ionizable
lipid is one of the proposed mechanisms of endosomal escape
of LNPs and cytosolic delivery of their cargo.[62,71] For highly en-
docytic and phagocytic cells such as macrophages, the ability to
escape acidic subcellular compartments is especially important
for intracellular delivery, which could be enhanced by increased
ionization and a pKa closer to early endosomal pH. For less en-
docytically active cells such as T cells, ionization energy may be
less of a determinant for successful delivery but may instead im-
pact biocompatibility, as uLNP-treated T cells had higher cell vi-
ability compared to oLNPs, although only one LNP, C12-O2, fell
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Figure 2. Oxidized and unoxidized ionizable lipids formulate into LNPs with different ionization and morphological properties. A) Oxidized or unoxidized
polyamine cores were designed to test the role of ether spacers for mRNA delivery. B) Epoxide-terminated alkyl tails had a 12, 14, or 16-carbon alkyl
chain. C) Epoxide tails from (B) and polyamine cores from (A) were combined in a 7:1 molar ratio via SN2 reaction to synthesize a library of 18 ionizable
lipids. D) pKa characterization and E) ionization energy for the 18 ionizable lipid library were measured by a 2-(p-toluidine)−6-naphthalenesulfonic
acid (TNS) fluorescence assay. F) Representative cryo-TEM images of LNPs formulated with a C14-O2 ionizable lipid and its equivalent unoxidized
ionizable lipid, C14-U2. TNS fluorescence intensities were compared using a two-way ANOVA with post hoc t tests using the Holm-Sidak correction.
* p < .05, ** p < .01, *** p < .001, and **** p < .0001.
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Figure 3. oLNPs deliver luciferase mRNA to phagocytes with higher potency than uLNP counterparts. A) THP-1 human macrophages were treated with
luciferase mRNA LNPs at a dose of 200 ng per 60 000 cells. Luminescence was measured 24 h later. n= 5 biological replicates. B) Jurkat human T cells were
treated with luciferase mRNA LNPs at a dose of 50 ng per 60 000 cells. Luminescence was measured 24 h later. n = 5 biological replicates. C) Donor-
derived CD14+ primary human monocytes were differentiated into macrophages after 7 d of culture in granulocyte-macrophage colony-stimulating
factor(GMCSF)-supplemented medium. Macrophages were treated with luciferase mRNA LNPs at a dose of 200 ng per 60 000 cells. Luminescence was
measured 24 h later. n = 3 independent donors. D) THP-1 human macrophages were treated with luciferase mRNA LNPs at a dose of 200 ng per 60 000
cells; cell viability was evaluated with a CellTiterGlo assay at 24 h. The luminescence signal was normalized to untreated cells. E) Jurkat human T cells
were treated with luciferase mRNA LNPs at a dose of 50 ng per 60 000 cells; cell viability was evaluated with a CellTiterGlo assay at 24 h. F) Primary
human macrophages were generated as in (B) and treated with luciferase mRNA LNPs at a dose of 200 ng per 60k cells; cell viability was evaluated
with a CellTiterGlo assay at 24 h. n = 3 independent donors. The luminescence signal was normalized to untreated cells. All data are presented as the
mean ± standard deviation and were analyzed using a two-way ANOVA with post hoc t tests using the Holm–Sidak correction. * p < .05, ** p < .01, ***

p < .001, and **** p < .0001.

below the threshold for toxicity (Figure 3D–F). Notably, all LNPs
utilizing C12- polyamines had significantly reduced mRNA de-
livery in comparison to C14- and C16- counterparts, regardless
of physicochemical properties, indicating that shorter alkyl tail
lengths may be detrimental to mRNA delivery to macrophages
(Figure S4, Supporting Information).

Second, the ether groups can serve as additional sites for hy-
drogen bonding to occur with the mRNA cargo. Although the ex-
act nature of the hydrogen bonding between the ionizable lipid
and mRNA has not been elucidated, it is hypothesized that im-
provements in delivery between oLNPs and uLNPs can be par-
tially explained by previous observation of the role of hydrogen

bonding between ionizable lipid ether groups and the mRNA nu-
cleobase, sugar, or backbone.[72] The differences in delivery seen
between the O1, O2, and O3 LNPs suggest that the extent of hy-
drogen bonding possesses a degree of tunability, which poten-
tially offers a route to optimize lipid-mRNA packing in terms
of both organization and number of mRNAs per LNP within
the LNP subcompartments and influence subsequent mRNA
delivery.[72] This recently proposed structural hypothesis is rele-
vant to this work; however, there are likely other contributing fac-
tors, and changes to hydrogen bonding potential are only one pro-
posed explanation for the differences between these lipids. Fu-
ture work employing advanced characterization techniques that
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provide greater quantitative insight into LNP internal structure
such as small angle X-ray scattering (SAXS) could be used to elu-
cidate these mechanisms further.[72,73]

2.3. High Throughput In Vivo Screening of DNA-Barcoded
oLNPs and uLNPs for Tropism to Immune Cells

To investigate how oLNPs performed in vivo compared to the
uLNP library, we utilized a high throughput in vivo screening ap-
proach based on DNA barcoding to identify LNPs with tropism to
immune cells after systemic administration. Here, we used the
LNP library to encapsulate 61 nucleotide single-stranded DNA
(ssDNA) barcodes, with each LNP formulation encapsulating a
unique DNA barcode, thus aliasing the identity of the LNP with
the sequence of the barcode. Since the chemical identity of an
LNP is partially influenced by its cargo, the barcoded LNP library
was formulated to co-encapsulate mCherry mRNA with the ss-
DNA barcode (10:1 by weight), to give the LNP “mRNA-like” char-
acteristics and formulated with lipids at ratio of 35:16:46.5:2.5
ionizable lipid:DOPE:Chol:PEG-Lipid (mol%).[74,75] The final bar-
coded LNP library contained a total of 20 LNPs: 18 from the
oLNP/uLNP library and additional gold standard C12-200 and
MC3 control LNPs. All LNPs were characterized prior to in-
jection and LNPs with a hydrodynamic radius > 200 nm or
mRNA/barcode encapsulation < 30% were to be excluded from
the injected pool to remove LNPs that could occlude fine vascu-
lature and low-quality LNPs, respectively. None of the samples
fell outside of the inclusion range, but all formulations had lower
than expected encapsulation properties compared to LNPs encap-
sulating mRNA alone, likely due to the mixed nucleic acid cargo
(Figure S4, Supporting Information). All 20 LNPs were pooled
and delivered as a single 200 μL intravenous injection, a ten-
fold dilution for each LNP. After 6 h, blood, spleen, and inguinal
lymph nodes were harvested, processed into single-cell suspen-
sions, and sorted using FACS by organ and cell type: mono-
cytes/macrophages (CD11b+), T cells (CD3+), B cells (CD19+),
and dendritic cells (CD83+). Barcodes were extracted from the
isolated cell populations, amplified using PCR, and prepared
for downstream barcode analysis via next-generation sequencing
(NGS).

Barcode accumulation was measured in each of the organ and
cell types, and enhanced tropism was assessed by quantifying
the relative accumulation of each barcode in the injected pool
within each sample. We identified LNPs that demonstrated sig-
nificant enrichment within immune populations compared to
the uninjected pooled LNP sample (Figure 4B); for each sam-
ple, the LNPs were scored from 1 to 20 based on their enrich-
ment, and the scores across all samples were aggregated to assess
overall enrichment (Figure 4C). In contrast to in vitro screens,
the top performing LNPs included both oLNPs and uLNPs, sug-
gesting the role of complex biotransformations in vivo, such as
the binding of serum proteins and the formation of a protein
corona and biotransformation by the liver, as partial determi-
nants of particle tropism and stability.[76,77] Thus, tissue and cell
specificities are not predictable from in vitro data alone, and in-
consistencies between in vitro and in vivo screens are a long-
standing challenge to the development of new nanoparticle ther-
apies. The 3 top performing LNPs, LNP 14 (C16-O1), LNP 7

(C14-O2), and LNP 4 (C12-U2), primarily accumulated in spleen
and blood tissues and C16-O1 were significantly enriched in
nearly all samples, confirming the trends seen in the heat map
(Figure 5B,C). For blood monocytes (CD11bhi, FSClow, SSClow),
only LNP 14 and LNP 4 were significantly enriched (p = 0.0002
and p = 0.033, respectively), with LNP 7 enriched, but not
significantly (p = 0.07). Further, LNP 7 (C14-O2) was signifi-
cantly enriched in splenic macrophages (CD11b+) and dendritic
cells (CD83+), further highlighting the affinity for phagocytic
myeloid cells previously demonstrated through in vitro screens.
The control MC3 and C12-200 LNPs were found to be depleted
across all organs and cell types investigated, coinciding with their
well-established liver tropism upon systemic i.v. administration
(Figure 5C).

2.4. Confirmation of Top Performing LNPs from Barcoded Screen
for mRNA Delivery to Immune Cells

Once top-performing LNPs were identified from the barcod-
ing screen, functional mRNA delivery was confirmed to validate
LNPs that can both accumulate in the target tissues and deliver
mRNA cargo to the cytosol. LNPs 14 (C16-O1), 7 (C14-O2), and
12 (C14-U3) were selected based on their enrichment profiles and
rank order elucidated through the barcoded screen (Figure 4C).
For each LNP, the oxidized or unoxidized counterpart was also
selected for validation screening (i.e., C16-U1, C14-U2, and C14-
O3) to assess any differences in mRNA delivery to immune cells
related to oxidation state as observed during in vitro screening.

To assess mRNA delivery, each LNP was formulated to encap-
sulate mCherry mRNA and administered intravenously at a dose
of 1 mg kg−1; blood, spleen, and inguinal lymph nodes were har-
vested after 12 h. The LNPs mainly transfected cells in the blood
and spleen, with undetectable delivery to immune cells residing
in the inguinal lymph nodes (Figure 5). C14-O2 LNP (LNP 7) had
the highest mRNA delivery to blood CD11b+ monocytes, with an
average mCherry positivity rate of 4–5% and minimal delivery to
other blood-resident immune cells (Figure 5C,F,I). LNP C16-O1
(LNP 14), which had the highest aggregated enrichment score
in the barcoding screen, had minimal delivery to the investigated
immune cell types within the blood (Figure 5B). C16-O1 LNP was
outperformed by its uLNP counterpart C16-U1 across all organ
and cell types but neither displayed a cell and tissue specificity
similar to C14-O2 LNP.

Although the results of the mCherry validation screen seem-
ingly contradict the results of the barcoding screen, it is im-
portant to note that a key limitation of DNA barcoding is that
it measures tropism via the accumulation of barcodes in spe-
cific cells and tissues but does not measure or predict the de-
gree to which cargo will be translated. Further, since the char-
acter of an LNP is strongly determined by its cargo, there are
likely to be differences in bioactivity between LNP encapsulat-
ing barcoded ssDNA and mRNA as opposed to mRNA alone.
Thus, utilizing barcoded screens to pare down the overall pool of
LNPs to a small group of lead candidates for mRNA-based screen-
ing can be used to successfully identify LNPs with the desired
tropism and delivery, as was accomplished here. Interestingly,
when comparing the same set of LNPs for organ-level systemic
delivery using luciferase-encoding mRNA instead of mCherry
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Figure 4. High throughput screening via DNA barcoding identifies oxidized LNPs with tropism to immune cells (B cells, T cells, dendritic cells,
macrophages). A) Overview of barcoding experiment. Each LNP formulation encapsulated mCherry mRNA and a unique 61 nt DNA barcode. LNPs
were pooled and injected into C57BL/6 mice via the tail vein and FACS was used to isolate immune cell populations. NGS identified LNPs with tropism
to immune cell types. B) B cells (CD19+), dendritic cells (CD83+), macrophages (CD11b+), and T cells (CD3+) were isolated from the blood, lymph
nodes, and spleen; barcode accumulation in cells was normalized to an uninjected pool of the barcoded LNP library. Each LNP formulation is represented
as a column. n = 5 mice. C) Volcano plot enrichment diagrams comparing the statistical significance of enrichment or depletion of individual barcodes
relative to the rest of the pool. D) Scoring of the barcoded library used to identify lead candidate LNPs for functional mRNA validation.
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Figure 5. In vivo evaluation of mCherry mRNA LNPs identifies oxidized C14-O2 LNP with potent and selective delivery to monocytes. After DNA bar-
coding, 6 LNPs were evaluated for their ability to deliver mCherry mRNA in vivo. A) Overview of in vivo validation screen with mCherry mRNA. C57BL/6
mice were injected via the tail vein at a dose of 1 mg kg−1 and organs were dissected 12 h post-injection. Immune cells were isolated from the spleen,
lymph node, and blood, and mCherry expression was evaluated on a single cell level using flow cytometry. B–J) Transfection rates for each oLNP and
uLNP pair in immune cells isolated from the blood (B–D), spleen (E–G), and inguinal lymph nodes (H–J). n = 4 mice. All data are presented as the
mean ± standard deviation and were analyzed using a two-way ANOVA with post hoc t tests using the Holm–Sidak correction. * p < .05 and ** p < .01.
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Figure 6. Whole body biodistribution of top LNPs indicates oxidized LNPs preferentially deliver luciferase mRNA to the spleen. A–C) Representative
images (left), organ luminescence quantification (middle), and quantified ratio of spleen to liver luminescence (right) for the C16-1 LNPs (A), C14-2
LNPs (B), and C14-3 LNPs (C). C57BL/6 mice were injected via the tail vein at a dose of 5 μg mRNA per mouse. After 6 h, mice were sacrificed and major
organs were harvested and analyzed for luciferase expression using IVIS imaging. n = 3–4 mice per group. Organs in IVIS images from top to bottom:
heart, lungs, liver, kidneys, spleen, inguinal lymph nodes. The luminescence signal is normalized to phosphate buffer saline (PBS)-treated mice. All data
are presented as the mean ± standard deviation. Organ luminescence was compared between oLNPs and uLNPs using a two-way ANOVA with post
hoc t tests using the Holm–Sidak correction. * p < .05, ** p < .01, *** p < .001, and **** p < .0001. Spleen:liver ratios were compared between oLNPs
and uLNPs using an unpaired t test.

mRNA, there was minimal delivery to the liver and an observ-
able shift in mRNA delivery toward the spleen when utilizing
an oLNP compared to its equivalent uLNP, suggesting an abil-
ity for these LNPs to also reach non-immune cells within the
spleen (Figure 6A–C). Previous works have demonstrated that
changes in pKA as a result of additional charged lipid compo-

nents can aid in preferential liver delivery; here, pKA was al-
tered by the structure of the ionizable lipid component, resulting
in preferential splenic delivery.[76] This further highlights trends
not entirely captured through barcoded screens alone. However,
through our validation screens, we identified C14-O2 LNP, which
transfected monocytes with a high level of specificity relative to
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Figure 7. Oxidized C14-O2 LNP engineers functional CD19-CAR monocytes directly in situ and induces B cell aplasia. A) Experimental outline B) Rep-
resentative flow cytometry plots and quantification (C) of CD19-CAR expression in blood monocytes isolated from mice treated with PBS or C14-O2
LNP encapsulating CD19-CAR mRNA. D) Healthy mice receiving CAR LNPs have significantly reduced CD19+ blood B cells compared to mice receiv-
ing luciferase LNPs or PBS. C57BL/6 mice were injected via the tail vein at a dose of 1 mg kg−1 and blood was collected 12 h post-injection. n = 4
mice per group. All data are presented as the mean ± standard deviation and were analyzed using a two-way ANOVA with Holm–Sidak correction.
* p < .05, ** p < .01, *** p < .001, and **** p < .0001.

other blood resident immune cells following systemic LNP ad-
ministration.

2.5. In Situ Engineering of CAR Monocytes with C14-O2 LNP

Encouraged by the potency of the C14-O2 LNP to deliver mRNA
to monocytes in vivo, we examined its ability to deliver an mRNA
encoding a CD19-CAR to determine whether this LNP could be
used to engineer CAR monocytes directly in situ. Here, CD19-
targeted CAR was used as proof of concept for this engineering
approach, as CAR function can be confirmed in healthy mice
by measuring the elimination of blood CD19+ B cells, referred

to clinically as B cell aplasia. Mice were given a single injection
of LNPs at a dose of 1 mg kg−1 and sacrificed after 12 h. In
mice receiving CAR mRNA LNPs, the specificity of the C14-O2
LNP was recapitulated, as CD19 CAR was detected in roughly
2% of circulating monocytes, with no detectable expression in
CD3+ T cells or CD19+ B cells (Figure 7A,B). Further, circulat-
ing B cell counts were reduced by 45% compared to control mice
injected with PBS, confirming the functionality of the encoded
CAR (Figure 7C). Importantly, there was no significant difference
in blood B cell counts between mice administered with a control
luciferase mRNA C14-O2 LNP and mice administered with PBS,
indicating that the LNP itself did not induce B cell aplasia or alter
immune cell distributions. Thus, we confirmed the generation of
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functional CD19-CAR monocytes using a single injection of our
C14-O2 LNP.

The relatively low rate of CAR expression (2%) compared to
mCherry (4%) from validation studies is likely due to two fac-
tors. First, CARs are complex macromolecules that have addi-
tional steps for expression and subsequent detection: namely,
they must be transported from the cytosol and incorporated into
the cell membrane.[78] This is compared to a mCherry protein
that folds within the cytosol itself without any additional trans-
port. Second, CARs are not recycled back to the cell surface af-
ter binding, meaning that the expression of the CAR via trans-
lation of the mRNA is in direct competition with the depletion
of the CAR that occurs through binding events with CD19+ B
cells.[79,80] Together, these phenomena can obfuscate the detec-
tion of the CAR, which informed the 12 h time point chosen for
the in vivo CAR monocyte studies, as it enabled simultaneous de-
tection of CAR functionality (B cell aplasia) and CAR expression.
Due to the persistence of CAR expression at 12 h, it is expected
that B cell aplasia would continue to increase over time. However,
the measured B cell aplasia combined with the direct detection
of the CAR confirms the presence and functionality of the CAR
monocytes.

3. Conclusion

These studies explored the role of oxidation on the physico-
chemical properties and bioactivity of ionizable lipid nanoparti-
cles, oLNPs. In vitro characterization of each class of LNPs re-
vealed salient differences in ionization and morphological prop-
erties, which translated to differences in mRNA delivery to
macrophages in vitro and ex vivo, a cell type that is particularly
sensitive to these LNP characteristics. To assess differences upon
systemic administration, DNA barcoding was used to identify
LNPs with tropism to immune cells residing in major immune
organs. Although there were no clear relationships between im-
mune cell tropism and lipid oxidation state, follow-up studies of
the top hits encapsulating luciferase and mCherry reporter mR-
NAs yielded interesting results. When using luciferase mRNA
to measure whole organ biodistribution, oLNPs preferred extra-
hepatic delivery, specifically to the spleen, compared to uLNP
counterparts, possibly indicating a role of differential binding of
serum proteins such as ApoE and increased selectivity for im-
mune cells such as macrophages. Second, mCherry-based vali-
dation studies identified an ionizable lipid, C14-O2, capable of
potent and selective delivery of mRNA to blood monocytes. In a
proof-of-concept study, a C14-O2 LNP was used to deliver a func-
tional CD19-CAR mRNA and was shown to engineer functional
CAR monocytes directly in situ, confirmed by the depletion of
circulating CD19+ B cells in healthy mice. In sum, these studies
identify the role of oLNPs for mRNA delivery to phagocytes and
extrahepatic organs and identify a platform LNP, C14-O2, which
can be used for the therapeutic engineering of monocytes in situ.

4. Experimental Section
Ionizable Lipid Synthesis: Epoxide-terminated alkyl chains were mixed

with polyamine cores at a 7:1 molar ratio and allowed to react for 48 h at
80 °C in an excess of ethanol. The product was dried using a Rotavapor

R-300 (Buchi) to remove excess solvent, before being resuspended to a
concentration of 40 mg mL−1 in ethanol.

Lipid Nanoparticle Formulation (LNP) and Characterization—Microfluidic
Formulation of LNPs: LNPs were formulated using microfluidic mixing of
a lipid-containing ethanol phase and a mRNA-containing aqueous phase
via a microfluidic device containing staggered herringbone micromixers.
For in vitro screening of ionizable lipid libraries, the ethanol phase was pre-
pared by combining ionizable lipid, 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine (DOPE, Avanti Polar Lipids), cholesterol (Sigma), or a lipid
anchored polyethylene glycol (C14-PEG 2000, Avanti Polar Lipids) at a
mol% of 35:16:46.5:2.5, respectively. The aqueous phase was prepared by
diluting the appropriate mRNA to a concentration of .075 mg mL−1 in
10 mM citrate buffer (pH 3). Ethanol and aqueous phases were mixed at
1:3 ratio using a single-channel staggered herringbone microfluidic mix-
ing device. LNPs were subsequently collected in a 20 kDa MWCO dialysis
cassette, dialyzed against 1x PBS for 2 h, and sterile filtered using a .22 μm
syringe filter (Thermo).

Lipid Nanoparticle Formulation (LNP) and Characterization—
Physicochemical Characterization of LNPs: Dynamic light scattering
and zeta potential were measured in triplicate using a Zetasizer Nano
(Malvern). mRNA content in LNP dispersions was measured using
NanoDrop absorbance readings at 260 nm and 280 nm. mRNA encapsu-
lation efficiency was measured using a RiboGreen assay (ThermoFisher)
according to manufacturer protocols. LNP pKa was determined using a
TNS-based fluorescence assay, as previously described.[47,62] Briefly, LNPs
were diluted to a concentration of 20 ng mRNA uL−1 in PBS, and 2.5 μL
of this stock was diluted into a well containing 100 μL of buffer (150 mM
sodium chloride, 20 mM sodium phosphate, 25 mM ammonium citrate,
and 20 mM ammonium acetate) at pH ranging from 3.0 to 12.0. TNS
reagent was added to each well to reach a final TNS concentration of
6 μM, incubated for 10 min, and the fluorescence signal of each well
was measured at an excitation and emission wavelength of 322 nm
and 431 nm respectively. Fluorescence values were fitted to a sigmoidal
function and pKa was determined to be pH at which the inflection point
occurred. Ionization energy was calculated to be the magnitude of the
fluorescence signal at each pH.

Cell Culture and In Vitro Biological Assays—THP-1 Monocyte Cell Culture
and Luciferase Assays: THP-1 monocytes were cultured in suspension at
2.5 × 105–2 × 106 cells mL−1 in Roswell Park Memorial Institute 1640
medium (RPMI) supplemented with 10% heat inactivated fetal bovine
serum (FBS) and 1% penicillin/streptomycin. For luciferase assays, cells
were pelleted and resuspended to a concentration of 5.0 × 105 cells mL−1

in culture medium further supplemented with 10 ng mL−1 of phorbol 12-
myristate 13-acetate (PMA) and 100 μL of the suspension was added to
each well of a 96-well plate (5 × 104 cells per well). Cells were allowed
to adhere for 48 h after plating before cells were refreshed with PMA-free
medium and LNPs encapsulating luciferase-encoding mRNA were added
at a dose of 200 ng mRNA per well (200 ng mRNA per 50k cells). After 24 h,
luciferase (Luciferase Assay, Promega) or toxicity (CellTiter-Glo, Promega)
assays were performed according to the manufacturer’s protocol.

Cell Culture and In Vitro Biological Assays—Jurkat T Cell Culture and Lu-
ciferase Assays: Jurkat cells were cultured in suspension at 2.5 × 105–
2× 106 cells mL−1 in RPMI supplemented with 10% FBS and 1% penicillin-
streptomycin. For luciferase assays, cells were pelleted and resuspended
to a concentration of 6 × 105 cells mL−1 in culture medium, and 100 μL
of the suspension was added to each well of a 96-well plate (6 × 104 cells
per well). Cells were then immediately treated with LNPs encapsulating
luciferase-encoding mRNA at a dose of 50 ng per well (50 ng per 60k cells).
After 24 h, luciferase (Luciferase Assay, Promega) or toxicity (CellTiter-Glo,
Promega) assays were performed according to the manufacturer’s proto-
col.

Cell Culture and In Vitro Biological Assays—Primary Human Macrophage
Cell Culture and Luciferase Assays: Primary human monocytes (CD14+)
were collected from healthy donor patients through the University of Penn-
sylvania Human Immunology Core. For luciferase and toxicity assays, cells
were diluted to 5 × 105 cells mL−1 in RPMI supplemented 10% FBS, 1%
penicillin/streptomycin and 10 ng mL−1 GMCSF (Peprotech, Cat: 300–03)
and 100 μL of the suspension was added to each well of a 96-well plate
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on day 0. Cells were refreshed with GMCSF-supplemented growth media
on day 3 and treated with LNPs encapsulating luciferase-encoding mRNA
at a dose of 200 ng mRNA per well (200 ng mRNA per 50k cells) on day
6. After 24 h, luciferase (Luciferase Assay, Promega) or toxicity (CellTiter-
Glo, Promega) assays were performed according to the manufacturer’s
protocol.

Animal Protocols: All animal protocols were approved by the Institu-
tional Animal Care and Use Committee of the University of Pennsylvania
(#806 540), and all performed procedures were in accordance with the
Guidelines for Care and Use of Laboratory Animals at the University of
Pennsylvania.

Barcoded Library Formulation and Characterization—Barcoded LNP Li-
brary Formulation: LNPs were formulated to keep ionizable lipid:nucleic
acid weight ratio constant. The oxidized/unoxidized ionizable lipid, C12-
200, or MC3 ionizable lipid was added to an ethanol solution con-
taining DOPE, cholesterol, and C14-PEG2000 (35:16:46.5:2.5, ionizable
lipid:DOPE:Chol:PEG-Lipid, mol%) and mixed with an aqueous phase
of citrate buffer (pH 3.0) containing mCherry mRNA and a unique ss-
DNA barcode using a staggered herringbone microfluidic mixing device.
LNPs were subsequently collected in a 20 kDa MWCO dialysis cassette
(Thermo), dialyzed against 1x PBS for 2 h, and sterile filtered using
a .22 μm syringe filter.

Barcoded Library Formulation and Characterization—Barcoded LNP Li-
brary Sizing: LNPs were diluted 100X in PBS at pH 7.4, transferred to a
polystyrene cuvette, and analyzed using dynamic light scattering (Malvern
Nano ZS Zetasizer). Measurements were made in triplicate with 15 s run
duration.

Barcoded Library Formulation and Characterization—Barcoded LNP li-
brary mRNA and ssDNA Barcode Encapsulation Quantification: Quant-iT
RiboGreen (ThermoFisher) and Quant-iT OliGreen assay (ThermoFisher)
manufacturer protocols were modified to include DNAse I and RNAse A
respectively to separately quantify mRNA and b-DNA and minimize signal
cross-contamination during detection of encapsulated cargo.

Barcoded Library Formulation and Characterization—Processing of Organs
into Single Cell Suspensions for Fluorescence Activated Cell Sorting (FACS)
and Flow Cytometry: The pooled LNPs were administered as a single
200 μL tail vein injection. 6 h following injection, mice were sacrificed and
blood (≈500 μL), spleen, and inguinal lymph nodes were harvested.

The spleen was processed into a single-cell suspension by mechani-
cally disrupting the organ on a 70 μm cell strainer. The strainer was rinsed
with 1 mL of PBS and the flow-through was collected, passed through the
strainer 3 times, and diluted into 4 mL of Ammonium-chloride-potassium
(ACK) Lysing Buffer (Thermo, Cat: U1049201). The solution was then cen-
trifuged at 800g for 5 min and the cell pellet was resuspended in 3 mL of
PBS + .1% BSA and stored on ice until sorting.

The entire blood sample was diluted into 1 mL of ACK Lysing Buffer
to lyse red blood cells. After a 5 min incubation, the suspension was cen-
trifuged at 800g for 5 min, the supernatant was aspirated, and the pellet
was resuspended back into lysing buffer. This process was repeated 5–7
times until a white cell pellet in a clear supernatant was visible. Once clear,
the supernatant was aspirated, and the pellet was resuspended in 1 mL of
PBS + .1% BSA and stored on ice until sorting.

Lymph nodes were processed into a single-cell suspension using me-
chanical disruption in PBS + .1% BSA. The suspension was then passed
through a 70 μm cell strainer 3x and the flowthrough was collected, pel-
leted at 800g for 5 min, and resuspended in 300 μL of PBS + .1% BSA and
stored on ice until sorting.

Sequencing Library Preparation for Barcoding Experiment—FACS of Im-
mune Cells: Single-cell suspensions of the blood, spleen, and lymph
nodes were stained with Pacific Blue anti-CD3 (1:100, Biolegend, Cat:
100 214), Alexa Fluor 700 anti-CD11b (1:100, Biolegend, Cat: 101 222),
FITC anti-CD19 (1:100, Biolegend, Cat: 101 506), and PE anti-CD83 (1:100,
Biolegend, Cat: 121 508). Data for compensations were acquired us-
ing single stained spleen samples from mice injected with PBS and
mCherry total compensation beads (Takara, Cat: 632 595). Samples
were sorted using an AriaFusion ES (BD Biosciences). For each or-
gan, the entire sample was sorted into CD3, CD19, CD11b, or CD83
populations.

NGS Library Pool Preparation: Cells were sorted into a DNA-stabilizing
lysis buffer containing 100 mM tris-HCl, 4 mm EDTA, 0.2% sodium dode-
cyl sulfate (SDS), and 200 mm NaCl. To remove protein and RNA con-
taminants, 20 μg of RNase A (New England Biolabs) and 100 μg of pro-
teinase K (New England Biolabs) were added to each sample. Barcoded
DNA (b-DNA) was subsequently extracted using a Monarch PCR & DNA
Cleanup Kit (New England Biolabs), following the provided protocol mod-
ification for ssDNA isolation. Extracted b-DNA was amplified by PCR us-
ing Q5 High-Fidelity DNA Polymerase (New England Biolabs) using over-
hanging primers to add adapter (P5/P7) and index (i7) sequences for Il-
lumina sequencing. Resultant libraries were pooled by tissue source and
fragments separated by agarose gel electrophoresis. The 144 bp product
(library pool) was excised from the gel and purified using a Monarch DNA
Gel Extraction Kit (New England Biolabs) following the manufacturer’s
instructions. The concentration of resultant pools was quantified using
a Qubit 1X dsDNA High Sensitivity assay on a Qubit Flex fluorometer
(Thermo Fisher Scientific). Pools were combined in equimolar amounts
to produce a complete library pool for next-generation sequencing (NGS),
which was stored at −20 °C until sequencing. NGS was performed using
an Illumina MiSeq series sequencer (RRID:SCR_02 2382) with a 5% PhiX
Sequencing Control (Illumina) spike-in.

NGS Data Analysis: Demultiplexed FASTQ files were processed us-
ing the UMI-tools Python package to extract unique molecular identifiers
(UMI) and barcode sequences.[81] All analysis downstream of sequence
extraction used a combination of shell (sh) scripting and R scripts, us-
ing the GNU Core Utilities and an assortment of packages available from
the Comprehensive R Archive Network (CRAN).[82–95] The Nix package
manager (with pinned nixpkgs revision 9cd622d) was used for dependency
management to maximize reproducibility.[96]

Delivery of mRNA to Monocytes In Vivo Following Intravenous
Administration—mCherry Validation Study: 16-O1, 16-U1, 14-O2, 14-U2,
14-O3, and 14-U3 LNPs were formulated at 10:1 ionizable lipid:mCherry
mRNA weight ratio using the above microfluidic mixing technique. LNPs
were administered via tail vein injection to 6–8 week old C57BL/6 mice at
a dose of 1 mg mRNA kg−1 body weight. After 12 h, mice were sacrificed
and peripheral blood, spleens, and inguinal lymph nodes were collected.
Organs were processed into single-cell suspensions in a similar manner to
barcoding samples, and cells were stained with Alexa Fluor 700 anti-CD3
(1:100, Invitrogen, Cat: 5 016 842), Alexa Fluor 488 anti-CD11b (1:100,
Invitrogen, Cat: 5 016 687), and eFluor 450 anti-CD19 (1:100, Invitrogen,
Cat: 501 129 357). Compensation samples were acquired using single
stained blood samples from mice injected with PBS and mCherry total
compensation beads (Takara, Cat: 632 595).

Delivery of mRNA to Monocytes In Vivo Following Intravenous
Administration—Luciferase Validation Study: 16-O1, 16-U1, 14-O2,
14-U2, 14-O3, and 14-U3 LNPs were formulated at 10:1 ionizable
lipid:luciferase mRNA weight ratio using the above microfluidic mix-
ing technique. LNPs were administered via tail vein injection to 6–8
week old C57BL/6 mice at a dose of 1 mg mRNA kg−1 body weight.
After 6 h, mice were injected with 200 μL of a luciferin salt solution
(15 mg mL−1) intraperitoneally. Mice were sacrificed after 10 min and the
heart, lungs, spleen, liver, kidneys, and inguinal lymph nodes were har-
vested and imaged for bioluminescence using an IVIS Spectrum (Perkin
Elmer).

Delivery of mRNA to Monocytes In Vivo Following Intravenous
Administration—In Situ Engineering of CAR Monocytes: 14-O2 LNPs
were formulated at a 10:1 ionizable lipid:CD19-CAR mRNA or luciferase
mRNA weight ratio using the above microfluidic mixing technique. LNPs
were administered via tail vein injection to 6–8 week old C57BL/6 mice at
a dose of 1 mg mRNA kg−1 body weight. After 10 h, peripheral blood was
drawn using a retroorbital eye bleed and was processed into a single-cell
suspension using the previously established protocol. For CAR staining,
Fc receptors were blocked using murine TruStain FcX (Biolegend) accord-
ing to manufacturer protocols. CD19-CAR was stained using a primary
murine His-tagged CD19 protein (Sino Biological, Cat: 50510-M08H-B)
followed by staining with secondary APC anti-His antibody (R&D Systems,
Cat: MAB050). Cells were subsequently stained for immunophenotyping
using the same panel and dilutions as the mCherry-based validation
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study. Compensations were acquired using single stained blood samples
from mice injected with PBS and AbC Compensation Beads reacted with
the CAR secondary antibody (Molecular Probes, Cat: U10497).

Statistical Analysis: All statistical analyses were performed as speci-
fied in each figure caption using GraphPad Prism version 10.0.0 for Mac,
GraphPad Software, Boston, Massachusetts USA, graphpad.com.

For in vitro luciferase and viability assays, data were normalized to un-
treated cells, and mean luminescence ± standard deviation was plotted.
For TNS assays to quantify pKa, fluorescence values were normalized to
the highest TNS signal before being fit to a sigmoidal function. For TNS
assays to quantify ionization energy, the gain was manually set, and raw
fluorescence values were reported.

For in vivo luminescence imaging, the luminescence signal was nor-
malized to PBS control mice, and the mean luminescence ± standard de-
viation was plotted. For in vivo flow cytometry studies, mCherry+ or CAR+

gates were set relative to mice receiving PBS. Gates for specific cell popu-
lations were set relative to unstained controls after compensation.
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