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Abstract

MRNA-based therapeutics have emerged as a promising approach to treat cancer. However,
creation of theranostic strategies to both deliver mRNA and simultaneously detect cancer is an
important unmet goal. Here, we report the development of theranostic dendrimer-based lipid
nanoparticle (DLNP) system containing PEGylated BODIPY dyes (PBD) for mRNA delivery and
near-infrared (NIR) imaging /n vitro and /n vivo. DLNPs formulated with a pH-responsive PBD-
lipid produced 5- to 35-fold more functional protein than control DLNPs formulated with
traditional PEG-lipid /n vitro and enabled higher mRNA delivery potency /n vivo at a low dose of
0.1 mg kg~ when formulated with a PBD-lipid containing a BODIPY core, indole linker, and
PEG length between 1000 and 5000 g/mol. Moreover, we found the intensity of mMRNA expression
in the liver correlated with the pKa of DLNPs, indicating that DLNPs with a pKa close to 6.3
could generally produce more protein in livers. Notably, 4A3-SC8&PEG2k5d formulated DLNPs
successfully mediated mRNA expression in tumors and simultaneously illuminated tumors via pH-
responsive NIR imaging. The described theranostic lipid nanoparticles that combine mRNA
delivery and NIR imaging hold promise as an applicable future approach to simultaneously detect
and treat cancer.
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Theranostic nanomedicines have the potential to both detect cancer and provide therapeutically
active drugs. Herein, a theranostic DLNP system containing PBD-lipids is developed for effective
MRNA delivery and non-invasive NIR imaging. This unique combination of PDB-lipids with
DLNPs enhanced mRNA production in cancer cells, mediated mRNA expression in tumors, and
simultaneously illuminated tumors via pH-responsive NIR imaging.
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1. Introduction

Messenger RNA (mMRNA)-based therapeutics have recently drawn great attention to treat
many diseases caused by aberrant protein expression, ranging from genetic disorders to
aggressive cancer [1-3]. Applications of MRNA include protein replacement therapy, cancer
immunotherapy, vaccination, and gene editing [4-10]. Unlike DNA-based gene therapy that
requires nuclear entry, mRNAs need only to reach the cytoplasm to produce functional
proteins. mMRNA-based protein replacement therapies would also not integrate into the host
genome, which reduces risks of insertional mutagenesis [11]. Notably, mRNAs can be
translated to many copies of protein, which is easier, cheaper, and carries a lower biosafety
risk than direct protein therapy [3]. However, mRNA is a large, polyanionic, and single-
stranded molecule that does not readily enter the cytoplasm and is generally unstable in
blood circulation due to degradation by highly active RNases [12]. Thus, like DNA and
SiRNA delivery, the broad application of mMRNA-based therapeutics is impeded by the lack
of effective and safe delivery systems. Recently, ionizable lipid nanoparticles (LNPs) and
polymers have been adapted for mRNA delivery /n vivo, which can shield mRNA from
RNases, prevent unwanted clearance, and promote cellular uptake [8-10, 13-22]. Although
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significant advances have been made towards delivery, applications of mMRNA drugs to
cancer would greatly benefit from the ability to simultaneously detect and image tumors.
Thus, the development of theranostic mMRNA LNPs that can efficiently produce functional
protein concurrent to tumor imaging is an exciting unmet challenge.

mRNA-loaded LNPs are composed of an ionizable cationic lipid, phospholipid (e.g. DOPE),
cholesterol, and polyethylene glycol (PEG) lipid [3]. Each component plays an important
role in efficient delivery of mRNA and stability of LNPs. The ionizable lipid is a key
component that electrostatically binds negatively charged mRNA at low pH during mixing
and subsequently facilitates cellular uptake and endosomal escape via charge acquisition [3,
23]. Therefore, extensive efforts have been devoted to developing lipid-like materials (e.g.,
DLin-MC3-DMA, C12-200, TT3, OF-02, ZA3-Ep10) for mRNA delivery through the use of
combinatorial library screening [8, 13-17, 24, 25]. We previously reported a large library of
>1500 dendrimer-based lipid nanoparticles (DLNPs) that could effectively deliver sSiRNAs/
miRNAs to compromised livers and extend the survival of mice with aggressive liver cancer
using a leading dendrimer 5A2-SC8 [26]. 5A2-SC8 DLNPs were further optimized to
increase delivery potency of FAH mRNA /n vivo by changing the molecular composition of
LNP components [23]. DLNPs can also be tuned for tissue-specific mRNA delivery and
CRISPR/Cas gene editing [27]. Since the ionizable cationic (dendrimer) lipid has the most
influence on efficacy because it binds and releases RNAs, it is logical to conduct
experiments aimed at discovering additional leading dendrimers that can be easily
synthesized and purified for efficient mRNA delivery /n vitro and in vivo.

As an additional key component of LNPs, PEG-lipids typically bear one hydrophilic PEG
chain and two flexible hydrophobic alky! tails to reduce LNP aggregation and nonspecific
uptake by immune cells [28]. We previously developed pH-activatable PEGylated near-
infrared (NIR) BODIPY probes that activate in breast cancer metastases by responding to
low pH and provide high tumor-to-liver contrast [29, 30] when administered on their own as
water-soluble probes. Comparing to typical PEG-lipids, we realized that PEGylated
BODIPY dyes (PBD) bear two hydrophilic PEG chains and one rigid hydrophobic BODIPY
tail, which offers structural similarity to traditional PEG-lipids used in LNPs.

We therefore hypothesized that tumor activatable PBDs could be utilized as surface
stabilizing PEG-lipids in DLNPs to create theranostic nanoparticles for image-guided gene
delivery. Moreover, activatable PBDs may not only improve DLNP formulations due to the
rigid planar BODIPY tail but also promote intracellular mRNA release as the pH decreases
during endosomal maturation because PBDs are pH-responsive. PBD-lipids also offer
tunability due to their modular design consisting of a BODIPY core, aryl linker, and PEG
length. Since the chemical identity and the molar ratio of each molecule within self-
assembled LNPs affects stability and efficacy [8, 16, 17, 23, 25, 27, 31-39], including
variation of hydrophobic components (e.g. cholesterol) [34, 35] and phospholipids, PEG-
lipid chemical structure may also significantly impact functional delivery of mRNA.
Although fluorescently tagged mRNAS have been incorporated into LNPs to track
biodistribution [14, 19], theranostic mMRNA delivery using pH-activatable “turn on” PBDs
that are not incorporated to track an LNP but instead become an intrinsic part of the LNPs
for both mRNA delivery and tumor imaging have not been realized.
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Inspired by these observations, we herein developed a theranostic LNP platform combining
degradable DLNPs and PBD-lipids for efficient mMRNA delivery and non-invasive NIR
imaging /n vitroand in vivo (Figure 1). Since the ionizable cationic (dendrimer) lipid has the
most influence on efficacy because it binds and releases RNAs, we examined a series of
dendrimers for potential incorporation in PBD DLNPs. Other DLNPs that can effectively
deliver siRNAs have not been investigated for mRNA delivery in vitro or in vivo, which may
have modulated activity when combined into theranostic LNPs. In this work, we identified
two leading dendrimers termed 4A3-SC8 and 5A4-SC8 that have not been used for mMRNA
delivery before. 4A3-SC8 and 5A4-SC8 that were easily synthesized and purified, which
could form DLNPs to efficiently deliver mRNA to the liver after systemic administration.
The effects of BODIPY core, aryl linker, and PEG length in PBD-lipids on DLNP potency
of mRNA delivery were systemically investigated. It was determined that these factors
dramatically affected mRNA delivery and expression. DLNPs formulated with a pH-
responsive PBD-lipid could effectively deliver mRNA to cells and produce more protein in
the cytoplasm, approximately over 5- to 35-fold increase compared to traditional DLNP
formulations using 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (PEG-
DMG) [23]. In addition, DLNPs formulated with a PBD-lipid bearing “always-on” BODIPY
core, indole linker, and PEG length between 1000 and 5000 g/mol enabled higher mRNA
delivery potency /n vivo. Importantly, the intensity of mMRNA expression correlated with the
pKa of DLNPs. Notably, 4A3-SC8&PEG2k5d DLNP could successfully mediate luciferase
MRNA expression in the livers and tumors and simultaneously illuminate the tumors by pH-
activatable NIR imaging. This initial concept of a theranostic LNP system for combined
mRNA delivery and NIR imaging may be useful to deliver a variety of mRNAs, including
those encoding for tumor suppressor genes, to tumors for theranostic imaging and treatment.

2. Materials and methods

Full materials and methods appear in the Supplementary Information.

3. Results and discussion

3.1.

Design and optimization of theranostic NIR PBD DLNPs

Water soluble pH-activatable NIR PBDs have been established with the capability to
effectively image primary tumors and successfully detect metastatic breast cancer including
liver and bone micrometastases with high tumor-to-normal (T/N) contrast when
administered IV on their own [29, 30]. However, pH-activatable NIR PBDs are water-
soluble dyes and cannot deliver mRNA themselves. Here, we hypothesized that they could
be investigated for nucleic acid delivery as “PEG-lipids” to stabilized LNPs. PEG-lipids are
essential intrinsic components of LNPs that benefit mMRNA delivery /n vivo by anchoring
hydrophilic PEG on the surface of formulated mRNA LNPs, which protects LNPs from
aggregation and nonspecific uptake. On the contrary, too much PEG on the surface may
decrease cellular uptake [20, 23]. Thus, we herein explored the chemistry of PBD lipids and
LNP formulation parameters for creation of theranostic nanoparticles.

DLNPs are dendrimer-based lipid nanoparticles containing PEG-DMG that can deliver
RNAs [23, 26, 27, 37, 40, 41] . In this paper, we combined NIR PBDs and DLNPs to create
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theranostic nanoparticles that can both deliver mRNA and “turn on” in tumors. Because
different dendrimers have not been tested for mRNA delivery, we examined a series of
dendrimers combined with NIR PBDs (Figure 1a). Because NIR PBDs have different
chemical structures than traditionally used PEG-DMG, we optimized the molar ratio of NIR
PBDs for this new system. In addition, since PEG2k5c is pH-activatable and able to
successfully image tumors with high T/N contrast ratio [29, 30], we explored it as a
representative PBD-lipid for optimization of mMRNA delivery.

To determine optimal formulation conditions for mRNA delivery using PBD-lipids, we
evaluated luciferase (Luc) mRNA delivery efficacy of 5A2-SC8 DLNPs formulated with
1.64%, 3.23%, 4.76%, 7.69%, and 11.76% PEG2k5c, respectively. The highest efficacy was
reached at 3.23% PEG2k5c¢ (5A2-SC8/DOPE/cholesterol/PEG2k5¢ = 15/15/30/2 (mol/
mol)), which was consistent with the results of 4A3-SC8 DLNPs (Figure S1). We also
directly compared delivery potency of five degradable dendrimer DLNPs containing Luc
MRNA formulated with 4.76% PEG-DMG, 3.23% PEG2k5a (always on), and 3.23%
PEG2k5c (pH-responsive), respectively (Figure 2a and S2). Interestingly, PBD-based
DLNPs could deliver Luc mRNA more effectively to cells with significantly enhanced
MRNA expression comparing to standard PEGDMG formulated DLNPs. Moreover, DLNPs
formulated with PEG2k5c did not alter the cell viability (Figure S3) and could generate 5- to
35-fold more Luc protein /n vitro than those formulated with PEGDMG (Figure 2a).
Notably, 4A3-SC8 and 5A4-SC8 DLNPs enabled production of the highest level of protein
both Jin vitro and in vivo, including 3-fold more functional Luc protein than 5A2-SC8 /in vivo
(Figure 2a, 2b, and S4). 4A3-SC8 and 5A4-SC8 could be more easily synthesized and
purified than 5A2-SC8, suggesting that 4A3-SC8 and 5A4-SC8 may be useful as leading
ionizable lipids for broad applications in the future.

3.2. Characterization, mechanism, and in vitro mRNA delivery

To examine the mechanism of high mRNA delivery potency using DLNPs with PBD-lipids,
the physical properties of corresponding DLNPs were measured. 4A3-SC8&PEG2k5c, for
example, could form nanoparticles uniformly, presenting an average particle diameter
around 138 nm (number mean, 100 £ 5 nm), slight negative zeta potential (-1.0 mV), and a
narrow polydispersity index (0.102) (Figure 2c-e). The average size of PBD-based DLNPs
was 10 to 30 nm larger than DLNPs formulated with PEGDMG (Figure 2c), suggesting that
the rigid planar BODIPY tail of PBD-lipids might loosen DLNP constructions and enlarge
the size, but all these DLNPs exhibited similar surface charge (Figure 2c). In addition,
DLNPs formulated with pH-responsive PEG2k5c could more effectively mediate mRNA
expression in cells than “always-on” PEG2k5a formulated DLNPs (Figure 2a), implying that
pH-activatable PBD-lipids might enhance mRNA release as the pH decreases during
endosomal maturation.

To further confirm this phenomenon, we examined the capabilities of DLNPs formulated
with five degradable dendrimers and different PEG-lipids for mCherry mRNA delivery.
Higher mRNA delivery efficacy of PBD-based DLNPs was also observed and consistent
with the results of confocal imaging (Figure 3a, 3b, and S5). To better understand the effects
of PBD-lipids on mRNA delivery, hemolysis assays were conducted to compare the abilities
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of DLNPs with different PEG-lipids to disrupt cell membranes in a pH-dependent manner
[42]. 4A3-SC8 DLNPs were incubated with mouse blood red cells at different pH values to
assess DLNP-membrane interactions during trafficking to endosomal/lysosomal
compartments (Figure 3c). DLNPs formulated with PEG-DMG, PEG2k5a, and PEG2k5¢
exhibited low hemolytic activity at physiological pH (7.4), but achieved high hemolysis
levels of 59%, 80%, and 72% at pH 5.5, respectively, demonstrating that PBD-based DLNPs
possess higher membrane-disruptive properties and may assist in endosomal escape.
Therefore, the larger size and faster endosomal escape of PBD-based DLNPs may both
contribute to high mRNA delivery efficacy /n vitro. Because of the uniform structural
profile, smaller size compared to 5A4-SC8 DLNPs (Figure 2c), and high delivery potency,
we selected 4A3-SC8 as the ionizable lipid to further investigate the effects of PBD-lipids on
MRNA delivery in vivo.

3.3. NIR PBD DLNPs for in vivo theranostic mMRNA delivery and tumor imaging

To further investigate the effects of PBD-lipids on mRNA delivery efficacy, we synthesized
new PBD-lipids with an indole linker, namely PEG2k5b, PEG2k5d, PEG2k5e, and
PEG2Kk5f, by expanding our previously reported protocols (Scheme S1) [29, 30]. The four
novel PBD-lipids showed NIR emission at 724 nm, 728 nm, 738 nm, and 754 nm (Figure
S6), respectively, suggesting that they are more suitable for NIR imaging /n vivo than
previously reported PEG2k5a (660 nm) and PEG2k5c (670 nm). In addition, PEG2k5d,
PEG2k5e, and PEG2K5f were pH-responsive in water and exhibited higher pKa (5.0, 5.1,
and 4.8, respectively) than PEG2k5c¢ (pKa = 4.5) (Figure S7), which could be productive for
tumor imaging contrast and endosomal escape.

Building on the /in vitro mRNA delivery results, we next focused on series of PBD-lipids
formulated DLNPs to deliver mRNA in vivo. Healthy C57BL/6 mice were injected i.v.
separately with each of the six PBD-lipid&4A3-SC8 formulated DLNPs at the same dose of
0.1 mg kg~ Luc mRNA and whole-body bioluminescence images were collected at 6 h post
injection (Figure 4a). Strong bioluminescence was observed in mice for all DLNPs except
PEG2k5f formulated DLNP. All six DLNPs exhibited similar surface charge (* —1.0 mV)
and size (138 nm) except DLNP with PEG2K5f that had a larger size up to 165 nm (Figure
S8). With respect to the effect of PEG length on PBD-lipids for mRNA delivery, we found
that DLNPs formulated with PBD-lipids bearing a PEG length between 1000 and 5000 g
mol~1 could most effectively deliver mRNA in vivo (Figure S9), which was consistent with
prior results of PEG length effect on tumor imaging [30].

To further examine the biodistribution, main organs were collected and analyzed for
bioluminescence and NIR imaging. Apart from 4A3-SC8&PEG2k5f DLNPs, all other
DLNPs were able to productively deliver Luc mRNA to the livers (Figure 4a and 4b).
Among these, PEG2k5b formulated DLNP enabled the highest Luc expression in the liver.
Typically, DLNPs formulated with PBD-lipids containing an indole linker could more
effectively deliver mRNA in the liver than those PBD-lipids with a phenoxyl linker.
Moreover, the mMRNA expression intensity in the liver varied significantly depending on the
conjugated position of indole linker in PBD-lipid, which dramatically decreased using
DLNP with PEG2k5f. 4A3-SC8 DLNPs containing PEG2k5d and PEG2k5f exhibited
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similar surface charge (Figure S8) and pKa (Figure S10), but different size of 140 nm and
165 nm, respectively. Therefore, the larger size of DLNPs containing PEG2k5f might loosen
DLNP construction and then reduce DLNP stability in blood circulation, resulting in lower
Luc protein expression /n vivo. We next found that 4A3-SC8 DLNPs containing
PEG2k5f&PEGDMG exhibited a smaller size of 129 nm and recovered high mRNA
delivery potency /n vivo (Figure S11). In addition, DLNPs formulated with pH-responsive
PEG2k5c enabling high mRNA expression /n vitro did not exhibited higher mRNA delivery
efficacy than those with “always-on” PEG2k5a /in vivo, which might be caused by a slight
lower pKa (Figure S10). NIR fluorescence was detected broadly in most organs, despite the
fact that the mRNA was primarily expressed in the liver with minimal translation in the
spleen (Figure 4a). These results indicated that DLNPs accumulated in different organs but
that the mRNA was mainly translated to protein in the liver. In addition, high NIR
fluorescence was observed in the lungs using DLNPs with pH-activatable PBD-lipids,
whereas almost no fluorescence was displayed in the lungs using DLNPs with “always-on”
PBD-lipids. The fluorescence in lung and kidneys might partially come from free PBD-
lipids due to the larger size and compromised stability of DLNPs formulated with PBD-
lipids bearing a rigid planar BODIPY tail (Figure S12), resulting in partial dissociation of
DLNPs containing PBD-lipids in blood circulation.

Next, we examined the capabilities of DLNPs to release and produce mRNA in tumors.
Mice bearing subcutaneous SUM159 breast cancer xenografts were injected with PBD-
based DLNPs. Notably, PEG2k5d formulated DLNPs could not only enable Luc mRNA
expression in the tumor but also simultaneously distinguished tumor tissues from
surrounding normal tissues by virtue of pH-responsive NIR PEG2k5d (Figure 4c and 4d),
whereas the control and “always-on” DLNPs were not able to sensitively image the tumor
(Figure S13a). Moreover, 50% PEG2k5d and 50% PEGDMG formulated DLNPs could
effectively accumulate and “turn on” in tumors, exhibiting high NIR fluorescence for 24 h
after i.v. administration (Figure 4e). For i.v. administration, DLNPs with 50% PEGDMG and
50% PBD were used to decrease the size and increase tumor uptake (Figure S13b).
Therefore, PBD-lipid formulated DLNPs hold great promise for NIR imaging-guided
mRNA delivery to treat liver diseases and cancer.

3.4. Correlation between pKa and efficacy

To understand how PBD-lipid structure can be rationally altered to affect mRNA delivery
efficacy, the surface pKa of DLNPs was measured. The surface pKa of PEG2k5a, PEG2k5c,
PEG2k5b, PEG2k5d, PEG2k5e, and PEG2K5f formulated 4A3-SC8 DLNPs were 5.47,
5.17, 5.58, 5.42, 5.39, and 5.40, which were lower than the pKa of PEGDMG formulated
DLNP (pKa = 6.22) (Figure S10). The slightly higher pKa of DLNPs formulated with PBD-
lipids containing an indole linker compared to those PBD-lipids with a phenoxyl linker may
partially explain its improved efficacy (Figure 4a and 4b). In addition, DLNPs formulated
with “always-on” PBD-lipids exhibited higher pKa than those with pH-responsive PBD-
lipids, which may result in higher mRNA delivery potency in vivo. To further examine the
correlation between the intensity of mMRNA expression and the pKa of DLNPs, C57BL/6
mice were injected i.v. with 0.1 mg kg~ Luc mRNA in 4A3-SC8 DLNPs containing
different mole ratio of PEGDMG and PEG2k5c (Figure 5a). Although PEG2k5a and
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PEG2k5b formulated DLNPs exhibited higher mRNA expression (Figure 4a), PEG2k5a and
PEG2Kk5b are always-on dyes. Given the pH-activatable PBDs may benefit tumor imaging
by virtue of their sensitive response to pH variation, we used PEG2k5c as a representative
PBD-lipid for pKa correlation investigation. DLNPs formulated with 100% PEGDMG
exhibited the highest surface pKa of 6.22 and enabled the strongest Luc mRNA expression
in the liver (Figure 5b and 5c). In contrast, DLNP formulated with 100% PEG2k5c exhibited
the lowest surface pKa of 5.17 and showed the weakest Luc expression in the liver.
Moreover, DLNP formulated with 80% PEGDMG and 20% PEG2k5c exhibited a lower
surface pKa of 5.90, but remained almost the same Luc mRNA expression intensity as
DLNP with 100% PEGDMG, demonstrating that DLNP formulated with mixed
PEGDMG&PEG2Kk5c¢ could work as a theranostic vector for NIR imaging and efficient
mMRNA delivery without compromised protein expression. The surface pKa of DLNP
formulated with 50% PEGDMG and 50% PEG2k5c was 5.48, which displayed above
moderate Luc mRNA expression in the liver. The four 4A3-SC8 DLNPs with PEGDMG and
PEG2k5c exhibited similar surface charge (* —1.0 mV) and size (110 nm) except DLNP
with only PEG2k5c that had a larger size up to 138 nm (Figure S14). Therefore, these results
indicated that the intensity of mMRNA expression in the liver was not significantly correlated
with the size and surface charge, but was correlated with the pKa of DLNPs, which was also
observed using DLNPs with PEGDMG and other PBD-lipids including PEG2k5a,
PEG2k5b, and PEG2k5d (Figure S15 and S16). This is consistent with prior data on liver
delivery of siRNA [43]. In addition, 5A2-SC8&PEGDMG formulated DLNPs with a surface
pKa of 6.64 exhibited lower Luc expression in the liver than 4A3-SC8 DLNPs containing
100% PEGDMG (Figure S4 and S17). Thus, the PBD-lipid/PEGDMG formulated 4A3-SC8
DLNPs represent a promising theranostic platform for effective mMRNA delivery to treat liver
diseases, and the efficacy could be controlled by adjusting the pKa of DLNPs, indicating
that DLNPs with a pKa close to 6.3 could generally produce more protein in livers (Figure
S17).

4. Conclusion

In summary, we have developed a theranostic dendrimer-based LNP system containing
PBD-lipids for successful mMRNA delivery and NIR tumor imaging. A series of PBD-lipids
was synthesized and their effects on mRNA delivery efficacy were systematically
investigated /n vitroand in vivo. 4A3-SC8 and 5A4-SC8 were discovered to enable more
efficient mMRNA delivery than previous benchmarks to cells /n vitro and mouse livers in vivo
after systemic administration. We further observed that DLNPs formulated with a pH-
responsive PBD-lipid were more efficacious than those with PEGDMG in vitro, producing
5- to 35-fold more functional protein. Moreover, the relationship between PBD-lipid
structure and mRNA delivery efficacy was explored, and found that DLNPs formulated with
a PBD-lipid containing “always-on” BODIPY core, indole linker, and PEG length between
1000 and 5000 g/mol enabled higher mRNA delivery potency. Importantly, the correlation
between the intensity of mMRNA expression /n vivo and the pKa of DLNPs was
demonstrated, indicating that DLNPs with a pKa close to 6.3 could generally produce more
protein in livers. Notably, 4A3-SC8&PEG2k5d formulated DLNP successfully mediated
MRNA expression in tumors and simultaneously illuminated tumors through pH-responsive
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NIR imaging. Future study will focus on the introduction of tumor suppressor proteins to
treat cancer via this theranostic DLNP platform. Overall, this study not only highlights 4A3-
SC8 DLNPs as a delivery vector to induce efficient functional protein expression, but also
demonstrates the importance of designing and synthesizing new PEG-lipids to better
understand and improve nucleic acid delivery /n vitroand in vivo.
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Figure 1.
Schematic illustration of formulated dendrimer/DOPE/cholesterol/PBD-lipid/mRNA

nanoparticles for theranostic mMRNA delivery. A series of PBD-lipids was created and
formulated into dendrimer lipid nanoparticles (DLNPs) that enabled intracellular mRNA
delivery, expression of target proteins and activation of pH-responsive PBD in cancer cells.
All PBD-lipids except PEG2k5a and PEG2k5b are ionizable lipids.
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Figure 2.
PBD-based DLNPs exhibited high delivery potency of luciferase mMRNA in cells. a)

Luminescence intensity of IGROV1 cells treated with different DLNP formulations
containing luciferase mMRNA 24 h after transfection (25 ng mMRNA per well; mean £ s.d., n =
3). Control: untreated cells. b) C57BL/6 mice were injected intravenously with different
DLNPs formulated with PEGDMG at a dose of 0.1 mg kg~ Luc mRNA and imaged 6 h
after injection. c) Z-Average size and zeta potential of DLNPs formulated with 4.76 %
PEGDMG, 3.23% PEG2k5a, and 3.23% PEG2Kk5c, respectively. d) DLS size of 4A3-
SC8&PEG2k5¢c DLNP. €) TEM image of 4A3-SC8&PEG2k5¢ DLNP.
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Figure 3.
PBD-based DLNPs enhanced mCherry mRNA expression in cytoplasm. @) Fluorescence

intensity of IGROV1 cells treated with different DLNP formulations containing mCherry
MRNA 24 h after transfection (80 ng mRNA per well; mean £ s.d., n = 3). Control: untreated
cells. b) Fluorescence images of IGROV1 cells 24 h after treatment with mCherry mRNA
DLNPs at a dose of 80 ng mRNA/well. Scale bar: 100 um. c) Hemolysis of 4A3-SC8
DLNPs with varying PEG-lipids at different pH. Positive control: 1% triton X-100.
Statistical significance was determined using a two-tailed Student’s ftest (**, P < 0.01).
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Figure 4.
In vivo evaluation of PBD-lipid effects on mRNA delivery. a) C57BL/6 mice were injected

i.v. separately with the series of six 4A3-SC8 DLNPs formulated with different PBD-lipids
at the same dose of 0.1 mg kg™1 Luc mRNA and imaged by VIS after 6 h (n = 2). Then
organs were collected for bioluminescence and fluorescence imaging. b) Quantification of
ex vivo Luc mRNA expression intensity in livers. c) Subcutaneous SUM159 breast tumor-
bearing mice were injected intratumorally with 4A3-SC8&PEG2k5d DLNP at a dose of
0.05 mg kg~ Luc mRNA and imaged by bioluminescence and fluorescence (d) at 6 h post
injection. Representative ex vivo bioluminescence (c) and fluorescence (d) images of
harvested tumor and organs from SUM159 breast tumor-bearing mice sacrificed at 6 h post
injection. (€) Time-dependent /n7 vivo fluorescence images of mice bearing subcutaneous
SUM159 breast cancer xenograft tumors after i.v. injection of 0.2 mg kg1 Luc mRNA
loaded 4A3-SC8 DLNPs containing 50% PEGDMG & 50% PEG2k5d. Representative
fluorescence images of harvested tumors and organs from SUM159 tumor-bearing mice
sacrificed at 24 h post injection.
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The intensity of mMRNA expression /i vivo correlated with the pKa of DLNPs. a) C57BL/6
mice were injected i.v. with 0.1 mg kg™ Luc mRNA in 4A3-SC8 DLNPs containing
different mole ratio of PEGDMG and PEG2k5c (n = 2). Bioluminescence was quantified 6 h
after injection. b) Quantification of Luc mRNA expression intensity in livers. ¢) The pKa of
PEGDMG/PEG2k5c formulated 4A3-SC8 DLNPs.
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