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Nucleic acid therapeutics and vaccines are only available as injectable
formulations that generate discomfort and lead to low patient acceptance. To
enable oral delivery, these therapeutics must avoid enzymatic degradation and
bypass physical tissue barriers in the gastrointestinal tract. Here, the authors
describe orally dosed pills capable of delivering nanoparticle formulations of
nucleic acids with high transfection efficiencies via milli-needle injections into the
gastric lining. This formulation-device combination results in gastric and systemic
uptake in large and small animals, respectively.
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SUMMARY

Nucleic acids are enabling a new generation of therapeutics and vac-
cines to treat and prevent a range of diseases. While these therapies
have typically been limited to parenteral dosing, patients and clini-
cians prefer oral dosage forms. Furthermore, oral delivery enables
local transfection of cells in the gastrointestinal tract not easily tar-
geted via parenteral administration. To address these challenges,
we synthesized and screened a library of branched hybrid poly(p-a-
mino ester) mRNA nanoparticles for transfection efficiency; then we
combined the highest performing formulations with ingestible milli-
injector capsules capable of delivering formulations directly into
gastric tissue. We validated the performance of formulations and
devices in rodents and pigs, demonstrating protein translation in
the delta, gastric, and parietal cells of the gastric mucosa, in addi-
tion to systemic uptake. We anticipate oral delivery of mRNA could
facilitate rapid deployment of episodic interventions, such as vac-
cines, and support long-term therapies.

INTRODUCTION

Therapeutic nucleic acids, such as antisense oligonucleotides, siRNA,? and mRNA,*
have been used to treat and prevent a variety of diseases. For example, nucleic acid-
based therapeutics have been shown to improve clinical outcomes in patients with
hereditary transthyretin-mediated amyloidosis” and homozygous familial hypercho-
lesterolemia.” In addition, experimental nucleic acid-based vaccines have recently
been developed for cancer and Zika virus, and nucleic acid-based vaccines for
COVID-19 have been approved for clinical use.®'” Because mRNA vaccines can
be developed more rapidly than other vaccine types, nucleic acid-based therapeu-
tics could play an important role in controlling pandemic diseases.”""’

Even though patients prefer oral dosage forms over injections,'*'? nucleic acids are
generally administered intravenously, intramuscularly, or subcutaneously because
the gastrointestinal (Gl) tract naturally prohibits biomacromolecule uptake. When
administered orally, nucleic acids rapidly degrade after ingestion, thus limiting
cellular permeation and reducing bioavailability."* Parenteral delivery methods
enable rapid systemic uptake and ensure that therapies reach organs receiving large
amounts of blood flow, such as the liver,'® Iungs,“’ and kidneys.17 Oral administra-
tion methods could enable a preferred method of systemic uptake and would also
allow for targeted delivery in the Gl tract.

Progress and potential
Nucleic acid therapeutics and
vaccines, such as the COVID-19
vaccine, are only available as
injectable formulations because
these therapeutic molecules
cannot survive passage through
the gastrointestinal tract.
Injectable formulations often
result in low acceptance and
adherence by patients because
they cause discomfort and require
a trained professional for
administration. Here, we describe
orally dosed pills capable of
delivering nanoparticle
formulations of nucleic acids with
high transfection efficiencies. The
pills achieve delivery via milli-
needle injections into the gastric
lining. Evidence from small and
large animal studies demonstrates
that this form of administration
enables both gastric and systemic
uptake and transfection.
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To enhance Gl uptake, target a specific organ, promote transfection, and/or prevent
off-target effects, nucleic acid- and other macromolecule-based medications have
often turned to permeation enhancers and specially designed nanoparticles.'®" Still,
nucleic acid-based therapeutics continue to have low oral bioavailability. We and
others have previously demonstrated that orally dosed robotic injection pills, which
autonomously inject drugs into the lining of the Gl tract, are capable of systemic de-
livery of macromolecule protein drugs in dose levels comparable with subcutaneous
injection.?”"?” However, oral delivery of nucleic acids presents additional challenges
and has yet to be demonstrated using this method. In this paper, we demonstrate
the ability to directly inject mRNA encapsulated in branched polymer nanoparticles
into the stomach submucosa via an orally administered capsule, bypassing the natural
barriers present in the Gl tract. We use evidence of protein translation in swine and
mouse models to confirm effective transfection of the dosed mRNA.

RESULTS

Our pill, which we call the self-orienting millimeter-scale applicator (SOMA), is
capable of bypassing the degradative enzymes in the Gl tract by delivering a formu-
lation of medication directly into the vascularized layers of stomach tissue via a tissue
injection.???® By injecting the drug into the tissue, rather than relying on diffusion
through the gastric mucus and mucosa, the pill is capable of delivering drugs with
a wide range of molecular weights. To ensure the injection passes into the tissue,
rather than into the gastric lumen, the pill utilizes a unique shape and density distri-
bution to autonomously self-orient and predictably face the stomach wall. Similar to
a leopard tortoise or a weeble-wobble toy, the pill only possesses one stable config-
uration in which the injection mechanism faces toward the tissue wall.?* Once the pill
self-orients, a hydration-triggered actuator releases a spring-based injection mech-
anism that propels a needle into the tissue and delivers a bolus of drug to the gastric
submucosa. Earlier studies performed in swine and dogs demonstrated that our de-
vice can be ingested and can deliver small molecules, peptides, and monoclonal an-
tibodies systemically via the stomach submucosa without generating a full thickness
perforation or causing a Gl obstruction.””*** This paper focuses on optimizing the
SOMA system to address the unique challenges posed by nucleic acid delivery such
as dose potency, transfection efficiency, and translation rates (Figure 1).

Oral capsules have greater volume restrictions than some parenteral dosage forms
to facilitate ingestion and prevent Gl obstruction: this limits drug loading. Since
mRNA supports amplification of a protein molecule, mRNA-based formulations
can be used to create potent vaccines and therapeutics. However, unlike current
protein therapies, nucleic acids must be delivered intracellularly to realize their ther-
apeutic benefits. To address the issues of dose size and intracellular uptake, we
developed a potent nanoparticle for nucleic acid delivery and designed a formula-
tion that was amenable to lyophilization, up-concentration, and filling into the
SOMA device (Figure 1A). Specifically, we created libraries of branched and
branched hybrid poly(B-amino ester) (PBAE) nanoparticles, which were used to
encapsulate the mRNA. We then compared the transfection efficiency of mRNA
delivered using our branched and branched hybrid PBAE nanoparticles to those
that used linear PBAE nanoparticles. To measure transfection efficiency, we com-
plexed the polymers with GFP-encoding plasmid DNA and measured protein
expression using high-throughput flow cytometry (Figures 1B-1G). In vitro studies
with multiple cell types showed that the top branched or branched hybrid PBAE
nanoparticles transfected a greater percentage of cells than the linear PBAE nano-
particles. Branched hybrid PBAEs also potently delivered eGFP-encoding mRNA
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Figure 1. Transfection efficiency of branched hybrid polymer nanoparticles

(A) Flow diagram of drug formulation and loading into an orally dosed device.

(B=G) In vitro transfection efficiency of plasmid DNA encapsulated in linear PBAE, branched PBAE,
or hybrid branched PBAE nanoparticles in (B) Hela, (C) Caco2, (D) mesenchymal stem, (E) PK15, (F)
RAW, and (G) human aortic epithelial cells.

(H) In vitro transfection efficiency of mMRNA encapsulated in hybrid branched PBAE nanoparticles in
Caco? cells.

(1) Transfection efficiency of GFP-encoding mRNA encapsulated in branched hybrid PBAE
nanoparticles after lyophilization in Caco?2 cells.

(J) Imaging of transfected Caco?2 cells transfected with GFP-encoding mRNA. Scale bars, 200 pm.

into Caco2 cells. In fact, the transfection efficiency of one of the top hits (846) was
substantially greater than branched polyethyleneimine, which is considered the
gold standard gene carrier (Figures 1H and 1J). Cell viability studies are presented
in Figures S1and S2. Physicochemical characterization of the polymers and nanopar-
ticles in the library is presented in Figures S1-S6. A description of the chemical
composition of the polymers is presented in Table S1.

To increase the dose of MRNA that could be loaded into an orally dosed capsule, we
lyophilized the nanoparticles and reconstituted them at a higher concentration.
Lyophilization in the absence of a protectant led to a complete loss of transfection
efficiency. However, adding sucrose in select concentrations led to a complete
retention of transfection efficiency (Figure 11) and allowed us to increase the concen-
tration of nanoparticles by a factor of >100x. It should be noted that we used high
quantities of sucrose to stabilize the nanoparticles during lyophilization (15-60x
weight of nanoparticles), which is comparable with or lower than literature reported
values for nucleic acid delivery systems.***' Previous studies have shown that incor-
poration of surface active agents, such as poly(vinyl alcohol) or docusate sodium,
may help reduce the amount of sugar during lyophilization of nanoparticles.***?
The use of non-ionic agents such as poly(vinyl alcohol) may be particularly beneficial
for these nanoplexes. Despite the high quantity of sugar used, lyophilization allowed
us to increase the concentration of the nanoparticles, making them amenable for our
ingestible injector. Hence, with these potent nanoparticle formulations, we pro-
ceeded to in vivo studies. Physicochemical analyses of polymers and nanoparticles
used in in vivo studies are shown in Table S1 and Figure Sé.

We chose three top-hit polymers (846, 877, and 995) for in vivo evaluation based on their
differential transfection ability in vitro and differences in the constituent branching
agents used. Materials with differential constituent chemicals were chosen for two
reasons. First, it is well established that in vitro-in vivo correlation in transfection is
weak. > We wanted to maximize our ability to identify a material that enables in vivo
transfection. Second, we wanted to evaluate if different chemical composition enabled
cell-selective transfection, as has been reported in the field of lipid nanoparticles.””** To
determine the transfection efficiency of our formulations in vivo, we first administered
nanoparticles made from polymer 877 to mice via a tail vein injection. We then
compared the transfection efficiency of this intravenous administration method to the
delivery of the mRNA nanoparticles via a direct injection to the stomach submucosa,
mimicking the oral capsule delivery method we planned to use in swine (Figure 2A).
In these experiments, we delivered 20 pg (100 uL) of MRNA encoding Cre recombinase
enzyme (Cre) to genetically modified mice designed to produce tdTomato fluorescent
protein in the presence of the enzyme. This allowed us to quantify total transfection
efficiency and determine the cell types targeted using a stomach injection delivery
method and compare it with intravenous injection.”” We then harvested tissue samples
48 h after administration, which allowed enough time for Cre-mediated tdTomato
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Figure 2. In vivo delivery of mRNA to the stomach in mice and swine

(A) Flow cytometry-based analysis of tdTomato expression in mice treated with 20 pg of Cre mRNA
complexed with polymer 877 after a direct injection into the stomach submucosa, an intravenous
(i.v.) injection into the tail vein, or no injection of mMRNA in mice that produce tdTomato after
exposure to Cre (n = 3). Mean + SD, two-way ANOVA.

(B) Flow cytometry-based quantification of transfection efficiency of 20 ng of Cre mRNA complexed
with polymer 846 or 995 in mice after a direct injection to the stomach submucosa compared with
delivery of scrambled (Scr) mRNA nanoparticles or Cre mRNA alone (n = 5 per group, cells within
group combined). Mean £ SD, one-way ANOVA.

(C) Flow cytometry-based analysis of the composition of tdTomato+ cells in the stomach in mice
treated with gastric injection of Cre mRNA nanoparticles (n = 5 per group, cells within group
combined). Mean + SD.

(D) Quantification of western blot of swine stomach tissue after dosing with 150 pg of Cre mRNA
(50 pg each in three capsules) encapsulated in polymer 846 via a direct injection to the stomach
submucosa through an oral autoinjection pill administered via an overtube. This is compared with
untreated tissue as a control. Dosed: n = 3 animals, 3 devices per animal in 3 tissue sites; control:n =
2 animals, 3 tissue sites per animal. (A and B) Run on gel with Ctrl 2. (C) Run on gel with Ctrl 1.
Mean + SD, multiple t tests.

(E) Schematic of device delivery and slow-motion capture of a prototype actuating while
suspended in water in vitro. Scale bars, 5 mm.
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Figure 2. Continued

(F-1) (F and G) Hematoxylin and eosin-stained histology and (H and I) immunohistochemistry
histology stained against Cre from a representative control swine and dosed swine B. The histology
from the two other dosed swine is shown in Figure S7. Scale bars, 200 um.

expression. Flow cytometry data demonstrated that mRNA delivery via stomach injec-
tion using formulation 877 resulted in a greater tdTomato expression in the stomach
compared with delivery via a tail vein injection. In addition, systemic uptake via the
stomach injection was confirmed by transfection of liver cells. In a follow-up experiment
performed to determine the stomach cell types targeted during a direct stomach injec-
tion, we dosed mice with one of two other top-hit formulations, 846 or 995 (Figure 2B).
As controls, we administered naked mRNA and nanoparticles made from the same poly-
mers and loaded with scrambled mRNA via direct stomach injections. Mouse stomachs
were collected and stained with antibodies specific to parietal cells, gastrin cells, and
delta cells. Our data showed that the proportion of tdTomato+ cells in each cell group
correlated with the cell populations in the stomach”® and were unaffected by the poly-
mer used (Figure 2C). We concluded that these nanoparticles were able to transfect cells
in small animal models, and we then proceeded to dose large animal models.

To demonstrate the ability of our robotic injection capsule to deliver mRNA, we admin-
istered three SOMA pills, each containing 50 pg (80 pL) of the mRNA encoding for Cre
encapsulated within nanoparticles made from polymer 846, to each of three swine. Pre-
vious histological studies of the SOMA capsule demonstrate that the pill delivers an in-
jection of drug directly into the gastric submucosa, comparable with the direct gastric
injections performed in the previous experiments in mice.?® Because of a limitation in
drug solubility to a formulation equivalent to 0.625 mg mRNA/mL (on account of the
added sucrose) and a dose loading capacity of 80 pL of formulation in the SOMA pill,
the dose scale-up from the mouse to the swine did not constitute a linear relative
dose increase based on model size. However, the 150 pg delivered to the swine repre-
sents clinically relevant doses larger than both the Moderna and Pfizer mMRNA COVID-19
vaccine doses of 100 and 30 pg, respectively. 24 h after dosing, we euthanized the swine
and harvested tissue samples within a 1-cm radius of each injection site. In addition, we
collected liver tissue adjacent to the portal vein entrance. As a control, we harvested tis-
sue from swine that were not dosed with any formulation. We observed the presence of
Cre in the stomach via a western blot in two of the three swine (Figure 2D). In the third
swine, the western blot quantification did not demonstrate a statistically significant
change from the control. A histological evaluation was performed with hematoxylin
and eosin staining (Figures 2E and 2F; see Figure S7) without evidence of toxicity. Immu-
nohistochemistry staining (Figures 2G and 2H; see Figure S7) confirmed the presence of
Cre in the stomach tissue of the same two animals that demonstrated translation in the
western blot quantification. We saw no significant Cre expression in the liver via a west-
ern blot or an immunohistochemistry stained against Cre (see Figure S8). The differ-
ences in protein translation efficiency among the swine were likely due to several factors,
including physiological and behavioral animal variation, as well as variability in the
manual dose loading and tissue harvesting processes. Because we visualized the injec-
tion of the nanoparticle formulation into the stomach lining of all three swine, the
absence of Cre translation in one of the three swine was more likely due to variations
in the transfection of the mRNA particles into cells rather than a device malfunction.

DISCUSSION

These findings suggest that directly injecting mRNA, as well as other nucleic acids,
into the lining of the gut via an orally administered device may be a feasible method
to deliver these therapeutic molecules to the Gl tissue. The gastric mucosa plays an
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important role in mucosal immunity for gastric diseases, such as those caused by
Helicobacter pylori; moreover, using these capsules to systemically deliver nucleic
acids via uptake through the gastric vein could enable our oral delivery system to
produce systemic immune responses similar to traditional intramuscular injec-
tions.*"*? Future work assessing the mucosal immunity through B cell and T cell re-
sponses could help determine if immune responses are focused in the stomach or
disseminated through the Gl tract and the rest of the body. While the capsule pre-
sented here is designed specifically for gastric injections, capsules designed to inject
substances into other areas of the Gl tract, such as the oral cavity, esophagus, small
intestine, and colon, may also allow other organs and mucosal surfaces in the Gl tract
to be targeted.”*?**3** The SOMA device used in this study has been designed to
circumvent enzymatic degradation, reduce absorption limitations associated with
oral biomacromolecule delivery,”” reduce the risk of full-thickness perforation and
obstruction linked to sharp or large ingested objects,”
and stigma associated with parenteral administration.'® Validation in additional

and eliminate the pain

large animal models and humans, however, is still required to assess the clinical
safety and efficacy of this device. We used a branched hybrid PBAE nanoparticle
in our experiments, but other polymer and lipid nanoparticles might also be compat-
ible with our system.®” Importantly, nanoparticle optimization, which could reduce
the effects of nucleic acid degradation in vivo after tissue injection, was not per-
formed; additional studies are warranted to further optimize the dosing efficiency
of these nanoparticle formulations. While we did not see Cre translation in the livers
of the dosed swine, we did see evidence of Cre translation in the mouse model,
which suggests that higher doses of our formulation may be needed for systemic up-
take in large animal models. To realize the full potential of this system, studies using
therapeutic nucleic acids, such as mRNA vaccines, rather than the model nucleic
acids used in this study, should be performed. Still, this pill is a promising develop-
ment for oral nucleic acid delivery technologies and could lead to a higher quality of
life among patient populations'” and ultimately improve health outcomes.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Giovanni Traverso (cgt20@mit.edu,
ctraverso@bwh.harvard.edu).

Materials availability
All protocols describing the synthesis of the materials used in this research are pro-
vided in the manuscript or the supplementary materials.

Data and code availability

The authors declare that the data supporting the findings of this study are available
within the paper and its supplementary information files. The authors declare that
there was no code generated during the study.

Materials

Dimethyl sulfoxide (DMSO), tris(2-amino ethylamine), 2,2’ ethylenedioxy bis(ethyl-
amine), cysteamine, N-methylethylenediamine, 5-amino-1-pentanol, 3-amino-1,2-
propanediol, and 3-amino-1-propanol were obtained from Sigma-Aldrich. 1,4-Buta-
nediol diacrylate, 1,6-hexanediol diacrylate, and 1-(3-aminopropyl)-4-methypipera-
zine were obtained from Alfa Aesar. 1,3-Propanediol diacrylate was purchased from
Monomer-Polymer and Dajac Labs. 2,4,6-Trinitrobenzylsulfonic acid (TNBSA) was
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purchased from Thermo Fisher Scientific. CleanCap eGFP and Cre mRNA were pur-
chased from TriLink BioTechnologies (San Diego, USA).

Synthesis and characterization of PBAEs

To prepare the linear polymers, the amine and diacrylate were weighed in an 8-mL
glass vial. The amount of amine and diacrylate used in the reaction is listed in Table
S1. A stir bar was placed in the glass vial and the vial was placed on a magnetic stir
plate at 90°C. The reaction was allowed to proceed overnight to yield the linear poly-
mers.*®°% Select polymers were end capped with an excess of amine.>' For this re-
action, the linear polymers were dissolved in DMSO at a concentration of 100 mg/
mL, then 1-(3-aminopropyl)-4-methypiperazine was added to this solution. The
mixture was placed on a shaker at room temperature for 2 h.

To prepare branched and branched hybrid polymers, the linear polymers were dis-
solved in DMSO at a concentration of 166.7 mg/mL. Branching agents were dis-
solved in DMSO at a concentration of 100 mg/mL. The branching agent solution
and the polymer solution were mixed in a 4-mL glass vial in volume ratios described
in Table S1. DMSO was added to this mixture, which brought the total volume to
0.58 mL. The samples were placed on a shaker at room temperature for 24 h. To syn-
thesize the branched polymers, one linear polymer was used for each reaction. For
the branched hybrid polymers, two linear polymers were used. Following the
branching reaction, the polymers were end capped using 1-(3-aminopropyl)-4-me-
thypiperazine as described above.

To determine the progression of the branching reaction, we used two orthogonal
methods: one method measured the consumption of the terminal acrylate groups
in the polymer; the second method evaluated the incorporation of the branching
agent into the polymer. To evaluate the consumption of the acrylate groups in the
branching reaction, we mixed the linear polymers with the branching agent using
a method identical to the one described for polymer synthesis. At various times,
the reaction mixture was analyzed using "H-NMR (Brucker) and the area under the
curve of the acrylate peak was measured. Linear polymers without any branching
agent were used as the control (Figure S3). To confirm the progression of the branch-
ing reaction, we also measured the amount of unreacted branching agent in the re-
action mixture. To perform this analysis, the linear polymers were mixed with the
branching agent using a method identical to that used for the synthesis of the poly-
mers. At various times, 0.1 M sodium bicarbonate (pH 8.5) was added to the reaction
mixture, which led to the precipitation of both the polymer and the reacted branch-
ing agent. The mixture was centrifuged and the supernatant containing unreacted
branching agent was collected and stored at —20°C until further analysis. The con-
centration of amines (branching agent) in the samples was measured using a TNBSA
assay (Thermo Fisher Scientific, 28997) according to the manufacturer’s protocol
(Figure S4). For each assay, a standard curve of the branching agent in question
was prepared to ascertain the linearity of the assay.

Synthesis and physicochemical characterization of PBAE nanoparticles

To synthesize the nanoparticles, DMSO-based solutions of the polymers were
diluted in 25 mM sodium acetate buffer (pH 3.8) to a concentration of 2 mg/mL. Nu-
cleic acid (plasmid DNA or mRNA) was diluted in the same buffer to a concentration
of 0.02 mg/mL. Equal volumes of the polymer and nucleic acid solutions were mixed
by adding the polymer solution to the solution of the nucleic acid and pipetting the
mixture 15 to 20 times. The mixture was allowed to stand for 10 min to ensure com-
plete formation of the nanoplexes.”” The nanoplexes were diluted in deionized
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water before analysis. Size and zeta potential of the nanoparticles were determined
using a Zeta NanoZS machine (Malvern) (Figure S5).

Encapsulation efficiency was determined as described by Kaczmarek et al. with some
changes."® Nanoparticles were prepared as described above. Following the 10-min
standing, the nanoparticles were centrifuged at 12,000 rpm for 15 min. The supernatant
was discarded to remove the unencapsulated mRNA and the nanoparticle pellet was
dispersed in Tris-EDTA buffer (pH 8). The polymer-mRNA complex was disrupted by
incubating with heparin (10 mg/mL, Tris-EDTA buffer) for 15 min at 37°C. RiboGreen re-
agent was added to the samples and fluorescence was measured. Standards of known
concentrations were treated the same way and were used to produce a calibration curve.

High-throughput analysis of the in vitro transfection efficiency of PBAE
nanoparticles

We tested the ability of nanoparticles to transfect a variety of cells in vitro using high-
throughput flow cytometry. We tested the nanoparticles in RAW cells (mouse macro-
phage), PK15 cells (pig kidney), Hela cells (human cervical cancer), human mesen-
chymal stem cells, Caco2 cells (human colon cancer cells), and primary human aortic
endothelial cells. Cells were plated in a 96-well plate 1 day before transfection. For
all cells except Caco2 cells, 10,000 cells were plated in each well. Twenty-five thou-
sand cells were seeded in each well for Caco2 cells. On the day of the experiment,
polymers dissolved in DMSO were diluted to 2 mg/mL in 25 mM acetate buffer. The
polymer solution was mixed with a solution of plasmid DNA or mRNA (0.02 mg/mL in
25 mM acetate buffer; sSftGFP-N1 plasmid [Addgene], or eGFP CleanCap mRNA [Tri-
Link BioTechnologies]) to form the nanoparticles. The nanoparticles were added to
the cells and diluted with serum-free medium to achieve a plasmid concentration of
1 pg/mL. After 4.5 h, the treatments were replaced with complete medium. Twenty-
four hours later, cells were collected using appropriate dissociation medium (trypsin
for Caco2 cells, TrypLE for all other cells) and analyzed using flow cytometry on an
Intellicyt iQue high-throughput flow cytometer. Data in Figure 1 are the median
values reported from three biologically independent experiments. Each circle repre-
sents an individual polymer.

We measured the cytotoxicity of plasmid-loaded nanoparticles. Plasmid or mRNA
nanoparticles were prepared and incubated with HelLa/Caco2 cells for 4 h. After 4
h, the treatments were removed and the cells were incubated with fresh medium
for 24 h. The viability of cells was measured using an Alamar Blue assay according
to the manufacturer’s protocol. Cell viability is represented as a percentage of un-
treated cells. Data are presented in Figures ST and S2. Some polymers did show
cytotoxicity; however, this was a small fraction of the polymers described here.

Nanoparticle lyophilization

The goal of these experiments was to design a formulation of nanoparticles that re-
tains its transfection efficiency following lyophilization. To enable protection, we
decided to use a commonly used cryoprotectant: sucrose. Nanoparticles were pre-
pared as described above by mixing polymer 846 and mRNA. Sucrose solutions (5,
15, 30, 45, and 60 mg/mL) in acetate buffer were added to the nanoparticle disper-
sion atvolume ratios of 0.1:1,0.5:1, 1:1, 2:1, and 3:1. The suspensions were frozen at
—80°C and lyophilized (Labconco). Following lyophilization, the nanoparticles were
dispersed in a mixture of water and serum-free medium to ensure isotonicity.
Following lyophilization, since the majority of the formulation contains sucrose, it ap-
peared to be a translucent/opaque pellet. Following reconstitution in medium, the
appearance was clear and indistinguishable from freshly prepared nanoparticles.
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Nanoparticles were added to cells and incubated for 4.5 h, after which the treat-
ments were replaced with serum-containing medium. Twenty-four hours later, trans-
fection efficiency was assessed using high-throughput flow cytometry as described
above. Freshly prepared nanoparticles were used as positive controls. Transfection
efficiency of lyophilized nanoparticles is expressed relative to that of the freshly pre-
pared nanoparticles in Figure TH.

In vivo mice studies

All animal experiments were approved by and performed in accordance
with the MIT Committee on Animal Care. Four- to 6é-week-old B6.Cg-
GtROSA)26Sorm?(CAGtdTomatolze/ ) mice were purchased from Jackson Laboratory
and were allowed 1 week to acclimate to their new environment. Mice received preemp-
tive analgesia before surgery. Mice were given buprenorphine sustained release at
1 mg/kg subcutaneously (s.c.) before recovery. They were given one dose of meloxicam
1-2 mg/kg s.c. during surgical prep period. If they appeared to be in pain, meloxicam
was continued daily for the next 2-3 days. Mice were anesthetized with isoflurane in an
induction box and maintained on isoflurane for the duration of the procedure via a
nose cone (2-3% isoflurane in oxygen for maintenance). The animal was placed in dorsal
recumbency and the abdomen was shaved from just cranial to the xiphoid process to just
caudal to the umbilical area. The skin was aseptically prepared with alternating cycles of
betadine or similar scrub and 70% ethyl alcohol. The animal was maintained on a heating
blanket (warm water circulating) and monitored for depth of anesthesia by quality of res-
piratory effort and response to toe pinch. A 1-cm incision was made on the ventral
midline through both the skin and the linea alba. Using atraumatic forceps and sterile cot-
ton tip applicators, we stabilized the area of interest (stomach or small intestine). Using a
30-gauge needle, we injected the biological molecule of interest suspended in PBS into
the subserosal side targeting the submucosal space. We then delivered 100 uL of fluid.
To deliver this amount, we performed up to 10 injections per mouse in different locations
of the tissue. Before recovery, mice were given sterile warm 0.9% NaCl s.c. at 20 mL/kg.
Mice were maintained on a heating blanket and given warm fluids subcutaneously as well
as recovered in a cage on a heating blanket. The abdominal wall was closed with 5-0 PDS
or similar absorbable monofilament using a simple interrupted pattern. The skin was
closed with a wound clip. Mice were fed alfalfa-free food a week before and after surgery
to prevent any background fluorescence. Forty-eight hours after surgery, mice were
euthanized via CO; asphyxiation. The tissue was harvested and sent for histology and
fluorescence-activated cell sorting.

In vivo swine studies

All animal experiments were approved by and performed in accordance with the MIT
Committee on Animal Care. We administered the mRNA-loaded robotic injection
pill to female Yorkshire swine, 60-75 kg (Tufts, Grafton, USA). Twenty-four hours
before administration, we placed the swine on a liquid diet and fasted the swine
overnight. We sedated the swine with an intramuscular injection of Telazol (tilet-
amine/zolazepam) (5 mg/kg), xylazine (2 mg/kg), and atropine (0.05 mg/kg), and,
if needed, supplemental isoflurane (1-2% in oxygen). We placed an orogastric
tube, with guidance of a gastric endoscope, in the esophagus to ease the passage
of the device. The robotic injection capsules were passed through the tube and
dropped into the insufflated stomach from a height of 5-7 cm. The devices were
left to actuate and sit in the stomach for up to 2 h after placement. Then the devices
were removed from the stomach of the swine and the metal device pieces were
recovered and washed for future experiments. A rough map of the injection loca-
tions was made using the gastric endoscope. In addition, gastric clips were placed
around the sites of injection, and methylene blue dye was added to the injection
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formulation to potentially allow us to spot the injection location at a later time.
Twenty-four hours after administration, the swine were euthanized. Stomach tissue
was harvested from the injection site locations. Methylene blue dye was no longer
visible in the stomach tissue. Liver tissue was harvested from a location adjacent
to the portal vein. The tissue was then sent for histology and western blot. Western
blot and immunohistochemistry used the Anti-Cre Recombinase antibody clone 2D8
at a concentration of 1:500 (MAB3120, Sigma-Aldrich). Western blot also used the
HRP goat anti-rabbit IgG H&L from Abcam at a concentration of 1:2,000.

Flow cytometry

Tissue samples were isolated from euthanized animals using a 4-um biopsy punch and
incubated in DMEM medium supplied with 1 mg/mL collagenase type IV (Thermo Fisher
Scientific) and 20 ng/mL DNAsel (Thermo Fisher Scientific) in a 37°C shaker (450 rpm) for
1 h. After digestion, single cells were obtained through a 70-um cell strainer and stained
with Cy5 NHS ester (GE Healthcare)-conjugated [Lys]-Bombesin at a ratio of 1:250. After
Cytofix/Cytoperm (BD) cell fixation was performed according to standard protocol,
each sample was stained with a primary antibody and a secondary antibody at 4°C
for 1 h. The sample was then analyzed using an LSR Il (BD). Data were analyzed using
FlowJo. An SSTR polyclonal antibody at a concentration of 1:250 purchased from
Thermo Fisher Scientific (PA3-16736) was used to stain delta cells. An anti-a.1 sodium
potassium ATPase-FITC antibody at a concentration of 1:100 was purchased from Santa
Cruz Biotechnology (Dallas, USA) (sc-48345 FITC) and used to stain parietal cells. [Lys]-
Bombesin (Sigma-Aldrich, B1647, St. Louis, USA) conjugated to Cy-5 (GE Healthcare
Life Sciences, PA15101) was used to stain gastric cells. A goat anti-rabbit IgG, APC-
Cy-7 antibody (Santa Cruz Biotechnology, sc-3847) was used as a secondary antibody
for detecting parietal cells.

Statistical analysis

No data were excluded from the analysis. Student’s t tests or one- or two-way
ANOVA were performed using Prism version 7.0 (GraphPad) or Microsoft Excel (Mi-
crosoft). A value of p < 0.05 was considered statistically significant. Figure captions
and text describe the number of replicates used in each study. Figure captions
define the center line and error bars present in the plots.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2021.12.022.
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