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Abstract
mRNA vaccines can be translated into protein antigens, in vivo, to effectively induce humoral and cellular immunity against 
these proteins. While current mRNA vaccines have generated potent immune responses, the need for ultracold storage 
conditions (− 80 °C) and healthcare professionals to administer the vaccine through the parenteral route has somewhat 
limited their distribution in rural areas and developing countries. Overcoming these challenges stands to transform future 
deployment of mRNA vaccines. In this study, we developed an mRNA vaccine that can trigger a systemic immune response 
through administration via the gastrointestinal (GI) tract and is stable at 4 °C. A library of cationic branched poly(β-amino 
ester) (PBAE) polymers was synthesized and characterized, from which a polymer with high intracellular mRNA delivery 
efficiency and immune stimulation capacity was down-selected. mRNA vaccines made with the lead polymer-elicited cel-
lular and humoral immunity in mice. Furthermore, lyophilization conditions of the formulation were optimized to enable 
storage under refrigeration. Our results suggest that PBAE nanoparticles are potent mRNA delivery platforms that can elicit 
B cell and T cell activation, including antigen-specific cellular and humoral responses. This system can serve as an easily 
administrable, potent oral mRNA vaccine.
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Introduction

Conventional vaccine administration routes, such as sub-
cutaneous (SC) and intramuscular (IM) injection, deliver 
antigen and adjuvant to antigen-presenting cells (APCs) 
to elicit humoral and cellular immune responses that kill 
foreign pathogens (1, 2). Injection-based administration 
ensures effective delivery across biological barriers; how-
ever, needle-based administration can deter indviduals who 
are afraid of needle sticks and can contribute significantly to 
the generation of biohazardous sharps. Further, novel vac-
cine technologies (e.g., mRNA vaccines) need cold storage 
(< − 20 °C), which can limit access to individuals living in 
developing countries and rural areas (3–5).

Oral vaccines, administered in the form of tablets, cap-
sules, suspensions, and liquids, are a convenient alternative 
to systemic injections as they afford vaccine administration 
in a minimally invasive manner. The gastrointestinal (GI) 
tract contains immune cell-rich foci, such as Peyer’s patches, 
and is connected to the draining mesenteric lymph nodes. 

Recent Advances in Drug Delivery
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Both these structures contain immune cells including den-
dritic cells (DC), macrophages, B cells, and T cells, which 
are important for the production of immediate and long-last-
ing immunity (6, 7). Given the convenience and effective-
ness of oral vaccines, there are several commercially avail-
able oral vaccines including polio, rotavirus, vibrio cholera, 
and oral typhoid vaccines (8–10). These vaccines generate 
systemic (IgG) as well as mucosal immunity (IgA), with 
the latter being critical to target GI infections. This suggests 
that oral vaccines can be a versatile and potent strategy for 
certain diseases. Hence, oral vaccines continue to serve as 
an important tool in vaccination campaigns.

One of the major obstacles in oral vaccine delivery is the 
degradative, low pH environment in the GI tract. Since most 
vaccines are protein/peptide biologics, vaccine components 
can be degraded by digestive enzymes and acids in the stom-
ach (11–13). This can reduce bioavailability of the vaccine 
and its ability to elicit an immune response. To overcome 
these challenges, chemical platforms to enhance mucosal 
permeability (14, 15), devices that penetrate the mucosa 
(16, 17), and particulate delivery techniques that protect the 
vaccine from the harsh gut environment (18–22) have been 
reported. These technologies can be remarkably versatile 
and could be applied to a range of vaccine platforms.

The antigenic protein can be delivered in various formats 
including peptides, proteins, viruses, exosomes, and nucleic 
acids (e.g., mRNA, DNA). Among these, mRNA vaccines 
are particularly interesting for several reasons (23, 24). First, 
a small dose of mRNA can generate high amounts of anti-
genic proteins and trigger antigen specific immunity. Anti-
genic proteins with diverse physical properties and complex 
post-translational modifications can be produced (25). Both 
the mRNA and its delivery excipients can have immunostim-
ulatory activities (26, 27), thus minimizing the need for toxic 
adjuvants. Additionally, by modifying the mRNA sequence, 
vaccines for diverse malignancies, including cancer, infec-
tious diseases, and genetic diseases, can be rapidly produced.

Previously, our group has developed an orally ingest-
ible gastric injection device, loaded with polymeric nano-
particles. We showed that this combination can deliver 
mRNA and transfect gastric cells in a porcine model (28). 
We build on this finding and investigate if mRNA admin-
istration to the GI tract can facilitate the production of T 
cell, B cell, and antibody responses (Figure S1). Given the 
high density of immune cells in the GI tract, we hypoth-
esized that oral administration of the mRNA vaccine will 
elicit a potent humoral and cellular immune response. We 
surveyed branched hybrid poly(β-amino ester) (referred 
to as bhPBAE) polymers to determine the optimal nano-
particle formulation with high intracellular mRNA deliv-
ery. We formulated nanoparticles by complexing bhPBAE 
polymers with mRNA and measured transfection efficiency 
using a high-throughput, flow cytometry assay. First, we 

investigated the transfection efficiency of bhPBAE nano-
particles in a human colon cancer cell line, Caco-2 (29). 
We selected polymers with high transfection efficiency and 
tested their immunostimulatory potency in mouse bone 
marrow-derived dendritic cells (BMDCs), in vitro. These 
studies facilitated identification of a lead polymer candi-
date that had the capacity to deliver mRNA and activate 
innate immune cells. We then showed that lyophilized nano-
particles, made with the lead polymer, could be stored for 
2 weeks at 4 °C with minimal loss of activity. Lastly, animal 
studies showed that gastric as well as small intestinal (SI) 
administration of the lead nanoparticle formulation yielded 
antigen-specific immune responses. The magnitude of the 
immune response was stronger following SI administration. 
Thus, we have developed a polymeric mRNA vaccine that 
can be administered into the GI tract, capable of eliciting an 
antigen-specific B and T cell response. These studies show 
the feasibility of oral mRNA vaccines to complement cur-
rent vaccine strategies.

Materials and Methods

Cells and Animals

Immunocompetent C57bl/6 mice (female, 6–8 weeks old) 
were purchased from Charles River Laboratories (Wilming-
ton, USA). Animals were housed in a specific pathogen-free 
(SPF) facility at MIT which is accredited by American Asso-
ciation for Laboratory Animal Care (AALAC). All animal 
protocols were approved by the MIT Committee on Animal 
Care (CAC). A human colon cancer cell line, Caco-2, was 
purchased from ATCC and regularly tested for mycoplasma 
contamination. Cells were maintained in DMEM media 
supplemented with 10% fetal bovine serum (FBS) and 1% 
antibiotics (100 μg/ml streptomycin, 100 U/ml penicil-
lin). Murine BMDCs were harvested following previously 
reported protocols (30, 31). Briefly, bone marrow cells were 
collected from femurs and tibias from C57bl/6 mice and 
incubated for 6 days with RPMI media supplemented with 
10% FBS, 1% antibiotics (100 μg/ml streptomycin, 100 U/
ml penicillin), 40 ng/ml GM-CSF (Peprotech), and 20 ng/ml 
2-mercaptoenthanol (Sigma) and harvested on day 7 for in 
vitro experiments. Cell culture regents were purchased from 
Thermo Fisher (Waltham, USA), unless otherwise stated.

Polymer Synthesis

Linear PBAE polymers and branched hybrid PBAE (bhP-
BAE) were synthesized as previously reported (28). bhP-
BAE #844 was prepared as follows: First, two linear PBAE 
polymers were synthesized by adding an amine and a dia-
crylate in a glass vial, and stirring the mixture on a hotplate 
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at 90 °C. The two linear polymers used in polymer #844 
contained the following combination of amine and dia-
crylate: linear polymer A (5-amino-1-pentanol + 1,4-butan-
ediol diacrylate) and linear polymer B (3-amino-1-pro-
panol + 1,6-hexanediol diacrylate). Following overnight 
polymerization, the two linear polymers were dissolved in 
DMSO at a concentration of 166 mg/ml. Polymers A and 
B were mixed at 1:1.66 weight ratio. A DMSO-based solu-
tion of a branching agent, tris(2-amino ethylamine), was 
added to the polymer mixture, and samples were placed on 
a shaker for 24 h at room temperature. Finally, an excess 
of 1-(3-aminopropyl)-4-methylpiperazine was added as an 
encapping agent. Characterization of the extent of branching 
was performed by measuring amount of unreacted branching 
agent in the reaction mixture as described previously (28).

Nanoparticle Characterization

Two mRNAs encoding enhanced green fluorescence protein 
(eGFP) (Cat No. L-7201) and ovalbumin (Cat No. L-7210), 
respectively, were purchased from Trilink (San Diego, 
USA). To prepare the nanoparticles (NPs), the stock mRNA 
solution (as provided by the manufacturer) was diluted in 
25 mM sodium acetate buffer (pH 4.2). bhPBAE polymer, 
dissolved in dimethyl sulfoxide at 100 mg/ml, was further 
diluted in 25 mM sodium acetate buffer (pH 4.2) to a conce-
tration that was 100 times the concentration of the aqueous 
mRNA solution. Equal volumes of the polymer and mRNA 
solution were mixed to achieve a polymer-to-mRNA weight 
ratio of 100:1. The combination was mixed by rigorous 
pipetting followed by 15-min incubation at 4 °C.

To measure size and zeta potential, nanoparticles were 
dispersed at concentration of ~ 10–100 μg/ml and analyzed 
using dynamic light scatter (Zetasizer, Malvern analytics). 
To test cytotoxicity, Caco-2 cells were incubated with the 
nanoparticles overnight. Cell viability was measured using 
a lactate dehydrogenase (LDH) assay (Thermo Fisher), con-
ducted using the manufacturer’s protocol.

For electron microscopy, 10 μl of the sample and buffer 
containing solution was dropped on a 200 mesh copper 
grid (Electron Microscopy Sciences, USA) coated with a 
continuous carbon film and dried at room temperature. The 
grid was mounted on a JEOL single tilt holder in the TEM 
column. Imaging, on the JEOL 2100 FEG microscope, was 
performed using the largest area on a parallel illumination 
beam and 10-μm-diameter condenser aperture. The micro-
scope was operated at 200 kV and with a magnification in 
the ranges of 3000 to 600,000 for assessing particle shape 
and size and atomic arrangement. All images were recorded 
on a Gatan CCD camera.

The gel electrophoresis assay was performed based on 
a previous study (32). Briefly, nanoparticles were pre-
pared with different ratios of eGFP mRNA/polymer (1:50, 

1:100). mRNA (1 μg) in DI water, sodium acetate buffer, 
and nanoparticles were mixed with RNA Gel Loading 
Dye (ThermoFisher) and boiled at 70 °C for 10 min and 
cooled, on ice, for 3 min. Samples were then loaded onto a 
2% agarose gel in 1 × TBE buffer (ThermoFisher) and run 
for 90 min at 110 V. Gels were then visualized using a UV 
transilluminator.

Caco‑2 Transfection

Cells were seeded at a density of 20,000 cells per well in a 
96-well plate, and allowed to adhere overnight. Nanoparti-
cles were prepared as described above with eGFP encoding 
mRNA, and then diluted with serum-free DMEM media. 
Cells were incubated with the nanoparticles at 100 μg/ml 
(equivalent to 1 μg/ml of RNA) for 4 h. After the 4-h incuba-
tion, nanoparticles were removed and fresh complete RPMI 
media was added to the cells. Following overnight incuba-
tion, cells were detached from the plate and expression of 
eGFP was measured by flow cytometry (BD Fortessa). A 
mixture of mRNA and lipofectamine 2000 (ThermoFisher) 
was used as a positive control.

BMDC Assays

BMDCs were harvested as described above. Ten thousand 
cells were seeded in each well of a 96-well plate. First, 
BMDC transfection was studied using as assay protocol 
identical to that described for Caco-2 cells. In a separate 
assay, nanoparticle-mediated immune stimulation was 
measured. Here, nanoparticles were prepared with ovalbu-
min encoding mRNA. Nanoparticles were incubated with 
the BMDCs for 48 h. BMDCs were collected, rinsed, and 
stained with fluorophore-labeled antibodies (Biolegend, 
USA). Specifically, CD11c + BMDCs were gated and sur-
face expression of co-stimulatory molecules (CD40, CD80, 
CD86) and antigen presentation (SIINFEKL:MHCi) were 
measured using flow cytometry. A schematic of flow cytom-
etry gating is described in Figure S2. Single-cell flow scat-
ter plots of all treatment groups are included in Fig. 3b. 
The following antibodies were used for flow cytometry: 
CD11c-APC-Cy7 (clone N418), CD40-FITC (clone 3/23), 
CD80-BV421 (clone 16-10A1), CD86-PE (clone GL-1), and 
SIINFEKL:MHCi-APC (clone 25-D1.16).

Lyophilization

Nanoparticles were prepared with bhPBAE polymer #844 
and eGFP mRNA. Sucrose solutions were prepared at con-
centrations ranging from 5 to 60 mg/ml in 25 mM sodium 
acetate buffer and mixed with nanoparticles in differ-
ent ratios. Nanoparticles in sucrose solutions were frozen 
at − 80 °C for 4 h and lyophilized for ~ 18 h using a bench 
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top lyophilizer (Labconco) with a collector temperature 
of − 50 °C. The transfection efficiency of lyophilized nano-
particles was characterized in Caco2 cells using the assay 
described above.

In Vivo Dosing

Ovalbumin mRNA-loaded nanoparticles were prepared 
using bhPBAE polymer #844 and lyophilized. Lyophilized 
nanoparticles were dispersed in phosphate-buffered saline 
(PBS; pH 7.4) before administration. Mice were maintained 
under anesthesia with isoflurane in oxygen. The ventral 
abdomen was prepared aseptically for a midline laparotomy. 
A small section of the small intestine was carefully isolated, 
and nanoparticles were injected into the small intestinal 
lumen (20 mg/kg mRNA). All mice were given one pre-
operative dose of sustained release buprenorphine subcu-
taneously and repeated if necessary, 36–48 h later. Seven 
days after treatment, animals were euthanized, and blood 
and spleen (SP) samples were collected from each animal. 
Blood samples were centrifuged; serum was isolated and 
stored at − 80 °C. Spleen samples were processed for flow 
cytometry analysis. For intragastric administration of nano-
particles, animals were dosed using an oral gavage needle 
(20G, 30 mm, Fine Science Tool) without anesthesia. All 
other experimental procedures were identical to the lapa-
rotomy injection study.

Flow Cytometry

A single-cell suspension of splenocytes was prepared to 
examine cellular immune response. Splenocytes were pre-
pared and stained with fluorophore-labeled antibodies, as 
described previously (31). Antibodies used for T cell char-
acterization include CD3-FITC (clone 17A2), CD4-BV510 
(clone GK1.5), CD8-APC-Cy7 (clone 53–6.7), CD69-
BV421 (clone H1.2F3), CD11a-PE (clone M17/4), and 
ovalbumin 254–267 tetramer-APC. Antibodies used for B 
cell characterization include CD19-APC-Cy7 (clone 6D5), 
CD22-APC (clone OX-97), CD69-BV421 (clone H1.2F3), 
and MHCii-PE-Cy7 (clone M5/114.15.2). Anti-CD45-
BV711 (clone 30-F11) was used to gate immune cells. A 
flow cytometry gating strategy for B cells and T cells is 
described in Figure S3. Antibodies were purchased from 
Biolegend (San Diego, USA), and the tetramer was pur-
chased from MBL International (Woburn, USA).

ELISA

Serum IgG response against the ovalbumin protein was 
examined using ELISA. Ovalbumin (Sigma) was dissolved 
in coating buffer at 10 μg/ml (Biolegend) and coated on a 
96-well plate overnight. The plate was then washed with 

PBS with 0.2% Tween 20 (PBS-T) and blocked with PBS-T 
with 10% bovine serum albumin for 1 h. Serum samples 
were diluted with PBS-T and added to the plates for 2 h. The 
plate was washed to remove unbound serum components. 
A secondary antibody (anti-IgG-HRP, Thermo) was added 
to the plate and incubated for 1 h. The unbound secondary 
antibody was removed, and the HRP substrate solution (Bio-
legend) was added to the plate. After a 20-min incubation, 
absorbance was measured at 570 nm using a plate reader 
(Tecan, USA).

To measure antigen-specific cytokine response, an ex vivo 
splenocyte assay was performed. Splenocytes were collected 
and prepared as a single-cell suspension from animals dosed 
using oral gavage needles. Cells were seeded at 2.5 × 106/ml 
in a 24-well plate. Either PBS or SIINFEKL peptide (10 μg/
ml, invivogen) were added to the wells and incubated for 
48 h. Cell supernatant was collected, and IFN-g was meas-
ured using ELISA (Biolegend).

Statistical Analyses and Graphics

One-way analysis of variance (ANOVA) with a post hoc 
Tukey test (3 + experimental groups) and Student’s t test 
(2 experimental groups) was conducted for statistical 
analysis using Prism GraphPad software (La Jolla, USA). 
Results are reported as mean ± standard deviation (SD) or 
mean ± standard error of mean (SEM). Figure graphics were 
generated using Biorender software and Microsoft Power-
point. p value < 0.05 was considered statistically significant. 
*p < 0.05, **p < 0.01, ***p < 0.001, not significant = n.s. is 
used for figure presentation.

Results

Fabrication and Characterization of PBAE‑mRNA 
Nanoparticles

Cationic bhPBAE polymers can form nanoparticles with 
negatively charged mRNA as described in Fig. 1a. We exam-
ined the transfection efficiency of our nanoparticle library 
in human colon cancer cells (Caco-2 cells). Similar to our 
previous reports (28), we observed high eGFP expression in 
Caco-2 cells with select polymers (Figure S4).

To examine physicochemical properties of the nanoparti-
cles, we selected a nanoparticle formulation fabricated with 
polymer #844, which demonstrated a high GFP transfection 
efficiency in the Caco-2 cell screening assay. We performed 
gel electrophoresis to determine whether mRNA was bound 
to the bhPBAE polymer (Fig. 1b). While naked mRNA pre-
pared in DI water and sodium acetate buffer were detected at 
the original molecular weight (232 kDa), mRNA-bhPBAE 
nanoparticles did not show any signal at 232 kDa. Most of 
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the signal from the nanoparticles was observed in the sam-
pling well, suggesting that the mRNA was complexed with 
the polymer. Nanoparticles were spherical and had an aver-
age hydrodynamic diameter of 136 nm (Fig. 1c, d) and a 
surface charge of 6.3 mV as determined by both dynamic 
light scattering (DLS) analysis and transmission electron 
microscopy (TEM). Toxicity of nanoparticles was examined 
by measuring cell viability following a 24-h incubation with 
Caco-2 cells and mouse BMDCs. Nanoparticles showed 
negligible toxicity, and cell viability was higher than 90% 
at a nanoparticle concentration of 50 μg/ml (Figure S5).

PBAE‑Based mRNA Delivery to BMDCs

We selected 29 polymers that demonstrated high Caco-2 cell 
transfection efficiency and investigated their transfection 
and immunostimulation capacity in mouse bone marrow-
derived dendritic cells (BMDCs). eGFP mRNA transfection 
trends observed in BMDCs were similar to those in Caco-2 
cells, although the overall % of cells transfected in BMDCs 
was lower than that in Caco-2 cells (Fig. 2a). GFP + cell 

frequency in PBAE-treated cells was similar to that of the 
positive control group—lipofectamine (red column). Par-
ticularly, polymers 843, 844, and 846 showed GFP + fre-
quencies of 13.4%, 10.7%, and 11.7%, respectively, which 
are ~ twofold higher than lipofectamine.

We then tested cellular delivery of mRNA encoding a 
model antigen, ovalbumin (MW 375 kDa). In this assay, we 
measured expression of the co-stimulatory molecule, CD40, 
and SIINFEKL:MHCi using flow cytometry (Fig. 2b). Suc-
cessful delivery of ovalbumin mRNA will produce ovalbu-
min in the cytosol, which can be processed and displayed 
on the cell surface MHC receptor. Furthermore, we (33) and 
others (27, 34) have demonstrated nanoparticle- and poly-
mer-mediated activation of immune cells. This is expected 
to upregulate the levels of CD40 on the cell surface. Hence, 
we probed the expression of MHC:SIINFEKL and CD40 
on the DC surface. Unlike the GFP transfection assay, 
where PBAE polymers and lipofectamine showed compa-
rable efficacy, CD40 expression was much higher with the 
PBAEs as compared to lipofectamine. Specifically, nano-
particulate delivery of ovalbumin mRNA using polymers 

Fig. 1   Nanoparticle fabrication using PBAE polymer and mRNA. a 
Schematic of PBAE polymer synthesis and nanoparticle fabrication. 
b A Representative image of gel electrophoresis assay: Column 1: 
RNA ladder, columns 2 and 3: mRNA, and columns 4 and 5: mRNA-

PBAE nanoparticles. c Size (diameter, nm) and zeta potential (mV) 
measured using DLS device. Data is reported as mean ± SD, n = 4. 
d A representative TEM image of nanoparticles pointed with blue 
arrows, scale Bar = 500 nm. a Was created with BioRender.com
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843, 844, and 845 induced significantly increased levels of 
CD40 on BMDCs (70.1%, 70.6%, and 65.3%, respectively), 
compared to naked mRNA and lipofectamine groups (21% 
and 31%, respectively). Expression of SIINFEKL:MHCi 
showed similar trend as CD40, where polymers 843, 844, 
and 845 facilitated high expression of SIINFEKL:MHCi to 
15.2%, 15.9%, and 14.4%, respectively, while naked mRNA 
and lipofectamine-delivered groups showed 1.9% and 8.5%, 
respectively.

In vitro assay data is described in Fig. 2c. Next, mRNA 
delivery efficiency of PBAE polymers was scored relative to 
that of lipofectamine. A score of 100 indicates performance 
identical to lipofectamine. Among the polymers tested, 19 
polymers (819, 831, 832, 836, 837, 847, 848, 849, 851, 852, 
856, 857, 858, 859, 991, 995, 998, 999, 1000) showed a pol-
ymer score higher than 100, in at least one category, while 
polymers 804, 825, and 944 had polymer scored higher 

than 100 in two categories (CD40 and SIINFEKL:MHCi). 
Polymers 843, 844, and 845 showed polymer scores higher 
than 100 in three categories (CD40, SIINFEKL:MHCi, 
BMDC-GFP). Based on the screening result, polymer 844, 
which is the intermediate form of polymers 843 and 845, 
was selected for further formulation optimization and in vivo 
animal studies.

Immunostimulatory Effect of PBAE Polymers

Upregulation of CD40 and MHCi:SIINFEKL by ovalbumin 
mRNA delivery, using mRNA-PBAE nanoparticles, is indic-
ative of its immunostimulatory capacity. To investigate the 
origin of these effects, we repeated BMDC activation assays 
with treatment groups including mRNA only, PBAE only, 
and mRNA-PBAE nanoparticles. For each of these groups, 
levels of co-stimulatory molecules CD40, CD80, and CD86 

Fig. 2   Cellular mRNA delivery using PBAE nanoparticles: a Mouse 
BMDCs were incubated with mRNA (GFP)-PBAE nanoparticles, and 
GFP expression was measured using flow cytometry. Data is reported 
as Mean ± SD, n = 4. b Mouse BMDCs were incubated with mRNA 
(Ovalbumin)-PBAE nanoparticles, and CD40 and SIINFEKL:MHCi 
were measured using flow cytometry. data is reported as mean ± SD, 

n = 4. c Combined In Vitro assays, GFP mRNA delivery in Caco-2 
and BMDC and ovalbumin mRNA delivery in BMDC is summarized 
and presented as a heatmap. Polymer score denotes relative efficiency 
compared to lipofectamine, which 100 is equal efficiency as lipo-
fectamine. a and b were created with BioRender.com
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(Fig. 3a) were measured. As shown in Fig. 3b, mRNA alone 
did not induce upregulation of any co-stimulatory mol-
ecules, likely because we used uridine-substituted mRNA. 
However, PBAE alone induced a threefold increase in CD40 
expression, twofold increase in CD80 expression, and three-
fold increase in CD86 expression, all of which are similar 
to the mRNA-PBAE nanoparticle-treated groups. This sug-
gests that the immunostimulatory effect likely stems from 
the polymer itself and underscores the potential of these 
materials for vaccine development.

Optimization of Lyophilization to Enhance 
Long‑Term Stability

For long-term storage of mRNA-bhPBAE nanoparticles, 
stabilization in a solid state can be advantageous. Sucrose, 
a disaccharide cryoprotectant, was utilized in this assay. 
Sucrose solutions of different concentrations were mixed 

with mRNA(eGFP)-bhPBAE nanoparticles at different vol-
ume ratios before lyophilization (Fig. 4a). Lyophilized nano-
particles were added to Caco-2 cells, and GFP transfection 
efficiencies were examined and compared with fresh nano-
particles (Fig. 4b). As expected, nanoparticles lyophilized 
without sucrose showed no GFP transfection (3% GFP +), 
which is similar to the basal GFP signal detected in PBS-
treated group (2.5% GFP +). Although no lyophilized formu-
lation outperformed the fresh nanoparticles (80.5% GFP +), 
17 formulations showed GFP transfection efficiency greater 
than lipofectamine treatment (49.8% GFP +), which dem-
onstrates that sucrose is an effective cryoprotectant for this 
formulation. Among the tested groups, sucrose (15 mg/ml) 
added to nanoparticles at a 0.5:1 volumetric ratio showed 
66.3% GFP + cells, and was selected for further in vivo char-
acterization. This condition required lower amounts of total 
sucrose compared to other high-performing formulations 
(60 mg/ml 0.5:1 ratio, 60 mg/ml 1:1 ratio, 45 mg/ml 2:1 

Fig. 3   PBAE polymer induces immunostimulatory response. a Sche-
matic of BMDC assay to examine effect of mRNA alone, PBAE 
alone, and mRNA-PBAE nanoparticle is shown. b Flow cytom-

etry analysis of co-stimulatory molecules (CD40, CD80, CD86) on 
BMDC (Left: scattering plot, right: columnar images) is shown. Data 
is reported as mean ± SD, n = 4. a was created with BioRender.com
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ratio). We then examined the stability of lyophilized mRNA-
bhPBAE nanoparticles over a period of 4 weeks (Fig. 4c). 
An aliquot of nanoparticles was stored directly at − 80 °C for 
4 weeks while a second aliquot was first stored at − 80 °C for 
2 weeks, followed by storage at 4 °C for 2 weeks. Lyophi-
lized nanoparticles were tested using the Caco-2 cell trans-
fection assay, and both nanoparticle groups showed 75% rel-
ative transfection efficiency compared to fresh nanoparticles.

B Cell and IgG Responses Following Small Intestine 
Delivery of Nanoparticles

To investigate the immunostimulatory activity of mRNA-
bhPBAE nanoparticles, we administered nanoparticles (with 

ovalbumin mRNA) into the small intestine of immunocom-
petent mice. We characterized the cellular (B cell, T cell) 
immune response through splenocyte analysis (flow cytom-
etry) while humoral (IgG) response was measured through 
serum analysis (ELISA) as described in Fig. 5a.

B cell activation was evaluated using activation markers 
CD22, CD69, and MHCii (35) (Fig. 5b). Compared to ani-
mals treated with PBS and mRNA-only, showing 19.3% and 
23.8% of CD22 + B cells, respectively, nanoparticle-treated 
animals showed 28.3% of CD22 + B cells. Interestingly, 
mRNA treatment increased frequency of CD69 + B cells to 
49.1%, which is twofold higher than PBS (22.1%). Further, 
nanoparticle treatment showed the highest CD69 + B cell 
frequency at 78.7%. PBS-treated animals had the lowest 

Fig. 4   Lyophilizing PBAE nanoparticles with sucrose enables long-
term storage. a Schematic of lyophilization of nanoparticles with 
sucrose is shown. b Lyophilized nanoparticles were examined for 
GFP transfection assay using caco-2 cells to validate stability. Heat-
map demonstrates % GFP cells measured by flow cytometry, n = 4. 

c Nanoparticles lyophilized with sucrose (15  mg/ml, 0.5:1 ratio) 
and stored at designated temperature were examined for caco-2 
transfection (GFP +) 4 weeks after fabrication. Data is reported as 
mean ± SD, n = 4. a was created with BioRender.com
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frequency of MHCii expression on B cells, at 19.7%, while 
mRNA- and nanoparticle-treated animals had frequencies of 
26.8% and 31.6%, respectively.

We performed ovalbumin-specific serum IgG ELISA 
to investigate if B cell activation led to an antigen-specific 
humoral response. As shown in Fig. 5c, serum IgG levels 
were higher in the mRNA-NP-treated groups (0.69 avg 
absorbance) compared to mRNA-only (0.4 avg absorbance) 
and PBS (0.3 avg absorbance) groups, although the differ-
ences were not statistically significant.

CD4 and CD8 T Cell Responses Following Small 
Intestine Delivery of Nanoparticles

Activation of CD4 helper T cells was measured using 
flow cytometry (Fig.  5d). We observed that the fre-
quency of CD69 + CD4 T cells was increased in mice 
that received nanoparticle treatment (12.6%), compared 
to PBS (9.8%) and mRNA-only (11%) treated mice. CD8 
T cell activation, measured by CD11a expression (36), 
showed a similar trend where PBS- and mRNA-treated 

Fig. 5   Small intestine delivery of mRNA-PBAE nanoparticle elicits 
B cell and T cell immunity. a schematic of GI administration pro-
cedure via laparotomy is shown. b Frequency of B Cells expressing 
CD22, CD69, and MHCii is shown. Data is reported as Mean ± SEM, 
n = 5. c ovalbumin-specific IgG was measured by ELISA and reported 

in absorbance (OD 450  nm). Data is reported as mean ± SEM, 
n = 5. d Frequency of CD69 + CD4T cells, CD11a + CD8 T cells, 
CD69 + CD8 T cells, and SIINFEKL-tetramer + CD8 T cells is 
shown. Data is reported as mean ± SEM, n = 5. a was created with 
BioRender.com
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animals showed frequencies of 29.9% and 32.7%, respec-
tively. However, frequency of CD11a + CD8 T cells in the 
mRNA-NP-treated mice was 38.9%, which is significantly 
higher than other groups. Frequency of CD69 + CD8 T 
cells was also the highest in animals treated with nanopar-
ticles (12%) compared to the PBS (5.3%) and mRNA-only 
(6.9%) groups. Upon confirmation of successful CD4 
and CD8 T cell activation following nanoparticle treat-
ment, antigen-specific CD8 T cells were measured using 
SIINFEKL tetramers which can identify CD8 T cells that 
are primed by the ovalbumin antigen. PBS-treated ani-
mals and mRNA-treated animals showed 3.5% and 3.8% 

tetramer + CD8 T cells, respectively. Nanoparticle-treated 
animals showed a drastically higher frequency of 10.2% 
tetramer + CD8 T cells. Our data suggest that nanoparti-
cles are not only able to activate general T cell responses 
but also facilitate antigen-specific CD8 T cell response.

Immune Responses Following Intragastric Delivery 
of Nanoparticles

As SI delivery of nanoparticles demonstrated enhanced B 
cell and T cell activation, we performed a separate animal 
study experiment in which the nanoparticles were delivered 

Fig. 6   Gastric delivery of mRNA-PBAE nanoparticle triggers 
antigen-specific immune response. a Schematic of experimen-
tal design is shown. b Frequency of CD22 expressing B cells and 
CD69 expressing CD8 T cells in the small intestine is shown. 
Data is reported as mean ± SEM, n = 4. c Frequency of CD22 
expressing B cells and CD69 expressing CD8 T cells in the 

spleen is shown. Data is reported as mean ± SEM, n = 4. d Sple-
nocytes were incubated with PBS (OVA −) or SIINFEKL peptide 
(OVA +), and IFN-g was measured using ELISA. Data is reported 
as mean ± SEM, n = 4. e Ovalbumin-specific IgG was measured by 
ELISA and reported in absorbance (OD 450 nm). Data is reported 
as mean ± SEM, n = 4
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into the stomach using oral gavage needles. This is more 
clinically relevant than a laparotomy injection (Fig. 6a). In 
this experiment, we measured B cell and T cell responses 
from the small intestine and spleen. Interestingly, while 
B cell and T cell activation in the spleen was negligible, 
we observed enhanced CD69 + CD8 T cell (p < 0.05) and 
a slight increase in CD22 + B cells in the SI (Fig. 6a, b). 
Ex vivo splenocyte stimulation assays demonstrated that 
splenocytes from the nanoparticle-treated animals induce 
antigen (ovalbumin)-specific IFN-g responses (Fig. 6d). 
Antigen-specific IgG levels in the sera of nanoparticle-
treated animals were increased compared to those of PBS-
treated animals.

Discussion

mRNA is a versatile vaccine modality, which serves as a 
template to produce the antigen of interest, following intra-
cellular delivery. Compared to attenuated and live vaccines, 
the manufacturing of mRNA vaccines is relatively quick 
and convenient as a diverse set of antigens can be produced 
with relatively similar fabrication techniques (37). Addi-
tionally, mRNA is a natural adjuvant, capable of activat-
ing immune cells via TLR3 (double-stranded RNA), TLR7 
(single-stranded RNA), and TLR8 (single-stranded bacterial 
RNA) (38). While these features support the use of mRNA 
as a potent vaccine modality, mRNA is easily degraded by 
RNases and maintaining its stability in vivo is challenging 
(39). In recent years, lipid nanoparticles (LNPs) have been 
used in the clinic as an mRNA vaccine platform, which has 
been efficacious in increasing IgG titer (23, 24). Recent 
efforts to facilitate targeted delivery of RNA demonstrates 
the potential of mRNA vaccine for diverse malignancies 
and suggests a need for mRNA platforms that are modified 
depending on the size of mRNA, target cells/tissues, and dis-
ease models (40, 41). As we reported previously, bhPBAE 
polymers are cationic and can easily form a nanoparticle 
with nucleic acids including DNA and mRNA (28). In addi-
tion, we observed a cell line-dependent trend in polymers 
that showed the highest transfection efficiency. This suggests 
that we can fabricate a mRNA platform using PBAE poly-
mers, which is optimized for a given target cells/tissues, and 
its administration route. Hence, we screened the bhPBAE 
polymer library to optimize for mRNA delivery in an oral 
vaccine application.

As shown in Figure S2, we identified bhPBAE poly-
mers that efficiently transfected Caco-2 cells, a platform 
commonly used to assess transfection capacity in the GI 
tract (29). We then shortlisted bhPBAE polymers to assess 
immune cell activation. In general, GI immunity is skewed 
towards tolerance rather than activation. Particularly, tolero-
genic DCs induce regulatory T cell responses, to maintain 

homeostasis (7). Therefore, we tested if bhPBAE polymers, 
which were effective in Caco-2 cells, are also capable of 
entering antigen-presenting cells and inducing activation, 
using the assays described in Fig. 2. While all polymers 
were effective in delivering GFP mRNA to BMDCs, only a 
few bhPBAE polymers were capable of delivery of ovalbu-
min mRNA. Successful intracellular delivery of ovalbumin 
mRNA will produce immunogenic ovalbumin protein within 
BMDCs. This will trigger expression of co-stimulatory mol-
ecule CD40, and SIINFEKL:MHC I, an antigen cross-pres-
entation immunocomplex that can initiate antigen-specific 
CD8 T cell responses. These markers of antigen presentation 
were elevated in all of the polymers highlighted in Fig. 2b. 
Combining this data, we selected polymer #844, which dem-
onstrated a high performance score in all in vitro assays, for 
further characterization. Interestingly, when we treated the 
BMDCs with only polymer #844, we observed increased 
expression of co-stimulatory molecules CD40, CD80, and 
CD86. The level of expression seen was similar to that of 
BMDCs treated with the polymer nanoparticle complexes. 
This shows that polymer #844 enhances intracellular deliv-
ery of mRNA and also facilitates the activation of immune 
cells. Although we have not elucidated the immunostimula-
tory mechanism of bhPBAE polymer #844, we presume that 
it triggers a pattern recognition receptor (PRR), previously 
reported by other immunostimulatory polymers and polysac-
charides in literature (42–44).

At this stage, mRNA and bhPBAE polymers were each 
prepared in an aqueous phase suspension for in vitro char-
acterization, which limits stability of the nanoparticle com-
plexes. To stabilize the mRNA for long-term storage, LNPs 
can be lyophilized with sucrose as a cryoprotectant. This 
methodology was employed to optimize the mRNA-bhPBAE 
nanoparticle formulations’ stability (45, 46). As demon-
strated in Fig. 4, we prepared sucrose solutions with vary-
ing concentrations, and mixed it with nanoparticles prior 
to lyophilization. Interestingly, there were certain sucrose 
concentrations and sucrose-to-nanoparticle ratios which 
yielded increased nanoparticle stability. In this study, we 
have identified that 15 mg/ml sucrose solution, added at a 
0.5:1 volume ratio, and 60 mg/ml sucrose solution, added 
at 0.5:1 volume ratio, provided the best nanoparticle sta-
bility. This was confirmed by evaluating Caco-2 transfec-
tion efficiency of lyophilized samples, compared to freshly 
prepared nanoparticles. Among the two concentrations, we 
selected 15 mg/ml solution to reduce the total amount of 
sucrose in the formulation and further tested the stability 
of the formulation over the course of 4 weeks. Lyophilized 
nanoparticles that were stored at − 80 °C for 4 weeks (cur-
rently used in the clinic) and nanoparticles stored at − 80 °C 
for 2 weeks followed by 4 °C for 2 weeks both showed high 
transfection efficiency. While the result is promising, recent 
studies report methods to stabilize mRNA vaccines at 4 °C 



	 The AAPS Journal (2023) 25:81

1 3

81  Page 12 of 14

and room temperature storage (47). Hence, further efforts 
to modify the cryoprotectant (e.g., trehalose), expanding 
the polymer library to include polymers similar to 844, and 
hybrid PBAE nanoparticles fabricated with lipids, polysac-
charides, and other polymers are required to address these 
storage challenges.

For in vivo study, we began by directly delivering the 
mRNA nanoparticles into the lumen of the small intestine 
via a laparotomy (48). This method was employed to elimi-
nate potential degradation in the stomach. In this study, we 
focused on validating whether mRNA-PBAE nanoparticles 
could elicit immune responses when delivered directly to the 
small intestine. Furthermore, delivery to the small intestine 
can be achieved by loading nanoparticles in conventional 
enteric coated capsules or using smart capsules (49, 50), a 
direction that will be assessed in future studies. As demon-
strated in Fig. 5, ovalbumin mRNA nanoparticles resulted 
in significantly higher B cell and T cell marker expression. 
Additionally, serum ovalbumin IgG levels (not significant) 
and ovalbumin-specific CD8 T cells (p < 0.01 vs PBS) were 
higher in animals immunized with nanoparticles. This data 
clearly demonstrates that nanoparticles can trigger gen-
eral B cell and T cell activation; however, antigen-specific 
responses showed sub-optimal efficacy with high variation 
between samples. Interestingly, mRNA alone enhanced B 
cell activation compared to PBS control groups. However, 
only nanoparticles were effective in T cell activation while 
mRNA alone had no effect. Since B cells can function as 
antigen-presenting cells, it is possible that mRNA and 
mRNA nanoparticles were directly internalized by B cells, 
thereby inducing strong B cell activation (51, 52). Nonethe-
less, T cells are mainly activated by antigen-presenting cells 
(53, 54). Thus, we can presume that only mRNA nanopar-
ticles, but not mRNA alone, successfully delivered mRNA 
to the DCs and macrophages, leading to downstream T cell 
stimulation. Although general B cell and T cell activation 
can be triggered by mRNA delivery and immunostimulatory 
polymers, antigen-specific responses demonstrate that oval-
bumin mRNA successfully produced ovalbumin antigen in 
the GI tract, only when delivered in bhPBAE nanoparticles.

Our hypothesis was further validated in the gastric 
injection study, a more clinically relevant oral dosage route 
compared to a laparotomy injection. Interestingly, we did 
not observe significant B cell and T cell responses, when 
compared with the laparotomy injection study. It is pos-
sible that the laparotomy procedure causes inflammation 
in the GI tract and intraperitoneal regions (55, 56), thus 
increasing the basal levels of activation markers in cellular 
immune responses. Nonetheless, we observed antigen-spe-
cific IgG and IFN-g responses after intragastric injection. 
Interestingly, while oral gavage treatment of nanoparticles 
induced a mild but statistically significant IgG response, 

laparotomy injection of nanoparticles induced a highly 
variable response where a few animals showed increased 
immune response and others showed no response. Vari-
ability in IgG response of laparotomy-injected nanopar-
ticles can be due to variability during injection, and the 
data suggests that optimized delivery of nanoparticles in 
the GI tract can induce a potent IgG response. It should be 
noted that we have limited the oral gavage to a single dose 
and sampling at day 7 to be consistent with the laparotomy 
injection study. This suggests that an optimized dosing 
schedule and long-term characterization of IgG responses 
should be investigated in an oral gavage model. Com-
bined in vivo studies suggest that mRNA nanoparticles 
can induce antigen-specific cellular and humoral immunity 
and can serve as a platform for oral vaccine delivery.

Conclusion

Application of mRNA vaccines can be further expanded 
with formulations that target specific cells and tissues and 
can be delivered using different routes of administration. 
PBAE nanoparticles demonstrated robust intracellular 
delivery of mRNA, great potential in eliciting general B 
cell and T cell activation, and in successful generation 
of antigen-specific immune responses. Future directions 
include studies to validate the safety and toxicity of this 
oral vaccine modality, with specific focus on prophylactic 
and therapeutic efficacies in an animal disease model (e.g., 
influenza, GI cancer). These studies can further demon-
strate the clinical feasibility of an oral mRNA nanoparticle 
vaccine.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1208/​s12248-​023-​00844-z.

Acknowledgements  We are grateful to the members of the Traverso 
and Langer laboratories for their expertise and discussions around drug 
delivery and immunology. We also thank Dr. Dongsoo Yun (MIT) for 
TEM imaging of nanoparticles.

Author Contribution  H. K., A.K., and G.T. designed the study. H. K. 
performed the experiments with A.K., N.K., N.R., C.T., K.I., and A.H., 
and wrote the manuscript. Manuscript was reviewed and edited by all 
authors. A.K., N.R., and C.T. synthesized the PBAE polymers. N.K., 
N.R., K.I., and A.H. assisted with cellular and animal studies. R.L. 
and G.T. supervised the research and reviewed the data and edited the 
manuscript.

Funding  'Open Access funding provided by the MIT Libraries' This 
study was funded in part by the Karl van Tassel (1925) Career Develop-
ment Professorship and the Department of Mechanical Engineering, 
MIT (G.T.), National Institutes of Health P20 GM103638 (H.K.), and 
PhRMA Foundation Fellowship (A.K.).

Data Availability  Data will be available on request.

https://doi.org/10.1208/s12248-023-00844-z


The AAPS Journal (2023) 25:81	

1 3

Page 13 of 14  81

Declarations 

Conflict of Interest  R.L. is a co-founder and serves on the board of di-
rectors of Moderna Therapeutics. Complete details of all relationships 
for profit and not for profit for G.T. and R.L. can be found at the follow-
ing link: https://​www.​dropb​ox.​com/​sh/​szi7v​nr4a2​ajb56/​AABs5​N5i0q​
9AfT1​IqIJAE-​T5a?​dl=0, and https://​www.​dropb​ox.​com/s/​yc3xq​b5s8s​
94v7x/​Rev%​20Lan​ger%​20COI.​pdf?​dl=0, respectively. GT, RL, HK, 
NR and ARK are co-inventors on US patent application 17/689,314 
that describes the use of poly(beta amino ester) polymers for the de-
livery of nucleic acid to the GI tract. The authors declare no other 
competing interests.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Liang F, Lindgren G, Lin A, Thompson EA, Ols S, Röhss J, John 
S, Hassett K, Yuzhakov O, Bahl K, Brito LA, Salter H, Ciaramella 
G, Loré K. Efficient targeting and activation of antigen-presenting 
cells in vivo after modified mRNA vaccine administration in rhe-
sus macaques. Mol Ther. 2017;25(12):2635–47.

	 2.	 Herzog C. Influence of parenteral administration routes and addi-
tional factors on vaccine safety and immunogenicity: a review of 
recent literature. Expert Rev Vaccines. 2014;13(3):399–415.

	 3.	 Levine MM. Can needle-free administration of vaccines become 
the norm in global immunization? Nat Med. 2003;9(1):99–103.

	 4.	 McAllister L, Anderson J, Werth K, Cho I, Copeland K, Le Cam 
Bouveret N, Plant D, Mendelman PM, Cobb DK. Needle-free jet 
injection for administration of influenza vaccine: a randomised 
non-inferiority trial. Lancet. 2014;384(9944):674–81.

	 5.	 Kersten G, Hirschberg H. Needle-free vaccine delivery. Expert 
Opin Drug Deliv. 2007;4(5):459–74.

	 6.	 Burgueno JF, Abreu MT. Epithelial toll-like receptors and their 
role in gut homeostasis and disease. Nat Rev Gastroenterol Hepa-
tol. 2020;17(5):263–78.

	 7.	 Esterhazy D, Canesso MCC, Mesin L, Muller PA, de Castro TBR, 
Lockhart A, ElJalby M, Faria AMC, Mucida D. Compartmental-
ized gut lymph node drainage dictates adaptive immune responses. 
Nature. 2019;569(7754):126–30.

	 8.	 Lee B, Kader MA, Colgate ER, Carmolli M, Dickson DM, Diehl 
SA, Alam M, Afreen S, Mychaleckyj JC, Nayak U, Petri WA, 
Haque R, Kirkpatrick BD. Oral rotavirus vaccine shedding as a 
marker of mucosal immunity. Sci Rep. 2021;11(1):21760.

	 9.	 Church JA, Parker EP, Kirkpatrick BD, Grassly NC, Prender-
gast AJ. Interventions to improve oral vaccine performance: 
a systematic review and meta-analysis. Lancet Infect Dis. 
2019;19(2):203–14.

	10.	 Parker EP, Ramani S, Lopman BA, Church JA, Iturriza-Gómara 
M, Prendergast AJ, Grassly NC. Causes of impaired oral vac-
cine efficacy in developing countries. Future Microbiol. 
2018;13(1):97–118.

	11.	 Beasley DE, Koltz AM, Lambert JE, Fierer N, Dunn RR. The 
evolution of stomach acidity and its relevance to the human micro-
biome. PLoS ONE. 2015;10(7): e0134116.

	12.	 Meena Harish Jain K, Hou HH, Siegel RA. An artificial gut/
absorption simulator: description, modeling, and validation using 
caffeine. AAPS J. 2022;24(5):87.

	13.	 Liu D, Kobayashi T, Russo S, Li F, Plevy SE, Gambling TM, Car-
son JL, Mumper RJ. In vitro and in vivo evaluation of a water-in-
oil microemulsion system for enhanced peptide intestinal delivery. 
AAPS J. 2013;15(1):288–98.

	14.	 Srinivasan SS, Alshareef A, Hwang AV, Kang Z, Kuosmanen J, 
Ishida K, Jenkins J, Liu S, Madani WAM, Lennerz J, Hayward 
A, Morimoto J, Fitzgerald N, Langer R, Traverso G. RoboCap: 
Robotic mucus-clearing capsule for enhanced drug delivery in the 
gastrointestinal tract. Sci Robot. 2022;7(70):eabp9066.

	15.	 Li J, Wang T, Kirtane AR, Shi Y, Jones A, Moussa Z, Lopes A, 
Collins J, Tamang SM, Hess K, Shakur R, Karandikar P, Lee JS, 
Huang H-W, Hayward A, Traverso G. Gastrointestinal synthetic 
epithelial linings. Sci Translat Med. 2020;12(558):0441.

	16.	 Abramson A, Caffarel-Salvador E, Soares V, Minahan D, Tian RY, 
Lu X, Dellal D, Gao Y, Kim S, Wainer J, Collins J, Tamang S, 
Hayward A, Yoshitake T, Lee H-C, Fujimoto J, Fels J, Frederik-
sen MR, Rahbek U, Roxhed N, Langer R, Traverso G. A luminal 
unfolding microneedle injector for oral delivery of macromol-
ecules. Nat Med. 2019;25(10):1512–8.

	17.	 Abramson A, Caffarel-Salvador E, Khang M, Dellal D, Silverstein 
D, Gao Y, Frederiksen MR, Vegge A, Hubálek F, Water JJ, Fri-
derichsen AV, Fels J, Kirk RK, Cleveland C, Collins J, Tamang S, 
Hayward A, Landh T, Buckley ST, Roxhed N, Rahbek U, Langer 
R, Traverso G. An ingestible self-orienting system for oral deliv-
ery of macromolecules. Science. 2019;363(6427):611–5.

	18.	 Zhang L, Zeng Z, Hu C, Bellis SL, Yang W, Su Y, Zhang X, 
Wu Y. Controlled and targeted release of antigens by intelligent 
shell for improving applicability of oral vaccines. Biomaterials. 
2016;77:307–19.

	19.	 Bakshi S, Sanz Garcia R, Van der Weken H, Tharad A, Pandey 
S, Juarez P, Virdi V, Devriendt B, Cox E, Depicker A. Evalu-
ating single-domain antibodies as carriers for targeted vaccine 
delivery to the small intestinal epithelium. J Control Release. 
2020;321:416–29.

	20.	 Wei X, Beltrán-Gastélum M, Karshalev E, Esteban-Fernández de 
Ávila B, Zhou J, Ran D, Angsantikul P, Fang RH, Wang J, Zhang 
L. Biomimetic micromotor enables active delivery of antigens for 
oral vaccination. Nano Lett. 2019;19(3):1914–21.

	21.	 Miao Y-B, Pan W-Y, Chen K-H, Wei H-J, Mi F-L, Lu M-Y, Chang 
Y, Sung H-W. Engineering a nanoscale Al-MOF-armored antigen 
carried by a “Trojan Horse”-like platform for oral vaccination 
to induce Potent and long-lasting immunity. Adv Func Mater. 
2019;29(43):1904828.

	22.	 Heavey MK, Anselmo AC. Modulating oral delivery and gastro-
intestinal kinetics of recombinant proteins via engineered fungi. 
AAPS J. 2021;23(4):76.

	23.	 Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines—a 
new era in vaccinology. Nat Rev Drug Discov. 2018;17(4):261–79.

	24.	 Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene 
M, Coler RN, McCullough MP, Chappell JD, Denison MR, Ste-
vens LJ, Pruijssers AJ, McDermott A, Flach B, Doria-Rose NA, 
Corbett KS, Morabito KM, O’Dell S, Schmidt SD, Swanson PA, 
Padilla M, Mascola JR, Neuzil KM, Bennett H, Sun W, Peters E, 
Makowski M, Albert J, Cross K, Buchanan W, Pikaart-Tautges 
R, Ledgerwood JE, Graham BS, Beigel JH. An mRNA vac-
cine against SARS-CoV-2—preliminary report. N Engl J Med. 
2020;383(20):1920–31.

	25.	 Melo M, Porter E, Zhang Y, Silva M, Li N, Dobosh B, Liguori 
A, Skog P, Landais E, Menis S, Sok D, Nemazee D, Schief WR, 
Weiss R, Irvine DJ. Immunogenicity of RNA replicons encoding 

https://www.dropbox.com/sh/szi7vnr4a2ajb56/AABs5N5i0q9AfT1IqIJAE-T5a?dl=0
https://www.dropbox.com/sh/szi7vnr4a2ajb56/AABs5N5i0q9AfT1IqIJAE-T5a?dl=0
https://www.dropbox.com/s/yc3xqb5s8s94v7x/Rev%20Langer%20COI.pdf?dl=0
https://www.dropbox.com/s/yc3xqb5s8s94v7x/Rev%20Langer%20COI.pdf?dl=0
http://creativecommons.org/licenses/by/4.0/


	 The AAPS Journal (2023) 25:81

1 3

81  Page 14 of 14

HIV Env immunogens designed for self-assembly into nanopar-
ticles. Mol Ther. 2019;27(12):2080–90.

	26.	 Tahtinen S, Tong A-J, Himmels P, Oh J, Paler-Martinez A, Kim 
L, Wichner S, Oei Y, McCarron MJ, Freund EC, Amir ZA, de la 
Cruz CC, Haley B, Blanchette C, Schartner JM, Ye W, Yadav M, 
Sahin U, Delamarre L, Mellman I. IL-1 and IL-1ra are key regula-
tors of the inflammatory response to RNA vaccines. Nat Immunol. 
2022;23(4):532–42.

	27.	 Alameh M-G, Tombácz I, Bettini E, Lederer K, Ndeupen S, Sitt-
plangkoon C, Wilmore JR, Gaudette BT, Soliman OY, Pine M, 
Hicks P, Manzoni TB, Knox JJ, Johnson JL, Laczkó D, Muramatsu 
H, Davis B, Meng W, Rosenfeld AM, Strohmeier S, Lin PJC, Mui 
BL, Tam YK, Karikó K, Jacquet A, Krammer F, Bates P, Cancro 
MP, Weissman D, Luning Prak ET, Allman D, Igyártó BZ, Locci 
M, Pardi N. Lipid nanoparticles enhance the efficacy of mRNA and 
protein subunit vaccines by inducing robust T follicular helper cell 
and humoral responses. Immunity. 2021;54(12):2877-2892.e7.

	28.	 Abramson A, Kirtane AR, Shi Y, Zhong G, Collins JE, Tamang 
S, Ishida K, Hayward A, Wainer J, Rajesh NU, Lu X, Gao Y, 
Karandikar P, Tang C, Lopes A, Wahane A, Reker D, Frederik-
sen MR, Jensen B, Langer R, Traverso G. Oral mRNA delivery 
using capsule-mediated gastrointestinal tissue injections. Matter. 
2022;5(3):975–87.

	29.	 Sambuy Y, De Angelis I, Ranaldi G, Scarino ML, Stammati A, 
Zucco F. The Caco-2 cell line as a model of the intestinal barrier: 
influence of cell and culture-related factors on Caco-2 cell func-
tional characteristics. Cell Biol Toxicol. 2005;21(1):1–26.

	30.	 Kim H, Khanna V, Kucaba TA, Zhang W, Sehgal D, Ferguson 
DM, Griffith TS, Panyam J. TLR7/8 agonist-loaded nanoparticles 
augment NK cell-mediated antibody-based cancer immunother-
apy. Mol Pharm. 2020;17(6):2109–24.

	31.	 Kim H, Niu L, Larson P, Kucaba TA, Murphy KA, James BR, Fer-
guson DM, Griffith TS, Panyam J. Polymeric nanoparticles encap-
sulating novel TLR7/8 agonists as immunostimulatory adjuvants for 
enhanced cancer immunotherapy. Biomaterials. 2018;164:38–53.

	32.	 Kong N, Tao W, Ling X, Wang J, Xiao Y, Shi S, Ji X, Shajii A, 
Gan ST, Kim NY. Synthetic mRNA nanoparticle-mediated res-
toration of p53 tumor suppressor sensitizes p53-deficient cancers 
to mTOR inhibition. Sci Translat Med. 2019;11(523):1565.

	33.	 Langer R, Traverso C, Kirtane A, Reker D, Jones LS, Kim H, 
Rajesh N. Poly (Beta-thioester) polymers and polymeric nano-
particles US patent 2022;0175938A1

	34.	 Andorko JI, Pineault KG, Jewell CM. Impact of molecular weight 
on the intrinsic immunogenic activity of poly(beta amino esters). 
J Biomed Mater Res A. 2017;105(4):1219–29.

	35.	 McHeyzer-Williams M, Okitsu S, Wang N, McHeyzer-Williams 
L. Molecular programming of B cell memory. Nat Rev Immunol. 
2012;12(1):24–34.

	36.	 Bose TO, Pham Q-M, Jellison ER, Mouries J, Ballantyne CM, 
Lefrançois L. CD11a regulates effector CD8 T cell differentiation 
and central memory development in response to infection with 
Listeria monocytogenes. Infect Immun. 2013;81(4):1140–51.

	37.	 Jackson NAC, Kester KE, Casimiro D, Gurunathan S, DeRosa F. 
The promise of mRNA vaccines: a biotech and industrial perspec-
tive. NPJ Vaccines. 2020;5(1):11.

	38.	 Karikó K, Ni H, Capodici J, Lamphier M, Weissman D. mRNA 
is an endogenous ligand for toll-like receptor 3. J Biol Chem. 
2004;279(13):12542–50.

	39.	 Pollard C, De Koker S, Saelens X, Vanham G, Grooten J. Chal-
lenges and advances towards the rational design of mRNA vac-
cines. Trends Mol Med. 2013;19(12):705–13.

	40.	 Roberts TC, Langer R, Wood MJA. Advances in oligonucleotide 
drug delivery. Nat Rev Drug Discov. 2020;19(10):673–94.

	41.	 Kim M, Jeong M, Hur S, Cho Y, Park J, Jung H, Seo Y, Woo HA, 
Nam KT, Lee K, Lee H. Engineered ionizable lipid nanoparticles 

for targeted delivery of RNA therapeutics into different types of 
cells in the liver. Sci Adv. 2021;7(9):eabf4398.

	42.	 Dold NM, Zeng Q, Zeng X, Jewell CM. A poly (beta-amino ester) 
activates macrophages independent of NF-κB signaling. Acta Bio-
mater. 2018;68:168–77.

	43.	 Jacobson ME, Becker KW, Palmer CR, Pastora LE, Fletcher RB, 
Collins KA, Fedorova O, Duvall CL, Pyle AM, Wilson JT. Struc-
tural optimization of polymeric carriers to enhance the immu-
nostimulatory activity of molecularly defined RIG-I agonists. 
ACS Cent Sci. 2020;6(11):2008–22.

	44.	 Ferreira SS, Passos CP, Madureira P, Vilanova M, Coimbra MA. 
Structure–function relationships of immunostimulatory polysac-
charides: a review. Carbohyd Polym. 2015;132:378–96.

	45.	 Crommelin DJA, Anchordoquy TJ, Volkin DB, Jiskoot W, Mastro-
battista E. Addressing the cold reality of mRNA vaccine stability. 
J Pharm Sci. 2021;110(3):997–1001.

	46.	 Corbett KS, Edwards DK, Leist SR, Abiona OM, Boyoglu-Bar-
num S, Gillespie RA, Himansu S, Schäfer A, Ziwawo CT, DiPi-
azza AT. SARS-CoV-2 mRNA vaccine design enabled by proto-
type pathogen preparedness. Nature. 2020;586(7830):567–71.

	47.	 Zhang NN, Li XF, Deng YQ, Zhao H, Huang YJ, Yang G, Huang 
WJ, Gao P, Zhou C, Zhang RR, Guo Y, Sun SH, Fan H, Zu SL, 
Chen Q, He Q, Cao TS, Huang XY, Qiu HY, Nie JH, Jiang Y, Yan 
HY, Ye Q, Zhong X, Xue XL, Zha ZY, Zhou D, Yang X, Wang 
YC, Ying B, Qin CF. A thermostable mRNA vaccine against 
COVID-19. Cell. 2020;182(5):1271-1283 e16.

	48.	 Fievez V, Plapied L, des Rieux A, Pourcelle V, Freichels H, 
Wascotte V, Vanderhaeghen ML, Jerome C, Vanderplasschen A, 
Marchand-Brynaert J, Schneider YJ, Preat V. Targeting nanopar-
ticles to M cells with non-peptidic ligands for oral vaccination. 
Eur J Pharm Biopharm. 2009;73(1):16–24.

	49.	 Goffredo R, Pecora A, Maiolo L, Ferrone A, Guglielmelli E, 
Accoto D. A swallowable smart pill for local drug delivery. J 
Microelectromech Syst. 2016;25(2):362–70.

	50.	 Cole ET, Scott RA, Connor AL, Wilding IR, Petereit H-U, 
Schminke C, Beckert T, Cadé D. Enteric coated HPMC cap-
sules designed to achieve intestinal targeting. Int J Pharm. 
2002;231(1):83–95.

	51.	 Hua Z, Hou B. TLR signaling in B-cell development and activa-
tion. Cell Mol Immunol. 2013;10(2):103–6.

	52.	 Hong S, Zhang Z, Liu H, Tian M, Zhu X, Zhang Z, Wang W, Zhou 
X, Zhang F, Ge Q, Zhu B, Tang H, Hua Z, Hou B. B Cells Are the 
dominant antigen-presenting cells that activate naive CD4(+) T 
cells upon immunization with a virus-derived nanoparticle anti-
gen. Immunity. 2018;49(4):695-708 e4.

	53.	 Wakim LM, Waithman J, van Rooijen N, Heath WR, Carbone FR. 
Dendritic cell-induced memory T cell activation in nonlymphoid 
tissues. Science. 2008;319(5860):198–202.

	54.	 Langenkamp A, Messi M, Lanzavecchia A, Sallusto F. Kinetics 
of dendritic cell activation: impact on priming of TH1, TH2 and 
nonpolarized T cells. Nat Immunol. 2000;1(4):311–6.

	55.	 Menz J, Hundt L, Schulze T, Schmoeckel K, Menges P, Doman-
ska G. Increased mortality and altered local immune response in 
secondary peritonitis after previous visceral operations in mice. 
Sci Rep. 2021;11(1):16175.

	56.	 Yang J, Dong HQ, Liu YH, Ji MH, Zhang X, Dai HY, Sun 
ZC, Liu L, Zhou J, Sha HH, Qian YN, Li QG, Yao H, Li NN. 
Laparotomy-induced peripheral inflammation activates NR2B 
receptors on the brain mast cells and results in neuroinflamma-
tion in a vagus nerve-dependent manner. Front Cell Neurosci. 
2022;16: 771156.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Gastrointestinal Delivery of an mRNA Vaccine Using Immunostimulatory Polymeric Nanoparticles
	Abstract
	Introduction
	Materials and Methods
	Cells and Animals
	Polymer Synthesis
	Nanoparticle Characterization
	Caco-2 Transfection
	BMDC Assays
	Lyophilization
	In Vivo Dosing
	Flow Cytometry
	ELISA
	Statistical Analyses and Graphics

	Results
	Fabrication and Characterization of PBAE-mRNA Nanoparticles
	PBAE-Based mRNA Delivery to BMDCs
	Immunostimulatory Effect of PBAE Polymers
	Optimization of Lyophilization to Enhance Long-Term Stability
	B Cell and IgG Responses Following Small Intestine Delivery of Nanoparticles
	CD4 and CD8 T Cell Responses Following Small Intestine Delivery of Nanoparticles
	Immune Responses Following Intragastric Delivery of Nanoparticles

	Discussion
	Conclusion
	Anchor 25
	Acknowledgements 
	References


