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A microneedle vaccine printer for 
thermostable COVID-19 mRNA vaccines
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Maria Kanelli    1, Lisa H. Tostanoski    2, Joe Collins1, Apurva Pardeshi1, 
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Linzixuan Zhang    3, Catherine Jacob-Dolan    2,4,5, Olivia C. Powers2, Kevin Hall2, 
Shahad K. Alsaiari1, Morris Wolf    6, Mark W. Tibbitt    6, Robert Farra    , 
Dan H. Barouch    2,4,5, Robert Langer    1,3   & Ana Jaklenec    1 

 Decentralized manufacture of thermostable mRNA vaccines in a 
microneedle patch (MNP) format could enhance vaccine access in 
low-resource communities by eliminating the need for a cold chain and 
trained healthcare personnel. Here we describe an automated process 
for printing MNP Coronavirus Disease 2019 (COVID-19) mRNA vaccines in 
a standalone device. The vaccine ink is composed of lipid nanoparticles 
loaded with mRNA and a dissolvable polymer blend that was optimized 
for high bioactivity by screening formulations in vitro. We demonstrate 
that the resulting MNPs are shelf stable for at least 6 months at room 
temperature when assessed using a model mRNA construct. Vaccine 
loading efficiency and microneedle dissolution suggest that efficacious, 
microgram-scale doses of mRNA encapsulated in lipid nanoparticles could 
be delivered with a single patch. Immunizations in mice using manually 
produced MNPs with mRNA encoding severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) spike protein receptor-binding domain 
stimulate long-term immune responses similar to those of intramuscular 
administration.

Unvaccinated communities in low- and middle-income countries are at 
high risk for repeated outbreaks of Coronavirus Disease 2019 (COVID-19) 
and other infectious diseases1, which increase mortality, promote the 
emergence of more dangerous variants and negatively impact the econ-
omy2. Mass vaccination in these communities has been hampered by 
issues such as inadequate cold-chain-compatible storage and transport 
infrastructure and an insufficient number of healthcare personnel3,4. 
Distributed, local systems for manufacturing suitable vaccines offer a 

potential solution. A promising vaccine format in these regions is ther-
mostable microneedle patches (MNPs)5–8. MNPs can be self-applied, are 
less painful than intramuscular (IM) injection, produce no sharps waste, 
can be formulated to remain shelf stable for months and have been used 
with several types of vaccines, including various nucleic acids9–14. In the 
context of COVID-19, lipid nanoparticle (LNP)-encapsulated mRNA vac-
cines, such as those produced by Moderna and Pfizer-BioNTech, have 
proven highly effective in preventing severe disease. To our knowledge, 
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the ink using vacuum to remove air through the mold, and accelerates 
drying using an automated workflow with minimal human intervention. 
The automated workflow integrates a high-precision robotic dispenser, 
programmable vacuum chamber and modular motion stages contain-
ing reusable microneedle molds. The process used in the device is based 
on vacuum application, compatible with a wide range of MNP designs, 
and optimized to minimize vaccine waste.

Microneedle printing requires incorporation of a stabilizing 
dissolvable polymer into a consistently dispensable mRNA-LNP ink. 
After extensively screening inks in vitro, we determined that a com-
bination of dissolvable polymers could successfully deliver active 
LNP-encapsulated mRNA and maintain stability for at least 6 months 
at room temperature. Using mRNA encoding the receptor-binding 
domain (RBD) of the SARS-CoV-2 spike (S) protein, we show that 
MNPs produced by the MVP have adequate mechanical properties 
and successfully penetrate porcine epidermis upon ex vivo applica-
tion. In vivo testing of manually produced MNPs demonstrated an 
immune response similar to that of IM administration.

Results
Developing a microneedle vaccine printer
We developed a vacuum-based technique for driving viscous vaccine 
inks into molds. The process is based on air’s permeability and solubility 

intradermal (ID) delivery of an mRNA vaccine in an LNP vehicle using an 
MNP with long-term thermostability has not been reported previously.

Manufacturing of MNPs introduces new challenges in fabrication, 
loading and scalability that have slowed their development, despite 
being ideal for deployment in low-resource areas15–18. For accurate dos-
ing and adequate skin penetration, microneedles must be sharp and 
consistent in size from batch to batch19. MNPs are limited by the small 
volume available for vaccine loading, especially when excipients are 
required to stabilize labile antigens20. MNPs are typically handmade 
individually with labor-intensive, manual and imprecise steps, such 
as centrifugation, which makes consistent, automated manufacturing 
using these methods challenging21.

Here we describe a microneedle vaccine printer (MVP) to fabricate 
dissolvable MNPs loaded with LNP-encapsulated mRNA vaccines or 
other cargos (Fig. 1a–c). Integrating a microneedle fabrication pro-
cess within a standalone, modular device presents unique challenges. 
Microneedle formation, which is typically achieved through molding22, 
droplet fabrication23, inkjet printing24,25 or 3D printing26–28, must pro-
duce microneedles with sharp, accurate and micron-scale features. 
Mold filling must be driven by a repeatable process that minimizes 
waste, reduces moving parts, requires no user interaction and inte-
grates into an automatable machine-driven workflow. In each run, the 
MVP dispenses vaccine ink fills microneedle molds without disrupting 
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Fig. 1 | MNP fabrication using the MVP. a, Modular inks containing mRNA, lipids 
and polymer can be customized for microneedle vaccine printing. b,c, The MVP 
(b) can be distributed to remote areas to provide local manufacturing capability 
(c) of thermostable MNPs. d, After automated dispensing, vacuum is applied 
through PDMS to load the polymer–vaccine solution into the microneedle mold. 
Molds are then transferred to a drying station for accelerated drying. e, The time 
needed to load the polymer–vaccine solution into the PDMS mold was measured 
for various design and process parameters. Unpaired, two-tailed t-tests were 
used for all comparisons, except for polymer type, where an ordinary one-way 
ANOVA was used (n = 3 independent samples). f, Drying rate for different drying 
strategies. ANCOVA was used to compare drying rate estimates, which were 

derived from a linear regression of drying rate data (n = 3 independent samples). 
g, Total drop area (n = 3 independent samples) and patch coverage (n = 100 
independent samples) are a function of polymer solution used for dispensing. 
h, Imaging of MNPs fabricated with the device: MNP on acrylic solid backing 
(top left), SEM image of MNPs with conical (top right) and pyramid (bottom left) 
geometries and a single pyramid MNP (bottom right). i, Images of tip-loaded 
MNPs (outlined in white) co-dispensed with the device using red (top) or blue 
(bottom) dye as model cargo. j, MNP production throughput. k, MNP throughput 
as a function of drying time and printing tray length. Data represent the mean 
± s.d (e,g) or mean ± 95% confidence interval (f). P values are represented by: 
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. NS, not significant.
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in polydimethylsiloxane (PDMS)29. By applying vacuum either directly 
to the bottom of the PDMS mold during filling (Fig. 1d and Extended 
Data Fig. 1a) or by pre-degassing the PDMS mold immediately before 
filling (Extended Data Fig. 1b), viscous solutions of polymer and vaccine 
could be loaded into molds (Supplementary Videos 1 and 2).

The effect of various process and design parameters on loading 
time and MNP formation were studied for both approaches (Extended 
Data Fig. 1c–j). When applying vacuum directly to the mold, loading 
time depends on the thickness and composition of the PDMS sheet, 
the pattern used to apply vacuum below the PDMS mold and the pres-
sure gradient applied (Fig. 1e). Loading of increasingly viscous inks 
(Extended Data Fig. 1k) required less than 20 min. Although vacuum 
application during microneedle fabrication is common, vacuum is 
typically applied to the atmosphere above the mold, resulting in the 
formation of bubbles in the vaccine and polymer solution30,31. Apply-
ing vacuum directly to the PDMS mold prevents bubble formation and 
eliminates the need for centrifugation, providing a repeatable process 
enabling automation, and it can be scaled up or down to meet any MNP 
size or quantity.

To reduce vaccine waste and drying time, we dispensed the mini-
mum possible volume of vaccine ink needed to fill the microneedles. We 
tuned the polymer concentration to yield a thin, homogenous film of 
dried polymer with mechanical strength sufficient to survive demold-
ing (Extended Data Fig. 2a). Dispensing was characterized by drop area 
of ink dispensed and the circularity of the backing formed after dry-
ing. By increasing viscosity to minimize the Marangoni effect—which 
drives polymer and vaccine to the edges of the drying droplet—we 
maximized circularity and mold coverage, measured in needles filled 
per mold (Extended Data Fig. 2b,c). Using thermogravimetric analysis 
to evaluate drying time, we determined that simultaneous application 
of vacuum below, and a desiccated vacuum atmosphere above, the MNP 
molds accelerated patch drying without any bubble formation (Fig. 1f 
and Supplementary Note 1).

To minimize user interaction and the need for on-site training, 
the above processes were automated using programmable compo-
nents. A custom x–y translating stage with vacuum below (loading) 
and above (drying), accommodating up to 100 MNP molds at once, was 
manufactured (Supplementary Video 3 and Extended Data Fig. 3a–e). 
The vacuum loading and vacuum drying processes were combined 
with a robotic arm for repeatable and programmable dispensing with 
microliter-scale precision (Supplementary Videos 4 and 5 and Extended 
Data Fig. 3f). Parameters such as dispensing pattern, volume dispensed 
and dispensing height were optimized to minimize vaccine waste and 
yield MNPs with an ultrathin backing (Extended Data Fig. 3g–k). With 
one set of dispensing parameters, three different dissolvable polymer 
systems were dispensed with greater than 80% mold coverage (Fig. 1g). 
The MVP enabled the automated fabrication of various microneedle 
designs, including 10 × 10 arrays (Extended Data Fig. 3l) of pyramid and 
conical microneedles up to 1,500 µm tall made from a selection of dis-
solvable polymers common for vaccine delivery using MNPs (Fig. 1h).

Vaccine that dries in the backing of the MNP creates additional 
vaccine waste. To reduce waste, we implemented a two-step tip-loading 
process that has previously been used to concentrate vaccine in 
microneedle tips8,32. First, a vaccine ink containing the minimum 
amount of polymer necessary to stabilize the vaccine is loaded into 
the mold and dried. Then, a polymer-only ink is dispensed and dried 
to form the backing (Extended Data Fig. 4a,b). The MVP can also be 
used to tip load multiple cargos simultaneously as demonstrated by 
red and blue dye loading in different MNPs (Fig. 1i). Tip-loaded MNPs 
printed with the MVP have 100% correctly formed, sharp microneedles 
(Extended Data Fig. 4c).

A mathematical model was developed to quantify the number of 
patches fabricable per day as a function of different design parameters 
(Supplementary Notes 2 and 3 and Extended Data Fig. 4d–g). The 
throughput of the MVP is constrained by the slowest process step, 

which can be either the dispensing step or the drying step depending 
on the device size, demonstrating the importance of understanding 
both (Fig. 1j). Continuous processing is possible when the component 
processes are always running, and dispensing and drying throughputs 
are equal. Various design contours were plotted to capture throughput 
for any device considering parameters such as drying time and loading 
tray dimension (Fig. 1k) or patch size (Extended Data Fig. 4d).

Although a first-generation printer is capable of manufacturing 100 
patches in 48 h, this can be increased by changing the size and complexity 
of the dispensing stage and drying area. The model can be an integrative 
tool for informing design considerations toward increasing through-
put. This can be achieved efficiently by stacking modular micronee-
dle tray molds vertically within the MVP (Extended Data Fig. 5a,b)  
or continuously fabricating MNPs using a pre-treatment stage to de-gas 
trays of microneedle molds before dispensing (Extended Data Fig. 5c). 
Patch removal and packaging could also potentially be automated in 
future designs using a robotic arm (Extended Data Fig. 5d–g).

Loading protein, DNA and mRNA vaccines in MNPs
The MVP was then used to load various biologics, specifically protein, 
DNA and mRNA-loaded LNPs. Two-step tip loading with BSA markedly 
increases loading efficiency—defined as the percent of cargo used for 
fabrication that is measured in the microneedle tips—compared to 
one-step MNP fabrication (Fig. 2a). The mass of the vaccine ink that is 
used during the first step of the two-step process was then optimized 
to yield high loading efficiency (Extended Data Fig. 6a,b). We observed 
that loading efficiency increases with decreasing formulation mass 
(Extended Data Fig. 6c). Using the best loading procedure, 32 µg of 
DNA and 90 µg of BSA were tip loaded and dispensed simultaneously 
using the MVP, with similar loading efficiency (Fig. 2b). The loading 
achieved with the MVP matched what is obtained when the MNPs are 
fabricated manually by standard laboratory techniques, further con-
firming the successful automation of the fabrication process for vari-
ous antigens and vectors (Fig. 2b). Dispensing height was decreased 
to reduce loading variance (Extended Data Fig. 6d). Loading a DNA 
vaccine is consistent (s.d. = 1.6 µg) across the surface of a tray with 100 
MNP molds with no detectable trends as a function of position (Fig. 2c 
and Extended Data Fig. 6e).

Next, we tested printing of MNPs that incorporate mRNA-LNPs 
stabilized in a dissolvable polymer matrix. LNPs are especially difficult 
to dry in a solid matrix because both chemical and colloidal stability 
must be preserved33. Additionally, the volume of polymer available 
in the microneedles is limited, making it challenging to prevent LNP 
aggregation. To investigate dissolvable polymers for stabilizing LNPs, 
we compared various biocompatible polymers that are commonly used 
to fabricate dissolvable microneedles based on their ability to maintain 
LNP stability at decreasing polymer-to-mRNA mass ratios. LNPs of 
approximately 147 nm diameter and −2.7 ± 0.6 mV surface potential 
encapsulating mRNA encoding firefly luciferase (fLuc) were fabricated 
using ionizable lipid, phospholipid, cholesterol and pegylated lipid 
(Fig. 2d and Extended Data Fig. 7a–c)34.

LNPs were then mixed with various soluble polymers and dried. 
After redissolution of the dry matrix, LNPs were used to transfect HeLa 
cells, and both cell viability and fLuc expression were measured relative 
to fresh, undried LNPs. None of the formulations tested impaired cell 
viability compared to LNPs alone (Extended Data Fig. 7d). Formula-
tions containing more than 50% polyvinyl alcohol (PVA) of the total 
mass are best for stabilizing LNPs (Fig. 2e), whereas other common 
dissolvable MNP materials perform poorly (Fig. 2f). PVA’s slow drying 
rate (Extended Data Fig. 7e), hygroscopicity and viscosity (Extended 
Data Fig. 1k) can be overcome by blending it with polyvinylpyrrolidone 
(PVP—a faster-drying polymer with desirable mechanical properties 
(Extended Data Fig. 7f,g)—without sacrificing stability. LNPs are intact 
after dissolution of MNP polymer matrix—showing a moderate increase 
in diameter (Extended Data Fig. 7h), typical structure on transmission 
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electron microscopy (TEM) (Extended Data Fig. 7i–k) and preserved 
mRNA size (Extended Data Fig. 7l).

We sought to select an LNP formulation suitable for ID administra-
tion via MNP (Fig. 2g) from two different leading ionizable lipids with 
very different structures and pKa: cKK-e12 and Lipid 5 (refs. 34–36). 
cKK-e12 was extensively reported efficient at delivering oligonucleo-
tides via intravenous (IV) administration, whereas Lipid 5 was selected 
from a family of lipids studied for both IM and IV delivery. LNPs of 
each type encapsulating fLuc mRNA were characterized (Extended 
Data Fig. 7a–c) and loaded in the microneedles of MNPs using the best 
stabilizing dissolvable polymer formulation and most efficient load-
ing method—that is, PVP:PVA 1:1 mass ratio and two-step fabrication.  
The encapsulated mRNA loading in each one of the 100 microneedles 
of an MNP was measured. We found that, although the mRNA distribu-
tion within the MNP is heterogenous, the batch-to-batch variation is 
low, with approximately 1.0 µg of mRNA tip loaded per MNP (Extended 
Data Fig. 7m–p). Protein expression after HeLa transfection with LNPs 
or LNPs redissolved from the microneedle patch showed that the MNP 
fabrication process does not affect LNP activity in vitro (Extended Data 
Fig. 7q). MNPs were applied to the footpad of mice, and fLuc expres-
sion was measured using luminescence37. LNPs with Lipid 5 have much 
greater protein expression in dose response than cKK-e12 (Fig. 2h), 
showing promise for further use in ID delivery.

To investigate ID administration of an LNP-based mRNA vaccine 
using MNPs, we again measured protein expression in vivo using fLuc 
mRNA encapsulated in LNPs, this time comparing ID footpad applica-
tion of MNP with IM administration of an equivalent amount of fLuc 
mRNA in LNPs (Fig. 2i). Protein expression at 24 h is significantly higher 
when LNPs are delivered via MNPs rather than IM injection. We also 
compared the protein expression when MNPs were fabricated manually 
versus printed with the MVP. The automated printing process does not 
affect LNP activity in vivo (Fig. 2i).

MNP dissolution, immunogenicity and stability
We evaluated the mechanical and functional properties of MNPs pro-
duced with the combination of polymers best capable of stabilizing 
LNPs. Both conical and pyramid needles were considered as poten-
tially viable geometries that offer varying deliverable volumes and 
tip angle (Extended Data Fig. 8a and Supplementary Table 1), which 
have been shown to influence skin penetration and dissolution38. 
In terms of both peak force (Fig. 3a) and stiffness (Fig. 3b), pyramid 
MNPs made of PVP:PVA outperform conical MNPs of the same com-
position, and all MNPs meet the minimum requirements for piercing 
skin39. For both geometries, ex vivo pig skin puncture (Fig. 3c) was 
evaluated by histology, and microneedle dissolution was evaluated 
by optical microscopy image analysis (Fig. 3d,e and Extended Data 
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dev., deviation; NS, not significant.
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Fig. 8b). Although both geometries can access the dermis, 36% of the 
pyramid microneedle volume dissolved in 10 min compared to only 
8% of the conical microneedle volume, allowing for greater vaccine 
delivery—potentially due to their smaller, sharper tip angle40. Pyramid 
MNPs were, therefore, used for all the following experiments. Increas-
ing the fraction of PVP (Extended Data Fig. 8c–e) and LNPs (Extended 
Data Fig. 8f) in the blend can be used to increase the dissolved volume.

To develop a SARS-CoV-2 vaccine for administration by MNP, we 
used an mRNA encoding the RBD, modified with a T4 trimerization 
motif, similar to the construct in the BNT162b1 vaccine (Extended 
Data Fig. 9a)41. Before two-step loading, LNPs containing SARS-CoV-2 
mRNA were dialyzed in water and concentrated using centrifugal fil-
tration to increase MNP loading capacity (Extended Data Fig. 9b,c)42.  

For LNPs, loading efficiency was also increased by making smaller 
MNPs, which confines the Marangoni effect to the area covered by 
microneedles instead of the perimeter of the patch (Extended Data 
Fig. 9d,e). Otherwise, MNPs were fabricated according to the two-step 
loading described in Figs. 1 and 2, using PVP:PVA 1:1 at a 0.32 mass ratio 
(mg µg –1) to stabilize LNPs and ionizable lipid Lipid 5 to maximize 
intradermal protein expression. We used HEK cells to confirm expres-
sion of the SARS-CoV-2 mRNA-based vectors (Extended Data Fig. 9f).

Based on previous reports, we used a mouse model to assess immu-
nogenicity of the SARS-CoV-2 vaccine43. Vaccines were administered at 
a dose of 6 μg encapsulated mRNA (Extended Data Fig. 9g–i) via MNP 
to the footpad of C57BL/6 mice, and an MNP boost was administered 
28 days later (Extended Data Fig. 10a). As a control, a suspension of 
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mRNA-LNPs at a 10-μg mRNA dose was administered via IM injection to 
the hind limb on the same schedule. Serum was collected every 2 weeks 
and analyzed for binding anti-RBD IgG titers. At 3 weeks after boost, we 
measured similar geometric mean titers (GMTs) between IM and MNP 
for the RBD mRNA vaccine (Fig. 3f). Post-prime responses are lower 
than those reported for licensed SARS-CoV-2 mRNA-LNP vaccines in a 
C57BL/6 model, which use different mRNA and lipids, but post-boost 
responses are similar43,44.

Although all mice receiving the mRNA-LNPs ultimately produce 
high GMTs, those receiving them IM respond within 1 week to the 
booster, whereas those receiving them via MNP respond within 3 weeks 
to the booster (RBD mRNA; Fig. 3g). We also observed that the kinet-
ics of FLuc expression after MNP administration are slower than IM 
administration (Extended Data Fig. 10b). This is expected given that 
mRNA-LNPs are dissolving from a solid matrix into the skin via MNP, 
but a delay in protein expression may help explain the delay in immune 
response compared to dosing of liquid suspension. Given the slightly 
lower, yet similar, peak GMTs (Fig. 3f) and their correlates of protection 
with SARS-CoV-2 infection, RBD mRNA MNPs nonetheless yielded a 
robust immune response within a feasible amount of time after admin-
istration45. We used a multiplexed electrochemiluminescence assay to 
survey serum anti-RBD binding responses to SARS-CoV-2 S protein vari-
ants with different mutations of interest to demonstrate the breadth 
of protection offered by the MNP vaccine (Fig. 3h).

We compared the PVP:PVA blend that was developed for micronee-
dle mRNA-LNP delivery to a conventional mRNA-LNP suspension 
administered IM at the same dose, using fLuc mRNA as a model for 
protein expression in mice. Both were stored at room temperature 
and at 4 °C and assessed 1 month, 3 months and 6 months later in vivo. 
Although the IM suspension’s potency decreases over 6 months, MNPs 
produce consistently high luminescence over the entire storage period 
(Fig. 3i), even when stored at room temperature. MNPs also maintain 
mRNA-LNPs stable when stored at 37 °C for 1 month, which matches 
the storage time between the prime and the boost (Extended Data 
Fig. 10c). In a similar study, RBD mRNA MNPs are immunogenic after 
at least 3 months of storage at room temperature and 4 °C (Extended 
Data Fig. 10d), when used as a booster for BALB/c mice primed with 
mRNA-LNP suspension.

Delivering a sufficient dose of LNP vaccine with MNPs is chal-
lenging due to the polymer mass needed to stabilize the LNPs. Using 
the needle volume and MNP loading efficiency from the anti-RBD 
titers peak study, we designed a model (Fig. 3j and Supplementary 
Note 4) that predicts the combination of volume and number of 
microneedles necessary to deliver the full Moderna (mRNA-1273) 
or Pfizer-BioNTech (BNT162b1) COVID-19 vaccine doses. The model 
predicts that 360 and 108 of the studied pyramid microneedles 
and formulation would deliver the full dose of the Moderna and 
Pfizer-BioNTech vaccines, respectively. MNPs containing a sufficient 
dose are less than 2 cm across.

Discussion
Although the magnitudes of humoral responses are similar, we 
observed interesting differences between IM administration of 
mRNA-LNP suspension and ID delivery of mRNA-LNPs using MNPs. 
mRNA-LNPs incorporating Lipid 5 outperformed those with cKK-E12 
in terms of protein expression (Fig. 2h), suggesting that MNPs may be 
sensitive to ionizable lipid composition. Ionizable lipids govern protein 
expression and targeting and have been optimized for various organs 
and administration routes34,35,46,47. Humoral responses also develop 
faster IM (Fig. 3g). Previous research on microneedle-based vaccines 
suggest a connection between administration method and kinetics 
of the humoral response48,49. This may reflect the slower dissolution 
of MNP matrix (Extended Data Fig. 10b) or fundamental differences 
between ID and IM administration. These differences highlight oppor-
tunities to further investigate and engineer the potency of mRNA-LNPs 

delivered by MNPs. Additionally, RBD mRNA constructs may warrant 
further study as a target for vaccines with increased stability50.

MNPs containing mRNA-LNPs offer new opportunities to stream-
line vaccine administration and improve vaccine efficacy. ID admin-
istration of attenuated virus, virus-like particle and other vaccines 
may allow dose sparing compared to the IM or subdermal routes51,52. 
ID delivery of vaccines was recommended at a meeting of the World 
Health Organization Strategic Advisory Group of Experts as a means 
to reduce cost of the polio vaccine, and a DNA vaccine delivered 
ID via jet injector was authorized for emergency use in India53,54. 
Room-temperature-stable vaccines would greatly facilitate deploy-
ment in the developing world, where the supply chain necessary for 
cold transport may be inadequate. They would also allow for vaccines to 
be cost-efficiently stockpiled in preparation for a potential outbreak55. 
Deployment of COVID-19 vaccines in particular has been hampered by 
poor shelf life and reliance on cold chain storage and transport systems. 
Until now, to our knowledge, thermostable mRNA-LNP vaccines have 
not been developed33,56, perhaps because of their nanoparticulate 
nature (for example, very high surface area) and tendency to aggregate 
irreversibly, which makes them exceptionally difficult to stabilize in a 
dry formulation33,57–59.

We show that MNP vaccines printed by the MVP can be stored at 
room temperature and used for immunizations months after fabrica-
tion. In contrast, certain current mRNA vaccines must be held at −60 °C 
to −80 °C for long-term storage and 4 °C for short-term storage. Mod-
eling data suggest that a human dose of mRNA-LNP COVID-19 vaccine 
can be formulated into a 2-cm-square microneedle patch (Fig. 3j). This 
assumes that needle-to-needle spacing is maintained as patch size 
increases, but, for eventual translation, skin penetration and needle 
dissolution of a larger patch must be evaluated. Additional engineer-
ing of the MVP will be required to develop an end-to-end microneedle 
fabrication process for application in humans, including an aseptic 
enclosure to reduce bioburden and an integrated packaging step60,61. 
We think that the device could be easily adapted to any mRNA vaccine 
for diseases of interest in specific regions and sized according to the 
desired scale of MNP vaccine production.
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Methods
Design, assembly and automation of the MNP device
The MVP was designed with the requirement to integrate and automate 
the necessary functions to convert ingredients necessary for fabricat-
ing MNPs into finished MNPs with minimal operator skill level and in 
a form factor suitable for transport. The resulting design consisted 
of three main functions: loading, dispensing and drying. These three 
functions were organized into the MVP (Extended Data Fig. 3f) and were 
programmed to function simultaneously. All programming related 
to MVP was implemented in the EPSON RC 7.0 SPEL programming 
language. The operator is required to load molds, fill the reservoirs for 
liquid formulation and polymer backing and unload MNPs.

A key operating function was developed such that, during the 
dispensing step, the liquid formulation is first dispensed above the 
MNPʼs mold and then drawn inside the negative mold cavity using 
vacuum underneath (taking approximately 15 min), and then the load-
ing stage moves to the drying station where its atmosphere is sealed to 
accelerate the drying time.

The dispensing stage consists of a syringe pump (Harvard PHD 2000) 
and a robotic arm (Epson T3) holding a pair of nozzles (18-gauge needles 
for dye solutions, 25-gauge for vaccine printing) connected via tubing to 
the syringe pump. The motion of the robotic arm was programmed to 
be synchronized with the syringe pump. The motion of the robotic arm/
pump was optimized to maximize the coverage of the MNP mold by the 
liquid formulation. A dispensing time gap was imposed between each 
two adjacent MNPs to minimize inter-patch dripping and vaccine waste.

Both processes were based on different sequences of applying 
vacuum on PDMS molds and dispensing the polymer solution (loaded 
with dye or biological agents), followed by vacuum drying. In the first 
process (de-gassing), vacuum was initially applied on empty PDMS 
molds, followed by dispensing polymer solution within a specific time 
(~7 min) right after vacuum application, eventually drying the polymer 
solution with vacuum. Vacuum de-gassing facilitated diffusion of poly-
mer solution into the microneedle cavities in the PDMS mold (Extended 
Data Fig. 1b and Supplementary Video 1). In the second approach, 
polymer solution was dispensed on the PDMS mold, and vacuum was 
subsequently applied both from underneath and on top of the sheets 
(Extended Data Fig. 1a and Supplementary Video 2) to induce diffu-
sion of polymer but also accelerate the drying time without bubble 
formation. When drying the solution using vacuum, it is important to 
maintain the pressure gradient through the PDMS mold by keeping a 
higher negative pressure below the PDMS sheet. By doing so, the air 
dissolved in the polymer–vaccine solution is driven downwards (toward 
the vacuum chamber below the PDMS mold), which avoids bubble 
formation during drying. Due to simplicity of automation, the second 
approach was further implemented into the device.

The loading stage was a custom-made 10 × 10 array of MNP molds, 
which was used to apply vacuum (−1 bar) below the PDMS sheets. The 
loading stage was fixed to a single-axis motion stage (Thorlabs) allow-
ing transfer between the loading station and the drying station. Before 
dispensing the formulation, the alignment of the loading station with 
the dispensing station was calibrated.

The drying stage was a custom-made vacuum chamber that moved 
vertically via a single-axis motion stage (Thorlabs). The headcover 
comprised a vacuum connection as well as a desiccant bag (Extended 
Data Fig. 3c). The vacuum was set to −0.6 bar to accelerate drying.  
A single vacuum pump was used for both the loading and drying stages. 
The vacuum pump was directly connected to the loading stage, and 
a pressure controller was used to decrease the vacuum to −0.6 bar 
in the headcover. The lower vacuum in the headcover compared to 
inside the loading stage maintained a negative pressure gradient in the 
sheet of PDMS molds, avoiding bubble formation in the MNP solutions. 
Moreover, the pressure controller was used to automatically bring back 
the drying stage to atmospheric pressure after drying and release the 
vacuum chamber from the loading stage.

Patch coverage quantification
Patches (n = 100) were dispensed and dried with the MVP to study the 
effect of liquid formulation on patch coverage caused by different 
drying patterns on individual MNPs. The liquid formulation included 
a polymer formulation (PVP, PVA, PVP:PVA 1:1) dissolved at 20% (w/w) 
in PBS and mixed with dye. Patch coverage was defined as the number 
of microneedles formed successfully after drying divided by the total 
number of patches fabricable (100). The patch coverage was quanti-
fied individually for each patch under an optical microscope for each 
formulation. Drop area and circularity were quantified using image 
analysis after imaging.

Dispensing vaccines and other biological cargos
A two-step dispensing approach was followed for loading vaccine and 
other biological cargos. In the first step, vaccine solution was aspirated into 
the dispensing tube through the dispensing needles (25-gauge, BD Bio-
sciences). The liquid formulation in the first step was composed of a certain 
concentration of the biological agent mixed with PVP:PVA 1:1, 4% (w/w). 
Approximately 36 ± 6 µl of vaccine solution (or other cargos) was then 
dispensed using a pair of 1-ml syringes (BD Biosciences) on the center of 
MNP molds on the dispensing tray. A time gap of 9 s was imposed between 
dispensing each two adjacent MNPs to minimize vaccine waste during the 
transfer of the dispensing robot from mold to mold. The backing solution 
(PVP:PVA 1:1, 20% (w/w)) was aspirated directly to a new dispensing syringe 
(10 ml-sized, BD Biosciences). An amount 48 ± 6 µl of the backing solution 
was dispensed in the second stage right on top of the previously dispensed 
(dried) vaccine spots. Before and after each dispensing round, the needles 
and the tubes were washed with ethanol (70%) followed by sterile water. 
In some experiments, a pair of cargos was co-dispensed such that each 
syringe/needle dispensed a different cargo. The same loading/dispensing 
procedure as in mono-dispensing was followed in this case, except that 
each syringe was loaded with a different cargo.

Computer-aided design and illustration
SolidWorks 2021 (Dassault Systèmes) was used for 3D illustrations 
of the MVP, robotic arm, dispensing station, vacuum devices, nega-
tive pressure chamber, sterile environment container, drying rack, 
conveyer belt and automatic microneedle patch demolding station. 
The Epson T3 robotic arm drawing was directly downloaded from the 
official Epson website. The XYZ plotter, drying rack and conveyer belt 
models were downloaded from GrabCAD. All other parts were custom 
designed in reference to the actual dimensions of the prototype parts.

Dispensing optimization
A design of experiments (DOE) approach was followed to systemically 
study the effect of various design parameters on the collective size of 
the drops, as the output response, dispensed on an individual PDMS 
array from the robotic nozzle (needle). To this end, an L18 orthogonal 
array design of experiment (Taguchi DOE) was constructed in software 
(Minitab). The effect of the following design parameters was studied: (1) 
attachment of a 0.2-µm filter to the nozzle, (2) needle gauge, (3) dispens-
ing height, (4) dispensing flow rate and (5) polymer viscosity as a func-
tion of polymer composition. The projected drop area of total drops 
at the end of each dispensing was quantified using ImageJ software. 
Results (n = 3–5) were analyzed in Minitab to find the mean response 
of drop area as a function of change in these parameters. A schematic 
illustration of the experimental setup is shown in Extended Data Fig. 
3g. The total dispensed volume was considered constant and equal to 
200 µl. Different flowrates were achieved by keeping the total dispensed 
volume constant (200 µl) but varying the dispensing duration.

Microneedle formation quantification
MNPs were printed using the automated MVP and imaged with an opti-
cal microscope to determine if microneedles were the full length and 
sharp (n = 30). Image analysis was used to estimate the needle height.
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Scanning electron microscopy
Scanning electron microscopy (SEM) was used to image fabricated 
microneedles. Samples were initially coated by a thin layer of Au/Pd 
using a Hummer 6.2 Sputtering System (ANATECH) and then imaged 
using a JSM-5600LV SEM ( JEOL) with an acceleration voltage of 5–10 kV.

PDMS molds fabrication
Steel MNP positives were used to generate negative molds made of 
PDMS (Sylgard 184, Dow Corning), which was mixed according to the 
manufacturer’s instructions and cured overnight at 60 °C. To create 
additional MNP positives, UV-curable Norland Optical Adhesive 61 
was filled into the PDMS negative molds using a centrifuge at 3,234g 
for 1 min, placed in a UV-curing oven at room temperature for 20 min 
and manually removed.

To create a tray of negative molds, MNP positives were first 
aligned using a laser-cut 5 × 5 acrylic grid. Then, Norland Optical 
Adhesive 61 was poured between the individual resin positives repli-
cates, UV cured at room temperature for 20 min and then held at 60 °C 
overnight. The resulting tray of evenly spaced 5 × 5 positive MNPs 
(Extended Data Fig. 3d) was used to fabricate a 5 × 5 PDMS sheet of 
negative molds (Extended Data Fig. 3e). PDMS was used to cover the 
aligned resin positives and create an additional 1-mm layer of PDMS 
above the positives. The sheet was leveled, cured overnight at 60 °C 
and removed using isopropanol to help separate the negative from 
the positive.

Dissolvable microneedle fabrication
MNPs were fabricated by loading and drying 200 µl of a 20% w/w 
PVP, PVA or PVP:PVA solution in a PDMS mold. When dye, LNPs, DNA 
or protein were loaded in the MNP, a two-step loading procedure 
was used. First, 200 µl of a solution in deionized (DI) water or PBS 
containing 0.8 mg, 1.6 mg, 2 mg or 8 mg of PVP:PVA and various 
amounts of LNPs (expressed as encapsulated mRNA mass), protein 
or DNA were loaded and dried. Then, a variable volume of PVP:PVA 
20% w/w in DI water or PBS was used to bring the total MNP mass to 
40 mg of PVP:PVA. That polymer solution was loaded and dried to 
create a thin polymer backing. All MNPs used in in vivo studies were 
fabricated using manual dispensing unless otherwise specified. All 
MNPs loaded with LNPs, DNA or protein were fabricated by apply-
ing vacuum through the mold using the pattern with lines at −1 bar 
gauge pressure and applying vacuum in the drying chamber at −0.6 
bar gauge pressure.

For the one-step fabrication method, the 40 mg of PVP:PVA was 
mixed with various amounts of protein and added as one step.

Measurement of loading time
The time needed to load ink into the PDMS negative mold was evaluated 
by recording the loading with an electronic microscope (n = 3). The 
microscope was placed on the side of the PMDS mold and focused on 
the microneedles through the transparent PDMS.

Vacuum de-gassing loading method
Polymer solution was loaded in PDMS molds that were de-gassed under 
various vacuum values from 0 to −0.5 bar gauge pressure for various 
amounts of time. The amount of time between de-gassing and loading 
was varied from 5–10 min to 1 h. MNPs were then dried and removed 
from the PDMS mold. Optical images of the polymer–dye solution mov-
ing into the PDMS mold were acquired 0 min, 2 min, 5 min and 10 min 
after adding the solution to the mold. From these images, the needle 
height was estimated using image analysis.

Measurement of viscosity
Polymer solutions (n = 1) were characterized using a TA Instruments 
Discovery HR-2 Rheometer using a 40-mm parallel plate and a shear 
rate ramp from 0.01 s−1 to 5,000 s−1.

Protein quantification
Needles of an MNP loaded with 50 µg, 100 µg or 200 µg of BSA and 
0.8 mg, 4 mg or 8 mg of PVP:PVA (for two-step tip loading) were cut and 
dissolved in DI water (n = 6). A bicinchoninic acid assay (BCA) (Thermo 
Fisher Scientific) was used to quantify the protein loading using the 
standard procedure for a 96-well plate. An internal standard of PVP and 
PVA was added to the calibration curve to account for their interfer-
ence. The amount of PVP and PVA added to the calibration curve was cal-
culated based on the needle volume (0.08 mm3), a density of 1.2 g/cm3  
and the number of needles used for BSA quantification (adjusted to 
the dilution).

DNA quantification
For the loading efficiency comparison between manual and automated 
fabrication, needles of an MNP loaded with 100 µg of DNA and 1.6 mg 
of PVP:PVA (two-step tip loading) were cut and dissolved in Tris-EDTA 
(TE) buffer (n = 8). DNA was quantified using UV absorption at 260 nm 
and 280 nm using a NanoDrop. Because PVP also absorbs in UV range, 
the same amount of PVP was added to the calibration curve to account 
for its contribution. The amount of PVP to add was calculated the 
same way as described in protein quantification and assuming a 1:1 
PVP-to-PVA ratio. This was repeated for the tray position heat map and 
loading efficiency calculation with DNA, but 10 µg of DNA and 2 mg of 
PVP:PVA were used per patch.

LNPs synthesis
Purified mRNAs were obtained with CleanCap AG cap, full 
N1-methyl-pseudouridine substitution and polyadenylated tail 
(120 A) (TriLink BioTechnologies). Various high-purity lipids were 
used for LNP synthesis, including 3,6-bis({4-[bis(2-hydroxydodecyl)
a m i n o ] b u t y l } ) p i p e ra z i n e -2 , 5 - d i o n e  (c K K- E 1 2 ,  O rga n i x) , 
heptadecane-9-yl 8-((2-hydroxyethyl)(8-nonyloxy)-8-oxoctyl)
amino)octanoate (Lipid 5, Organix), 1-2-dioleoyl-sn-glycero-3-p
hosphoethanolamine (DOPE, Avanti), cholesterol (Sigma-Aldrich) 
and 1-2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy 
(polyethylene glycol)-2000] (ammonium salt) (C14-PEG2000, Avanti). 
LNPs were prepared using procedures previously described34–36. 
Lipids were dissolved in ethanol at a molar ratio of 35:16:46.5:2.5 
cKK-E12:DOPE:cholesterol:C14-PEG2000 or 38.4:12.3:47.4:1.9 Lipid 
5:DOPE:cholestorol:C14-PEG2000 when using cKK-E12 or Lipid 5 as 
the ionizable lipid, respectively. To prepare the LNPs, the ethanoic 
solution was rapidly added to and mixed with an mRNA solution 
buffered with citrate at pH 3 at volume ratio 3:1 (aqueous:ethanol). 
When using cKKe12, the ionizable lipid-to-mRNA weight ratio was 
set to 10, and the final mRNA concentration was 0.1 mg ml−1. When 
using Lipid 5, the ionizable lipid-to-mRNA weight ratio was set to 
5, and the final mRNA concentration was 0.135 mg ml−1. All nucleic 
acids were stored at −80 °C and allowed to thaw on ice before use. 
The LNPs were then dialyzed for at least 2 h in PBS at 4 °C in a 20,000 
molecular weight cutoff (MWCO) cassette34. For LNPs in DI water, the 
solution was dialyzed against DI water for an additional minimum of 
2 h at 4 °C. When needed, the LNPs were concentrated on an Amicon 
filter by centrifuging at 3,000g42. All solutions were kept at 4 °C and 
used within 1 week.

mRNA concentration and encapsulation efficiency in the LNPs was 
estimated with a Quant-iT RiboGreen assay (Thermo Fisher Scientific) 
using a modified procedure described elsewhere (n = 3 per batch)34. 
In brief, LNPs were diluted in either TE or TE mixed with Triton X-100 
buffer (TX). Then, the Quant-iT RiboGreen assay was used to quantify 
the mRNA that is not encapsulated (when diluted with TE) and the 
total mRNA concentration (when diluted with TX). For size, LNPs were 
diluted 200 times in PBS and characterized using a Zetasizer Nano-NS 
(Malvern Instruments). When measuring the mRNA loading in MNPs, 
microneedles were cut and dissolved in TE and TX. When measur-
ing the mRNA loaded in MNP backing, the microneedles were cut, 

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Article https://doi.org/10.1038/s41587-023-01774-z

and the remaining MNP was dissolved in TE and TX. Subtracting the 
un-encapsulated mRNA from the total mRNA yielded the encapsulated 
mRNA concentration.

Testing various polymer–vaccine inks for stabilizing dry LNPs
Polymers were dissolved in PBS or DI water at a concentration rang-
ing from 10% to 30% w/w depending on their solubility (n = 4). These 
solutions were then weighed and mixed with LNP suspension to reach 
the appropriate polymer-to-mRNA mass ratio. The ink mixture was 
immediately dried in a LoBind Eppendorf tube in a desiccator under 
−0.5 bar vacuum. After 24 h drying, the ink pellet was redissolved 
in PBS and incubated for 10 min at 37 °C. PBS was used to adjust the 
volume so that 15 µl of dissolved ink contains 50 ng of encapsulated 
mRNA. This mixture was used to transfect cells. The ionizable lipid 
used was cKK-E12.

For the in vitro evaluation of MNPs loaded with LNPs, four MNPs 
were fabricated using the two-step loading, 10 µg of mRNA and 8 mg 
PVP:PVA for the tip loading. Two MNPs were used to quantify LNP tip 
loading, and two MNPs were used to transfect HeLa cells. Needles were 
cut and dissolved in 1 ml of TE buffer for the RNA quantification and in 
1 ml of DMEM for the cell transfection. The procedure described in LNP 
synthesis was used to quantify mRNA, and HeLa cells were transfected 
as described hereunder. The ionizable lipid used was Lipid 5.

HeLa cells were cultured in high-glucose DMEM with phenol red 
(Invitrogen) supplemented with 10% FBS (Invitrogen) and 1% antibiotic 
(Invitrogen). Then, 10,000 cells were seeded in wells of a white 96-well 
plate in full growth medium. Twenty hours after seeding, 15 µl of fresh 
LNPs or dissolved formulation, or 50 µl of fresh LNPs or dissolved 
MNPs, was added to the growth medium. In all cases, 50 ng of encapsu-
lated mRNA was added to each well. Twenty-four hours after transfec-
tion, 100 µl of Bright-Glo Luciferase Assay Kit (Promega) reagent was 
added, and luminescence was measured in the following 2 min using 
a Tecan Infinite 200 PRO plate reader.

HeLa cell viability was measured in presence of 0.6 mg of poly-
mer formulation and 50 ng of mRNA encapsulated in LNPs made with 
cKK-e12 as the ionizable lipid. Fifteen microliters of ink were used in 
each well. Cell viability was measured in a 96-well plate using a CKK8 
assay as described by the manufacturer (ab228554).

mRNA spatial distribution in MNP
The MNP was fabricated using the two-step loading, using 10 µg of 
mRNA and 8 mg PVP:PVA in the first step. Each of the 100 needles of 
the MNP was manually cut at their base under a microscope and sorted 
based on their position on the array. RNA was quantified the same  
way as described in the LNP synthesis section. The ionizable lipid used 
was Lipid 5.

Particle size analysis of mRNA-LNPs from dissolved MNPs
FLuc mRNA-LNPs were used for all samples. LNPs were analyzed (1) after 
dialysis to PBS, (2) after concentrating to 320 μg ml−1, (3) after diluting 
to 200 μg ml−1 in 4% w/w polymer solution to form vaccine ink and (4) 
after drying to form MNPs. Samples were dissolved in 20 µl, vortexed 
for 2 s, diluted with an additional 200 µl and mixed. Then, 10 µl of 
reconstituted mRNA-LNPs was diluted in 490 µl of water, vortexed for 
2 s and then analyzed using dynamic light scattering (DLS) on a Zeta-
sizer Nano-NS (Malvern Instruments). Samples (n = 5 per group) were 
equilibrated for 60 s before measurement. Three technical replicates 
were performed for each sample.

TEM and cryogenic-TEM
FLuc mRNA-LNPs were used for all samples. LNPs were analyzed (1) 
after dialysis to PBS (2), after concentrating to 320 μg ml−1 (3), after 
diluting to 200 μg ml−1 in 4% w/w polymer solution to form vaccine 
ink and (4) after drying to form MNPs. Dissolved samples were added 
onto the carbon-coated copper TEM grids and blotted to remove the 

excess solution. Next, samples were stained using 1% phosphotung-
stic acid aqueous solution; the excess stain solution was removed; 
and samples were dried at room temperature before TEM imaging. 
For cryogenic-TEM imaging, samples were plunge-frozen using a 930 
Gatan Cryoplunge 3. All the samples were imaged using a JEOL 2100 
FEG microscope at 200-kV acceleration voltage.

Capillary electrophoresis
FLuc mRNA-LNPs were used for all samples. mRNA was analyzed (1) 
as provided by the manufacturer, (2) after mRNA-LNP synthesis and 
dialysis to PBS, (3) after diluting to 200 μg ml−1 in 4% w/w polymer 
solution to form vaccine ink and (4) after drying to form MNPs. Then, 
2 µl of dissolved samples was analyzed using an Agilent Femto Pulse 
using the Ultra Sensitivity RNA Kit (FP-1201). Samples were prepared 
using TE or TX buffer.

Water content analysis
The water content of the fabricated MNPs at different timepoints and 
stages of drying was quantified by thermogravimetric analysis (TGA) 
using a Pyris 1 Thermogravimetric analyzer (PerkinElmer) with a heat-
ing rate of 20 °C per minute from 50 °C to 600 °C under nitrogen flow 
(20 ml min−1) (n = 3). The water content was evaluated by analyzing only 
the needles of the MNPs placed in ceramic pans and not the backing. 
The drying rate was estimated using a linear regression of water content 
measured over time throughout the drying process. All analyses were 
conducted in triplicate.

Compressive mechanical testing
For compression testing, a single MNP was mounted between com-
pression platens (Instron 2501 Series) and compressed at a rate of 
1 mm min−1 using an Instron 5943 with a 500 N load cell (n = 10). The 
peak force before microneedle failure was reported and the slope of 
the linear region of initial compression. Microneedle failure mode was 
determined by imaging the patches after testing.

Microneedle skin penetration and dissolution assessment
MNPs were applied ex vivo on excised pig skin using a mini 
spring-loaded applicator (Micropoint Technologies) for 2 min, 5 min, 
10 min or 30 min (n = 3). Subsequently, the skin samples were fixed into 
formalin for 48 h and then transferred to 70% ethanol and embedded 
in paraffin wax. Samples were sectioned and stained with hematoxylin 
and eosin.

For quantifying microneedle dissolution as a function of applica-
tion time, microneedle patches were imaged before and after appli-
cation on excised pig skin using a Leica DFC450. The patches were 
placed in a transverse manner for imaging using LAS version 4.7 soft-
ware. Microneedle length was calculated using ImageJ for at least 10 
microneedles from each patch, and these measurements were per-
formed on three patches per timepoint.

Luciferase mRNA expression in mice
All animal procedures were approved and performed under the guide-
lines of the Massachusetts Institute of Technology Committee on 
Animal Care (1019-061-22). Six- to eight-week-old female C57BL/6 mice 
(Charles River Laboratories) were used and monitored for safety (n = 5). 
MNPs were fabricated with mRNA-LNPs encoding for FLuc (L-7010, 
TriLink BioTechnologies) using the two-step loading method described 
above. LNP dose and ionizable lipid chemistry were varied, maintaining 
at least a 100:1 polymer:mRNA mass ratio. Two ionizable lipids that were 
previously selected for IV or IM mRNA administration methods were 
studied, respectively: cKK-E12 (ref. 34) and Lipid 5 (ref. 35). MNPs were 
applied to either footpad with anesthesia. To more fully dissolve the 
full dose of LNPs carried in an MNP, when a 10 × 10 array was applied, 
MNPs were divided into two halves and applied consecutively to the 
same footpad, for 10 min per half. Hand pressure was applied for the 
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first minute, and then the MNP was secured to the footpad using tape 
for the remaining 9 min. As a positive control, LNPs were administered 
to the caudal thigh muscle as a 40-µl suspension in PBS at matching 
doses. The footpad was selected because it has been previously used 
for IVIS imaging of luminescence after microneedle application37 and 
because it is a well-studied site for ID administration of vaccines, allow-
ing for isolation of the draining lymph node62,63.

Twenty-four hours after MNP application, mice were imaged for 
bioluminescence in an IVIS kinetic imaging system (PerkinElmer). 
Then, 15 min before imaging, mice were injected intraperitoneally with 
RediJect D-Luciferin Ultra (PerkinElmer) at 150 mg kg−1. Luminescence 
was quantified using LivingImage software (PerkinElmer). Comparison 
between luminescence results must be carefully considered because 
injection site light absorption, diffusion and depth of delivery can affect 
the signal measured using IVIS. For the kinetics experiment, imaging 
was performed at 2 h, 6 h, 24 h, 48 h and 72 h after administration.

RBD expression in HEK293
In total, 89,000 HEK293 cells were seeded per well of a BioCoat 
Poly-D-Lysine four-well culture slide (354577). The same growth 
medium as HeLa cells was used. Twenty-four hours after seeding, cells 
were transfected with 265 ng of mRNA per well from an LNP suspension 
made with Lipid 5 and encapsulating mRNA encoding for RBD. LNPs 
dissolved from an MNP were also used to demonstrate bioactivity after 
loading into MNPs. The same MNP as the ones used in the SARS-CoV-2 
vaccination study was used. Needles were cut, dissolved in DMEM 
and used to transfect cells using the same mRNA mass as the control 
LNP suspension. The mRNA was quantified by dissolving needles of 
an independent replicate of the MNP in TE buffer and using the pro-
cedure described in LNP synthesis (PVP and PVA were also added as 
internal standards to the RNA calibration curve of the RiboGreen). 
Forty-eight hours after seeding, cells were washed two times with PBS 
at 37 °C. Cells were washed with PBS between all subsequent steps. 
Cells were left to equilibrate to room temperature for 15 min. Then, 
1 ml of Image-iT Fixative Solution (Invitrogen) was added per well 
(FB002) and left for 15 min. Next, 1 mL of eBioscience Intracellular 
Fixation and Permeabilization Buffer (Invitrogen) was added and left 
to incubate for 10 min. Then, 1 ml of BSA 1% (w:v) in PBS was added for 
1 h at room temperature. Then, 300 µl of SARS-CoV-2 Spike Protein 
(RBD) Recombinant Human Monoclonal Antibody (T01KHu, Thermo 
Fisher Scientific, 703958) diluted 100-fold in PBS was added to each 
well and left to incubate for 1 h. PBS-Tween was used to wash cells. 
Next, 300 µl of goat anti-human IgG (H+L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488 (Thermo Fisher Scientific, A-11013), diluted 
400-fold in PBS was used as the secondary antibody and incubated for 
1 h. Then, 300 µl of Rhodamine-Phalloidin (Invitrogen R415) staining 
diluted 400-fold in BSA 1% was used for cellular cytoskeleton imaging 
and incubated for 30 min. Cells were finally fixed using one drop of 
DAPI ProLong (Invitrogen, P36982). Cells were imaged on a confocal 
microscope (Olympus FV1000).

SARS-CoV-2 MNP vaccination with mRNA
All animal procedures were approved and performed under the guide-
lines of the Massachusetts Institute of Technology Committee on 
Animal Care (1019-061-22). Six- to eight-week-old female C57BL/6 mice 
(Charles River Laboratories) were used and monitored for safety (n = 5). 
MNPs were fabricated with human codon-optimized mRNA-LNPs 
encoding for SARS-CoV-2 RBD and a T4 trimerization motif, using the 
two-step loading method described above. Smaller MNP arrays were 
fabricated containing 1.5 µg of encapsulated mRNA, which was verified 
by mRNA quantification. Four MNPs with approximately 12 micronee-
dles were applied to the left and right footpad of mice with anesthesia, 
with a 10-min application time for each, for a total encapsulated mRNA 
dose of 6.0 µg per mouse. Hand pressure was applied for the first 
minute, and then the MNP was secured to the footpad using tape for 

the remaining 9 min. As a positive control, LNPs were administered to 
the right caudal thigh muscle as a 40-µl suspension in PBS at 10.0 µg 
of encapsulated mRNA per mouse.

mRNA stability evaluation in mice
All animal procedures were approved and performed under the guide-
lines of the Massachusetts Institute of Technology Committee on 
Animal Care (1019-061-22). MNPs were fabricated with FLuc mRNA 
LNPs using the two-step loading method described above, at an mRNA 
dose of 1.0 µg per patch with a 500:1 polymer:mRNA mass ratio. Lipid 5 
was used as the ionizable lipid. MNP size and application are identical 
to the above studies of fLuc expression (n = 5). MNPs were stored in a 
container with silica desiccant at various temperatures. As a positive 
control, sealed vials of suspension containing the same amount of fLuc 
mRNA in LNPs made with Lipid 5 were stored at various temperatures 
alongside MNPs.

SARS-CoV-2 anti-RBD binding titers
A SARS-CoV-2 Spike S1-RBD ELISA detection kit was used (L00845, 
GenScript). Plates were coated with purified recombinant SARS-CoV-2 
Spike S1-RBD antigen. Plates were incubated with serial dilutions of 
heat-inactivated sera and incubated at 37 °C for 30 min. A 1:10,000 
dilution of rabbit anti-mouse IgG-horseradish peroxidase con-
jugate (Abcam, ab6728) was used as a secondary antibody, and 
3,5,3′,5′-tetramethylbenzidine (TMB) was used as a substrate. Inter-
polated endpoint titers were calculated as the dilution that emitted 
an optical density exceeding 3× background produced by serum from 
naive mice.

Electrochemiluminescence assay
ECLA plates (Meso Scale Discovery SARS-CoV-2 IgG, N05CA-1, Panel 
7) were designed and produced with four antigen spots in each well. 
Antigens included were WA1/2020, B.1.1.7, P.1 and B.1.351 S1-RBD. Plates 
were blocked with 50 µl of 1% BSA solution for at least 30 min at room 
temperature with shaking at 700 r.p.m. During blocking, the serum was 
diluted 1:5,000 with Diluent 100 (Meso Scale Discovery). The plates 
were washed with 150 µl of wash buffer and blotted dry, and 50 µl of 
diluted samples was added in duplicate to the plates. The samples 
were incubated at room temperature with shaking at 700 r.p.m. for 
2 h. Secondary antibody was prepared using Jackson ImmunoResearch 
rabbit anti-mouse IgG detection antibody (315-005-045) conjugated 
to the MSD GOLD SULFO-TAG by NHS-Ester chemistry per the manu-
facturer’s guidelines (R91AO-1). Plates were again washed three times, 
and 50 µl of SULFO-tagged anti-mouse IgG detection antibody diluted 
to 1× in Diluent 100 was added to each well and incubated for 1 h with 
700 r.p.m. shaking. Plates were washed three times; 150 µl of MSD 
GOLD Read Buffer B was added to each well; and the plates were read 
on a MESO Quick-Plex SQ 120. MSD titers for each sample were reported 
as relative light units (RLU), which were calculated as sample minus 
blank for each spot and sample. The limit of detection was defined as 
500 RLU for all assays.

Shelf-life study with SARS-CoV-2 mRNA MNPs
MNPs containing 1.5 μg of encapsulated SARS-CoV-2 mRNA were 
stored in a container with silica desiccant at various temperatures. As 
a positive control, sealed vials of suspension containing SARS-CoV-2 
mRNA-LNPs at 200 µg ml−1 were stored at various temperatures along-
side MNPs. Six- to eight-week-old female BALB/c mice (Charles River 
Laboratories) were used and monitored for safety (n = 5). All mice 
received a prime dose of 10 µg of encapsulated mRNA in mRNA-LNPs 
administered to the right caudal thigh muscle as a 40-µl suspension in 
PBS. Mice were then boosted with various materials, including fresh 
controls and patches or suspension stored for 1 month or 3 months. For 
MNP groups, as in previous experiments, four MNPs with 12 micronee-
dles were applied to the left and right footpad of mice with anesthesia, 
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with a 10-min application time for each, for an estimated total mRNA 
dose of 6.0 µg per mouse. For IM groups, 4 μg of encapsulated mRNA 
in mRNA-LNPs was administered to the right caudal thigh muscle as a 
40-µl suspension in PBS.

Statistical analyses
Statistical analyses were performed using GraphPad Prism soft-
ware. P values are represented by: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; 
****P ≤ 0.0001.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The datasets generated and analyzed during these studies are avail-
able from the corresponding author upon reasonable request. The 
RBD sequence used for this study is available at GenBank (OP839194).

Code availability
The codes used for throughput modeling and device programming 
are available at a public Zenodo repository (https://doi.org/10.5281/
zenodo.7735167).
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Extended Data Fig. 1 | Vacuum loading microneedle molds. (a) Loading in 
the negative microneedle mold based on PDMS air permeability followed by 
drying of the polymer solution. Vacuum is applied below the PDMS sheet to 
remove air from beneath the vaccine ink through the air permeable PDMS mold. 
Drying is accelerated by also applying vacuum above the mold. (b) Loading in the 
negative microneedle mold based on PDMS air solubility followed by drying of 
the polymer solution. (c) Vacuum device configurations for applying vacuum to 
the bottom of the PDMS mold. (d) Polymer solution loading time for PDMS made 
from different polymer to cross-linker ratios (n = 3 independent samples).  
An ordinary one-way ANOVA (Sidak’s multiple comparisons test) was used.  

(e) Images of MNPs from PDMS molds that were degassed under various vacuum 
values and loaded with polymer solution. (f ) Images of MNPs where the polymer 
solution was added to the degassed PDMS mold after 5–10 min or 1 hour.  
(g–h) Progression of needle height over time after dispensing polymer solution 
(n = 13–18 individual needles). (i–j) Normalized needle height from images 
after various degassing conditions (n = 10–18 individual needles). (k) Viscosity 
measured for various polymer solutions used in this study (n = 1). Data represent 
mean ± s.d. P values are represented by: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; 
****P ≤ 0.0001. MPa, megapascal; NS, not significant.
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Extended Data Fig. 2 | Minimizing vaccine waste. (a) Images of MNPs made 
from various volumes of 20% w/w PVP:PVA solution, which minimize vaccine 
waste with an ultrathin backing. The 20% w/w PVP:PVA solutions were  

colored with crystal violet. (b–c) Dispensing volume optimization images and 
circularity measurement of dried backing resulted from various MNP matrix 
formulations (n = 1).
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Extended Data Fig. 3 | Vacuum loading device utilizing PDMS air 
permeability. (a) CAD design of the acrylic pieces that were cut and mounted 
together to form the loading station. Pictures of (b) the loading station, (c) the 
headcover of the drying station, (d) the 5×5 MNP positive and (e) the 5×5 PDMS 
sheet of negative MNP molds. (f ) A photograph of the MVP system with features 
annotated. (g) Schematic depicting the dispensing system and dispensing 

height. Effect of dispensing parameters flow rate (h), filtration (i), needle size  
( j), and dispensing height (k) on resulting drop size. All differences are 
significant at (P < 0.01) unless otherwise noted. An ordinary one-way ANOVA 
(Sidak’s multiple comparisons test) was used (n = 3 MNPs per group). (l) An image 
of 100 MNPs dispensed and dried onto a printing tray. Data represent mean ± s.d. 
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. NS, not significant.
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Extended Data Fig. 4 | Vaccine loading methods and MNP throughput. 
(a) Schematic of the processes used for (a) one-step loading and (b) two-step 
tip-loading. A solution containing the vaccine and polymer is first dispensed 
using a robotic arm above the PDMS mold. Simultaneously, a vacuum of –1 bar is 
applied below to load the solution into the negative mold. Then, then solution is 
dried under desiccant atmosphere and –0.6 bar vacuum. For one-step loading 
(a), vaccine and enough polymer to form tips and backing are deposited in one 
step. For two-step tip-loading (b), vaccine and polymer are first deposited in the 
tips only, and then the same procedure is repeated using only polymer to form 

the backing of MNPs. (c) Characterization of correctly-formed full length, sharp 
microneedles fabricated by the automated MVP, as a percentage of total needles 
produced (n = 30 patches). MNPs fabricated had on average 37 ± 8 needles per 
patch. (d) Dispensing throughput is a function of dispensed drop height and 
patch size, while (e) drying throughput is a function of drying time and number 
of needles per patch. Both throughputs are functions of (f ) drying time and 
(g) patch size. The step with the lowest throughput determines the overall 
throughput of the microneedle vaccine printer.
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Extended Data Fig. 5 | Alternate printer configurations and MNP demolding. 
(a) Throughput of automated MNP fabrication can be increased by modular 
moving trays of MNP molds to a drying rack to expedite the vaccine drying step. 
Vacuum-through application to fill the microneedle mold can occur either on the 
mold transport device (middle) or in the tray rack (right). (b) Drying throughput 
is presented as a function of tray length and the number of trays in the vertical 
drying rack. Size (h) of the drying rack was estimated assuming a single tray 
height of 50 mm. Like the single tray device, drying time is assumed to be 48 h. 
(c) PDMS molds can be pretreated with a degassing technique using negative 
pressure prior to vaccine dispensing for an expedited MNP fabrication process. 
With degassed PDMS molds, a robotic arm can dispense vaccine solution in a 
continuous manner. Fully dispensed PDMS molds can then be moved to a drying 

rack using a conveyer belt. This entire process will be contained within an aseptic 
enclosure to maintain sterility during processing. (d–i) Design for automated 
patch demolding. (d) After vaccine microneedle patches are fully dried in a PDMS 
mold, (e) a robotic arm brings an acrylic backing with double-sided tape. (f ) The 
robotic arm aligns and attaches the acrylic adhesive backing to a microneedle 
patch, (g) and the MNP is removed from PDMS mold as the robotic arm is raised 
vertically. (h) The tip of the robotic arm enters between a metal slit designed for 
MNP removal. As the robotic arm raises vertically, the MNP detaches from the 
robot arm tip and falls into its packaging (i), where the MNP is hovering to prevent 
any direct contact with the needle tips. Demolded MNPs are packaged and stored 
in a sterile and dry environment until use.
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Extended Data Fig. 6 | Effect of multiple variables on loading efficiency. 
Comparison of tip-loading (a) and tip-loading efficiency (b) using the one-
step or two-step fabrication process as a function of protein mass used for 
dispensing. (c) Comparison of polymer (PVP:PVA) mass used with the protein 
(BSA) during the first step of the two-step fabrication process. Low polymer mass 
is 0.8 mg PVP:PVA while high polymer mass is 4 mg and 8 mg PVP:PVA for 100 µg 
and 200 µg BSA respectively. An ordinary two-way ANOVA (Sidak’s multiple 
comparisons test) was used (n = 6 independent samples). (d) Relative mass of 
bovine serum albumin (BSA) loaded for three different large batches of MNPs, 

normalized to the average. Bartlett’s test (p = 0.006) revealed that the standard 
deviations could be significantly different, and two-sided t-tests between the 
groups revealed that patches dispensed at 30 mm had a significantly different 
standard deviation from the other two groups, which were comparable to each 
other (n = 50 patches for handmade; n = 40 patches for either of dispensing 
heights studied). (e) Loading efficiency per patch for 10 μg of a DNA vaccine  
for n = 100 MNPs fabricated using the MVP. Data represent mean ± s.d. P values 
are represented by: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. NS,  
not significant.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | mRNA-LNP characterization. (a) mRNA encapsulated 
concentration, (b) mRNA encapsulation efficiency, and (c) diameter of LNPs 
made with two different ionizable lipids (cKK-e12 or Lipid 5) and encapsulating 
mRNA encoding for fLuc or RBD (n = 3). (d) HeLa cells viability measured in 
presence of 0.6 mg of formulation and 50 ng of mRNA encapsulated in LNPs 
made with cKK-e12 (n = 4 technical replicates). (e) Total drying time for MNPs 
made of different polymer formulations using polyvinyl alcohol (PVA) or 
polyvinylpyrrolidone (PVP10 or PVP60, 10 kDa or 60 kDa molecular weight, 
respectively). Two different drying approaches were studied: drying under 
nitrogen flow for 10 h prior to vacuum or drying with desiccant for 24 h prior 
to vacuum (n = 1). 100% PVP patches were too brittle to remove from the mold 
without fracturing. (f ) Stiffness and (g) peak force measured in compression 
testing of mRNA-LNP loaded MNPs made from different polymers. An ordinary 
one-way ANOVA (Sidak’s multiple comparisons test) was used (n = 5 per group). 

(h) mrna-lnp diameter measured by dynamic light scattering (dls) immediately 
after synthesis, after concentration, after formulating into vaccine ink, and 
after drying to form MNP matrix. (n = 3 per group). Representative transmission 
electron microscopy (TEM) and cryo-TEM images for (i) mRNA-LNPs after 
synthesis, ( j) mRNA-LNPs in vaccine ink, and (k) mRNA-LNPs in microneedle 
patches. (l) mRNA fragment analysis from FLuc mRNA-LNPs, mRNA from  
vaccine ink, and mRNA from MNPs, characterized using capillary 
electrophoresis. (m) Encapsulated mRNA distribution in the needles of one 
microneedle patch. (n) Histogram of encapsulated mRNA loading per needle. 
(o) Encapsulated mRNA loading and (p) loading efficiency per patch (n = 2 
independent samples). (q) Protein expression after HeLa transfection with  
LNPs (6 technical replicates) or the same LNPs redissolved from the microneedle 
patch (n = 2 independent samples, 6 technical replicates per MNP). Data 
represent mean ± s.d.
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Extended Data Fig. 8 | Microneedle dissolution. (a) Dimensions of an individual 
microneedle used in pyramid or conical microneedle patches. Spacing between 
two adjacent needles (pitch) is 1000 µm. (b) Representative optical imaging of 
needle dissolution upon application ex vivo on pig skin as a function of time for 
MNPs of pyramid and conical shape. (c–e) Comparison between conical and 

pyramid microneedles made from PVP:PVA 2:1 and 1:1, in terms of dissolved 
volume in ex vivo pig skin. Unpaired, two-tailed t-tests (n = 23–59 needles 
per group). Data represent mean ± s.d. P values are represented by: *P ≤ 0.05; 
**P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. NS, not significant.
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Extended Data Fig. 9 | Characterization of SARS-CoV-2 MNP. (a) Schematic 
of SARS-CoV-2 RBD sequence of the mRNA constructs used in this paper. 
The signal sequence (SS) is colored orange, RBD domain is colored blue, and 
the T4 trimerization motif is colored green. (b-c) LNPs encapsulating mRNA 
that encodes for fLuc were mixed with various water-soluble polymers and 
dried. LNPs were either dialyzed in PBS or DI water before their mixing with 
the polymer matrix. Protein expression in HeLa cells was measured after 
transfection with re-dissolved polymer to screen for a combination of polymers 
that produces protein expression comparable to LNPs in suspension (n = 4 
technical replicates). (d-E) Droplet size is critical for high vaccine loading 
efficiency. Due to the Marangoni effect, a larger droplet size (d) has lower 
loading efficiency than a small droplet (e) dispensed in the center of a mold.  
(f ) HEK cells transfected with LNP suspension made with Lipid 5 and 

encapsulating mRNA encoding for RBD. LNPs encapsulating mRNA encoding 
for RBD were dissolved from a MNP and added to demonstrate bioactivity after 
loading into MNPs. RBD is shown in green (Alexa Fluor 488 used as secondary 
antibody), actin is shown in red (rhodamine phalloidin) and nucleus in blue 
(DAPI). (g) MNP tip-loading (h) and loading efficiency of different mRNA-LNP 
constructs used for in vivo studies (n = 3 independent samples). Four MNPs were 
administered for in vivo studies at 1.5 μg per patch to yield a theoretical 6 μg 
dose. (i) Of the 6 μg mRNA used for MNP fabrication, we assessed the percent 
mRNA recovered in various regions of the MNP. Approximately 25% were found 
in the microneedles, matching the loading efficiency measurement, and the 
remaining mRNA was found in the backing. The total reported is the sum of 
needles and backing, showing that all mRNA was accounted for in the MNP  
(n = 5 independent samples). Data represent mean ± s.d.
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Extended Data Fig. 10 | In vivo evaluation of mRNA-LNP-loaded MNPs.  
(a) Immunization regimen for in vivo experiment in C57BL/6 mice. (b) Kinetics 
of FLuc mRNA expression as measured by luminescence. 1 μg of mRNA in 
mRNA-LNPs was administered to C57BL/6 mice either by intramuscular (IM) 
injection or microneedle patch (MNP) application (n = 5 biologically independent 
samples). mRNA expressions peaks later for MNPs compared to suspension of 
mRNA-LNPs. (c) FLuc expression after 1 month storage at 37 °C in PVP:PVA 1:1 
MNP mRNA-LNPs. An ordinary two-way ANOVA (Sidak’s multiple comparisons 
test) was used (n = 5 biologically independent samples). (d) Immunogenicity of 

microneedle patches stored for either 1 month (1 mo) or 3 months (3 mo) using 
an electrochemiluminescence assay that measures the strength of binding 
responses SARS-CoV-2 S-protein receptor binding domain. All BALB/c mice 
were primed with a 10 μg dose of SARS-CoV-2 RBD mRNA via intramuscular 
injection (IM). At week 4, a booster dose was applied which varied depending on 
storage time and condition, except for a group which received no booster for 
comparison. Serum was collected at 3 weeks (pre-boost) and 9 weeks (post-
boost) (n = 5 biologically independent samples). Data represent mean ± s.d. NS, 
not significant.
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