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Vaccination is an essential public health measure for infectious
disease prevention. The exposure of the immune system to vaccine
formulations with the appropriate kinetics is critical for inducing
protective immunity. In this work, faceted microneedle arrays were
designed and fabricated utilizing a three-dimensional (3D)-printing
technique called continuous liquid interface production (CLIP). The
faceted microneedle design resulted in increased surface area as
compared with the smooth square pyramidal design, ultimately
leading to enhanced surface coating of model vaccine components
(ovalbumin and CpG). Utilizing fluorescent tags and live-animal im-
aging, we evaluated in vivo cargo retention and bioavailability in
mice as a function of route of delivery. Compared with subcutane-
ous bolus injection of the soluble components, microneedle trans-
dermal delivery not only resulted in enhanced cargo retention in the
skin but also improved immune cell activation in the draining lymph
nodes. Furthermore, the microneedle vaccine induced a potent hu-
moral immune response, with higher total IgG (Immunoglobulin G)
and a more balanced IgG1/IgG2a repertoire and achieved dose spar-
ing. Furthermore, it elicited T cell responses as characterized by func-
tional cytotoxic CD8+ T cells and CD4+ T cells secreting Th1 (T helper
type 1)-cytokines. Taken together, CLIP 3D–printedmicroneedles coated
with vaccine components provide a useful platform for a noninvasive,
self-applicable vaccination.
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Vaccines play a vital role in global healthcare. Prophylactic vaccines
have nearly eliminated diseases such as smallpox and measles

and have the potential to curb many other common infectious
diseases as well as emerging epidemics (Ebola) and pandemics
(COVID-19). Vaccines are formulated to deliver target antigens
to the immune system in order to generate potent and durable
protective immune responses against pathogens and prevent fu-
ture infections. Subunit vaccines consisting of purified antigens are
a major focus of modern prophylactic vaccine development due to
their much-improved safety profile than the live attenuated and
inactivated vaccines (1). However, subunit vaccines are generally
not as immunogenic as whole pathogen-based vaccines because of
the lack of immunostimulatory components and/or inefficient de-
tection by the immune system. The addition of immunostimulatory
agents (adjuvants) (2, 3) and customized delivery vehicles (like
particles and microneedles) have shown great promise in improving
the efficacy of subunit vaccines (4, 5).
Effective vaccines generally need to deliver antigens and adju-

vants to the right set of innate immune cells, such as dendritic cells
(DCs) and macrophages, to facilitate antigen presentation, T cell
priming, and the formation of memory T cells and B cells as well
as antibody-secreting plasma cells (6). Accumulating evidence
suggests that vaccine kinetics and location of delivery play an es-
sential role in promoting protective immunity while keeping the
adverse effects under control (7). We have previously shown that
the formation of an antigen depot and sustained cargo release at

the injection site, as well as an extended presence of antigen in the
draining lymph nodes via nanoparticle delivery, greatly improved
humoral immunity (8, 9). Furthermore, the route of vaccine ad-
ministration can potentially impact the performance of a vaccine
formulation. While vaccines are typically administered as bolus
injections into the muscle or subcutaneous space, there is in-
creasing interest in the intradermal (ID) route, as human skin is
rich in immune cells (Langerhans cells and dermal DCs) (10). ID
vaccination has demonstrated improved vaccine efficacy with dose
sparing (11–13); however, ID injections require trained medical
personnel, are painful, and are difficult to administer, requiring
development of new ID devices (14). Leveraging these learnings,
we aimed to develop a subunit vaccine to provide sustained de-
livery of both antigens and adjuvants in the skin, utilizing micro-
needles for ID delivery.
Microneedles (MNs) are arrays of micrometer-sized solid nee-

dle projections that can painlessly puncture the stratum corneum
and deliver therapeutics into the epidermis/dermis. MNs can be
fabricated out of solid metal, silicon, or polymers and are coated with
therapeutics or fabricated out of degradable materials that encapsu-
late therapeutics (15–17). Once applied to the skin, the cargo either
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dissolves off the MNs, or the MN matrix material degrades and re-
leases the cargo into the skin. Much work has been done in the
field, characterizing methods for MN drug delivery through either
developing methods for coating solid microneedles with cargo
(18–21) or evaluating degradable polymer matrices for transder-
mal drug delivery (22–26).
Parenteral vaccine delivery to the skin via MNs has been actively

explored in the last decade (11, 18, 22, 24–29). MN vaccination is
simple, lending itself to self-administration, and eliminates the need
for trained medical personnel and hypodermic needles. Further-
more, the MN design inherently targets the cargo to the ID space,
and MN vaccines have demonstrated dose sparing as well as im-
proved protection as compared with hypodermic injections (30).
Beyond the point-of-use benefits and enhanced vaccine protection,
MN vaccines are formulated and stored in a dried form, eliminating
the need for vaccine reconstitution and potentially reducing or
eliminating the cold supply chain (23, 31–34).
Current methods for making MNs arrays have their foundation

in the fabrication techniques associated with the microelectronics
industry. MNs can either be made directly by microfabrication
techniques or indirectly by first fabricating master templates using
microfabrication techniques and then making molds, or relief pat-
terns, using soft lithographic techniques, which are used to mold the
microneedles out of a range of materials. The template fabrication
and molding process enables control over the size and shape of the
MNs; however, there are significant drawbacks with this indirect
fabrication approach. First, many desirable needle geometries can
be challenging to make by microfabrication techniques, like needles
of different sizes and shapes on the same patch (to avoid the
bed-of-nails effect) or needles with undercuts to create high surface
areas which are unmoldable. Second, needle sharpness is often di-
minished after repeated molding, leading to loss of replication
fidelity. Third, for molded microneedles, one needs to tie the me-
chanical properties of the formulation chemistries to the mechanical
properties associated with insertion into the skin, which can be a
challenge. Arguably, the field of microneedles needs a breakthrough
in fabrication approaches to fully unlock the potential of micro-
needles to address a number of drug and vaccine delivery needs.
Additive manufacturing (three-dimensional [3D] printing) has

recently emerged as a microneedle fabrication technology; how-
ever, due to resolution limitations, there are very few instances in
the literature in which MN patches can be directly 3D printed and
used in vivo for transdermal delivery. We have previously dem-
onstrated that utilizing continuous liquid interface production
(CLIP) 3D-printing technology, MNs with tunable geometries can
be rapidly printed (in the range of minutes) (35), coated with bi-
ologics, and used to deliver cargos transdermally in mice (21).
Herein, we report the fabrication of faceted microneedles made by
CLIP-based 3D printing, designed to increase the surface area of
the microneedles to increase the amount of vaccine cargo that can
be coated on a given area of the MN patch. In comparison with
the square pyramidal microneedle design, the faceted MN array
design yielded enhanced surface coatings of model vaccine com-
ponents (ovalbumin and CpG). Utilizing fluorescent tags and
in vivo imaging system (IVIS), we evaluated cargo delivery and
retention in mice as a function of route of delivery, either sub-
cutaneous bolus injection of the soluble components or micro-
needle transdermal delivery. We observed that, compared with the
subcutaneous injection of soluble components, MN delivery not
only enhanced the cargo retention in the skin and the activation of
immune cells in the draining lymph nodes (dLNs) but also induced
more potent Th1-biased humoral and cellular immune responses.

Results
Design and Fabrication of Faceted MNs by CLIP. CLIP 3D–printing
technology enables high precision and consistency in size, shape,
and spacing of every needle in an array (35). Previously, we have
reported printing square pyramidal MNs out of polyethylene

glycol dimethacrylate (Mn = 350) (PEG350DMA), which provides
high strength for skin penetration (21). In this study, 700 μm PEG
MNs were printed in a 10 × 10 array on a 10 × 10 mm patch for
vaccine delivery. In addition to the common square pyramidal
design, a faceted MN with horizontal grooves was designed to
increase surface area and cargo loading (Fig. 1A). Both square
pyramidal and faceted MNs remained intact after coating with a
model antigen ovalbumin (OVA) formulated in a viscous water-
based coating solution including 3.4 weight (wt)% methylcellulose
or sodium alginate, 21 wt% sucrose, and 7 wt% OVA (Fig. 1A and
SI Appendix, Fig. S1A). We observed an average (as a compilation
of four individual coating experiments, with n = 4/5 microneedles
per coating, SI Appendix, Fig. S2) loading of 27.6 and 20.3 μg OVA
per patch for the faceted and square pyramidal microneedles re-
spectively (Fig. 1B). Thus, by increasing the surface area, we were
able to achieve a 36% higher OVA loading. As the theoretical in-
crease in surface area is only 21.3%, it is likely that the geometry of
faceted MN may allow thicker coating than the square pyramidal
MNs in certain areas.

Loading of Antigen and Adjuvant onto Microneedle Patches.Vaccine
formulations generally consist of multiple components. In order
to codeliver vaccine antigen(s) and adjuvant(s), we coated MNs
with a model vaccine formulation including OVA, a model antigen,
and CpG oligonucleotide, a Toll-like receptor 9 agonist and potent
immunostimulator. All microneedle vaccines were coated with
cargo-utilizing 3D-printed coating masks (21). Simply, the micro-
needle patches were inserted (one patch at a time) into the
solution-filled coating mask, held for 10 s, and then removed and
allowed to air dry, resulting in cargo-coated microneedles (one
coating only). Microneedles were either coloaded with the OVA
and CpG mixture onto the same microneedles (nonsectional
coating) or coated with OVA and CpG on separate needles within
a single patch (sectional coating). For sectional coating, the mask
was partitioned such that 30 wells were filled with a coating so-
lution containing OVA and 70 wells with a coating solution con-
taining CpG (Fig. 1C). Fig. 1 D and E show a representative
photograph and fluorescence image of a faceted MN patch sec-
tionally coated with OVA–Texas Red and fluorescein isothiocyanate
CpG1826 conjugate (CpG-FITC). Both methods of loading resulted
in ∼17 μg OVA and 2.5 μg CpG (SI Appendix, Fig. S3), a relevant
starting point for inducing immune responses in mice. These loading
amounts can be easily tuned by adjusting the coating mask sections
or cargo concentrations. In addition, the current coating formu-
lation allows relatively fast cargo release in aqueous solutions,
with >80%OVA and CpG released in 2 h (SI Appendix, Fig. S1B).

Transdermal Delivery of Antigen and Adjuvant Via MN Patches. To
evaluate how MNs work in delivering vaccine components in vivo,
we compared cargo delivery by MNs and soluble OVA + CpG
delivered by standard subcutaneous (SC) injection methods in
mice over 72 h. In order to track cargo in mouse skin, OVA and
CpG labeled with Texas Red and FITC, respectively, were visu-
alized using the IVIS Lumina at two fluorescence channels. As
shown in SI Appendix, Fig. S4, cargo fluorescence can be seen after
2 min of MN skin application as well as the skin indentations left
by needle penetration. By comparing cargo fluorescence before
and after skin application, delivery efficiency was calculated. CpG
MN delivery to the skin was slightly more efficient than OVA,
80% versus 70% within 2 h, likely due to its lower molecular
weight (Fig. 2A). The cargo fluorescence in the skin was further
tracked by IVIS imaging over 72 h. MN-mediated CpG delivery
showed significantly longer persistence at the application site
(detectable up to 72 h) than SC-injected CpG (detectable up to 24
h) (Fig. 2B and quantified in Fig. 2D). In the contrast, there was
no significant difference between MN and SC groups in OVA
delivery (Fig. 2 C and E).
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Cargo Availability in the dLNs and Activation of Immune Cells. Lymph
nodes are the primary peripheral lymphoid organs for the genera-
tion of vaccine-induced adaptive immunity. Therefore, we further
examined the availability of fluorescently labeled cargos in the dLNs
and the immune cell activation in the dLNs. CpG-FITC delivered
by MN showed higher accumulation in dLNs than SC at 72 h
(Fig. 3A), while the accumulation of MN-delivered OVA–Texas
Red in dLNs was significantly higher than SC at 24 h (Fig. 3B).
The MN vaccine was also much more efficient in recruiting im-
mune cells into the dLNs as indicated by not only the total cel-
lularity of dLNs over 72 h posttreatment (Fig. 3C) but also the
individual immune cell types, like DCs (Fig. 3D), macrophages,
T cells, pDCs, and B cells (SI Appendix, Fig. S5 A–E). Further-
more, the MN vaccine was able to more efficiently induce immune
cell activation and maturation of antigen-presenting cells (APCs)
as indicated by higher expression of the costimulatory marker
CD80 (Fig. 3E and SI Appendix, Fig. S5 F–I). Overall, the MN
vaccine formulation is very potent in activating dLNs and getting
them ready for the generation of an adaptive immune response.

Potent Humoral and Cellular Immune Responses to the MN Vaccine in
Mice. To assess the immune response induced by MN vaccines,
C57BL/6 mice were immunized on day 0 and boosted on day 23,
receiving 16.5 μg OVA and 2.5 μg CpG for each immunization.
MN patches were applied with thumb pressure for 2 min and then
bandaged and left in the skin for 24 h before removal. Control
groups included untreated, uncoated blank MNs, SC and ID in-
jections of soluble OVA+CpG and Alum + OVA. Compared

with SC and ID routes of delivery of soluble OVA+CpG, transdermal
delivery by the MN vaccine induced a 20 times higher OVA-specific
IgG response after the prime immunization (day 21, SI Appendix,
Fig. S6) and a 50 times higher response after the boost immunization
(day 30, Fig. 4A), a response that was comparable to the benchmark
adjuvant Alum-based formulation. Furthermore, both sectionally
and nonsectionally coated MN vaccine patches were able to elicit
a similarly strong IgG response (SI Appendix, Fig. S7).
Alum promoted Th2-biased immunity as shown by the high

levels of IgG1 (Fig. 4B) and the minimum levels of IgG2a (which
represent Th1 type immunity) (Fig. 4C); this observation in IgG
isotype switching is consistent with literature results (36). In con-
trast, CpG is an adjuvant that drives Th1-biased immunity (37). As
shown in Fig. 4 B and C, ID delivery of antigen and CpG via the
MN vaccine and ID vaccination were able to elicit both IgG2a and
IgG1, therefore more balanced subclasses of IgG. Strikingly, the
same formulation of OVA and CpG administered subcutaneously
did not induce detectable IgG2a, suggesting that vaccine delivery
into the skin favors Th1-biased immunity. To generate high-affinity
antibodies, antigen-activated B cells need to enter germinal centers
(GC), a specialized structure in the secondary lymphoid organs, to
undergo affinity maturation of their antigen receptors and then
differentiate into either long-lived antibody-secreting plasma cells or
memory B cells that are crucial for long-term protection. Fig. 4D
shows that by day 46, immunization with the MN vaccine increased
total GC B cells in the dLNs by about twofold compared with
OVA+CpG ID and SC routes or Alum+OVA SC.

Fig. 1. CLIP-printed MNs for vaccine formulation. (A) Design and environmental scanning electron microscope (ESEM) images. (Top) Square pyramidal MN.
(Bottom) Faceted MN. (B) Ovalbumin coating (n = 19). Data are presented as mean ± SD of individual samples, statistical analysis by unpaired Student’s t tests.
****P < 0.0001. (C) Cargo co-coating scheme. A matching coating mask was used to simultaneously load two cargos onto two sections of needle array.
(C) Ovalbumin coating (n = 19). Data are presented as mean ± SD of individual samples, statistical analysis by unpaired Student’s t tests. ****P < 0.0001.
(D) Photograph of an OVA–Texas Red and CpG-FITC co-coated MN patch. (E) Fluorescence image of the MN patch in D.
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In addition to the potent broad humoral immunity, dose sparing
was also achieved by the MN vaccine formulation (Fig. 4E). MN
vaccines with 16.7 μg OVA and 2.5 μg CpG induced a comparable
level of humoral responses as a MN vaccine with 1.3 μg OVA and
2.5 μg CpG (not significantly different). Similarly, reducing CpG
by five times did not significantly decrease the level of humoral
responses. This not only makes a more cost-effective vaccination
available but also helps to limit the potential antigen or adjuvant-
induced side effects. A similar dose-sparing effect was observed
with intramuscular injections but not with the subcutaneous or ID
vaccinations. On the other hand, at each antigen and adjuvant
dosage level, the MN vaccine outperformed all routes of admin-
istration (ID, SC, and intramuscular) in the elicitation of humoral
immunity (Fig. 4E).
Lastly, we examined the duration of the MN vaccine–induced

antibody response (Fig. 4F). The MN vaccine–induced IgG re-
sponse peaked around day 49, decreased over time, and plateaued
after day 147. The response was still detectable by day 196, while
the OVA+CpG SC–induced response returned to baseline by day
119. The Alum-adjuvanted formulation, on the other hand, was
able to elicit a more durable antibody response. Together, these
data suggest that this MN-based vaccine formulation is very ef-
fective in promoting an antigen-specific humoral response.
While the majority of prophylactic vaccines are thought to

function through the induction of protective antibodies, T cell–
mediated immunity also plays a critical role against chronic viral
infections like human immunodeficiency virus (HIV) and hepatitis
C virus (38). Here, we show that MN-based skin delivery of OVA
and CpG was able to induce Th1-biased CD4+ helper T cell and
CD8+ cytotoxic T cell responses against OVA. After restimulation
with OVA257-264 (SIINFEKL), a dominant OVA T cell epitope,

the frequency of CD8+ T cells producing effector cytokine IFN-γ
in response to the MN vaccine was twofold higher than that in
response to the ID injection of OVA+CpG (Fig. 5A). On the
other hand, SC vaccination induced minimum IFN-γ–producing
CD8+ T cells. CD4+ T responses after restimulation with OVA
were biased toward secretion of Th1 cytokines IFN-γ and IL-2 for
MN, SC, and ID vaccinations, while Alum+OVA SC was more
potent inducing IL-2, the cytokine enhancing T cell proliferation.
Th1 cytokine TNF and Th2 cytokine IL-4 were also assayed, but a
detectable signal was not observed across the groups. Overall,
MN-based vaccination in the skin can efficiently elicit T cell im-
munity with a bias toward Th1 response, which is consistent with
the observation that the MN vaccine was potent in activating DCs
(Fig. 3 D and E), which are important in priming T cells.

Discussion
MN-based transdermal/ID vaccine delivery to the skin provides
many benefits over traditional vaccines, including noninvasiveness
and less tissue damage, self-applicability, potential to minimize
dependence on the cold chain, and reduced needs for professional
administration of hypodermic needles (11). Therefore, the for-
mulation of MN vaccines has a paramount potential to expand
global immunization capabilities to not only meet regular vacci-
nation needs but to also respond faster to epidemics and pan-
demics like COVID-19 (39). Being a mold-less MN technology,
CLIP 3D printing technology enables direct fabrication of MNs
via photopolymerization of liquid resin into a form designated by a
computer-aided design (CAD) file (35). This allows the direct
fabrication and rapid screening of a multitude of MN properties
(geometry, composition, density, etc.) in an iterative design process,

Fig. 2. Transdermal cargo delivery by sectionally coated MN patches. Mice were either treated with OVA + CpG on MN patches or through SC delivery of
soluble cargos. (A) Cargo delivery efficiency was calculated for sectionally coated MN patches after 2 min, 2, or 24 h application time. Cargo retention at the
delivery site was evaluated at the indicated time points following cargo delivery via IVIS live-animal imaging to track (B) CpG or (C) OVA at the delivery site
over time. (D) CpG fluorescence quantified from images in B. (E) OVA fluorescence quantified from C. Data are presented as mean ± SD of samples from
individual animals (n = 4 for each group). Statistical analysis was done by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.
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without the need to consider parameters associated with mold filling
or the limitations of needle geometries that cannot be molded.
In this study, a faceted polymeric MN was designed and 3D

printed by CLIP technology for vaccine formulation and trans-
dermal delivery. Compared with smooth square pyramidal MNs,
the increased surface area of faceted MNs can significantly en-
hance cargo loading via surface coating, which is a relatively gentle
process that is suitable for the loading of biologics. Furthermore,
the utilization of a specially designed coating mask previously
developed (21) allowed us to co-load multiple cargos in specified
sections of the MN array. We expect that such a loading strategy
would further allow for the combination of multiple antigens (like
proteins, RNAs, and DNAs) and adjuvants with different chemical
structures that may be chemically incompatible.
We have demonstrated that transdermal delivery of a model

vaccine formulation by MNs is superior to subcutaneously or in-
tradermally administered soluble formulation in eliciting potent
antibody responses in both initial antigen-specific IgG and the du-
ration of the response. This could be attributed to more efficient
and sustained availability of antigen/adjuvant via MN transdermal
delivery in the dermal space as well as in the draining lymph nodes
where adaptive immunity develops. The viscous coating formulation
could also contribute to the slower clearance of cargos. Sustained
cargo availability not only favors antigen presentation but also en-
hances the function of adjuvants that activates innate immune re-
sponses to create a local immunocompetent environment at both
injection site and dLNs (40).
Adjuvants have been widely explored to help boost the immu-

nogenicity of purified subunit antigens and shape vaccine protection
(2). For example, Alum, the benchmark adjuvant with the longest
and most widespread clinical usage, elicits Th2-biased immunity
(development of Th2 CD4+ helper T cells, IgG1 subclass dominant,
and minimum cytotoxic CD8+ T cells) (36). While there is generally
a lack of detailed understanding about what types of immune
responses are effective at preventing infection, the development of

novel adjuvants has aimed to activate different parts of innate and
adaptive immunity to achieve more balanced immunity for fighting
against various infectious diseases. We have adopted a CpG oligo as
a vaccine adjuvant, which stimulates strong Th1-biased immune
responses (37) and has been approved in Dynavax Technologies’s
US hepatitis B vaccine and tested in many other preclinical and
clinical vaccine studies (41, 42). As expected, the addition of CpG
induced more balanced IgG subclasses and Th1-biased T cell re-
sponses, but interestingly, this was only observed for the MN
vaccine and not the subcutaneously injected soluble formulation.
This result suggests that the delivery of the adjuvant to the right
dermal space and innate immune cells could be essential for the
adjuvant to drive the desired immunity.
Our MN model vaccine elicited a comparable antibody response

to the Alum-adjuvanted formulation upon vaccination, although
the humoral response did not last as long as the Alum vaccine
formulation. This result is not surprising, as Alum not only acts as
an irritant to promote inflammatory responses but also exists in a
particle form that facilitates the formation of an antigen depot,
which favors sustained availability of antigens (40). Therefore, one
of the ongoing efforts in improving the 3D-printed MN vaccine is to
design biodegradable MNs affixed to a removable backing, allowing
the MNs to stay in the ID space, slowly releasing the vaccine cargos
to achieve the depot effect associated with Alum-adjuvanted vac-
cine formulations. Indeed, enhanced humoral immunity has been
reported for implantable MN patch vaccination that provided sus-
tained cargo release (22, 24). Other strategies to improve cellular
responses are also being explored, for example, the incorporation of
cargos encapsulated in virus-mimicking nanoparticles or the utili-
zation of materials that dissolve/degrade into particles in order to
facilitate intracellular delivery of antigens as inspired by MN-based
vaccines integrating live antigen–expressing viral vectors, messenger
RNA, or inactivated viruses (29, 33, 39, 43).
In summary, we have designed and fabricated a faceted MN

array via CLIP 3D printing and established an approach to co-load

Fig. 3. Cargo drainage to lymph nodes (LNs) and activation of LN cells. The draining inguinal LNs from mice (the same animals as in Fig. 2) were harvested
and imaged for cargo fluorescence by IVIS. (A) CpG fluorescence in dLNs and (B) OVA fluorescence in dLNs. Dissociated LN cells were then counted and further
stained with antibodies for cell markers followed by flow cytometry analysis. (C) Cellularity of dLNs. (D) Number of dendritic cells in dLNs. (E) Expression of
costimulatory molecule CD80 on dendritic cells in dLNs. Data are presented as mean ± SD of samples from individual animals (n = 4 for all groups). Statistical
analysis by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.
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multiple vaccine components with high tunability. Our model
vaccine demonstrated efficient ID delivery of vaccine components
as well as the induction of potent and balanced humoral and
cellular immunity. The combination of fast 3D-printing technology
with MN vaccine formulation could provide a versatile platform to
improve global immunization and healthcare.

Materials and Methods
Materials. Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), sucrose,
methylcellulose (Mw = 17,000 Da), sodium alginate, CpG1826, and CpG-FITC
were purchased from Sigma-Aldrich. PEG350DMA was obtained from TCI America.
EndoGrade endotoxin-free ovalbumin (<0.1 EU/mg) was from Hyglos. OVA–Texas
Red was from Invitrogen. Fluorescent-labeled antibodies for flow cytometry

Fig. 4. MN vaccine induces potent humoral immune responses. Mice were either untreated (n = 6) or immunized with blank MN (n = 3), OVA (16.7 μg) + CpG
(2.5 μg) –coated MN patches (n = 6), OVA (16.7 μg) + CpG (2.5 μg) subcutaneously injected (n = 9) or intradermally injected (n = 6), or SC injection of 500 μg
Alum + 16.7 μg OVA (n = 6). All groups received two immunizations of the same doses of antigen and adjuvant on day 0 and 23. Serum samples were collected
on day 21, 30, 49, 119, 147, and 196 and analyzed by ELISA. (A) Total IgG on day 30. (B) IgG1 on Day 30. (C) IgG2a on day 30. (D) Percentage of B cells in GCs in
the dLNs on day 46 post–prime immunization by flow cytometry analysis. For the dose-sparing study, mice were immunized (n = 5 per group) on days 0 and 21
with MN patches loaded with various amounts of OVA and CpG or the equivalent of soluble OVA and CpG injected by ID, SC, or intramuscular (IM) routes.
OVA-specific IgG titers were evaluated on day 28 (E). (F) Kinetics of IgG. All data are presented as mean ± SD of samples of individual animals. For A–E, data
were analyzed by one-way ANOVA. In E, the data were analyzed by one-way ANOVA within each administration route (shown as *) or across the groups
among the various routes with equivalent dosages (shown as #, all against MN). In F, data were compared by two-way ANOVA. * and #, P < 0.05; ** and ##,
P < 0.01; *** and ###, P < 0.001.

Fig. 5. T cell activation by MN vaccine. Spleens from the immunized mice (same as in Fig. 4 A–D) were analyzed for (A) IFN-γ–producing CD8 T cells by ELISpot
and (B and C) Cytokine production in CD4 T cells by ELISA. Data are presented as mean ± SD of samples from individual animals, with statistical analysis by
one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.
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were from eBiosciences. Horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG, IgG1, and IgG2a were from Santa Cruz.

Fabrication of MN Patches and Coating Masks. MN patches and coating masks
were 3D printed using an S1 CLIP prototype printer (Carbon) as previously
reported (21). Briefly, CAD files of MN patches and coating mask devices
were produced using SolidWorks 2014. MNs were square pyramidal shaped
or faceted and 700-μm tall and 233-μm wide at the base. MN patches con-
sisted of an array of 10 × 10 needles with 500-μm spacing between needles
on an 8.8 × 7.8 × 1 mm base. Coating mask devices consisted of a 10 × 10
array of 275 × 275 μm wells in an 8.8 × 7.8 × 0.5 mm plate, with a reservoir
under the plate for the coating solution. Raised edges between 150 μm in
height were placed on the surface of the coating mask. Both MNs and
coating mask devices were fabricated from a resin composed of PEG350DMA
with 2.5 wt% TPO as a photoinitiator. MNs and coating masks were printed
with a 1-μm slice thickness, speed of 12 mm/hour, and 4 and 1 mW/cm2 light
intensity (λ = 385 nm), respectively. After fabrication, MNs and coating
masks were briefly rinsed with isopropanol to remove residual resin and
postcured for 5 min using a Phoseon FireJet FJ800 ultraviolet light emitting
diode (LED) lamp.

Cargo Loading and Quantification. MN coating solutions were prepared by
first dissolving 30 mg methylcellulose or sodium alginate in 1 mL water with
stirring at 85 °C for 1 h and then incubating at 4 °C overnight. A total of
300 mg sucrose was mixed in and shaken at room temperature for 30 min
until dissolved. OVA or CpG were then added to the coating solution at 7
and 1.2 wt% and shaken at room temperature for around 30 min until
dissolved. To coat the MNs, coating mask devices were attached to a sterile
Petri dish surface with double-sided tape and filled with 100 μL coating
solution. MN patches were inserted one time into the coating mask device,
held in the device for ∼10 seconds, and then removed and allowed to air
dry at room temperature for 1 h. For sectional coating, coating masks with
two-compartment reservoirs were printed as above, and each reservoir
filled with coating solutions containing either 7 wt% OVA (or OVA–Texas
Red) or 1.2 wt% CpG (or CpG-FITC). To quantify cargo loading, coated MN
patches (n = 4 to 5) were incubated in 150 μL phosphate-buffered saline
for 2 h at room temperature. Released protein was analyzed by bicin-
choninic acid (BCA) assay, and CpG was quantified by absorbance at
260 nm.

Animals. Female C57BL/6 mice were purchased from Jackson Laboratory and
used for transdermal cargo delivery and immunization studies at 6 to 12wk of
age. All mouse experiments were performed under protocols approved by
the Institutional Animal Care and Use committee of the University of North
Carolina. All experiments followed ethical and federal regulations according
to the Public Health Service Policy on Humane Care and Use of Laboratory
Animals, Animal Welfare Act, and the Guide for the Care and Use of Lab-
oratory Animals (44).

IVIS Imaging. Texas Red–labeled OVA and FITC-labeled CpG were used to
track cargo in mouse skin. For all MN applications, the lower back of C57BL/6
mice were shaved and treated with Nair to remove hair. A MN patch was
pressed onto the bare skin for 2 min using thumb pressure. For longer
treatment up to 24 h, MN patches were secured with the adhesive portion of
a Band-Aid followed by a layer of 3M Durapore high adhesion (silk) surgical
tape. Mice were imaged with IVIS Lumina before or after MN applications at
2 min, 2, 24, 48, and 72 h. For 48 and 72 h time points, mice were only
treated with MNs for 24 h. n = 4 mice at each time point for all groups.
OVA–Texas Red was imaged at excitation: 570 nm, emission: Cy5.5; CpG-FITC
was imaged at excitation: 465 nm, emission: GFP.

Flow Cytometry Analysis of dLNs.Mice (n = 4 for all groups) were treated with
MN patches as described in the IVIS Imaging section. After euthanization at
various time points, the draining inguinal lymph nodes were collected and
dissociated into single-cell suspensions using frosted slides. Cells were
counted, stained with fluorescently labeled antibodies (CD11c-PE, F4/80-APC,
B220-eFluor450, PDCA-1-PE-Cy7, CD3-APC-eFluor780, and CD80-PE-Cy7), and
analyzed on a Cyan flow cytometer with Summit software (Dako). GC B cells
in dLNs were stained with B220-eFluor450, GL7-AlexaFluor647, and CD95-
FITC on day 34 post–prime immunization.

Immunization Studies. Mice were immunized with coated MN patches loaded
with 16.7 μg OVA and 2.5 μg CpG (n = 6) for 24 h and removed. Control
groups included untreated (n = 6), blank MN (n = 3), SC (n = 9), and ID (n = 6)
injection of OVA (16.7 μg) + CpG (2.5 μg) mix, SC 500 μg Alum (Alhydrogel,
InVivogen) + 16.7 μg OVA (n = 6). All groups received two immunizations
on day 0 and 23. Serum samples were collected on day 21, 30, 49, 119, 147,
and 196 by submandibular bleeding for antibody analysis. For a dose-sparing
study, MN patches loaded with various amount of OVA and CpG were ap-
plied for 24 h and removed in each immunization (n = 5 for all groups).

Evaluation of Vaccine-Induced Antibodies. OVA-specific antibody responses
were evaluated by antigen-capture enzyme-linked immunosorbent assay
(ELISA) in the immune sera. Briefly, OVA was coated on ELISA plates over-
night at 4 °C. Plates were washed and incubated with serially diluted mouse
immune sera for 2 h at room temperature. Bound antibodies were detected
by HRP-conjugated anti-mouse IgG, IgG1, or IgG2a antibodies (1:3,000, Santa
Cruz). Then, plates were developed using 3,3′,5,5′-Tetramethylbenzidine
(eBioscience) for 10 min at room temperature, and the absorbance was
measured at 450 and 570 nm. IgG titers were determined as the highest
dilution that showed absorbance optical density450–570 (OD450–570) > 0.1.

IFN-γ ELISpot Assay. The frequency of antigen-specific IFN-γ–producing T cells
was evaluated using the IFN-γ ELISpot Lit (BD Biosciences). Briefly, spleen
cells were harvested from immunized mice on day 34 and restimulated with
10 μg/mL SIINFEKL peptide (100,000 splenocytes/well) for 17 h at 37 °C in
Immobilon-P PVDF plates (Millipore) coated with anti-mouse IFN-γ antibody.
Spots were developed following manufacturer’s instructions.

Cytokine ELISA. On day 34, spleen cells (200,000/well) were restimulated with
20 μg/mL OVA for 68 h at 37 °C. Conditioned medium was evaluated for the
secretion of cytokines and the secretion from CD4+ T cells using mouse IFN-γ,
TNF-α, IL-2, and IL-4 ELISA kits (BD) following manufacturer’s protocol.

Statistics. Statistical analysis was performed using GraphPad Prism 8 software.
Data are presented as mean ± SD. Unpaired Student’s t tests were utilized to
compare two groups, while one-way ANOVA with Tukey’s or Kruskal–Wallis
multiple comparisons tests were used to compare multiple groups. P values
less than 0.05 were considered statistically significant.

Data Availability.All study data are included in the article and/or SI Appendix.
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