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Abstract

Purpose A dissolving microneedle array (AMNA) is a vaccine delivery device with several advantages over conventional
needles. By incorporating particulate adjuvants in the form of poly(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles (NPs)
into the dMNA, the immune response against the antigen might be enhanced. This study aimed to prepare PLGA-NP-loaded
dMNA and to compare T-cell responses induced by either intradermally injected aqueous-PLGA-NP formulation or PLGA-
NP-loaded dMNA in mice.

Methods PLGA NPs were prepared with microfluidics, and their physicochemical characteristics with regard to encapsula-
tion efficiencies of ovalbumin (OVA) and CpG oligonucleotide (CpG), zeta potentials, polydispersity indexes, and sizes were
analysed. PLGA NPs incorporated dMNA was produced with three different IMNA formulations by using the centrifugation
method, and the integrity of PLGA NPs in dMNAs was evaluated. The immunogenicity was evaluated in mice by compar-
ing the T-cell responses induced by dMNA and aqueous formulations containing ovalbumin and CpG (OVA/CpG) with and
without PLGA NP.

Results Prepared PLGA NPs had a size of around 100 nm. The dMNA formulations affected the particle integrity, and the
dMNA with poly(vinyl alcohol) (PVA) showed almost no aggregation of PLGA NPs. The PLGA:PVA weight ratio of 1:9
resulted in 100% of penetration efficiency and the fastest dissolution in ex-vivo human skin (<30 min). The aqueous for-
mulation with soluble OVA/CpG and the aqueous-PLGA-NP formulation with OVA/CpG induced the highest CD4 4 T-cell
responses in blood and spleen cells.

Conclusions PLGA NPs incorporated dMNA was successfully fabricated and the aqueous formulation containing PLGA
NPs induce superior CD4* and CD8* T-cell responses.

Keywords dissolving microneedle - intradermal drug delivery - nanoparticles - vaccine formulation - vaccine
immunogenicity
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Introduction

Vaccination is one of the most successful interventions to
save lives against infectious diseases. However, for intra-
cellular pathogens (and also for cancers) vaccines often
lack efficacy. Vaccines against those diseases require the
induction of T cells. To boost the induction of T cells
by vaccination, two efficient approaches can be applied,
(i) deliver the vaccine into organs that are naturally rich
in antigen presenting cells (APCs) and (ii) increase the
uptake of the vaccine by APCs using nanoparticles (NPs).

Skin is an excellent organ to deliver T cell vaccines
since it has a high population of APCs, such as dendritic
cells and macrophages. Therefore, intradermal vaccine
delivery can promote stronger immune responses for
both T cells and B cells. However, conventional needles
demand vaccines in liquid form which required a cold
chain for storage. Also, they can bring sharp waste, nee-
dlestick injury, needle-phobia, and tissue damage if not
used correctly [1-3]. These drawbacks show the need
for novel vaccine delivery devices. Therefore, dissolving
microneedle array (AMNA) has been introduced as one of
the efficient approaches, which could revolutionise the way
drugs are delivered. dIMNAs are frequently made of biode-
gradable polymers or sugars, and the microneedles typi-
cally have a length below 1000 pm. Once the micronee-
dles are inserted into the skin, they dissolve in the skin
and release the loaded antigens. In spite of their limited
mechanical strength and expensive production cost due
to antigen waste [4], dJMNA offers numerous advantages
over conventional needles. One of the primary advantages
is the improved safety profile [5—7]. Unlike conventional
needles, dAMNA does not produce sharp waste as they dis-
solve after insertion so that prevents contamination from
reuse [8]. Besides, dMNA reduces pain sensation during
administration because it barely reaches the nerves. Lastly,
dMNA also has protective efficacy as they frequently
brought comparable immune responses to hypodermic
needle injection even with lower doses [9, 10].

To trigger an immune response against an antigen, it
is often necessary to add adjuvants [11]. Not only the
immune response can be enhanced by including adju-
vants, but a specific immune response can also be gener-
ated [12, 13]. A particulate adjuvant, such as poly (D,L-
lactic-co-glycolic acid) (PLGA) NPs, is a delivery system
[13], provides sustained release, ensures co-delivery of
antigen and molecular adjuvant, and increases uptake by
dendritic cells [14-16]. PLGA is a biodegradable polymer
that is approved by the Food and Drug Administration
and the European Medicines Agency for different phar-
maceutical applications [17], and PLGA NPs have also
been used as delivery systems in subunit vaccines in mice
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studies [15]. The physicochemical characteristics of the
particulate adjuvants, such as size, charge, and rigidity,
have been shown to affect immunogenicity [12]. NPs
seem to favour Th1 and CD8* T-cell-mediated immune
responses, whereas microparticles seem to favour Th2 and
B-cell-mediated immune responses [12]. Furthermore,
dendritic cells which are key in presenting antigens to T
cells, as well as activating them, favour the uptake of par-
ticles below 200 nm [18]. While B-cell mediated immune
responses have been widely introduced for prophylactic
vaccines, newer vaccines focus on Th1l and CD8" T-cell
immune responses which are needed to combat multiple
intracellular pathogens, such as influenza A and tubercu-
losis [19].

A key strategy in the formulation of new vaccines is to
combine both molecular and particulate adjuvants [20, 21].
A molecular adjuvant, such as the Toll-like receptor (TLR)
9 ligand CpG oligonucleotide (CpG), is an analogue of a
pathogen-associated molecular pattern which is recognised
by pattern recognition receptors on APCs [22]. The combi-
nation of TLR ligands with PLGA particles has generated
better immune responses compared to using only one adju-
vant [23-25]. Furthermore, subunit vaccines with CpG can
induce specific Thl and CD8* T-cell responses in mice and
generate long-term survivability against infectious diseases
[26, 27].

Conventional methods for producing PLGA NPs, such as
single or double-emulsification-based methods, often require
large amounts of solvent, are labour-intensive, and are not
highly reproducible [28-30]. Compared to conventional
methods, microfluidics offers several advantages, including
control over the production process, high efficiency, and
reduced costs [29, 31]. Therefore, microfluidics is increas-
ingly being used to produce PLGA NPs [32]. In microflu-
idics, solvents flow through a micro-system consisting of
capillaries and chambers allowing precise manipulation of
the fluids [33]. This facilitates continuous operation and the
production of size-controlled NPs with a narrow size dis-
tribution [34], and the technique could therefore be used
to produce PLGA NPs with a size below 200 nm, which is
needed for Th1 and CD8* T-cell response.

In this study, we evaluate two approaches to improve
T-cell induction via (i) PLGA NPs and (ii) dMNA. We first
engineered ovalbumin and CpG (OVA/CpG) encapsulated
PLGA NPs, and subsequently loaded them into dMNA. In
order to ensure the stability of NPs in dMNA, we screened
the most suitable polymer formulation of dMNA among
three candidates (polyvinylpyrrolidone (PVP), polyvinyl
alcohol (PVA), and trehalose) based on the size and polydis-
persity indexes (PDI) of PLGA NPs. dMNA was fabricated
with the selected formulation, and skin penetration dissolu-
tion tests were executed. The loading and delivery of OVA/
CpG were quantified. Finally, immune responses from OVA/
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CpG encapsulated NPs in dMNA and in aqueous formula-
tion were compared.

Materials and Methods
Materials

NE300 syringe pumps were purchased from ProSense
B.V. (Oosterhout, The Netherlands). Pierce Micro bicin-
choninic acid (BCA) protein assay kit, Qubit™ ssDNA
Assay Kit, 500 uL. Hamilton gastight, and polyether ether
ketone (PEEK) capillary tubing were bought from Fisher
Emergo B.V. (Landsmeer, the Netherlands). 10 mL Hamil-
ton gastight syringes were purchased from Brunschwig Che-
mie B.V (Amsterdam, the Netherlands). A Teflon tube was
purchased from Waters Chromatography B.V. (Etten-Leur,
the Netherlands). One-piece fittings, female fitting Luer-
lock adapters, two-piece adapters, interconnect tees were
purchased from Mengel Engineering (Virum, Denmark).
Silica capillary tubings were purchased from BGB Analytic
Benelux B.V. (Harderwijk, the Netherlands). PLGA (acid
terminated, lactide:glycolide 50:50, Mw 24 k -38 k), sodium
dodecyl sulfate, sodium phosphate dibasic dihydrate, sodium
phosphate monobasic dihydrate, pure sodium hydroxide pel-
lets were purchased from Merck Chemicals B.V. (Amster-
dam, the Netherlands). PVA (Mw 9 k), trehalose (Mw 378),
PVP (Mw 40 k), and trypan blue were purchased from Milli-
pore Sigma (Zwijndrecht, the Netherlands). Analytical grade
dimethyl sulfoxide (DMSO) and acetonitrile purchased from
Biossolve B.V. (Valkenswaard, the Netherlands). EndoFit™
Ovalbumin and CpG ODN 1826 (Class B) were purchased
from InvivoGen, Bio-Connect B.V. (Huissen, the Nether-
lands). Spectra-Por® Float-A-Lyzer® G2 1 mL (1000 kDa
MWCO) purchased from VWR International B.V. (Amster-
dam, the Netherlands). Millex®-VV filter units (0.1 um) was
purchased from Merck Life Science N.V. (Amsterdam, the
Netherlands). Silicon microneedle arrays were provided by
Tyndall National Institute (Cork, Irland). SYLGARD 184

Syringe 3

ﬁ

base silicone elastomer and curing agent silicone elastomer
were purchased from Dow Corning (Midland, MI, USA).
Epoxy glue was purchased from by Bison International B.V.
(Goes, The Netherlands).

Setup of the Microfluidic System

The PLGA NPs were prepared with a three-syringe micro-
fluidic system. The setup is depicted in Fig. 1. To assemble
the microfluidic system, Luer-lock adaptors were screwed on
Syringe 1, 2, and 3. Two 14-cm-long capillaries with inner
diameters of 75 um and 250 pm were attached to the Luer-
lock adaptors with 360-um fittings on Syringe 1 and Syringe
2, respectively. A 360-um-interconnect tee with three ports
in a T shape designated Port A, Port B, and Port C, where
port A and C were opposite of each other and port B was
positioned at an angle of 90° from Port A and B, was con-
nected through Port A to the capillary from Syringe 1 with a
360-um fitting. The capillary from Syringe 2 was connected
to Port B with a 360-um fitting. Port C was connected to
a 14-cm-long capillary with an inner diameter of 250 pm
with a 360-um fitting. When the capillaries were attached,
the capillaries were pushed to the end of the 360-um fitting
tip before insertion. A 1.6-mm-interconnect tee with three
ports in a T shape designated Port 1, Port 2, and Port 3,
where port 1 and 3 were opposite of each other and port 2
was positioned at an angle of 90°, was connected through
Port 3 to a 7-cm-long piece of PEEK tube with a 1.6 mm
fitting. A 360-um-to-1.6-mm adapter was attached to the
Luer-lock adapter on Syringe 3 and a 20-cm-long Teflon
tube with an outer diameter of 1.6 mm was attached to it
with a 1.6-mm fitting. The other end of the Teflon tube was
attached to Port 2 with a 1.6-mm fitting. When the tubes
were attached, they were first pushed fully into the 16-mm-
interconnect tee before the 1.6-mm fitting was screwed on.
A 1.6-mm-to-360-um adapter was attached to Port 1. The
capillary attached to Port C was inserted through a 360-um
fitting and pushed through the 1.6-mm-interconnect tee and
PEEK tube, till it reached 1 cm through the PEEK tube, after

Syringe 2

Syringe 1

I (lj ( c Port .!-

Fig. 1 Schematic representation of the microfluidic-system setup. The fluid from Syringe 1 meets the fluid from Syringe 2 in a T-junction and
the combined fluid meets the fluid in Syringe 3 in a co-flow where the combined fluid from Syringe 1 and 2 constitutes the inner fluid and the

fluid from Syringe 3 constitutes the outer fluid.

@ Springer



308

Pharmaceutical Research (2024) 41:305-319

which the 360-um fitting was screwed on the 1.6-mm-to-
360-um adapter. To complete the setup, the syringes were
mounted on the syringe pumps. When the formulations were
collected from the end of the PEEK tube, the tube was held
perpendicular to the sample collectors, and an initial volume
of approximately 150 uL was discarded before the sample
was tapped.

Preparation of PLGA NPs with OVA and CpG

Two PLGA-NP formulations with OVA and CpG were pre-
pared with a three-syringe microfluidic system: one to inject
via a classical injection needle (aqueous-PLGA-NP formula-
tion) and one used to prepare the dIMNAs (IMNA-PLGA-
NP formulation). For the preparation of the AIMNA-PLGA-
NP formulation, Syringe 1 of the microfluidic system was
loaded with OVA and CpG dissolved in ultrapure water at
concentrations of 4.0 mg/mL and 2.0 mg/mL, respectively.
Syringes 2 and 3 were loaded with PLGA dissolved in ace-
tonitrile at a concentration of 5.0 mg/mL and PVA (Mw of
9.5 kDa) dissolved in ultrapure water at a concentration of
14.1 mg/mL, respectively. The flow rates of the liquids dis-
pensed from Syringes 1, 2, and 3 were set to 62.5, 625, and
2000 pL/min, respectively. After the syringe pumps were
started the formulation was collected. A flow of nitrogen
was used to evaporate the organic solvents from the formu-
lation. Ultrapure water and 0.1 pm sterile filtered 100 mM
phosphate buffer (75 mM Na2HPO4, 25 mM NaH2PO4)
were added to achieve the final AIMNA-PLGA-NP formula-
tion, which consisted of 200 pg/mL OVA, 100 pg/mL CpG,
2.5 mg/mL PLGA, and 22.5 mg/mL PVA in 10 mM phos-
phate buffer (7.5 mM Na2HPO4, 2.5 mM NaH2PO4, pH
7.4).

We aimed to administer the same doses of OVA and CpG
with the dMNAs and the injections with classical hypoder-
mic needles in the immunization study. Therefore, the theo-
retically delivered quantities of these constituents from the
dMNAs were calculated. One dose was delivered via two
dMNAs, which theoretically would deliver 4.4 ug of OVA
and 3.9 pg of CpG in total. To administer the same dose of
OVA and CpG with the aqueous-PLGA-NP formulation (30
pL), the concentration of OVA in Syringe 1 was adjusted
to 2.3 mg/mL. The remaining procedure was the same as
for preparing the IMNA-PLGA-NP formulation. The final
aqueous-PLGA-NP formulation consisted of 146 ug/mL
OVA, 130 pg/mL CpG, 3.3 mg/mL PLGA, and 29.3 mg/
mL PVA in 10 mM phosphate buffer. The soluble OVA and
CpG were not removed from the IMNA-PLGA-NP formula-
tion as dialysis would remove some of the PVA, which is a
constituent needed to maintain stable dMNAs. To keep the
aqueous-PLGA-NP and the IMNA-PLGA-NP formulations
similar, the soluble OVA and CpG were also not removed
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from the aqueous-PLGA-NP formulation. The formulations
were stored at 4 °C until use.

Determination of the Hydrodynamic Particle Size
and the Zeta Potential

The PLGA-NP formulations were analysed on a Zetasizer
Nano ZS (Malvern Panalytical B.V., Almelo, the Nether-
lands) to determine the intensity-weighted mean hydrody-
namic particle diameters (sizes) and PDIs with dynamic
light scattering (detection angle of 173°), and the zeta poten-
tials with laser Doppler electrophoresis. Before the meas-
urements, the formulations were diluted 1:19 v/v in 10 mM
phosphate buffer (n=23).

Determination of the Encapsulation Efficiencies
of OVA/CpG

To compare the aqueous-PLGA-NP formulation with the
dMNA-PLGA-NP formulation, the encapsulation efficien-
cies of OVA/CpG in the PLGA NPs were determined by
measuring the total concentrations of OVA/CpG before and
after dialysis as dialysis removes the OVA/CpG in the con-
tinuous phase. A sample was taken before the dialysis and
1 mL of each formulation was added to Float-A-Lyzer® dial-
ysis device. Each dialysis device was submerged in 300 mL
of 10 mM phosphate buffer (PB) and the formulations were
dialysed for 72 h at 4 °C.

To determine the concentrations of OVA in the samples
before and after dialysis, the samples were mixed in a vol-
ume ratio of 1:1 with a mixture of 30 vol% DMSO, 0.1 M
NaOH, and 10 mg/mL sodium dodecyl sulfate, to disrupt
the PLGA NPs, and incubated at 37 °C for 2 h. The standard
curve was prepared with OVA in 15 vol% DMSO, 0.05 M
NaOH, and 5 mg/mL sodium dodecyl sulfate. Each sam-
ple was prepared in triplicates and plated on a clear flat-
bottom 96-well plate. The amounts of OVA were quantified
with the micro BCA assay. The absorbance was measured
at 562 nm with a plate reader (Tecan Spark®, Ménnedorf,
Switzerland).

The concentrations of CpG in the samples before and
after dialysis were quantified with a Qubit™ ssDNA Assay
Kit. The calibration curve was made with CpG dissolved in
ultrapure water and the solutions for the calibration curve
were treated the same way as the samples. Each sample was
prepared in triplicate. A volume of 40 pL from each sam-
ple was added to Eppendorf tubes and dried at 37 °C over-
night to remove the water. They were reconstituted in 40 pL.
DMSO to disrupt the particles, and the vials were incubated
at 37 °C for 2 h. The contents in the vials were spun down
with a Microfuge® 18 centrifuge (1000 g, 5 min, Beckman
Coulter Nederland B.V., Woerden, the Netherlands) and 30
pL of each sample was mixed with 270 pL of work reagent.
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After 2 min of equilibration time, 95 pL of each sample
was plated on a black flat-bottom 96-well plate and 100 uL.
acetonitrile was added to each well. After 5 min, the fluores-
cence intensities (A., 495 nm/A,, 530 nm) were measured
on a plate reader. The encapsulation efficiencies (EE%s) of
OVA/CpG were calculated using the following equation:

C(Sample after dialysis)
C(Sample before dialysis)

EE% = 100%

Preparation of PDMS Mould

The silicone microneedle arrays that serves as a template
consists of nine (3 X 3) microneedles [35]. Each microneedle
has a height of 500 um and a base diameter of 330 um. Nine
(3% 3) microneedle arrays are attached to the pedestal of a
polymethylmethacrylate (PDMS) grid. The combination of
this grid and nine silicone microneedle arrays is the master
structure. In order to create the PDMS mould, a mixture of
sylgard 184 base silicone elastomer and curing agent (10:1
weight ratio) is poured into the master structure and cured
overnight at 60 °C [36]. The next day, the cured PDMS
mould was removed from the master structure.

Fabrication of dMNA and Screening of the dMNA
Formulation

Securing the stability of PLGA NPs in dMNA is crucial to
maintain the functionality of antigens. In order to find the
most suitable polymer formulation for PLGA NPs incorpo-
rated dMNA, three different candidates of polymer formula-
tion were used for AIMNA production: 5% (w/v) PVA, 5%
(w/v) PVP, and 30% (w/v) trehalose. These three different
polymer formulations were screened based on the size and
PDI of PLGA NPs in dMNAs.

To this end, dMNAs were fabricated with three differ-
ent formulations as previously described [37]. First, empty
(without OVA/CpG) PLGA NPs were added into each
dMNA formulation with 1:4 of PLGA:polymer weight ratio,
and the mixture was homogenised. Then, 90 uL of the mix-
ture was loaded into the PDMS mould and centrifuged for
3 hat 25 °C with 11400 g. The centrifuged mould was dried
at 37 °C overnight. The next day, silicone and epoxy glue
were applied to each array to build a backplate. After another
drying at 37 °C overnight, dIMNAs were carefully removed
from the mould. The shape and sharpness of dAMNA were
analysed with a brightfield microscope (Stemi 2000-C, Carl
Zeiss Microscopy GmbH, Gottingen, Germany).

During the fabrication process, the size and PDI of
PLGA NPs were measured three times using a Zetasizer
as described in Determination of the hydrodynamic parti-
cle size and the zeta potential section (n=3). They were

measured (i) before and (ii) after adding into the polymer
formulation. Subsequently, they were measured (iii) after
re-suspending dMNA in 300 uL of PB (10 mM, pH 7.4).
Among three candidates, the formulation that displayed
the best retainment of PLGA NPs size and PDI (target
size: <200 nm, target PDI: < 0.3) was selected for further
studies.

Skin Penetration and Dissolution Tests

Penetration ability is a necessary function of dMNA in order
to deliver the incorporated content into the skin. With the
selected formulation from previous Section (5% (w/v) PVA
with 1:4 PLGA:PVA ratio, see Fabrication of dAMNA and
screening of the dMNA formulation section), PLGA NP
loaded dMNA was fabricated and skin penetration test was
performed [35].

Human abdominal skin was collected from a local hospi-
tal after cosmetic surgery, and stored at -80 °C after remov-
ing the fat. Before use, the skin was thawed for an hour at
37 °C and stretched on parafilm-covered styrofoam. Next,
the skin was wiped with 70% (v/v) ethanol to clean. IMNA
was attached to an applicator (UFAM v1.0, uPATCH B.V.,
Delft, The Netherlands) to pierce the skin with a reproduc-
ible velocity. The dMNA was applied onto the skin with
65+ 1 cm/s of velocity (n=3), and removed after one sec-
ond. Then, 75 pL of 0.4% trypan blue was applied on the
dMNA applied skin site for 45 min. After removal of the
trypan blue solution, the stratum corneum was removed by
performing tape striping until the skin appeared shiny. Next,
the skin was visualised using a brightfield microscope and
the penetration efficiency was calculated by dividing the
number of penetrated microneedles by the number of total
microneedles in one AMNA.

Fast dissolution of microneedles is important to shorten
the application time and facilitate the use of dMNA for
patients. For the fast delivery, we aimed for 70% (volume)
dissolution within 30 min. A dMNA was applied onto the
skin in the same manner as for the penetration study. How-
ever, dMNA stayed for 30 and 60 min (n=3) in the skin
instead of being removed after one second. After removal,
dMNA was imaged using a brightfield microscope and the
leftover microneedle volume was calculated.

From the dissolution test, empty PLGA NPs loaded
dMNA fabricated with the selected formulation did not
show sufficient volume reduction even after 60 min. There-
fore, this formulation required optimisation to ensure fast
dissolution.

To this end, the total concentration of dAMNA formula-
tion was decreased from 5% (w/v) to 2.5% (w/v), and the
weight ratio of PLGA:PVA was changed from 1:4 to 1:9.
With this optimised formulation, PLGA NPs loaded dMNA
was fabricated. Then, skin penetration and dissolution tests
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were repeated, whereby the dissolution time in the skin was
15 and 30 min.

Quantification of OVA in OVA Encapsulated PLGA
Loaded dMNA

Centrifugation is an effective method to produce dMNA.
However, fabrication via this method leads to drug distri-
bution in both the microneedles and backplate. Since the
drug in the backplate will not be delivered into the skin, it
is important to first quantify the antigen entrapped in only
the microneedles in order to deliver the target dose (4 pg) of
OVA. For this, soluble OVA/CpG loaded dMNA and OVA/
CpG encapsulated PLGA NPs loaded dMNA were pre-
pared (n=3). For control groups, empty PLGA NPs loaded
dMNAs and empty PLGA NPs with soluble OVA loaded
dMNAs were prepared (n=3).

To quantify the OVA in microneedles, nine microneedles
were separated from the backplate (Figure S1) and recon-
stituted in 170 pL. of DMSO/sodium dodecyl sulfate/NaOH
solvent. After homogenising overnight, a BCA assay was
performed. Briefly, 150 uL of homogenised solution was
loaded into a 96-well plate followed by 150 pL of working
reagent. The plate was incubated for 2 h at 37 °C, and the
absorbance was measured at 562 nm by using a plate reader.

Fabrication of Soluble OVA Loaded dMNA

In order to determine the effect of PLGA NPs on immune
responses, both (i) soluble OVA/CpG loaded dMNA and
(i1)) OVA/CpG encapsulated PLGA NPs loaded dMNA were
prepared for an immunisation study. To have the same dose
of antigen in both groups, the same amount of OVA should
be added to both of them during production. Therefore, the
OVA amount in nine microneedles of OVA/CpG encapsu-
lated PLGA NPs loaded dMNA was analysed in the previ-
ous section. Based on this quantification, the amount of OVA
that should be added for soluble OVA/CpG loaded dMNA
was determined which can have the same amount as OVA/
CpG encapsulated PLGA NPs loaded dMNA.

For this, soluble OVA/CpG loaded dMNAs were fab-
ricated with four different concentrations of OVA/CpG in
2.25% (w/v) PVA: 0.02% (w/v) OVA/0.01 (w/v) CpG%,
0.1% (w/v) OVA/0.05% (w/v) CpG, 0.2% (w/v) OVA/0.1%
(w/v) CpG, and 0.5% (w/v) OVA/0.25% (w/v) CpG. As
described in the previous section, nine microneedles were
separated from the backplate. Then, OVA loading in nine
microneedles was quantified using a BCA assay. Based on
the quantified OVA in microneedles of four individual arrays
(Figure S3), the required OVA amount for the production of
soluble OVA/CpG loaded dMNA was determined.
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Quantification of CpG

Together with OVA, CpG was also encapsulated in PLGA
NPs and added in dMNA in quantities of 50% w/w of the
amount of OVA. To investigate the amount of CpG in
microneedles, 0.05% (w/v) OVA and 0.025% (w/v) CpG
were loaded in soluble CpG/OVA loaded dMNA based on
the result of the studies described in the previous section.
Empty PLGA NPs loaded dMNA and empty PLGA NPs
with soluble OVA/CpG loaded dMNA were prepared for
control groups.

Similar to OVA quantification described in Quantification
of OVA in OVA encapsulated PLGA loaded dMNAs section,
nine microneedles were separated and reconstituted in 170
pL of DMSO/SDS/NaOH. For the quantification of CpG, a
Qubit™ ssDNA assay was executed as described in Deter-
mination of the encapsulation efficiencies of OVA/CpG sec-
tion. For the calibration curve, 0.2 mg/mL and 0.15 mg/mL
of CpG in Limulus amebocyte lysate water were prepared
followed by a two-fold dilution. The fluorescence intensity
was measured at A,, 538 nm/A,, 488 nm using a plate reader.

Animals

For the immunisation study, we used 35 female C57BL/6
mice, one OT-I mouse, which is a transgenic mouse on a
C57BL/6 genetic background with T-cell receptors that pair
with CD8 and recognise OVA,s; 54, presented on MHC class
I (haplotype H-2 Kb) molecules, and two OT-II mice, which
are transgenic mice on a C57BL/6 genetic background with
T-cell receptors that pair with CD4 and recognise OVA 3,3 339
on MHC class II (haplotype I-A®) molecules. They were
7-12 weeks old at the start of the experiment and were kept
under standard laboratory conditions at the animal facility
of Leiden Academic Centre for Drug Research, Leiden Uni-
versity. The animal experiment was approved by the ethical
committee of Leiden University, and the animal work was
performed in compliance with the Dutch government guide-
lines and Directive 2010/63/EU of the European Parliament.

Table 1 The Schedule of Immunisation Study

Day 1 Transfer OVA-specific CD8* T
cells and OVA-specific CD4*
T cells

Day 2 Immunise mice

Day 9 Harvest blood and spleens
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Immunisation

To determine if the aqueous formulations and dMNA were
able to activate OVA-specific T cells, an immunisation study
was performed in mice according to the schedule (Table 1).

On day 1, each of the 35 C57BL/6 mice was injected in
the tail vein with 50,000 OVA-specific CD8" T cells which
were isolated from a spleen collected from an OT-I mouse
and 100,000 OVA-specific CD4* T cells which were iso-
lated from two spleens collected from two OT-II mice [38]
using a BD Microlance™ 3 (0.3 X 13 mm needle (Becton
Dickinson N.V., Vianen, Holland).

On day 2, mice were weighed, marked, and allocated
into seven groups of five mice, balanced with regard to
weight and age. Each group was randomly assigned to
seven different vaccine regimens (Table 2).

The mice group 1-3, 6, and 7 had their flanks shaved.
The mice group 1-5 were anaesthetised by intraperitoneal
injection with ketamine (100 mg/kg) and xylazine (10 mg/
mL) for 10 min before administration of dAMNAs (two
dMNAs per mouse). The mice were placed on a Heatel
Teera Heatmat (Heatel B.V., Poeldijk, the Netherlands)
and ophthalmic ointment was applied to their eyes. The
mice group 2—5 were expected to receive 4.4-4.9 ug OVA
and 3.9-4.3 ug CpG. The mice enrolled in Regimen 1 did
not receive OVA/CpG. The dMNA was administrated into
the skin for 30 min one at a time on either the flank or the
ear. The IMNA was visualised using a bright-field micro-
scope after being removed from the skin.

The mice group 6 and 7 received 4.4 ug OVA and 3.9 pg
CpG intradermally (flank) in a volume of 30 uL by using
BD micro-fine™ + Demi U100 0,3 mL 30G insulin nee-
dles (Fisher Emergo B.V., Landsmeer, the Netherlands).
Unfortunately, two mice died because of the anaesthesia
(mice receiving Regimen 2 or 4), and one mouse receiving
Regimen 2 was euthanised by cervical dislocation after
reaching humane endpoints (limping and 17% weight
reduction). On day 9, blood was collected by tail bleeding
in micorvette® CB K,EDTA 300 pL tubes (Sarstedt B.V.,
Etten-Leur, the Netherlands). The mice were euthanised

by cervical dislocation whereafter the spleens were har-
vested. The spleens were immersed in PBS and the blood
and spleens were kept on ice till further use.

Flow Cytometric Analysis of CD8* and CD4* T Cells

To assess the OVA-specific T-cell responses in the immu-
nised mice, the cells in the blood and spleens were stained
with fluorophore-tagged antibodies. The spleens were
strained to obtain single-cell suspensions and then erythro-
cytes were depleted from the splenocyte-containing single-
cell suspensions using ACK lysing buffer. Hereafter, the
splenocytes were resuspended in 2 mL cRPMI and 100 uL.
of each suspension was added to a 96-well U-bottom plate.
The erythrocytes in the blood were depleted in a similar
way: the blood cells were suspended in 2 mL. ACK lysing
buffer and the lysis was stopped after 5 min by adding 5 mL
cRPMI medium. The remaining blood cells were washed in
5 mL cRPMI medium and resuspended in 300 uL cRPMI
medium. 100 pL of each blood-cell suspension was added
to the 96-well round bottom plate. The plate with the blood
and spleen cells was centrifuged (5 min, 550 g, 4 °C) and
the supernatants were removed. The cells were resuspended
in 100 pL surface marker staining solution (containing the
fluorophore-tagged antibodies CD45.1 PE-Dazzle-594
(clone A20), Thyl.2 PE/Cyanine7 (clone 53-2.1), CD8a
Brilliant Violet 510 (clone 53-6.7) (all from BioLegend
Europe B.V., Amsterdam, the Netherlands), CD4 eFlour
450 (clone GK1.5), and 7-AAD Viability Staining Solution
(live/dead marker) (both from eBioscience™, Fisher Emergo
B.V.) in FACS buffer (1 mM EDTA, 2% fetal bovine serum,
0.1% sodium azide)), and the plate was covered with alu-
minium foil and incubated for 30 min at 4 °C. The plate was
centrifuged (5 min, 550 g, 4 °C) and the supernatants were
removed. The cells were washed two times and resuspended
in 100 uL. FACS buffer. Hereafter, the cells were analysed
by flow cytometry (CytoFLEX S V4-B2-Y4-R3, Beckman
Coulter, California, USA) with the acquisition software
CytExpert (v2.3.1.22, Beckman Coulter). The sample flow
rate and recorded volume were set to 60 pL/min and 80 pL,

Table 2 Information on Mice
Group for Immunisation

Study. *Dose in dIMNAs was
Estimated Based on Dissolution

Mice group Regimens Admin-  Target dose OVA/CpG (ug)
istration
site

1 Empty dMNA (negative control) Flank 0/0

2 Soluble OVA/CpG loaded dMNA * Flank 44-49/39-43

3 OVA/CpG encapsulated PLGA NPs loaded dMNA*  Flank 4.4-49/3.9-43

4 Soluble OVA/CpG loaded dMNA* Ear 4.4-49/39-423

5 OVA/CpG encapsulated PLGA NPs loaded d(MNA*  Ear 4.4-49/39-43

6 OVA/CpG in PBS Flank 4.4/3.9

7 Aqueous-PLGA-NP Flank 4.4/3.9
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respectively. Data were analysed and manually compensated
by using FlowJo software v10 (Treestar, Oregon, USA). The
live CD8" or CD4™ T cells were detected by first gating for
single cells, then live (live/dead marker negative) T (Thy1.2
marker positive) cells, and subsequently CD4+ (CD4 marker
positive) or CD8* (CD8a marker positive) cells. The OVA-
specific cells in the live CD4* or CD8* T cell populations
were detected by measuring the frequency of CD45.1 (donor
cells from the OT-I and OT-II mice) positive cells.

Statistical Analysis

The data from the animal experiment was analysed in Graph-
Pad Prism® version 8.0.1 (GraphPad Software, CA, USA).
The statistical significance was determined with a one-way
analysis of variance, followed by Bonferroni's multiple com-
parisons test and P <0.05 was considered statistically signifi-
cant (*P <0.05, **P <0.01, ***P <0.001, ****P <(0.0001).

Results

Characterisation of PLGA NPs and Encapsulation
Efficiencies of OVA/CpG

The aqueous-PLGA-NP formulation and the AIMNA-PLGA-
NP formulation used to fabricate dIMNA were prepared
with the microfluidic system. When preparing the two for-
mulations, the setup of the microfluidic system remained
unchanged including concentrations of CpG, PLGA, and
PVA in the syringes and the flow rates. The altered com-
ponents were the OVA concentration in Syringe 1 and
the final concentration of the two formulations. The OVA

concentration in Syringe 1 was lower for the aqueous-PLGA-
NP formulation than the dAMNA-PLGA-NP formulation. The
CpG:OVA:PLGA:PVA weight ratio was 1:2:25:225 for the
dMNA-PLGA-NP formulation and 1:1.13:25:225 for the
aqueous-PLGA-NP formulation resulting in a higher OVA
concentration in the aqueous-PLGA-NP formulation than in
the ANMA-PLGA-NP formulation. In the final formulations,
the concentration of CpG, PLGA, and PVA was slightly
higher for the aqueous-PLGA-NP formulation as it was con-
centrated more. The two formulations were characterised
with regard to size, PDI, zeta potential, and encapsulation
efficiencies of OVA/CpG (Table 3). The minor change in the
method did not affect the physicochemical characteristics of
the PLGA NPs massively. Both formulations were mono-
disperse, indicated by having PDIs below 0.1, sizes around
100 nm and slightly negative zeta potentials. OVA/CpG were
effectively encapsulated into the PLGA NPs in both for-
mulations with encapsulation efficiencies above 35%. The
encapsulation efficiencies of OVA/CpG were highest in the
dMNA-PLGA-NP formulation. Soluble OVA/ CpG were not
removed. Therefore, OVA/CpG are only partly encapsulated
in the PLGA NPs when it is administered into the mice.

Fabrication of dMNA and Screening of the dMNA
Formulation

dMNAs were fabricated with three different polymer for-
mulation: 5% (w/v) PVA, 5% (w/v) PVP, and 30% (w/v)
trehalose. All three formulations successfully formed nine
sharp microneedle tips in each array (Fig. 2). Therefore,
PLGA NPs could be incorporated in dMNAs with all three
polymer formulations. The size and PDI of PLGA NPs
were measured (i) before and (ii) after adding them to the

Table 3 Physicochemical Characteristics of the PLGA NPs with OVA/CpG used for the Aqueous-NP Formulation and the dMNA. The Physico-
chemical Characteristics of the dIMNA-NP Formulation are Measured while the Formulation is Liquid i.e. Before they are Added to the dMNA

NP formulation Size (nm) PDI ZP (mV) EE%

OVA CpG
Aqueous-PLGA-NP formulation 96.1+0.4 0.090+0.023 -0.85+0.67 36.7 35.6
dMNA-PLGA-NP formulation 100.2+1.7 0.097+0.015 -1.94+0.62 52.7 45.0

Average + SD of three technical replicates. Size: intensity-weighted mean hydrodynamic particle diameters, PDI: polydispersity index, ZP: zeta

potential, EE%: encapsulation efficiency

Fig.2 Fabricated dMNAs with (a) 5% (w/v) PVA, (b) 5% (w/v) PVP, and (c) 30% (w/v) trehalose.
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formulation and also (iii) after re-suspending dAMNA. As
shown in Fig. 3a, the mean size of PLGA NPs was slightly
increased after adding them to the formulations compared to
before adding them. It increased 16.1% for 5% (w/v) PVA,
3.0% for 5% (w/v) PVP, and 1.5% for 30% (w/v) trehalose.
These values considerably increased after re-suspending
PVP dMNA (177.3%) and trehalose dAMNA (396.3%). Only
PVA dMNA displayed a slight increase in size (26.1%). PDI
also showed similar trends. The size and PDI of PLGA NPs
in only PVA dMNA were within the target range which were
below 200 nm and 0.3, respectively (Fig. 3b). Therefore,
5% (w/v) PVA was selected as the dMNA formulation for
further studies.

Skin Penetration and Dissolution of dMNA

Based on the results of PLGA NPs stability in the previous
section, 5% (w/v) PVA was selected as a dAMNA formulation.
In order to investigate the mechanical strength and dissolu-
tion ability of dMNA, skin penetration and dissolution tests
were performed. The penetration study demonstrated excel-
lent penetration efficiency of 100% as all nine microneedles
penetrated the skin (n=3, Fig. 4a). In the dissolution test,
however, only 3.6 +0.4% and 5.7 +0.4% of microneedle

volume were dissolved in the skin within 30 and 60 min,
respectively (Fig. 4b-c).

Hence, the dMNA formulation was further optimised by
reducing the total concentration of dAMNA formulation (2.5%
(w/v)) and decreasing the proportion of PLGA NPs in the
formulation (1:9 PLGA:PVA weight ratio). Skin penetra-
tion and dissolution tests were executed again with AMNAS
produced with the optimised formulation. As a results, 2.5%
(w/v) PVA dMNA (1:9 PLGA:PVA) demonstrated smilar
penetration efficiency (100%) and a faster dissolution ability
compared to 5% (w/v) total concentration of AMNA formu-
lation with 1:4 PLGA:PVA weight ratio (Fig. 4d). Within 15
and 30 min, 55.8 +0.3% and 73.2 +2.8% of the microneedle
volume dissolved, respectively (Fig. 4e-f). For further stud-
ies, 2.5% (w/v) total concentration of dMNA formulation
with 1:9 PLGA:PVA weight ratio was used.

Quantification of OVA

dMNA fabrication using a centrifugation method results in
a substantial amount of antigen loading in the backplate.
Therefore, quantifying OVA in only microneedles is neces-
sary to determine the delivered dose. Theoretically, 225 g
of PLGA NPs and 18 pg of OVA were expected to be loaded
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30 min dissolution

min dissolution

Fig.4 (a) Penetrated skin and (b) dissolved microneedle after 30 min (c) 60 min of dissolution with 5% (w/v) PVA dMNA with 1:4 PLGA:PVA
ratio. (d) Penetrated skin and (e) dissolved microneedle after 15 min (f) 30 min of dissolution with 2.5% (w/v) PVA dMNA with 1:9 PLGA:PVA

ratio.

in each dMNA (including backplate) since the ratio of
OVA:PLGA:PVA was 2:25:225. Based on the BCA assays,
it was determined that 3.2 +0.4 ug of OVA was loaded in
nine microneedles (17.8% of the total amount loaded in
one dMNA). Based on the 70-76% dissolved volume of the
microneedles (see the previous section), 2.2-2.4 ug of OVA
was estimated to be delivered to the skin.

Fabrication of Soluble OVA Loaded dMNA

For the immunisation study, soluble OVA/CpG loaded
dMNA and OVA/CpG encapsulated PLGA NPs loaded
dMNA should carry an identical dose in nine microneedles
which is 3.2 pg (see the previous section). Therefore, four
different concentrations of OVA/CpG loaded dMNAs were
prepared, and OVA in nine microneedles was quantified.
As aresult, 1.6 pg, 5.6 pg, 10.4 ug, and 16.1 pg of OVA
were loaded in nine microneedles of 0.02% (w/v), 0.1%
(w/v), 0.2% (w/v), and 0.5% (w/v) of OVA loaded dMNAs,
respectively. Based on these results, a calibration curve was
generated (Figure S3) to display the OVA concentration of
four different IMNAs and the corresponding OVA amount
in nine microneedles. From the calibration curve, the OVA
concentration for soluble OVA/CpG loaded dMNA produc-
tion was determined which can carry 3.2 ug OVA in nine
microneedles. Hence, 0.05% (w/v) of OVA should be loaded
in soluble OVA/CpG loaded dMNA in order to carry the
same OVA amount as OVA/CpG encapsulated PLGA NPs
loaded dMNA.

@ Springer

Quantification of CpG

In PLGA NPs, CpG was also encapsulated as an adjuvant
with a half weight ratio of OVA. Therefore, 0.05% (w/v) of
OVA and 0.025% (w/v) of CpG were added in soluble OVA/
CpG loaded dMNA based on the result of the previous sec-
tion. By using the Qubit™ ssDNA assay, it was determined
that 2.81 +0.04 pg of CpG was carried in nine microneedles.
After 70-76% of dissolution, 2.0-2.1 pg of CpG is expected
to be delivered to the skin.

Immunisation study

An immunisation study was performed to determine whether
the presence of PLGA NPs and the administration form and
location affects the T-cell responses in vivo. Transferred
OVA-specific T cell mice received seven different regimens
which consisted of dAMNAs or aqueous formulations with
either soluble OVA/CpG or OVA/CpG partly encapsulated
in PLGA NP (Table 3). The dMNAs were administered at
two different locations: the flanks or the ear pinnae. Seven
days after the immunisation, the T-cell responses in the
blood and spleen were analysed by flow cytometry. The gat-
ing strategies are shown in Figure S2.

The two aqueous formulations: OVA/CpG in PBS
(group 6) and the aqueous PLGA NPs formulation (group
7) induced high expansion of the transferred OVA-specific
CD4* T cells in the blood and spleen cells. OVA/CpG in
PBS induced the highest response of OVA-specific CD4* T
cells in the blood (2.5 +0.3% of the CD4* T-cell population)
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Fig.5 The percentage of OVA-specific CD4* (a) and CD8" (b) T cells of the total amount of CD4* and CD8* T cells, respectively, in the
harvested blood. (mean+SD, n=35, except for flank MNA CpG and OVA n=3, and ear MNA CpG and OVA n=4). The formulations were
compared with the empty dMNA, which was the negative control, for statistical significance. *P <0.05, **P <0.01,***P <0.001, ***P <0.0001.

(Fig. 5a) and it was significantly higher than the response
from the negative control (group 1, P <0.001). The aqueous
PLGA NPs formulation also induced a significantly higher
OVA-specific CD4 + T-cell response (1.9 +0.8% of the
CD4* T-cell population) (P <0.05) compared to the nega-
tive control. There was no significant difference between
the CD4 + T-cell responses induced by the two aqueous for-
mulations. The same pattern was seen for the OVA-specific
CD4* T-cell responses in the spleens (Fig. 6a), however,
the responses were higher. OVA/CpG in PBS induced the
highest response of OVA-specific CD4* T cells in the spleen
(5.7+1.4% of the CD4" T-cell population), and it was

(a) All significant in regards to liquid

. % % %k %k |
2 10 1 * 3 Kk '
) L 1
(3] 8 | 1
" o *
o
O -
Q2
=
(3] 4-
§ *

* *
< 2-
S 2
o
2 |-

1 2 3 4 5 6 7
Mice group

significantly higher than the negative control (P <0.0001).
The aqueous PLGA NPs formulation also induced a sig-
nificantly higher OVA-specific CD4" T-cell response
(5.4+1.7% of the CD4" T-cell population) (P <0.0001)
compared to the negative control. Similar to the blood cells,
there was no significant difference between the CD4" T-cell
responses induced by the two aqueous formulations (group
6 and 7). The aqueous PLGA NPs formulation induced the
highest OVA-specific CD8* T-cell response in the blood
(17.0£6.9% of the CD8" T-cell population) (Fig. 5b), this
was statistically higher compared to the negative control
(P<0.0001). OVA/CpG in PBS induced an OVA-specific
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Fig.6 The percentage of OVA-specific CD4* (a) and CD8" (b) T cells of the total amount of CD4* and CD8* T cells, respectively, in the
harvested spleens. (mean+SD, n=35, except for flank MNA CpG and OVA n=3, and ear MNA CpG and OVA n=4). The formulations were
compared with the empty dMNA, which was the negative control, for statistical significance. *P <0.05, **P <0.01,***P <0.001, ***P <0.0001.
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CDS8 + T-cell response of 2.7 + 1.0%, however, this was not
statistically significant compared to the negative control,
though it was higher than the 0.4-0.6% baseline established
by the dJMNA with (group 3 and 5) and without PLGA
NPs (group 2 and 4). In this case, the aqueous PLGA NPs
formulation induced a significantly higher OVA-specific
CD8* T-cell response (P < 0.0001) compared to OVA/CpG
in PBS. The same pattern was seen in the spleen, however,
the responses were higher. The aqueous PLGA NPs formu-
lation induced an OVA-specific CD8" T-cell response of
29.6+9.1% (of the CD8* T-cell population) (Fig. 6b), which
was statistically significant compared to the negative control
and the response in the spleen was again higher than the
CD8™ T-cell response in the blood.

The regimens with dMNAs (group 2-5) did not sig-
nificantly change the OVA-specific CD4" T-cell responses
compared to the negative control in the blood cells, and
there was no significant change in the responses between
the dMNAs inserted into the flank (group 2 and 3) and the
ear (group 4 and 5). Neither was there a significant change
in the responses between the dMNAs with (group 3 and 5)
and without PLGA NPs (group 2 and 4), where all of the
dMNAs induced OVA-specific CD4" T-cell responses of
0.6-0.9% in the CD4* T-cell populations. The same pattern
was observed for the OVA-specific CD4" T-cell responses
in the spleens, however, the T-cell responses were slightly
higher for all of the regimens (Fig. 6a), where the dMNAs
all induced around 1.3-1.5% of the CD4* T-cell population.
The dMNA formulations (group 2-5) did not induce signifi-
cant CD8" T-cell responses compared to the control in the
blood and spleen either.

Discussion

In this study, we developed OVA/CpG encapsulated PLGA
NPs loaded dMNA. NPs work as adjuvant and enhance tak-
ing up of antigens by APCs. By delivering them to the skin
which has abundant APCs, it is expected to boost the induc-
tion of T cells. For this, we chose two different approaches:
(i) encapsulate antigens and adjuvant in PLGA NPs and (ii)
deliver them intradermally using dMNA.

We chose to incorporate the antigen (OVA) and the molec-
ular adjuvant (CpG) into the formulations. OVA is readily
available and is often used to study antigen-specific immune
responses in mice [39]. By performing an adoptive transfer of
T cells from OT mice, whose T cells recognize specific OVA-
derived peptide residues, the T-cell response is enlarged com-
pared to wild-type mice, which normally require multiple
vaccinations before OVA-specific immune responses can
be measured. We chose CpG as adjuvant as previous stud-
ies have shown that subunit vaccines against SARS-CoV
and HIV-1 containing CpG have activated dendritic cells
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[40] and induced specific Th1l and CD8" T-cell responses
[26, 27]. We incorporated OVA/CpG into the PLGA NPs
with a modular microfluidic system. The NPs sizes for the
immunisation study were aimed at 100 nm as particles under
200 nm are more easily taken up by DC and supposedly give
Thl and CD8" T-cell responses [18, 41]. Furthermore, a
previous study have compared PLGA NPs with OVA/CpG
with sizes from 300 nm to 17 um. The PLGA particles with
300 nm induced the highest expression of the DC activation
markers CD86 and MHC class I, compared to naive cells,
soluble OVA/CpG and PLGA microparticles with sizes of
17 um, 7 um, 1 um. We succeeded at producing two formu-
lations with monodisperse particles at around 100 nm with
the microfluidic system. The sizes are normally larger with
conventional methods, as double-emulsion and nanoprecipi-
tation methods lead to PLGA NP with a minimum sizes at
approximately 150 nm [42, 43]. Both of the NP formulations
had zeta potentials of around -1 mV. This is a bit higher than
PLGA particles prepared without PVA (-32 mV) [28]. This is
likely due a PVA layer on the surface of the NPs that shields
the charge [44]. The soluble OVA/CpG was not removed
from the PLGA-NP formulations because PVA, which is a
small molecule (Mw 9 kDa), also would be removed dur-
ing the dialysis. PVA is both a surfactant and the material
chosen to produce the dMNA. Its concentration is crucial
for dAMNA production since mechanical strength of AMNA
is proportional to the PVA concentration. We measured the
encapsulation efficiencies of OVA/CpG. OVA had an encap-
sulation efficiency of 37-57%, which is higher than generally
obtained with other microfluidic devices [28], but lower than
via the conventional double emulsion method [42]. However,
the methods are not directly comparable, as some of the small
PLGA particles with a lower encapsulation efficiency prob-
ably is removed during the conventional method.

We also chose dMNA to deliver vaccines to the skin
which has high population of APCs. The fabrication of
PLGA NPs incorporated dMNA was successful. In terms of
size and PDI, the NPs maintained stability even after being
loaded into dMNA. Also, PLGA NPs loaded dMNA proved
adequate mechanical strength by penetrating the skin effec-
tively. The immunogenicity was expected to be elevated by
introducing NPs in dMNA, since NPs allows targeted co-
delivery of antigen and adjuvant. Unexpectedly, the immune
responses from mice groups that received both soluble
OVA/CpG and OVA/CpG encapsulated PLGA NPs using
dMNAs (group 2-5) were significantly lower compared
to those who received aqueous formulations (group 6 and
7). In recent studies, the combination of NPs and dMNAs
failed to elicit immune responses. For example, OVA and
poly(I:C) encapsulated PLGA NPs loaded dMNA failed to
evoke CD8* T-cell responses [42].

In our study, the major reason for the poor immune
responses from dMNA-received groups was poor dissolution
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and, as a result, insufficient dosages. Through an in vitro
skin dissolution test, it was proved that the majority of the
microneedle volume was dissolved in human abdominal skin
within 30 min (Fig. 4F). However, dMNA applied on in vivo
mouse skin showed poor dissolution with the same applica-
tion time (30 min) compared to the in vitro human skin so
that the leftover volume of microneedle was larger than in
vitro dissolution test (Figure S4). This poorer dissolution
in mouse skin might be resulted due to uneven surface of
mouse skin compared to human skin, since the human skin
was stretched on the flat and smooth Styrofoam during the
in vitro skin dissolution test.

Poor dissolution also could be caused by uneven dis-
tribution of PLGA NPs in microneedle. Centrifugal force
made PLGA NPs concentrated in the tip of microneedles
due to their weight, as observed by using fluorescently-
labelled PLGA NPs loaded microneedles (Figure S5). Since
microneedle dissolution starts from the tip, the localisation of
hydrophobic PLGA NPs in the tip disturbs rapid dissolution.
Therefore, it is important to select proper production meth-
ods for the dMNA, which can distribute the drug formula-
tion homogeneously in the microneedle. For example, filling
the PDMS mould by spraying drug formulations can make
homogeneously distributed microneedles [45]. Moreover,
this spraying technique also can load multiple layers of drug
and controlling the release by using multiple sprays. How-
ever, sprayed formulation is spread over the mould includ-
ing the surface out of microneedles so that brings antigen
waste. Elongating the dispensed drug formulation by placing
it between two plates also contributes to the even distribu-
tion of drug formulation in the microneedle [46]. With this
droplet-born air blowing technique, the length of microneedle
is controllable and antigen waste can be avoided. Dispensing
drug formulations is another way to reduce the localisation of
NPs in the tip [35]. It can save antigen by loading the formu-
lation only into the tips and automised system is possible by
adding moving stages. However, the dispensable formulation
is limited to the low viscosity.

Conclusion

To induce high antigen-specific T-cells responses, we chose
two approaches: (i) incorporate the antigen and the molecu-
lar adjuvant into particles as they are more readily taken up
by DCs which are key players in the induction of antigen-
specific T-cell responses and (ii) deliver the formulations to
a DCrich organ using dMNA. To achieve this, we developed
OVA/CpG encapsulated PLGA NPs, and incorporated them
into dMNA.

The fabrication of AMNA was successful as it displayed
complete penetration efficiency with a major dissolution.

Upon intradermal injection of aqueous formulation the
PLGA NPs induced high CD4* T-cell and superior CD8"
T-cell responses in the blood and spleen, showing the pow-
erful approach of formulating for improved APCs uptake.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11095-024-03665-7.
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