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1. Introduction

Efficient fabrication of thermo-stable dissolving
microneedle arrays for intradermal delivery of
influenza whole inactivated virus vaccine

Jihui Lee, Martin Beukema, 2 Oliwia A. Zaplatynska,® Conor O'Mahony,©
Wouter L. J. Hinrichs,® Anke L. W. Huckriede,” Joke A. Bouwstra® and
Koen van der Maaden (2 *#€

Dissolving microneedle arrays (dMNAs) can be used to deliver vaccines via the intradermal route.
Fabrication of dMNAs using centrifugation is the most common preparation method of dMNAs, but it
results in a substantial loss of antigens. In order to solve the issue of antigen waste, we engineered an
automatic dispensing system for dMNA preparation. Here, we report on the fabrication of influenza whole
inactivated virus (WIV) vaccine-loaded dMNAs (WIV dMNAs) by using the automatic dispensing system.
Prior to the dispensing process, polydimethylsiloxane (PDMS) moulds were treated with oxygen plasma to
increase surface hydrophilicity. WIV dMNAs were prepared with 1% (w/v) trehalose and pullulan (50 : 50
weight ratio). During the dispensing process, reduced pressure was applied to the PDMS mould via a
vacuum chamber to make microneedle cavities airless. After producing dMNAs, WIV was quantified and
1.9 pg of WIV was loaded per dMNA, of which 1.3 pg was in the microneedle tips. Compared to the cen-
trifugation method, this automatic dispensing system resulted in a 95% reduction of antigen waste. A
hemagglutination assay confirmed that WIV dMNA maintained the stability of the antigen for at least four
weeks of storage, even at room temperature or at 37 °C. The WIV dMNAs displayed 100% penetration
efficiency in human skin, and 83% of the microneedle volume was dissolved in the skin within 10 minutes.
In a vaccination study, mice immunised with WIV dMNAs showed similar IgG levels to those that received
WIV intramuscularly. In conclusion, using the automatic dispensing system for dMNA production strongly
reduced antigen waste and yielded dMNAs with excellent physical, mechanical, and immunological
properties.

decreased the illness rate in children by three times and the
mortality rate in the elderly by 47%.** Most influenza vaccines

Influenza viruses cause respiratory infections accompanied by
symptoms, such as cough, fever, and sore throat. Influenza
can be life-threatening, especially for older adults or people
who have a weakened immune system."> Annually 3-5 million
cases of severe illness and 290-650 thousand deaths are
reported worldwide.”> Fortunately, vaccines are available to
control the infection. For example, the influenza vaccine
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are injected as an aqueous suspension using hypodermic
needles. One of the major drawbacks of aqueous dosage forms
is thermal instability. They require a cold chain to maintain
antigen integrity and functionality. Another disadvantage of
injectables is needle phobia. People who are afraid of needles
hesitate to get their vaccination. According to a recent review,
approximately 16% of adult people didn’t get the influenza
vaccine because of needle fear.” In order to solve these issues
and increase the vaccination coverage rate, novel vaccine deliv-
ery methods are required.

Dissolving microneedle arrays (dMNAs), which have been
introduced as novel vaccine delivery devices, can compensate
for shortcomings of delivery via hypodermic needles. dMNAs
are generally produced by vacuum filling or centrifugation.>®
After dermal application, they dissolve in the skin, thereby
releasing encapsulated antigens. Sequentially, the antigens
reach antigen presenting cells that are present in the viable

This journal is © The Royal Society of Chemistry 2023
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epidermis and dermis of the skin. Several advantages of
dMNAs are identified. Because of their short length, dMNAs
can reduce pain sensation during administration.”® As the
microneedle tip dissolves in the skin during the application,
they also avoid sharps waste. Besides, dMNAs allow self-admin-
istration without trained medical staff.”

The solid dosage form of dMNAs can maintain the
thermal stability of antigens, allowing cost-effective vaccine
delivery as a cold chain can be avoidable. Maintaining
antigen stability and antigenicity is crucial and can be ful-
filled by optimising the dMNA formulation. In various
studies, it has been shown that several influenza antigens in
dMNAs were stable at 25 °C for the long term (over 28 days,
81 days, and 24 months).'"®** Plasmid DNA encoding a
green fluorescent protein (GFP-pDNA) in polylactide dMNAs
also proved its stability by inducing a similar protein
expression to naked GFP-pDNA from stock solution after
storage at 45 °C for 60 days."

Despite many benefits, the drawback of most dMNA fabri-
cation methods is the huge waste of antigens during fabrica-
tion. For example, dMNAs fabricated with a centrifugation
method carry more antigens in the backplate than in the
microneedle tips. As only these tips are pierced into the skin, a
substantial amount of antigen gets lost. In our previous study,
we produced influenza whole inactivated virus (WIV) loaded
dMNAs (WIV dMNAs) using the centrifugation method and
proved that they were able to induce high levels of protective
antibody responses.'> However, the delivery efficiency of these
dMNAs was very low, i.e. 12.5 ng of WIV was loaded in a single
dMNA to deliver 1 pg (92% antigen loss). Therefore, optimi-
sation of the fabrication method is required to reduce antigen
waste and decrease production costs.

In order to reduce antigen waste, production methods for
dMNAs have been developed that localise antigens primarily
in the microneedle tips. Filling polydimethylsiloxane (PDMS)
moulds, which is a porous container, with a sprayed formu-
lation™* or dispensed droplets'>'® resulted in lower drug waste
in the backplate. In our previous work, we reported an auto-
matic dispensing system as a drug-saving fabrication method
for dMNAs by loading the drug only in the microneedle tips
and proved a reduction in drug waste of 98.5%."”

The aim of this study was to evaluate the applicability of
our previously developed nano-dispensing system for antigen-
efficient fabrication of dMNAs."” In this study, we developed
WIV dMNAs with reduced antigen loss, aiming to induce pro-
tective immune responses. First, trehalose/pullulan dMNAs
were fabricated by using the automatic dispensing system. For
this, the concentration of trehalose/pullulan was optimised for
both empty dMNAs (without WIV) and WIV dMNAs. Next, the
stability of WIV in WIV dMNAs was investigated after four
weeks of storage under three different conditions (4 °C, room
temperature (RT), and 37 °C with 0% relative humidity (RH)).
WIV loading was quantified to examine the repeatability of the
fabrication method. Finally, WIV was administered in mice
through WIV dMNAs and intramuscular (I.M.) injection, and
the immune responses were compared.
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2. Materials and methods
2.1. Materials

Silicon microneedle arrays were obtained from Tyndall
National Institute (Cork, Ireland). SYLGARD 184 base silicone
elastomer and curing agent silicone elastomer were purchased
from Dow Corning (Midland, MI, USA). Pullulan (average mole-
cular weight 200-300 kDa) and trehalose were kindly provided
by Hayashibara Co., Ltd (Okayama, Japan). Trypan blue solu-
tion 0.4% (w/v) was purchased from Millipore Sigma
(zwijndrecht, The Netherlands). Vinylpolysiloxane A-silicone
(Elite Double 32) was purchased from the Zhermack Group
(Badia Polesine, Italy) and epoxy glue was obtained from Bison
International B.V. (Goes, The Netherlands). Tape (packing
tape, polypropylene, transparent) for stripping skin was pur-
chased from Staples (Almere, Netherlands) and guinea pig red
blood cells were obtained from Envigo (Horst, The
Netherlands).  4-(2-Hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)-buffer and micro BCA protein assay kits were
purchased from Thermo Fisher Scientific (Bleiswijk,
Netherlands).

2.2. Preparation of influenza whole inactivated virus vaccine

NIBRG-121 (National Institute of Biological Standards and
Controls, Potters Bar, United Kingdom), a reassortant carrying
the hemagglutinin of A/California/7/2009 H1N1pdmO09 influ-
enza virus, was used to prepare WIV as previously described."?
In short, the virus was propagated in the allantoic cavity of
11-day-old hen’s eggs. After 72 hours of incubation at 37 °C,
the virus was isolated and purified from the allantoic fluid.
The virus was inactivated with f-propiolactone (0.1% v/v) by
overnight incubation under continuous rotation at 4 °C. Next,
WIV was dialysed against HEPES-buffered saline at 4 °C over-
night to remove p-propiolactone. Inactivation of the virus was
verified by inoculating Madin-Darby Canine Kidney (MDCK)
cells and assessed with a hemagglutination assay as previously
described."® The total protein concentration of WIV was deter-
mined with the micro-Lowry assay.®

2.3. Preparation of PDMS moulds

As previously described, the polymethylmethacrylate (PMMA)
grid was made by the Fine Mechanical Department at Leiden
University.!” This grid consisted of nine (3 x 3) pedestals, and
a silicon microneedle array was attached with glue on each
pedestal of the grid. The silicon microneedle array had nine (3
x 3) microneedles with a height of 500 pm and a base diameter
of 330 um. The combination of the grid and silicon micronee-
dle arrays was a master structure. From this master structure, a
PDMS mould was prepared.’® Briefly, a Sylgard 184 base sili-
cone elastomer and a curing agent were mixed at a 10:1
weight ratio, and around 20 g of this mixture was poured into
the master structure. After the mixture was cured overnight at
60 °C, the cured PDMS mould was carefully detached from the
master structure. A successfully fabricated PDMS mould
should contain nine negative arrays (3 x 3 arrangement), and
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each array should consist of nine microneedle cavities (3 x 3).
Therefore, one mould had in total 81 microneedles.

2.4. Oxygen plasma treatment of the PDMS mould

An intact microneedle should have a sharp conical tip, which
can be created when there is no air gap between the micronee-
dle cavity of PDMS mould and the aqueous dMNA formu-
lation. To remove this gap by increasing the hydrophilicity of
the PDMS surface, oxygen plasma treatment was applied. The
hydrophilic surface increases the wettability and interaction
between the PDMS surface and the formulation.

The surface modification of the PDMS mould was per-
formed in a plasma chamber (Femto model 1A, Diener
Electronic, Ebhausen, Germany). The oxidation power (10-50
W) and exposure period (10-120 seconds) were varied, while
the system pressure and the flow rate of oxygen were kept con-
stant at 100 pbar and 25 sccm, respectively. In order to select
the most effective oxidation conditions of the oxygen plasma
treatment, the epoxy glue was applied on the plasma-treated
PDMS mould and dried at 37 °C. After 2 hours, it was
attempted to remove the glue from the mould. The highest oxi-
dation conditions that resulted in the successful removal of
the glue from the mould without breaking the mould were
selected for further studies.

2.5. Screening of trehalose and pullulan concentration

In our previous study, we used a centrifugation method for the
dMNA fabrication, and 15% (w/v) trehalose/pullulan in phos-
phate buffer (PB, pH 7.4, prepared with 7.7 mM Na,HPO, and
2.3 mM NaH,PO,) was used for the dMNA formulation.'?
Compared to the centrifugation method, the viscosity of
dMNA formulations is a critical factor for the automatic dis-
pensing system because too high viscosity of the formulation
does not produce droplets. In order to find the most suitable
formulation, the concentration of trehalose/pullulan was
varied from 1% (w/v) to 15% (w/v) with a trehalose : pullulan
weight ratio of 50:50. Next, the formulation was loaded into
the dispenser (PipeJet® Nanodispenser, BioFluidix GmbH,
Germany) and it was tested whether droplets were successfully
formed or not. Only formulations that resulted in droplets
were selected for further studies.

2.6. Fabrication of the empty dMNA

In order to penetrate the skin and successively release their
content, sharp and strong microneedles are required. To inves-
tigate whether the selected formulations (section 2.5) were
suitable to fabricate sharp and strong microneedles, first,
empty dMNAs were fabricated as previously described."”
Briefly, the selected formulations were loaded into the dis-
penser. Then, the PDMS mould was placed on the vacuum
chamber, which was installed on the z-stage (Physik
Instrumente Benelux B.V., The Netherlands). Vacuum was
required to remove air bubbles that were potentially trapped in
microneedle cavities of the mould. To completely fill the
microneedle cavity, 20 dispensing cycles were required.
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2.6.1 One cycle. The nozzle of the dispenser and the first
microneedle cavity in the mould were aligned, and one droplet
(around 14 nL) was shot into the microneedle cavity. Next, x-
and y-stages moved and aligned the nozzle with the next
microneedle cavity to fill it with another droplet. This align-
ment of the microneedle cavity with the nozzle and dispensing
of droplets were repeated until the last microneedle cavity in
the mould was filled.

After all 81 microneedle cavities were completely filled, the
mould was placed at 37 °C to solidify the formulation. The left-
over formulation in the nozzle and the tube was re-collected to
minimise the antigen waste. The next day, epoxy glue was
applied over the microneedle cavities to form a backplate, and
subsequently dried at 37 °C. After 2 hours of drying, empty
dMNAs were carefully removed from the mould.

The appearance of microneedles was analysed using a
brightfield microscope (Stemi 2000-C, Carl Zeiss Microscopy
GmbH, Géttingen, Germany), and the number of intact micro-
needles was determined. The most suitable formulation (5%
(w/v) trehalose/pullulan, see section 3.2), which resulted in the
highest percentage of intact microneedles, was selected for
further studies.

2.7. Skin penetration and dissolution tests

The ability to penetrate the skin is an essential function of
dMNAs for successful vaccine delivery. For this evaluation, a
skin penetration test was performed.”® Human abdominal
skin was obtained from a local hospital, and excess fat was
removed from the skin. After stretching the skin on parafilm-
covered Styrofoam, the surface of the skin was wiped with 70%
(w/v) ethanol. Next, the dMNA was attached to the applicator
(uPATCH B.V., Delft, The Netherlands). The dMNA was
inserted into the skin with a constant velocity (65 + 1 cm s™")
and automatically removed after one second. Then, 75 pL of a
trypan blue solution (0.4%) was applied on the microneedle-
treated skin site. After 45 minutes, the excess of trypan blue
was removed, and subsequently the stratum corneum was
removed by tape-stripping until the skin became shiny. The
dMNA-treated skin site was analysed using a brightfield micro-
scope and the penetration efficiency was calculated by dividing
the number of blue dots on the skin by the number of total
microneedles in one dMNA (nine microneedles/array). The
penetration studies were done in triplicate.

A skin dissolution test was carried out to find the dis-
solution time and the dissolved volume of microneedles, pre-
ferably over 70% of the microneedle volume should be dis-
solved within 30 minutes for the convenience of the adminis-
tration. The dMNA was applied on the skin in the same
manner as that explained for the skin penetration test in this
section. However, the microneedles stayed in the skin for pro-
longed periods (15 and 30 minutes) before withdrawal in order
to test the dissolution properties. The shape and height of the
leftover microneedles after withdrawal were analysed using the
brightfield microscope. Based on the leftover height of the
microneedle, its dissolved volume was calculated.

This journal is © The Royal Society of Chemistry 2023
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2.8. Fabrication of WIV dMNAs

As the addition of WIV might change the viscosity of the treha-
lose/pullulan formulation, the formulation for WIV dMNAs
was further optimised. To this end, the selected concentration
of the trehalose/pullulan mixture (5% (w/v), see section 3.2)
was reduced to 3, 2, and 1% (w/v). To these reduced trehalose/
pullulan concentrations, WIV was added to obtain a final con-
centration of 0.75 mg mL™" (stock concentration: 2.8 mg
mL™"). The WIV dMNA was fabricated as described in section
2.6. Among three formulations, the formulation that did not
clog the nozzle was selected. Fabricated WIV dMNAs were
imaged using the brightfield microscope, and the number of
intact microneedles was counted. Finally, skin penetration and
dissolution tests were performed as described in section 2.7,
and the penetration efficiency and dissolution ability were
assessed.

2.9. Quantification of WIV loading in WIV dMNAs

The amount of WIV in WIV dMNAs was quantified to deter-
mine whether sufficient WIV can be delivered into the skin to
effectively provoke immune responses. Based on the concen-
tration of WIV and the dispensed volume of formulation,
approximately 1.9 pg of WIV was expected to be loaded in each
WIV dMNA: 14 nL droplet; 0.75 mg mL~" WIV; 9 microneedles
in one dMNA;20 dispensing cycles. In order to examine the
actual loading amount of WIV in each part of the dMNA, both
(1) the whole WIV dMNA and (2) the backplate groups were
prepared (Fig. 1, n = 3). The backplate group was prepared by
removing nine microneedles from the whole WIV dMNA. The
amount of WIV in nine microneedles was calculated by sub-
tracting the WIV amount in the backplate (group 2) from the
amount in the whole WIV dMNA (group 1).

The amount of WIV in both groups was quantified by a
bicinchoninic acid (BCA) assay. For the BCA assay, both the
whole WIV dMNA and backplate were reconstituted in 350 pL
of PB and homogenised overnight. Then, 100 pL of the hom-
ogenised solution was loaded into a 96-well plate. For the cali-
bration curve, 0.07 pg uL™" WIV in 1% (w/v) trehalose/pullulan
was prepared and two-fold serial dilutions were obtained.
Next, 150 pL of the working reagent was added. After 2 hours
of incubation at 37 °C, the absorbance was measured at
562 nm using a Tecan Infinite M1000 plate reader
(Mannedorf, Switzerland).

Group 1:
WIV in dMNA

Group 2: WIVin
WIV in backplate microneedles

Fig.1 WIV amount in each part of the dMNA. Dispensed droplets
slightly filled over the microneedle cavity. Therefore, there is some WIV
and trehalose/pullulan formulation in the backplate after the removal of
microneedles.
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2.10. Stability of WIV in WIV dMNAs

It is crucial to secure long term antigen integrity and stability
to provoke protective immune responses upon administration
of dMNAs. Therefore, stability and activity of WIV in WIV
dMNA were examined after four weeks of storage, as we
learned from previous studies that non-refrigerated WIV in
aqueous formulations become completely dysfunctional after
four weeks of storage.'* First, WIV dMNAs (n = 3) and WIV dis-
persed in PB (n = 3) were stored under three different con-
ditions: 4 °C/0% RH, RT/0% RH, and 37 °C/0% RH. The func-
tionality of WIV in both WIV dMNAs and WIV dispersion was
tested by a hemagglutination assay. After storage, WIV dMNAs
were reconstituted in PB. Then, ten series of two-fold dilutions
of PB with dissolved WIV dMNAs, WIV dispersion, and freshly
prepared WIV dispersion (positive control group) were placed
in a 96-well plate. Next, 50 pl of 1.5% (v/v) guinea pig red
blood cell suspension were added into the wells and incubated
for 1.5 hours at RT. Lastly, the hemagglutination titer was
determined by reading the agglutination of red blood cells.

2.11. Immunisation of mice with dMNAs and sample
collection

The Central Committee for Animal Experimentation of the
Netherlands approved the animal procedures of this study
(CCD application number AVD105002016599). Female CB6F1
(C57Bl/6 x BALB/c F1) mice of 6-8 weeks were acclimatised for
1.5 weeks before the start of the experiment. Mice were co-
housed with three mice in individually ventilated cages and
had ad libitum access to sterilised tap water and a standard
diet. Mice were vaccinated with WIV dMNAs as described
below or received an I.M. injection in the right thigh with an
aqueous WIV dispersion of 1 pg in 25 pl of PBS. As a negative
control, empty dMNAs were applied on the ear pinnae. A total
number of six mice per experimental group were used. The
dMNAs were attached to the piston of a digitally-controlled
microneedle applicator (Check v1.0, uPATCH B.V., Delft, The
Netherlands) using double-sided tape. Next, the mice were
anaesthetised with isoflurane and subsequently, the applicator
was placed onto the right ear. The dMNAs were applied with a
velocity of 65 + 1 cm s™" and kept in place for 10 minutes and
then removed. At 28 days post-immunisation, mice were sacri-
ficed. Blood was collected by heart puncture and clotted over-
night at RT. Next, blood was centrifuged for 10 minutes at
3000 RCF and the serum was used for ELISA (see below).
Spleens were collected in 2.5 ml of Iscove’s modified
Dulbecco’s medium (IMDM; Thermo Fisher Scientific,
Bleiswijk, Netherlands) containing 10% v/v FBS (Lonza, Basel,
Switzerland), 100 U m1™" penicillin, 100 mg ml™" streptomycin
and 50 pM 2-mercaptoethanol (Invitrogen, Breda, The
Netherlands) and used for ELISPOT (see below).

2.12. ELISA

To determine total IgG, IgG1 or IgG2a levels in the serum,
ELISA was performed as previously described.>! For the detec-
tion of total IgG, A(H1N1)pdm09 WIV was used as coating. The
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serum samples were diluted 1:200 and applied in a 2-fold
serial dilution on the plates. The horseradish peroxidase
(HRP)-linked goat anti-mouse IgG (Southern Biotech,
Birmingham, USA) antibody was used to detect bound IgG.
Total IgG titers were calculated as log 10 of the reciprocal of
the serum sample dilution corresponding to an absorbance of
0.2 at a wavelength of 492 nm. To detect IgG1 and IgG2a levels,
goat-anti mouse IgG antibody (Southern Biotech, Birmingham,
USA) was used as a coating. Here, serum samples were applied
in a dilution of 1:100 and HRP-linked goat anti-mouse IgG1
(Southern Biotech, Birmingham, USA) or HRP-linked goat anti-
mouse IgG2a (Southern Biotech, Birmingham, USA) was used
for detection. IgG1 and IgG2a concentrations were determined
from a standard curve (Southern Biotech, Birmingham, USA).
The IgG2a/IgG1 ratio was calculated by dividing the concen-
tration of IgG2a by the concentration of IgG1 in each mouse.

2.13. ELISPOT

A mouse enzyme-linked immunosorbent spot (ELISPOT) kit
(MABTEC, The Netherlands) was used according to the manu-
facturer’s instructions to assess influenza-specific interferon
(IFN)-y and interleukin (IL)-4 secreting splenocytes. In short,
spleens were homogenised using a gentleMACS Dissociator
(Miltenyi Biotec, Leiden, The Netherlands). Then erythrocytes
were lysed by washing them with ammonium-chloride-potass-
ium lysis buffer (0.83% NH,Cl, 10 mM KHCOj3, and 0.1 mM
ethylenediaminetetraacetic acid (EDTA)). The splenocytes (5 x
10> per well) were incubated in IMDM complete medium (with
10% FBS, 1% penicillin-streptomycin and  0.1%
B-mercaptoethanol) with or without 10 pug ml™" A(HIN1)
pdmo09 WIV in wells precoated with the respective capture anti-
body. After 16 hours of incubation at 37 °C, IFN-y or IL-4
secreting splenocytes were detected using alkaline phospha-
tase-linked anti-mouse IFN-y or IL-4 antibodies,*” respectively.
Spots were developed using nitro-blue tetrazolium chloride/
5-bromo-4-chloro-3'-indolyphosphate p-toluidine substrate and
counted with an Autoimmune Diagnostika (AID GmbH,
Strassberg, Germany) ELISPOT reader. The number of spots
representing influenza-specific T cells was calculated by sub-
tracting the number of spots in the untreated wells from the
number of spots in the WIV-treated wells.

2.14. Statistics

Statistical analysis of results was performed using GraphPad
Prism version 8.4.1 (La Jolla, CA, USA). Data was tested with
the Kruskal-Wallis test and Dunn’s post hoc test. p < 0.05 was
considered as a significant difference; * p < 0.05, ** p < 0.01.

3. Results

3.1. Oxygen plasma treatment of PDMS moulds

To achieve intact and sharp microneedle tips, increasing the
cohesion between the formulation and the surface of micro-
needle cavities is important. To make the PDMS surface more
hydrophilic, oxygen plasma treatment was performed on the
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Table 1 Affinity between the epoxy glue and PDMS moulds based on
various oxidation conditions

Oxidation Exposure
power (W) period (s) Results
50 10, 30, 60, 90, Glue was attached to the PDMS
40 and 120 mould and could not be separated
30 without destroying the mould
20
17.5
15
10 120

90

60 Glue was removed without

30 destroying the mould

10

5

PDMS mould with various oxidation powers and exposure
times. As shown in Table 1, the epoxy glue could be removed
easily from the mould when the mould was treated with 10 W
oxidation power for 5-60 seconds. Exposure of PDMS moulds
to a higher power or longer period hindered the removal of the
glue because of the too strong attraction between the mould
and the glue. Among the four oxidation conditions that
enabled the removal of the glue, 10 W and 60 seconds were
selected as these conditions were the maximum oxidation con-
ditions that allowed the strongest hydrophilicity of the mould
while the glue could still be removed from the mould without
destroying it.

3.2. Optimisation of trehalose and pullulan concentration
for the empty dMNA formulation

The dispenser can only produce droplets with low viscosity for-
mulations (<50 mPa s), thus, screening the dispensable formu-
lations is required to fabricate the microneedle. Out of 15
initial formulations varying in the concentration of trehalose/
pullulan from 1 to 15% (w/v), only formulations containing
1-5% (w/v) trehalose/pullulan droplets were obtained without
clogging the dispenser.

There was no microneedle structure when using 1% (w/v)
trehalose/pullulan as the trehalose/pullulan amount in each
microneedle cavity was too low to build the microneedle struc-
ture. However, the usage of increased trehalose/pullulan con-
centrations (2-5% (w/v)) resulted in the formation of
microneedles.

As shown in Fig. 2, the percentage of intact microneedles
increased together with the concentration of trehalose/pullu-
lan. When the concentration was increased from 2% to 3%,
4%, and 5% (w/v), the average percentage of intact micronee-
dles increased from 32.5 + 2% (Fig. 2a) to 50.2 + 1% (Fig. 2b),
77.8 + 1% (Fig. 2c), and 96.7 + 1% (Fig. 2d), respectively (mean
+ SD, n = 3). As 5% (w/v) trehalose/pullulan resulted in the
highest rate of intact microneedles, the skin penetration and
dissolution tests were performed with empty dMNAs prepared
with this formulation.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Representative microscopic images of fabricated empty dMNAs using the automatic dispensing system. Empty dMNAs were produced with
(a) 2% (w/v), (b) 3% (w/v), (c) 4% (w/v), and (d) 5% (w/v) trehalose/pullulan (n = 3). The weight ratio of trehalose to pullulan was 50 : 50.

3.3. Skin penetration and dissolution tests of empty dMNAs

The rigidity and dissolution rate are crucial characteristics of
the dMNA for effective administration into the skin. Therefore,
skin penetration and dissolution tests were essential to deter-
mine whether the empty dMNA prepared with 5% (w/v) treha-
lose/pullulan is suitable for vaccine delivery.

As shown in Fig. 3a, all nine microneedles penetrated the skin:
100% penetration efficiency (n = 3). After dissolution in the skin, the
sharp microneedle tips (Fig. 3b) became blunt. The remaining
height of the microneedles was 132.3 + 0.3 (Fig. 3c) and 49.8 + 2
(Fig. 3d) after 15 minutes and 30 minutes of dissolution, respectively.

3.4. Fabrication of dMNAs with WIV and skin penetration/
dissolution tests

As 5% (w/v) trehalose/pullulan was selected for the formu-
lation of empty dMNAs, 0.75 mg mL™" WIV was loaded into

this formulation and WIV dMNAs were produced and analysed
as above. However, the addition of WIV to 5% (w/v) trehalose/
pullulan increased the viscosity, so that the formulation was
not dispensable through the nozzle. Therefore, the concen-
tration of trehalose/pullulan was reduced to 1, 2 and 3% (w/v).
When containing WIV, the nozzle clogged with 3% and 2% tre-
halose/pullulan while 1% trehalose/pullulan was well dispen-
sable without clogging the nozzle. Therefore, 1% (w/v) treha-
lose/pullulan was selected to formulate the WIV dMNA. With
the oxygen plasma-treated PDMS mould, WIV dMNAs showed
98.4 + 1% (n = 3) of intact microneedles (Fig. 4a).

Similar to empty dMNAs, the mechanical strength and dis-
solution ability of WIV dMNAs were assessed by skin pene-
tration and dissolution tests. The penetration efficiency of WIV
dMNAs was similar to that of empty dMNAs as again 100% of
penetration efficiency was obtained. The remaining height of
the microneedles was 105.8 + 3 (Fig. 4b), 57.3 + 2 (Fig. 4c), and

Fig. 3 Representative microscopic images of skin penetration and dissolution tests of empty dMNAs (n = 3). (@) Human abdominal skin ex vivo
penetrated with a 5% (w/v) trehalose/pullulan 3 x 3 dMNA. (b)—(d) Microneedle made of 5% (w/v) trehalose/pullulan (b) before skin dissolution and
leftover microneedle (c) after 15 minutes and (d) after 30 minutes of skin dissolution.

Fig. 4 (a) The fabricated WIV dMNA with 100% of intact microneedles. WIV loaded microneedles after (b) 2 minutes, (c) 5 minutes, and (d)
10 minutes of skin dissolution. The shape of the intact microneedle before dissolution was similar to that in Fig. 3b. Longer dissolution times were

not evaluated as the leftover volume after 10 minutes was sufficiently low.

This journal is © The Royal Society of Chemistry 2023
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28.1 + 2 (Fig. 4d) after 2, 5, and 10 minutes of dissolution,
respectively.

3.5. Quantification of the amount of WIV in the WIV dMNA

Knowing the WIV loading amount in the microneedle tips is
important to determine the maximum delivered dose into the
skin. Therefore, the loaded amount of WIV in both the whole
WIV dMNA and the backplate of the WIV dMNA was examined
by a BCA assay. The BCA assay revealed that 1.9 + 0.03 pg of
WIV was loaded in the whole WIV dMNA while the backplate
contained 0.6 = 0.02 pg of WIV. By subtracting the WIV
amount in the backplate from the WIV amount in the whole
WIV dMNA4, it was calculated that 1.3 pg of WIV was loaded in
the nine microneedles.

As 84.1 £ 1% of the microneedle volume dissolved after
10 minutes of dissolution in the skin (see section 3.4), 1.1 +
0.01 pg of WIV could theoretically be delivered into the skin.
Therefore, the WIV dMNA carried a sufficient amount of WIV
to deliver the target dose of 1 pg.

3.6. Stability of WIV in the WIV dMNA

By securing the stability of antigens, dMNAs could deliver the
antigen and induce sufficient immune responses. In order to
examine the stability of WIV, WIV dMNAs were stored for four
weeks at 4 °C/0% RH, RT/0% RH, and 37 °C/0% RH, and a
hemagglutination assay was performed to determine the
activity of WIV.

As shown in Fig. 5, the functionality of WIV retrieved from
WIV dMNAs dissolved in PB after storage was similar to that of
fresh WIV dispersion under all three storage conditions (no
significant difference). In contrast, the stored WIV dispersion
showed a significant loss (p < 0.01) of WIV functionality com-
pared to the control group (fresh WIV dispersion) under all
three storage conditions. These results demonstrated that the

WIV stability after 4 weeks storage

7 O fresh WIV
2 OWIVdMNA
o 6 " .
p= B stored WIV dispersion
c 5 — —
2
=]
o
£ 4
=]
=
¥ 3
]
€ 2
I
™ 1
o
-

0

Fresh WIV 4°C RT 37°C

Fig. 5 WIV stability after four weeks of storage. The functionality of
WIV in WIV dMNAs (white) and in WIV dispersion (dark grey) after four
weeks of storage (n = 3) under different conditions. Fresh WIV which
was not stored was used as the positive control (light grey). Results are
represented as mean + SD, n = 3; no error bars indicate that the SD was
0. As the log 2 value of hemagglutination titers came as an integer, SD
can be 0 when the value is 2, 2, and 2.
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incorporation of WIV in trehalose/pullulan dMNAs enhanced
its stability as compared to WIV dispersion.

3.7. Humoral and cellular immune responses evoked by
immunisation with dMNA

Next, we investigated the capacity of WIV dMNAs to induce
influenza virus-specific immune responses in mice, using
responses elicited by traditional injection as a benchmark.
Since the WIV dMNAs were able to deliver an amount of 1 pg
of WIV into the skin, mice from the positive control group
were I.M. injected with an aqueous formulation containing
1 g of WIV. As a negative control, empty dMNAs were applied.

The evoked humoral immune responses were assessed by
measuring the total influenza-specific IgG titer, IgG1 levels,
and IgG2a levels in the serum of mice at 28 days post immu-
nisation (Fig. 6). As shown in Fig. 6A, immunisation with WIV
dMNAs induced similar levels of virus-specific IgG as immu-
nisation via conventional I.M. injection. Quantification of IgG1
(Fig. 6B) and IgG2a (Fig. 6C) levels revealed that adminis-
tration of WIV via both intradermal administration using the
WIV dMNA and I.M. immunisation elicited both IgG subtypes.
The resulting average IgG2a/IgG1 ratio was 1.98 for WIV dMNA
immunisation and 3.53 for .M. immunisation pointing to the
induction of a balanced and a Thil-dominated antibody
response for intradermal WIV dMNA and I.M. immunisation,
respectively.>°

The evoked cellular immune responses in mice were deter-
mined by measuring the levels of IFN-y (Fig. 6E) and IL-4
(Fig. 6F) secreting splenocytes. Mice immunised with the WIV
dMNA and LM. injection both showed an increased level of
IFN-y secreting splenocytes, whereas they did not show an
increased level of IL-4 secreting splenocytes. The number of
IFN-y secreting splenocytes was higher in IL.M. injected mice
than that in WIV dMNA-treated mice, confirming that I.M.
injection of WIV might induce a stronger Th1 type cellular
immune response than administration via WIV dMNAs.>?

Taken together, the data demonstrate that immunisation
with the WIV dMNA evokes comparable levels of immune
responses as immunisation via .M. injection but results in a
somewhat less Th1-biased response.

4. Discussion

In this study, we explored a novel method for the fabrication of
dMNAs and characterised the in vitro and in vivo properties of
the produced dMNAs. In our previous work, the centrifugation
method for WIV dMNA production resulted in a huge antigen
loss (92% per dMNA) caused by focused antigen loading in the
backplate.'> By using the automatic dispensing system, WIV
dMNAs were successfully engineered with minimal waste of
antigens. In addition, these WIV dMNAs provoked immune
responses of comparable magnitude as LM. injected WIV.
Therefore, the automatic nano-dispensing system used here
brought many advantages over conventional techniques for
dMNA fabrication as explained below.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Humoral and cellular immune responses evoked by immunisation with the dMNA. Mice (n = 6 per experimental group) were immunised with
WIV from A/California/07/2009 (H1N1) through administration of freshly prepared dMNAs or by I.M. injection. The control group received empty
dMNAs. At day 28 post-immunisation, blood was collected from mice to measure influenza virus-specific 1gG (A) titers, as well as IgG1 (B) and IgG2a
(C) levels in the serum. The latter two were used to determine the IgG2a to IgGl1 ratio per individual mouse (D). Spleens were collected and analysed
for IFN-y producing splenocytes (E) and IL-4 producing splenocytes (F). Statistical comparisons between the different experimental groups were per-
formed using the Kruskal—Wallis test with Dunn's post hoc test and the Mann—Whitney test for comparisons between two groups (*p < 0.05, ** p <

0.1). Individual data and the group median are shown.

First, antigen waste was reduced. Antigen waste is one of
the main drawbacks of dMNA fabrication using a centrifuge.
In recent studies, only 24% of ovalbumin encapsulated poly
(lactic-co-glycolic  acid) nanoparticles® and 1.5% of
QpB-human papillomavirus virus like particles® were delivered
to the skin from dMNAs. In our previous study, 1 pg of WIV
out of 12.5 pg (8%) was delivered into the skin from WIV
dMNAs."” The main reason was that a substantial fraction of
the antigens in dMNAs produced by conventional techniques
(i.e., centrifugation and vacuum filling®) was incorporated in
the backplate of dMNAs which did not release the antigen in
the skin. These data indicate that antigen waste is an impor-
tant challenge to developing cost-effective dMNAs for vaccine
delivery. The automatic dispensing system reduced antigen
waste by localising the antigen primarily in the microneedle
tips, thus lowering antigen waste in the backplate. In con-
trast to standard vacuum filling, where the whole micronee-
dle mould needs to be in a vacuum chamber (air is removed
from the top side of the mould), we developed a method

This journal is © The Royal Society of Chemistry 2023

where vacuum is applied from the bottom of the PDMS
mould. Thereby, we made use of the nanoporosity of PDMS
to remove air from the cavity.’

Also, it was hypothesised that the high viscosity of epoxy
glue prevented the back-diffusion of drug formulations from
the microneedle tip to the backplate. As a result, WIV waste
decreased by 94.8% (from 11.5 pg to 0.6 pg) compared to that
in the centrifugation method."” This result demonstrates the
high potential of the automatic dispensing system for the
economical production of dMNAs for vaccine delivery
especially on an industrial scale. By increasing the number of
dispensers and automating the demoulding step, this process
can be scaled up.

Second, the dissolution time of the microneedle was
reduced. While 1% (w/v) trehalose/pullulan successfully
shaped the microneedle structure with the automatic dispen-
sing system, the centrifugation method required 15% (w/v) tre-
halose/pullulan as a lower concentration failed to build the
microneedle structure. Reducing the trehalose/pullulan con-
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centration enabled a fast dissolution of microneedles in the
skin."” In addition, the dispensing method also accelerated
the dissolution as it distributed the formulation evenly in the
microneedles while the centrifugation method concentrated
the formulation in the tips of the microneedle.>* Hence, the
combination of lower concentration and even distribution of
the formulation allowed dissolving a larger volume fraction of
microneedles in a shorter time period: WIV dMNAs made of
15% (w/v) trehalose/pullulan by the centrifugation method
took 15 minutes to dissolve 70% of the microneedle volume,*?
while 10 minutes were enough to dissolve 83% of the micro-
needle volume for WIV dMNAs made of 1% (w/v) trehalose/
pullulan with the automatic dispensing system (section 3.4).'°
The short application time is crucial to facilitate the adminis-
tration of dMNAs to the population.®® Lower trehalose/pullulan
concentration accelerates the dissolution. In the literature,
however, it has been described that a low polymer concen-
tration can decrease the mechanical strength of dMNAs.'”*”
Therefore, the optimisation of the dMNA formulation based
on the mechanical strength and the dissolution rate of the
microneedles is a necessary step for dMNA fabrication.?®?® In
our previous work, a candidate having a ratio with the lowest
portion of pullulan (50% w/w) was chosen among five candi-
dates having different trehalose to pullulan ratios (50:50,
40:60, 30:70, 20: 80, and 0:100) because it dissolved faster
than the other four candidates while it still displayed over 90%
of penetration efficiency.'” At the same weight ratio of treha-
lose/pullulan (50:50), the new method of dMNA production
using the automatic dispensing system yielded microneedles
that effectively pierced the skin without breaking, implying an
excellent mechanical strength despite the overall low treha-
lose/pullulan concentration of only 1% (w/v).

The third advantage of the new production method is the
repeatability of dispensing. The automatic dispensing system
resulted in less variation in the loading amount of WIV per
dMNA than the centrifugation method. The coefficient of vari-
ation (ratio of standard deviation to the mean) in antigen load
for centrifuged WIV dMNAs was 8.6% > while it was only 1.6%
for WIV dMNAs produced with the dispensing method
(section 3.5). Moreover, for dMNAs produced via the centrifu-
gation method, we observed a difference in volume between
arrays at the edge of the PDMS mould and arrays in the centre,
most probably a result of the centrifugal force. In contrast, the
automatic dispensing system produced a constant volume of
droplets for all arrays for the desired number of cycles.
Therefore, it reduced the difference in the drug loading
amount between dMNAs and also between microneedles. In
order to increase the repeatability of dMNA fabrication,
specialised techniques have been engineered. Droplet-born air
blowing®® and piezoelectric dispensing techniques'® also use a
dispenser and so produce the precise and constant size of dro-
plets. Therefore, these methods can dispense a uniform
amount of antigen into each microneedle tip. A micro-injec-
tion moulding technique also demonstrated improved repeat-
ability and accurate dosing of dMNAs through a permeation
study,®® and the mould fabricated by the thermal drawing
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technique increased the reproducibility of the microneedle
shape.*

Vaccination with WIV dMNAs induced influenza virus-
specific antibodies that were at comparable levels to those in I.
M. injected mice, but induced lower levels of cellular immune
responses than those in I.M. injected mice. Furthermore, the
induced humoral and cellular immune responses were skewed
towards a Thl phenotype in both immunisation groups.
However, .M. injected mice had a higher level of Thi-related
IgG2a and IFN-y than the WIV dMNA immunised mice, which
is in line with previous influenza vaccination studies compar-
ing LM. with intradermal immunisation.**>* The route of
vaccine delivery plays an important role in the induction of
Thi-type immunity.*® To induce high levels of IgG2a and IFN-
¥, a high dose of antigen is required to ensure high immune-
availability of antigens in the secondary lymphoid organs,
whereas low doses of antigen are sufficient to induce Th2-type
immunity.*>?*® Hence, the intradermal immunisation with
WIV dMNAs may result in lower immune-availability of the
influenza antigens in the secondary lymphoid organs of mice
compared to the I.M. injection but this remains to be further
investigated.

5. Conclusions

In this work, we engineered the WIV dMNA by using an auto-
matic dispensing system that involves plasma treatment of a
PDMS mould prior to dispensing and an integrated vacuum
system that does not require in-between handling of the micro-
needle moulds during fabrication. Compared to the centrifu-
gation method, the new method reduced the antigen waste by
almost 95%. We found that WIV dMNAs made of 1% (w/v) tre-
halose/pullulan demonstrated excellent mechanical strength,
maintained antigen functionality even after four weeks of
storage at RT or 37 °C, and elicited immune responses of
similar magnitude to an I.M. injected antigen. We, therefore,
consider 1% trehalose/pullulan WIV dMNAs produced by dis-
pensing a promising formulation for the further development
of transcutaneous vaccination.
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