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Most influenza vaccines are administered via intramuscular injection which has several disadvantages that
might jeopardize the compliance of vaccinees. Intradermal administration of dissolving-microneedle-arrays
(dMNAs) could serve as minimal invasive alternative to needle injections. However, during the production
process of dMNAs antigens are subjected to several stresses, which may reduce their potency. Moreover, the
needles need to have sufficient mechanical strength to penetrate the skin and subsequently dissolve effec-
tively to release the incorporated antigen. Here, we investigated whether blends of trehalose and pullulan
are suitable for the production of stable dMNA fulfilling these criteria. Our results demonstrate that produc-
tion of trehalose/pullulan-based dMNAs rendered microneedles that were sharp and stiff enough to pierce
into ex vivo human skin and subsequently dissolve within 15 min. The mechanical properties of the dMNAs
were maintained well even after four weeks of storage at temperatures up to 37°C. In addition, immunization
of mice with influenza antigens via both freshly prepared dMNAs and dMNAs after storage (four weeks at 4°C
or 37°C) resulted in antibody titers of similar magnitude as found in intramuscularly injected mice and par-
tially protected mice from influenza virus infection. Altogether, our results demonstrate the potential of tre-
halose/pullulan-based dMNAs as alternative dosage form for influenza vaccination.

© 2022 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

Influenza is a serious respiratory disease causing seasonal epi-
demics and occasional pandemics." Vaccination is the most effective
measure to prevent or control the spread of influenza.’> Most influ-
enza vaccines are aqueous formulations that are administered intra-
muscularly or subcutaneously using hypodermic needles. Several

Abbreviations: API, active pharmaceutical ingredient; BCIP, 5-bromo-4-chloro-3'-
indolyphosphate p-toluidine; DLS, dynamic light scattering; dMNAs, dissolving micro-
needles arrays; hMNs, hollow microneedles; IFN, interferon; IL, interleukin; IVIS, in
vivo imaging system; MDCK, Madin-Darby Canine Kidney; NTB, nitro-blue tetrazolium
chloride; PB, phosphate buffer; RH, relative humidity; TCID, tissue culture infectious
dose; TEM, transmission electron microscopy; WIV, whole inactivated virus.
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disadvantages have been associated with parenteral vaccine adminis-
tration such as pain, risks for needle stick injuries, or poor compliance
for individuals with needle phobia. In addition to these needle-
related issues, currently used liquid influenza vaccine formulations
have a limited shelf life and require refrigerated storage and trans-
port, the so-called cold-chain.

The skin could serve as an alternative route for influenza vaccina-
tion due to the abundance of Langerhans and dermal dendritic cells
in the epidermis and dermis.” In addition, it is easily accessible, albeit
that the outer layer of the skin, the stratum corneum, is an efficient
barrier for skin penetration of the antigens and adjuvants. To bypass
the stratum corneum, microneedle arrays (MNAs) have been devel-
oped as a minimally invasive strategy for influenza vaccination.”~’
Influenza vaccine administration to the skin with microneedles has
been demonstrated to induce superior immune responses compared
to traditional intramuscular injection.”~® Besides its immunological
advantages, microneedles based formulations may also provide other

0022-3549/© 2022 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open access article under the CC BY license
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benefits, including an improved stability of the vaccine. As the anti-
gen is incorporated in the microneedles in the dry state, it is less
prone to degradation which may make strict maintenance of the
cold-chain superfluous. Furthermore, the use of microneedles averts
pain and discomfort during administration and provides the potential
for self-administration.'°

Various types of microneedles have been developed for vaccine
delivery, including coated MNAs, nanoporous MNAs, hollow micro-
needles (hMNs) and dissolving microneedles arrays (dMNAs).'' =17
Among these, dMNAs have gained increased attention, as they are
often produced from biocompatible and water-soluble materials.
When inserted into the skin, these dMNAs will dissolve into the skin’s
interstitial fluids, thereby releasing the incorporated active pharma-
ceutical ingredient (API) or antigen.'® dMNAs are usually prepared by
pouring an aqueous solution containing the dMNA forming material
(s) and the API into a mould after which water is evaporated at ele-
vated temperatures. During this process, however, antigens are sub-
jected to several stresses, including heat and dehydration, which may
lead to loss of potency. It is well known that several sugars can act as
stabilizing excipients during drying of biopharmaceuticals such as
vaccines.'?° When dried under the proper conditions, the biophar-
maceutical is incorporated in a protecting matrix of the sugar in the
glassy state. Among these sugars, the disaccharide trehalose has been
most widely used.?!*> However, using only trehalose for preparing
dMNAs would probably not yield a suitable product. Being a disac-
charide, dAMNAs prepared from trehalose glass are expected to be too
brittle and will not be able to pierce the skin efficiently. In addition,
air-drying is a relatively slow process and because the sugar will be
in the liquid state, crystallization of trehalose may easily occur result-
ing in loss of stabilizing properties. We hypothesize that the addition
of pullulan to trehalose in preparing dMNAs would solve these issues.
Pullulan is a high molecular weight polysaccharide (200-300 kDa)
and can gain excellent mechanical properties after making structures
from it, which may improve the strength and stiffness of the mate-
rial.>> Moreover, pullulan has a high glass-rubber transition tempera-
ture, preventing crystallization of the sugar mixture. However, since
it is too bulky to form compact molecular coating around antigen,
pullulan alone is not an optimal stabilizer for biopharmaceuticals and
is too viscous for dMNAs preparation.’®?° In previous studies, we
found that blends of trehalose/pullulan have favorable properties as
they show no crystallization tendency and biopharmaceuticals incor-
porated in these blends have excellent process and storage stability,
especially when exposed to high moisture conditions.'?

Based on these findings, the aim of this study was to investigate
whether trehalose/pullulan blends are suitable for the production of
stable antigen containing dMNAs capable of penetrating the skin and
inducing immune responses. Whole inactivated influenza virus
(WIV) was selected as antigen because it contains all the structural
viral proteins and is more immunogenic than split or subunit influ-
enza vaccine.’® To assess the stability of the antigen during process-
ing and storage, the hemagglutinating capacity of WIV immediately
after dMNA production and after 4-weeks storage at 4°C, 25°C and
37°C was determined. Furthermore, ex vivo studies using human skin
were performed to evaluate skin penetration, dMN dissolution and
intradermal delivery. Finally, WIV encapsulated in dMNAs was
administered in the skin of mice and tested for evoked immune
responses and protective efficacy against influenza virus infection.

Material & Method
Materials
SYLGARD 184 base silicone elastomer and curing agent silicone

elastomer were purchased from Dow Corning (Midland, MI, USA).
Pullulan (average molecular weight 200—300 kDa) and trehalose

were kind gifts from Hayashibara Co., Ltd. (Okayama, Japan). All other
excipients and chemicals were of analytical grade. Trypan Blue solu-
tion 0.4% (w/v) was purchased from Millipore Sigma (Zwijndrecht,
The Netherlands). Vinylpolysiloxanes A-silicone (Elite Double 32)
was from the Zhermack Group (Badia Polesine, Italy) and epoxy glue
was from Bison International B.V. (Goes, The Netherlands). Tape
(packing tape polypropylene, transparent) for stripping skin was pur-
chased from Staples. Silicon microneedle arrays were kindly provided
by Tyndall National Institute (Cork, Ireland). IRDye® 800CW NHS
Ester was purchased from LI-COR Biosciences.

Production of Placebo dMNAs and WIV Loaded dMNAs

To produce sharp, strong and easily dissolving dMNAs five differ-
ent trehalose/pullulan weight ratios were investigated to produce
dMNAs; i.e. 50:50, 40:60, 30:70, 20:80, and 0:100 w/w. The total con-
centration of carbohydrates in all five formulations was 15% (w/v) in
phosphate buffer (PB, pH 7.4, prepared with 7.7 mM Na,HPO,4 and
2.3 mM NaH,P0,). For preparing dMNAs, 1 g (from a 2.5% (w/v) sus-
pension) and 12.5 ug (from a 31.25% (w/v) suspension) of WIV were
added to 15% (w/v) 50:50 trehalose/pullulan mixture in PB for the
storage stability study and for the vaccination study, respectively,
which was based on the result of dose selection test (section 3.4).

The production of dMNAs starts from the poly(methyl methacry-
late) (PMMA) template which was made by the Fine Mechanical
Department (FMD) at Leiden University. It has nine square pedestals.
On top of each pedestal, a single silicon microneedle patch (5 x 5
mm?) was placed having nine microneedle tips (3 x 3) with a length
of 500 pm and base diameter of 330 wm. In order to prepare polydi-
methylsiloxane (PDMS) mould, the mixture of silicone elastomer and
curing agent (10:1 weight ratio) was poured on the top of the PMMA
template and cured overnight at 60°C.>°> The minimum volume of
dMNA formulation (40 uL) was loaded into the PDMS mould fol-
lowed by centrifugation for 3 hours at 25°C with 11400 g (Beckman
Coulter Allegra X12R Indianapolis, IN, USA). After overnight drying of
the centrifuged mould at 37°C, silicone and epoxy glue were applied
onto each array followed by overnight drying at 37°C. Subsequently,
the dMNA patch was removed from the mould and the shape of the
dMNAs was visualized using a brightfield microscope (Stemi 2000-C,
Carl Zeiss Microscopy GmbH, Géttingen, Germany).2®

Screening of (Poly )saccharide Formulation Based on Skin Penetration
and dMNA Dissolution Tests

To investigate the mechanical strength of the dMNAs skin pene-
tration tests were performed as previously described.’® Briefly,
human abdominal skin was collected after reduction surgery from a
local hospital, and stored at -80°C after excess fat was removed.
Before use, the skin was thawed, wiped with 70% ethanol for cleaning
the skin surface, and stretched on parafilm-covered Styrofoam. Next,
the dMNA was attached to the impact-insertion applicator (uPRAX
Microsolutions B.V., Delft, The Netherlands). An average velocity of
65 + 1 cm/s was applied on the dMNAs to penetrate the skin (n = 3).
The dMNA stayed for one second in the skin and then the dMNA was
removed. To examine whether the dMNAs penetrated the skin, 75 uL
of 0.4% (w/v) trypan blue solution was applied onto the skin. After
45 min, the trypan blue was removed from the skin surface and the
stratum corneum was removed by 10 times of tape stripping. The
treated site of the skin was analyzed by using a brightfield micro-
scope. As trypan blue makes a blue dot on the penetrated site of the
skin, the penetration efficiency was calculated by dividing the num-
ber of blue dots by 9 which is the number of microneedle tips in each
array. For example, when 8 out of 9 microneedles could penetrate
the skin, the penetration efficiency is 8/9 x 100= 88.9 %.
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Next, a dMNA dissolution test was carried out (n = 3). To this end,
the dMNA was applied onto the skin as described above and retained
15 minutes in the skin. After removal of the dMNA from the skin, the
leftover shape of the individual microneedles was analyzed by using
a brightfield microscope.

Preparation of Whole Inactivated Virus Vaccine

NIBRG-121, a reassortant of A/California/7/2009 H1N1pdmO09
virus, was provided by the National Institute of Biological Standards
and Controls, Potters Bar, United Kingdom and propagated in the
allantoic cavity of 11-day-old embryonated hens’ eggs. The virus was
inactivated with B-propiolactone (0.1%) by overnight incubation at 4°
C under continuous rotation, followed by dialysis against HEPES buff-
ered saline at 4°C overnight to remove B-propiolactone. Inactivation
was verified by inoculating WIV on Madin-Darby Canine Kidney
(MDCK) cells and assessing the presence of amplified virus in the
supernatant after 72 hours of incubation by hemagglutination assay
as described before.?’” The total protein concentration of the WIV
preparation was determined by micro-Lowry assay.?®

Physical Characterization of WIV

The size of WIV particles in plain solution as well as dispersed in a
1% (w/v) 50:50 trehalose/pullulan containing solution was deter-
mined by dynamic light scattering (DLS) (Malvern Zetasizer ZS90,
Malvern, United Kingdom). The concentration of WIV was 1 mg/mL
based on the result of micro-Lowry assay. Transmission electron
microscopy (TEM) images of plain WIV solution and WIV formulated
in the trehalose/pullulan solution were captured using a transmission
electron microscope with Gatan type UltraScan 4000SP CCD Camera
(Philips CM120, Philips, the Netherlands). Liquid WIV samples were
applied to formvar-coated TEM grids and stained twice with 5 uL2 %
uranyl acetate.

Stability of WIV During dMNAs Production

In order to investigate whether the drying process during dMNAs
production affects the WIV activity, WIV formulated in 15 % (w/v)
50:50 trehalose/pullulan dried at 37°C for 48 hours without being
incorporated into dMNAs was used to mimic the drying process of
WIV during dMNAs production. The hemagglutinating capacities of
WIV in dispersion and WIV in dMNAs were assessed immediately
after the drying process.

The hemagglutination assay of WIV was performed as previously
described.?>° Briefly, WIV incorporated in dMNAs was reconstituted
in PB (10mM, pH 7.4). WIV dispersed in PB stored at 4°C was used as
a control. Two-fold serial dilutions were brought on 96-well V bot-
tom plates followed by addition of 50 pL of 1.5 % guinea pig red blood
cells (Envigo, The Netherlands). Hemagglutination was checked after
2 hours incubation at room temperature (RT). Hemagglutination
titers were expressed as the log, of the highest dilution where red
blood cells agglutination occurred. All measurements were per-
formed in triplicate.

Mechanical Stability of dAMNAs and Stability of WIV in dMNAs After Four
Weeks of Storage

One of main potential advantages of the vaccine containing dMNA
is its thermostability as the formulation secures the antigen stability
and mechanical strength. The dMNAs maintain their shape and phys-
ico-chemical characteristics at ambient temperatures or even at
higher temperatures at low humidity. In order to investigate physical
stability, dAMNAs were prepared from a 15% (w/v) 50:50 trehalose/-
pullulan solution without WIV as described in section 2.2. and were

stored for four weeks at the following conditions based on our previ-
ous study.*® 37°C/0% relative humidity (RH), RT/0% RH, 4°C/0% RH,
and RT/56% RH.

To secure 0% RH, dMNAs were placed in the vacuum bag with sil-
ica beads. After purging the vacuum bag with argon gas, the bag was
sealed with a vacuum sealer. Three sealed bags were placed at three
different temperatures: 37°C, RT, and 4°C. In order to maintain 56%
RH, 95 g of sodium bromide was added to 100 mL deionized water
and poured into the glass container. dAMNAs were placed above the
saturated NaBr solution.'® The container was sealed with the lid and
parafilm to maintain the humidity and were stored at RT. The humid-
ity inside of the container was monitored every 24 hours by using a
humidity sensor (Digitron 2020R). After four weeks of storage, the
physical stability was analyzed by determining the sharpness of the
dMNAs using a brightfield microscope, and by skin penetration and
dMNA dissolution tests as described above (section 2.3). The stability
of WIV in dMNAs was tested by a hemagglutination assay as
described in section 2.6. A dispersion of WIV in 15% (w/v) 50:50 treha-
lose/pullulan solution stored for four weeks at 37°C, RT, and 4°C was
used as a control.

Dose Determination of WIV Through Ex Vivo Skin Delivery Test

In order to determine the relation between the encapsulated
material in the whole array and the amount administered in the skin,
we investigated the dose delivered from dMNAs into the skin. For
this purpose, dAMNAs were loaded with 1.17 ug, 2.33 g, or 4.66 ug
IRDye800CW. Dye-loaded dMNAs were applied onto human skin for
15 min as described in section 2.3 (n = 3). After dissolution the
remains of the dMNAs were withdrawn from the skin and the fluo-
rescence intensity of the penetrated skin was measured by using an
in vivo imaging system (IVIS, Waltham, MA, USA) using a ICG filter
set and an exposure time of 1 s. To determine the relationship
between the fluorescent intensity and the delivered dose a calibra-
tion curve was prepared. To obtain a calibration curve, various
amounts (0.058 to 2.33 ug) of IRDye800CW were injected into the
skin at a depth of 400 pm using a digitally controlled hMN injection
system (DC-hMN-iSystem). This system is used to accurately inject
volumes of 1-60 uL (<10% error) into the skin.>! Based on the fluo-
rescence counts in the dMNA-treated skin, the delivered amount of
dye was calculated using this calibration curve.

Immunization of Mice with dMNAs

Female CB6F1 (C57Bl/6 x BALB/c F1) mice of 6-8 weeks old were
obtained from Envigo (The Netherlands). Experimental use of animals
was approved by the Central Committee for Animal Experimentation
of the Netherlands (CCD application number AVD105002016599).
Mice were co-housed with a total number of 3 mice in individually
ventilated cages and had ad libitum access to sterilized tap water and
standard diet. All mice were acclimatized for 1.5 weeks before the
start of the experiment. Mice were vaccinated with WIV-incorpo-
rated dMNAs that were either freshly prepared (<1day) or upon stor-
age at 4°C /0% RH or 37°C /0%RH for four weeks. As a negative
control, trehalose/pullulan based dMNAs without WIV were used.
For the positive control group, a freshly prepared aqueous WIV dis-
persion of 1 ;g in 40 1 PBS was injected via the intramuscular route.
A total number of 12 mice per experimental group was used.

Two days before the dMNAs were applied, the flank of the mice
was shaved. Dissolvable microneedles were attached to the piston of
a digitally-controlled microneedle applicator (U.A.F.M. v1.0, uPRAX
Microsolutions B.V., Delft, the Netherlands) by using double sided
tape. Next, the mice were anesthetized with isoflurane and subse-
quently the applicator was placed onto the shaved skin. The micro-
needles were applied with a velocity of 1.65 cm/s onto the skin and
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the applicator controller was programmed to keep the microneedles
in place for 15 minutes.

Virus Challenge and Sample Collection

At day 28 post immunization, mice were lightly anesthetized with
isoflurane and blood was drawn by cheek puncture for determination
of serum IgG levels. Next, mice were anesthetized and intranasally
challenged with a sublethal dose (10* Tissue Culture Infectious Dose
(TCID)so/mouse) of influenza virus strain A(H1N1)pdmo09 (NIBCS) in
40 w1 PBS. At three days post-infection, six mice from each experi-
mental group were sacrificed to determine lung virus titers. Blood
was collected by heart puncture for determining serum IgG titers and
IgG1 and IgG2a levels. Nasal and lung washes were performed with
1 ml PBS containing Complete ® protease inhibitor cocktail (Roche,
Almere, The Netherlands) for determination of IgG and IgA titers.
Lungs were collected in 1 ml EPISERF medium (100 U/ml penicillin,
100 mg/ml streptomycin, 12.5 ml of 1 M HEPES, 5 ml of 7.5% sodium
bicarbonate for 500 ml medium, Thermo Fisher Scientific, Bleiswijk,
Netherlands) to determine viral load (see below). Spleens were col-
lected in 2.5 ml Iscove’s Modified Dulbecco’s Medium (Thermo Fisher
Scientific, Bleiswijk, Netherlands) containing 10% v/v FBS (Lonza,
Basel, Switzerland), 100 U/ml penicillin, 100 mg/ml streptomycin
and 50 uM 2-mercaptoethanol (Invitrogen, Breda, The Netherlands)
and used for ELISPOT (see below). Remaining mice (n = 6) were fol-
lowed every morning and afternoon for disease activity score which
was based on appearance, behavior, weight loss and movement (Sup-
plementary Table 1). Mice reaching a disease activity score of 12
reached the humane endpoint and were therefore terminated.

Virus Titration

Titration of virus present in lungs was performed as previously
described.?” Briefly, lungs were homogenized in 1 ml EPISERF
medium with a polytrone (Kinematica, Malters, Switzerland) and
centrifuged for 10 min at 1400 rpm at 4°C. Supernatants were snap-
frozen in liquid nitrogen and stored at -80°C until further use. Super-
natants were applied in 2-fold serial dilutions on MDCK cells to deter-
mine lung virus titers.?” Virus titers are represented as log titer per
gram of lung.

Antibody Responses

To determine serum IgG, IgG1, IgG2a levels or IgG and IgA anti-
bodies levels in lung wash or nasal wash, ELISA was performed as
previously described®? using A(HIN1)pdm09 WIV as coating. To
detect IgG titers, serum samples were diluted 1:100 and applied in 2-
fold serial dilutions on the plates. The 2-fold serial dilutions of nasal
and lung washes were prepared from undiluted samples. To detect
IgG1 and IgG2a levels, serum samples were applied in a dilution of
1:100 and concentrations were determined from a standard curve.
Horseradish peroxidase-linked goat anti-mouse IgG (Southern Bio-
tech, Birmingham, USA) antibody was used to detect bound IgG. IgG
titers were calculated as log10 of the reciprocal of the serum sample
dilution corresponding to an absorbance of 0.2 at a wavelength of
492 nm.

ELISPOT

Spleens were homogenized using a GentleMACS dissociator (Mil-
tenyi Biotec, Leiden, The Netherlands) and washed with Ammonium-
Chloride-Potassium lysis buffer (0.83% NH4Cl, 10 mM KHCO3,
0.1 mM EDTA) to lyse erythrocytes. Next, a mouse ELISPOT kit (MAB-
TEC, The Netherlands) was used according to manufacturer’s instruc-
tions to enumerate influenza-specific interferon (IFN)-y and

interleukin (IL)-4 secreting splenocytes. Briefly, splenocytes (5 x 10°/
well) were incubated in Iscove’s Modified Dulbecco’s complete
Medium (with 10% FBS, 1% Penicillin-Streptomycin and 0.1% S-mer-
captoethanol) with or without 10 pg/ml of A(HIN1)pdmO09 WIV plus
10 pg/ml of NP366 peptide (ASNENVETM). After 16h of incubation,
IFN-y or IL-4 secreting splenocytes were detected using alkaline
phosphatase-conjugated anti-mouse IFN-y or IL-4 antibodies, respec-
tively. Spots were developed using nitro-blue tetrazolium chloride
(NTB)/ 5-bromo-4-chloro-3’-indolyphosphate p-toluidine (BCIP) sub-
strate and counted with an AID ELISPOT reader (Autoimmune Diag-
nostika GmbH, Strassberg, Germany).

Statistics

Statistical analysis on results was performed using Graphpad
Prism version 8.4.1 (La Jolla, CA, USA). Data was tested with Kruskal-
Wallis and Dunn’s post-hoc test. p < 0.05 was considered as signifi-
cant; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Results

production of dAMNAs and Screening of (poly )saccharide Formulations
for dMNAs

The ideal dMNA should be sharp and strong to allow for penetra-
tion of the skin. Furthermore, the microneedle should show rapid dis-
solution in the skin to release the antigen. In order to choose the most
suitable (poly)saccharide formulation which provides both mechani-
cal strength and fast dissolution of dMNAs, we produced five placebo
dMNAs with different trehalose/pullulan ratios (50:50; 40:60; 30:70;
20:80 and 0:100). Microscopic evaluation revealed that all nine
microneedles in each array displayed sharp conical tips around
500 pum of height and 330 um of base diameter as the PMMA tem-
plate (Fig. 1A-E). In subsequent skin penetration tests, all five dMNA
showed a similar average level of penetration efficiency of more than
96% (Fig. 1F-], Table 1). These results indicate that all AMNA under
evaluation had sufficient mechanical strength to penetrate human
skin.

Next, a microneedle dissolution test was performed to investigate
whether the difference in trehalose/pullulan ratios influences the dis-
solution rate of microneedles in the skin. While all five types of
microneedles showed more than 70% dissolution after 15 min disso-
lution in the skin there were some differences in the residual left-
overs on the backplate for the different trehalose/pullulan ratios. As
shown in Fig. 1(K-0O), the degree of dissolution decreased with an
increasing pullulan proportion in the dMNA formulation. Hence, the
microneedles composed of trehalose/pullulan at a weight ratio of
50:50 showed the fastest dissolution rate (Fig. 1K-O), whereas the
microneedles composed of pure pullulan displayed the lowest disso-
lution rate.

As microneedles prepared from trehalose/pullulan at a weight
ratio of 50:50 showed the fastest dissolution among the five different
trehalose/pullulan ratios, and as 50:50 trehalose/pullulan ratio may
also provide better stability of WIV as indicated in our previous
paper,!” this ratio was selected as the dMNA formulation for further
studies.

Physical Characterization and Stability of WIV in dMNAs

The size and morphology of WIV particles were analyzed by DLS
and TEM, respectively. Plain WIV and WIV dispersed in a 50:50 treha-
lose/pullulan solution had a similar particle size (166.1 + 1.4 nm and
168.0 & 3.7 nm, respectively), which means that formulating WIV in
the trehalose/pullulan solution did not have a significant effect on
the average diameter of the WIV and did not lead to clumping of the
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Fig. 1. Freshly produced dissolvable microneedles (A-E), human skin ex vivo penetrated with a dMNA (F-]) and left over microneedle after 15 min of dissolution (K-O) in ex vivo
human skin. Microneedles produced with a trehalose:pullulan ratios of 50:50 (A,F,K), 40:60 (B,G,L), 30:70 (C, H, M), 20:80 (D,I,N) and 0:100 (E,J,0) were used. Scale bar of A-E and

K-0 =150 pum, and F-J = 1.75 mm.

Table 1
Penetration efficiency rates of dMNAs produced with five different trehalose:pullulan
formulations (n = 3).

Trehalose:Pullulan ratio Penetration efficiency rate (%)

50:50 96+ 64
40:60 96 +6.4
30:70 100+ 0
20:80 100+ 0
0:100 96 + 6.4

virus particles. TEM analysis indicated that the morphology of WIV
particles in buffer and in the trehalose/pullulan solution was similar
(Fig. 2A and B). This indicates that the presence of trehalose/pullulan
does not affect the morphological appearance of WIV particles.

The preservation of the functional properties of WIV (binding to
sialic acid residues) during the production of the dMNAs was
assessed by hemagglutination assay. Although WIV in dMNAs
showed excellent process stability, there was a slight decrease in
hemagglutination titers after production of dMNAs, i.e. from Log, 8.4
to Log, 7.3 (Fig. 2). In order to explore the reason for this slight reduc-
tion, the hemagglutination titers of WIV dispersed in 15% (w/v)
50:50 trehalose/pullulan solution after the same drying process but
without being incorporated into dMNAs were analyzed. WIV from
these samples induced the same hemagglutination titers (Log, 7.3) as
WIV incorporated in dMNAs. Hence, the reason for the slight
decrease in the activity of WIV during the production of the dMNAs
may be due to the drying process.

Storage Stability of AMNAs and WIV

To investigate the impact of temperature and humidity on the
mechanical strength of dMNAs, the dMNAs were stored at four differ-
ent environmental conditions for four weeks: 37°C/0% RH, RT/0% RH,
4°C/0% RH, and RT/56% RH, which explains the penetration efficiency
of 96% or more (Table 2). The tips of the microneedle became blunt
when the needles were subjected to higher moisture levels (RT/56%
RH) reducing penetration efficiency to only 25.9% (Table 2; Fig. 3D).

Therefore, dAMNAs stored at RT and 56% RH were discarded for further
experiments.

For the next experiments, WIV loaded dMNAs were stored at RT/
0% RH, 37°C /0% RH, and 4°C /0% RH for four weeks. Besides, the stor-
age stability of WIV incorporated in dMNAs was investigated by hem-
agglutination inhibition assay (Fig. 3I). No significant reduction of
WIV activity in dMNAs was observed during storage at 4°C, RT and
37°C. After storage at 4°C for four weeks, WIV in dMNAs exhibited a
slightly lower hemagglutination titer than WIV dispersion. This
minor reduction was probably due to the drying process during
dMNAs production as described above. In contrast, after 4-weeks of
storage at RT and 37°C, WIV in dispersion completely lost its hemag-
glutination activity. This substantial reduction of activity when kept
in dispersion indicates the minimal intrinsic instability of WIV in an
aqueous suspension at RT or higher. Incorporation of WIV in the
(poly)saccharide based dMNAs, hence rendering it in the solid-state,
strongly improved its storage stability as was also shown in previous
studies.?®?!

Dose Selection of WIV Through Ex Vivo Skin Delivery Test

Next we investigated which percentage of loaded substance in the
dMNAs can be delivered into the skin. To this end three different
amounts of IRDye800CW were loaded into dMNAs. After insertion,
dissolution, and withdrawal of the dMNAs, the fluorescence in the
skin was measured. Subsequently, the delivered amount of dye from
the dMNAs was calculated from the calibration curve obtained from
the fluorescence of the standards injected by the hMN system. The
delivered amount of dye increased with the loaded amount of dye in
dMNAs (Fig. 4). An amount of 0.11 + 0.01, 0.19 + 0.02, or 0.35 +
0.002 pg of dye was delivered from 1.17 g, 2.33 ng, and 4.66 ug of
dye loaded dMNAs, respectively. It was calculated that 8-10% of the
amount of the encapsulated dye was delivered into the skin, which
was independent of the amount of dMNA-incorporated dye. From
these data, it was concluded that using the current process and setup
a surplus of 10-12.5 fold the amount of antigen should be loaded in
dMNAs. Therefore, to deliver 1 g of WIV to mice, we decided to load
12.5 g of WIV to each dMNA for the immunization study.
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Fig. 2. Physical and functional characterization and process stability of whole inactivated influenza virus in dMNAs. TEM images of WIV in buffer (A) and WIV formulated with tre-
halose/pullulan blend (B). Hemagglutination titers of WIV dispersion in 15% (w/v) 50:50 trehalose/pullulan solution before production (white) and re-dispersed WIV after 48 hours
drying with (black) and without (grey) incorporation into dMNAs (C; n = 3). dMNAs = dissolvable microneedle arrays. TEM = transmission electron microscopy. Scale bar = 100 nm.

Table 2
Penetration efficiency rates of dAMNAs which were stored at four different conditions
for four weeks (n = 3): 37°C/0% RH, 25°C/0% RH, 4°C/0% RH, and 25°C/56% RH.

Storage condition Penetration efficiency rate (%)
37°C/0% RH 96 + 6.4

25°C/0% RH 100+ 0

4°C/0% RH 100+ 0

25°C/56% RH 259+64

Immune Responses Evoked by Immunization with dMNA

Next, mice were immunized with dMNAs that were either freshly
produced, or stored at 4°C /0% RH or 37°C /0%RH for four weeks and
the evoked immune responses were investigated. All AMNAs were
designed to deliver an amount of 1-1.25 g WIV into the skin after
an application time of 15 min. As a negative control, placebo dMNAs
without WIV were used. For the positive control group, 1 g of WIV
was injected through the intramuscular route.

First, the A(H1N1)pdm2009-specific IgG titers in the serum were
determined at 28 days post the single immunization. As shown in
Fig. 5A, all dMNAs appeared effective in inducing influenza-specific
IgG, with antibody titers being of the same order of magnitude as
induced by intramuscular injection. No significant differences were
measured in antibody levels raised by immunization with freshly
prepared dMNAs or dMNAs stored under different conditions. The
experimental groups immunized with the different WIV-containing
dMNAs included, however, several non-responders (Fresh: 3, 4°C: 1,
37°C: 4).

To get more insight into the immune response elicited by dMNAs,
we determined IgG subclasses, measured mucosal antibody
responses, and evaluated cellular immune responses. These assays
were performed in mice three days post A(HIN1)pdm2009 virus
challenge. Evaluation of serum IgG subclasses IgG1 and IgG2a (Fig. 5B
and C) revealed that all responder mice except two had developed
IgG1 titers. Yet, due to variation and presence of non-responders the
difference in IgG1 titer with the placebo control group reached statis-
tical significance only for the group immunized with dMNAs stored
at 4°C and the group immunized via intramuscular injection with
WIV (p < 0.01). No significant difference in IgG1 levels was seen
between the different dAMNA-immunized groups. IgG2a levels were
generally low, and differed significantly from the levels in the placebo
control group only for the group immunized with dMNAs stored at 4°
C (p < 0.05). This was unexpected since WIV usually is a strong
inducer of IgG2a. The result was, however, not due to the administra-
tion form since intramuscularly immunized control mice showed
similarly low levels of IgG2a. With respect to mucosal antibodies,
influenza-specific IgG was detected in lung washes (Fig. 5D) but not
in nasal washes (Supplementary Fig. 1) of dMNA or intramuscularly
immunized mice at three days post-infection. Mucosal IgA was nei-
ther detected in lung nor in nasal washes from these mice (Supple-
mentary Fig. 1).

Besides antibody responses, cellular immune responses also play
an important role in the protection against A(H1IN1)pdm2009 infec-
tion.>> To evaluate whether dMNAs can successfully induce influ-
enza-specific cellular immune responses and whether different
storage conditions affect the ability of the dMNAs to do so, ELISPOT
assays were performed to reveal the number of IFN-y and IL-4

I WIVindMNAs
Bl WIV dispersion

10 - -
8
6

Log: Hemagglutination titers

Fig. 3. Impact of storage on mechanical stability of dissolvable microneedles and functional stability of WIV. Microneedles after four weeks of storage at 37°C/0% RH (A), 25°C/0% RH
(B), 4°C/0% RH (C), and 25°C/56% RH (D) and skin penetrated with dMNAs which were stored at 37°C/0% RH (E), 25°C/0% RH (F), 4°C/0% RH (G), and 25 °C/56% RH (H). Storage stabil-
ity (as measured by hemagglutination assay) of WIV incorporated in dMNAs or kept in aqueous dispersion after four weeks of storage at 4°C, RT or 37°C, respectively (I; n = 3).
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Fig. 4. Delivered amount of cw800 dye from dMNAs to human abdominal skin. 1, 2,
and 4 nmol of IFDye800CW in dMNAs (n = 3) were delivered to the human abdominal
skin through 15 min of dissolution. The absolute amount of delivered dye increased
with the loaded amount of dye in dMNAs, and the percentages of delivered dye was
calculated at 10-12.5% (w/w).

producing splenocytes. As shown in Fig. 5E, neither intramuscular
injection of WIV nor immunization with the different dMNAs
resulted in a significant increase of the number of influenza-specific
IFN-y producing splenocytes as compared to mice immunized with
placebo dMNAs. However, the numbers of IL-4 producing splenocytes
(Fig. 5F) were significantly increased in mice immunized with dMNAs
stored at 4°C (1.86 fold; p < 0.05) and in mice intramuscularly
injected with WIV (2.89 fold; p < 0.05). Furthermore, the responder
mice that were immunized with either freshly prepared dMNAs or
dMNAs stored at 37°C did also show an increase in IL-4 secreting
splenocytes that was at a similar level as was shown for mice that
were immunized with dMNAs stored at 4°C. Additionally, no signifi-
cant differences were measured in the number of IL-4 secreting sple-
nocytes induced by the differently stored dMNAs and
intramuscularly injected WIV.

Taken together, our data suggest that dMNAs, even when stored
for weeks under high temperature conditions, are still able to evoke
humoral and cellular immune responses in mice. Yet, the reason for
the reduced reproducibility of antibody induction when vaccinating
via dMNA needs to be further investigated and optimized.

Protective Efficacy of Immunization with dMNAs

In order to determine whether dMNA-induced immunity was
capable of protecting mice from virus replication in the lungs and
from disease symptoms, the virus load of A(HIN1)pdm2009 in the
lung was measured and mice were followed for disease severity. As
shown in Fig. 6A, viral load on day 3 post infection was significantly
lower in mice immunized with dMNAs stored at 4°C (40.5 fold;
p < 0.05) or immunized with freshly prepared dMNAs (40.29 fold;
p < 0.01) than in mice immunized with placebo dMNAs. A similarly
reduced lung viral load was also found in the responder mice immu-
nized with dMNAs stored at 37°C. Moreover, no significant differen-
ces in lung virus titer were measured among groups immunized with
the different dMNAs. Surprisingly, intramuscular injection of WIV did
not reduce viral load in the lungs of mice in this experiment.

The remaining mice were followed for survival and disease activ-
ity score for 14 days post-infection with A(H1N1)pdm2009 virus
(Fig. 6B-G). Mice immunized with placebo dMNAs showed a high
level of disease symptoms as five mice from this group needed pre-
mature euthanasia (Fig. 6B) because they reached the humane end-
point (Fig. 6G). Surprisingly, intramuscularly injected mice also
showed a high disease activity score (Fig. 6F), nevertheless only one
mouse reached the human endpoint in this group. Immunization
with dMNAs stored at 4°C protected fully from severe infection and
death from A(H1N1)pdm2009 infection, whereas immunization with

other dMNAs partly protected mice from A(HIN1)pdm2009 infection
(Fig. 6B). Three mice immunized with freshly prepared dMNAs,
including two non-responder mice, (Fig. 6C) and two mice immu-
nized with dMNAs stored at 37°C, including one non-responder
mouse, (Fig. 6E) reached the humane endpoint. However, the
responder mice from those dMNA groups showed a similar reduction
of disease symptoms as mice that were immunized with dMNAs
stored at 4°C. Together, these findings demonstrate that successful
application of the different dMNAs on mice reduced viral load in
lungs and protected from influenza at a similar level, irrespective of
the storage conditions.

Discussion

In this study, we investigated whether trehalose/pullulan blends
are suitable for the production of stable dMNAs capable of penetrat-
ing the skin and inducing immune responses. Our data demonstrate
that dMNAs prepared from a trehalose/pullulan weight ratio of 50:50
were sharp and stiff enough to penetrate the skin and showed a fast
dissolution rate in the skin. Furthermore, WIV could successfully be
incorporated in these trehalose/pullulan-based dMNAs. The mechan-
ical stability of trehalose/pullulan-based dMNAs and the stability of
incorporated WIV could be maintained up to storage temperatures of
37°C. However, the penetration efficiency of those dMNAs dropped
when exposed to environmental moisture. Moreover, trehalose/pul-
lulan-based dMNAs, irrespective of storage temperature (4°C or 37°
(), induced immune responses in mice that were of similar magni-
tude as found in intramuscular injected mice and provided (partial)
protection against influenza virus infection.

Based on the dissolution and penetration tests, we selected a tre-
halose/pullulan blend with a weight ratio of 50:50 for the dMNA for-
mulation as it showed the fastest dissolution rate in the skin among
the five different trehalose/pullulan ratios tested. The dissolution test
showed a decreasing dissolution rate of microneedles when the pul-
lulan percentage increased and the trehalose percentage decreased,
suggesting that pullulan has slow dissolution properties while treha-
lose due to its known high dissolution rate in water augments micro-
needle dissolution.>* Unfortunately, dMNAs composed of pure
trehalose are too brittle to penetrate the skin and carry drugs.>> For
that reason, pullulan was mixed with trehalose to enhance the
mechanical strength of microneedles. Our data show that the pene-
tration efficiency of dMNAs in the skin increased by mixing pullulan
with trehalose, irrespective of the percentage of pullulan. Various
polymers such as polyvinyl alcohol,?® hyaluronic acid,?” or polyvinyl-
pyrrolidone®® can also be mixed with trehalose to increase the
mechanical strength of microneedles. However, the advantage of
using pullulan over these polymers is that the trehalose/pullulan
mixture has high antigen stabilizing properties.'® Therefore, the use
of a trehalose/pullulan blend at a weight ratio of 50:50 can generate
dMNAs combining the antigen stabilizing capacities of trehalose and
the physical and mechanical properties of pullulan.

In the storage stability test, the penetration efficiency of dMNAs
significantly dropped after four weeks of storage at RT/56 % RH while
it was maintained at low humidity conditions irrespective of storage
temperature (37°C/0% RH, RT/0% RH, 4°C/0% RH). At 56%RH, the shape
of microneedle tips changed from sharp to blunt. Apparently, at this
RH the microneedles absorbed such an amount of water, which
would dramatically decrease the glass transition temperature (Tg) of
the trehalose/pullulan mixture.>® Due to this plasticizing effect, the
Tg dropped close to RT resulting in viscous flow.

The WIV could be incorporated in dMNAs produced from a treha-
lose/pullulan blend with good process stability as indicated by a hem-
agglutination activity of WIV that was only slightly decreased after
production. In order to investigate whether other stress factors dur-
ing the preparation of microneedles (e.g., centrifugation) can
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Fig. 5. Immune responses evoked by immunization with dMNA. Mice (n = 12/experimental group) were immunized with whole inactivated virus (WIV) derived from A/California/
07/2009 (H1N1) administered via dMNAs (trehalose/pullulan 50:50) or through intramuscular injection (n = 12). dMNAs were used freshly prepared or after storage for four weeks
at 4°C/0% RH or 37°C/0% RH. The control group received placebo dMNAs (n = 11). At day 28 post immunization, IgG levels in blood were determined (A). Then, mice were challenged
with A(HIN1)pdmO09 virus and sacrificed three days post challenge (filled symbols, n = 6) or followed for up to 14 days post challenge (open symbols, n = 6). Serum of mice sacrificed
at three days post challenge was analyzed for IgG1(B) and IgG2a (C), lung washes were analyzed for IgG levels(D). Spleens were collected and analyzed for IFN-y producing spleno-
cytes (E) and IL-4 producing splenocytes (F). Statistical comparisons between the mice immunized with different dMNAs, between mice immunized with the different dMNAs
groups and intramuscularly injected mice, or between mice immunized with the different dMNAs groups and placebo mice were performed using Kruskal-Wallis with Dunn’s post-
hoc test (*p < 0.05, ** p < 0.1, ** p < 0.01, **** p < 0.001). Non-responders identified by absence of influenza-specific IgG in serum at day 28 are presented in red in this and the fol-

lowing figure.

negatively affect WIV activity, WIV dispersed in 15% (w/v) 50:50 tre-
halose/pullulan solution was dried at 37°C for 48 hours without being
incorporated into microneedles to mimic the drying process of
microneedles. WIV in these samples showed the same hemagglutina-
tion titers as WIV incorporated in dissolving microneedles. Therefore,
the slight decrease in the activity of WIV during the production of the
microneedles can be solely ascribed to the drying process. In this
respect, it should be emphasized that the drying procedure applied

to produce the microneedles exposes the biopharmaceutical to a
combination of a high temperature (37°C) during a long process time
(two days). These are harsh conditions when compared to commonly
used drying techniques employed for the preparation of biopharma-
ceutical products, like freeze-drying (low process temperature) and
spray drying (short process time).*® Furthermore, WIV as aqueous
dispersion fully lost its hemagglutinating capacity after four weeks of
storage at 25°C and 37°C, which indicates poor stability of WIV in an
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Fig. 6. Protective efficacy of immunization with dMNAs. Mice (n = 12), as described in the legend of Fig. 5, were challenged with the A(HIN1)pdmO9 virus at 28 days post immuniza-
tion. Lung virus titers (A) were assessed three days post A(HIN1)pdmO9 virus challenge (n = 6 per group). Survival rate (B) and disease activity score (C-G) were followed during
14 days post A(H1N1)pdmO9 virus challenge in mice that were immunized with dMNAs stored at 4°C/0% RH (C), application of dMNAs stored at 37°C/0% RH (D), application of
freshly prepared dMNAs (E), intramuscular injection of WIV (F) or administration of placebo dMNAs (G) (n = 6 per group). Mice reaching a disease activity score of 12 or higher
reached the human endpoint and were terminated. Data includes non-responders (dotted lines) and average disease activity score (thick lines). Statistical comparisons in virus titer
between the mice immunized with different dMNAs, between mice immunized with the different dMNAs groups and intramuscularly injected mice, or between mice immunized
with the different dMNAs groups and placebo mice were done using Kruskal-Wallis with Dunn’s post-hoc test (*p < 0.05, ** p < 0.1, *** p < 0.01, **** p < 0.001). Non-responders

identified by absence of influenza-specific IgG in serum at day 28 are presented in red.

aqueous dispersion at these temperatures. In contrast, WIV incorpo-
rated in the trehalose/pullulan matrix of the microneedles fully
retained its activity after storage for four weeks at temperatures up
to 37°C. These results indicate that the trehalose/pullulan combina-
tion not only provides excellent stabilization during the harsh pro-
cess conditions of production of the microneedles, but also during
subsequent storage.

Our data also demonstrate that a single-dose vaccination of mice
with WIV-loaded dMNAs evoked humoral and cellular immune
responses and provided protection from influenza infection by reduc-
ing viral load in the lungs and disease symptoms. Although prime-
boost vaccination regimes are often used to protect from influenza
infection,*! single-dose protection from viral infection in mice after
intradermal immunization was also corroborated by other studies
using high-density microarray patches containing SARS-CoV-2 spike

protein®? or single intradermal injection with live attenuated influ-
enza vaccine.*> However, in contrast to these studies, the current
study showed only partial protection of mice from influenza infection
after single-dose immunization, for both dMNA and intramuscular
immunization. This could be due to the unexpectedly low immuno-
genicity of the used WIV and the fact that it induced a Th2-type
immune response (high IgG1 and IL-4 levels) instead of a Th1-type
response (high IgG2a and IFN-y levels) usually observed for WIV
preparations®* and more favorable for protection.***> A lower immu-
nogenicity of WIV was also observed in trehalose/pullulan-based
dMNAs in the hemagglutination assay of this study and was sug-
gested to be related to the drying process of dMNAs. However, the
non-dried WIV that was intramuscular injected to mice also showed
a lower immunogenicity, indicating that the drying process did not
play a role in the low immunogenicity of WIV in mice. Furthermore,
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the hemagglutinin assay solely focuses on the hemagglutinin protein
and not on other components of WIV that are also essential for its
immunogenicity, such as ssRNA that induce Th1-type responses by acti-
vating TLR7.>* Future studies should therefore test for the stability of
the different components of WIV to ensure high immunogenicity of
WIV which may induce increased levels of immune responses after sin-
gle administration of the dMNAs. Nonetheless, our results provide evi-
dence that trehalose/pullulan-based dMNAs stabilize the incorporated
antigen and can evoke protective immunity against influenza virus
infection in mice even after a single-dose immunization. Temperature
changes during vaccine storage and transport are a major problem in
low- and middle-income countries and lead to substantial loss of vac-
cine activity.*® Due to the excellent antigen-stabilizing properties of the
trehalose/pullulan blend the developed dMNAs would not need a cold
chain. With further optimization of immunization with the dMNAs,
intradermal immunization with trehalose/pullulan-based dMNAs may
become a viable alternative to intramuscular immunization with hypo-
dermic needles, with the potential to increase vaccine coverage rates,
especially in low- and middle-income countries.

Altogether, our study demonstrates the potential of trehalose/pullu-
lan as the main material to produce antigen-containing dMNAs able to
induce an immune response after application. Our research shows the
potential of trehalose/pullulan-based dMNAs as an alternative adminis-
tration form for the classical parenteral influenza vaccination. The
knowledge on trehalose/pullulan-based dMNAs can be used to increase
the vaccine coverage rate, especially by avoiding the poorly functioning
cold-chain systems in developing countries.*” In addition to developing
countries, the trehalose/pullulan-based dMNAs may also benefit other
countries as this technology prevents pain and discomfort during
administration and provides the potential for self-administration.'°
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