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Chapter 1

GENERAL INTRODUCTION
Vaccination

Vaccination is one of the most effective healthcare interventions lowering mortality and
morbidity and as a result increasing life expectancy [1]. The introduction of vaccines led to
the eradication of smallpox, while eradication of polio is on its way and other important
infectious diseases such as measles are under control in vaccinated populations [2].
Although many successes can be related to effective vaccines and vaccination programs,
each year almost 3 million children still die of diseases caused by infections that could be
prevented by vaccination [2]. A large proportion of deaths occurs in low-income countries
[1]. Vaccination costs related to the production, transport, need for cold-chain and for
trained personnel capable to administer the vaccine all contribute to total system costs,
making vaccination too expensive for developing countries [3, 4]. A reduction in the
vaccination coverage is also related to avoidance of injections because of fear for pain,
needle-phobia and stress experienced during vaccination [5]. To overcome these problems,
research on a minimally invasive strategy of vaccine administration has been addressed
focusing on nasal [6], oral [7], pulmonary [8] and intradermal route of vaccination [9].
Intradermal vaccination has been considered particularly attractive because the skin is easy
to access and a very immune competent organ containing antigen presenting cells (APCs) as
Langerhans cells (LCs) and dermal dendritic cells (dDCs) [10, 11], making the skin an
attractive vaccination site. However, the skin presents a barrier located in the upper layer,
the stratum corneum, that protects the body against the entrance of foreign substances [12].
An effective method to enable vaccine administration via the skin is the use of microneedles
(MNs), conceived for the first time by ALZA corporation and described in a patent in 1976
[13].

Microneedles

MNs have a size of up to 1 mm in length. They are designed to pierce the physical barrier,
the stratum corneum, and to avoid the generation of pain because the MN tips do not reach
pain receptors in the skin [14-16]. A further potential advantage of MNs consists in reducing
the vaccination costs by i) avoiding the need of trained personnel to be applied [14, 17] and
ii) resulting in a dose-sparing potential as the skin is a potent immune competent organ [18-
21].

Generally, MNs are classified in six groups [22-25]:

i) Solid MNs designed for pretreatment of the skin. After the formation of
microholes in the skin, the MNs are removed and a vaccine loaded patch is
applied on the pierced skin to allow the diffusion of the vaccine along the
conduits into the skin. Although a very straightforward method, the diffusion of
the vaccine from the skin surface to and through the microholes made by the
MNs is slow and inefficient due to the small diameter of the microholes and the
limited number of microneedles in the patch. Thus, over a reasonable time
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period, only a small fraction of the applied vaccine is delivered into the skin.
Furthermore, the microholes may close soon after the removal of the MNs
limiting the diffusion time [26]. To avoid this inconvenience, new MN systems
have been developed including hollow, coated, porous, dissolving and hydrogel-
forming MNs.

Hollow MNs contain a bore through which the vaccine formulation can be
injected into the skin. One of the advantage of using hollow MNs is that the skin
depth and injection volume and injection rate can be precisely controlled [15].
However, one big challenge is to avoid leakage due to the short needle length
inserted in the skin. Furthermore, dry formulation need a reconstitution step
previous injection [17]. Additionally, the use of harmful chemicals, as hydrofluoric
acid and concentrated sulfuric acid, may be included in the production process of
hollow MNs [27, 28].

Coated MNs have the vaccine coated on their surface and upon insertion the
vaccine is released into the skin. Although only a very low amount of vaccine can
be coated, due to the limited surface area of MNs, this may be sufficient to evoke
a protective immune response [29]. Coatings are usually applied by: i) dip coating
method [30, 31], ii) gas jet drying approach producing a thin coating and thus
reducing vaccine wastage [32] or iii) layer-by-layer coating approach in which the
intended amount of vaccine can be coated by adjusting the number of layers [33-
35].

Porous MNs with the vaccine deposited in a porous MN matrix release the
vaccine by diffusion of the vaccine in solution from the pores into the skin after
piercing. However, porous structures are generally more fragile than solid
structures [36] and may easily break remaining in the skin. This may be a problem
when the matrix is made of no-biodegradable material as silicon [37, 38].
Therefore, biodegradable materials are preferred such as microporous calcium
phosphate coating stainless steel solid MNs [39].

Hydrogel-forming MNs that after insertion into the skin take up interstitial fluids
from the tissue that triggers the release of the vaccine into the skin. These MNs
are prepared from crosslinked polymers that rapidly take up skin interstitial fluid
upon skin insertion to form continuous hydrogel conduits from the array to the
dermal microcirculation. With this approach, the delivery of vaccine is controlled
by the crosslink density of the hydrogel system [40].

Dissolving MNs are made of hydrophilic material, such as polymers or sugars,
mixed with the active pharmaceutical ingredient. After insertion into the skin, the
MNs can completely dissolve thereby releasing the vaccine.

This thesis focuses on dissolving microneedles (dMNs). They have the advantage to

completely dissolve in the skin avoiding sharp needle waste left behind after use [17] and

thus avoiding potential infections due to the needle re-use especially in developing

countries. Moreover, for vaccine in solid state, as for coated and dissolving MNs, it may be
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possible to circumvent the need for a cold-chain to keep the antigen stable during storage
and shipping [30].

Microneedle application

Microneedles can be applied onto the skin either manually or by the use of an applicator.
The manual application, however, especially for short MNs (< 550 um), may results in both a
low penetration efficiency in the skin and a low reproducibility of skin piercing [41, 42] and
therefore an applicator is required for this type of microneedles for a controlled application
[43] in terms of penetration force or velocity.

AIM AND OUTLINE OF THIS THESIS

The aim of this thesis was to develop dissolving MNs for dermal vaccine delivery. The study
objectives include:

1. An overview of dMNs for a proper understanding of the dMN subject present in the
following research chapters;

2. The use of a digitally-controlled applicator as a tool to investigate mechanical
variables and their effect on insertion efficiency of a wide variety of MNs in the skin
and consequent delivery of the antigen in the skin;

3. The optimization of dMN fabrication and investigation of antigen loading capacity of
dMNs;

4. The evaluation of the effects of the molecular weight of hyaluronan (dMNs matrix
material) on the immune response for a proper choice in the fabrication of dMNs;

5. The determination of the effects of different antigen(-adjuvant) administration
modalities by dMNs, such as single dose or repeated fractional doses administration,
on the immune response.

Chapter 2 provides a review of the current status of dMN development. This includes a
screening of the materials used for the fabrication of dMNs, a description of the dMN
manufacturing methods and an analysis of the parameters that must be evaluated to assess
dMN quality. Furthermore, this chapter describes the immunogenicity of antigens
administered by dMNs both in preclinical and in clinical studies.

The research described in Chapter 3 focuses on the investigation of penetration efficiency
and antigen release in the skin after MN application by the use of a digitally-controlled

4
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applicator for a reproducible piercing of the skin. To this end, different application settings
were set digitally in the applicator to determine the optimal insertion parameters for a
variety of MN arrays from different manufacturers.

In Chapter 4, optimisation of the manufacturing of dMNs is described. A novel dMN
fabrication method was developed and the effects of ovalbumin loading on dMNs
physicochemical properties, such as dMN appearance, antigen stability after dMN
fabrication, penetration efficiency of dMN in the skin, dissolution time of dMN in the skin,
guantification of the amount of antigen delivered in the skin after dMN dissolution and
mechanical integrity of dMNs after storage, were investigated. Finally, immunogenicity of
OVA delivered by dMNs was determined in mice and compared with the immunogenicity of
OVA administered via the conventional subcutaneous route.

The selected base material for the dMNs studied in this thesis is high molecular weight
hyaluronan (HA). In the literature examples of immune modulating properties of low-
molecular weight HA have been reported. The effect of HA molecular weights (HA-MWs) on
the immune response against OVA are described in Chapter 5. After assessment of potential
immune-modulatory effects following immunization with fluid formulations containing HA
with different molecular weight, the suitability of HA-MWs to fabricate mechanically robust
and functional dMNs was assessed.

Even though dermal immunization is in general very effective, adjuvants may be needed to
optimise immune responses either quantitatively or qualitatively. Therefore, in Chapter 6 an
adjuvant screening for dermal vaccination was performed by vaccine microinjections using
hollow MNs. Diphtheria toxoid was used as antigen. After selection of two promising
adjuvants, dMNs loading diphtheria toxoid (DT), in the presence or absence of adjuvants,
were fabricated and characterized in vitro and in vivo. In addition to a single full dose
immunization, the effect of administering several fractional doses in several days was tested.

Chapter 7 provides a summary of the main findings of this thesis and the future prospects of
dMNs-based immunization are discussed.
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ABSTRACT

The dermal route is an attractive route for vaccine delivery due to the easy skin accessibility
and a dense network of immune cells in the skin. The development of microneedles is crucial
to take advantage of the skin immunization and simultaneously to overcome problems
related to vaccination by conventional needles (e.g. pain, needle-stick injuries or needle re-
use). This review focuses on dissolving microneedles that after penetration into the skin
dissolve releasing the encapsulated antigen. The microneedle patch fabrication techniques
and their challenges are discussed as well as the microneedle characterization methods and
antigen stability aspects. The immunogenicity of antigens formulated in dissolving
microneedles are addressed. Finally, the early clinical development is discussed.

Keywords: antigen stability, dissolving microneedle fabrication, dissolving microneedle
characterization, skin immunization, vaccine delivery.
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Dissolving microneedle patches for dermal vaccination

1. INTRODUCTION

Vaccination is one of the most successful medical interventions in history, reducing mortality
and morbidity for several infectious diseases to almost zero in areas where vaccines are
being used [1,2]. Most vaccines are administered intramuscularly or subcutaneously (Figure
1) by injection that may cause pain and discomfort and avoidance by people with needle-
phobia [4-7]. Furthermore, the hypodermic needles used to administer the vaccine by these
routes generates hazardous waste and can lead to needle stick-injuries and needle re-use.
The latter can spread infectious diseases such as Hepatitis B and AIDS particularly in the
developing countries [8]. Furthermore, the use of innovative vaccine delivery systems could
offer several other advantages such as antigen thermostability, fewer booster
immunizations and, as a consequence, increase of the vaccination adherence and a reduced
burden on healthcare personnel. These latter advantages would especially be beneficial in
mass vaccination campaigns, such as in case of outbreaks, when feasible and fast
immunizations schemes are necessary [4].

Intramuscular
Subcutaneous

Intradermal
T 1\ Microneedle patch

Stratum corneum __
15-20 pm — B

Viable epidermis - Langerhans cell
130-180 pm
- Nerve
Dermis
i Dendritic cell

. + Blood vessels
= + Lymph vesse|

Subcut
. muﬁ::::us Sweat gland
Hair follicle/
sebaceous gland
Muscle layer

Figure 1. Schematic representation of microneedle insertion and conventional (intramuscular,
subcutaneous and intradermal) injections onto the human skin are shown. Microneedles penetrate
the stratum corneum reaching the viable epidermis. The hypodermic needles puncture the skin
during insertion into the subcutaneous or muscle tissues. Adapted from [3].

Since the skin is a very immune-competent organ and easily accessible, dermal vaccine
delivery is an attractive alternative. The viable epidermis and dermis contain many antigen
presenting cells (APCs) such as Langerhans cells (LCs) and dermal dendritic cells (dDCs)
(Figure 1) [9,10]. These APCs capture antigens and subsequently migrate to the draining

11
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lymph nodes to present the antigen to the T-cells to activate Ag-specific T-cells and B-cells
for systemic immune response. Besides LCs and dDCs, epidermal keratinocytes are also
involved in the immune response by producing cytokines and chemokines (e.g. TNF-a and IL-
1B) to enhance maturation of APCs and migration to the lymph nodes [11].

Although the skin surface is easily accessible, the skin (Figure 1) is designed to protect the
human body against entry of foreign organisms or toxic substances [3,12]. Therefore, the
top-layer of the skin, the stratum corneum (in humans 15-20 um thick), forms a significant
physical barrier for vaccine delivery. Consequently, the delivery of high-molecular weight
(>500 Da) compounds such as antigens require methods enabling their penetration into the
skin [13]. Several methods such as powder and fluid jet injection, thermal microporation,
sonoporation, transfollicular delivery and microneedles [9] have been proposed to deliver
antigens into the skin. Recently, microneedles (MNs) have gained great attention for dermal
vaccination. MNs are needle-like microstructures, up to 1 mm in length [3], typically
assembled in variable numbers on a patch. They pierce the stratum corneum and underlying
tissue to deliver the antigen into the epidermis or dermis while they are short enough not to
reach pain receptors and thus pain sensation can be avoided [7]. Furthermore, the
immunization with MNs may not require the healthcare personnel [5,6,11] and does not
generate sharp needle wastage after immunization.

The first microneedles were conceptualized for drug delivery in 1976 [14] but only during the
last 20 years microneedles have been actively developed. MNs can be classified in the
following groups: hollow, coated, porous, hydrogel-forming, dissolving microneedles (dMNs)
and MNs for pretreatment [15—-18]. dMNs consist of fast-dissolving materials (e.g. polymers
or sugars) as a matrix material and the drug/antigen is mixed in the matrix. After insertion
into the skin, they dissolve releasing simultaneously the active pharmaceutical ingredient
[3,6,15,16,19].

The scope of this review is to evaluate the use of dMNs as vaccine delivery systems to
overcome the limitations of traditional subcutaneous (s.c.), intramuscular (i.m.) or
intradermal (i.d.) injections. Preparation methods for dMNs, their characterization and
immunological properties will be described underlining the potential and novelty of this new
micro-technology.

2. MATERIALS AND MANUFACTURING METHODS
2.1. Materials

Matrix material should possess the following characteristics: biocompatible, biodegradable,
low toxicity, strength/toughness and cheap [17,20]. Many materials have been used to
produce dMNs (Table 1). Head to head comparisons of the materials used for dMN
production have not been reported as far as we know. The selection of the matrix material
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may be based on practical considerations rather than rational design. Apart from safety,
factors to consider include obtaining MNs capable to pierce the skin, compatibility with the
active compound, compatibility with the manufacturing procedure (acceptable viscosity
before drying or spraying and reasonable solidification time) and a potential to scale-up of
dMN patches for mass production [16]. The most frequently used matrix materials are
sodium hyaluronate, that is naturally present in the skin, and sodium carboxymethylcellulose
[21-23,31-33]. Both are approved as inactive materials by FDA for parenteral drug products.
Other materials include poly(vinylalcohol) (PVA) [42], poly(vinylpyrrolidone) (PVP) [43],
methylvinylether-co-maleic anhydride (PMVE/MA) (Gantrez AN-139°) [44,45] and low
molecular weight sugars like maltose [46,47] and trehalose [48]. dMNs have also been
prepared from biodegradable polymers such as polylactic-co-glycolic acid (PLGA) [46],
polylactic acid (PLA) [49] and polyglycolic acid (PGA) [50]. However, due to their slow
dissolution rate in skin and a preparation method using high temperatures [34] and organic
solvents, these polymers are less suitable as matrix material. The back-plate of the dMN
patch can be made by using the same [51] or different materials [30,42] as the needles.
Furthermore, the back-plate can be reinforced or the ease of handling can be increased by
applying an adhesive tape [38,42,52—-54]. Besides matrix material, other excipients might be
included [30, 32, 33] to improve the antigen stability or mechanical strength of the dMNs
(Table 1).

Table 1. Overview of matrix materials and antigens used for dMN vaccination studies. Back-plate
materials are not listed in this table.

dMN composition Antigen (Ag) Adjuvant (Adj) Ref.
sodium hyaluronate OVA [21]
sodium hyaluronate adeno virus [21]
sodium hyaluronate,
TT/DT [22]
dextran 70 and polyvidone
sodium hyaluronate TT/DT [23]
SE36 recombinant
sodium hyaluronate molecule [23]
(malaria vaccine)
sodium hyaluronate trivalent influenza [23]
sodium hyaluronate EV71 virus-like particles [24]
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dMN composition Antigen (Ag) Adjuvant (Adj) Ref.
CpG OND
PVP OVA o [25]
co-encapsulation in
cationic liposome
VP whole |nact|\./ated 26]
influenza virus
. CpG ODN
plasmid vector VR2012
PVP encoding the middle — [27]
envelope proteins of HBV Co—e.nca.lps.u Sl e
cationic liposome
Gantrez® AN-139 OVA encapsulation in PLGA NPs [28]
Gantrez® AN-139 and
HIV-1 CN54gp140 MPLA [29]
polysorbate 80
sucrose and
threonine PV 130]
maltodextrin
SEreEE, live-attenuated measles 31]
threonine and CMC vaccine
monovalent subunit
influenza vaccine
Na-CMC and trehalose [32]
trivalent subunit influenza
vaccine
adenovirus expressing
Na-CMC, s
[33]
sucrose and lactose adenovirus expressing HIV-
1 CN54 gag
PAA OVA poly(I:C) loaded NPs [34]
silk depot loading OVA
PAA OVA [35]
poly(l:C)
sodium chondroitin sulfate OVA [36]
chitosan OVA [37]
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dMN composition Antigen (Ag) Adjuvant (Adj) Ref.

inactivated split trivalent

trehalose and PVA ) ) [38]
influenza vaccine

dextran 70 and sorbitol trivalent subu.nlt influenza [39]

vaccine

fish gelatin and sucrose Sybumt monov.alent [40]
influenza vaccines
DN i i

PVA and sucrose AR Sl [41]

rabies G protein

CpG OD, CpG oligodeoxynucleotides; DT, diphtheria toxoid; EV71, Enterovirus 71; Gantrez® AN-139, copolymer
of methylvinylether-co-maleic anhydride (PMVE/MA); HIV, human immunodeficiency virus; HBV, hepatitis B
virus; IPV, inactivated polio vaccine; MPLA, monophosphoryl lipid A; NPs, nanoparticles; Na-CMC, Sodium
carboxymethylcellulose; OVA, ovalbumin; PAA, poly(acrylic acid); PLGA, poly-D,L-lactide-co-glycolide; poly(l:C),
polyinosinic-polycytidylic acid; PVA, poly(vinylalcohol); PVP, poly(vinylpyrrolidone); TT, tetanus toxoid.

Antigens that have been used include almost all vaccine types, ranging from peptides and
proteins [21-23] to DNA vectors encoding antigenic proteins [27,33,41] and attenuated or
inactivated viruses [26,30,31]. Antigens are generally dispersed directly in the dMN matrix
[21-23,31,32] but they can also be encapsulated in nanoparticles or in a cross-linked
structure [25,28,35] to potentiate or alter the immune response [25,34,35]. Furthermore,
adjuvant can be incorporated in the dMNs [55].

2.2. Manufacturing methods

2.2.1. Micromolding

The most common fabrication method of dMNs is micromolding in which dMNs are
prepared using a polydimethylsiloxane (PDMS) mold (Figure 2). First, the PDMS mold is
typically produced from a silicon or metallic master mold [17] that is obtained by using
techniques such as etching [56], lithography [57], thermal drawing [58] and laser
micromachining [59,60]. PDMS is a hydrophobic flexible material, which can very accurately
reproduce the master structure as a negative template [17]. The mold can be re-used for
dMN fabrications after appropriate cleaning. The first step in preparing dMNs using the
PDMS mold is the addition of the polymer/antigen mixture in the mold. This is typically done
manually at the research setting but the mold can also be filled by using an atomized spray
[48]. After filling of the mold, vacuum and/or centrifugation steps are performed to fill the
PDMS microcavities with the polymer/antigen mixture [61]. Finally, the solution in the mold
is dried at slightly elevated temperature [62,63]. The drying step can be replaced by
photopolymerization if photocrosslinkable material is used [60].
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MICROMOLDING
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Figure 2. dMN Manufacturing Methods. See main text for details. Adapted from [66—-69]. DAB,
droplet-born air blowing; DEPA, dMN on an electrospun pillar array.

The micromolding can be a straightforward technique in the laboratory because it requires
little additional equipment. Furthermore, the absence of harsh conditions (e.g. high
temperature or organic solvents) is an advantage when working with sensitive antigens [64].
However, it might not be suitable for industrial scale-up or continuous manufacturing if
steps such as manual removal of air bubbles from the microcavities after vacuum or
centrifugation are needed or if the production method will result in too much vaccine
wastage (see Antigen Wastage section).

2.2.2. Lithography

Drawing lithography

This technique is based on extensional (stretching) deformation of polymeric material from a
2-dimensional to a 3-dimensional structure. Melted polymer is dispensed on a fixed plate
and elongated by drawing pillars in the upper-moving plate (Figure 2) [65,66]. The polymer
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viscosity is progressively increased by cooling until the glass transition temperature of the
polymer is reached. Finally, further cooling induces a solid polymer providing the suitable
dMN strength for the skin piercing [19,66]. The advantage of this fast fabrication method is
the minimal polymer wastage due to the dispensed drops on the plate. However, only a
limited number of polymers have suitable glass transition temperatures for this method [65].
More importantly, this technique is not appropriate for thermolabile antigens because
melting and transition temperatures are high during the manufacturing (e.g. for maltose
>95°C [66]).

Soft lithography

In soft lithography dMNs are fabricated by first pairing a polymer film with the mold with
microcavities and passing them through a heated nip. Next, the filled mold is placed on a
flexible, water-soluble substrate and passed through the heated nip. After separation of the
mold, a dMN patch on the substrate remains (Figure 2). Instead of heated nip, photocuring
can be also used [67]. Similarly to drawing lithography, this manufacturing method claims
excellent scalability, low cost and short preparation time. However, the high temperature
used for the fabrication can be still critical while using a thermolabile antigen mixed with the
matrix.

2.2.3. Droplet-born air blowing and dMN on an electrospun pillar array

In droplet-born air blowing (DAB), a droplet of polymer solution without drug and another
droplet of drug solution are dispensed together on two plates. The upper plate is moved
downwards so that the droplets are touching and thereafter plates are withdrawn to a
distance corresponding to the two dMN lengths of the lower and upper plate (Figure 2). The
polymer solutions are dried with air flow producing a dMN patch on each plate (Figure 2)
[68]. The advantages include low temperature (4 - 25° C) and fast (< 10 min) fabrication
and minimal drug and polymer wastage.

A variant of DAB is dMN on an electrospun pillar array (DEPA). The flat plate is replaced here
by a pillar array covered by a fibrous sheet. Then, polymer formulation droplets are
dispensed on the pillar array and placed in contact with a PDMS slab to pull and elongate the
droplets obtaining microneedles (Figure 2). Finally, elongated droplets are dried by air flow.

2.3. General challenges of dMN preparation

2.3.1. Antigen wastage

Dermal vaccination is attractive especially for the antigen dose sparing to evoke an immune
response. However, the optimization of the manufacturing methods is crucial to reduce

antigen wastage. During micromolding part of the antigen is lost in the PDMS mold due to
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low volume filling of the microcavities relative to the system volume needed [70]. It is often
mentioned that excess of solution from the mold can be collected in order to recycle
[35,51,63]. However, the saved antigen amount is often not reported in the literature and
more importantly the quality of the recovered antigen may be difficult to guarantee
hampering reuse of the vaccine formulation.

One possibility to reduce the antigen loss during the micromolding is to use polymer/antigen
solution only for the dMNs and to produce a backplate only from the matrix material or even
from other material. The backplate material should possess higher viscosity than that of the
needles to reduce the diffusion of the antigen from the dMNs during preparation and drying
[51]. In stability studies presence of antigen in the needles and its absence in the backplate
should be monitored to demonstrate lack of diffusion of antigen to the backplate during
storage [62]. However, in literature this aspect is generally not addressed. In fabrication
methods like drawing lithography, DAB and DEPA, the antigen is dispensed in drops, thus the
antigen wastage can be potentially reduced drastically. However, it is not reported if antigen
can be lost in the dispensing instrument.

2.3.2. Antigen and adjuvant loading

Besides reproducible loading [61] and dose homogeneity, dMNs should contain a sufficient
high antigen and adjuvant dose, which can be challenging due to very low volumes of dMN
tips. This can be particularly challenging in the case of antigens encapsulated in
nanoparticles, an approach to improve immunogenicity of dermally delivered subunit
antigens [28]. Another aspect to consider is the delivery efficiency, i.e. the relation between
the antigen amount incorporated into the dMNs and the antigen dose actually delivered into
the skin. Unfortunately, these aspects are often not described in detail in the literature,
although systems have been and are in development to maximize delivery (see next section).
This makes comparison of different concepts difficult if not impossible. An additional issue is
the physico-chemical properties of the adjuvant, that determines whether the adjuvant can
be mixed properly with the matrix material.

2.3.3. Fabrication aimed to improve delivery efficiency

In order to facilitate the delivery of the entire intended antigen dose into the skin, some
modified fabrications have been developed. These include micromolding of arrowhead
dMNs mounted on mechanically strong shafts [37,63] or dMNs presenting an elongated base
increasing the needle length [51]. Drawing lithography has been modified by dispensing
melted polymer on a fixed plate presenting pedestals [71]. DEPA presents patch pillars to
improve the delivery efficiency. After patch application into the skin, dMNs separate from
the pillars due to a tensile breaking force of the fibrous sheet between the pillar and the
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dMN (Figure 2). This allows a proper implantation of the dMNs into the skin and removal of
the remaining back plate without the need to wait dMN dissolution [69].

2.3.4. Antigen degradation

Other critical steps during the dMN preparation are related to the high temperature reached
in some manufacturing methods. The micromolding usually is done at mild temperatures.
However, when using methods such as drawing and soft lithography, temperatures around
100°C may be required. Such a temperature can be critical when using thermolabile antigens
mixed to the matrix. Alternatively, photocurable polymers like acrylate-based polymers [72]
and poly (ethylene glycol) diacrylate (PEGDA) [73—-75] may be used. However, radiation
should not damage proteins or DNA of vaccines. In all methods, a drying step is included
which can be detrimental for protein antigens even at moderate temperatures [76].

2.3.5. Sterility

Because dMNs deliver antigen into the viable skin, they should be sterile and have low
endotoxin content [77]. Since the final product is dry, a sterile filtration step, if at all
possible, should be done on final fluid bulk, implying that the actual patch manufacturing
should be performed under aseptic conditions [77]. Alternatively, sterilization of patches by
gamma irradiation may be considered, although this can damage the antigen [77] and may
be difficult to validate. Based on FDA guidelines for medical devices in direct contact with
lymphatic tissue, the endotoxin content in dMNs should be <20EU/device [78].
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3. CHARACTERIZATION OF DISSOLVING MICRONEEDLES

A number of unique parameters must be determined to assess dMN quality (Table 2). Since
there are no licensed products on the market, no MN monographs exist in pharmacopoeias
[79]. Below, aspects that may be of importance are discussed.

Table 2. dMN characterization methods

Characteristic Characterization method
Appearance Microscopy techniques
Antigen distribution in MNs Confocal microscopy

Thermogravimetric analyser

Water content Karl Fischer

Moisture balance

Immunogenicity
Antigenicity: ELISA, SRID, virus titration
Antigen stability Physico-chemical characterization: intrinsic
fluorescence, CD, SDS-PAGE
Aggregation: HP-SEC, NTA, MFI, AF4, TEM, DLS

Mechanical strength Displacement-force test station

Skin piercing efficiency Skin staining and histological sections

. . Dissolution of MNs in vitro
Dissolution of MNs X . o .
Change in MN tip length after skin insertion

Microscope analysis of skin sections or confocal
Antigen localization into the skin microscopy analysis of intact skin
Analysis of histological skin sections

Quantification of antigen concentration after in vitro
dissolution of dMNs by suitable methods (e.g. UV-vis,
Antigen quantification fluorescence or ELISA)
Quantification of antigen delivered into the skin by
e.g. radioactivity or infrared imaging

. Forced (elevated humidity and temperature) and real
Stability after storage . - )
time stability testing

AF4, asymmetrical flow field—flow fractionation; CD, circular dichroism; DLS, dynamic light scattering; ELISA,
enzyme-linked immunosorbent assay; HP-SEC, size exclusion chromatography; MFI , micro-flow imaging; NTA,
nanoparticle tracking analysis; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SRID,
single radial immunodiffusion assay; TEM, transmission electron microscopy; UV-Vis, ultraviolet—visible
spectroscopy.
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3.1. Appearance

Shape and sharpness of MNs are typically investigated by microscopic techniques such as
light and scanning electron microscopy [80-84]. During product development, microscopy
can be used also to analyze the distribution of fluorescent-labelled antigen in the MNs [61].

3.2. Water content

dMNs are dry formulations and it is important to measure their water content by using
methods such as Karl Fisher titration (a coulorimetric or volumetric titration to determine
trace amounts of water in the sample), thermogravimetric analysis or moisture balance [85].
The water content can influence mechanical properties, protein stability and dissolution
kinetics [81]. The generally recommended water content for freeze-dried vaccines is less
than 3% (w/w) [79], that could be also taken as guideline for dMNs.

3.3. Antigen stability

Stability of the antigen should be assessed both after the manufacturing of dMNs [86] as
well as after the storage [22,24,31,38,39]. The type of stability indicating assays depends on
the antigen as well as the type of immunity that should be induced (e.g. for antibody
responses the tertiary structure of protein is important). Protein conformation can be
assessed by spectroscopic techniques such as circular dichroism [80] and fluorescence
spectroscopy [61]. Protein backbone integrity can be analyzed also by SDS-PAGE [25].
However, this method is not suitable to examine the protein unfolding, indicating the loss of
B-cell epitopes. The obvious way to analyse B-cell epitopes is by measuring antigenicity with
immunoassays such as ELISA. In case of incorporation of DNA in dMNs, agarose gel
electrophoresis and in vitro transfection can be performed to measure the DNA supercoiling
and efficacy respectively [41].

The aggregation of protein antigens or particulate vaccines can be investigated by several
methods such as size exclusion chromatography (HP-SEC) [61], asymmetrical flow field—flow
fractionation (AF4) [61], micro-flow imaging (MFI) [61], transmission electron microscopy
(TEM) [24], dynamic light scattering (DLS) [24] and nanoparticle tracking analysis (NTA). For
live attenuated or vector vaccines the viability of virus or bacterium may be sufficient
because the antigen will replicate after immunization and so the vaccine potency can be
determined by measuring the titer of live antigen [31]. Finally, immunogenicity studies are
crucial to determine vaccine potency [26]. A limiting factor for characterization and quality
control may be the small sample sizes and matrix effects due to high concentrations of
matrix component after dissolution of the dMNs.
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So far, a few studies have systematically analyzed vaccine stability in dMNs. Mistilis et al.
showed that the buffer composition and preparation conditions (e.g. drying temperature)
must be carefully selected to retain the vaccine stability of subunit influenza vaccine [85].
ELISA analysis of hemagglutinin activity showed that ammonium acetate buffer (pH 7.0) and
HEPES retained the antigenicity much better in solution and dry state than when using
phosphate-buffers. In addition, surfactants destabilized the antigen especially in liquid
formulation prior to dMN fabrication and they may cause crystallization of the MN matrix
damaging the antigen [85]. Antigen encapsulation plays also a role in the antigen
stabilization. Similar antigen-specific CD8+ proliferative responses for OVA-PLGA NPs in
dMNs before and after 10 weeks storage at ambient conditions were obtained [28]. In
contrast, groups immunized with 10 weeks stored monomeric OVA in dMNs showed a
decrease in T-cell response in comparison with the group immunized with non-stored one
[28].

3.4. dMN mechanical strength and skin penetration

The mechanical properties of MNs (e.g. strength or facture force) should be analyzed to
determine whether dMNs are strong enough and do not fracture during skin penetration
[87], unless it is intended so. Measurements of dMN displacement-force can be performed
by using a displacement-force test station to compare different matrix materials or
geometry [80,83] or the effect of storage conditions [24]. Subsequent skin penetration
studies are typically analyzed on ex vivo human [61] or porcine skin [88]. However, it is also
important to consider the in vitro-in vivo correlation of the subcutaneous layers as these
layers can also affect microneedle performance. For this purpose, artificial gel-layers can be
used to resemble the in vivo situation more closely [89]. After MN application and removal
from the skin, the skin is stained with dye (e.g. trypan blue). Additionally, stratum corneum
can be stripped and the number of penetrating tips per patch can be determined. The
penetration of single MN through the skin layers can be examined in a detailed way by
analysing histological cross-sections of skin, although this is a more laborious approach
[37,51,80] and not suitable for routine analysis. The depth of deposition of fluorescently-
labelled antigen in the skin can be investigated by confocal microscopy [61] or fluorescence
microscopy by using skin cryo-sections [24].

3.5. dMN dissolution

The analysis of the dissolution process of MNs is crucial for reproducible antigen disposition
in the skin. The dMN dissolution time can be investigated in vitro by immersing MNs in
buffer (e.g. PBS) [82]. This allows the assessment of the quantity and quality of the dissolved
antigen. When focusing on dissolution in the skin, the optimal application time of dMN in
the skin can be determined by analyzing MN length after the pre-determined application
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periods [24,80,81]. The dMN dissolution in ex vivo skin typically resembles the in vivo use of
MNs. However, it is important to analyze the dissolution also in preclinical studies and in the
early clinical development because temperature and humidity conditions may be difficult to
mimic in ex vivo conditions. Careful preclinical evaluation does not take away the need to
study microneedle dissolution in a clinical setting. The contribution of physiological and
mechanical properties of the skin at the application site (e.g. thickness, elasticity, etc) to the
dMN dissolution rate and antigen delivery may be substantial and should be investigated in
the future. Besides reproducible in vivo dissolution the actual dose delivered should be
determined. Actual dose delivered can be substantially lower than the theoretical maximal
dose since the base of the microneedle has a tendency not to dissolve completely. This is an
economical risk. In that respect arrow-shaped microneedles having a smaller base, could
have advantages above cone-shaped needles.

3.6. Quantification of antigen/adjuvant dose
3.6.1. In vitro analysis

The quantification of antigen dose in dMNs is often very challenging and it can be done in
vitro by cutting the dMNs from the baseplate and dissolving them [81] or embedding the
dMN patch in parafilm and allow MN tips to dissolve in PBS [90]. Then, the antigen
guantification can be performed for example by fluorescence [81,90], UV-vis analysis [90] or
ELISA. The antigen amount in the dMNs can be also determined by dissolving the entire
patch (MNs and back-plate) and calculate the volume of the needles based on the needle
dimensions. In this case, a prior analysis should demonstrate homogeneous antigen
distribution in the entire patch. However, these in vitro techniques are difficult to validate.
Furthermore, when using an adjuvant, this should also be quantified to confirm its dose,
similarly to antigen.

3.6.2. Ex vivo and in vivo analysis

The antigen dose delivered into the skin and the reproducibility of the antigen delivery can
be determined in ex vivo or in vivo studies [63], either indirectly by measuring the remaining
antigen in the dissolved MNs or directly by measuring the antigen in the skin. Direct
quantification can be performed by using either radioactivity [91] or infrared imaging.
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4. IMMUNOGENICITY OF ANTIGENS ADMINISTERED BY dMNs: PRECLINICAL STUDIES

The first successful vaccination with dissolving microneedles was reported in 2010 [55].
Table 3 gives a summary of the reported immunization studies. Depending on the antigen, a
humoral and/or cellular response is important for a therapeutic effect.

Table 3. Immunization studies with dMNs.

Immunization

Immune
Antigen/ Adjuvant Animal site and Immunization
L. response dMNs result vs other groups Ref.
(dose) model application scheme
analyzed
method
Back skin
C578BI/6 and ) .
X 4 times 1gG levels equal or superior to
OVA1lpug Wistar ST Ab response i [21]
¢ Handheld every 2 weeks s.c. ori.d. group
rats
applicator
Dorsal skin
. 2 times every 1gG levels comparable to i.d.
OVA 10 pg, 100 pg BALB/c mice Ab response [36]
Manual 2 weeks group
application
1gG levels comparable to the i.m.
and i.d. groups at day 63
Dorsal ear skin o .
OVA 15 pg . CD8* T-cells similar to i.d. groups
2 times every Ab and T-cell . .
50 ng poly(l:C) C578Bl/6 . and higher than i.m. after [34]
. No applicator 35 days response
in PLGA NPs . booster dose
mentioned
Central memory CD8* T-cells
higher than i.d. and i.m. groups
Single
. . g . Both CD8* and IgG response
Dorsal ear skin vaccination ) L
higher than with i.d. injection
OVA9 pg for dMNs Ab and T-cell
C578l/6 ) [35]
poly(I:C) 150 ng No applicator Boost on day response
) . Central memory CD8* T-cells
mentioned 28 fori.d. X )
. higher than i.d. group
injection
Back skin
Sprague Single
OVA 1mg Dawley (SD) ) 8 ) Ab response 1gG levels higher than i.m. group  [37]
Homemade vaccination
rats .
applicator
OVA2 g Abdomen skin
CpG OND 10 2 vaccinations
i ug' BALB/c mice Ab response 1gG levels higher than i.m. group  [25]
co-encapsulated in Homemade after 3 weeks
cationic liposome applicator
In dMN group:
CD8+ T-cell response with central
and effector memory profiles.
Dorsal ears
skin . T-cell
PLGA NP-encapsulated Single Growth of melanoma tumor
C57Bl/6 s response and R [28]
OVA 10 pg vaccination through the Th1 IFN-y mediated
Manual challange
. R response suppressed
insertion

Protection against respiratory
challenge with OVA-expressing
virus
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Immunization

Immune
Antigen/ Adjuvant Animal site and Immunization
L. response dMNs result vs other groups Ref.
(dose) model application scheme
analyzed
method
OVA 7.6 ug / Quil-A 0.2 1gG levels (lower dose than i.m.)
Ventral ear ) .
ug i higher after 102 days than i.m.
skin
2 patches per mouse Single rou
2o B - ) C57Bl/6 i H i Ab response g - [55]
OVA 0.4 pg / Quil-A 0.01 Sorin vaccination 1gG levels (lower dose than i.m.)
ug p. B comparable after 102 days than
applicator .
(1 patch per mouse) i.m. group
Split virus influenza
vaccine
0.06 pg (1 patch per Ventral ear
mouse skin
) Single 1gG levels (lower dose than i.m.)
C578Bl/6 o Ab response . [55]
L . vaccination lower than i.m. group
Split virus influenza Spring
vaccine applicator
0.12 pg (2 patch per
mouse)
18G levels slightly lower (after 14
days) and then similar (after 28
Dorsal skin days) than i.m. group
Inactivated Influenza X Single Ab and T-cell
i BALB/c mice o - X [26]
virus 6 ug Manually vaccination response HAI similar to i.m. group
inserted
Cellular response similar to the
i.m. route
Inactivated split TIV Anti-HA 1gG response higher
0.375 ug HA € than i.m. group
ar
Single Anti-HA 1gG comparable but
. . BALB/c mice X € K Ab response more durable than i.m group [38]
Inactivated split TIV 3 pg Manual vaccination
HA application . .
HI titers comparable to i.m.
group
HI and IgG titers higher than i.m.
Influenza vaccine HIN1 group
0.1 pgand .
i 2 times after . N
1pg HA BALB/c mice Not reported 4 K Ab response Microneutralization titers lower  [32]
weeks
than i.m. group
HI titers after the boost lower
TIV 0.1 pg HA A
than i.m. group
Cell culture-derived .
. ) Dorsal skin
influenza subunit . .
. . Hartley 2 times after 1gG and HI titers comparable to
trivalent vaccine . X . Ab response . [39]
guinea pigs Spring-based 3 weeks i.m. group
3x2.5 ug HA and 8
applicator
3x10.8 ug HA
HAI, 1gG and VNT higher than
HIN1 3 pg of HA i
i.m. group
Dorsal skin - - -
Sl HAI titers higher than i.m. group
ingle
H3N2 3 pg of HA BALB/c mice ) H ) Ab response VNT and IgG titers similar to i.m.  [40]
Manually vaccination
X group
inserted
HAI, IgG and VNT higher than
B 3 pg of HA i
i.m. group
Dorsal surface SIINFEKL- specific CD8+ T-cells
Ad type 5 - OVA vector L .
(4.3 x 10°VP) of the foot, ear indistinguishable with i.d., s.c.
’ C578BI/6 and or back skin Single T-cell and i.m. groups 33]
Adt 5—HIvV, B6 vaccination response
vpe /o2 P CD8+ T-cell frequencies
vector Manual ble with i.d
comparable with i.d. grou
(4.3 x 108 VP) application P group
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Immunization

Immune
Antigen/ Adjuvant Animal site and Immunization
L. response dMNs result vs other groups Ref.
(dose) model application scheme
analyzed
method
Back skin
. 3 times after .
Ad (7.7 x 10° VP) Hairless rats Ab response 1gG titers equal to s.c. group [21]
Handheld 2 weeks
Applicator
1gG and VNT comparable to
i.m.(10 pg) and higher than s.c.
(10 pg) after the third
Dorsal skin . Ab, T-cell vaccination
. 3 times after
EV71VLP 1 pg BALB/c mice ) K response and [24]
weeks
Applicator challenge 100 % survival after challenge
Stronger T-cell response than
i.m. and s.c. (both 10 pg)
IPV type 1 No difference in IgG responses
(47 D-antigen units) with i.m. group
IPV type 2 No difference in IgG responses
. . Upper back o
(9 D-antigen units) <Kin with i.m. group
]
Rhesus 2 times after 1gG lower than in the i.m. group.
Ab response o i [30]
Macaques p— 8 weeks This difference is due to a
IPV t}/pe 3 A insertion mls-tAake'ln the IPV type 3 '
(38 D-antigen units) quantification: the real dose in
the patch was 3x lower than 38
D-antigen units
. Both anti-TT and anti-DT IgG
Back skin )
X X . X . titers after dMNs stored
Divalent toxoid vaccine Wistar ST 5 times after . )
Ab response vaccination comparable with [22]
(TT 20 pg and DT 10 pg) rats Handheld 2 weeks )
) those induced by freshly
applicator
prepared dMNs
Upper back
i skin . . R
Measles Vaccine Rhesus Single VNT titers equivalent to that of
L Ab response [31]
(3100 TCID50) Macaques vaccination s.C. group
Manual
application
Vector encoding the
middle envelope
teins of HBV
proteins o Abdominal
10 ug .
skin .
. 2 times after X
BALB/c mice Ab response 1gG comparable to i.m. group [27]
CpG ODN 10 pg 3 weeks
Manual
application
Encapsulation (with or PP
without Adj) in cationic
liposomes
VNT titers comparable (42 days
. . Inner ear . .
DNA plasmid expressing X after the prime) and higher (56
inna
rabies G protein 50 pug P 2 times after days after the prime) than i.m.
Beagle dogs q K Ab response [41]
weeks

DNA plasmid expressing
rabies G protein 5 pug

Application by
thumb

group

VNT titers lower than i.m. group
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Immunization

Immune
Antigen/ Adjuvant Animal site and Immunization
L. response dMNs result vs other groups Ref.
(dose) model application scheme
analyzed
method
Ear
HIV-1 CN54gp140 10 pg .
4 times after .
BalB/c L Ab response 1gG titers lower than s.c. group [29]
Application by 2 weeks
MPLA (20 pg)
thumb

Ad, adenovirus; B, Brisbane; CpG ODN, CpG oligodeoxynucleotides; DT, diphtheria toxoid; EV71, Enterovirus 71; HA, hemagglutinin; HBV,
hepatitis B virus; HIV, human immunodeficiency virus; HN, hemagglutinin and neuraminidase; IPV, inactivated polio vaccine; MPLA,
monophosphoryl lipid A; NPs, nanoparticles; OVA, ovalbumin, PLGA, poly-D,L-lactide-co-glycolide; poly(I:C), polyinosinic-polycytidylic acid;
TIV, trivalent influenza vaccine; TT, tetanus toxoid; VLP, virus like particles; VNT, virus neutralization test; VP, virus particles.

4.1. Animal models and application method

Mice are the most frequently used animal model, particularly BalB/c [23,25-
27,29,32,36,38,40] or C57BL/6 [21,28,33-35,55] strains. Transgenic T-cell receptor mouse
models (e.g. OT-l mouse for examining CD8+ T-cell response) can be also used as
immunological model [92-94]. However, animal models with skin anatomy that mimics more
closely human skin may be more relevant, for example guinea pigs for influenza [39], beagle
dogs for rabies vaccination [41] and rhesus macaques for measles and polio vaccination
[30,31].

The dMN patch can be applied either manually, particularly if MN length is over 500 um,
[26-31,33,36,38,40,41] or by using an applicator [21,22,25,37,39,55]. The advantages of the
manual application are simple administration and reduced costs [30]. However, efficient skin
piercing after manual application might be limited to longer MNs (>550 um) while shorter
MNs (300 um) might require an applicator [95,96]. Besides the penetration efficiency, an
applicator improves the reproducibility of the piercing, that is expected to lead to a more
reproducible delivery of the vaccine [97].

4.2. Humoral immune response
4.2.1. OVA

The model antigen ovalbumin (OVA) is most commonly used in dMN immunization studies
due to its relatively low cost and excellent stability [98] and the strong immunogenicity in
mice. However, these beneficial characteristics mean that the results obtained with OVA
may obscure formulation problems with more relevant vaccine antigens. Several studies
with OVA-containing dMNs have shown that 1gG responses are either equal or superior to
the ones obtained by s.c., i.m. or traditional i.d. injection of the same dose
[21,25,28,34,36,37,55]. Furthermore, non adjuvanted OVA dMNs (10 pg) showed a higher
response than topical application of cholera toxin-adjuvanted OVA (100 ug) on intact skin
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[36]. This indicates the importance of a direct delivery of the entire antigen dose into the
skin to induce an immune response.

In another study, OVA loaded chitosan dMNs elicited higher IgG response than i.m. injection
of OVA solution after single immunization in rats. This can be explained by a gradual
degradation of chitosan microneedles creating a depot effect in the skin [37]. The OVA
containing chitosan microneedles were mounted on a PLA support. After application, the
chitosan microneedle tips were released from the support, forming a depot in the skin. Even
two weeks after the dMN application, chitosan and OVA were still present in rat skin.
Similarly, single immunization with cross-linked silk/poly(acrylic acid) (PAA) dMNs evoked
higher 1gG response than the i.d. injection of OVA [35]. However, in this case sustained
release from the cross-linked silk in the PAA dMNs (100% within 12 days) did not improve
the response compared to fast release from PAA dMNs (100% within 6 days) [35]. Similarly,
single immunization with Quil-A adjuvanted OVA dMNs resulted in stronger long-lasting IgG
response than Quil-A adjuvanted OVA after i.m immunization [55]. Twenty-eight days after a
single immunization, dMNs (dose 7.6 ug) had similar 1gG response to i.m injection (15 ug)
despite the lower dose. At day 102, the IgG response of dMNs (7.6 ug) was higher than that
of i.m (15 ug), and even more interestingly low-dose dMNs (0.4 pg) had similar response to
i.m. immunization (15 pg) [55]. However, it must be noted that dMN patches were applied at
two sites (both ears) while i.m injection was performed only at one site. Draining to two
lymph nodes may have an effect on the magnitude of the response. Also, the ear is a very
sensitive location for dermal vaccination probably for the short distance to one major
draining lymph node [99].

The use of dMNs have been shown to affect the Th1/Th2 balance. Single immunization with
cross-linked silk/PAA dMNs evoked strong IgG1 and IgG2c response while i.d. injection elicit
only IgG1 response, and thus dMN immunization shifted Th1/Th2 balance toward Th1 [35].
These results were supported by another study where hyaluronan-based OVA dMNs were
compared to s.c. and i.d. injections in mice [21]. In contrast, in rats no IgG2c response was
detected neither after dMN, s.c., or i.d. immunization in the same study [21]. Additionally, in
another study the shift in Th1/Th2 balance was not observed after dMN immunization in
mice [25]. As conclusion, dMN vaccination may affect the Th1/Th2 balance but further
studies are needed since the number of publications on this subject is limited.

4.2.2. Influenza

Immunization with influenza vaccine loaded dMNs resulted often in higher [38, 40] or
comparable [26] IgG response than i.m. administration. However, Kommareddy et al.
showed that dMNs evoked lower 1gG response than i.m. immunization after the boost,
although the response induced by dMNs was higher after the prime [32]. However, in other
studies contradicting results were found. Haemagglutination inhibition titers and antibodies
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and neutralizing antibody titers after the dMN immunization were similar [26] or superior
[40] to i.m. immunization. Stabilization of the antigen by addition of sucrose [40] may have
allowed to obtain a higher antibody titers than the previous work [26]. Furthermore, the
difference with the above mentioned study [32] could be explained by the use of a different
assay (ELISA assay) than the one routinely used to investigate the influenza vaccine quality
(single radial immunodiffusion (SRID) assay). Interestingly, the dry matrix of dMNs can
stabilize the antigen up to one year in comparison to liquid formulation [38]. In summary,
most studies show that influenza vaccination by dMNs can evoke comparable or even
superior responses than i.m. immunization.

4.2.3. Other antigens

Different types of antigen, such as vector, live attenuated and inactivated vaccines, have
been loaded in dMNs and evaluated in vivo. An example is the vaccination of rats with the
model antigen adenovirus (Ad) loaded dMNs: Ad-specific 1gG titers observed were
comparable to the s.c. group, while topical application showed no IgG response [21]. In a
study examining the dose-sparing effect, mice were immunized with dMNs loaded with
1/10th the dose of Enterovirus71 (EV71) — virus-like particles compared to immunization
with a full dose i.m. and s.c. injected vaccine. Antibody and neutralizing titers both revealed
comparable responses to i.m. and higher responses than s.c. after the three immunizations.
Furthermore, the dMN group, together with s.c. and i.m. groups, survived the lethal virus
challenge showing the protective effect of the dMNs [24]. Rhesus macaques were used as
animal model to examine the immune response after vaccination with inactivated polio
vaccine (IPV) [30] and live-attenuated measles vaccine [31]. In both cases, neutralizing
antibody titers after dMN immunization were comparable to that after s.c. (measles) and i.m.
(IPV) immunization.

In the case of dMNs loaded with DNA containing the rabies G-protein gene, comparable
neutralizing antibody titers with i.m. were detected after a booster. No evidence of the dose
sparing in dMNs was found since the antibody titers of 10-fold lower dose were clearly
weaker than those of full dose in dMNs [41]. The co-encapsulation of plasmid vector against
hepatitis B virus (HBV) and CpG in cationic liposomes in dMNs resulted in slightly higher 1gG
titers than free antigen and adjuvant in dMNs [27]. It should be considered that the
characteristics of liposomes changed after loading in dMNs (increase in size and decrease in
Z-potential). However, the immune responses were generally similar between dMN and i.m
immunization, and adjuvant and liposomes did not affect the 1gG1/IgG2a balance [27].
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4.3. Cellular immune response

De Muth et al. have reported two studies in which dMN immunization elicited high CD8+ T-
cell responses. Mice were immunized with dMNs made of fast-dissolving PAA containing
OVA mixed with PLGA microparticles (size 1.6 um) encapsulating poly(l:C) [34] or cross-
linked silk structure of OVA and poly(l:C) [35]. The latter results in a binary release profile: a
burst of OVA after dMN dissolution followed by a sustained OVA release from the cross-
linked silk structure. Both studies indicated that the CD8+ T-cells producing IFN-y and TNF-q,
upon peptide stimulation, are increased by dermal sustained release (>16 days) from dMNs
in comparison with i.m. injection of sustained release of poly(l:C) from PLGA microparticles
[34], or with i.d. injection of soluble OVA and poly(l:C) [35]. Furthermore, when comparing
the different dMNs, the sustained release of cross-linked silk/PAA microneedles additionally
increased the CD8+ response in comparison with fast release of PAA microneedles [35]. In
addition, a prime immunization with dMNs can produce a similar fraction of functional CD8+
T-cells as a prime and boost with i.d. injection [35]. Despite a larger effector CD8+ T-cell
response, dMN delivery also resulted in a more rapid transition to central memory CD8+ T-
cells than i.m. and i.d. injections, suggesting the additional expansion of CD8+ T-cells after
dMN delivery did not solely result in more terminally differentiated effector cells [34, 35].
However, sustained release from dMNs did not further improve the memory response [35].
A long-term memory immune response was reported also after vaccination by Na-CMC
dMNs loading recombinant adenovirus vector encoding HIV-1 gag. Vaccination by dMNs
generated CD8+ memory T-cells comparable with the intradermal injection [100]. Supporting
results have been found also with other MN technologies inducing a better long-term
memory response than s.c. [101] or i.d. [102] injections.

The PLGA NPs dMN concept may have potential for therapeutic cancer vaccination: dMN
immunization suppressed the growth of melanoma tumor, evoked in mice by injecting OVA-
tumor cells, through antigen-specific CD8+ T cells [28]. Furthermore, OVA-PLGA NPs dMN
immunization protected against respiratory viral challenge with a recombinant Sendai virus
expressing OVA [28]. The vaccine depot and particulate vaccines may induce a better T-cell
immune protection because the response correlates with antigen persistence [103], the
sustained antigen release [104] or particulate nature of vaccine. To elucidate the
immunological mechanism, it was shown that Langerhans cells are required for cytotoxic
CD8+ responses [28, 105]. Langerhans cells apparently efficiently process the OVA loaded in
the microparticles which leads to cross presentation by MHC class | molecules. To support
this explanation, the role of Langerhans cells was less significant for soluble OVA compared
to particulate OVA [105].

In another study with dMNs loaded with EV71 virus-like particles, vaccination by dMNs
loading 10 times lower antigen dose than i.m. and s.c. injections could promote stronger
EV71-specific T-cell response than the conventional injections [24].
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Viral vectors are able to induce strong T-cell responses after dMN immunization. dMNs with
human adenovirus expressing ovalbumin were compared to i.d, i.m. and s.c. injections. The
T-cell responses were similar in all groups [33]. Similarly, CD8+ T-cell responses were
comparable after mice were immunized with rAdHu5 vector encoding a HIV-1 Gag gene by
dMNs or i.d. injection [33].

4.4. dMN immunization: factors influencing the immunogenicity
4.4.1. Adjuvants

Several adjuvants have been used in dMNs and they are similar to those used for other
administration routes except aluminum based adjuvants and emulsions. Aluminium based
adjuvants may cause local adverse effects like granuloma formation and therefore is not
suitable for delivery to the skin [106]. Emulsions cannot be formulated in dry formulations
like dMN because water is a structural part of the formulation. Molecular immune
modulators, such as CpG [25,27], poly(I:C) [34], Quil-A [55], monophosphoryl lipid A (MPLA)
[29] and imiquimod [107] have been used in dMNs. In general, a significant increase in the
immune response is observed when an adjuvant is included in dMNs [25,27], although
sometimes the control group without the adjuvant is lacking. Unfortunately, the rationale of
selection a certain adjuvant and its dose has not often been addressed.

Delivery systems can be formulated into dMNs (see previous section). Similarly to other
administration routes, encapsulation of antigen (and adjuvant) in nanoparticles or liposomes
can enhance the immune response after delivery with dMNs [25,27,28] as described above
(Humoral Immune Response and Cellular Immune Response Sections). Adjuvants are often
needed with modern subunit vaccines but their use might be avoided with attenuated
viruses and viral vectors. Absence of adjuvant would also facilitate batch release since
adjuvant quantification is not needed and antigen quantity is often limited to a simple
plaque titration or colony count as opposed to an immunogenicity test in experimental
animals.

4.4.2. MNs spacing and MN geometry

Modelling studies have indicated that the MNs spacing may affect the immune response by
contributing to the optimal antigen concentration released into the skin to activate APC
located between the MNs [108]. However, this is not experimentally confirmed and factors
not accounted for in the model may contribute significantly to the immunogenicity.

The MN length may influence the population of APCs activated so that shorter MNs could
activate LCs in the epidermis and longer MNs could activate dDCs in the dermis [108]. In vivo
studies with 1 pg OVA showed that IgG response after vaccination by dMNs of 300 and 800
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pm in length is higher than using dMNs of 200 um in length [21]. On the other hand, the
variation of injection depth with hollow MNs did not affect the immune response [109]
However, while a controlled antigen dose was released at different skin depth by hollow
microneedles [109], not clear is the antigen dose released into the skin from the dMN of
different lengths [21]. This could explain the difference in the immune response.

Apart from MN length, needle density may be an important variable with respect to
immunogenicity. The needles cause minor damage and cell death, initiating a pathway acting
as “natural immune enhancer” mediated by the release of damage-associated molecular
patterns (DAMPs) [110]. In fact, the same antigen dose released by coated MNs elicited
higher response than a single i.d. injection [110].

5. CLINICAL DEVELOPMENT OF DISSOLVING MICRONEEDLES

dMNs are a relatively new vaccine delivery system with no licensed vaccines and few results
from clinical studies. Two phase 1 (safety) studies with microneedles without antigen have
been performed so far. In the first, hyaluronan microneedles (length 300, 500 and 800 um,
200 dMNs on a 0.8 cm? patch) have been applied on 17 subjects [53] Despite a successful
dMN penetration into the skin by using an applicator, the microneedles required 6 h of
application for nearly complete dissolution in all subjects, which may be too long for routine
immunization. In the second study, PVA microneedles (length 650 um, 100 dMNs on a 1 cm?
patch) have been applied on 15 subjects [111]. In this case, an average of 100% piercing
efficiency of MNs into the skin without any applicator use was reached. However, variance in
the microneedle volume dissolved, especially among subjects using self-administration,
underlined the importance of using an applicator to have a controlled force and an impact
during application. Few subjects [53] or all of them [111] showed a slight erythema after
dMN application that disappeared within 7 days. However, longer dMNs of 500 and 800 um
caused purpura, indicating capillary damage, in 50% of the volunteers but shorter 300 pum
dMNs did not induce any purpura [53]. No swelling at the application site [111] or systemic
adverse events were observed [53]. Additionally, it was also concluded that dMN application
caused hardly [53] or no pain [111].

In another clinical phase 1 study, trivalent influenza hemagglutinins vaccination with sodium
hyaluronate dMNs (800 um, 200 dMNs on a 0.8 cm? patch, spring-type applicator used) was
investigated in healthy subjects [112]. dMNs loaded with 3 x 15 ug of influenza antigens on a
single patch, were compared with the same dose administered by s.c. injection. During the
prime immunization a proper dMN dissolution was observed in only seven subjects out of 20
and only these subjects were included in the final analysis. Furthermore, the applicator
settings were changed to obtained a more efficient application in the second vaccination.
After the prime, the anti-HI antibody titers against influenza A HA-antigens (HIN1 and H3N2
strains) were equivalent in the dMN and s.c. groups, except that for the B strain that showed
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higher titers in the dMN group also observed in preclinical studies [32]. More IFN-y-
producing peripheral blood mononuclear cells were detected after s.c. than dMN
immunization [112]. However, the low number of subjects in dMN group limits the
conclusions. Regarding the safety, erythema detected in the dMN group was higher than the
s.c. one and more pronounced than in the previous clinical studies [53,111]. Purpura was
observed in 50% of the subjects both in the dMN and the s.c. group. However, no adverse
systemic events were observed [112].

These studies prove that the applicator and its settings have a crucial role for MN
penetration and subsequent dissolution into the skin. Alternatively, encapsulation of the
antigen only in the microneedle tip can enable a complete antigen delivery even with
incomplete microneedle dissolution (e.g., localizing the antigen in the upper 70% of the MNs,
a 70% dissolution would correspond to 100% antigen delivery).

Besides above mentioned studies, at least one other study has been performed to
investigate safety and immunogenicity of influenza vaccination with dMNs but the results
are not yet published [113].

6. CONCLUSIONS AND PROSPECTS

dMN vaccination can offer important advantages such as dose sparing, pain-free
immunization and avoidance of needle-stick injuries. Furthermore, it can extend the
vaccination coverage in developing countries by potentially offering improved vaccine
stability, reduction of vaccine wastage and of burden on trained personnel. However, several
improvements are still needed in some areas of dMN development before the regulatory
acceptance and industrial scale-up are feasible. Fabrication methods require further
optimization to enable the minimal wastage of antigen that is often claimed but rarely
reported in the literature, and not yet proven on at least pilot scale production level.
Analytical challenges include potency testing and stability testing during fabrication and
storage, and quantification and reproducibility of antigen/adjuvant dose delivered in the skin.
dMN immunization has generated comparable or higher and more durable antibody and
cellular responses than conventional immunizations in preclinical studies. Additionally,
sustained release of antigen from nanoparticles or cross-linked structures in dMNs showed
to induce a better cellular immune response than fast release from dMNs or liquid solution,
although the sustained release from dMNs did not improve further the humoral response
than fast release from dMNs. However, further studies should be performed to support this
conclusion. In the future, more systematic studies, such as identification of optimal
adjuvants and analysis of effect of dMN geometry, may be necessary to optimize dMN
immunization. Until now, three clinical phase 1 studies have been reported and showed that
skin irritation and patch application are hurdles that need to be solved in future applications.
The ideal dMN patch (Table 4) does not exist yet but encouraging progress has been made.
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More work is needed to further develop dMNs into safe, efficacious, affordable and widely
used products.

Table 4. Target product profile of the ideal dMN patch.

Total systems costs lower than injected vaccine

Competitive production costs

Simple to produce

Stable outside the cold chain

Higher immunogenicity / dose sparing / single shot

Minimum waste

No applicator needed

Fail-proof application/check on full dose delivery

Short application time

Less adverse effects

Affordable
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ABSTRACT

Microneedle technologies have been developed for dermal drug and vaccine delivery,
including hollow-, solid-, coated-, and dissolving microneedles. Microneedles have been
made in many different geometries and of many different materials, all of which may
influence their skin-penetrating ability. To ensure reproducible and effective drug and
vaccine delivery via microneedles, the optimal insertion parameters should be known.
Therefore, a digitally-controlled microneedle applicator was developed to insert
microneedles into the skin via impact insertion (velocity) or via pressing force insertion. Six
microneedle arrays with different geometries and/or materials were applied onto ex vivo
human skin with varying velocities or pressing forces. Penetration efficiency and delivered
antigen dose into the skin after application of microneedles were determined. In general,
microneedles pierced the skin more efficiently when applied by impact application as
compared to application via pressing force. However, the angle of application of the
applicator on the skin can affect the velocity of the impact, influencing the penetration
efficiency of microneedles. Regarding the antigen delivery into the skin, the delivered dose
was increasing by increasing the velocity or pressure, and thus, increasing the penetration
efficiency. These data demonstrate that an applicator is an important tool to determine
optimal application conditions with ex vivo human skin.

GRAPHICAL ABSTRACT
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Keywords: microneedle arrays, impact applicator, pressing force applicator, skin
penetration, (trans)dermal drug/vaccine delivery.
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1. INTRODUCTION

Drug and vaccine delivery via the skin offers several advantages over conventional
administration routes (i.e., oral and parenteral), including prevention of drug and vaccine
degradation by the gastro-intestinal tract, elimination of pain and discomfort, acceptability
by people with needle-phobia, avoidance of hazardous waste, needle-stick injuries, and
needle re-use [1-7]. However, the top layer of the skin, the stratum corneum, limits delivery
via the skin of high-molecular weight drugs and vaccines (>500 Da), as well as
biotherapeutics, such as peptides, proteins, hormones, and growth factors [6-8]. To enable
drug and vaccine delivery via the skin, different techniques, such as powder and fluid jet
injection, thermal and liquid microporation, sonoporation, and microneedles have been
proposed [9-12]. The use of microneedles has been shown to be very attractive to overcome
the stratum corneum, thereby enabling drug and vaccine delivery into and through the skin.
Microneedles are needle-like structures shorter than 1 mm. Depending on their material,
sharpness, and method of application, microneedles can penetrate the skin, thereby
creating transient pores reaching the epidermis or dermis but not reaching pain receptors,
enabling pain-free intradermal delivery of macromolecules [2,5,13,14]. Different
microneedle technologies have been developed for drug and vaccine delivery via the skin,
including (a) hollow microneedles for injections of liquid drugs or vaccine formulations, and
(b) solid microneedles classified as (i) microneedles for skin pretreatment, and (ii) porous,
coated, hydrogel-forming microneedles and dissolving (polymeric) microneedles that, after
insertion into the skin, release the drug or vaccine [15-18]. These different microneedle
types have been made with many different geometries (e.g., length, sharpness, diameter,
density), and have been made of different materials (e.g., glass, silicon, stainless steel,
titanium, sugar, (synthetic) polymer), which all may influence their skin penetrating ability.

The two frequently used methods of microneedle application are by pressing force or impact
application [6]. Application by pressing force can be performed manually [19-22] or by an
applicator [23]. To apply microneedles by impact application, using a predetermined velocity
or impact energy, an applicator is needed [24-26]. It has been shown that an impact
applicator [26] or a controlled pressing force applicator [23] ensures improved
reproducibility of microneedle piercing of the stratum corneum, independent of the user,
compared to manual application by pressing force of the thumb.

The aims of this study were to (i) develop a microneedle applicator that supports control of
the parameters to insert microneedles via impact application or pressing force into skin, and
(ii) evaluate the applicator for optimal microneedle insertion using a panel of different
microneedle arrays (MNAs). Therefore, in this study a digitally-controlled microneedle
applicator was developed, and was subsequently used to optimize the piercing of skin by
different types of solid microneedles (i.e., different materials and geometries). The universal
applicator uses an electronically-controlled unit to insert microneedles into the skin either
by impact-insertion with a variable impact velocity, or by applying a variable pressing force.
To evaluate the optimal insertion parameters for a variety of microneedle types, staining of
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the skin with trypan blue was performed to investigate the microneedle penetration
efficiency, while an ovalbumin formulation was used to demonstrate efficacy of antigen
delivery into the skin after microneedle application as pretreatment. This work shows that
each microneedle type has different specific settings (impact velocity or pressing force) for
optimal application on the skin.

2. MATERIALS AND METHODS
2.1. Materials

Milli-Q water (18.2 MQ/cm, Millipore Co., Bedford, MA, USA) was used for the preparation
of aqueous solutions. Trypan blue solution 0.4% (w/v) and infrared dye (IRDye 800CW) were
purchased from Sigma Aldrich and LI-COR (Lincoln, NE, USA), respectively.
Polydimethylsiloxane (PDMS, Sylgard 184) was obtained from Dow Corning (Midland, M,
USA). 10 mM phosphate buffer (7.7 mM Na;HPO4, 2.3 mM NaHzPOa, pH 7.4) was prepared in
the laboratory. Hyaluronan (sodium hyaluronate, average Mw was 150 kDa) was purchased
from Lifecore Biomedical (Chaska, MN, USA). Vinylpolysiloxanes A-silicone (Elite Double 32a
Normal) was purchased from the Zhermack Group (Badia Polesine, ltaly) and two-
component epoxy glue from Bison International B.V. (Goes, The Netherlands). 4 x 4 silicon
microneedle arrays were obtained from Tyndall National Institute (Cork, Ireland), 24 x 24
silicon microneedle arrays were gifted from Bosch GmbH (Stuttgart, Germany), and ceramic
alumina microneedle arrays (MLT-200 and MLT-475) were obtained from MylLife
Technologies (MLT, Leiden BioScience Park, Leiden, The Netherlands). Conventional
transparent tape Avery 440 Gloss Transparent Removable was obtained from Avery
Dennison (Glendale, CA, USA).

2.2. Human skin

Human abdomen skin was obtained within 24 h after cosmetic surgery from local hospitals
after informed consent from the donors, and handled according to the Declaration of
Helsinki Principles. After removal of the fat, the skin was stored at -80 °C until use. Prior to
the microneedle application studies, the skin was thawed in an incubator at 37 °C for one
hour in a petri dish with a wet tissue to prevent dehydration. Next, the skin was stretched
and fixed on Parafilm-covered Styrofoam. Finally, the skin was sequentially cleaned with 70%
ethanol and Milli-Q water.
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2.3. Production of dissolving microneedle arrays

Dissolving MNAs (dMNAs) were fabricated by micromolding technique, pouring a solution of
10% (w/v) hyaluronan (HA) in 10 mM phosphate buffer (pH 7.4) in a PDMS mold. The PDMS
mold was prepared by pouring and letting cure a PDMS solution consisting of a mixture of a
silicone elastomer and silicone elastomer curing agent (10:1 ratio) on a template presenting
Tyndall MNAs [27] (see Table 1). dMNA and dMNA featuring a back-plate part (dIMNA-BP) of
vinylpolysiloxane and epoxy glue were prepared using two different PDMS mold designs
(Figure 1) [27].

A B

Figure 1. Bright field microscopy image (1.25x magnification) of a hyaluronan dissolving microneedle
array (dMNA) without (A) and with a bi-layered back-plate (B). Dark blue lines in (A,B) indicate the
thin hyaluronan (HA) layer, the bright orange and purple stripped lines in B indicate silicone and glue
layers, respectively. Scale bar (white line) represents 1 mm.

2.4. Microneedle arrays

In this study, a set of microneedle arrays with varying properties (e.g., microneedle length,
microneedle geometry, density, surface area, material, etc.) were obtained or prepared (see
Table 1) to evaluate their piercing ability using the newly-developed applicator (see sections
below).

Table 1. Material and geometry of the microneedle arrays used in this study. Abbreviations:
dissolving microneedle (AMNA); bi-layered back-plate (BP); microneedles (MNs).

Microneedle Material Array Microneedle Microneedle Backplate Number
Array Geometry  Length (um) Density (cm™)  surface (mm?) of MNs
Bosch silicon Square 320 2304 25 576

(5x5 mm)
MLT-475 Ceramic Circular 475 150 69 105
(d=9 mm)
MLT-200 Ceramic Circular 200 600 69 414
(d=9 mm)
. Square
Tyndall Silicon (5%5 mm) 300 64 25 16
dMNA Hyaluronan Square 300 64 25 16
(5%5 mm)
Square

dMNA-BP Hyaluronan 300 64 25 16

(5%5 mm)
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Microneedle were examined by scanning electron microscopy (SEM, Nova NanoSEM-200,
FEI, Hillsboro, OR, USA) after coating with a layer of 15 nm platinum/palladium (Sputter
Coater 208HR, Cressington, Watford, UK). The instrument was operated at 5.00 kV, and
images were taken at magnifications of 80, 300, and 10,000 times. The tip diameters of
microneedles were measured on SEM images using ZEN 2011 blue edition software, version:
2.0.14283.302 (Carl Zeiss Microscopy GmbH).

2.5. Applicator design

A microneedle applicator was developed (uPRAX Microsolutions B.V., Delft, The
Netherlands), as shown in Figure 2, to apply microneedles either via pressing force or impact
insertion into the skin (see sections below). As shown in Figure 2A, the applicator contains
an electromagnetic actuator (solenoid). The mass mapp of the movable part of the
applicator (25 g) is important for calculating the impact energy (Equation 1) upon
microneedle impact, where v is the velocity of the microneedle mount at impact:

Impact energy =% X Mapp V2 = (Egn. 1)

The movable part of the actuator contains a plunger (23 g) onto which a microneedle mount
(2 g) is attached, which will move 1.3 cm (=stroke) in the vertical direction upon activation.
The outer housing contains a skin-contact surface and a height-adjustment bolt that is
connected to the inner housing. The electromagnetic actuator is mounted in the inner
housing that has an adjustable position relative to the outer housing. The position of the
inner housing is moved towards the skin contact surface by turning the allen key for height
adjustment counterclockwise, and moving the inner housing upwards by turning the allen
key clockwise (Figure 2B). The electromagnetic actuator has two important positions: (i) the
zero position, when the actuator does not have (enough) electric power, and (ii) a maximum
extended position, when the actuator has enough electric power to stay in this position
(Figure 2C).
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i) Zero position

allen key for
height adjustment

height adjustment
bolt

outer housing

ii) Extended position

electromagnetic

actuator innerhousing

plunger

microneedle
skin-contact mount

surface

Figure 2. Design of the applicator (A) of which the inner housing (including the microneedle mount
onto which microneedle arrays (MNAs) can be attached) can move towards the skin-contact surface
by turning an allen key counterclockwise (brown arrows) and moving upwards by turning the allen
key clockwise (blue arrows) (B). The electromagnetic actuator moving the microneedle mount (C).

2.6. Pressing force and impact insertion application

To apply MNAs by pressing force, the microneedle mount (onto which MNAs are attached
(not shown in the image)) is protruding through the skin contact surface, while the
electromagnetic actuator is in the extended position (Figure 3A-i). Next, the microneedle
mount is pressed onto the skin by hand force (Figure 3A-ii). By exceeding the predetermined
actuator’s holding force (see below), the microneedle mount is retracted into the applicator
(Figure 3A-iii).

To apply MNAs by impact application, the position of the inner housing should be adjusted in
such a way that the skin contact surface is in line with the microneedle mount when the
electromagnetic actuator is in its maximum position (Figure 2C-ii). The applicator’s skin
contact surface is first placed onto the skin when the electromagnetic actuator is in its
retracted position (Figure 3B-i). Next, upon activation of the electromagnetic actuator, the
microneedle mount moves towards the skin into the extended position with a
predetermined impact velocity (see below) (Figure 3B-ii). Finally, the microneedle mount
automatically retracts into the applicator upon reaching the set application time (Figure 3B-
iii).
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A) Application by pressing force
i ii i

v
by
i
[

tion by impact insertion
i

Figure 3. Application of microneedles onto skin by (A) pressing force: (i) electromagnetic actuator in
the extended position, (ii) microneedle mount pressed onto the skin by hand force, (iii) microneedle
mount retracted into the applicator; (B) impact insertion: (i) electromagnetic actuator in its retracted
position, (ii) microneedle mount propelled into extended position, (iii) microneedle mount retracted
into the applicator (see main text for explanation).

2.7. Microneedle applicator controller

A digitally-controlled applicator controller unit was developed to have precise control over
the settings of microneedle application via the applicator. The applicator controller unit was
programmed to modulate the duty cycle of a pulse width modulated (PWM) signal at a
frequency of 10.5 kHz. The PWM signal was used to regulate the power of the applicator’s
electromagnetic actuator by switching a 24 V, 1 A power source via a transistor. Based on
the mode of application, pressing force, or impact insertion, the pulse width was modulated
to adjust the actuators holding force (see below) or the movement of the microneedle
mount from the zero position to the extended position (see Figure 2C), thereby regulating
the impact velocity (see below for further explanation). Furthermore, when the applicator is
used for impact application, the applicator controller unit provides control over the
application time (i.e., the time that a microneedle is retained onto the skin).

48



Universal applicator for digitally-controlled pressing force and impact velocity insertion of microneedles into skin

2.8. Force calibration for pressing force application

To control the pressing force by which MNAs can be applied onto the skin, the holding force
of the electromagnetic actuator was regulated. When the electromagnetic actuator is in its
extended position (Figure 2C-ii), it has a holding force that is dependent on the electric
power it receives. This means that the electromagnetic actuator will stay in the extended
position until a pressing force applied onto the microneedle mount exceeds the solenoid’s
holding force (the plunger will not be in its optimal electromagnetic field, and thereby, the
force is reduced), which results in the actuator returning to the zero position (see Figure 2C-
ii). To this end, the pressing force (Fpressing force) @t Which the electromagnetic actuator retracts
to the zero position was determined by using the Equation 2:

F=mxg (Egn. 2)

where m is the mass measured by pressing the microneedle mount on a balance as a
function of the pulse width value until microneedle mount detraction, and g is the
gravitational acceleration.

The pressing force was fitted in GraphPad Prism 7 (GraphPad, San Diego, CA, USA) as a
function of the duty cycle of the PWM using linear regression (Fpressing force = SlOpe x PWM -
Force). By programming these linear regression parameters (A, B) in the applicator controller
unit, the pulse width was set for a chosen pressing force of the applicator.

2.9. Calibration of impact velocity for impact insertion

In order to control the velocity at the impact of microneedle application, the average
velocity as a function of the duty cycle of the PWM was determined. To this end, high speed
imaging was used (FASTCAM Mini UX100, Motion Engineering Company, Inc. (Westfield,
India) at 8000 frames per second). As shown in Figure 4, a reference (ruler) was attached to
a 3D printed skin contact surface, and the microneedle mount was marked with a white
spot. The position of this spot was tracked over consecutive frames to determine the
traveled distance and the velocity of the microneedle mount as a function of time using the
Tracker software version 5.0.1 (freely available from https:physlets.org/tracker). To calibrate
the impact velocity of the microneedle applicator, high-speed imaging was performed in
tenfold for each different pulse width (PWMuidt). The impact velocity (vimp) was defined as
the average velocity at impact (which was at a displacement of the microneedle mount of
12.5-13 mm). Next, the PWMyigth Was plotted as a function of vimp, which was fitted using
nonlinear regression (Vimp = (YO — Plateau) x exp(-K x PWMuigth) + Plateau) in GraphPad Prism
7. The calibration parameters (YO; Plateau; K) were programmed in the applicator controller
unit to set the pulse width for a chosen impact velocity.
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Reference
(ruler)
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Figure 4. Microneedle applicator used for high-speed imaging.

2.10. Influence of the applicator’s angle as a function of the pulse width

The angle of an impact applicator related to the gravitational force might influence the
impact velocity and impact energy of the applicator, and thereby, the penetration efficiency
of MNAs. Therefore, the velocity of the electromagnetic actuator as a function of the pulse
width was investigated under different angles ranging from 0°-180° (where at 0° the
microneedle mount is moving in the same direction as the gravitational force and at 180° in
the opposite direction). The impact velocity was determined using high-speed imaging and
the tracking software as described above.

2.11. Application of MNAs onto ex vivo human skin

In this study, all microneedles were mounted onto the microneedle mount of the applicator
by using double-sided adhesive tape (Tesa®). To investigate the optimal manner of
application of a set of MNAs with different properties via impact insertion or pressing force,
MNAs were applied with different velocities and pressing forces, respectively. MNAs applied
by impact application were applied with 6 different impact velocities measured by high
speed camera: 27, 42, 70, 97, 125, and 138 cm/s, and a fixed array retraction after 1.00 s.
Each microneedle array was applied three times on a different site of ex vivo human skin
from a single donor. The insertion parameters of different MNAs by pressing force was
investigated by applying each array in triplicate using 6 different pressing forces: 1, 2, 5, 10,
17, and 25 Newton, and an application time of 5 s per microneedle.
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2.12. Determination of penetration efficiency by a trypan blue assay

To determine the penetration efficiency by the different microneedle arrays, a drop of 70 uL
1.2 mg/ml trypan blue was applied for 1 h on microneedle-pierced skin. Next, the stratum
corneum was removed by tape-stripping until the skin appeared shiny (approximately 10
times stripping) to prevent overestimation of the penetration efficiency [26]. Subsequently,
the skin was imaged by microscopy and the resulting microscopic images were analyzed
using Imagel software version 1.48v (freely available at http://rsb.info.nih.gov/ij/) to
determine the amount of skin piercings. The penetration efficiency (PE) was calculated by
using Equation 3 [26]:

PE = (number of piercings/number of microneedles per array) x 100% (Eqgn. 3)

2.13. Calculation of penetration parameters

The MNAs used in this study had different properties. To calculate the optimal insertion
parameters for the different microneedle geometries, the EC50 value for the different
microneedle arrays was calculated per MNA, per individual microneedle, and MNA (back-
plate) surface area. The EC50 value corresponded to the required impact energy or pressing
force to pierce 50% of the microneedles of a MNA into the skin, and was calculated in
GraphPad Prism 7 using a dose-response 3-parameter fit, which was constrained with:
bottom asymptote penetration efficiency = 0; top asymptote penetration efficiency < 101
and hill slope < 0.2.

2.14. Normalization of penetration efficiency

To optimize the rate of antigen delivery and/or sampling when using MNAs, the MNA
geometry may need adjustment (i.e., increase the number of microneedles, the surface area
of an array or the microneedle length). This will lead to altered MNA insertion parameters.
Therefore, to estimate the insertion parameters of a MNA when the number of
microneedles or MNA surface area changes (while retaining a microneedle-specific
geometry), we attempted to normalize the impact energy and pressing force per
microneedle, with the assumptions that all microneedles from a single array pierce the skin
in the same manner and the energy and force are homogeneously distributed per single
microneedle of one array. Furthermore, when normalizing for the MNA (back-plate) surface
area, we assumed that the energy and force are homogeneously distributed over the back-
plate surface area (rather than on the individual microneedles).
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2.15. Delivery of fluorescently labeled ovalbumin into pierced skin

To investigate the relationship between the penetration efficiency and the delivery of an
antigen into the skin as a function of the impact velocity and insertion force, the model
antigen ovalbumin was used. To this end, ovalbumin was labeled with IRDye 800CW (OVA-
IR800) according to the manufacturer’s instructions. A molar ratio of ovalbumin, IR800 of 2:1
(10 mg ovalbumin: 0.5 mg IRDye 800CW), was used. Next, 10 mg/ml ovalbumin in carbonate
buffer (100 mM, pH 9) was added to 0.5 mg IRDye 800CW and pipetted in an Eppendorf
Thermomixer R (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 300 RPM at room temperature.
The unreacted dye was removed by using a 5 mL desalt column (LI-COR Biosciences, Lincoln,
NE, USA). The infrared signal of labeled ovalbumin was measured on a Tecan Infinite M1000
plate reader (Mannedorf, Switserland) at excitation and emission wavelengths of 774 nm
and 789 nm, respectively. A concentration of 6.8 mg/ml OVA-IR800 (68% labeling efficiency)
was obtained.

After application of the different MNAs with different impact velocity and application forces,
a drop of 70 uL 20 mg/ml OVA-IR800 was applied. After 2 h, the excess of liquid was
removed and the skin was tape-stripped. In order to quantify the dose of OVA-IR800
delivered into the skin after MNA pretreatment, a calibration curve of OVA-IR800 in ex vivo
skin was prepared. Intradermal microinjections at a depth of 150 um of an OVA-IR800
solution of 10 pg/ml with injection volumes ranging from 0.5-20 upL (5-200 ng) were
performed, using a microinjection system as reported previously [28].

The near-infrared fluorescence of the delivered OVA-IR800 was measured in a Perkin-Elmer
IVIS Lumina Series Ill in vivo imaging system (Waltham, MA, USA) using an indocyanine green
background (ICG bkg) excitation filter and an ICG emission filter and an acquisition time 10 s.
Living Image software version 4.3.1.0 (Perkin-Elmer, Waltham, MA, USA) was used for image
acquisition and analysis. Fluorescence data were processed using region of interest (ROI)
analysis, with background subtraction consisting of a control region of ex vivo human skin.

3. RESULTS
3.1. Microneedles appearance

To visualize the differences in microneedle geometry and surface properties of the different
MNAs, SEM imaging was performed (Figure 5), and the tip diameter was measured (Table 2).
The Bosch MNAs have a high microneedle density, and the silicon surface is rougher than for
other microneedle types. A Bosch tetrahedral structure presents a narrow tip diameter,
making it the sharpest microneedle in the MNA set. MLT-475 and MLT-200 are nanoporous
(made of alumina nanoparticles), and therefore, have a rough surface. The MLT-475 shape is
similar to conventional hypodermic needles, whereas MLT-200 consists of groups of four
needles positioned in a square. These two microneedle types present the largest tip
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diameter in comparison with the other microneedle types. Tyndall, dMNAs, and dMNAs-BP
have a smooth surface and an identical octahedral geometry due to the PDMS mold that is
based on the Tyndall MNAs to fabricate dMNAs and dMNAs-BP.

Bosch

ii)

MLT-475

i)

MLT-200

iv)

Tyndall

v)

dMNA

vi)

dMNA-BP

Figure 5. Scanning electron microscopy images of microneedle arrays (MNAs) with different
geometries and lengths: Bosch of 320 um (i), MLT-475 of 475 um (ii), MLT-200 of 200 um (iii), and
Tyndall (iv) dMNA (v) and dMNA-BP (vi) of 300 um. MNAs were imaged from a lateral view (A,B), and
from the top side (C,D). Scale bars represent 500 um (80x) (A,C), 100 um (300x) (B), and 4 um
(10,000x) (D).
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Table 2. Microneedle tip diameters of different MNAs measured using the SEM images. Data are
shown as mean + SD, n =5 (except Tyndall, IMNAs and dMNAs-BP with n = 4).

Bosch MLT-200 MLT-475 Tyndall dMNA dMNA-BP

Tip diameter (um) 1.2+0.3 7.5+1.0 7.6+0.9 3.8+0.4 43+0.7 40+0.3

3.2. Applicator setting: velocity

The relationship between applicator setting (pulse width) and output (velocity and travel
distance) was determined by high-speed imaging in combination with tracking software. As
shown in Figure 6A, the distance of the microneedle mount from the zero position (S = 0
mm) to the extended position (S = 13 mm) as a function of time was determined using
different pulse widths. This shows that a pulse width of 80 (dimensionless 8 bit (0 to 255)
value) or more is required to move the microneedle mount into the extended position,
which is required to impact the microneedles onto the skin. Furthermore, from this figure,
the time of flight (i.e., the time required to move the solenoid from the zero position to the
extended position of 13 mm) was determined as a function of the pulse width. In Figure 6B,
the traveled distance of the microneedle mount was plotted as a function of the velocity,
showing that the maximum velocity of the microneedle mount was reached when the
microneedle mount traveled a distance of 8-10 mm when using pulse widths of 150 or
more. However, when using pulse widths of 100 or lower, the maximum velocity was higher
than the impact velocity (because the spring in the solenoid, which returns the microneedle
mount back in the zero position when there is no power on the solenoid, decelerates the
microneedle mount). Therefore, to calibrate the applicator and to calculate the impact
energy (see Table 3), the impact velocity was used.
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Figure 6. Analysis of high-speed imaging data (8000 fps) to determine the traveled distance (A) and
the velocity as a function of the position of the microneedle mount at different pulse widths (B). Data
are shown as mean + SD, n = 10.
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3.3. Calibration of applicator

The applicator was calibrated for pressing force and impact velocity to automatically set the
pulse width for a chosen pressing force or impact velocity. To this end, the pressing force of
the applicator was determined as a function of the pulse width, as shown in Figure 7A.
Subsequently, the regression curve variables (Force = 0.392 x PWMuigth + 3.16) were
programmed into the applicator controller unit to set the pulse width for a chosen pressing
force between 1 and 25 Newton. Next, the applicator’s impact velocity (extracted from
Figure 6) was plotted as a function of the pulse width, as shown in Figure 7B. To set the
applicator’s velocity, the regression curve variables (vimp = (-0.9421 - 2.139) x
exp(-0.005599 x PWMuigth) + 2.139) were programmed into the applicator controller.

In order to determine the reproducibility in impact velocity or pressing force delivered by
the applicator, the relative standard deviation (RSD) per each impact velocity or pressing
force value was calculated. Then, the set of RSD was averaged. An average RSD of 8.9% and
3.4% were obtained for pressing force and impact velocity application, respectively.

>
ve)

Application by pressing force Application by impact velocity

100 ; v

Impact velocity (cm/s)
-

Pressing force (Newton)

80 0 100 200 300
Pulse width (8 bit value) Pulse width (8 bit value)

Figure 7. Regression curves used to set the applicator’s pulse width as a function of the chosen
pressing force (A) and impact velocity (B) at a pulse frequency of 10.5 kHz. Data are shown as mean *
SD, n =3 (A) and n = 10 (B).

3.4. Influence of the applicator’s angle on the impact velocity

The angle of an impact applicator relative to the gravitational force might influence the
applicator’s impact velocity and impact energy, and thereby, the penetration efficiency of
MNAs. Therefore, the applicator’s impact velocity was investigated as a function of the angle
(related to the gravitational force) and pulse width (Figure 8). At low pulse widths (<80), the
microneedle mount did not reach the extended position (Figure 6A); thus, no relation
between impact velocity and applicator’s angle can be defined. At medium pulse widths (90—
170), the impact velocity is highly dependent on the applicator’s angle. Finally, using high
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pulse widths (>170) results in reproducible velocities that are less dependent on the angle of
the applicator.

Impact velocity
(cm/s)
140-150
120-140
o  100-120
2
< M 80-100
M 60-80
40-60
W 20-40
[ | 0-20
255 200 170 150 125 115 100 90 80 75
Pulse width

Figure 8. The impact velocity of the microneedle mount (in impact insertion mode) as a function of
pulse width (8 bit dimensionless value; 0-255) and angle from the direction of the gravitational force
(mean, n = 3, except for 0° which was n = 10).

3.5. Penetration of human skin by pressing force and impact application

The penetration of ex vivo human skin as a function of pressing force and impact application
was investigated for six MNA designs (see Table 1 and Figure 9). The parameters that were
used to apply the six different (MNAs) by impact application are summarized in Table 3.

For microneedles with a tetrahedral structure, like Bosch, and octahedral structure, like
Tyndall, dissolving and dissolving-BP, both impact velocity and pressing force allowed a
penetration efficiency of ex vivo human skin close to 100%. The structure and MNA surface
area of MLT-475 allows a high penetration efficiency at an impact velocity above 100 cm/s.
Nevertheless, application by pressing force resulted in a lower and less reproducible
penetration efficiency. Similarly for MLT-200, a better penetration was obtained using the
impact application as compared to pressing the MNAs into the skin. However, the design and
high MNA surface area of MLT-200 did not result in higher penetration efficiencies than 60%
using the settings wherein the applicator was calibrated.

Furthermore, the reproducibility in piercing at the best impact velocity or pressing force
value per each MNA was investigated by calculating the RSD of the penetration efficiency at
the highest impact velocity and pressing force values (Table 4).
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Figure 9. Penetration efficiency (in percentage) of MNs on ex vivo human skin as a function of the
microneedle impact velocity (A) and pressing force (B). Data are shown as mean = SD, n = 3.

Table 3. MNA application parameters used to investigate skin piercing of the six different MNAs via
impact insertion.

Pulse width Impact velocity Impact energy
(8 bit value) (cm/s) (mJ)
20 27.40 0.94
104 42.50 2.16
136 70.60 6.06
174 97.40 11.85
221 125.70 19.43
250 138.10 23.84

Table 4. Relative standard deviation (RSD) of impact velocity or pressing force calculated for each
microneedle array (MNA) application at 125-138 cm/s and 17-25 N.

Bosch MLT-475 MLT-200 Tyndall dMNA dMNA-BP
(300 um) (475 um) (200 um) (300 um) (300 um) (300 um)
RSD (%)
(125-138 cm/s) ! 6 2 2 4 2
RSD (%)
(17-25 N) 9 42 121 9 16 7

3.6. Calculation of penetration parameters

Differences in MNAs geometry (microneedle shape and length, square or circular MNA, MNA
area, and number and density of microneedles) and material (silicon, alumina, or
hyaluronate) did not make possible a direct comparison of the penetration efficiencies of the
different types of microneedles. However, the applicator could be set to find the optimal
penetration properties to pierce the microneedles effectively and reproducibly (relatively
low SD), and determine the piercing properties (EC50).

Penetration properties were calculated as EC50 values, and the corresponding pressing
forces and impact energies were normalized per single microneedle and per MNA surface
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area (see Figure 10 and Table 5). A more reproducible piercing can be obtained when the
applicator is set for impact velocity as compared to pressing force (Figure 10). When the

application is in pressing force mode, the piercing is still effective, especially for high
pressing forces and tetrahedral and octahedral geometries, but with reduced reproducibility.
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Figure 10. Penetration efficiency (in percentage) on ex vivo human skin as a function of the

microneedle impact energy (A,C) and pressing force (B,D) both normalized for microneedle number
(MN) (A,B) and microneedle array surface area (MNA surface) (C,D). Data are shown as mean + SD (n

=3).
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Table 5. EC50 values calculated from the penetration efficiency as a function of impact energy or
pressing force. The EC50 values are reported per microneedle array or normalized per microneedle
and per microneedle array surface area.

Impact energy per: Pressing force per:

MNA Individual MN mm? MNA Individual MN mm?

(m)) (m)) (mJ) (N) (mN) (mN)

Bosch (300 pm) 0.97 0.002 0.04 1.4 2.4 56.0

MLT-475 (475 pm) 5.47 0.052 0.08 6.3 59.8 91.4
MLT-200 (200 pm) 21.85 0.053 0.31 >25.0* >60.1* >360.2*
Tyndall (300 um) <1.00* <0.063 <0.04 <1.0* <62.5* <40.0*
dMNA (300 um) 1.28 0.080 0.05 <1.0* <62.5% <40.0*
dMNA-BP (300 um) <1.00* <0.063 <0.04 <1.0* <62.5* <40.0*

*. the EC50 values could not be calculated because higher or lower than respectively the maximum or
minimum impact velocity or pressing force used.

3.7. Relation between penetration efficiency and antigen dose delivered into the skin

The relation between the penetration efficiency and the delivered dose of antigen into the
skin as a function of the impact velocity and pressing force for different types of MNAs was
investigated (Figure 11). For some MNAs, the penetration efficiency reached its maximum,
but the amount of delivered ovalbumin was still increasing with further increasing impact
velocities or application forces. Furthermore, despite fact that the penetration efficiency
increased as a function of the impact velocity and the application force using the MLT-200
MNAs, the delivered amount of ovalbumin did not proportionally increase with the
penetration efficiency. However, in general, the amount of ovalbumin delivered into the skin
increased proportionally with an increasing penetration efficiency as a result of increasing
impact velocities and pressing forces.
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Figure 11. Penetration efficiency (in percentage) (red dotted line) and delivered dose of ovalbumin-
IRDye 800CW (maximum dose delivery value matching the corresponding penetration efficiency
value) (blue continuous line) into in vitro human skin as a function of the microneedle impact velocity
(A) or pressing force (B). Six different microneedle arrays (MNAs) were used, having different
geometries and lengths: Bosch of 320 um (i), MLT-475 of 475 um (ii), MLT-200 of 200 um (iii), and
Tyndall (iv) dMNA (v) and dMNA-BP (vi) of 300 um. Data are shown as mean + SD (n = 3). OVA,
ovalbumin.
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4. DISCUSSION

In the literature, most microneedle applicators are used to apply MNAs via pressing force or
impact application [6,19-26]. However, these applicators do not provide precise control over
the pressing force or impact velocity of microneedle application. Applicators with precise
control over such parameters can be used to get fundamental insights into critical
application parameters of specific microneedle designs. Therefore, the aims of this study
were to (i) develop a digitally-controlled microneedle applicator that supports control of the
insertion parameters of microneedles into skin via impact application or via pressing force,
and (ii) evaluate the applicator for the optimal application of microneedles (effective and
reproducible skin piercing) using a set of six different MNAs with varying properties (e.g.,
length, density, material, MNA surface).

4.1. Microneedle applicator

It has been reported that long microneedles (>550 um) could pierce skin effectively upon
manual application, while microneedles of 300 um and shorter generally require an impact
applicator to pierce the skin effectively [29,30]. Importantly, the use of an applicator can
result in lower inter- and intra-individual (several applications from the same person or from
different people) variation as compared to manual application without an applicator [23,26].
Considering the reported studies, this work aimed to underline the importance of a device to
assist the microneedle insertion if relatively short microneedles are used, and to determine
the optimal settings (impact velocity and/or pressing force) for an efficient and reproducible
piercing of different MNAs into the skin.

In order to achieve efficient and reproducible skin penetration, the delivered impact velocity
and pressing force should be reproducible. In this study, it was shown that a chosen pressing
force was reproducibly delivered by the applicator (average relative standard deviation of
8.9%), and was linearly dependent on the pulse width (Figure 7A). Furthermore, regarding
impact application, it was shown that a pulse width below 80 did not allow the microneedle
mount to reach the extended position, and will thereby not result in the microneedles
impacting the skin. After accelerating of the microneedle mount (until approximately 4-8
mm) at pulse widths of 100 and lower, the velocity was decreasing towards the extended
position (Figure 6B). However, using pulse widths between 90 and 255 resulted in very
reproducible impact velocities (average relative standard deviation of 3.4%) between 30 and
140 cm/s (Figure 7B).

Skin penetration by microneedles is dependent on the impact velocity. However, in this
study, it was shown that the angle of the applicator related to the gravitational force
influences the impact velocity. Therefore, these data show the importance of designing
applicators that deliver sufficient energy to reach an impact velocity that results in efficient
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and reproducible microneedle piercing, or ensure that impact applicators are only used at a
specific angle.

Summarizing, the developed applicator was able to accurately deliver a chosen impact
velocity and pressing force with high reproducibility.

4.2. Skin penetration by microneedles

For microneedle-based drug and vaccine delivery, it is important that microneedles pierce
the skin effectively and reproducibly. In general, the investigated MNAs gave a high
penetration efficiency both when applied by impact velocity and by pressing force. By using
impact application, the penetration efficiency was mostly reaching 100%, while it reached
80% when using application by pressing force. This was also observed in our previous study
using microneedles with a length of 200 um (576 microneedles/array on a back-plate of 5 x 5
mm) [26]. This was very evident for MLT-200 and MLT-475: the impact application was more
efficient compared to application by pressing force. This better performance in penetration
efficiency by impact application may be related to the lower sharpness and to the roughness
of the material (see SEM imaging) increasing the friction of the microneedle during
penetration, or to the microneedle design, which has been shown to play an important role
in mechanical properties of microneedles [20,31]. Furthermore, the microneedle length can
have a strong impact on the penetration. In a previous study [26] Bosch microneedles with
similar design as those used in the present study (MNA surface, density and material)
showed an EC50 of 3.5 N/array with a lower penetration efficiency than the Bosch
microneedles in the present study (EC50 1.4 N/array), which were only slightly longer, i.e.,
320 pum vs 200 um. Similarly, the MLT-200 um microneedles require more than 25 N/array,
whereas the longer MLT-475 um needles had an EC50 of 8.0 N/array. Furthermore, applying
microneedles by pressing force (17 and 25 N) (with respect to the penetration efficiency)
resulted in reproducible skin penetration for Bosch, Tyndall, and dMNA(-BP) microneedles
(Figure 9B). Moreover, using impact velocity (125 and 138 cm/s) resulted in very
reproducible skin penetration for all investigated microneedles except MLT-200 (Figure 9A).
Summarizing, applying microneedles via impact application generally results in higher
penetration efficiencies with higher reproducibility.

It is interesting to note how the presence of a curved MNA surface (back-plate) can improve
the penetration efficiency both by impact and pressing force application. This was the case
of dMNA-BP differentiating from the dMNA only for the presence of a convex surface area
where the MNs are located [27]. The convex surface may enable a better positioning of the
microneedles towards the skin surface when pressed by the array, increasing the capability
of microneedles to penetrate the skin.
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The EC50 values calculated for the different microneedle geometries could be used as
guidance for developing applicators for microneedles with altered numbers of microneedles
and surface areas while retaining the microneedle geometry.

4.3. Delivery of a model antigen in relation with the penetration efficiency

The standard deviations of the quantification of the delivered amount of antigen were rather
high, which was partially caused by the measurement method (in this study the antigen-
signal to background ratio was [1.3:1]) and by a short antigen application time on
microneedle-treated skin, thereby not leading to a steady state diffusion. However, the
amount of ovalbumin delivered in the skin showed that there is generally a relationship
between the increase in penetration efficiency and increase in delivered amount of antigen
with increasing impact velocities and pressing forces. Therefore, these data indicate that
using the penetration efficiency could be a good value to estimate the required impact
velocity and pressing force to obtain effective drug and vaccine delivery when using the
“poke and patch” approach [32].

5. CONCLUSIONS

We have developed an applicator that reproducibly delivers a chosen pressing force and
impact velocity. This applicator can be used to determine the optimal insertion parameters
of a variety of microneedle arrays, and could therefore be a valuable tool for microneedle
researchers. Moreover, using this applicator results in effective and reproducible piercing of
ex vivo human skin with microneedles prepared with different shapes and materials.
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ABSTRACT

The purpose of this study was to optimize the manufacturing of dissolving microneedles
(dMNs) and to increase the antigen loading in dMNs to investigate the effect on their
physicochemical properties. To achieve this, a novel single-array wells polydimethylsiloxane
mold was designed, minimizing antigen wastage during fabrication and achieving
homogeneous antigen distribution among the dMN arrays. Using this mold, hyaluronan
(HA)-based dMNs were fabricated and tested for maximal ovalbumin (OVA) content. dMNs
could be fabricated with an OVA:HA ratio as high as 1:1 (w/w), without compromising their
properties such as shape and penetration into the ex vivo human skin, even after storage at
high humidity and temperature. High antigen loading did not induce protein aggregation
during dMN fabrication as demonstrated by complementary analytical methods. However,
the dissolution rate in ex vivo human skin decreased with increasing antigen loading. About
2.7 ug OVA could be delivered in mice by using a single array with an OVA:HA ratio of 1:3
(w/w). Intradermal vaccination with dMNs induced an immune response similar as
subcutaneous injection and faster than after hollow microneedle injection. In conclusion,
results suggest that (i) the polydimethylsiloxane mold design has an impact on the
manufacturing of dMNss, (ii) the increase in antigen loading in dMNs affects the microneedle
dissolution and (iii) dMNs are a valid alternative for vaccine administration over conventional
injection.

GRAPHICAL ABSTRACT

Novel mold design

for dissolving microneedle fabrication

® Antigen

d/’j—\? Matrix
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; Analysis of o
S antigen aggregation Antigen dose o l,)g*

Microneedle Microneedle and i MI Intradermal
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Keywords: dissolving microneedles, hyaluronan, antigen loading, antigen aggregation,
vaccine delivery, skin immunization.
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1. INTRODUCTION

The skin is an attractive target for vaccination since it is a very immune-competent organ.
Several types of antigen presenting cells (APCs) such as Langerhans cells (LCs) and dermal
dendritic cells (dDCs) are present in the skin [1,2]. They capture antigens and migrate to the
draining lymph nodes for antigen-presentation to T-cells, evoking antigen-specific T-cell and
B-cell activation. Pain-free delivery of antigen into the skin, however, is a challenge, but can
be achieved by using microneedles. Microneedles (MNs) are microstructures (up to 1 mm in
length [3]) capable to pierce the skin and deliver the antigen in the epidermis and dermis [3-
7]. For pain-free delivery they should not reach the nerve endings in the skin [8].
Furthermore, immunization with MNs would not necessarily require healthcare personnel
[4,9-11].

Dissolving microneedles (dMNs) are a microneedle type consisting of fast-dissolving
excipient, such as polymers or sugars, as matrix mixed with the active compound. They
dissolve in the skin after insertion thereby releasing the active ingredient [3-7]. Several
studies have demonstrated that vaccines delivered intradermally via dMNs can generate
immune responses at least as strong as those generated by subcutaneous or intramuscular
injections [11-16]. However, the advantages of dMNs include low cost of matrix materials
[17] and avoidance of sharp needle wastage after immunization make dMNs an attractive
delivery system for intradermal vaccination. Additionally, the dry state of dMNs in
combination with stabilizing excipients can lead to vaccine thermostability [18].

Dissolving MNs are often fabricated by micromolding in which a polydimethylsiloxane
(PDMS) mold is used to pour the vaccine/matrix formulation [13]. The PDMS mold design is
crucial for an efficient and consistent fabrication, ideally leading to minimal loss of active
material and a homogenous distribution of the antigen among the simultaneously produced
microneedle arrays without antigen aggregation [19]. Furthermore, the mold design is
important in determining the optimal matrix concentration for the dMN fabrication.
Although different matrix materials have been tested and compared for the dMN fabrication
[20,21], optimization of the formulation with respect to antigen loading and mechanical
properties has to our knowledge not been reported. A more detailed analysis regarding the
loading capacity of dMNs is relevant to encapsulate a sufficient amount of antigen to evoke
an effective immune response. Furthermore, an increase in antigen concentration, besides
drying steps during fabrication, may considerably compromise the protein stability as
previously reported [19, 22-28]. The stability of protein in microneedle arrays has to be well
determined, because presence of protein degradants such as aggregates may compromise
safety and efficacy of the vaccine.

This study aimed to (i) reduce the antigen waste during dMN fabrication and achieve dose
uniformity within a batch of arrays, (i) maximize the antigen loading in dMNs while
maintaining a sufficient dMN sharpness and stiffness to pierce human skin and minimizing
antigen aggregation during fabrication, and iii) obtain dMNs that deliver a sufficient dose of
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antigen in mouse skin in vivo to induce an immune response comparable with conventional
injection. To this end, hyaluronan (HA) was used as matrix material for dMN fabrication and
ovalbumin (OVA) was used as model antigen.

2. MATERIALS AND METHODS

2.1. Materials

Hyaluronan (HA) (sodium hyaluronate, average Mw 150 kDa) was purchased from Lifecore
Biomedical (Chaska, MN, USA) and OVA (Grade V) was obtained from Sigma-Aldrich (St.
Louis, MO, USA). Vinylpolysiloxanes A-silicone (Elite Double 32a Normal) and the two-
component epoxy glue (Bison, Goes, The Netherlands) were obtained from The Zhermack
Group (Badia Polesine, Italy) and Bison International B.V. (Goes, The Netherlands),
respectively. Polydimethylsiloxane (PDMS, Sylgard 184) was obtained from Dow Corning
(Midland, MI, USA). Solid silicon MNs, fabricated using a potassium hydroxide wet-etching
process [29], were kindly provided by the Tyndall Institute (Cork, Ireland). PBS pH 7.4 for
subcutaneous and hMN injections was obtained from B. Braun, Melsungen, Germany.
Immunization studies and ELISA were performed by using endotoxin-free OVA (endotoxin
level <1 EU/mg) from Invivogen (Toulouse, France). 10 mM PB (7.7 mM Na;HPQa, 2.3 mM
NaH2POs, pH 7.4) was prepared in the laboratory.

2.2. Dissolving microneedles
2.2.1. Polydimethylsiloxane mold fabrication

The fabrication of dMNs by micromolding requires the use of a polydimethylsiloxane (PDMS)
mold. The PDMS mold was fabricated by using a template of poly(methyl metacrylate)
(PMMA). The PMMA template, made by milling on a HAAS VF1 VMC (Vertical Milling
Machine, USA), presented nine square pedestals of 5.4 x 5.4 mm with a height of 2.5 mm.
On top of each pedestal a single solid silicon microneedle array (16 MNs in 5.4 x 5.4 mm
array, 300 um length and 200 um base diameter) was fixed (see Figure 1). Next, a PDMS
solution consisting of a mixture of a silicone elastomer and curing agent, was prepared in a
10:1 ratio (w/w) following the manufacturer’s instruction. The solution was mixed, degassed
in a vacuum and subsequently poured on top of the PMMA template. Then the template was
vacuumed and finally placed at 60 °C overnight to cure. The following day, the mold was
carefully removed from the PMMA template (Figure 1).
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Figure 1. PDMS mold fabrication.

2.2.2. Preparation of dissolving microneedles

For the dMN preparation, the HA was dissolved in PB (10 mM, pH 7.4) and the solution was
stored overnight to ensure the complete dissolution of HA. The next day, OVA in PB was
added. Microneedle preparation was performed by pouring a selected OVA/HA solution in
each well of the PDMS mold. Air bubbles were removed by vacuum cycles and to ensure
complete filling of the micro-holes, the mold was placed in a centrifuge (1575 g, 37 °C, 3 h)
(Beckman Coulter Allegra X-12R Indianapolis, IN, USA). Subsequently, additional OVA/HA
solution was added to each well and steps of vacuum and centrifugation were repeated.
Finally, the arrays were dried at 37 °C overnight.

To investigate the effect of the antigen loading in dMNs, a total of 12 OVA/HA compositions
were used. These are provided in (Table 1).

Table 1. Overview of the different formulation compositions used to prepare the dMNs. In the
Formulation approach A, the amount of HA was kept at 100 mg/ml while the amount of OVA varied.
In the Formulation approach B, the amount of solids (OVA plus HA) was kept constant at 100 mg/ml
but the ratio OVA/HA was changed. The control consisted of 10% HA. The compositions refer to the
liquid formulations before dMN fabrication.

Composition Formulation approach A Formulation approach B Control
OVA/HA
/ 2.5/10 | 5/10 7/10 10/10 2.5/7.5 5/5 | 6/4|7/3|8/2|9/1] 10/0 0/10
(% w/v)
OVA
25 50 70 100 25 50 60 | 70 | 80 | 90 | 100 0
(mg/ml)
HA
100 100 100 100 75 50 40 [ 30 | 20 | 10 0 100
(mg/ml)

After the overnight drying, an antigen-free bi-layered back-plate was prepared for all dMNs.
A mixture of vinylpolysiloxane base and catalyst was prepared in a 1:1 ratio. The silicone
solution was poured in each well and left curing for 20 min at room temperature (RT) to
form the first layer of the back-plate. Next, a solution of two-components glue was placed
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on top of the silicone layer. A sheet of solid PDMS and a 200 g weight were subsequently
placed on top of the layers during the setting of the glue (2 h at 37 °C) to obtain a flat back-
plate. Finally, the arrays were removed from the PDMS mold, and stored at RT in a
desiccator until use.

2.3. Dissolving microneedle characterization

Microneedles were inspected by light microscopy (Stemi 2000-C, Carl Zeiss Microscopy
GmbH, Gottingen, Germany) for shape, sharpness and for absence of empty cavities at the
microneedle base after cutting tips transversely by using a stainless surgical blade (Swann-
Morton, Sheffield, England). For high-resolution imaging, scanning electron microscopy
(SEM, Nova NanoSEM-200, FEl, Hillsboro, OR, USA) was used. Prior to SEM imaging, the
microneedle arrays were covered with a layer of 15 nm platinum/palladium (Sputter Coater
208HR, Cressington, Watford, UK). The instrument was operated at 5.00 kV and images were
taken at magnifications between 300 and 600x.

2.4. Human skin

Human abdomen skin was obtained within 24 h after cosmetic surgery from local hospitals.
After manual removal of the excess fat, the skin was stored at —-80 °C until use. Before use,
the skin was thawed in a humid petri dish at 37 °C for at least one hour and stretched with
pins on parafilm-covered Styrofoam. The skin was cleaned with Milli-Q and 70% ethanol
before the start of the experiment.

2.5. Microneedle penetration of ex vivo human skin

The arrays were applied by using an impact insertion applicator with a constant velocity of
0.54 m/s (Leiden University - applicator with uPRAX controller version 0.3) to ensure a
reproducible piercing of dMNs [30]. After 18 s, the array was removed and 70 ul of 0.4%
(w/v) trypan blue solution was applied on the penetration site for 1 h. After removal of the
trypan blue solution with dry paper tissue, tape-stripping (approximately 10 strips) was
performed (Avery 440 Gloss Transparent Removable, Avery Dennison) to remove the
stratum corneum until the skin had a shiny appearance (Supplementary data, Figure S1). In
this way only dMN penetration that reached the viable epidermis is taken into account [30].
Three arrays of each dMN composition were tested for their ability to penetrate ex vivo
human skin from three different donors (i.e., n =9 arrays for each dMN composition). The
number of blue spots, indicating holes created by a microneedle, were counted for each
individual array and divided by the total number of MNs on the array to obtain the
penetration efficiency (PE) of each dMN composition (Equation 1) [30]:
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Penetration efficiency (%) = (Number of blue spots/16) x 100% (Eqn. 1)

2.6. Mechanical integrity of dissolving microneedles after storage

To examine the mechanical integrity after storage, three dMN arrays per each composition
were exposed to different humidity and temperature in a desiccator as indicated in Table 2.

Table 2. Storage conditions of dMNs.

) Temperature Humidity
Storage period ) ) .
(°Celsius) (% Relative Humidity)
4 0
Room temperature 0
60 days
37 0
60 0
Room temperature 60
4 hours
Room temperature 82

To ensure 0% relative humidity (RH), microneedle arrays were stored over silica gel and to
achieve 60 and 82 RH%, oversaturated salt solutions of sodium bromide and potassium
chloride were used, respectively [31]. Prior arrays storage, the relative humidity was
registered overnight every 20 min (Supplementary data, Figure S2) by using a data logger
(EL-USB-2-LCD+, Lascar Electronics, Salisbury, UK) and a digital thermos-hygrometer (TFA-
Fostmann GmbH & Co., Wertheim, Germany) to ensure constant humidity conditions in
time. For each condition, five arrays per dMN composition were stored. After storage, two
arrays were used for the visual characterization of dMNs and three arrays were used to
investigate the capability of dMNs to pierce the ex vivo human skin as described in
paragraph 2.6.

2.7. Microneedle dissolution in ex vivo human skin

Microneedles were pierced into the skin as described above and kept in the skin for 1 min,
5 min, 10 min or 20 min. Thereafter, arrays with remaining dMN tips were removed and
stored in a desiccator until light microscopy analysis was carried out to determine the
remaining microneedle tip length. Three arrays of each dMN composition were tested on
three different skin donors for each time point (i.e., n =3 arrays for each time point). The
dissolved MN tip volume was calculated for each dMN composition (Supplementary data,
Figure S3) and compared.
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2.8. Analysis of protein stability

For the protein stability analysis, microneedle arrays (stored for less than one week in a
desiccator RH 0% at room temperature) of all OVA/HA compositions (6 patches, one per
composition) were dissolved overnight in PBS pH 7.4. Buffer volume was adjusted to obtain
0.5 mg/ml of OVA concentration.

2.8.1. Asymmetrical flow field-flow fractionation

In order to analyze the state of the antigen after microneedle dissolution, asymmetrical flow
field-flow fractionation (AF4) was performed. The analysis was performed on all the
compositions of OVA/HA both in solutions prior to microneedle fabrication and their
corresponding microneedle arrays dissolved in PBS. Controls of OVA-only and HA-only, both
in solution and as dissolved array, were also analyzed. AF4 measurements were performed
on an Agilent 1200 system with a UV detector (280 nm) (Agilent Technologies, Palo Alto,
California) combined with Wyatt Eclipse for AF4 separation and a multiangle laser light
scattering (MALLS) detector (Wyatt Technology Europe GmbH, Dernbach, Germany). For the
separation, a small channel equipped with a 350 um spacer of medium width and a
regenerated cellulose membrane with a cut-off of 10 kDa was used. The injection volume
was 50 pl and the mobile phase was a solution of 50 mM of NaNOs. In order to separate the
aggregates in the samples (eluting later) from the monomer/dimers (eluting earlier), the
samples were injected into the channel, followed by 1 min focus-flow. Thereafter, elution in
the channel started with a cross-flow of 3 ml/min for 12 min. Then, after a total AF4 program
time of 19 min, the cross-flow stopped to elute all remaining aggregates. The detector flow
during elution was set to 1 ml/min. Calculation of the percentage of aggregates in the
sample was done by calculating the area under the curve (AUC) of the aggregate peaks of
the elugrams dividing by the total AUC of all peaks (‘monomer and/or dimer’ and
‘aggregates’) with Chemstation software from Agilent. The molecular weight of the species
was calculated by relating the MALLS signal to UV according to the built-in functions in the
Astra software version 5.3.2.22 (Wyatt Technology Europe GmbH, Dernbach, Germany).

2.8.2. Flow imaging microscopy analysis

A Micro-Flow Imaging (MFI) system (MFI5200, ProteinSimple, Santa Clara, USA), equipped
with a silane coated flow cell (1.41 x 1.76 x 0.1 mm) and controlled by the MFI View System
Software (MVSS) version 2, was used for flow imaging microscopy analysis. The system was
flushed thoroughly with ultrapure water and PBS prior to each measurement to reduce the
background counts of particles. After the rinsing step, the cleanliness of the field of view was
checked visually. The background was zeroed by flowing PBS and performing the ‘optimize
illumination’ procedure. Samples of 0.5 ml with a pre-run volume of 0.2 ml were analyzed at
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a flow rate of 0.17 ml/min and a fixed camera rate of 22 flashes per second. The data
recorded by the MVSS was analyzed with MFI View Analysis Suite (MVAS) version 1.2 after
stuck particle removal procedure was performed by the software. The equivalent circular
diameter (ECD), which is the diameter of a spherical particle that has an equivalent
projection area as the particle imaged by MFI, was calculated as a measure of the particle
size. The particle concentrations (particles/ml) were obtained and plotted in function of the
particle size.

2.8.3. Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed at room temperature with a NanoSight
LM20 (NanoSight Ltd., Amesbury, United Kingdom) equipped with a 640 nm laser and
operating at an angle of 173° with respect to the flow cell (100 x 80 x 10 um). Samples were
injected into the chamber by an automatic pump (Harvard Apparatus, catalog no. 98-4362,
Holliston, USA) using a sterile 1 ml syringe (BD Discardit I, New Jersey).

The following settings were used for tracking of the particles: background extract on;
brightness 0; gain 1.00; blur size 3 x 3; detection threshold 10, viscosity equal to that of
water. All other parameters were set to the automatic adjustment mode. For each sample a
90 s video was captured with shutter set at 1495 and gain at 680. The video was analyzed by
using the NTA 2.0 Build 127 software.

2.9. Mice

Female BALB/c (H2d) (Charles River (Maastricht, The Netherlands), 8-11 weeks old at the
beginning of the studies, were maintained under standardized conditions in the LACDR
animal facility. The mice were randomly assigned to groups of 8 mice. Quantification and
immunization studies were approved by the ethical committee on animal experiments of
Leiden University (License number 14241).

2.10. Quantification of ovalbumin delivery in mouse skin in vivo
2.10.1. Preparation of infrared labeled ovalbumin

To quantify OVA release in mouse skin in vivo, OVA was labeled with an infrared dye (IRDye
800CW, LI-COR, Lincoln, Nebraska USA) (OVA-IR800) according to the manufacturer's
instructions. The infrared signal of labeled OVA was measured by Tecan Infinite M1000 plate
reader (Mannedorf, Switzerland) at excitation and emission wavelengths of 774 nm and
789 nm, respectively.
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2.10.2. Ovalbumin quantification

Based on the dissolution studies in ex vivo human skin, microneedle arrays of 2.5% OVA and
7.5% HA (n = 9) were selected for quantification of OVA in mouse skin in vivo and 5% of the
total OVA was replaced with OVA-IR800.

The dMNs were inserted into anaesthetized female BALB/c (H2d) (Charles River (Maastricht,
The Netherlands)) shaved flank skin for a period of 20 min after which the array was
removed. Mice were euthanized and the near-infrared fluorescence of the delivered OVA-
IR800 was measured in a Perkin-Elmer IVIS Lumina Series Ill in vivo imaging system
(Waltham, MA, USA), by using a ICG bkg excitation filter and an ICG emission filter,
acquisition time 4 s, F-stop 2, binning 4 and field of view of 12.5 cm. Perkin-Elmer Living
Image software version 4.3.1.0 was used for image acquisition and analysis. Infrared data
were processed using region of interest (ROI) analysis with background subtraction
consisting of a control region of the skin.

To enable the quantification of the delivered amount of OVA-IR800, a calibration curve in ex
vivo mouse skin was made by injecting different volumes of a formulation containing an
OVA:HA ratio of 1:3 (w/w). Intradermal microinjections of OVA-IR800 were performed at
OVA-IR800 doses between 62.5 and 1000 ng by using the in house fabricated hollow
microneedle (hMN) injection system reported elsewhere [32-34].

2.11. Immunizations

To evaluate the functionality of dMNs as vaccination method, the dMNs with a composition
of 2.5% OVA and 7.5% HA was chosen to perform immunization study. The immunization
groups (n = 8) are reported in Table 3.

Table 3. Immunization study parameters.

Immunization route Application method Group name OVA dose (pg)
Dissolving MNs OVA/HA dMNs? 2.7
Intradermal Single hollow MN OVA hMN 4.0
(10 pl, 120 um injection depth) OVA/HA hMN® 4.0
Conventional OVA sc 4.0
Subcutaneous 26G needle .
(100 p) PBS sc -

22.5% OVA/7.5% HA group as determined by OVA delivery from fluorescently labeled OVA-IR800 in mouse skin
in vivo.

12 ug HA, resembling the OVA:HA ratio of dMNs group.

¢PBS pH 7.4 (as negative control)
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For single hollow microneedle injection and the dMN array application specially designed
applicators were used as described previously [30, 32-34]. Immunizations were performed at
day 1 (prime immunization), day 21 (boost immunization) and day 42 (2nd boost
immunization). One day prior to the immunizations by dMN and hMN systems, the mice
were shaved on the flank (approximately 4 cm?). On the same day, venous blood (200 pl)
was collected by tail vein incision in a 0.8 ml MiniCollect® tube. The blood was stored on ice
before centrifugation (3000 g, room temperature, 10 min) to isolate serum, which was
stored at -80°C until analysis. Prior to vaccination, mice were anaesthetized by
intraperitoneal injection of 150 mg/kg ketamine and 10 mg/kg xylazine. At day 63, all mice
were bled by incision of abdominal/thoracic artery followed by scarification by cervical
dislocation. Blood samples in 2.5ml Vacuette® tubes were stored on ice before
centrifugation at 1800 g (4 °C, 10 min) to isolate serum, which was stored at -80 °C until
analysis.

2.12. Serum IgG assay

OVA-specific antibodies were determined by ELISA as described earlier [35]. OVA coated
ELISA plate wells were blocked with bovine serum albumin (BSA) (Sigma-Aldrich,
Zwijndrecht, the Netherlands) and subsequently, three-fold serial dilutions of serum were
added to the plates and incubated for 1.5 h at 37 °C. The plates were incubated with
horseradish peroxidase-conjugated goat antibodies against IgG total, IgGl and IgG2a
(Southern Biotech, Birmingham, AL, USA) for 1h at 37°C. 1-step TM ultra 3,3',5,5'-
tetramethylbenzidine (TMB) (Thermo-Fischer Scientific, Waltham, USA) was used as
substrate and the reaction was stopped with sulfuric acid (H2SO4) (95-98%) (JT Baker,
Deventer, The Netherlands). The absorbance was measured at 450 nm on a Tecan Infinite
M1000 plate reader (Mannedorf, Switzerland) and the antibody titers were expressed as the
log10 value of the mid-point dilution of a complete s-shaped absorbance-log dilution curve
of the diluted serum level.

2.13. Statistical analysis

Microneedle penetration efficiency was analyzed by Kruskal-Wallis test with Dunn's multiple
comparison test. Level of significance was set at p < 0.05. The remaining dMN length after
dissolution at different time points was analyzed by two-way ANOVA with a Tukey’s post-
test (p <0.05). IgG titers were analyzed using one-way ANOVA with Bonferroni post-test
suitable in the software Prism (Graphpad, San Diego, USA). A p-value less than 0.001 was
considered to be significant.
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3. RESULTS
3.1. Polydimethylsiloxane mold optimization and dissolving microneedle fabrication

A novel PMMA template was designed so that in the PDMS mold each individual dMN array
was fabricated in a separate well, referred to as single-array well design (Figure 2A). This has
the advantage over our previously designed template resulting in multi-arrays well PDMS
design [19] that (1) each well undergoes the same physical processing during the
preparation of the dMN arrays, (2) dMN arrays of different compositions can be prepared in
one fabrication process run and (3) the antigen loss could be reduced by pouring the
matrix/antigen solution on each array-space (well), herewith avoiding to waste the solution
on areas in between the wells. A comparison between the single-array well design and the
multi-arrays well design is provided in Supplementary data, Figure S4.

I

3) Repetition of

| | | | | | | | steps 1and 2 | |
1) OVA/HA mixture 2) Water evaporation 4) Drying overnight
added to PDMS mold during vacuum and at37°C

centrifugation

‘(- 6) Silicone set in (‘ !
20 min atRT 9) Glue setin
2hat37°Cand
M % % atrays removal
from the mold

5) Silicone added 7) Glue added 8) Application of a PDMS piece
as firstbackplate layer as second backplate layer and a 200 g weight

Figure 2. (A) Preparation scheme of dMNs and bi-layered back-plate using a single-array well mold.
(B) Brightfield microscope images (1.25x) of a dissolving microneedle array with bi-layered back-plate
(scale bar 1 mm). PDMS, Polydimethylsiloxane; RT, room temperature.
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The single-array well PDMS design allowed the preparation of an antigen-free back-plate and
thus less antigen is required for MN preparation. The antigen-free bi-layered back-plate
consisted of a first layer of silicone and a second layer of glue (Figure 2A-B) and increases the
easiness of MN array handling.

The PDMS mold was used to select the optimal HA concentration as control (Supplementary
data, Figure S5) for the dMN fabrication. dMNs with HA concentration below 10% (w/v) in
preparation mixture, showed empty cavities at the base of MN tip, whereas the use of
concentrations of 10% (w/v) HA or above it resulted in dMNs without empty cavities at the
base. The 10% HA concentration was selected as HA control because solutions with higher
HA concentration were too viscous and thus difficult to handle. It was further observed that
10% (w/v) total solid content, i.e. reached by HA and OVA together content combined, could
still give microneedles without empty cavities at the base (see Formulation approach B,
Figure 3B).
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Formulation
approach A

2.5%0OVA |
10% HA

5% OVA
10% HA

7% OVA
10%HA =

10% OVA
10% HA

Formulation
approach B

2.5% OVA |
7.5% HA

5% OVA |
5% HA |

Control

10% HA |

Figure 3. SEM images show increasing OVA concentration up to a weight ratio of 1:1 with HA allows
the preparation of symmetrical and sharp dMNs. (A) dMNs lateral view (300x, scale bar 100 um), (B)
cut dMNs, upper view (600x, scale bar 50 um) and (C) surface structure dMNs (600x, scale bar
50 um).

80



Hyaluronan-based dissolving microneedles with high antigen content for intradermal vaccination: formulation,
physicochemical characterization and immunogenicity assessment

3.2. Appearance of dissolving microneedles

To assess whether high antigen loading affects the quality of the dMNs, dMN arrays were
prepared with increasing antigen content (Table 1). It was possible to increase the OVA
content in the dMNs up to an OVA:HA ratio of 1:1 (w/w) (10% OVA/10% HA or 5% OVA/5%
HA) without observing a decrease in the microneedle sharpness (Figure 3A). However,
increasing the OVA content beyond 50% of total HA and OVA concentration led to
inconsistencies in fabrication. The arrays were fragile, contained ruptures, and it was not
possible to remove intact arrays from the PDMS mold (data not shown).

SEM (Figure 3B) and brightfield (data not shown) analysis of transversal-cut dMN showed no
empty cavities in the inner side of MNs up to an OVA:HA ratio of 1:1 (w/w) in both
approaches, indicating a homogeneous filling of the PDMS micro-holes during dMN
fabrication.

For both Formulation approach A and B, changes in the surface structure in comparison with
the HA only control were observed (Figure 3C). Increasing OVA content in dMNs increased
the surface roughness in comparison with the control (10% HA), which had a smooth
surface. However, this did not affect the sharpness and shape of dMNs.

3.3. Penetration ability of microneedle arrays into ex vivo human skin

To investigate whether differences in dMN composition affect the dMN penetration of the
skin, the arrays were applied onto ex vivo human skin. Regardless of the composition, all
dMNs penetrated the skin, with a penetration efficiency of almost 100% for all the
compositions (Table 4).

Table 4. Penetration efficiency of dMN with different compositions. All data are presented as
mean * SD (n = 9). No significant difference (p > 0.05) was found by Kruskall-Wallis test with Dunn's
multiple comparison test.

Sample Penetration efficiency (%)
2.5% OVA/10% HA 99.3+2.1
5% OVA/10% HA 100.0+0.0
7% OVA/10% HA 100.0+0.0
10% OVA/10% HA 98.6+2.7
2.5% OVA/7.5% HA 100.0+0.0
5% OVA/5% HA 96.8+4.7
10% HA 99.3+2.1
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3.4. Mechanical integrity of dissolving microneedles after storage

As dMN arrays may be exposed to various temperature and humidity conditions during
shipment, storage and administration, the effect of these conditions was investigated.
Microscope analysis showed that storage at different temperature and humidity conditions
(Table 2) did not affect the sharpness of the dMNs (data not shown). Furthermore, the
storage conditions did not alter the skin penetration efficiency of the dMNs, which remained
close to 100% for all dAMN compositions and storage conditions (Table 5).

Table 5. Penetration efficiency of dMNs after storage. dMNs were stored (n=3 per dMN
composition) under the conditions indicated. All data are presented as mean * SD. No significant
difference (p > 0.05) was found by Kruskal-Wallis test with Dunn's multiple comparison test.

4°C RT 37°C 60°C RT RT
0% RH 0% RH 0% RH 0% RH 60% RH 82% RH
SAMPLE 60 days 4 hours
Formulation
approach A
10% OVA/10% HA 100 £ 0.0 100 £ 0.0 87.5+16.5 100 £ 0.0 97.9+3.6 97.9+3.6
2.5% OVA/10% HA 100 £ 0.0 100 £ 0.0 100 £ 0.0 100 £ 0.0 97.9+3.6 100+ 0.0
Formulation
approach B
2.5% OVA/7.5% HA 100+ 0.0 100+ 0.0 100+ 0.0 100+ 0.0 97.9+3.6 100+ 0.0
5% OVA/5% HA 97.9+3.6 100+ 0.0 97.9+3.6 100+ 0.0 91.7+3.6 97.9+3.6
Control
10% HA 100 £ 0.0 100 £ 0.0 95.8+7.2 97.9+3.6 97.9+3.6 95.8+7.2

RH, Relative humidity; RT, Room temperature.

3.5. Microneedle dissolution in ex vivo human skin

Analysis of the dissolved MN volume percentage after an application of 1, 5, 10 or 20 min
showed that the dissolution rate depends on the dMN composition.

All dMN compositions showed a gradual dissolution as a function of time (Figure 4A). For
compositions with an OVA concentration in the liquid starting formulation higher than 2.5%
(w/v) as 5% OVA/5% HA, 5% OVA/10% HA, 7% OVA/10% HA and 10% OVA/10% HA, a
comparable dissolution rate was reached after 1, 5, 10 and 20 min respectively (Figure 4B).
The leftover was still high in comparison with that of the control (10% HA) (Figure 4A).
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Figure 4. dMN dissolution in ex vivo human skin. (A) Representative light microscope images of dMNs
before dissolution (0 min) and after 1, 5, 10 and 20 min dissolution in ex vivo human skin (40x). Scale
bar is 200 um; (B) Effect of time (1, 5, 10 and 20 min) on dissolution (statistics in black), showed per
each dMN composition. Effect of formulation on dissolution (red statistics). Significance (*p < 0.05,
***p <0.001 and ****p < 0.0001) was determined by a two-way ANOVA with a Tukey’s post-test
(n =3). All data are presented as mean + SEM.
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The 2.5 %0VA/7.5% HA dMNs dissolved almost completely within 20 min after application,
similarly to the control (Figure 4A and B). Although prepared with an equal OVA
concentration in the liquid starting formulation as the 2.5% OVA/7.5% HA dMNs, the 2.5%
OVA/10% HA dMNs reached maximal dissolution rate after 10 min resulting statistically
different from the control (Figure 4B). As the 2.5% OVA/7.5% HA dMNs dissolved nearly
completely after 20 min, we selected this composition for further studies.

3.6. Protein stability

The dMN fabrication conditions are mild, e.g., high temperature and extreme pH conditions
are avoided, making chemical degradation unlikely to occur. Nevertheless, the antigen may
encounter stress during the dMN preparation. The drying at high antigen concentrations
may cause aggregation. To investigate whether submicron aggregates were formed during
the dMN fabrication, AF4 analysis was performed. Figure 5A presents the UV elugrams of an
OVA standard solution, a solution of 2.5% OVA/7.5% HA prior to dMN fabrication, and the
same composition after dMN manufacturing and dissolving the MN array in PBS. Figure 5A
shows how the OVA monomer eluted at 11.5 min, the OVA dimer eluted at 13.0 min and a
small peak eluted after stopping the cross-flow at 19 min, indicating that OVA standard
solution contained a minor fraction of aggregates with an average molecular weight of
2820 kDa calculated by MALLS detection. The 2.5% OVA/7.5% HA dissolved MN solution
eluted at 12.1 min with a broader peak than OVA standard solution, indicating that OVA
interacts with HA. However, the 2.5% OVA/7.5% HA starting solution showed a considerably
broader peak (11.0-19.0 min), suggesting an even stronger interaction between OVA and
HA. Furthermore, the peak of 2.5% OVA/7.5% HA solution after cross-flow stopping at
19.0 min indicates that the aggregate content and/or complexes between OVA and HA were
considerably higher as compared to the 2.5% OVA/7.5% HA dissolved MN solution. All other
compositions showed the same trend as the shown composition (data not shown). The
dissolved HA-free dMNs, comprising only OVA (10% OVA w/v), showed an identical UV
elugram as the OVA standard solution (results not shown), demonstrating that the
drying/reconstitution process had no impact on the monomer/dimer content of plain OVA
without HA present. Altogether, these results indicate a clear transient and reversible
interaction between OVA and HA in solution, causing delayed elution of OVA both for
OVA/HA solution prior to dMN fabrication and to a lesser extent for the corresponding
dissolved MN array.
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Figure 5. Protein aggregation analysis by AF4, NTA and MFI. (A) AF4 UV-based (280 nm) elugrams,
normalized for the OVA standard solution peak at 11.5 min, of OVA standard solution (OVA standard,
dark dashed line), 2.5% OVA/7.5% HA composition in solution prior to dMN fabrication
(2.5%0VA/7.5%HA, light red dotted line) and its associated array dissolved in PBS (A
2.5%0VA/7.5%HA, green solid line); (B) Relative amount of OVA in aggregated and/or OVA/HA
complexes (dark bars) and monomer and/or dimer state (light bars) calculated from the area under
the curve of the AF4 UV elugrams for all OVA/HA compositions and OVA standard control; (C-D)
Results of NTA of particle concentration and mean particle size, respectively, for the composition
2.5% OVA/7.5% HA both in solution prior to fabrication of dMNs and after array dissolution in PBS (A
2.5% OVA/7.5% HA); (E) Results of MFI shown as cumulative particle concentration vs particle size for
the composition 2.5% OVA/7.5% HA before and after dMN fabrication. A, array.

The relative peak areas of monomer and/or dimer and aggregates expressed as percentages
for each sample are shown in Figure 5B. It is evident that OVA/HA starting material contains
more aggregates as compared to dissolved arrays for all compositions. Furthermore, the
lower the OVA:HA ratio, in both solution and dissolved MN, the more OVA aggregates
and/or OVA/HA complexes are found (see Figure 5B), again indicating an interaction of HA
with OVA.

To rule out any particle formation that might have been missed during AF4 analysis, NTA and
MFI analyses were performed for all compositions to monitor the presence of larger, nano-
and micron-size aggregates, respectively. NTA showed that nanoparticle concentrations and
particle sizes (Figure 5C and D, respectively, all other compositions showed similar trend
(data not shown)) in the solutions of the dissolved arrays were lower than in the solutions
prior to preparation of dMNs, corroborating the AF4 results. MFI analysis pointed in the
same direction, i.e., it showed a lower micronsize particle content for all size ranges for the
dissolved array compositions as compared to the freshly prepared OVA/HA mixtures and
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even OVA standard solution (Figure 5E, all other compositions showed similar trend (data
not shown)).

3.7. In vivo studies

As information on the delivered dose in the skin is crucial for designing immunization
studies, the amount of OVA delivered into mouse skin in vivo after dMN array application
was determined by using infrared labeled OVA. The dMN array with a composition of 2.5
%0OVA/7.5% HA, that was selected for its optimal dissolution capability, was shown to deliver
dose of 2.7 £ 1.3 ug (mean +SD, n=9) of OVA per array. The corresponding dissolved MN
volume was of 76.4 + 4.1% (mean = SD, n =9).

In order to investigate the immunogenicity of OVA delivered by dMNs in comparison with
conventional subcutaneous injection, mice were immunized with OVA-dMNs (2.5%
OVA/7.5% HA). As control, OVA (4 ug) was administered subcutaneously. In addition, hollow
MNs were used to inject an exact dose of OVA with or without HA to investigate whether HA
affects the immune response.

As shown in Figure 6, OVA administered via dMNs was equally immunogenic as
subcutaneously injected OVA after both the prime and the two booster immunizations. For
both groups, the first booster resulted in an overall increase in IgG total titers of about 2 log
scales, whereas the second booster did not have a substantial additional effect on the total
IgG titers. Interestingly, the IgG total responses were initially higher in the dMN group as
compared to the mice receiving intradermally administered OVA with one hollow MN (OVA
and OVA/HA). Only after the first or the second boost the IgG total titers of the hMN group
OVA/HA and hMN group OVA respectively reached a comparable level as the dMN and s.c.
groups. The presence of HA did not seem to have a major effect on the IgG total levels. The
concentrations of OVA-specific IgGl resembled closely the IgG total titers after each
immunization point and IgG2a titers were absent (Supplementary data, Figure S6).
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Figure 6. OVA-specific 1gG antibody responses after vaccination. Mice were vaccinated either
intradermally using dMNs (OVA/HA dMNs), hollow microneedle without HA (OVA hMN) and hollow
microneedle with HA (OVA/HA hMN) or subcutaneously (OVA sc and PBS sc). Sera collected from the
mice were assayed for OVA-specific 1gG total titers after prime (A), 1st boost (B) and 2nd boost (C).
Results are shown as mean + SEM and statistical significance was determined by a one-way ANOVA
with a Bonferroni post-test (***p < 0.001 and ****p < 0.0001).

4. DISCUSSION

The design of the PDMS mold plays an important role in the fabrication of dMNs. An
optimization of the design by creating single-array well in the PDMS mold may have several
advantages, such as a reduction in antigen waste during fabrication and an avoidance of
heterogeneous distribution of the antigen content among the arrays of the single mold. It
has been shown that the distribution of the protein within arrays prepared with a multi-
arrays well design of a mold was not equal, most probably due to centrifugation forces in
preparing the microneedle arrays [19]. In addition, this novel single-array well design
allowed to work with different formulations during the same manufacturing run and to
fabricate an antigen-free back-plate easy to handle. In the multi-arrays well PDMS mold the
fabrication of an antigen-free back-plate for each single array was not possible because no
single isolated arrays were prepared during manufacturing. The single-array well mold
design was used in preliminary studies to identify the optimal HA concentration for a
fabrication of cavity-free dMNs. Introducing an empty cavity at the microneedle base has
been considered as a strategy to improve the delivery efficiency reducing the drug remaining
in the microneedle after dissolution [36]. However, the size of the cavity is difficult to
control, potentially leading to non-homogeneous dosing and reduced and variable needle
strength. In our present study the optimal matrix concentration for cavity-free dMNs was
10% HA (w/v), while in a previous study using the multi-arrays well design mold and the
same polymer, the arrays were fabricated by using lower HA concentrations [19]. This
illustrates that for each mold design the polymer concentration should be optimized.
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It was examined whether high protein antigen concentrations can be used in this novel way
of producing the microneedles. A sufficient antigen dose is often required for achieving the
desired effect and limited dose is one of main challenges of dMNs. It was observed that
increasing the OVA content beyond 50% of total HA and OVA concentration led to fragile
arrays. This may be related to a lack sufficient HA, which is needed for the structure of the
microneedles provided by the polysaccharide hyaluronan network. Importantly, an increase
in antigen content with a OVA:HA ratio from 1:4 up to a 1:1 (w/w) resulted in sharp dMNs
that could efficiently penetrate the ex vivo human skin in a reproducible way. The
penetration efficiency of almost 100% for all the compositions, enabled by the curved
surface of the array and the presence of a back-plate [37], was comparable to that obtained
in a previous study with silicon MNs applied via the same applicator [30].

Although the protein stability in dMNs is of critical importance, studies addressing this issue
are scarce and they focus mainly on obtaining an immune response after dMN application to
show preserved functionality after fabrication [13]. This, however, is an indirect and
inaccurate way of monitoring antigen stability, as the immunogenicity of degraded antigens
as well as antigen dose-response relationships are usually unknown. In this study, it was
shown that the presented dMN fabrication method induced limited aggregation, even at
very high OVA loading. This indicates that the conditions used during the micromolding were
mild, as opposed to other fabrication methods [38, 39]. However, whether the same protein
stability can be preserved for antigens different than OVA should be investigated.
Remarkably, after dMN fabrication there was less aggregated OVA than in the OVA/HA
solution used to produce the dMNs. This was observed for all OVA/HA solutions tested.
Furthermore, AF4 showed a slight shift in elution time of OVA in the presence of HA,
indicating some interaction between OVA and HA. This is in line with our previous study in
which we showed reversible association between IgG and HA to occur [19]. The reason that
this interaction was stronger in the solution before drying compared to dissolved needles
may be caused by the fact that the needles were dissolved in PBS, resulting in increased
ionic strength and, as consequence, in less electrostatic interactions between OVA and HA.

One important limitation that was encountered with a high OVA content (>2.5% (w/v)) in the
arrays was a slower and reduced dMN dissolution in the skin. Increasing the hydrophilic
polymer fraction did not avoid this, suggesting that the total OVA/HA concentration in the
solution prior fabrication is affecting the dissolution of microneedles. However, when the
selected 2.5% OVA/7.5% HA dMNs were used, the dissolution rate of dMNs was reasonably
high. Moreover, the dissolved MN volume reached after application for 20 min in mouse skin
in vivo (76.4 £ 4.1%) and in ex vivo human skin (82.6 + 14.2%) were equal, proving a similar
dissolution of dMNs in two different skin types. Interestingly, our studies demonstrate a
faster dissolution of the control (10% HA) and 2.5% OVA/7.5% HA dMNs in comparison with
HA dMNs reported in literature, such as 60 min and 120 min for complete dissolution of
300 pum and 800 um length dMNs respectively [14, 40, 41]. This difference in dissolution time
might be explained by differences in preparation conditions, although in some papers these
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are not specified in detail. Also, the molecular weight of the HA used may be different. Other
variables affecting dissolution time are the presence of excipients in dMNs [40], the type and
quality of the skin used for dMN application (e.g., mice [14, 40] or rats [14, 41]), the use of
an applicator, applicator settings and the experimental details of dissolution studies (ex vivo
or in vivo).

Importantly, storage at different temperature or humidity values did not affect the dMN
integrity. Contrasting results were reported by Hiraishi et al., who showed that high humidity
caused dMN bending during use which prevented skin piercing [40]. However, in that case
longer conical dMNs (800 um) were tested and the MN design may play a role resulting the
tetrahedral design of dMNs from the present study stronger [15, 42].

Prior to the immunization studies, the dose of OVA delivered in mouse skin in vivo from the
selected 2.5% OVA/7.5% HA dMNs was quantified and estimated to be approximately 3 ug.
This dose is in the range of a human dose of some licensed vaccines. Functionality of dMNs
and retention of OVA after fabrication were proved through in vivo studies, showing
comparable immunogenicity between dMNs and subcutaneous groups. Furthermore, the
role of the HA as immunomodulator was investigated because of contrasting results in the
literature [43-48]. The presence of HA with a mean molecular weight of 150 kDa did not
affect the immune response, suggesting its inert nature as matrix material.

Finally, the higher response in the dMNs group than in the OVA hMN group after prime and
first boost immunizations indicate that OVA administration by dMNs results in a faster
response than administration by hMN. This may be due to a slower release of the antigen
into the skin from dMNs than from hMN due to the dissolution step. Moreover, the different
numbers of needles penetrating the skin may play a role: a hollow MN delivers the antigen
as a small bolus at one site, whereas the dMNs deposit 16 small doses over a larger area. The
slower release together with the broader antigen distribution and a potentially higher tissue
damage and cell death [13, 49] from dMNs may result in a faster and higher response. The
lack of IgG2a response was expected as no adjuvant was added to the MN formulation [50].
This may be subject of a follow-up study.

5. CONCLUSIONS

In summary, our study demonstrates that the design of the PDMS mold is a critical
parameter in the fabrication of dMNs and that high antigen content in HA-based dMNs does
not affect the sharpness and capability to pierce the skin of dMNs. dMNs can be
manufactured with ovalbumin:hyaluronan ratio as high as 1:1 (w/w) without aggregate
formation. However, the higher the antigen loading the lower is the dissolution rate of dMNs
in the skin. Finally, vaccination by means of dMNs was shown to evoke a comparable
response as by conventional subcutaneous injection and a faster response than hMN
injection, illustrating the potential of dMNs for intradermal vaccine delivery.
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SUPPLEMENTARY MATERIAL
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Supplementary Figure S1. Schematic representation of dissolving microneedle penetration and
staining process. (A) The array is attached to the applicator piston. As the piston is lowered, the
microneedles pierce the skin. After 18 seconds, the applicator piston is retrieved into its original

position. (B) Pierced skin staining and SC removal by tape stripping. (C) Light microscope image (6.5x)
of upper view of ex vivo human pierced skin. Each blue spot indicates effective microneedle

penetration of the skin. Scale bar is 1 mm.
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Supplementary Figure S2. Relative humidity values measured overnight every 20 min. Humidity
graphs for sodium bromide (A) and potassium chloride (B). The relative humidity, temperature and

dew point of the solutions were measured by using a data logger (EL-USB-2-LCD+).
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VC=H
VC'=h
CA=R
A CA'=r

AVC'A" and AVCA are similar

5|

H:h=R:r —>» r= (Equation 1)

Dissolved cone volume = é -m- - h  (Equation 2)

Supplementary Figure S3. Calculation of the dissolved MN percentage. To calculate the volume of
the dissolved part of the needle the length of the dMN leftover was measured by using a microscope.
Thus, the length of the MN dissolved part was calculated by subtracting the leftover from the original
dMN length. Taking into account the original dMN length (H = 300 um), the length of the dissolved
part of the MN (h) and the radius of the base of the dMN (R = 100 um), the top radius (r) can be
calculated according to equation 1. Then, the volume of the dissolved part of the MN can be
calculated (equation 2) and subsequently divided by the entire dMN volume to obtained the
dissolved MN volume fraction.
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Supplementary Figure S4. Polydimethylsiloxane molds. (A) Single-array well design. On the left, the
poly(methyl metacrylate) (PMMA) template used for the fabrication of the polydimethylsiloxane
(PDMS) mold. The PMMA mold presents pedestals on which silicon arrays are fixed. On the right, the
resulting PDMS mold presenting wells with microholes in which the OVA/HA solution can be poured.
(B) Multi-arrays well design. On the left the PMMA template, without pedestals, producing a PDMS
mold (right) with the arrays sharing the same fabrication space in which the OVA/HA solution can be
poured.

Supplementary Figure S5. Microscopic illustration of hyaluronan concentration optimization.
Representative brightfield microscopy images (5x) of dMNs with increasing HA concentration (first
row). In the second row, an upper view of a cut needle showing (A) a hole (observed for HA
concentrations < 9% (w/v)) and (B) without a hole (observed for HA concentrations > 9% (w/v)).
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Supplementary Figure S6. OVA-specific IgG1 (A, C, E) and 1gG2a (B, D, F) titers after prime (A, B), 1st
boost (C, D), and 2nd boost (E, F) immunizations. Bars represent mean + SEM, n = 8. **p < 0.01, ***p
<0.001, ****p<0.0001.
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ABSTRACT

Biomaterials used as matrix for dissolving micro needles (dMNs) may affect the
manufacturing process as well as the potency of the active pharmaceutical ingredient, e.g.
the immunogenicity of incorporated vaccine antigens. The aim of this study was to
investigate the effect of the molecular weight of hyaluronan, a polymer widely used in the
fabrication of dMNs, ranging in molecular weight from 4.8 kDa to 1.8 MDa, on the
dissolution of microneedles in the skin in time as well as the antibody response in mice and
T-cell activation in vitro. Hyaluronan molecular weight (HA-MWs) did not affect antibody
responses (when lower than 150 kDa) nor CD4+ T-cell responses against model antigen
ovalbumin. However, the HA-MWs had an effect on the fabrication of dMNs. The 1.8 MDa
HA was not suitable for the fabrication of dMNs. Similarly, the 4.8 kDa HA generated dMN
arrays less robust compared to the other HA-MWs requiring optimization of the drying
conditions. Finally, higher HA-MWs led to longer application time of dMN arrays for a
complete dissolution of microneedles into the skin. Specifically, we identified 20 kDa HA as
the optimal HA-MW for the fabrication of dMNs as with this MW the dMNs are robust and
dissolve fast in the skin without affecting immunogenicity.

GRAPHICAL ABSTRACT
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Keywords: dissolving microneedles, hyaluronan, molecular weight, immune response,
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1. INTRODUCTION

Microneedles are intensively studied for dermal and transdermal drug and vaccine delivery
[1, 2]. Microneedles are needle-like structures up to 1 mm in length, capable of piercing the
upper layer of the skin, the stratum corneum, enabling drug and vaccine delivery in a
minimally invasive and painless way [3, 4]. Several microneedle concept are in development:
i) hollow microneedles to inject liquid formulations through the bore of the microneedle, ii)
microneedles for skin pretreatment to create microchannels prior application of a patch
containing the drug or vaccine formulation, iii) porous, coated, hydrogel-forming
microneedles and dissolving microneedles that release the drug or vaccine upon insertion
into the skin [5-8]. Dissolving microneedles (dMNs), completely dissolve after insertion into
the skin, thereby releasing the encapsulated drug or vaccine [3]. As an additional advantage,
the dry state of dMNs combined with the presence of excipients can increase protein
thermostability [3].

dMNs are produced from different materials, ranging from low molecular weight
carbohydrates to biodegradable polymers [3]. The selection of the matrix material is based
on different factors such as i) safety, ii) compatibility with the active compound and the
manufacturing procedure, iii) capability of the manufactured dMNs to efficiently pierce the
skin and subsequently dissolve in a short time period and iv) potential adjuvant properties.
One of the most frequently used matrix material is the hyaluronan (HA) [3, 9-13]. High
molecular weight HA is a non-toxic, biodegradable, biocompatible and non-inflammatory
linear polysaccharide [14] naturally present in the skin and approved by the FDA as inactive
material.

Although frequently used for microneedle manufacturing, the molecular weight of the
polysaccharide HA is rarely addressed [1, 3, 9, 11, 12, 15-17]. There are indications however,
that the molecular weight of the HA influences its immuno-adjuvant properties. Only high
molecular weight HA (HMW-HA, MW 107 Da) is an ubiquitous extracellular matrix
component [18, 19]. Low molecular weight HA (LMW-HA) (4- to 16-oligosaccharide size, 800
—3200 Da [19, 20]) is able to activate immunocompetent cells such as macrophages [21] and
DCs [19-23]. These activated human DCs are able to stimulate T-cell mediated immune
responses [19, 20, 24]. The immune activation is mediated by the HA binding to specific
receptors such as CD44, CD168, Toll-like receptor (TLR)-2 and TLR-4 [25-28]. The latter is a
receptor associated with the innate immunity and the host defence against bacterial
infection [20]. In the presence of antigens, a specific response may develop [29] and so the
LMW-HA can act as an adjuvant during vaccination.

In a previous study from our group, the dissolving microneedle properties of the only 150
kDa HA, such as penetration and dissolution in the skin, have been reported [30].

The aim of this study was to determine whether i) HA with different MW had an effect on
the immune response for both antibody (in vivo injections by hMN) and cellular (in vitro T-
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cell exposure) responses and ii) it was possible to fabricate dMNs by micromolding from HA
with different molecular weight. To this end, first the potential adjuvant effect of HA was
assessed by i) performing immunization studies investigating the antibody response in mice
injected with the model antigen ovalbumin (OVA) in presence of a range of different HA-
MWs and ii) investigating T-cell activation in vitro upon exposure to several HA-MWs with
OVA. Subsequently, different HA-MWs were used to fabricate dMNs assessing the
compatibility of the matrix material of each MW with the manufacturing procedure. These
dMNs were used to investigate their capability to pierce the skin and to dissolve in
reasonable short time period.

2. MATERIALS AND METHODS
2.1 Materials

Hyaluronan (HA) (sodium hyaluronate, average Mw was 4.8 kDa, 20 kDa and 150 kDa
(endotoxin level < 0.05 EU/mg) or 1.8 MDa (endotoxin level < 0.07 EU/mg)) was purchased
from Lifecore Biomedical (Chaska, MN, USA). Immunization studies, ELISA and cell culturing
were performed by using endotoxin-free ovalbumin (OVA) (endotoxin level < 1 EU/mg) from
Invivogen (Toulouse, France). PBS pH 7.4 for hMN injections was obtained from B. Braun,
Melsungen, Germany.

For cell culture, Ca?*- and Mg?*-free phosphate-buffered saline (PBS), Iscove's Modified
Dulbecco's Medium (IMDM), Roswell Park Memorial Institute Medium (RPMI 1640),
penicillin/streptomycin and I-glutamine were purchased from Lonza (Basel, Switzerland).
Fetal calf serum (FCS) and granulocyte-macrophage colony-stimulating factor (GM-CSF) were
purchased from GE Healthcare (Little Chalfont, UK) and PeptroTech (London, UK)
respectively. Lipopolysaccharide (LPS) extracted from Salmonella typhosa, CFSE and B-
mercaptoethanol were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands).

The antibodies CD25-APC (PC 61.5), CD69-PE (H1.2F3), Thyl.2-PE-Cy7 (53-2.1), CD4-
eFluord50 (GK1.5), Va2 TCR-PE (B20.1) and fixable viability dye-eFluor780 were purchased
from eBioscience (Thermofisher Scientific, MA, USA).

For dissolving microneedle fabrication, 10 mM PB (7.7 mM Na;HPO4, 2.3 mM NaH;PO4, pH
7.4) was prepared in the laboratory. Vinylpolysiloxanes A-silicone (Elite Double 32a Normal)
and the two-component epoxy glue (Bison, Goes, The Netherlands) were obtained from The
Zhermack Group (Badia Polesine, Italy) and Bison International B.V. (Goes, The Netherlands),
respectively. Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow Corning
(Midland, MI, USA). Solid silicon MNs, obtained through a potassium hydroxide wet-etching
process [31], were kindly provided by the Tyndall National Institute (Cork, Ireland). All the
chemicals were of analytical grade and Milli-Q water (18 MQ/cm, Millipore Co.) was used for
the preparation of all solutions.
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2.2 Animals

Immunization studies were performed using female BALB/c (H2d), 8-11 weeks old (Charles
River, Maastricht, The Netherlands) and randomly assigned to groups of 8. The studies were
approved by the ethical committee on animal experiments of Leiden University (License
number (14176).

For in vitro T-cell activation studies, C57BL/6 and OT-Il transgenic mice on a C57BL/6
background were purchased from Jackson Laboratory (CA, USA), bred in-house under
standard laboratory conditions, and provided with food and water ad libitum. All animal
work was performed in compliance with the Dutch government guidelines and the Directive
2010/63/EU of the European Parliament. Experiments were approved by the Ethics
Committee for Animal Experiments of Leiden University (CCD number AVD106002017887).

2.3 Hollow microneedles

Hollow microneedles (hMNs) were prepared as described previously [32, 33] (a
representative image of a hMN is reported in the Supplementary data, Figure S1). Briefly,
polyimide-coated fused silica capillaries (Polymicro, Phoenix AZ, 375 um outer diameter, 50
um inner diameter) were filled with silicone oil in a vacuum oven (100 ° C) overnight.
Subsequently, the capillaries were etched during 4 h in > 48% hydrofluoric acid and the
polyimide coating was removed from the ends of the capillaries by diving them into heated
(250 °C) sulfuric acid for 5 min.

2.4 Immunization studies

BALB/c mice were anesthetized by intraperitoneal injection of 150 mg/kg ketamine and 10
mg/kg xylazine and the injection site was shaved (flank, approximately 4 cm?). The same day,
mice were immunized by intradermal hMN injection (120 um injection depth) of 10 ul with
0.31 pug OVA with 3.1 ug HA for each HA-MW dissolved in PBS pH 7.4. Intradermal hMN
injection of each HA-MWs without OVA and PBS were included as control. For controlled
depth intradermal microinjections, a hollow-microneedle applicator was used as reported
previously [32].

Immunizations were performed at day 1 (prime), day 22 (boost) and day 43 (2nd boost).
Prior to each immunization, a blood sample was collected from the tail vein. At day 63, the
blood sample was collected from the femoral artery and all mice were sacrificed. Serum was
isolated from the samples and stored at - 80°C.
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2.5 Determination of OVA-specific IgG antibodies

OVA-specific antibodies were analysed by a sandwich enzyme-linked immunosorbent assay
(ELISA) as described earlier [10]. Briefly, well-plates were coated with OVA for 1.5 h at 37 °C
and then blocked with bovine serum albumin (BSA) (Sigma-Aldrich, Zwijndrecht, the
Netherlands). After the blocking, three-fold serial dilutions of serum were applied to the
plates and incubated for 1.5 h at 37 °C. Then, the plates were incubated with horseradish
peroxidase-conjugated goat antibodies against IgG total, IgG1 and IgG2a (Southern Biotech,
Birmingham, AL, USA) for 1h at 37°C. Finally, 1-step TM wultra 3,3’ ,55' -
tetramethylbenzidine (TMB) (Thermo-Fischer Scientific, Waltham, USA) was used as
substrate and sulfuric acid (H,SOa) (95-98%) (JT Baker, Deventer, The Netherlands) was
added to stop the reaction. The absorbance was measured at 450 nm on a Tecan Infinite
M1000 plate reader (Mannedorf, Switzerland) and the antibody titers were determined as
the logl10 value of the mid-point dilution of a complete s-shaped absorbance-log dilution
curve of the diluted serum level.

2.6 Bone marrow-derived dendritic cells (BMDCs)

To examine T-cell activation in vitro, first bone marrow was isolated from the tibias and
femurs of C57BL/6 female mouse. A single-cell suspension of bone marrow cells was
obtained by using a 70 um cell strainer (Greiner Bio-One B.V., Alphen aan den Rijn, NL). The
cells were cultured in IMDM medium supplemented with 2 mM I-glutamine, 8% (v/v) FCS,
100 U/ml penicillin/streptomycin and 50 uM B-mercaptoethanol at 37 °C and 5% CO; in
95 mm Petri dishes (Greiner Bio-One B.V., Alphen aan den Rijn, NL) and 20 ng/ml GM-CSF for
10 days. Medium was refreshed every other day.

On day 11, the BMDCs were harvested from the petri dish and distributed into 96-well plates
(100 pl/well, 10 000 cells/well). Then, 100 pl/well of formulations consisting of: i) 5 pg OVA,
ii) 5 ug OVA mixed with 50 pug HA (per each molecular weight) or iii) 50 ug HA (per each
molecular weight) were added to the wells. OVA (5 pg/well) + LPS (100 ng/well) or LPS (100
ng/well) were added as positive control; medium was included as negative control.

The BMDCs were exposed to the formulations overnight at 37°C and 5% CO; and
subsequently OVA-specific CD4* T-cells were transferred on BMDCs in co-culture
experiments (see 2.6).

2.7 CD4* T-cell activation by antigen loaded BMDC

OT-II (OVA-specific CD4*) T-cells were obtained from the spleen of OT-Il transgenic C57BL/6
mouse. Single cell suspensions were obtained by forcing the spleens through a 70 um
strainer. After erythrocyte depletion with lysis-buffer (0.15 M NHCl, 1 mM KHCOs, 0.1 mM
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Na2EDTA; pH 7.3), staining with CFSE was performed. Briefly, cells were suspended in PBS
containing 1 uM CFSE and incubate 10 min at room temperature. CFSE was neutralized by
FCS addition and the cells were washed with RPMI to remove excess of CFSE.

At this point, the percentage of CD4*/Valpha®* cells was determined by flow cytometry (BD
FACSCanto-Il, San Jose, CA). OT-II cells were transferred on BMDCs previously exposed to the
formulations (50 000 cells/well).

On day 15, the cell surfaces were stained by incubating the cells with fixable viability dye-
eFluor780 (1:1000) and fluorescently labelled antibodies specific for: Thy1.2-PE-Cy7 (1:500),
CD25-APC (1:500), CD69-PE (1:500) and CD4-eFluor450 (1:500) for 30 min (100 ul/well) at 4
°C. After 30 min, the excess antibodies were washed by using FACS buffer. The cells were
incubated with fixation and permeabilization solution (BD Biosciences) for 10 min at 4 °C.
Finally, the cells were washed with FACS buffer and analysed by flow cytometry (BD
FACSCanto-Il, San Jose, CA). The data were analysed by using FlowJo software.

2.8 Fabrication of dissolving microneedles

dMN arrays were prepared as described previously [10]. HA 10% (w/v) was dissolved in
phosphate buffer (10 mM, pH 7.4) and stored overnight. The next day, HA solution was
poured in each well of the polydimethylsiloxane mold (PDMS, Sylgard 184, Dow Corning,
Midland, Ml, USA) to prepare dMN arrays (4 by 4 dMNs per array of 300 um length and 100
um base diameter). After several steps of vacuum and centrifuge, the 20 kDa and 150 kDa
HA arrays were oven-dried overnight at 37°C. As this procedure result in fragile dMN arrays
when using 4.8 kDa HA, these dMN arrays were dried at room temperature overnight. The
next day, a backplate was produced by pouring a mixture of vinylpolysiloxane base and
catalyst (in a 1:1 ratio) (Elite Double 32a Normal, Zhermack Group, Badia Polesine, Italy) and
subsequently a two-component glue solution (Bison International B.V., Goes, The
Netherlands) onto each array and left curing.

Finally, the arrays were removed from the PDMS mold and inspected for shape and
sharpness by light microscopy (Stemi 2000-C, Carl Zeiss Microscopy GmbH, Gottingen,
Germany).

2.9 Human skin

Human abdomen skin was obtained from a local hospital within 24 hours after cosmetic
surgery according to the declaration of Helsinki. The fat excess was removed with a scalpel
and the skin was stored at -80°C. Before use, the skin was thawed at 37°C for 1 h in a humid
petri dish and stretched with pins on parafilm-covered styrofoam. Before starting the
experiment, the skin was cleaned with Milli-Q and 70% ethanol.
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2.10 Penetration of microneedles in ex vivo human skin

dMN arrays (n=3 per HA-MW) were applied onto the skin by impact velocity, as described
elsewhere [10, 34], by using an impact insertion applicator with a constant velocity of 0.54
m/s (Leiden University - applicator with uPRAX controller version 0.3). The dMNs were kept
in the skin for 18 seconds and withdrawn. Then, the pierced skin was treated with trypan
blue, as previously described [35] and stratum corneum was removed by tape stripping.
Finally, the blue spots were visualized using a light microscope (Axioskop and Stemi 2000-C,
Carl Zeiss Microscopy GmbH, Gottingen, Germany) (a representative image of pierced skin is
reported in the Supplementary data, Figure S2) and the penetration efficiency per array was
calculated by dividing the number of blue spots by the number of dMNs on the array (16)
(Equation 1).

Penetration efficiency=(number of blue spots)/16 x 100 (Egn. 1)

2.11 Dissolution of microneedles in ex vivo human skin

A dMN array (n=7) was applied on the skin as described in section 2.10 and was kept in the
skin for 1 min, 5 min, 10 min or 20 min. The microneedle length before and after dissolution
was determined with a light microscope (Axioskop and Stemi 2000-C, Carl Zeiss Microscopy
GmbH, Gottingen, Germany) equipped with a digital camera (Axiocam ICc 5, Carl Zeiss). In
order to obtain the dMN dissolved volume for each insertion period, dissolved microneedle
length was measured by ZEN 2012 blue edition software (Carl Zeiss Microscopy GmbH) and
the dissolved MN volumes were calculated as reported in our previous study in
supplementary Figure 3 [10].

2.12 Statistics

IgG titers and T-cell response were analysed using one-way ANOVA with respectively
Bonferroni and Tukey’s post-test suitable in the software Prism (Graphpad, San Diego, USA).
A p-value less than 0.05 was considered to be significant.

Microneedle penetration efficiency was analysed by Kruskal-Wallis test with Dunn's multiple
comparison test (p < 0.05).

The remaining dMN length after dissolution at different time points was analysed by two-
way ANOVA with a Tukey’s post-test (p < 0.05).
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3. RESULTS
3.1 Immunization studies

The liquid formulations of OVA alone or mixed with different HA-MWs was intradermally
injected by using hollow microneedles. During injection no problems with clogging or
leakage were observed. The formation of a blister on the site of the injection indicated a
successful intradermal delivery of the formulation. No adverse effects were observed.

The OVA-specific total IgG titers increased after each immunization (Figure 1A-C). The
presence of HA, regardless of the molecular weight, did not increase the total IgG response
compared to the injection of OVA only. After the first boost, a higher OVA specific 1gG
response in the mice immunized with OVA-HA 4.8 kDa was observed compared to the mice
injected with OVA-HA 150 kDa (p<0.01). However, both OVA-HA 4.8 kDa and OVA-HA 1.8
MDa resulted in equal responses compared to the OVA only group. After the second boost,
the group immunized with OVA-HA 1.8 MDa showed lower OVA-specific total IgG titers than
OVA only and OVA-HA 4.8 kDa, suggesting a detrimental effect on adding high molecular
weight HA. Overall, the presence of high MW HA seemed to reduce the immunogenicity of
the antigen while the presence of HA regardless of the molecular weight did not enhance
the immune response compared with OVA alone.

The 1gG1 response (Figure 1 D-F) followed the same trend as the total I1gG response: the
presence of HA in different molecular weights did not change the response compared to
OVA alone after each immunization. Intradermal injection of OVA, with or without HA,
resulted in undetectable OVA specific IgG2a responses (data not shown).
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Figure 1. OVA-specific I1gG total (A-C) and IgG1 (D-F) antibody titers measured in BALB/c mice on day
21 (A and D), day 42 (B and E) and day 63 (C and F). Bars represent mean = SEM, n = 8. *p < 0.05, **p
< 0.01. OVA, ovalbumin; HA, hyaluronan.

3.2 Analysis of CD4* T-cell activation in vitro

To determine whether the presence of different HA-MW, with or without OVA, affect
cellular responses, OT-1I T-cell (OVA-specific CD4* cells) activation studies were performed in
vitro. As expected, addition of OVA induces OT-Il proliferation, which is enhanced in the
presence of LPS (Figure 2). The co-exposure of cells to OVA and HA however, regardless of
the molecular weight, did not increase OT-Il proliferation compared to OVA alone. In line
with the antibody responses, this suggests that none of the tested HA polymer provided a
measurable adjuvant effect.
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Figure 2. OT-Il activation in vitro. (A) percentage of dividing cells, (B) percentage of CD69*/CD25*
cells. Bars represent mean £ SEM, n = 3. *p < 0.05, **p < 0.01. OVA, ovalbumin; HA, hyaluronan; LPS,
lipopolysaccharide; s.d., significantly different.

3.3 Dissolving microneedle fabrication

The immunological analysis of the various HA polymers, suggests a preference for small MW
polymer, as the high MW polymer show reduced antibody titers. Next we determined
whether the MW of HA affected the fabrication of dissolving microneedles and their
dissolution in the skin. Fabrication of dissolving microneedles was possible for the HA-MWs
150 kDa, 20 kDa and 4.8 kDa. The 10% (w/v) concentration of MW 1.8 MDa HA led to gel
formation preventing the fabrication of microneedles. For the HA-MW 4.8 kDa, the
fabrication of dissolving microneedles with a final step of drying at 37°C, as performed for
the 150 kDa and 20 kDa HA, led to ruptures on the microneedle arrays surface (data not
shown). Thus, the drying was performed at room temperature, resulting in intact
microneedle arrays.

3.4 Penetration and dissolution of microneedles in ex vivo human skin

In order to assess whether the molecular weight of HA had an effect on the capability of
microneedles to pierce and dissolve into the skin, first their ability to pierce ex vivo human
skin was tested. Bright field analysis showed sharp microneedles regardless of the HA-MW
(Figure 3A).The penetration efficiency of microneedles into the skin was not affected by the
molecular weight of the HA. The 150 kDa microneedles showed a penetration efficiency of
96 + 7%; 20 kDa and 4.8 kDa HA microneedles showed a penetration efficiency of 98 + 4%,
(mean £ SD, n=3).
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Dissolution studies showed a gradual dissolution in time irrespective of the HA-MW (Figure
3A). However, while 20 kDa and 4.8 kDa HA dMNs completely dissolved within 20 minutes
application in the skin (97 + 2% and 100 + 0% dissolved volumes respectively), the 150 kDa
HA dMNs reached only 80% dissolved volume after the same application time (Figure 3A).

No differences in dissolved volumes between 20 kDa and 4.8 kDa HA microneedles at each
application time were observed (Figure 3B), however the dissolved volume of the 150 kDa
HA microneedles was significantly reduced at each time point compared to the other HA-
MW microneedles. This resulted in a complete dissolution of the 20 kDa and 4.8 kDa HA
microneedles after 10 minutes application, while the 150 kDa HA microneedles took 20
minutes to almost completely dissolve.

110



Hyaluronan molecular weight: effects on dissolution time of dissolving microneedles in the skin and on
immunogenicity of antigen

A

5 min 10 min 20 min

Dissolved MN volume (%) 0t0
(mean £ SEM)

HA20kDa

Dissolved MN volume (%} 0t0
(mean  SEM)

HA 150 kDa
Dissolved MN volume (%) 00 141
(mean £ SEM)
L L L L B S LU S—
P
ey ok e
—+ Ve, P2
ek ko '_'
—_ E H
2 100 3 =
°E’ 80+ .
3
$ 6o
—
40+ o
B (o)
=
O 204
s Hn
a 0- T T
R & R &
AE o ,96\ .-.96\

B HA48kDa [ HA20kDa [ HA150kDa

Figure 3. dMN dissolution in ex vivo human skin. (A) Representative bright field images (5x) of 10%
(w/v) HA 4.8 kDa, 20 kDa and 150 kDa microneedle before application on the skin (0 min) and after 1,
5, 10 and 20 min dissolution in ex vivo human skin. Dissolved volumes are reported as mean + SEM (n
= 7). Scale bar 100 um. (B) Effect of time (1, 5, 10 and 20 min) on dissolution per each HA-MW dMN
type (statistics in black) and effect of HA-MWs on dissolution of dMNs at different time points (red
statistics) are shown. Significance (**p<0.01, ***p<0.001 and ****p < 0.0001) was determined by a
two-way ANOVA with a Tukey’s post-test (n=7). All data are presented as mean +SEM. HA,
hyaluronan.
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4. DISCUSSION

When choosing the HA polymer for the fabrication of dMNs, it is relevant to investigate
potential immune modulating effects besides effects related to the dMN manufacturing and
physicochemical characteristics of dMNs such as capability to pierce the skin and dissolve
quickly.

Although LMW-HA can have inflammatory properties in contrast to HMW-HA [19, 20, 22, 36,
37], to our knowledge, the role of HA-MW on the antibody response has not been reported
yet. To this end, in the present study HA ranging from 4.8 kDa to 1.8 MDa mixed with OVA
was injected intradermally in mice to assess the antibody response evoked. We did not
observe an increase in antibody titers by adjuvanting with LMW-HA; however we did
observe that HMW-HA (1.8 MDa) reduced the antibody level after the second boost
compared to OVA only and LMW-HA 4.8 kDa HA mixed with OVA. This may be explained by
reports that HMW-HA exerts an anti-inflammatory role reducing the side effects of vaccines
[38, 39] and displays immunosuppressive properties [40-42]. To this end, it has been
reported that HMW-HA up-regulates the transcription factor FOXP3 on regulatory T-cells
(Treg) (e.g. CD4* CD25*) [42] involved in the regulatory mechanism of autoantibody
production [43] and likely antibody production. Although we did not investigate Treg
activation in this study, they provide a potential mechanism regarding the lack of
immunogenicity of HMW-HA.

The role of what in literature is defined as LMW-HA has been extensively investigated
suggesting a pro-inflammatory effect in vitro: 4-6 oligosaccharides HA induced cytokine
synthesis in dendritic cells [19, 20]; HA < 250 kDa induced inflammatory cytokines levels [36,
44-48]; HA < 800 kDa led to activation of macrophages [37]. In this study, the effect of HA-
MW was examined on the activation of CD4* T-cells. Although this is an in vitro system, it has
shown to be predictive in the sense that formulations that induce strong in vitro response of
OT-Il cells also outperformed other formulations in vivo [49, 50]. Conversely to what has
been reported in literature, changes in HA-MW did not influence the proliferation and
activation of CD4* T-cells in vitro. Considerations justifying the referred controversial effects
of HA preparations may be related to i) MW of HA that is not always measured accurately or
is not homogeneous in the same HA population, for this reason an effect may be attributed
to a minor population, ii) the presence of minor contaminants even in highly purified HA and
iii) the conformational diversity of HA highly dependent on pH, temperature, salt
concentration and specific cations [48]. Furthermore, the effects of HA-MW seems to be cell-
specific and depending on the HA medium concentration [26, 48]. However, in literature
there is not an optimal HA concentration reported and often the same concentration of
different HA-MWs may have opposite effects on CD4* cellular response [42]. This lack of
data should be addressed in future investigations, i.e. i) HAs in a wide range of
concentrations with a dose/response on specific cell types and ii) cytokines produced by DCs
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and CD4* T-cells after exposure to the HA formulations, to obtain additional information on
the regulatory effect of HA.

Due to the absence of intrinsic adjuvant properties of HA, regardless of the molecular
weight, all the HA-MW:s were tested for potential effects on the manufacturing of dMNs and
their capability to penetrate the skin and quickly dissolve. As reported in literature, a factor
influencing the dMN dissolution time in the skin is the HA concentration [10, 51]. However,
to our knowledge, the role of the HA-MW on the dMN dissolution in the skin is reported in
the present study for the first time highlighting the novelty of this study. HA is being used in
experimental drug delivery systems. The lack of immune activation of HA, regardless MW
may be used to taylor drug release kinetics. However, although we did not show
immunological effects, using low MW HA, may introduce safety concerns, since low MW
fragments (oligomers) are associated with inflammatory responses [52].

Difficulties or impossibility in dMN fabrication when choosing too low (4.8 kDa) or high (1.8
MDa) HA-MWs, respectively, identified an optimal HA-MW in the middle range (20 kDa and
150 kDa). The 4.8 kDa HA could only be formulated into dMN by drying at room temperature
to avoid ruptures of the dMN arrays. Although drying at low temperature (room
temperature) can preserve the antigen stability, it may lead to long processing time not
compatible with scalability in fabrication and to a higher residual moisture content in dMN
than drying at high temperature, potentially resulting in decrease in antigen stability. The
HA-MW 1.8 MDa formed a gel, due to the high viscosity, preventing further processing into
dMNs. Furthermore, increase in HA-MW led to prolonged application time for a complete
dMN dissolution into the skin.

Based on the result described above, the 20 kDa HA should be preferred to the 4.8 kDa and
150 kDa HA for the fabrication of dMNs.

5. CONCLUSIONS

The present study underlines the importance of defining a specific HA-MW for the
fabrication of dMNs based on the investigation and assessment of the effects of the HA-MW
on the immune response and on the physicochemical characteristics of dMNs such as
capability to pierce the skin and dissolve quickly.

We consider, among the HA-MWs investigated, the medium-low HA-MW of 20 kDa the
optimal MW as it results in robust dMNs characterized by a fast dissolving process in the skin
and has no effect on the immunogenicity of the antigen.
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SUPPLEMENTARY MATERIAL

Supplementary Figure S1. Representative bright field microscope image of a hMN. The diameter of
approximately 195 um and the microneedle tip of approximately 120 um piercing in the skin are
reported on the figure.

Supplementary Figure S2. Representative bright field microscope image of pierced ex vivo human
skin after staining with trypan blue and stratum corneum stripping by tape.
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ABSTRACT

In this study the effect of repeated-fractional intradermal administration of diphtheria
toxoid (DT) compared to a single administration in the presence or absence of adjuvants
formulated in dissolving microneedles (dMNs) was investigated. Based on an adjuvant
screening with a hollow microneedle (hMN) system, poly(l:C) and gibbsite, a nanoparticulate
aluminum salt, were selected for further studies: they were co-encapsulated with DT in
dMNs with either a full or fractional DT-adjuvant dose. Sharp dMNs were prepared
regardless the composition and were capable to penetrate the skin, dissolve within 20 min
and deposit the intended antigen-adjuvant dose, which remained in the skin for at least 5 h.
Dermal immunization with hMN in repeated-fractional dosing (RFrD) resulted in a higher
immune response than a single-full dose (SFD) administration. Vaccination by dMNs led
overall to higher responses than hMN but did not show an enhanced response after RFrD
compared to a SFD administration. Co-encapsulation of the adjuvant in dMNs did not
increase the immune response further. Immunization by dMNs without adjuvant gave a
comparable response to subcutaneously injected DT-AIPO4 in a 15 times higher dose of DT,
as well as subcutaneous injected DT-poly(l:C) in a similar DT dose. Summarizing, adjuvant-
free dMNs showed to be a promising delivery tool for vaccination performed in SFD
administration.

GRAPHICAL ABSTRACT
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Keywords: dissolving microneedles, diphtheria toxoid, intradermal immunization,
microneedles, aluminum-based adjuvants, repeated-fractional vaccine delivery.
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1. INTRODUCTION

Vaccination has led to the control of devastating diseases such as smallpox, poliomyelitis,
measles and hepatitis [1-3]. Most vaccines are injected intramuscularly or subcutaneously.
However, classical injection can cause pain, distress, needle-stick injuries and requires
trained personnel [4]. To overcome problems related to the hypodermic needles, less
invasive technologies have been developed such as microneedles [4, 5]. Microneedles are
structures up to 1 mm in length capable to penetrate the stratum corneum, the major skin
barrier, in a pain-free way [4, 6], thereby delivering the antigen into the skin, a very immune
competent organ populated with many antigen presenting cells. This may lead to antigen
dose-sparing [4, 7] compared to the conventional routes of administration. Dissolving
microneedles (dMNs) are a microneedle type that dissolve in the skin upon insertion thereby
releasing the encapsulated vaccine [4]. Their dissolution in the skin allows to avoid sharp
needle waste left behind after use and thus infections due to the needle re-use or needle-
stick injuries are not possible [8]. Furthermore, for vaccine in the solid state it may be
possible to circumvent the need for a cold-chain to keep the antigen stable during storage
and shipping [9].

Vaccines consist of attenuated organisms, inactivated pathogens and toxins or subunit
antigens. While attenuated vaccines may revert to the virulent form, inactivated and subunit
vaccines are safer but generally less immunogenic [3, 10]. Thus, to potentiate the immune
response using safer vaccines, together with the optimal administration route, adjuvants can
be used, aiming for increased immunogenicity or antigen dose-sparing [4, 10, 11].

However, adjuvants can have drawbacks such as adverse effects and they may affect vaccine
stability [11]. A previous study revealed that repeated administration of fractional doses of
inactivated polio vaccine by means of a hollow microneedle (hMN) can lead to superior 1gG
responses without the use of adjuvants [12].

In this study, we examined whether the immunogenicity of diphtheria toxoid (DT) can be
influenced by repeated dermal administration in comparison with a single dose without or
with the addition of adjuvants. In a previous study the effect of repeated antigen dosing was
assessed by using hMN [12]. In the present research, it was investigated whether repeated
dosing by using dMNs and hMN had a similar effect on the immune response. To select the
optimal adjuvant, the vaccination was performed by using a hMN intradermally in mice. This
allowed to avoid time consuming dMN fabrication for all adjuvants and to screen a quite
wide adjuvant set and to perform a relatively fast selection of them to encapsulate in the
dMNs. Based on these studies, two adjuvants were selected for a follow-up study in which
intradermal administration of DT and the adjuvant was performed in a single-full dose or in
repeated-fractional dosing using either a hMN or dMNs.
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2. MATERIALS AND METHODS
2.1 Materials

Hyaluronan (sodium hyaluronate, HA, average Mw was 150 kDa) was purchased from
Lifecore Biomedical (Chaska, MN, USA). Diphtheria toxoid (DT) (12.25 mg/ml in phosphate
buffered saline (PBS) pH 7.4) and diphtheria toxin (0.001 Lf/ml) were kindly provided by
Intravacc (Bilthoven, The Netherlands). CpG ODN 1826 was purchased from Oligo Factory
(Holliston, MA). Aluminum phosphate (AIPO4) was purchased from Brenntag (Ballerup,
Denmark). Fetal bovine serum (FBS) and cholera toxin (vibrio cholera) were obtained from
Sigma-Aldrich (Zwijndrecht, The Netherlands). Glucose solution, L-Glutamine (200 mM),
penicillin-streptomycin (10000 U/ml), and sodium bicarbonate were obtained from (Thermo-
Fisher Scientific, Waltham, MA). Polyinosinic-polycytidylic acid (poly(l:C)) (low molecular
weight) was purchased from Invivogen (Toulouse, France). Sterile phosphate buffered saline
(PBS, 163.9 mM Na*, 140.3 mM CI-, 8.7 mM HPO4%, 1.8 mM H,PO4", pH 7.4) was ordered
from Braun (Oss, The Netherlands). 10 mM phosphate buffer (PB, 7.7 mM Na;HPQa, 2.3 mM
NaH;PO4, pH 7.4) was prepared in the laboratory. All the chemicals used were of analytical
grade and distilled water (18 MQ/cm, Millipore Co.) was used for the preparation of all
solutions.

2.2 Synthesis of boehmite and gibbsite

Nanoparticulate aluminum salts boehmite and gibbsite were synthesized as described
previously [13, 14]. Aluminium-iso-propoxide (80 mM) and aluminum-sec-butoxide (80 mM)
were mixed in HCI (90 mM) and stirred for 10 days. The solution was hydrothermally treated
at 150°C (boehmite) or 85°C (gibbsite) for 36h. The suspensions were dialyzed against water,
autoclaved and stored at room temperature.

2.3 Preparation of formulations for hollow microneedle injections

In order to select the most promising adjuvants, various DT-adjuvant formulations were
tested (Table 1) using a hMN injection system. DT was mixed in a concentration of 36 ug/ml
with i) CpG ODN (36 pg/ml) or poly(l:C) (36 pg/ml) or cholera toxin (100 pg/ml) in PBS (pH
7.4), i) the aluminum-based nanoparticles (alumNPs) gibbsite or boehmite (36 pg/ml AI** or
360 pg/ml AlP*) in a sucrose (250 mM) containing histidine buffer (50 mM, pH 7.5). For the
positive control, DT in a concentration of 500 pug/ml was mixed with AIPO4 in a concentration
of 15 mg/ml (DT-AIPO4) in PBS (pH 7.4). AlumNPs and DT-AIPOs4 were incubated under
continuous stirring at room temperature for 3 h to allow the DT adsorption on alumNPs or
AIPOs.
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2.4 DT adsorption on alumNPs and AIPO4

To determine the adsorption of free DT to alumNPs or AIPQg4, after the adsorption procedure
the samples were centrifuged for 60 minutes at 35,000 x g at 4 °C in an Avanti J-20 XP
centrifuge (Beckman Coulter). The DT in the supernatant was quantified by measuring the
intrinsic fluorescence intensity of DT (Aex 280 Nm/ Aem 320 nm). The adsorption efficiency of
DT was calculated according to the following equation:

Adsorption efficieny % = (1 — w) x 100 % (Ean. 1)

Mpr total

where Mor in supernatant represents the mass of DT in supernatant after centrifugation, and Mpr
total IS the total mass of DT used.

2.5 Particles size and zeta potential determination

For DT-alumNPs (DT in concentration of 36 pug/ml, alumNPs in concentrations of 36 pg/ml
Al* or 360 ug/ml AIP*) the particle size, polydispersity index (PDI) and zeta potential were
determined by dynamic light scattering (DLS) and laser doppler velocimetry (Nano ZS®
zetasizer, Malvern Instruments, Worcestershire, U.K.). To resemble the conditions for hMN
injection and dMN arrays fabrication, samples were respectively prepared in 50 mM
histidine (pH 7.5) or in 10 mM PB (pH 7.4).

2.6 Labeling of diphtheria, hyaluronan and alumNPs
2.6.1 Labeling for confocal microscopy

DT was labelled with Alexa Fluor 647® dye (AF647) (Life Technologies, Eugene, OR, USA) (Aex
651 nm, Aem 672 nm) (DT-AF647) according to the manufacturer's instructions. Hyaluronan
was labelled with fluoresceinamine (FAM) (Sigma-Aldrich, St. Louis, MO, USA) (isomer |, Aex
496 nm, Aem 520 nm) (HA-FAM) following the method described by de Belder and Wik [15].
Gibbsite was labelled with lumogallion (Gib-LMG) (TClI Europe N.V., Antwerp, Belgium) (Aex
493 nm, Aem 600 Nnm) following the method described by Mile et al [16].

2.6.2 Labeling for infrared detection

DT deposition in ex vivo-mouse and -human skin was quantified by using DT labelled with
IRDye 800CW (LI-COR, Lincoln, Nebraska USA) (Aex 774 nm, Aem 789 nm). DT labelling was
performed according to the manufacturer's instructions.
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2.7 Fabrication of dissolving microneedle arrays

dMN arrays (4x4 needles) were prepared as previously described [17, 18]. Briefly, 10% (w/v)
HA was dissolved in PB (10 mM, pH 7.4) and stored overnight. The next day, 0.3% (w/v) DT
for the full dose dMNs or 0.1% (w/v) DT for the fractional dose dMNs was added to the HA
solution. The referred DT percentage for the full and fractional dose were defined to
theoretically deliver 0.36 pg and 0.12 pg of DT respectively. The percentage was
mathematically defined related to a previous publication [17]. For adjuvanted dMNs, the
adjuvant in a weight ratio 1:1 with DT was added. For the DT adjuvanted with alumNPs, the
alumNPs and DT were incubated under continuous stirring at room temperature for 3 h to
allow the DT adsorption on alumNPs. Thus, the DT-alumNPs were added to the HA solution.

A polydimethylsiloxane mold (PDMS, Sylgard 184, Dow Corning, Midland, MI, USA) consisting
of single-array wells was made using a master template presenting solid silicon MN arrays
[17]. The PDMS mold was used to pour the HA-DT solution in each well. After several
vacuum cycles and centrifugation steps, the dMN arrays were dried at 37°C overnight. The
next day, an antigen-free backplate was produced by pouring a mixture of vinylpolysiloxane
base and catalyst (1:1 ratio) (Elite Double 32a Normal, Zhermack Group, Badia Polesine,
Italy). Subsequently a two-component glue solution (Bison International B.V., Goes, The
Netherlands) was poured onto each array and left curing. Finally, the arrays were removed
from the PDMS mold, cut into individual arrays and stored at room temperature in a
desiccator until use.

To perform confocal imaging, in preparing the dMN arrays 100% of the DT and gibbsite
amount and 4.5% of the hyaluronan amount were replaced with their labelled counterparts
(DT-AF647, Gib-LMG and HA-FAM respectively). To perform near-infrared imaging of DT in
the skin, 36% of the full dose of DT and 100% of the fractional dose of DT was labelled (DT-
IR800).

2.8 Human skin

Human abdomen skin was obtained from a local hospital within 24 hours after cosmetic
surgery. After removal of the fat excess with a scalpel, the skin was placed in the -80°C
freezer until use. Before use, the skin was thawed in a petri dish containing a wet tissue at
37°C for 1 h and stretched with pins on parafilm-covered styrofoam. The skin was cleaned
with distilled water and 70% ethanol before the start of the experiment.

Fresh ex vivo human skin was used within 24 hours after cosmetic surgery. After manual
removal of the fat excess, the skin was cleaned with Milli-Q and 70% ethanol and stretched
with pins on parafilm-covered Styrofoam to be used.

124



Diphtheria toxoid dissolving microneedle vaccination: adjuvant screening and effect of repeated-fractional
dose administration

2.9 Penetration of microneedles in ex vivo human skin

dMN arrays (n=3) were applied onto the skin by impact velocity, as described elsewhere [18],
by using an impact insertion applicator with a constant velocity of 0.40 m/s (Leiden
University - applicator with uPRAX controller version 0.3) and kept in the skin during 18 sec.
Penetration efficiency (PE) was determined by trypan blue treatment of pierced skin, as
previously described [19]. After removal of the stratum corneum by stripping the blue spots
were visualized using a light microscope. The penetration efficiency per array was calculated
as follows (Equation 2), in which 16 is the number of microneedles per array:

Number of blue spots

Penetration efficiency = P

X 100 (Eqn. 2)

2.10 Dissolution of microneedles in ex vivo human skin

dMNs arrays (n=3) were applied on the skin as previously described (section 2.9) and were
kept by the applicator for 20 min in the skin. The microneedle length before and after
dissolution was determined with a light microscope (Axioskop and Stemi 2000-C, Carl Zeiss
Microscopy GmbH, Géttingen, Germany) equipped with a digital camera (Axiocam ICc 5, Carl
Zeiss). The images were analysed by ZEN 2012 blue edition software (Carl Zeiss Microscopy
GmbH). The dissolved MN volumes were calculated as reported previously [17].

2.11 Quantification of diphtheria delivered in ex vivo mouse and human skin

Full dose dMN arrays (n=3 per skin type) and fractional dose dMN arrays (n=3 per skin type)
were inserted into mouse or human skin ex vivo and the dMNs remained in the skin for 20
min. After dMN array removal, the near-infrared fluorescence of the delivered DT-IR800 was
measured in a Perkin-Elmer IVIS Lumina Series Il in vivo imaging system (Waltham, MA, USA),
by using a ICG bkg excitation filter and an ICG emission filter and acquisition time 4 s, F-stop
2, binning 4 and field of view of 12.5 cm. Perkin-Elmer Living Image software version 4.3.1.0
was used for image acquisition and analysis. Fluorescence data were processed using region
of interest (ROI) analysis with background subtraction consisting of a control region of the
skin.

A calibration curve was generated in mouse and human skin by intradermal microinjections
of DT-IR800 of 62.5 - 1000 ng with an in house fabricated hMN injection system with uPRAX
controller version 0.3 (Leiden University) as reported elsewhere [12, 20, 21].
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2.12 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) was performed with a Nikon TE-2000-e inverted
microscope equipped with a C1 confocal unit. Nikon Plan Apo 10 x and 4 x objectives (with a
numerical aperture of 0.20 and 0.45 and working distance of 15.7 and 4 respectively) were
used respectively for microneedle and skin visualization. Nikon NIS Elements version 4.20.00
64-bit software was used for acquisition and analysis of scans.

For dMN visualization, fluoresceinamine (FAM) and lumogallion (LMG) were excited at 488
nm and Alexa Fluor 647 at 633 nm. The xy resolution was 1.55 pm/pixel.

For antigen and nanoparticle localization in the skin, fluorescently labelled dMNs were
inserted into ex vivo fresh human skin for 20 minutes. After removal of the remaining dMN
array, time-lapse microscopy using CLSM as described above was performed with the skin in
order to visualize hyaluronan, gibbsite or DT respectively. Each 30 min, sequentially xy scans
(xy resolution of 6.21 um/pixel) were taken with a spatial resolution of 10 um in z-direction
(z-axis of 0.7 mm) over a time period of 5 h.

2.13 Immunization studies

Immunization studies were performed using female BALB/c mice (H2d), 8-11 weeks old
(Charles River, Maastricht, The Netherlands). The studies were approved by the ethical
committee on animal experiments of Leiden University (License number 14241). The mice
were randomly assigned to groups of 8.

Immunizations were given at day 1 (prime immunization), day 22 (boost immunization) and
day 43 (2nd boost immunization). Before each intradermal immunization, the mice were
shaved on the left flank (approximately 4 cm?). A blood sample was collected, serum was
isolated and stored at -80°C. Prior to vaccination, mice were anesthetized by intraperitoneal
injection of 150 mg/kg ketamine and 10 mg/kg xylazine. At day 63, all mice were sacrificed
and serum was collected.

2.13.1 Part I: adjuvant screening

The effect of adjuvants on the immunogenicity of dermally injected DT was assessed using
hMN injection (Table 1). The inner diameter of the hMN was approximately of 150 um and
the length of the microneedle tip of approximately 120 um. Injected volume was 10 ul at a
controlled depth of 120 um by using a specifically designed hMN injection system with
UPRAX controller version 0.3 (Leiden University) [21]. Negative and positive controls included
respectively intradermal injection of PBS by hMN and 100 pl subcutaneous injection of 5 pg
DT and 150 pg AlPO4 with a conventional 26G needle.
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Table 1. Immunization study parameters for adjuvant screening. The dose of DT and adjuvant is
provided together with the immunization route. Two ratios of DT and alumNPs were used.

Immunization route Intradermal by hollow microneedle Subcutaneous
Group name”) DT DT-CT DT-PI DT-CpG ODN DT-Gib DT-Boe PBS DT- AIPOa sc
1 | 110 11 1:10
DT dose (pg) 0.36 - 5
Adjuvant dose (pg) -] 0.36 [ 036" [ 36™ [ 036 367 | - 150

") DT, diphtheria toxoid; CT, cholera toxin; Pl, poly(l:C); Gib, gibbsite; Boe, boehmite; AIPOs, aluminum phosphate, **) AI** concentration.

2.13.2 Part II: single-full dose vs repeated-fractional doses

The effects of DT administration, with and without adjuvant, in repeated-fractional doses
(RFrD) were investigated and compared to a single-full dose (SFD) injection (100% dose). The
RFrD consisted of administration, in 3 consecutive days, of 1/3rd of the SFD of DT(-adjuvant)
(3 x 33% doses). Intradermal vaccination in mice was performed using hMN (10 pl at a depth
of 120 um) and dMNs. Details of the formulations are reported in Table 2. PBS and DT- AIPO4
groups were used as negative and positive control, respectively. An additional positive
control of subcutaneous injection of 100 pul of 0.36 pug DT and 0.36 ug poly(l:C) was included.
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Table 2. Immunization study parameters for administration kinetics investigation. The administration
is in SFD (100%) or in 3 RFrD (3 x 33%).

i Formulation dose DT dose”
Formulation - . P
administration schedule per array/injection (ug)

Intradermal administration: dissolving microneedles

DT
DT-Gib
DT-PI
E/E/DT™

SFD 0.36

DT
DT-Gib RFrD 0.12
DT-PI

Intradermal injection: hollow microneedles

DT
. SFD 0.36
PBS/PBS/DT™)
DT RFrD 0.12
PBS - -

Subcutaneous injection (conventional 26G needle)

DT-PI SFD 0.36
DT-AIPOs SFD 5

" the DT and adjuvant dose are equal except for the subcutaneous injection with AIPO4, in which 5 pg of DT and
150 pg AlPOs4 has been added in the formulation; ™) application of an empty dMN array or injection of PBS on 2
consecutive days and DT administration in SFD on day 3. Abbreviations are DT, diphtheria toxoid; Gib, gibbsite;
Pl, poly(1:C); AIPO4, aluminum phosphate; E, empty dMN array.

2.14 Determination of DT-specific serum IgG titers and diphtheria toxin-neutralizing
antibody titers

DT-specific total IgG, IgG1 and IgG2a titers in serum were determined by ELISA as described
previously [22]. Plates were coated with 140 ng DT per well and incubated overnight at 4 °C.
After blocking with BSA (Sigma-Aldrich, Zwijndrecht, The Netherlands), sera samples were
added in a three-fold serial dilution and the plates were incubated at 37 °C for 2 h. Detection
of antibodies was performed with horseradish peroxidase-conjugated goat-anti-mouse IgG,
IgG1 or IgG2a (Southern Biotech, Birmingham, AL) (1:5000 dilution) using 1-stepTM ultra
3,3',5,5'-tetramethylbenzidine (TMB) (Thermo-Fisher Scientific, Waltham, MA) as substrate.
The reaction was stopped with 2 M sulfuric acid (JT Baker, Deventer, The Netherlands).
Absorbance was measured at 450 nm. Antibody titers were expressed as the log10 value of
the serum dilution at the mid-point of the S-shaped absorbance-dilution curve.
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Toxin neutralizing capacity of antisera was measured in a Vero cell assay [23]. After
complement inactivation by heating at 56 °C for 45 min, appropriate two-fold serial dilutions
of serum samples were prepared in M199 medium (Sigma-Aldrich, Zwijndrecht, The
Netherlands) (supplemented with 5% FBS (Sigma-Aldrich, Zwijndrecht, The Netherlands), 1
g/l glucose, 1.6 mM L-glutamine, 1.7 g/l sodium bicarbonate and 100 U/ml penicillin-
streptomycin) and were applied to 96-well plates. Subsequently, 50 ul/well 0.001 Lf/ml
diphtheria toxin diluted in complete culture medium was added and the plates were
incubated at 37°C and 5% CO; for 2 h for toxin neutralization. Subsequently, 50 ul/well
suspension of Vero cells were added (12,500 cells/well) and incubated at 37 °C in 5% CO, for
6 days. The number of wells containing viable Vero cells was determined by microscopy. The
neutralizing antibody titers were expressed as the log2 value of the highest serum dilution
that was still capable of protecting the Vero cells from the challenge of diphtheria toxin.

2.15 Statistical analysis

Data from antibody titers and neutralizing antibody titers were analyzed by one way ANOVA
with Bonferroni post-test by using GraphPad Prism software (version 5.02). A p < 0.05 was
considered to be significant.

3 RESULTS

3.1 Size and zeta potential of DT-alumNPs and adsorption efficiency of DT to alumNPs and
to AIPO,4

DT-Gibbsite and DT-Boehmite were characterized in terms of particle size, polydispersity
index (PDI) and zeta potential. DT-alumNPs were in the um range, i.e. outside the measuring
range of the DLS equipment, regardless the buffer composition (data not shown).

The effect of the type of particle on the zeta potential was examined. In histidine buffer,
boehmite resulted in a positive surface charge, while gibbsite showed a negative zeta
potential at the same concentration. When increasing the particle concentration the zeta
potential became less negative for the boehmite and became positive for the gibbsite. The
effect of the addition of DT on the zeta potential was also examined. It was observed that i)
addition of DT to the alumNPs formulation resulted in a lower zeta potential than alumNPs
only and ii) increasing the DT:alumNPs ratio from 1:1 to 1:10 by increasing the alumNP
concentration resulted in a higher zeta potential, indicating a relative lower level of
negatively charged DT on their surface compared with the slightly positively charged
alumNPs (Table 3). No significant changes in zeta potential were observed within the first 24
h of storage (Table 3). The alumNPs in PB showed a more negative zeta potential than in
histidine buffer.
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The adsorption efficiency of DT on the alumNPs and AIPO4 at 3 h after mixing was measured
(Table 3). In solutions with DT : alumNPs 1:10 ratio more than 80% DT was adsorbed to the
alumNPs. For a DT : alumNPs 1:1 ratio the DT adsorption on the alumNPs was less than 40%.
This was also observed for the AIPO4 particles. This indicated that at equal weight ratios the
alumNP surface became saturated with DT.

Table 3. Zeta potential of DT-alumNPs and percentages of DT adsorption on alumNPs and AIPO;4 (n =
3). Data are average + SEM.

Time (h)
0 3 24
Formulation Buffer Zeta Potential (mV) Afis_orption
efficiency (%)
Gibbsite” -24.7+0.4 - - -
PB

DT-Gibbsite” 1:1 -32.6 0.5 -32.8+0.3 -32.1+0.3 27.1+0.5

Gibbsite" Histidine -0.9 +0.3 - - -
DT-Gibbsite™) 1:1 -27.1+0.1 -27.0+0.2 -26.7 £0.2 11.4+1.0

Gibbsite™ 17.6+0.3 - - -
DT-Gibbsite™ 1:10 -22.8+0.3 -22.5+0.2 -19.0 £ 0.6 81.3+0.1

Boehmite” 3.4+04 - - -
DT-Boehmite™) 1:1 -23.8+0.2 -23.2+0.2 -25.7+0.1 25.5+0.4

Boehmite™ 13.9+0.5 - - -
DT-Boehmite™ 1:10 -15.4+0.6 -8.5+0.2 -4.7+0.5 83.2+0.1
DT-AIPO41:30 PBS - - - 38.7+0.3

*) 36 pug/ml AlP*, **) 360 pg/ml APt

3.2 Immunization study for adjuvant screening

In an immunization study using a hMN several adjuvants were screened on their efficiency to
potentiate the immune response of DT. The selected adjuvants were CpG ODN, Poly(l:C),
cholera toxin, gibbsite and boehmite (the latter two in DT : alumNPs ratios of 1:1 and 1:10).
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After the prime, the groups DT-Gib 1:1 and DT-Boe 1:10 induced higher IgG titers than the
DT group (Figure 1 A). The DT-Boe 1:10 group showed even a comparable response to the
positive control DT-AIPO4 (Figure 1 A).

At day 42, DT-specific total IgG titers increased further for all formulations (Figure 1 B).
However, no significant adjuvant effect was observed in comparison with the DT control
group (Figure 1 B). The DT-CT group had a comparable 1gG response to the positive control
DT-AIPOa.

At day 63 (Figure 1 C), the response of all the groups was very close to the response of
positive control DT-AIPOa, despite a 15 fold lower dose (Figure 1 C). However, the addition of
different adjuvants did not enhance further the response evoked by DT after three
vaccinations (Figure 1 C).
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Figure 1. DT-specific total IgG titers on day 21 (A), 42 (B) and 63 (C). After each vaccination, the AIPO,4
was significantly different from each other group except the no significant (ns) group reported. After
63 days, the titers in the DT-Gib 1:10 group was significantly lower (s.dif.) compared to the titers in
all the other groups. Bars represent mean + SEM, n = 8. *p < 0.05, **p < 0.01, ***p < 0.001 and
*¥**¥*p < 0.0001. DT dose was 0.36 pg except DT-AIPO, sc: 5 pg. hMN, hollow microneedle; DT,
diphtheria toxoid; PI, poly(l:C); CT, cholera toxin; Gib, gibbsite; Boe, boehmite; AIPO4, aluminum

phosphate.

Besides the IgG total response, the 1gG1 and 1gG2a responses were also measured. IgG1 and
IgG2a ratios were not dependent on adjuvant type (Supplementary material, Figure S1)

(p>0.05). This indicates that the Th2/Th1 balance was not influenced by the adjuvants.
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The functionality of the antibody response was investigated by determining toxin
neutralizing antibody titers in serum on day 63. The positive control DT-ALPO4 showed
higher levels of toxin-neutralizing antibodies than all other groups (p<0.05) (Figure 2).
Overall, the addition of an adjuvant to DT did not improve the functional response. Similarly
to the IgG total titers, DT-Gibbsite 1:10 was less immunogenic as compared to plain DT.

Based on neutralizing antibody results and the primary response, poly(l:C) and gibbsite (the
formulation in 1:1 ratio with DT) were selected as adjuvants for the studies using dMNs.
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Figure 2. DT-neutralizing antibody titers. Results are shown for serum collected on day 63. The titers
in the DT-Gib 1:10 group and the DT-AIPO4 group were, respectively, significantly lower or higher
(s.dif.) from the titers in all the other groups. Bars represent mean + SEM, n = 8. hMN, hollow
microneedle; DT, diphtheria toxoid; PI, poly(l:C); CT, cholera toxin; Gib, gibbsite; Boe, boehmite;
AIPQ4, aluminum phosphate.

3.3 Dissolving microneedle: characterization and interaction with the skin

dMN arrays were prepared with DT in absence or presence of the selected adjuvant. Very
sharp dMNs containing either DT, DT-PI or DT-Gib could be prepared (Figure 3) in a
reproducible manner. The DT content (full dose or fractional dose) did not affect the shape
either (Figure 3 and data not shown).
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DT
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Figure 3. Brightfield microscope images (5x) of microneedles with DT, DT-PI and DT-Gib full dose

content before application on the skin (0 min) and after 20 minutes dissolution into ex vivo human
skin. Scale bar 100 um.

Hyaluronan, DT and gibbsite were uniformly distributed within the dMN as investigated with
confocal 3D imaging using fluorescently labelled components (Figure 4).

Figure 4. CLSM 3D images of the distribution of fluorescently labelled HA (A) and DT (B) in the
hyaluronan-based dMNs containing DT; Fluorescently labelled HA (C), DT (D) and Gib (E) in
hyaluronan-based dMNs containing DT adsorbed gibbsite nanoparticles. Both dMNs (A-B and C-E)
contained a full dose of DT or DT-Gib. Scale bar 100 um.
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dMN arrays prepared from full dose of either DT, DT-PI or DT-Gib were applied on ex vivo
human skin. After withdrawal and application of trypan blue, the number of blue spots were
determined and the penetration efficiency and the standard deviation were calculated being
respectively 95.8 + 7.2%, 89.6 + 9.5% and 100.0 + 0.0%, respectively (n = 3).

As shown in Figure 3, dMNs with DT or DT-PI incorporated dissolved completely in the skin
within 20 min (100 + 0% dissolved MN volume, mean t sd), the dMNs with DT-Gib
incorporated resulted in some dMN leftover (approximately 91 + 1% dissolved volume, mean
+ sd).

After 20 min microneedle dissolution in fresh human skin and withdrawal of the remaining
dMN array, the hyaluronan, DT and gibbsite were visualized in the skin by CLSM during 5
hours each 30 minutes as function of depth parallel to the skin surface (Figure 5, only 0, 3
and 5 h time points are shown). All components were deposited and co-localized in the
epidermis and top layers of the dermis. Furthermore, the delivered antigen without or with
gibbsite remained at the site of administration for at least 5 h, whereas HA is mostly diffused
away after 3 h or less.

0h 3h 5h

L
N SRR S

Figure 5. CLSM 3D images of HA (green), DT (red) and Gib (yellow) localization into ex vivo human
(fresh) skin after dMN arrays application for 20 min. Deposited HA (A, C, E) and DT (B, D, F)
fluorescently labelled (HA-FAM and DT-AF647) into the skin after dissolution of hyaluronan dMNs
loaded with DT; deposited DT (G, I, K) and gibbsite (H, J, L) fluorescently labelled (DT-AF647 and Gib-
LMG) into the skin after dissolution of hyaluronan dMNs loaded with DT and gibbsite. Images related
totimeO0h (A, B,G,H),3h(C, D, J)and5h (E, F, K, L) are shown. Time 0 h refers to the beginning
of the detection, starting after the dMN dissolution of 20 min and removal of the dMN array. The
location of the skin surface is the xy area on top of the z-axis representing the depth of imaging (0.7
mm).
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Finally, the amount of DT delivered into the skin after dMN array application using infrared
labelled DT was determined. After 20 min of application in the skin, the dMNs containing a
full or 1/3 dose of DT delivered respectively 0.32 + 0.02 pg and 0.13 + 0.04 ug of DT in ex vivo
human skin and 0.35 + 0.03 pg and 0.10 + 0.01 pg of DT in ex vivo mouse skin (mean +sd, n =
3).

3.4 dMN arrays and hMNs: single-full dose vs. repeated-fractional dose

The aim of this study was to compare RFrD with SFD administration of DT with or without
adjuvant using dMN arrays and a hMN keeping the total dose of DT and antigen
approximately the same.

Following prime vaccination by a hMN, 1IgG titers after DT RFrD were higher than DT SFD
(Figure 6 A). To determine whether MN piercing itself has an effect on the immune response,
a hMN group (PBS/PBS/DT SFD) consisting of two consecutive days of PBS injection and a
third day of SFD DT injection was included. As the IgG titers were higher than that of the SFD
injection, microneedle piercing as such seems to enhance the immune response.

Prime administration of DT by dMNs gave higher IgG responses than hMN injection (Figure 6
A). DT RFrD by dMNs did not significantly increase the 1gG levels compared to DT SFD by
dMNs, although there is a trend of a higher response and after RFrD there is less variation in
the response. Additionally, the application of empty dMN arrays in the first two days and the
SFD administration of the DT on the third day (E/E/DT SFD) showed a comparable IgG
response as RFrD. The encapsulation of an adjuvant (poly(l:C) or gibbsite) together with DT
in the dMNs, did not increase the DT-specific total IgG response when delivered as SFD or
RFrD compared to the absence of an adjuvant. Finally, the administration of DT by dMNs
gave a higher response than the control of DT-poly(l:C) injected subcutaneously and a
response comparable to the positive control, DT-AIPO4 sc, with a 15 times higher DT dose.
Conversely, the hMN groups showed comparable response to the control of DT-PI sc and a
significantly lower response than the positive control DT-AIPO; sc.

After the first boost, DT-specific total IgG titers increased (Figure 6 B) but the differences
between the groups were similar as after the prime with a few changes. DT RFrD by dMNs
was comparable to DT RFrD using hMN but still higher than PBS/PBS/DT SFD hMN group.
Furthermore, the positive controls DT-PI and DT-AIPOs subcutaneously injected were
comparable to all hMN and dMNs groups except to DT SFD hMN and DT SFD hMN and
PBS/PBS/DT SFD hMN groups, respectively, which showed a significant lower response.

After the second boost (Figure 6 C) the titers of most groups further increased, although
slightly. Apparently a plateau in the immune response was reached. After this second boost,
for the first time the DT RFrD dMNs group developed a higher response than E/E/DT SFD
dMNs.
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Figure 6. DT-specific total IgG antibody titers measured in BALB/c mice on day 21 (A), day 42 (B) and
day 63 (C). Bars represent mean + SEM, n = 8. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
SFD, single-full dose; RFrD, repeated-fractional dose; dMNs, dissolving microneedles; hMN, hollow
microneedle; DT, diphtheria toxoid; PI, poly(l:C); Gib, gibbsite; E, empty dMNs; AIPQ4, aluminum
phosphate.

The 1gG1/1gG2a ratios are depicted in Figure S2 in Supplementary material. DT vaccination by
dMNs and addition of gibbsite or poly(l:C) as adjuvant modestly changed the 1gG1/IgG2a
ratio, shifting the balance slightly to Th1.

High levels of toxin-neutralizing antibodies were induced after vaccination by means of
dMNs, regardless the dosing modality or the presence of an adjuvant, and by DT RFrD by
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hMN (Figure 7). No adjuvant effect was observed after addition of PI in dMNs (DT SFD dMNs
gave a similar response compared to DT-PI SFD dMNs and DT-PI SFD sc), but DT-PI RFrD
dMNs resulted higher in response compared to DT-PI SFD dMNs and DT-PI SFD sc. In this
case, the dosing modality made a difference in protection against the toxin, resulting a RFrD
of DT-PI in a much higher toxin neutralization.
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Figure 7. DT-neutralizing antibody titers. Results are shown for serum collected on day 63. Bars
represent mean + SEM, n = 8. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. SFD, single-full
dose; RFrD, repeated-fractional dose; dMNs, dissolving microneedles; hMN, hollow microneedle; DT,
diphtheria toxoid; Pl, poly(l:C); Gib, gibbsite; E, empty dMNs; AIPO4, aluminum phosphate.

4. DISCUSSION
Repeated-fractional doses effect

The aim of this study was to obtain insight in whether dermal vaccination by RFrD of DT
enhances the specific 1gG response compared to that after SFD antigen dermal
administration. The present study corroborated existing data [12, 24] by showing a superior
response by RFrD compared to SFD of antigen after vaccination by hMN. In the present study
less consecutive days of administration were used as in the previous studies: 33% in each
consecutive day during 3 days vs 4, 7 and 8 days in the previous studies. Furthermore, low
responders seemed to benefit more from the RFrD regime and it was demonstrated that
consecutive skin piercing by hMN (PBS/PBS/DT SFD) could enhance the immune response
compared to a DT SFD only by hMN. Piercing of the skin may cause some cell death or other
local damage resulting in the release of damage-associated molecular patterns (DAMPs) and
subsequent attraction of antigen presenting cells to the immunization area [25]. However,
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application of empty dMN arrays (E/E/DT SFD), inducing an even higher number of piercings
in the skin compared to a hMN (16 dMNs per array vs 1 hMN) and applied by a 20 minutes
pressure on the skin potentially leading to skin inflammation [25, 26]. This did not enhance
the response further compared to a SFD antigen administration by dMNs. This may be
explained by a maximal level of immunity reached after prime for the E/E/DT SFD group due
to the skin piercing by the first empty array application inducing release of DAMPs and then
an immune response with no additional further effect after application of the other empty
and then DT loaded dMN arrays.

dMNs vs a hMN

Vaccination by means of dMNs led to significantly higher response than by hMN, as already
reported in our previous study [17], showing a faster increase in DT-specific IgG responses
already after the first immunization. This can be related to several factors. First, the use of
different MN types: a hMN injects the vaccine at a specific intradermal depth point (120 um)
while the longer dMNs (300 um) release the antigen at various skin depths simultaneously
possibly reaching a higher number of immune cells and involving different immune cell
populations [27], although in literature no difference in the immune response is reported
when comparing different injection depths [20]. Second, the number of needles piercing the
skin (16 dMNs vs 1 hMN) and the pressure applied on the skin (20 minutes for the dMN
array application and no pressure for the hMN) potentially causing inflammation and thus
more release of DAMPs in a larger region, facilitating attraction of antigen presenting cells.
Third, the presence of low molecular weight species of HA. Although high MW HA is
considered immunologically inert, low molecular weight HA fragments, potentially present in
the dMNs or generated in vivo, can elicit various proinflammatory responses leading to
innate immune activation [28, 29], although this is not observed in recent studies in our
group [30] and in literature [31]. Fourth, the prolonged exposure of the antigen during dMN
dissolution to relevant immune cells may enhance the response [32]. Fifth, the presence of
low responding and no-responding mice after prime vaccination in SFD by hMN: in a
previous study [22] and in the adjuvants screening of the present study, the titers after DT
vaccination by hMN resulted in an overall higher response being closer to the positive
control DT-AIPO4 than in the SFD vs RFrD immunization study.

Adjuvants vs repeated-fractional dosing by dMNs

Antigen dose sparing can be achieved with the use of adjuvants [10, 23]. Besides adjuvants
(CpG, Pl and CT) commonly used for experimental dermal vaccination [1, 4, 23], aluminum-
based NPs (alumNPs), so far tested only for subcutaneous or intramuscular administration
[10, 33, 34], were included for intradermal vaccination.

The selection, in the first immunization study by hMN, of the optimal adjuvants for DT
vaccination by dMNs led to the choice of poly(l:C) and gibbsite. Poly(l:C) gave a more robust
response after primary immunization, similar to CT, than other adjuvants and it has a better

139



Chapter 6

feasibility for human vaccination than CT. The selection of gibbsite (in ratio 1:1 with DT) was
based on the following considerations: i) its higher response among the DT adjuvanted with
alumNPs and ii) dermal injection of gibbsite, as of boehmite too, did not induce any palpable
persistent intradermal injection-site nodules in mice, as previously observed after
intradermal injection of classical aluminum preparations [35].

The addition of adjuvants for intradermal vaccination by both hMN and dMNs did not
enhance the IgG total levels further compared to unadjuvanted antigen indicating that the
response reached already a plateau and any extra did not lead to a higher response.
However, vaccination by dMNs, in the presence of poly(l:C) or gibbsite, shifted the Th2/Th1
balance to Thl. This was not observed using hMNs. This change in response may be related
to the depot created in the skin after dMN dissolution leading to a sustained release of
antigen and adjuvant [32].

In our study, similarly potent DT-specific 1gG responses were observed upon intradermal
vaccination by dMNs of SFD, RFrD and adjuvanted DT. This demonstrates that by using dMNs
the immune response can be enhanced and the use of an adjuvant or prolonged antigen
delivery by fractional dosing can be avoided, at least for potent antigens. An adjuvant-free
vaccine would then avoid side-effects and potential stability problems related to the
presence of the adjuvant [11, 36].

However, results from neutralizing antibody assay indicated a higher protection against
diphtheria toxin for adjuvanted-DT RFrD dMNs compared to unadjuvanted DT in dMNs, hMN
groups and even conventional injection of DT-PI. This may be related to a prolonged
exposure of the antigen during and after dMN dissolution to relevant immune cells involved
in the humoral protection as mentioned above.

Overall these observations lead to the conclusion that the combination of RFrD and adjuvant
in dMNs, but not their separated use, can be very efficient in respect to the antibody
response and the neutralization of the diphtheria toxin effect.

Finally, Joice et al [37] reported how extended-delivery vaccination by means of dMNs
enables a single vaccination to generate immune responses equivalent to a two-dose
vaccination regimen for vaccines as IPV, tetanus toxoid and influenza but the same
extended-delivery vaccination does not enhance immune response to the live-attenuated
measles vaccine. This demonstrates that RFrD of the antigen can lead to a superior immune
response than SFD depending on the antigen type.

dMNs vs conventional subcutaneous injections

This study focused on minimally-invasive delivery for DT immunization by dMNs and it has
been shown that vaccination by dMNs loading unadjuvanted DT led to comparable
responses already after prime immunization as compared to invasive subcutaneous
injections of DT-AIPOs4 with almost 15 and 415 times higher DT and adjuvant doses
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respectively. These results corroborated existing data in literature where a comparable or
even higher response was obtained after vaccination by dMNs than conventional
subcutaneous injection [27, 38-41] and similar response was shown after vaccination with
hMN in comparison with the above mentioned positive control [1, 22]. Higher IgG responses
after prime and comparable responses after the two boost immunizations demonstrate the
efficiency of a dermal vaccination by dMNs compared to subcutaneous injection of
adjuvanted-DT (DT-PI sc).

Characterization of the alumNPs

Fabrication of dMN arrays and dMN interaction with the skin, regardless the formulation,
was successful as previously demonstrated [17]. However, dissolution of DT-Gib was not
complete after 20 minutes. This may be related to the particle aggregation observed in the
alumNPs characterization studies. Aggregation is likely due to the pH, as the alumNPs are
stable at pH<6 and aggregate above this value (H. Vrieling et al, manuscript in preparation).

Boehmite and gibbsite were characterized in the transmission electron microscope for their
shape and size resulting in nm range [42, 43]. In the present study their size resulted in the
um range using dynamic light scattering (data not shown). This suggests that particle
aggregation occurred. Besides the presence of DT and the concentration of alumNPs, the
buffer composition also had a role on the zeta potential: PB lowered the zeta potential more
than the histidine buffer. A possible explanation can be found in the phosphate groups from
PB exchanging with hydroxyl groups of alumNPs so that a mixture of aluminum oxyhydroxide
and aluminum phosphate is obtained.

5. CONCLUSION

In conclusion, when using hMN a delivery of the antigen over multiple days can enhance the
immune response more than a SFD delivery. The SFD vaccination by dMNs can enhance a
much higher response than hMN, however fractional delivery administration by using dMNs
does not lead to a superior response. Moreover, dMNs demonstrate no further increase in
response by co-encapsulation of the adjuvant and a comparable or even higher response
than, respectively, the current benchmarks: AIPOs adsorbed DT and DT-PI administered
subcutaneously. These findings demonstrate the potential of dMNs as vaccine delivery
device addressing to a SFD administration of an adjuvant-free vaccine to have a fast and high
functional response.
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Figure S1. DT-specific 1gG1 and IgG2a ratio titers on day 63. Bars represent mean + SEM, n = 8. No
significant difference among the groups was found (p > 0.05). hMN, hollow microneedle; DT,
diphtheria toxoid; PI, poly(l:C); CT, cholera toxin; Gib, gibbsite; Boe, boehmite; AIPO4, aluminum

phosphate.
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Figure S2. DT-specific IgG1 and IgG2a ratio titers measured in BALB/c mice on day 63. Bars represent
mean + SEM, n = 8. *p < 0.05, **p < 0.01, ***p < 0.001. SFD, single-full dose; RFrD, repeated-
fractional dose; dMNs, dissolving microneedles; hMN, hollow microneedle; DT, diphtheria toxoid; PI,
poly(l:C); Gib, gibbsite; E, empty dMNs; AIPO,, aluminum phosphate.
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SUMMARY

Vaccination is one of the most effective method for reducing infection-related deaths and
morbidity around the world. The principle of vaccination was first published by Edward
Jenner in 1796 [1] and, since the advent of the microbiology era in the second half of the
19th century, numerous types of vaccines have been developed and licensed for both
human and veterinary use.

Many factors have an impact on vaccination coverage [2-4]. These include costs, concerns
about vaccine safety and efficacy by the general public [5], religious believes, the spread of
mis-information by “anti-vax” groups [6]. Some other factors are related with the way
vaccines are administered. Injected vaccines cause discomfort by a substantial part of the
target group. Furthermore, needlestick injuries and re-use of needles and syringes are health
risks for medical personnel as well as the vaccinated. To overcome these problems,
vaccination in a minimally invasive and pain-free manner may improve vaccination coverage.

Microneedle-based dermal immunization is a promising alternative to the classical
conventional administration of vaccine by means of hypodermic needles such as
intramuscular and subcutaneous injections. The skin is an excellent immune competent
organ containing many antigen presenting cells, such as Langerhans cells and dendritic cells,
to induce an effective immune response. This is a consequence of the fact that the skin,
differently than muscle and subcutaneous tissue, is directly exposed to the surrounding
environment and protects the body against pathogens, not only by forming an effective
physical barrier but also by extensive immune surveillance just beneath the barrier.

Of the several types of microneedles [7], the focus of this thesis is on the development of
dissolving microneedles, using hyaluronan as matrix polymer.

This thesis starts with a detailed overview of dissolving microneedle research and
development (Chapter 2), describing methods to produce dissolving microneedles and their
challenges, as well as the microneedle characterization methods and antigen stability
aspects. Furthermore, this chapter contains a detailed overview of the immunogenicity of
several antigens encapsulated in dissolving microneedles. Immune responses generated
after immunization by dissolving microneedles have been compared with conventional
injection. Frequently, the responses after dermal immunization are at least comparable to
conventional injection. Additionally, several factors influencing the immunogenicity have
been discussed: besides the use of conventional adjuvants, the microneedle design such as
needle spacing and needle geometry may also influence the immunogenicity. Finally, the
current status of the clinical development of dissolving microneedles is discussed. Dissolving
microneedle devices are in early clinical development [8, 9] and may reach the market within
a decade.
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The research described in Chapter 3 focuses on the development of a digitally-controlled
microneedle applicator to insert microneedles into the skin via impact insertion (velocity) or
via pressing force insertion. Six microneedle arrays with different geometries, needle density
and/or consisting of different materials were applied onto ex vivo human skin varying
velocities and pressing forces to assess differences in penetration efficiency of the skin and
antigen delivery in the skin. Application of microneedle arrays by impact application, with a
specific angle of application, could generate a more efficient piercing of the skin than
application via pressing force. The delivery of the antigen in the skin could be increased by
increasing the velocity or pressure, demonstrating the importance of a controlled application
of the microneedle array on the skin by means of an applicator.

In Chapter 4 a novel mold design is described for the manufacturing of dissolving
microneedles by micromolding, avoiding waste of antigen in the backplate. During the
original manufacturing one backplate with 9 arrays was produced. This single backplate
resulted in non-homogeneous antigen distribution between arrays. The new method
eliminates this problem as one mold contains 9 separate templates for the arrays. Using this
mold, dissolving microneedles with increasing antigen loading were fabricated to assess the
physicochemical effects of maximal antigen content. Dissolving microneedles could be
fabricated with an ovalbumin:hyaluronan ratio of 1:1 (w/w), with excellent sharpness and
efficient skin piercing properties, even after storage at high temperature and high humidity.
The protein did not aggregate during the fabrication of dissolving microneedles. However,
when using the same skin dissolution time, increased antigen loading led to a decrease in
dissolution volume of microneedles in ex vivo human skin. Finally an immunization study in
mice by using dissolving microneedles induced antibody responses comparable to those
obtained by conventional immunization and there was a faster antibody response compared
to dermal immunization by means of a single hollow microneedle.

In Chapter 5 the optimal hyaluronan molecular weight for the fabrication of dissolving
microneedles with regard to microneedle integrity and immune modulating properties was
identified. These studies were initiated as it was reported that low MW HA showed immune
modulating properties. Hyaluronan ranged from a molecular weight of 4.8 kDa up to 1.8
MDa and all demonstrated to be inert material. No effects on the antibody response
generated in mice or on the CD4 T-cell responses after immunization or after in vitro
stimulation with the model antigen ovalbumin were detected. However, not all the
hyaluronan molecular weights of the selected range were suitable for microneedle
fabrication: too high molecular weight resulted in a too viscous formulation to be used for
micromolding while too low molecular weight generated fragile microneedle arrays showing
a lack of structure. Furthermore, longer application time of dissolving microneedles in the
skin was necessary for a complete dissolution of high hyaluronan molecular weight
dissolving microneedles than for low hyaluronan molecular weight ones, leading to the
selection of the 20 kDa HA to fabricate dissolving microneedles.
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The aim of Chapter 6 was to determine whether repeated-fractional intradermal
administration of the antigen diphtheria toxoid could enhance the response compared to a
single administration in the presence or absence of adjuvants with both hollow and
dissolving microneedles. After a selective immunization screening, poly(l:C) and gibbsite, a
nanoparticulate alum based adjuvant, were selected as adjuvants and encapsulated with
diphtheria toxoid in dissolving microneedles in full or fractional diphtheria toxoid(-adjuvant)
dose. Regardless the composition, it was possible to fabricate sharp dissolving microneedles
capable to penetrate the skin and dissolve within 20 minutes depositing the intended
diphtheria toxoid(-adjuvant) dose. Vaccination by dissolving microneedles without adjuvant,
led to a superior response as compared to a hollow microneedle. Repeated dosing with
dissolving microneedles did not further increase the immune responses. However, repeated-
fractional dosing with a hollow microneedle led to a higher immune response than single-full
dose and reached the same level of response as using dissolving microneedles. Furthermore,
adjuvanted diphtheria toxoid co-encapsulated in dissolving microneedle did not increase
further the immune response. The response after applying dissolving microneedles without
adjuvant was comparable to conventional subcutaneous injections of diphtheria toxoid-
AIPO4 in a 15 times higher antigen dose as well as diphtheria toxoid-poly(l:C) in a similar
antigen dose. In conclusion, single-full dermal dose diphtheria toxoid administration by
means of dissolving microneedle led to a superior response without the use of adjuvants.
Based on results in this study, it may be possible that immunization by dissolving
microneedle will result in efficient immune responses while only using a single
administration with a lower antigen dose as compared to subcutaneous administration.

PROSPECTS
Dissolving microneedles: challenges and next steps in development

Although dissolving microneedles as vaccine delivery device have huge potential, pharma
companies are still facing hurdles that must be overcome. Before vaccine-loaded dissolving
microneedles will appear as licensed products, the accuracy of vaccine delivery need to be
increased and the ease of application of microneedle arrays on the skin need to be improved.
To achieve this, the research should focus on i) the formulation of a vaccine product, not
only taking into account the shelf life of the final product, but also antigen loss during
manufacturing should be acceptable, ii) increase in antigen loading and its stability in dMNs,
iii) an efficient insertion, and dissolution, of the microneedle in the skin, iv) product sterility
for which new production procedures have to be developed, v) adjuvants that may need to
be added for less immunogenic antigens, vi) the scale-up of the manufacturing process.

A first challenge encountered during the fabrication of dissolving microneedles, especially in
micromolding, is the loss of antigen in the backplate of the microneedle array, that increases
the cost of vaccination. In the literature hardly any data are available on formulation volume
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and antigen amount used for the fabrication of dMN array, the antigen amount present in
the dMN tips and on the dose delivered in the skin. This would highlight the important
drawback related to a low fabrication efficiency in terms of antigen incorporation. In this
thesis we attempted to optimize the PDMS mold design to overcome this problem. However,
future research should keep focus on developing methods to cast the vaccine formulation
only in the microneedle tips of the mold in order to reduce vaccine loss in the backplate [10,
11]. This would make vaccination using dissolving microneedles more affordable, especially
for developing countries.

In Chapter 4 of the present thesis, increase in antigen loading in dMNs has been investigated
and it was observed that, up to a weight ratio antigen:hyaluronan of 1:1, it was still possible
to fabricate sharp dMNs resulting in antigen stability after fabrication. However, these
studies have been conducted using OVA, a very stable model antigen. Thus, several hurdles
related to the antigen loading in dMNs should be taken into account, such as antigen
stability when working with less stable antigens, solubility issues when high antigen
concentration is needed to deliver sufficient antigen dermally for a proper response, etc. It is
known that the physical stability of the antigen is relevant to avoid uncontrolled immune
response, thus these aspects should trigger new studies to explore themes hardly reported
in literature.

Another critical issue is an efficient and complete microneedle insertion into the skin. When
the microneedles have a geometry and length causing an incomplete insertion in the skin,
this results in incomplete dissolution. This could lead to inconsistent dosing and waste of
antigen. Furthermore vaccinees should wear patches long enough to ensure complete
microneedle dissolution avoiding failure in the vaccine delivery related to the dissolution
[12]. Patches may be removed too early, introducing an unwanted variable in the delivery of
the vaccine. To overcome these problems of too early removal of the patch or incomplete
microneedle insertion into the skin, some ideas have been proposed, such as i) arrow-head
dissolving microneedles [13] composed of polymer arrowheads that, upon insertion in the
skin, separate from the metal shaft on which they are mounted and remain embedded in the
skin for subsequent dissolution and drug release and ii) patchless dissolving microneedle
with a system capable of inserting drug-loaded dissolving microneedles in the skin as
individual microneedles [14]. However, these ideas have their drawbacks including i)
generation of long microneedles (>600 um [13]) that, although potentially enhancing the
immune response more than short microneedles [15], are more likely to induce pain [16], ii)
use of a device for the dissolving microneedle insertion in the skin that may need trained
personnel and can increase costs for their application. It would be then necessary to work on
the choice of the matrix material and the formulation composition in order to reach very
short application time (1-2 minutes) needed for the dissolution of the dMNs. In this regard,
an application time of hours [12] would result in too long applications for a real-life
vaccination.
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It is important that microneedle products are sterile. In light of this, the sterile manufacture
of microneedles is essential and should be performed accordingly to specific sterility
requirements to guarantee product safety [17]. Sterilization methods should be
incorporated in the manufacturing processes avoiding modification of the microneedle
loaded vaccine and also an increase in manufacturing costs. For example, terminal
sterilization using gamma irradiation, moist heat or microwave heating can be less expensive
than aseptic manufacturing, however it can damage the microneedles or the product cargo.
Several materials used for dissolving microneedle production have been shown to possess
antimicrobial properties, showing no microbial growth upon storage and are, therefore,
highly unlikely to cause skin or systemic infection [18]. In such cases, a fabrication of
microneedles with the assurance of a low bioburden may be sufficient to avoid sterile
manufacture and obtain regulatory approval.

For some less immunogenic antigens the addition of adjuvants may still be essential to
obtain a high enough immune response. However, because of safety concerns, not all
adjuvants are feasible for dermal application. An example is the classical aluminum
preparations inducing palpable persistent intradermal injection-site nodules in mice [19]. On
the one hand the avoidance of adjuvant would make the vaccine product less complex and
thus less likely to undergo interactions affecting stability, on the other hand including
adjuvants may lead to antigen dose sparing.

An important step to progress is the scale-up of the manufacturing process. Currently, an
abundance of small-scale production methods are present in literature (see Chapter 2) by
which a number of steps need to be undertaken (e.g. centrifuge and vacuum steps for the
micromolding) that pose a challenge in terms of transfer to a larger scale. Furthermore,
guidance related to good manufacturing practice, pharmacopoeial standards and
appropriate quality control tests specific to microneedle devices are required [20]. Specific
regulatory guidelines concerning packaging, disposal, assurance of correct use are needed.
However, due to the innovative nature of the technology, the lack of regulation remains a
barrier to the availability of a dissolving microneedle product. Although the use of dissolving
microneedles for vaccination is promising, there are not yet dissolving microneedle products
on the market. This is expected to change in the next decade as a high number of studies in
the field continues to accumulate and some products are in clinical development [8, 9].
Currently some companies are setting up a production of dissolving microneedles for skin
care cosmetics [21] and for delivery of biologics across the skin [22]. The latter with a
successfully completed Phase 2a clinical evaluation.

Once manufacturing processes are optimized and regulatory hurdles are solved, vaccination
by means of dissolving microneedles may become a keystone in improving vaccination
coverage around the world.
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The big potential of dissolving microneedles

Although dissolving microneedles may have still a long development route before being
ready as product for marketing authorization, they have a great potential over the other
microneedle types: dissolving microneedles consist of dry formulations which enhances the
vaccine stability compared to liquid formulation used in traditional vaccination routes [23,
24]. Because of this increased stability, these microneedles could circumvent the need for a
cold-chain supply and be ideal for vaccine campaigns in low income countries. This would
significantly reduce vaccination costs for transportation and storage and therefore increase
the vaccination coverage and the efficiency of vaccination programs.

Additionally, vaccination by means of dissolving microneedles showed, in most of the cases,
a comparable or even higher response than by conventional injection (see Chapter 2). The
antigen dose sparing, as illustrated by the results described in Chapter 6, provides a further
strong potential of dissolving microneedles for dermal vaccination.

The importance of microneedle application

In this thesis, two microneedle types have been used for administration of vaccines: a hollow
microneedle and dissolving microneedles. Both microneedle types require application
devices.

Controlled and precise injection volume of the vaccine in the skin by means of a hollow
microneedle may require a complex device with an applicator for controlled depth piercing
of the skin and a pump for a controlled dermal microinjection.

Dissolving microneedles can be applied instantaneous and would take short time for
dissolution in the skin. However, the use of an applicator may not be feasible in areas with a
lack of infrastructure. Applicator failure or applicator loss may disrupt immunization
programs locally. Additionally, a device for the application may increase the vaccination
costs.

In this regard, an important improvement would be skin application of microneedles without
the use of a device. This may avoid the need for trained personnel and should make self-
administration possible especially in remote locations in the world or in case of pandemic
disease outbreaks. Studies show that using an applicator improves the efficiency and
reproducibility of microneedle insertion [25] and that short microneedles (300 um), but also
less sharp microneedles, may have a lower penetration efficiency in the skin than longer
ones (>550 um) [26-28] and thus the use of an applicator can be crucial for their efficient
piercing in the skin. Manual application avoiding the use of an applicator is possible and
successful [8, 9] if longer microneedles are used. In this case, long needles can still be
considered much less invasive than hypodermic needles, keeping their advantage in a
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reduced generation of pain sensation. Table 1 summarizes the pros and cons of applicator
use in microneedle application.

Table 1. Advantages and disadvantages of manual application and application by the use of an
applicator.

Manual application Application by the use of an applicator

Advantages

Disadvantages

Advantages

Disadvantages

Low production costs

Limitation in

microneedle length:

application of long

No limitation in
microneedle length
(application of short

Higher production
costs of the system

microneedles only microneedles)

Use of long
microneedles may
generate pain
sensation

High efficiency and
reproducibility in
microneedle piercing

Need for trained
personnel

No need for trained
personnel

More dependent on
technology on site

The role of hyaluronan in vaccination by means of dissolving microneedles

As demonstrated in Chapter 5, the hyaluronan used as matrix material does not have an
effect on the immune response after vaccination by dissolving microneedles despite the
reported immune modulating properties of low molecular weight hyaluronan [29]. However,
in literature hyaluronan conjugated with ovalbumin can activate naive dendritic cells in vitro
more efficiently than ovalbumin only [30] and conjugation can increase the size of
compounds to promote lymphatic delivery [31]. Furthermore, intramuscular injection of
hyaluronan-ovalbumin conjugates induced a higher immune response than ovalbumin alone
[30]. To this end, it would be interesting to encapsulate hyaluronan-antigen conjugates in
dissolving microneedles and assess the immunogenicity.

CONCLUSION

The research described in this thesis showed that dissolving microneedles used for dermal
delivery of vaccines can evoke an antigen specific immune response comparable with the
conventional subcutaneous route. However, further research is needed to optimize this
technology and overcome several manufacturing and application hurdles in order to
translate research to commercial products beneficial for the patients.
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Nederlandse samenvatting

SAMENVATTING

Vaccinatie is een van de meest effectieve methoden voor het verminderen van infectie-
gerelateerde morbiditeit en mortaliteit. Het principe van vaccinatie werd voor het eerst
gepubliceerd door Edward Jenner in 1796 [1] en, sinds de ontwikkeling van de microbiologie
in de tweede helft van de 19e eeuw, zijn er talloze vaccins ontwikkeld en goedgekeurd voor
zowel menselijk- als veterinair gebruik.

Verscheidene factoren kunnen de vaccinatiegraad beinvloeden [2-4]. Hieronder vallen onder
andere de kosten, zorgen van de bevolking aangaande de veiligheid en effectiviteit [5],
religieuze overtuigingen, en de verspreiding van onjuist informatie door anti-vaxxers [6].
Andere factoren zijn gerelateerd aan de manier waarop de vaccinaties worden toegediend.
Het gebruik van injecteerbare vaccins wordt door een groot deel van de doelgroep gezien als
hinderlijk. Daarnaast zorgen prikaccidenten en hergebruik van injectienaalden ook voor
gezondheidsrisico’s voor zowel het zorgpersoneel als de gevaccineerde. Om deze problemen
te voorkomen, kan vaccinatie op een minimaal invasieve- en pijnvrije manier de
vaccinatiegraad verbeteren.

Dermale immunisatie via micronaalden is een veelbelovend alternatief voor de klassieke
toediening van vaccins door middel van intramusculaire en subcutane injecties. De huid is
een immunocompetent orgaan welke veel antigeen-presenterende cellen bevat, zoals
Langerhans cellen en dendritische cellen, om een effectieve immuunrespons op te wekken.
Dit is een gevolg van het feit dat de huid, in tegenstelling tot spier- en onderhuids weefsel,
direct is blootgesteld aan de omgeving en daarmee het lichaam beschermt tegen
ziekteverwekkers, niet alleen door het vormen van een effectieve fysieke barriere, maar ook
door de daaronder gelegen omvangrijke immuunbewaking.

Van de verschillende soorten micronaalden [7] ligt de focus van dit proefschrift op de
ontwikkeling van oplosbare micronaalden, waarbij hyaluronzuur (HA) als matrixpolymeer
wordt gebruikt.

Dit proefschrift begint met een gedetailleerd overzicht van onderzoek en ontwikkeling naar
oplosbare micronaalden (Hoofdstuk 2), waarin methoden worden beschreven voor het
produceren van oplosbare micronaalden, evenals de karakteriseringsmethoden en aspecten
van antigeen-stabiliteit. Verder bevat dit hoofdstuk een gedetailleerd overzicht waarin de
immunogeniciteit van verschillende antigene, welke ingekapseld zijn in oploshare
micronaalden, wordt beschreven. Hierin wordt het verschil in de opgewekte immuunrespons
na immunisatie vergeleken tussen oplosbare micronaalden en conventionele injecties.

Hieruit blijkt dat de respons na dermale immunisatie i.h.a. op zijn minst vergelijkbaar is met
conventionele injecties. Daarnaast worden verschillende factoren besproken die van invloed
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zijn op de immunogeniciteit: naast het gebruik van adjuvantia (componenten die het
aangeboren immuunsysteem stimuleren), kan het ontwerp van de micronaald zoals de
naaldafstand en -geometrie ook van invloed zijn. Ten slotte wordt de huidige status van de
klinische ontwikkeling van oplosbare micronaalden besproken. Deze bevindt zich nog in een
vroeg stadium, maar vaccins geformuleerd in oplosbare micronaalden kunnen binnen een
decennium op de markt verschijnen.

De studie beschreven in Hoofdstuk 3 focust zich op de ontwikkeling van een digitaal
aangestuurde micronaald applicator om de micronaalden in de huid te brengen via impact
insertie (snelheid) of via statische kracht. Zes micronaald arrays met verschil in geometrie,
naalddichtheid en/of bestaande uit verschillende materialen werden aangebracht op ex vivo
humane huid met variérende snelheden en drukkrachten om het verschil in penetratie
efficiéntie en antigeen afgifte te analyseren. Het aanbrengen van micronaald arrays door
middel van impact insertie met een specifieke applicatiehoek resulteerde in een efficiéntere
dermale penetratie in vergelijking met applicatie via statische kracht. De dosering in de huid
wordt positief beinvioed door het verhogen van de snelheid of de kracht, waarmee tevens
het belang wordt aangetoond van het gebruik van een micronaald applicator voor een
gecontroleerde toepassing in de huid.

In Hoofdstuk 4 wordt een nieuw ontwerp beschreven voor het produceren van oplosbare
micronaalden via micromolding, waarmee het verlies van antigenen aan structuren buiten
de individuele micronaalden wordt verminderd. In het originele productieproces werd een
gietvorm gebruikt waarin 9 arrays tegelijkertijd werden gemaakt, die aan de achterzijde
verbonden werden een enkele matrix laag. Deze backplate zorgde voor een niet-homogene
antigeen verdeling tussen de arrays. De nieuwe methoden voorkomt dit probleem doordat
één gietvorm 9 afzonderlijke arrays bevat. Vervolgens werd met behulp van dit ontwerp
onderzocht in welke mate oplosbare micronaalden met hogere antigeen dosis konden
worden vervaardigd. Oplosbare micronaalden met een ratio ovalbumine:hyaluronzuur 1:1
(w/w) konden worden geproduceerd, welke uitstekende scherpte en penetratie efficiéntie
vertoonden, zelfs na opslag bij hogere temperaturen en hoge luchtvochtigheid. Het
modelantigeen aggregeerde niet tijdens het productieproces. Er was echter wel een verschil
merkbaar in de oplosbaarheid van de micronaalden in de huid; een hogere antigeenbelading
leidde tot een verminderd opgelost volume na eenzelfde insertietijd in ex vivo humane huid.
Tenslotte toonde een immunisatiestudie in muizen aan dat oplosbare micronaalden een
antilichaam respons induceerden welke vergelijkbaar is met conventionele immunisatie.
Daarnaast ontwikkelde de antilichaam respons zich sneller in vergelijking met dermale
immunisatie via een enkele holle micronaald.

In Hoofstuk 5 werd het optimale molecuulgewicht (MW) van HA voor de vervaardiging van
oplosbare micronaalden bepaald met betrekking tot micronaald integriteit en
immuunmodulerende eigenschappen. Deze studies zijn uitgevoerd omdat eerdere
publicaties aantoonden dat HA met een laag MW het aangeboren immuunsysteem zou
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kunnen stimuleren. Het MW van hyaluronzuur varieerde tussen de 4.8 kDa tot 1.8 MDA, en
allen waren immunologisch inert. Antilichaamresponsen noch CD4 T-cel responsen tegen het
model antigeen ovalbumine werden beinvloed door aanwezigheid van HA met verschillende
MW. Echter niet alle moleculaire massa’s van HA binnen het aangegeven bereik waren
geschrikt voor de productie van micronaalden; een te hoog MW resulteerde in een te
viskeuze formulering voor micromolding, terwijl een te laag MW zorgde voor fragiele
micronaald arrays. Daarnaast vereisten oplosbhare micronaalden met een hoog MW een
langere insertietijd in de huid in vergelijking met de lage MW formuleringen, waardoor
uiteindelijk 20 kDa werd geselecteerd voor de vervaardiging van oplosbare micronaalden.

Het doel van Hoofdstuk 6 was om te bepalen of herhaalde fractionele intradermale
toediening van difterietoxoid zorgt voor een verbetering in respons in vergelijking met een
enkele toediening in de aan- of afwezigheid van adjuvantia met zowel de holle- als de
oplosbare micronaalden. Na een initiéle screening werden poly(l:C) en gibbsiet, een adjuvant
gebaseerd op aluminiumhydroxide, geselecteerd en ingekapseld met de difterietoxoid in
oplosbare micronaalden in volledige of herhaalde fractionele difterietoxoid (-adjuvant) dosis.
Ongeacht de samenstelling was het mogelijk om scherpe oplosbare micronaalden te
vervaardigen, die in staat waren om de huid te penetreren en vervolgens binnen 20 minuten
op te lossen en daarmee de difterietoxoid (-adjuvant) dosis af te leveren. Vaccinatie door
middel van oplosbare micronaalden zonder toegevoegd adjuvant leidde tot een verhoogde
respons in vergelijking met toediening via een enkele holle micronaald. Herhaalde
doseringen met oplosbare micronaalden zorgden niet voor een extra verhoging in de
immuunreactie.

Echter, herhaalde fractionele doseringen met een holle micronaald leidde tot een hogere
immuunrespons in vergelijking met een enkele volledige dosis, maar bereikte uiteindelijk
hetzelfde responsniveau als toediening via oplosbare micronaalden. Daarnaast zorgde
inkapseling van het adjuvant samen met difterietoxoid in oplosbare micronaalden niet voor
een verdere verhoging van de immuunrespons. De reactie na toediening van oplosbare
micronaalden zonder adjuvant was vergelijkbaar met die van conventionele subcutane
injecties van difterietoxoid-AIPO4 in een 15 maal hogere antigeendosis, en difterietoxoid-
poly (I:C) adjuvant in een vergelijkbare dosis. Hieruit kan geconcludeerd worden dat dermale
toediening van een enkele, volledige dosis difterietoxoid via oplosbare micronaalden leidt
tot een verbeterde respons, zelfs zonder het gebruik van adjuvantia. Op basis van de
resultaten van dit onderzoek is het mogelijk dat immunisatie via oplosbare micronaalden zal
resulteren in een efficiéntere immuunreactie, waarbij — in tegenstelling tot subcutane
toediening - slechts één toediening met een lagere antigeen dosis vereist is.
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PERSPECTIEF
Oplosbare micronaalden: uitdaging en volgende stappen in de ontwikkeling

Hoewel de verwachtingen hoog gespannen zijn om oplosbare micronaalden als vaccin te
kunnen toepassen, moeten de farmaceutische bedrijven nog een aantal hordes nemen.
Voordat de met vaccin geladen micronaalden op de markt zullen verschijnen, moet de
toedieningsnauwkeurigheid verhoogd worden en de toediening van micronaalden arrays op
de huid vereenvoudigd worden. Om dit te bereiken moet het onderzoek gericht zijn op i) de
vaccinformulering met o.a. aandacht voor de stabiliteit, ii) efficiénte insertie en
oplosbaarheid van de micronaalden in de huid, iii) steriliteit van het product, waarbij nieuwe
productie stappen ontwikkeld moeten worden, iv) adjuvantia die mogelijk toegevoegd
moeten worden voor minder immunogene antigenen, v) het productieproces waarbij ook
het antigeenverlies tijdens de fabricage in beschouwing moet worden genomen.

Een eerste uitdaging waarmee we geconfronteerd worden tijdens de fabricage van de
micronaalden is het verlies van het antigeen in de gietvorm, wat kostenverhogend werkt.
Toekomstig onderzoek moet daarom gericht zijn om het vaccin voor in de punt van de naald
te gieten [10,11]. Dit zou vaccinatie met behulp van micronaalden betaalbaar maken voor
ontwikkelingslanden.

Een tweede kritisch punt is een efficiénte en volledige insertie in de huid. Wanneer als
gevolg van de geometrie of een gebrek aan lengte een onvolledige insertie plaats vindt, zal
de naald niet volledig oplossen en dit zou leiden tot een niet reproduceerbare toediening en
verlies van antigenen. Dit gebeurt ook indien patiénten de pleister met micronaalden niet
lang genoeg dragen totdat de micronaalden volledig opgelost zijn. Om dit probleem het
hoofd te bieden zijn diverse voorstellen gedaan zoals i) een pijlvormig oplosbare kop van de
naald [12] samengesteld uit een polymeer die bij insertie los laat van de metalen schacht
waarmee het verbonden is en zo in de huid vastgehouden wordt, totdat de naald volkomen
opgelost is en ii) micronaalden te gebruiken zonder pleister, zodat een systeem gebruikt kan
worden waarbij alleen individuele, medicijn bevattende oplosbare naalden in de huid
worden geinjecteerd [13]. Hoe dan ook, hier kleven ook nadelen aan: i) langere
micronaalden (>600 um [12]) die hoewel potentieel meer dan kortere naalden [14] de
immuunrespons verhogen, veroorzaken waarschijnlijk ook meer pijn [15], ii) het gebruik van
een apparaat, speciaal voor de toediening van micronaalden, vereist getraind personeel, die
de kosten van deze toepassing verder opdrijft.

Het is van belang dat de micronaalden steriel zijn. In dit licht bezien is steriele fabricage
essentieel [16]. Sterilisatiemethoden moeten in het productieproces ingebouwd worden,
zonder dat het vaccin gemodificeerd wordt. Dit kan kostenverhogend werken. Zo zal
bijvoorbeeld eindtraps sterilisatie met behulp van gamma straling, hitte behandelingen al
dan niet met behulp van een magnetron of autoclaaf, minder duur zijn dan aseptische
bereiding. Dit kan echter de micronaalden en hun inhoud beschadigen. Sommige van de
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gebruikte materialen bezitten antibacteriéle eigenschappen. Zij laten geen groei van
bacterién zien bij langdurige opslag en zullen hoogst waarschijnlijk geen infecties in de huid
veroorzaken [17]. In dit geval, wanneer de initiéle contaminatie erg laag is, kan het
voldoende zijn om zonder steriele fabricage de micronaalden goedgekeurd te krijgen.

Voor minder immunogene antigenen zal de toediening van adjuvantia essentieel zijn om
voldoende immuunrespons op te wekken, maar vanwege veiligheidsvoorschriften zijn niet al
die stoffen geschikt voor dermale toediening. Als voorbeeld kunnen de klassieke op
aluminium gebaseerde adjuvantia dienen, die een hardnekkige ontsteking veroorzaken bij
intradermale injectie in muizen [18]. Enerzijds zal het vermijden van adjuvantia het vaccin
minder complex maken, anderzijds kan het leiden tot een lagere werkzaamheid.

Een belangrijke stap in de productontwikkeling is het opschalen van het bereidingsproces. Er
zijn talrijke productiemethoden op kleine schaal beschreven (zie Hoofdstuk 2), die
processtappen bevatten die moeilijk opschaalbaar zijn (bv. centrifuge en het gebruik van
vaculim). Bovendien zijn richtlijnen vereist met betrekking tot GMP, farmacopee referenties,
en geschikte kwaliteitscontrole testen [19]. Speciale voorschriften over verpakking,
verwijdering, en verzekering van correct gebruik zijn daarbij ook nodig. Door het innovatieve
karakter van deze technologie blijft het gebrek aan regelgeving echter een barriere voor de
beschikbaarheid van oplosbare micronaalden. Hoewel het gebruik van oplosbare
micronaalden voor vaccinatie veelbelovend is, zijn er nog geen producten op de markt. Dit
zal naar verwachting veranderen in het komende decennium, aangezien verscheidene
producten in klinische ontwikkeling zijn [8,9]. Op dit moment zijn bedrijven bezig met het
opzetten van een productielijn van oplosbare micronaalden voor huidverzorgingscosmetica
[20] en voor de levering van biologische producten voor de huid [21]. Dit laatste met een
succesvol afgeronde fase 2a klinische evaluatie.

Zodra de productieprocessen zijn geoptimaliseerd en de regulatoire hindernissen zijn
opgelost, kan vaccinatie door middel van oplosbare micronaalden een hoeksteen in het
verbeteren van de vaccinatiegraad over de hele wereld worden.

Het grote potentieel van oplosbare micronaalden

Hoewel oplosbare micronaalden nog een lange ontwikkelingsroute te gaan hebben, alvorens
gereed te zijn als regulier product, vormen zij een groot potentieel boven andere micronaald
types: oplosbare micronaalden bestaan uit droge formuleringen die i.h.a. een betere
vaccinstabiliteit hebben dan vloeibare formuleringen, die in traditionele vaccinatieroutes
gebruikt worden [22,23]. Door deze verhoogde stabiliteit kunnen deze micronaalden de
noodzaak van een koude keten omzeilen en zijn ze ideaal voor vaccinatiecampagnes in
ontwikkelingsladen. Dit zou de vaccinatiekosten voor vervoer en opslag aanzienlijk
verminderen en daardoor de vaccinatiegraad en de efficiéntie van de vaccinatieprogramma’s
kunnen verhogen.
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Bovendien laat vaccinatie door middel van oplosbare micronaalden in de meeste gevallen
een vergelijkbare of zelfs hogere respons zien dan bij een conventionele injectie (zie
Hoofdstuk 2). De besparing van de antigeendosis, zoals beschreven in Hoofdstuk 6, biedt een
ander voordeel voor vaccinatie via de huid door oplosbare micronaalden.

Het belang van het toepassen van micronaalden

In dit proefschrift zijn twee soorten micronaalden beschreven voor het toedienen van
vaccins: een holle micronaald en oplosbare micronaalden. Beide types vereisen
toedieningsapparaten.

Het gecontroleerd en nauwkeurig injecteren van een specifiek volume van het vaccin in de
huid door middel van een holle micronaald vereist een complex apparaat met een applicator
en een pomp om tot een gecontroleerde diepte door te dringen in de huid.

Oplosbare micronaalden kunnen snel toegediend worden en het kost relatief weinig tijd om
ze in de huid op te laten lossen. Het gebruik van een applicator is echter mogelijk niet
haalbaar in gebieden met een gebrek aan infrastructuur. Technische storingen of verlies van
de applicator kunnen de immunisatieprogramma’s lokaal verstoren. Boven zal het gebruik
van een apparaat voor de toepassing de vaccinatiekosten verhogen.

In dit opzicht zou het een belangrijke verbetering zijn als de micronaalden gebruikt kunnen
worden zonder het gebruik van een applicator. Hierdoor kan de behoefte aan geschoold
personeel worden vermeden en zou zelftoediening mogelijk worden, vooral op afgelegen
plaatsen in de wereld of in het geval van het uitbreken van een pandemie. Studies tonen aan
dat het gebruik van een applicator de efficiéntie en reproduceerbaarheid van het inbrengen
van micronaalden verbetert[24] en dat korte micronaalden (300 um), maar ook minder
scherpe micronaalden, een lagere penetratie-efficiéntie in de huid kunnen hebben dan
langere (>550 um)[25-27] en dat het gebruik van een applicator bij kortere naalden dus
cruciaal kan zijn voor efficiénte toediening in de huid. Handmatige toepassing, waarbij het
gebruik van een applicator wordt vermeden, is mogelijk en succesvol [8, 9] indien langere
micronaalden worden gebruikt. In dit geval kunnen lange naalden nog steeds beschouwd
worden als minder invasief dan injectienaalden, en veroorzaken ze veel minder pijn. Tabel 1
geeft een overzicht van de voor- en nadelen van het gebruik van een applicator bij het
aanbrengen van micronaalden.
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Tabel 1. Voor- en nadelen van handmatig toediening en toepassing door middel van een applicator.

Handmatige toediening

Toepassen van een applicator

Voordelen Nadelen Voordelen Nadelen
Lagere Beperking in Geen beperking in Hogere
productiekosten micronaald lengte: lengte (toediening van productiekosten

alleen lange korte micronaalden

Geen getraind
personeel nodig

micronaalden

Gebruik van langere
micronaalden is
pijnlijker

mogelijk)

Efficiénter en
reproduceerbaarder
injectie

Getraind personeel
nodig

Afhankelijk van
technologie ter plekke

De rol van hyaluronan bij vaccinatie door middel van oplosbare micronaalden

Zoals aangetoond in hoofdstuk 5, heeft het hyaluronzuur dat gebruikt wordt als
matrixmateriaal geen effect op de immuunrespons na vaccinatie door oplosbare
micronaalden, ondanks de gerapporteerde immuunmodulerende eigenschappen van
hyaluronzuur met een laag molecuulgewicht [28]. Echter, volgens de literatuur kan
hyaluronzuur geconjugeerd met ovalbumine dendritische cellen in vitro efficiénter activeren
dan ovalbumine alleen [29] en conjugatie kan de toediening van grotere verbindingen via
leidde
hyaluronzuur-ovalbumine-conjugaten tot een hogere immuunrespons dan ovalbumine
alleen [29]. Daartoe zou het interessant zijn om hyaluronan-antigeenconjugaten in te
kapselen in oplosbare micronaalden om immunogeniciteit te bereiken.

het lymfestelsel verbeteren[30]. Bovendien intramusculaire injectie van

CONCLUSIE

Het in dit proefschrift beschreven onderzoek toonde aan dat oplosbare micronaalden die
gebruikt worden voor de afgifte van vaccins via de huid een antigeen specifieke
immuunrespons kan oproepen die vergelijkbaar is met de conventionele subcutane route.

Er is echter verder onderzoek nodig om deze technologie te optimaliseren en verschillende
productie- en toepassingshindernissen te overwinnen om het onderzoek te vertalen naar
werkzame commerciéle producten.
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