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ABSTRACT

INTRODUCTION: Vaccination is undoubtedly one of the greatest breakthroughs of modern
preventative medicine. Despite this, there remain problems surrounding delivery, efficacy and
compliance. Thus, there is a pressing need to develop cost-effective vaccine delivery systems
that could expand the use of vaccines, particularly within developing countries. Microneedle
(MN) arrays, due to their ease of use, painlessness and ability to target skin antigen presenting
cells, provide an attractive technological platform for improved vaccine delivery and efficacy.
Studies have demonstrated enhanced immunogenicity with the use of MN in comparison to
that of the conventional needle. More recently, dissolving MN have been used for efficient

delivery of nanoparticles (NP), as a means to enhance antigen immunogenicity.

AREAS COVERED: This review introduces the fields of MN technology and
nanotechnology and highlights the recent advances which have been made combining these
two technologies for enhanced vaccine delivery and efficacy. Some of the key questions that

remain to be addressed for adoption of MN in a clinical setting are also evaluated.

EXPERT OPINION: MN-mediated vaccine delivery holds potential for expanding access to
vaccines, with individuals in developing countries likely to be the principal beneficiaries. The
combinatorial approach of utilising MN coupled with NP, provides the opportunity to enhance

the immunogenicity of vaccine antigens.

KEYWORDS

Antigen, microneedle (MN), nanoparticle (NP), skin, vaccine



1. INTRODUCTION

The invention of vaccination is one of the greatest triumphs of modern preventative medicine.
A vaccine may be defined as a biological preparation that is used to establish or improve
immunity to a particular disease. Vaccine administration stimulates specific immune responses
and induces long-lasting immunological memory to protect upon subsequent encounter with a
pathogenic organism. As such, it is the most effective means of controlling the spread of
infectious disease and preventing disease-related morbidity and mortality. The elimination of
smallpox and estimated avoidance of 2.5 million deaths per year from diphtheria, tetanus,
whooping cough and measles through vaccinations, exemplify their importance for global

health [1].

For successful vaccination, appropriate administration is key. At present, most vaccines are
administered intramuscularly or subcutaneously via needle and syringe with associated
disadvantages including pain, needle phobia, poor patient compliance and risk of needle-stick
injuries [2]. Additionally, many current vaccines must be maintained within specific
temperature ranges to retain their potency. This is referred to as the ‘cold chain’, and is
particularly difficult to maintain in developing countries, due to limited infrastructure, often
resulting in vaccine wastage [3]. Thus, significant barriers for effective vaccine distribution

and administration remain as challenges in this field.

In recent years, the use of nanoparticle (NP)-based vaccines has emerged as a novel approach
to enhance antigen immunogenicity. NPs (1-1000 nm) have been used as antigen carriers,
allowing controlled and prolonged antigen delivery at the vaccination site, while protecting
antigen from degradation. Moreover, NP have been shown to elicit their own inherent
immunostimulatory properties and have effects comparable to those of traditional vaccine

adjuvants such as aluminium hydroxide (alum) [4]. Finally, these advanced antigen carriers



showed promising results in eliciting immune responses through non-parenteral routes of

administration and as needle-free immunization approaches [5].

In the search for alternative administration routes for vaccines, microneedle (MN) arrays have
been proposed to improve vaccine coverage and efficacy [6]. MN are minimally invasive
devices that consist of a series of micron-sized needles attached to a base support. The needles
are typically less than 1 mm long and do not irritate pain receptors localised in deeper skin
regions. MN have garnered considerable interest for delivery of vaccines and other actives to
the epidermal and dermal skin layers. In contrast to the subcutaneous fat and muscle tissue
which contain relatively few antigen-presenting cells (APC), namely dendritic cells (DCs), the
skin contains a complex DC network [5]. Delivering vaccines directly into the skin places
antigen in close proximity with skin APCs, often resulting in lower doses of antigen being

required and superior immunological responses than that with other routes of delivery [7].

The use of MN for the delivery of antigen-loaded NP has emerged as a novel outstanding
combinatorial approach to capitalise on the advantages of both systems for enhanced vaccine
efficacy. Accordingly, this review aims to provide an updated overview of the combination of
NP and MN for vaccine delivery. Herein, we provide an introduction into the mechanisms and
challenges of vaccination, the emerging nanoparticle-based adjuvants and the fundamental
aspects of vaccine delivery to the skin. Following this, we focus on the potential of MN as
novel vaccine delivery devices, particularly in combination with NP. Finally, some of the
challenges that need to be addressed if MN are to be adopted in the clinical setting are

evaluated.

2. THE FUNDAMENTALS OF VACCINOLOGY

The process of vaccination involves exposing the immune system to an antigen in order to

generate immunological memory. The immune system comprises a network of cells, tissues
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and lymphoid organs, which orchestrate host defence, allowing the elimination or
neutralisation of pathogens and foreign substances via constant immune surveillance. A
complex and sophisticated arsenal of weapons awaits evading pathogens, acting through two

complementary arms, termed innate and adaptive immunity [4].

During the early phase of the immune response, APCs capture pathogens by phagocytosis.
Dendritic cells, regarded as the most potent APCs, are present as sentinels in the periphery
where they sample the environment for foreign antigens. Upon encounter of antigenic material,
DCs undergo a process referred to as maturation whereby they lose the capacity to uptake
further antigen and acquire the ability to present the antigen to naive T cells in the context of
major histocompatibility complex (MHC) class I or II. Maturation is accompanied by changes
in the expression pattern of chemokine receptors, upregulation of co-stimulatory molecules
(CD80, CD86) and T cell adhesion molecules (CD58 and CD48), and cytokines including
interleukin (IL)-12. DC ‘homing’ to the LN also occurs, as it is here where DCs encounter and

activate T cells [8].

Following ingestion by DC, the antigen is degraded in endosomes or phagosomes, resulting in
antigenic peptides for presentation on MHC I or MHC II molecules to naive T cells.
Exogenous/extracellular antigens are generally loaded onto MHC II molecules, whereas
endogenous/intracellular antigens are typically presented on MHC I molecules. Moreover,
exogenous/extracellular antigens may also be loaded onto MHC class I molecules for induction
of a peptide restricted CD8" T cell response (cytotoxic T-cell response — CTL) in a process
referred to as antigen cross-presenting. This process is unique to DCs and macrophages and
offers an attractive pathway to elicit CTL response. After loading of antigen fragments onto
MHC I or II molecules, the peptide/MHC complex is transported to the cell surface for

interaction with naive T cells. Upon encounter of a DC with a T cell, the antigen-MHC complex



is recognised by T cell receptors (TCR). Concurrently, a second co-stimulatory signal is
required in order for the T cell to undergo clonal expansion and differentiation into effector

and memory cells. The absence of such signals induces T cell anergy or tolerance [9].

The adaptive response is mediated by lymphocytes (T and B cells) and may be divided into
humoral (antibody) or cell-mediated (cytotoxic T cell) responses. Upon activation, CD4" T
cells differentiate into distinct sub-populations, for example Thl or Th2 cells, to drive an
appropriate response against the perceived threat [10]. This differentiation is dependent upon
a complex network of cytokine signalling and transcription factors. For instance, Thl cells
produce interferon (IFN)-y and IL-2, whereas Th2 cells secrete IL-4 and IL-10. Activated
CD8" cells become cytotoxic T cells which can kill cells directly or through the release of
cytotoxins and produce cytokines such as [FN-y and TNF-a. In addition to the classical Thl
and Th2 cells, other important CD4" T cells include Th17 cells which play an important role
in host defence against extracellular bacteria, particularly on mucosal surfaces [11], and
regulatory T cells which are involved in the maintenance of immunological self-tolerance and
immune homeostasis. B cells can recognise antigenic peptide-MHC class II complexes and are
co-stimulated by CD4" T cells or cytokines to undergo clonal expansion and differentiation

becoming antibody-secreting plasma cells [8].

Considering the complex nature of the immune system, it is established that the vaccine
characteristics influence the type and magnitude of immune response elicited. Several types of
vaccines have been used to date, including live attenuated, killed or inactivated, toxoid and
subunit vaccines. Moreover, a number of more complex, innovative vaccines such as DNA
vaccines are under development [12]. Regardless of the type of vaccine, they all function by
mirroring a disease-causing pathogen, stimulating the immune system to recognise it as foreign

and causing humoral or cellular immunity against it. Upon further encounter with the same



pathogen, the immune system can more readily challenge it, thereby diminishing the

devastating effects of disease that would otherwise occur [13].

2.1 Disadvantages associated with current vaccination strategies: From logistical

challenges to immunogenicity demands

Despite the effectiveness of vaccination in global healthcare, there remain a number of
disadvantages and challenges surrounding current vaccination approaches. With few
exceptions, vaccines are administered by hypodermic needle and syringe into the intramuscular
or subcutaneous space, requiring trained healthcare workers for correct vaccine reconstitution
and administration. The primary risk associated with this approach is the transmission of
diseases among patients, healthcare providers and the community. This is particularly
important within developing countries where correct disposal of needles is difficult to
implement and reuse of contaminated needles is common practice [14]. Vaccination via the
traditional hypodermic needle is also associated with pain, suffering and distress, often leading
to poor patient compliance. Needle phobia is common in both adults and children and a vast

number of studies have documented vaccination non-compliance because of this [15,16].

As previously mentioned, due to temperature sensitivity, the majority of currently available
vaccines require storage at specific temperature ranges, most often 2-8°C, from their
manufacture through to distribution and reconstitution. Cold chain is a term used to refer to the
materials, equipment and procedures that are necessary to maintain vaccines within this
temperature range. Maintaining the cold chain during transport, storage, and handling is
associated with substantial costs and represents a significant burden in low resource
environments, often with limited infrastructure [3]. Stabilisation of vaccines or alternative

methods of vaccine delivery that do not require cold chain storage could significantly reduce



vaccination costs, limiting vaccine wastage and offering simplified storage, distribution and

disposal [17].

In addition to the logistical and safety concerns, there is also a requirement for increased
vaccine effectiveness from an immunological perspective. Most effective traditional vaccines
are based on live-attenuated variants of the targeted pathogen. Such vaccines do not require
adjuvants because they comprise bacterial or viral compounds that activate the innate immune
system to enhance immunity [8]. Administration of these vaccines induces asymptomatic
infections and generates long-lived memory, similar to what would be achieved in an individual
following natural infection. Despite the impressive success of these vaccines, their potential
toxicity and reactogenicity have led to the search for optimised antigens [18]. While the use of
inactivated pathogens, synthetic peptides and recombinant protein subunits is advantageous in
terms of safety and cost-effectiveness, these often exhibit poorer immunogenicity [19]. Thus,
the co-delivery of adjuvants is pivotal to facilitate the induction of robust protective immunity
[20]. Adjuvants can function like a pathogen-associated molecular pattern (PAMP), triggering
innate immune responses through different mechanisms. This in turn, results in the activation

and maturation of APCs and initiation of adaptive immune response [21].

Alum, a particulate formulation of aluminium salts, is the most widely used adjuvant for non-
living vaccines and was the only licenced adjuvant for human use until 2009 [22]. It is a
component of many human vaccines, including diphtheria, tetanus and meningococcal, to name
a few. Despite being effective at eliciting antibody responses against a number of pathogens,
alum is a poor inducer of cell-mediated immunity. Specifically, it has been shown to activate
immunosuppressive mechanisms following vaccination which limit its capacity to induce Thl
responses [23]. However, the induction of strong cellular immune responses, including

cytotoxic T cells, Thl and Th17 responses is required for the prevention of difficult to treat
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infections including those by intracellular pathogens including Klebsiella pneumoniae and
extracellular pathogens such as Streptococcus pneumoniae [8]. Accordingly, there remains a
requirement for the development of innovative adjuvants and delivery systems that enhance
cell-mediated immunity as we move towards the era of modern vaccines. In this regard, NPs

have received particular attention.

Therefore, despite the significant success of numerous vaccines and the role they have played
and continue to play in public health, many challenges remain. Accordingly, the development
of innovative vaccines against challenging pathogens and of effective adjuvants to potentiate
an adequate immune response are among the most important vaccine research goals.
Furthermore, the development of vaccine formulations and delivery strategies that circumvent
the necessity for cold chain storage and the use of hypodermic needles could prevent the
perpetual problems of vaccine wastage and disease transmission through unsafe injection

practices.

3. PARTICULATE VACCINES FOR IMPROVED IMMUNOGENICITY

Nanotechnology offers the prospect of fabricating NP of differing composition, size, shape and
surface properties, all of which can be tailored to achieve the desired immune response [24].
The use of NP for administration of vaccines has received tremendous interest due to their
numerous advantageous features [25]. The formulation of antigens in NP can be achieved
through different approaches. Antigens may be encapsulated within NP, which protect them
from degradation, providing their sustained release and improving their uptake by APC [7].
NPs are also capable of mimicking pathogens, thus increasing the possibilities of an effective
immune response [25]. Moreover, NPs offer the possibility of facilitating antigen uptake by

DC through coupling of a DC receptor ligand to the NP, as reviewed elsewhere [26]. While
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several examples of NP are being developed (Figure 1), this review focuses specifically on the

use of polymeric NP for vaccine delivery.

A. Gold NP B. Polymeric NP C. Dendrimer D. Liposome E. Carbon nanotube

Figure 1. A diagrammatic representation of various types of NPs with potential interest as
antigen carriers within microneedle platforms: (A) Gold NP, and (a) representative TEM image
of a spherical gold NP, scale bar 40 nm. (B) A polymeric NP and (b) representative SEM image
of PLGA NP, scale bar 1 pm. (C) Dendrimer and (c) representative TEM image of dendrimer,
direct Mag 6000X. (D) Liposome and (d) representative SEM image of a liposome, scale bar
5 pm. (E) Carbon nanotube and (e) representative SEM image of a typical honeycomb-like
pattern, hexagon honeycomb was composed of carbon nanotubes, scale bar 5 pm. Non-

exhaustive list. Reproduced with permission from [28—31], (b)- unpublished data.

3.1. Polymeric NPs for vaccine delivery

Biodegradable polymer-based NPs (1-1000 nm) have gained tremendous interest in vaccine
delivery applications. These particles are prepared from aqueous polymer blends that assemble
in nano-sized structures in appropriate conditions, either by electrostatic or hydrophobic

interactions. Both synthetic and natural biodegradable polymers have been used for NP
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formulations. Examples of synthetic polymers include poly(lactic-co-glycolic-acid) PLGA,
poly lactic acid (PLA) and polycaprolactone [31], and examples of naturally occurring

polymers include polysaccharides such as chitosan and dextran [18].

For NPs to successfully deliver antigen to APC, they first need to access the tissues where these
cells are present. Following parenteral administration, depending on the physicochemical
properties of the NPs, they may directly drain to the closest LN, or reside at the administration
site whereby they attract APC, in particular DC. As demonstrated by Manolova et al., small
NPs (<200 nm) can freely drain to the LN where they are taken up by resident DC, whereas
large NP depend on cellular transport from DC migrating from the skin [32]. It is widely
reported that the encapsulation of antigens within NPs facilitates their uptake by APCs and
may induce enhanced immune responses in comparison with soluble antigen [33]. Importantly,
the internalisation of particulate vaccines via phagocytosis into phagosomes is important for
antigen cross-presentation. Thus, particulate vaccines are an attractive option for the induction
of cellular immune responses, in contrast to soluble antigen which is normally presented by

MHC class II pathway and poorly cross-presented [8].

Among different NP properties, size, shape and surface characteristics may all play an
important role in the uptake of NPs by APC. The two major types of APCs capable of antigen
uptake and processing are DCs and macrophages. However, despite their similar functions,
only DCs have the capacity to migrate from tissue to the LNs to prime naive T cells. Thus, for
vaccine delivery to DC, it is important to encapsulate antigen within NPs that are preferentially
taken up by DCs. Studies have demonstrated that DCs predominantly internalise NPs with a
size between 20 and 200 nm, while larger NPs from 0.5 to 5 pm are preferentially taken up by
macrophages [34,35]. The site through which NPs are administered also influences their

uptake. Newman and colleagues showed that intradermal administration of PLGA NPs resulted
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in their uptake by DCs, whereas intraperitoneal delivery resulted in uptake by macrophages

[36].

Among other parameters influencing NPs uptake and immunogenicity are shape and surface
charge. The influence of such parameters has been reviewed elsewhere [31]. In short, NPs that
are non-spherical in shape have been shown to have improved membrane attachment, but are
not efficiently taken up by APC [37]. NP surface charge is important for endocytosis
mechanisms. Cell membranes are negatively charged, thus, NPs that are cationic can be more
efficiently taken up by APC than that of anionic NPs. NPs can be taken up by cells through
differing pathways, depending on their properties. A number of reviews have described the
mechanisms through which NP are internalised and the effects of NP properties in this process.
In brief, phagocytosis and pinocytosis (including clathrin-mediated endocytosis, caveolae-
mediated endocytosis and macropinocytosis) are the two main endocytic pathways used for

uptake of NPs [31].

Following antigen uptake by APC (importantly DC), the antigen is processed and the antigenic
fragment is presented on the surface of these cells through MHC molecules. Depending on the
endocytosis pathways, which is influenced by NP properties and the antigen delivered, two
types of immune response pathways can be potentially activated (MHC-I or MHC-II), as
previously described in this review. The uptake of NPs can also be further enhanced by surface
modification of the NPs with DC-binding ligands such as monoclonal antibodies, targeting
DEC-205 (C type lectin receptor), DC40 (TNF-a family receptor), or CD11c¢ (integrin receptor)

[38].

Aside from their functions as antigen carriers, NPs have also been evaluated for their
immunostimulatory properties, acting as adjuvants per se. A study by Tamayo and co-workers

showed that poly(anhydride) nanoparticles could act as active Th1 adjuvants through TLR-2, -
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4 and -5 exploitation [39]. Importantly, it has been reported that NP could induce the activation
of an intracellular stress-sensing pathway known as the inflammasome [40]. As previously
highlighted, pattern recognition receptors (PRRs) recognise PAMPs, such as cell wall
components of bacteria, viral DNA and CpG DNA, which naturally target these receptors.
Therefore, stimulation of PRRs has been used in vaccination for many years. These receptors
recognise the presence of infection, initiating innate immune responses, but also play a direct
role on the induction of adaptive immunity. In the search for new vaccine adjuvants, the
majority of most recent studies have evaluated PRR ligands [41]. Moreover, research efforts
have also focused on the development of NP carrier systems in combination with
immunostimulatory molecules to induce a synergistic response and drive cell-mediated
immune responses. Numerous studies have shown successful delivery of TLR agonists using

NPs [42,43].

4. THE SKIN: A POTENTIAL SOLUTION

In order to increase the immunogenicity of vaccines and advance in vaccine delivery research,
recent efforts have evaluated alternative methods for needle-free vaccine delivery. These have
included oral [44], nasal [45], sublingual [46] and dermal delivery [47]. Alternative methods
must prove to be equal or superior to the current ones, from an immunogenic perspective. In
this regard, the rapid progression in the understanding of DC biology has prompted researchers
to develop vaccine delivery strategies that target these professional APCs [7]. The skin, a
highly competent immunologic organ, is densely populated with DCs and, for this reason, in
addition to its ease of access, has garnered substantial interest as a route for vaccination.
However, delivery of vaccines via this route is also not without its challenges. Intradermal

injection necessitates healthcare providers with specialised training, often results in
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inconsistent delivery and does not reliably target the skin. Moreover, topical application of
vaccine formulations to the skin does not typically generate an adequate immune response [48].
The skin, by virtue of its function for protection against the external environment, has
traditionally been seen as a barrier through which vaccines could not be delivered. To fully
appreciate the hurdles which have had to be conquered to successfully deliver vaccines via his
route, it is important to understand the skin architecture and structure. Accordingly, a brief

digression on this topic is provided.

4.1. Fundamental aspects of skin architecture and structure

The skin is the most complex and largest organ of the human body, forming a barrier that limits
the loss of water and other components from the body and acts as a shield protecting internal
organs from physical, chemical and microbial insults. Additionally, the skin has pivotal
immune and sensory functions and is involved in the regulation of body temperature.
Structurally the mammalian skin is composed of three distinct layers, namely, the epidermis,

dermis and subcutaneous fat layer (subcutis) [49].

The outermost layer of the skin, the epidermis, is formed by the viable epidermis and the non-
viable stratum corneum (SC). It is now well-accepted and documented, that the SC is
responsible for the skin’s defensive functions and constitutes the principal barrier to penetration
of topically applied drugs. It typically has a thickness of 10-20 um, but this varies depending
on a number of factors including the degree of hydration and the thickness of the skin [49]. The
SC is composed of 10-25 rows of dead keratinocytes (corneocytes) embedded in the secreted
lipids from lamellar bodies. The “bricks and mortar” model is a common representation of this
layer. Corneocytes are polygonal, elongated and flat, thus resemble ‘bricks’. On the other hand,

the lipid layers that reside between the corneocytes are referred to as the ‘mortar’. These
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multiple lipid bilayers are thought to be responsible for the barrier properties of the SC. They
prevent desiccation of the underlying tissues by inhibiting water loss and limit the penetration
of substances from the external environment. Both constituents of the SC are produced by
keratinocytes at the viable epidermis. Upon migration to the skin’s surface, keratinocytes
release the lipid ‘mortar’ into the intercellular space while being transformed into corneocytes

(‘bricks’). Final differentiation occurs once they have reached the SC [50].

Residing below the viable epidermis is the dermis, which has a thickness of 3-4 mm and lies
atop the subcutaneous fat layer. It is composed of fibroblasts and collagen that provides
structural support, as well as elastin, which is responsible for the elastic properties of the skin.
Each of these fibres are embedded in a mucopolysaccharide matrix. Oxygen and nutrients are
supplied to the skin via the cutaneous blood supply, which also facilitates waste removal. The
dermis acts as a structural support for the overlying epidermis and the embedded structures,
including the nerves, blood vessels and hair follicles. The skin also contains a subcutaneous fat
layer composed of fat cells linked by collagen fibres that lies between the overlying dermis and
the underlying body constituents. It acts as a heat insulator and supplies nutritional support as

well vascularizing and innervating the skin [50].

4.2. Role of the skin in vaccination: an immunological perspective

As previously highlighted, the majority of vaccines are currently delivered via injection and
are deposited into the subcutaneous fat or into the muscle beneath the skin. A small number of
vaccines are administered into the dermis, and fewer are applied topically onto the skin, often
referred to as transcutaneous or epicutaneous vaccination [51]. Each of these routes of
administration relies on the presence of DCs that reside in the tissue and readily capture antigen,

process it and present it to T lymphocytes in the draining lymphoid organs. In contrast to
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subcutaneous fat and muscle tissue, which contain relatively few DCs, the dermis and
epidermis contain a dense network of different DC subsets that are circumvented by the
hypodermic needle. A more attractive and rational approach is to utilise the unique
immunological properties of skin and directly target vaccines to skin DCs, thereby improving
immunogenicity. The main immunological cells found within the skin are Langerhans cells
(LCs) in the epidermis and the dermal DCs in the dermis. Additional cells in the skin including
keratinocytes also produce cytokines, chemokines and antimicrobial peptides, which play an
important role in innate immunity in the skin. Research into this approach has only more
recently been investigated, and a number of studies have shown this route to be superior to that
of the classical route of vaccination [5,7,52]. Antigen trafficking experiments have
demonstrated that antigen delivery through the skin results in more efficient antigen migration

into LN in comparison to that of conventional intramuscular delivery [53].

The SC barrier of the skin makes it difficult for antigenic compounds (usually biomolecules
with a high molecular weight >500 Da) to penetrate to the epidermis and dermis, in which the
immune cells are located. Numerous studies have demonstrated that topical application of
antigen formulations is insufficient to yield adequate immune responses. As such, physical and
chemical techniques to disrupt the SC barrier have been proposed to enhance antigen delivery
through the epidermis for targeting of APCs. The most common physical techniques include
tape-stripping, gene guns, iontophoresis, sonophoresis, electroporation and MN [2,54-56],
while chemical permeation enhancers such as alcohols, sulphoxides, essential oils, fatty acids
and urea, among others, have also been studied in this field [57,58]. While iontophoresis has
the advantage of acting more on the drug than on the skin, and consequently lower risk of
damages to the skin structure, its use is limited to charged low molecular weight molecules. In
the case of sonophoresis, despite being quite flexible and adjustable to specific needs, the

process itself is complicated and carries a risk of skin burning by the ultrasound waves [2,58].
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Given the versatility of the MN approach and the larger amount of published studies focussing
on the use of this platform for transdermal vaccination, in this review we focus specifically on

the use of MN to facilitate vaccine delivery.

5. MICRONEEDLE ARRAYS CIRCUMVENT SKIN BARRIER FUNCTIONS AND

FACILITATE VACCINE DELIVERY

The first MN were conceptualised in 1976. However, only during the last 20 years have they
been actively developed. MN arrays consist of a multiplicity of micro-projections arranged on
a base support and can range in height from 25-2000 um [59]. When applied to the skin surface,
MNs mechanically puncture the SC, creating microscopic holes that permit the diffusion of a
diverse range of micro and macromolecules to the dermal microcirculation. The unique
characteristic of MNs is that they do not cause any pain on application [60]. They are typically
fabricated such that they are long enough to penetrate the dermis, yet short and narrow enough
to avoid stimulation of dermal nerves. Substantial research has been conducted in the field of
MN technology utilising different materials, MN designs and fabrication methods. MNs may
be fabricated from various materials including metal, silicon, carbohydrates, or FDA-approved
biocompatible polymers and their mode of action is dependent upon the fabrication method
[61]. In general, these materials should be biocompatible, have low toxicity, sufficient
strength/toughness and be cost-effective [62]. MNs differ in their design as well as their

composition (Figure 2).
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Figure 2. Representative images of different MN types. (A) SEM images of solid MN
fabricated from silicon, (B) SEM images of dissolving MN fabricated from aqueous blends of
Gantrez® S97 (1) and representative OCT images of dissolving MN showing in vitro
dissolution kinetics at time 0 and after 1 h insertion in neonatal porcine skin (2). (C) Light
microscope images of a hydrogel MN following removal from the back of a rat (1) and the
forearm of a human volunteer (2), both after 1 h insertion. OCT images of MN inserted in the
forearm of a human volunteer at t=0 h (3) and after 1 h (4). (D) Front (1) and side views (2) of
a representative hollow MN fabricated from glass. Reproduced with permission from [61-63],

B (1) — unpublished data.

Solid MNs are most often used in a two-step procedure, whereby the MN patch is firstly applied

to the skin surface, temporarily disrupting its natural permeability barrier, prior to the
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application of either a patch or topical formulation. The active molecules are then transported
through the micro-conduits created by the MNs by passive diffusion. Solid MNs can be
fabricated from different materials including silicon [66], biodegradable polymers such as
PLGA, poly(glycolic acid) (PGA) and PLA, and metals such as stainless steel [67]. Solid MNs
have been investigated for enhanced transdermal permeation of various molecules including

siRNA [68], insulin [69] and vaccines [70].

Solid MN may also be used as a vehicle to carry and deposit drugs or vaccines within the skin
(drug coated MNs), in this case they are referred to as coated MNs. This is carried out by
coating the surface of solid MNs with a formulation containing the active agent. Upon insertion
of the MNs into the skin, the coated formulation is deposited, delivering the active agent into
the tissue. Solid MNs have been coated using different methods such as dipping and spraying.
Coated MNs have been investigated for the delivery of vitamins [71], vaccines [72] and DNA
[73]. The major disadvantage of coated MNss is that the quantity of drug or vaccine delivered

is limited to the amount that that be coated onto the surface of the MNs [74].

Hollow MNs function in a manner similar to that of the conventional hypodermic needle. Once
inserted into the skin they provide a defined conduit through which a liquid medication can
pass through. Soluvia™ and Microjet™ are examples of hollow MNs currently on the market.
Hollow MNs have been produced using different fabrication methods as reviewed by Kim et
al. and have been fabricated from materials such as glass, polymers and silicon [74]. Hollow
MN have been utilised for delivery of influenza vaccine. Human trials with hollow MN for
influenza vaccination have demonstrated a dose-sparing effect in comparison to intramuscular

vaccination [75].

Dissolving MNs are fabricated from a soluble/biodegradable material in which the active agent

is embedded. Once inserted into the skin, the needles begin to dissolve and delivery of the
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active agents occurs concurrently with needle dissolution. Dissolving MN are typically
produced using micromoulding techniques [59] and can be made from materials such as sugars,
carbohydrates or synthetic polymers [76,77]. These MN offer the simplicity and effectiveness
of other MN platforms, but eliminate the generation of biohazardous sharps waste given their
dissolution upon insertion in the skin [78]. They have been used for the delivery of vaccine

antigens [5,7] and insulin [79].

Finally, hydrogel-forming MNs, have been more recently developed [80]. Upon insertion into
the skin they assimilate interstitial fluid and allow diffusion of the active agent from the backing
through the swollen microprojections into the skin [61]. Hydrogel-forming MNs are prepared
using synthetic polymers that can be easily cross-linked by chemical or physical methods. A
study by Garland et al demonstrated that drug delivery from hydrogel-forming formulations
can be tailored via modulation of the crosslink density of the hydrogel matrix [81]. They have
been investigated for the delivery of a range of molecules of both high and low molecular
weight [82]. An important property of hydrogel MN is that unlike dissolving MN, they leave
no measurable polymer residue behind in the skin but are softened enough to preclude
reinsertion. To date, there have been no published studies using hydrogel-forming MNs for

vaccination purposes.

5.1. MN for vaccination: development and recent applications

Soluvia®, the world’s first MN-based vaccine device was marketed in 2009 and is composed
of a hollow 1.5 mm silicon MN which can be attached to a typical barrel syringe. It has been
marketed in conjunction with an intradermal vaccine, Fluzone Intradermal®, IDFIu® and
Intanza®. This was an achievement for MN vaccination and since then, extensive efforts have

been devoted to MN vaccination research, with ever more complex platforms being developed.
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Dissolving MN designs show particular promise with respect to vaccination due to their self-
disabling nature, thereby prohibiting re-use. The Prausnitz group reported the first dissolving
MN for vaccination purposes in 2010 [83]. Dissolving MN (600 um in height) were fabricated
from PVP and formulated to contain 3 pg of lyophilised inactivated influenza virus vaccine. It
was shown that a single vaccine dose with dissolving MN induced protective immune
responses superior to those obtained following intramuscular delivery of the same dose.
Dissolving MN vaccination resulted in both antibody and cellular immune responses, leading
to lung viral clearance following lethal influenza challenge. Shortly after this initial study,
Kendal et al introduced a method for fabrication of multi-layered dissolving MN from master
templates of their Nanopatch™ designs [84]. Carboxymethylcellulose was used for dissolving
MN fabrication by casting into poly(dimethylsiloxane) moulds. The successful delivery of
Quil-A adjuvanted OVA, and Fluvax®2008, a commercial influenza vaccine, was
demonstrated. Results showed more efficient antibody production using dissolving MN, than

those generated using the standard needle and syringe.

Following the initial studies by Prausnitz and Kendall, showing proof of concept for the use of
dissolving MN for vaccination, numerous reports have demonstrated the delivery of various
antigens using dissolving MN. OVA, due to its excellent immunogenicity and low cost, has
been extensively used as a model antigen in MN studies [7,85]. Besides these studies, other
experimental antigens have been delivered in numerous animal models [86,87]. In general,
these studies evidenced the promising potential of this approach, with highly efficient immune

responses elicited following MN-based vaccination.

In terms of clinical development, dissolving MN are a relatively new vaccine delivery platform
and there are limited publications from clinical studies. Two phase 1 (safety) studies have been

conducted in dissolving MN containing no antigen. Prausnitz and co-workers tested the
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tolerability, usability and acceptability of dissolving MN administration in human subjects
[88]. Similarly, in another clinical study, Hirobe et al observed slight erythema following
application of dissolving MN fabricated from sodium hyaluronate [89]. A further study by
Hirobe et al investigated the clinical safety and efficacy of an influenza vaccine. Similarly, no

severe local or systemic adverse events were reported [90].

Following on from the initial studies conducted by the Prausnitz group in 2010, a phase 1 trial
was recently conducted to test the safety, immunogenicity and acceptability of inactivated
influenza vaccine delivered by dissolving MN in humans, by the same group [47]. This was a
randomised, partly blinded, placebo-controlled study, carried out at Emory University. The
study did not report any serious adverse events. The most common vaccination site reactions
were tenderness, erythema and pruritus, although this was mild and resolved within 2-3 days,
following MN removal. (Figure 3). The mean geometric mean antibody titres were similar at

day 28 days between the dissolving MN versus the intramuscular route.
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Figure 3. (A) Local responses associated with vaccination are shown. MNP — MN patch, IM -
intramuscular. (B) Representative image of a MN patch containing 100 needles, 650 pm in
height, mounted on an adhesive backing. The MN patch was manually applied to the wrist (20
min), allowing self-application by study participants. Following insertion in the skin, the
needles dissolve, thus releasing vaccine in the skin layers. (C) Representative images of the
typical reactions seen over time following administration and removal of MN patch delivery

inactivated influenza vaccine. (a) day 0, (b) days 2-3, (¢) days 8-10, and (d) day 28 after

Percent of participants

vaccination. Reproduced with permission from [48].
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Despite the promising results achieved with MN-mediated vaccination approaches, it is worth
mentioning the challenges associated with a potential mass production of these platforms.
Large-scale manufacturing of these vaccine platforms is particularly important considering the
impact that mass vaccination campaigns may have in the eradication of certain infectious
diseases. In general, literature on MN arrays for drug and vaccine delivery describes a variety
of small-scale production methods that have yet to be adapted for scale up at an industrial level
[91,92]. Therefore, the first need in this scope is for scaled-up technologies that allow cost-
effective production of MN-based vaccine formulations. This may include reducing production
steps, minimizing transfers between different pieces of equipment, allowing for aseptic
manufacturing or final sterilization, among other strategies. Some companies are already
working in this area, namely in coated and polymer-based MNs for drug delivery and cosmetic
applications [93]. However, regulatory aspects including quality control assays, uniformity of
content, safety of disposal and specific characteristics of packaging materials still have to be

taken into consideration before a MN vaccine platform can be brought to the market [91].

Following on from the abovementioned studies, extensive efforts continue to be devoted to the
development of various MN designs, for delivery of different antigens, with ever more complex
platforms being introduced. While identifying novel adjuvant strategies, NP have gained
tremendous interest, as discussed above. Moreover, researchers have more recently begun to
utilise NP in combination with MP, as a two-pronged approach. Accordingly, some of the most
recent advances using the combination of these two systems will now be discussed in further

detail.

6. MN-MEDIATED DELIVERY OF PARTICULATE VACCINES: A

COMBINATORIAL APPROACH FOR IMPROVED ANTIGEN DELIVERY
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NPs have been extensively studied for antigen delivery through various routes, including oral
and parenteral [94,95]. Researchers have also attempted to use NPs for topical delivery [96].
However, to date, NP-mediated delivery to the deeper epidermis and dermis without breaching
the SC barrier has been met with limited success [96,97]. As a consequence of this, researchers
investigated if the microconduits created in the skin by MNs could facilitate NP deposition into

the deeper skin layers.

Zhang et al demonstrated effective delivery of fluorescent PLGA NPs (160 nm) into the
microconduits created by MNs and permeation into the epidermis and dermis [98]. Quantitative
determination showed that the percentage of applied NPs depositing in the epidermis in the
MN group was greater than that of the control group (Figure 4A). The majority of the NPs
were located in the epidermis. Coulman and colleagues showed diffusion of NPs through MN
treated human epidermal membranes [99]. SEM images confirmed the presence of NPs to the
interior surface of the microchannels following MN pre-treatment (Figure 4B). In contrast to
the abovementioned studies that used MNs for pre-treatment of the skin prior to application of
NPs formulation, Donnelly et al. incorporated PLGA NPs and microparticles encapsulating
vitamin D3 (VD3) into dissolving MNs (Figure 4C) [100]. Ex-vivo deposition studies in
neonatal porcine skin indicated successful delivery of VD3, which could be detected in the skin
to a depth of 2.3 mm. These studies have demonstrated the feasibility of using MNs for NPs
delivery to the deeper skin layers, whether it be through MN pre-treatment of the skin, or

through direct incorporation of NPs into MNss.
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Figure 4. (A) The percentage of the applied dose of NPs (205 nm) deposited in the skin over
a 48h period, comparing skin pre-treated with MNs and skin without MN as control. (B) SEM
image of human epidermal membranes treated with MN following topical application of NP
formulation (NPs: 100-150 nm). NPs could be visualised in the lateral disruptions (a) and (b),
scale bar 50 um. Representative images of dissolving MNs laden with PLGA NPs and

microparticles (300 nm — 3.5 um in size). Reproduced with permission from [93-95].

With reference to the use of NP formulations in combination with MNs for vaccine delivery
purposes, several studies have demonstrated the feasibility of this approach. These will now be
discussed in further detail in the following subsections that have been divided according to the

MN modality through which the NP have been delivered.
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6.1 Dissolving MN-mediated NP vaccination

Zaric et al highlighted the potential of dissolving MNs for delivery of antigen encapsulated
NPs for targeting of skin resident DCs [7]. OV A was used as a model antigen and encapsulated
within PLGA NPs, 375 nm in size. It was demonstrated that fluorescent PLGA-NPs were
internalised by bone-marrow-derived DCs (BMDCs) in vitro, resulting in their maturation, as
assessed by up-regulation of MHCII, CD40 and CD86 molecules. Incubation of BMDMs,
pulsed with empty NP (bNP) or OVA NP, with purified transgenic OT-I (CD8") or OT-II
(CD4") cells, demonstrated that OVA-NPs could induce antigen-specific proliferation of both
CD4" and CD8" OVA specific T cells. MN-mediated vaccination in murine ears showed MN
were capable of successfully traversing the SC barrier delivering OVA NP, resulting in the
recruitment of monocytes and neutrophils to the ear skin. Following in situ uptake, skin-
resident DCs delivered OVA NP to cutaneous draining LN where they subsequently induced
significant expansion of antigen-specific T cells. Finally, it was demonstrated that this
approach generated robust antigen-specific cellular immune responses in mice. Complete
protection was achieved in vivo against both the development of antigen-expressing B16
melanoma tumours and a murine model of para-influenza, through the activation of antigen-

specific cytotoxic CD8" T cells [7].

Following the initial studies by Zaric et al, a more recent study further investigated the
contribution of different skin DC subsets in the induction of immune responses using MN-
mediated NP delivery [5]. Utilising skin DC ablation models, it was demonstrated that LC were
the main skin DC subset capable of cross-priming antigen specific CD8+ T cells ex vivo.
Moreover, it was shown that LC were responsible for orchestrating the differentiation of CD4"

hDTR

IFNy and IL-17 producing effectors. Depletion of LC in Lang mice by administration of
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diphtheria toxin, had a profound effect on CD8" CTL responses. Depletion of these cells

resulted in mice exercising reduced protective anti-tumour and anti-viral immunity.

In a more recent study, Ahlam and co-workers validated a dissolving MN system for the
delivery of a HPV DNA therapeutic vaccine. In short, the study combined a RALA peptide
which condenses DNA into cationic NP, and a dissolving MN composed of
poly(vinylpyrrolidone) (PVP) for delivery of the loaded NP. RALA condensed E6/E7 DNA
into NPs, less than 100 nm in diameter. The E6 and E7 viral proteins disrupt tumour suppressor
functions of p53 and the retinoblastoma protein and as such, are target antigens for therapeutic
vaccination. Specifically, the E6 protein can disrupt control of cell cycle, while the E7 protein
repressed regulation of the replication-associated genes. The NPs protected DNA from
degradation within the PVP matrix. Vaccination of mice with MN/RALA-E6/E7 resulted in
the sera of vaccinated mice having increased E6/E7-specific IgG levels. Moreover, vaccinated
mice also displayed a greater T-cell mediated TC-1 cytotoxicity and higher IFN-y levels than
those of mice which had NPs delivered intramuscularly. Finally, in a prophylactic model, it
was demonstrated that MN/RALA-E6/E7 delayed TC-1 tumour initiation and in a therapeutic
model, tumour growth was slowed. Importantly, MN delivery was found to be more potent

than intramuscular delivery [101].

Also in the scope of therapeutic vaccines, a recent study published by Wang et al focused on
the potential of pH-degradable polymeric NPs, embedded into polymer-based MN, to deliver
an antibody (aPD1) for the treatment of melanoma [102]. The authors demonstrated that
hyaluronic acid-based MN arrays containing dextran-alginate NPs were able to efficiently
induce tumour inhibition and increase survival in a B16F10 melanoma mice model. Moreover,
this delivery was controlled by an enzymatic system of glucose oxidase and catalase

coencapsulated within the nanoparticles, which produced an acidic environment in presence of
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glucose, leading to the pH-induced degradation of the NPs. Finally, the study also showed the
ability of this integrated delivery system to induce a synergic therapeutic effect when two
antibodies (aPD1 and aCTLA4) were coencapsulated in the nanoparticles and delivered

through the MN platform.

6.1.1 Considerations in the manufacture of dissolving MN for antigen delivery

While MN may be fabricated from a wide number of different polymers, polymer selection is
typically based on in vitro characterisation experiments, such as mechanical strength and
antigen compatibility. More recently, it has become evident that the material by which the MN
is fabricated from, can also influence the immunological response. In fact, polymers have been
used in designing new generation vaccine adjuvants. Various studies have demonstrated the
adjuvant properties of different polymers including chitosan and PMVE/MA [103,104]. Of
note, the pH of dissolving MN formulation may also play a role in the adjuvant properties
[105,106]. The molecular weight of polymers has been shown to be important in terms of
adjuvancy. To this end, Shakya et al observed the effect of increasing molecular weight of

polymers on the adjuvant effect [107].

Polymer composition will undoubtedly influence MN mechanical properties and antigen
delivery [59]. This, in turn, will influence the insertion properties of the MN, causing varying
damage to the skin and targeting different populations of APC, all of which will affect the
immune response. For example, the transient damage to the skin following MN insertion can
influence the immune response through the release of pro-inflammatory signals, leading to
enhanced recruitment to the site of MN application [108]. In the case of dissolving MN,
different dissolution rates also result in different amounts of polymers and antigen being
deposited in the skin, thus making direct comparison of different formulations challenging.

MN application site will also influence the depth of insertion, antigen delivery and APC
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targeted. For instance, the ear is very thin, resulting in two epidermises close to each other and
connected to one major draining LN. Therefore, the application of MN to this site may result
in superior response to antigen than when using other sites [109]. Finally, MN parameters, such
as spacing, geometry and needle density have also all been shown to influence the

immunogenicity to antigens [110].

6.2 Solid and coated MN-mediated NP vaccination

The use of solid MN for transcutaneous immunization using antigen-loaded NP has been
studied by some research groups in the last few years. The advantages, characteristics and
challenges associated to this type of MN have also been reviewed elsewhere [93]. For instance,
4x4 arrays of metallic needles, 300 um in height, were used by Bal et al for the delivery of
chitosan-based NP with either diphtheria toxoid or OVA [111,112]. In these studies, the authors
compared antigen loaded in NP, to that of simple antigen-polymer mixtures and antigen-
polymer conjugates. Surprisingly, NP did not result in enhanced immune responses than that
induced by conjugates and physical mixtures, possibly due to the smaller size of the latter
formulations in comparison with the particles. However, the authors also hypothesized that the
depot effect formed by the NP at the administration site could be contributing to a lower, yet
possibly longer-lasting antibody response. In all cases, results evidenced a Th2-biased immune
response elicited following transcutaneous immunization with NP formulations. The observed

immune responses were also generally improved upon addition of cholera toxin as an adjuvant.

Contrarily to these results, Kumar et al reported the use of solid MN, namely the Dermaroller®
system, for the delivery of plasmid DNA vaccines encapsulated in PLGA NP [113]. In a
preliminary study with OVA-conjugated lipid NP, the same authors compared MNs with
differing heights (200, 500 and 1000 um) for their ability to efficiently deliver antigen to skin

immune cells and generate an immune response [114]. Having concluded that the larger MN
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led to more efficient skin penetration of the antigen in the NPs and higher IgG levels, the
authors used the 1000 um Dermaroller® system for vaccination with the developed DNA
vaccine. In this case, MN-mediated administration of pDNA-loaded cationic PLGA NPs to
mice induced higher IgG levels than intramuscular administration of naked DNA, and similar
levels to those induced by intramuscularly administered NP. Furthermore, MN-mediated
vaccination with cationic NP was the only approach capable of eliciting mucosal antibody
responses, as measured by IgA levels, as well as high IL-4 and IFN-y levels and splenocyte

proliferation.

DNA vaccines have also been explored by other research groups for MN-mediated
immunization. Yin et al reported the use of star-shaped silicon MN arrays for the delivery of
DNA complexes, prepared with Pluronic® and polyethyleneimine (PEI) [115]. In this case, the
antigen was a Hepatitis B DNA vaccine and the complexes showed high skin penetration levels,
as well as IgG levels superior to all other control groups. Correspondingly, the IFN-y levels
observed for the group vaccinated with the complexes following MN pre-treatment were
significantly higher than those achieved with all other vaccination approaches, including
intramuscular administration of naked DNA. Similarly, Hu et al described positive results with
a tyrosinase-related protein 2 (Trp-2) DNA vaccine, administered in polymeric NPs post MN
pre-treatment [116]. Trp-2 is a melanogenic protease with overexpression in both melanocytes
and melanomas, been used as a melanoma rejection antigen and shown to induce CD8" T cells
responses. The NPs, prepared with a cell-penetrating peptide, PEI and mannose residues for
specific DC targeting, provided efficient in vivo antigen delivery to the skin with the
combination of MN. It is worth mentioning the authors did not disclose the characteristics of
the MN system used for the pre-treatment of the skin. Nevertheless, MN-mediated NP delivery
resulted in high numbers of CDIlc¢" DCs in draining LN and spleen. Importantly, this

vaccination approach resulted in Trp2-specific cellular immune responses and the subsequent
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protection of BALB/c mice against B16 melanoma challenge, with 90% survival rate achieved
during the experimental period. Specifically, the NP induced CD8" T cells and CD4" T cells
that produced IFN-y and IL-12 cytokines against melanoma cells, ultimately inhibiting cancer

growth and improving survival time.

To date, there have only been a limited number of publications using coated MN for vaccination
purposes, likely due to challenges surrounding the coating process and the small quantity that
can be coated to the surface of the MN. As an example, Yang and co-workers used MN
fabricated from PVP for delivery of Ebola vaccination using a DNA vaccine coated PLGA—
poly-L-lysine/poly-y-glutamic acid (PLGA-PLL/yPGA) NP. NPs, approximately 87 nm in size,
were formulated into MNs (700 um in height) fabricated from PVA, with a PVP/PVA backing.
Mice were vaccinated four times at four-week intervals by MN application for 5 min.
Administration of PLGA-PLL/YPGA-EboDNA via MN resulted in higher IgG1 subtype
responses in comparison to that delivered intramuscularly or that induced by naked EboDNA
delivered in MN or intramuscularly. No significant differences in IgG2a responses were found
following vaccination with PLGA-PLL/yYPGA-EboDNA delivered either intramuscularly or by
MN, however, naked EboDNA induced significantly weaker titres. Seok et al also developed
a HINI DNA vaccine delivery platform using MNs coated with a polyplex containing

PLGA/polyethyleneimine (PLGA/PEI) NPs [117].

6.3 Hollow MN-mediated NP vaccination

Hollow MNs offer the advantage of high precision in dose delivery, while circumventing the
time-consuming design and formulation of coated or dissolving MN. Moreover, hollow MNs
allow modification of administrative depth more readily than that of dissolving MN. However,

like the conventional hypodermic needle and syringe, they have associated risks relating to
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inappropriate reuse and sharps disposal. Despite this, there use for intradermal vaccination and

induction of humoral and cellular immune responses has been demonstrated.

Groot et al used hollow MNs for delivery of a model vaccine antigen loaded in PLGA NP.
Anionic and cationic PLGA NP were fabricated to encapsulate the model antigen OVA, with
or without the TLR3 agonist poly(I:C), as an adjuvant. An in-house developed hollow-MN
applicator was used to inject the NP formulations in a precise manner into the skin. Injection
of PLGA NP laden with OVA, primed both adoptively transferred antigen-specific naive
transgenic CD8" and CD4" T cells. In addition, hollow MN-mediated vaccination with OVA
PLGA NP induced priming of endogenous OV A-specific CD8" T cells, as measured by
intracellular IFN-y staining. The ability of this platform to induce cytotoxic T cell responses
against an intracellular bacterium was subsequently investigated in a bacterial challenge study.
Vaccinated mice were challenged with a recombinant Listeria monocytogenes secreting OVA,
21 days post vaccination, after which colony forming unit counts were determined as a measure
of vaccine efficacy. In short, vaccination with soluble OVA, anionic PLGA-OVA NP and OVA
in combination with poly(I:C) failed to induce protection. Protection was evident in one mouse
which received cationic PLGA-OVA NP. In contrast, anionic PLGA NP co-encapsulating

OVA and poly(I:C) induced full protection, resulting in all spleens being sterile.

Concurrent with the abovementioned publication, the same group conducted a comparative
study of nanoparticulate vaccines for their ability to induce humoral and cellular immune
responses [118]. Similarly, OVA was used as a model antigen with and without poly(I:C) as
adjuvant and the aforementioned hollow MN design was used for delivery of the
nanoparticulate vaccines. As shown in Figure 5 four types of NP were compared; PLGA NP,
liposomes, mesoporous silica NP (MSNP) and gelatin NP (GNP) and the hollow-MN

applicator delivered the particulates to a depth in murine skin of approximately 120 um.

35



OVA/poly(I:C) NP and OVA/ poly(I:C) solution were found to induce similar IgG and IgGl
responses. Co-encapsulation of OVA and poly(I:C) within PLGA NP significantly increased
IgG2a responses when compared to that of OVA/poly(I:C) solution alone. Comparison of the
different particulates showed that PLGA NP and liposomes resulted in greater [gG2a responses
in comparison to that of MSNs and GNPs, likely as a consequence of the smaller NP size. In
terms of cellular response, OVA/poly(I:C) liposomes induced the highest CD8" and CD4" T
cell responses (Figure 5C and D). Together these studies demonstrate the feasibility of using

hollow MN for delivery of a model protein and induction of protective humoral and cellular

immune responses.
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Figure 5. (A) Electron microscope images of NP. (a) Scanning electron microscopy (SEM)
image of PLGA NP, (b) Cryo-EM image of liposomes, (¢) transmission electron microscopy
(TEM) images of MSNss, (d) SEM image of GNPs. (B) The gating strategy used to determine
the T cell responses. Lymphocytes were gated on forward/sideward scatter, followed by the
exhaustion of double or adhering cells. After pre-gating on CD4+ and CD8+ T cells, the
percentage of respectively OTII and OT-I were measured by gating on CD45.1+ cells. OVA
specific CD8+ (C) and CD4+ (D) responses of transferred OT-I1 and OT-II cells in mouse blood

post immunization (7 days). Reproduced with permission from [112].

Recently, Siddhapura et al published the results of a comparison between solid and hollow MN
for the delivery of antigen-loaded NP [119]. In this case, tetanus toxoid was encapsulated in
chitosan-based particles and delivered through 3 hollow MN (600 pm in height) or through a
roller composed of 540 solid MN with 500 um in height. Results showed controlled in vitro
release of the antigen from the NP, as well as adequate in vitro cellular uptake and skin
penetration. Furthermore, immunization of mice with both technologies evidenced the superior
performance of hollow MN for the delivery of antigen-loaded NP. In detail, this approach led
to IgG levels comparable to the ones achieved with intramuscular administration of a
commercial vaccine and higher than the ones induced by the nanoparticles following pre-
treatment with solid MN. Also, hollow MN-mediated immunization led to cellular immune
responses measured by the levels of IL-2, IL-4, IL-6 and IFN-y. This work appears to
corroborate the above-mentioned advantage of hollow MN in comparison with solid MN,

considering the amount of antigen that can be efficiently delivered to the skin.
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7. CONCLUDING REMARKS

The skin is densely populated with APCs, in particular DCs, and thus, is recognised as an
attractive site for vaccine delivery. MNs offer an ideal platform through which these
immunological cells may be targeted. Conventional methods for delivering vaccines present
many logistical complications and disadvantages, which have been highlighted in this review.
MNs offer the possibility of circumventing many of these obstacles, while offering the
possibility for improved immune responses. Importantly, the ability to formulate vaccines in
the dry state is advantageous in terms of attempting to eliminate cold chain storage. This
approach is also straightforward, requiring little equipment and is cost effective. The lack of
visual needles and possibility for self-application is likely to prove beneficial with regard to
needle phobia and limiting the requirement for trained personnel [120]. In the case of
dissolving MN, the needles dissolve within the skin and there is no requirement for appropriate
needle disposal or the fear of needle reuse, thus, prohibiting the possibility of disease
transmission. From the myriad of studies that have investigated NPs for antigen delivery, it is
clear that these carrier systems offer much potential. Specifically, by increasing antigen
delivery and allowing for sustained release, they enhance the immune response to antigens.
Clearly, the combinatorial approach of using NPs and MNs, synergistically integrates the

advantages of both platforms.

8. EXPERT OPINION

MN-mediated vaccine delivery holds great potential for expanding access to vaccines
worldwide. MN research has now reached a stage whereby commercialisation is possible.
Moving forward, key considerations that require attention include formulation, manufacture

and production. Manufacturing approaches will need to be considered if MN are to be mass-
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produced and industry will be required to invest significantly in appropriate equipment.
Additionally, input from regulatory authorities is a pre-requisite for this technology to move
forward in terms of the scale of the manufacturing process and specification for patient usage.
If regulatory authorities stipulate the requirement of absolute sterility, considerations will need
to be given into how this will be implemented. While the clinical safety of MN has been
demonstrated in humans, additional studies are warranted if these technologies are to continue
establishing momentum. Central to this will be an investigation into the effects of polymer
deposition with the use of dissolving MN and its long-term effects. Undesirable polymer effects

or toxicity issues may influence dissolving MN development and translation to clinical use.

Despite the abovementioned factors, it is not difficult to foresee the potential impact that MN
could have. The development of novel MN-based vaccine formulations may provide a
simplified approach to delivering vaccines worldwide, with patients in developing countries

likely to be the main beneficiaries.

9. ARTICLE HIGHLIGHTS

e The invention of vaccination is one of the greatest triumphs of modern preventative
medicine.

e At present, most vaccines are administered intramuscularly or subcutaneously via
needle and syringe with associated disadvantages including pain, needle phobia, poor
patient compliance and risk of needle-stick injuries.

e Most vaccines also require storage at specific temperatures, referred to as the cold

chain, which has associated cost challenges in low resource settings.
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MN arrays offer the possibility to circumvent many of the abovementioned challenges
while also offering the possibility for improved vaccine immunogenicity through direct
targeting of the dense network of antigen presenting cells in the skin.

The use of nanoparticles in combination with microneedle arrays offers the possibility
for enhanced vaccine immunogenicity. Specifically, by increasing antigen delivery and
allowing for sustained release, they enhance the immune response to antigens.

Key considerations that require attention include formulation, manufacture and
production. Manufacturing approaches will need to be considered if MN are to be mass-

produced and industry will be required to invest significantly in appropriate equipment.
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