Needle-Free Vaccine Injection

Mark A.F. Kendall

Contents
1T INErOAUCHION . ..euttt ettt ettt e 194
2 Targeting Skin and Mucosal Cells: The Immunological Rationale ....................... 195
3 Engineering of Physical Approaches for the Targeting of Skin and Mucosal Cells ...... 197
3.1 Mechanical Properties of the SC Barrier ..............ooooiiiiiiiiiiiii, 198
3.2 Biological APProaches ..........coeuuuuieieittmiiii e 198
3.3 Physical Cell Targeting Approaches ................ccoiiiiiiiiiiiiiiiiiiii... 199
4 Biolistic Microparticle Delivery .............oieiuiiiiiiiiiiii it 201
4.1 Biolistics Operating Principle ......... ..ot 201
4.2 Engineering of Hand-Held Biolistic Devices for Clinical Use ...................... 202
4.3 Ballistics Microparticle Delivery to SKin ............cccooiiiiiiiiiiiiiiiinniiennn.. 207
4.4 Clinical Results and Commercial Application ...............ccooiiiiiiiiiiiiinnnn.. 212
ST 10 4 1oL T o 215
RETCIENCES .ttt 215

Abstract Millions of people die each year from infectious disease, with a main
stumbling block being our limited ability to deliver vaccines to optimal sites in the
body. Specifically, effective methods to deliver vaccines into outer skin and mucosal
layers — sites with immunological, physical and practical advantages that cannot be
targeted via traditional delivery methods — are lacking. This chapter investigates the
challenge for physical delivery approaches that are primarily needle-free. We
examine the skin’s structural and immunogenic properties in the context of the
physical cell targeting requirements of the viable epidermis, and we review selected
current physical cell targeting technologies engineered to meet these needs: needle
and syringe, diffusion patches, liquid jet injectors, and microneedle arrays/patches.
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We then focus on biolistic particle delivery: we first analyze engineering these
systems to meet demanding clinical needs, we then examine the interaction of
biolistic devices with the skin, focusing on the mechanical interactions of ballistic
impact and cell death, and finally we discuss the current clinical outcomes of one key
application of engineered delivery devices — DNA vaccines.

Keywords Biolistics - DNA vaccines - Drug delivery - Gene guns - Immunother-
apeutics - Langerhans cells - Skin - Skin mechanical properties - Microneedles -
Vaccines

Abbreviations

A Particle cross-sectional area
APC (APCs) Antigen-presenting cell(s)

CST Contoured shock tube

CHMP Committee for Medicinal Products for Human Use
D Particle resistive force

dDCs Dermal dendritic cells

DEM Discrete element model

DGV Doppler global velocimetry
GMT Geometric mean titer

HIV Human immunodeficiency virus
PIV Particle image velocimetry

RH Relative humidity

SC Stratum corneum

VE Viable epidermis

V Particle velocity

Vive Viable epidermis boundary

Ot Density of target

o Yield stress of target

1 Introduction

Vaccines are most commonly administered using a needle and syringe, a method
first invented in 1853. The needle and syringe is effective, but unpopular, and
creates a risk of iatrogenic disease from needle-stick injury or needle reuse as a
consequence of the billions of administrations each year. Further, the needle and
syringe does not deliver the vaccine ingredients optimally to the antigen-presenting
cells (APCs), which alone can respond to the combination of antigen and adjuvant
(innate immune stimulus) that makes a successful vaccine.

The provision of safe and efficient routes of delivery of vaccines to the immu-
nologically sensitive dendritic cells in the skin (and mucosa) has the potential to
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enhance strategies in the treatment of major diseases. The application of physical
methods to achieving this goal presents unique engineering challenges in the
physical transport of vaccines to these cells.

In this chapter, the physiology, immunology and material properties of the skin
are examined in the context of the physical cell targeting requirements of the viable
epidermis (as one example). Selected cell targeting technologies engineered to meet
these needs are briefly presented. The operating principles of these approaches are
described, together with a discussion of their effectiveness for the non-invasive
targeting of viable epidermis cells and DNA vaccination against major diseases.

We then focus on one of these needle-free methods, called biolistics, that
ballistically delivers millions of microparticles coated with biomolecules to outer
skin layers. The engineering of these devices is presented, beginning with earlier
prototypes before examining a more advanced system configured for clinical use.
Then follows a theoretical and experimental analysis of the ballistic microparticle
impact process, including the examination of induced cell death. Finally, the results
of applying this technology to key human clinical trials are presented.

2 Targeting Skin and Mucosal Cells: The Immunological
Rationale

Why are outer skin cells important targets in the treatment of disease? The answer is
found from a consideration of skin structure, shown schematically in Figs. 1 and 2.
Human skin can be subdivided into a number of layers: the outer stratum corneum
(SC, 10-20 pm in depth), the viable epidermis (VE, 50-100 pm) and the dermis
(1-2 mm) (Givens et al. 1993; Fuchs and Raghavan 2002). The SC is the effective
physical barrier of dead cells in a “bricks and mortar” structure (Menton and Eisen
1971; Nemes and Steinert 1999). The underlying VE is composed of cells, such as
immunologically sensitive Langerhans cells, keratinocytes, stem cells and melano-
cytes (Fuchs and Raghavan 2002). Unlike the dermis below, the VE lacks blood
vessels and sensory nerve endings — important characteristics of a site for pain-free
delivery with minimal damage.

In the VE, the skin has evolved a highly competent immunological function,
with an abundance of Langerhans cells (500—1,000 cells mmfz) (Berman et al.
1983; Chen et al. 1985; Stenn et al. 1992), often serving as the first line of defense
against many pathogens (Babiuk et al. 2000). In particular, Langerhans cells
(illustrated in Fig. 2) are extremely effective APCs, responsible for the uptake
and processing of foreign materials in order to generate an effective immune
response. Such cells are reported to be up to 1,000-fold more effective than
keratinocytes, fibroblasts and myoblasts at eliciting a variety of immune responses
(McKinney and Streilein 1989; Banchereau and Steinman 1998; Timares et al.
1998; Chen et al. 2002).

Less information is available on underlying, dermal APCs. New populations of
dermal dendritic cells (dDCs) that express langerin (originally believed to be an
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Fig. 1 A schematic diagram of the structure of mammalian skin (a), the epidermis
skin (b), and the corresponding bilayer approximation of the epidermis used for
penetration model (c¢). Penetration case A denotes particle delivery into the stratum
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Fig. 2 A schematic cross-section of the skin showing Langerhans cells. Five physical cell
targeting approaches are also shown. (a) A half-section of a small gauge needle and syringe; (b)
route of diffusion from patches; (c¢) penetration from a liquid jet injector; (d) a hole from a
microinjector; and (e) distribution of microparticles following biolistic injection. From Kendall
(2006)

exclusive marker for Langerhans cells) reportedly exist (Poulin et al. 2007) and
have unique immunological functions within the skin (Nagao et al. 2009). Thus,
directly targeting specific Langerhans cells or dermal APC populations will allow
immune responses to be modulated following vaccination.

For simplicity, this chapter focuses on delivery methods targeting vaccine to the
most defined skin APC population, the Langerhans cells, residing in the epidermis.
Effective in situ (in vivo) targeting of Langerhans cells and other epidermal cells
with polynucleotides or antigens will open up novel applications in disease control
(Chen et al. 2002), including vaccination against major viruses/diseases, such as
human immunodeficiency virus (HIV) and cancer.

3 Engineering of Physical Approaches for the Targeting
of Skin and Mucosal Cells

Within the VE, the location of Langerhans cells — as a delivery target for immu-
notherapeutics — is tightly defined by:

e A vertical position at a consistent suprabasal location (Hoath and Leahy 2002);
e A spatial distribution in the horizontal plane evenly distributed throughout the
skin (Numabhara et al. 2001);
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e A constitution of 2% of the total epidermal cell population (in human skin)
(Bauer et al. 2001).

Despite its recognized potential, the VE has only recently been viewed as a feasible
cellular targeting site with the emergence of new biological and physical technol-
ogies. The challenge is the effective penetration of the SC and precise targeting of
the cells of interest.

3.1 Mechanical Properties of the SC Barrier

The SC is a semi-permeable barrier that, owing to its variable mechanical proper-
ties, is challenging to breach in a minimally invasive manner, to target the viable
epidermal cells below. Mechanically, the SC is classified as a bio-viscoelastic solid
and shows highly variable properties. Obvious differences include the huge varia-
tion in thickness and composition with the skin site and the age of an individual
(Hopewell 1990). However, there are more subtle and equally important variations
in SC properties to consider when configuring targeting methods.

For example, the SC mechanical breaking stress is strongly influenced by the
ambient humidity/moisture content (Wildnauer et al. 1971; Christensen et al. 1977,
Rawlings et al. 1995; Dobrev 1996; Nicolopoulos et al. 1998) — the relative
humidity range from 0% to 100% results in a decrease in excised human SC
breaking stress from 22.5 to 3.2 MPa (Kendall et al. 2004b). Similarly, an increase
in ambient temperature also results in an SC breaking stress decrease by an order of
magnitude (Papir et al. 1975).

More recently, with indentation studies using small probes (diameters of 2 and
5 pm) fitted to a NANO-Indenter (Kendall et al. 2007), we have found more comple-
xity and variation in key SC, and underlying VE, mechanical properties. Specifically:

¢ The storage modulus and mechanical breaking stress both dramatically decrease
through the SC (Fig. 3a, 3b);

e At a given depth within the SC and VE, decreasing the probe size significantly
increases the storage modulus (Fig. 3a).

These and other sources of variability in the SC mechanical properties present
challenges in configuring approaches to breach the SC in a minimally invasive
manner, and effectively deliver vaccines to the underlying cells.

3.2 Biological Approaches

Although the focus of this chapter is on physical approaches to target epidermal
cells, it is also important to highlight biological approaches. A powerful biological
approach to the transport of biomolecules to epidermal (and other) cells, in vivo,
exploits the evolved function of viruses in the transport to cells. In gene delivery,
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Fig. 3 Mechanical properties (mean + standard deviation) as a function of displacement obtained
with microprobes indented into murine ears. (a) Storage modulus with 5 and 2 pm microprobes.
(b) Stress with a 2 pm microprobe. Adapted from Kendall et al. (2007)

researchers have made use of genetically engineered viruses in DNA vaccination
and gene therapy of major diseases with encouraging results; however, viral gene
delivery is hindered by safety concerns, a limited DNA-carrying capacity, produc-
tion and packaging problems and a high cost (Lu et al. 1997; Tang et al. 1997).

3.3 Physical Cell Targeting Approaches

Alternatively, many physical technologies are being developed. Potentially, they
can overcome some limitations of biological approaches using needle-free
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mechanisms to breach the SC barrier to facilitate drug and vaccine administration
directly to epidermal cells. Figure 2 illustrates schematically key physical targeting
approaches relative to the scale of typical skin and the Langerhans cell layer of
interest.

Needle and syringe. The most common physical delivery method, a small gauge
needle and syringe, is shown in half-section in Fig. 2a. Although this approach
easily breaches the SC, precise targeting of the Langerhans cell-rich VE cannot be
practically achieved. Hence, the needle and syringe is used for intradermal or
intramuscular injection. This inefficient, indirect targeting of dendritic cells with
DNA has resulted in modest immune responses (Mumper and Ledebur 2001). Other
disadvantages of the needle and syringe include risks due to needle-stick injuries
(WHO 1999) and needle phobia (Givens et al. 1993).

Diffusion/permeation delivery. The least invasive method of breaching the SC is
probably by permeation through it, driven by diffusion from patches applied to the
skin (Fig. 2b) (Glenn et al. 2003). However, the current general view is that this
mode of delivery is best suited to smaller biomolecules (<500 Da) (Glenn et al.
2003) — considerably smaller than vaccines. This view is being challenged, with
a recent study showing that very large recombinant antigens of ~1 MDa can
be delivered to elicit systemic responses by diffusion from patches (Guerena-
Burgueno et al. 2002). The transport of larger biomolecules through the SC can
be further enhanced by simple approaches, including tape stripping with an adhe-
sive tape, brushing with sandpaper (Liu et al. 2001; Watabe et al. 2001) or the
application of depilatory agents (Tang et al. 1997; Shi et al. 1999, 2001). Amongst
the more advanced technologies are electroporation (Widera et al. 2000; Zucchelli
et al. 2000), ablation by laser or heat, radiofrequency high-voltage currents (Sintov
et al. 2003), iontophoresis (Alexander and Akhurst 1995; Li and Hoffman 1995;
Domashenko et al. 2000), sonophoresis and microporation (Babiuk et al. 2000).
Many of these approaches remain untested for complex entities such as vaccines
and immunotherapies. Permeation through the SC can also be enhanced by the
coating of plasmid DNA on nanoparticles (~100 nm) for DNA vaccination (Cui and
Mumper 2001).

Liquid jet injectors. Interest in using high-speed liquid jet injectors arose in the
mid-twentieth century because of its needle-free approach (Furth et al. 1995). This
technique has seen a recent resurgence, with liquid delivered around the Langer-
hans cells in gene transfer and DNA vaccination experiments (Furth et al. 1995),
and the delivery of drugs (Bremseth and Pass 2001). As shown in Fig. 2c, current
liquid jet injectors typically disrupt the skin in the epidermal and dermal layer.
To target exclusively the viable epidermal cells, such as Langerhans cells, the
challenge of more controlled delivery needs to be addressed. With the dermal
disruption induced by administration, liquid jet injectors are also reported to
cause pain to patients.

Microneedle arrays/patches. Researchers have overcome some of the disadvan-
tages described by fabricating arrays of micrometer-scale projections to breach the
SC and to deliver naked DNA to several cells in live animals (Mikszta et al. 2002).
Similar microprojection devices are used to increase the permeability of drugs
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(Matriano et al. 2002) and “conventional” protein antigen vaccines (Matriano et al.
2002; McAllister et al. 2003). Figure 2d shows that, unlike current liquid jet
injectors, these microneedles can accurately target the VE. Furthermore, they are
as simple to use as patches, whilst overcoming the SC diffusion barrier to many
molecules. Moreover, compared with both the needle and syringe and liquid jet
injectors, these microneedle methods are pain-free because of epidermal targeting.
By drawing upon a range of manufacturing techniques, McAllister et al. (2003)
have shown that these microneedle arrays can be made from a range of materials,
including silicon, metal and biodegradable polymers.

Newer devices are now being tailored to the immunological problem of directly
targeting vaccines to the skin APC. One example is micro-nanoprojection array
(otherwise called “nanopatches’). Nanopatches (Chen et al. 2008, 2009; Prow et al.
2008) are very small and densely packed on patches (less than 100 pm in length and
over 20,000 MPs cm ), clearly distinct from the large and sparsely packed ones
reported in literature (up to 700 um in length and less than 321 projections per cm?)
(Matriano et al. 2002; Gill and Prausnitz 2007). These configurations produce
highly-targeted and unique immune responses in mice. This includes, in the animal
model:

e Orders of magnitude in vaccine dose reduction, compared to the needle and
syringe while achieving an equivalent immune response (data submitted for
publication) following the delivery of existing conventional vaccines;

¢ Greatly enhanced immune responses and vaccination protection against disease,
obtained by nanopatch delivery of candidate DNA-based vaccines (compared to
needle and syringe intradermal delivery).

Importantly, nanopatches are also practical devices — cheap to manufacture, with
dry-coated vaccines stable at ambient temperature (i.e., not requiring refrigeration)
and easy to use.

4 Biolistic Microparticle Delivery

Currently, the most established physical method of DNA vaccination is biolistic
microparticle delivery, otherwise known as gene guns (Fig. 2e); this is the focus of
the remainder of the chapter.

4.1 Biolistics Operating Principle

In this needle-free technique, pharmaceutical or immunomodulatory agents, for-
mulated as particles, are accelerated in a supersonic gas jet to sufficient momentum
to penetrate the skin (or mucosal) layer and to achieve a pharmacological effect.
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Sanford et al. (1987) pioneered this innovation with systems designed to deliver
DNA-coated metal particles (of diameter of the order of 1 pum) into plant cells for
genetic modification, using pistons accelerated along the barrels of adapted guns
(Sanford and Klein 1987). The concept was extended to the treatment of humans
with particles accelerated by entrainment in a supersonic gas flow (Bellhouse et al.
1994). Prototype devices embodying this concept have been shown to be effective,
painless, and applicable to pharmaceutical therapies ranging from protein delivery
(Burkoth et al. 1999), to conventional vaccines (Chen et al. 2000) and DNA
vaccines (Roy et al. 2000; Lesinski et al. 2001).

Different embodiments of the concept (e.g., in Figs. 4 and 5) all have a similar
operating procedure. Consider the prototype shown schematically in Fig. 4a as
one example. Prior to operation, the gas canister is filled with helium or nitrogen
to 2—6 MPa and the vaccine cassette, comprising two 20 pm diaphragms, is loaded
with a powdered pharmaceutical payload of 0.5-2 mg. The pharmaceutical mate-
rial is placed on the lower diaphragm surface. Operation commences when the
valve in the gas canister is opened to release gas into the rupture chamber, where
the pressure builds up until the two diaphragms retaining the vaccine particles
sequentially burst. The rupture of the downstream diaphragm initiates a shock
which propagates down the converging—diverging nozzle. The ensuing expansion
of stored gas results in a short-duration flow in which the drug particles are
entrained and accelerated through the device. After leaving the device, particles
impact on the skin and penetrate to the epidermis to induce a pharmacological
effect.

4.2 Engineering of Hand-Held Biolistic Devices for Clinical Use

Biolistic delivery of immunotherapeutics is an application of transonic flow tech-
nology that is otherwise applied to aerospace applications. In this section we
introduce prototype devices and discuss the key engineering challenges in applying
this aerospace technology to clinical applications. Key parameters used to guide the
engineering of biolistic devices are:

e A nominally uniform, controlled and quantified microparticle velocity and
spatial distribution impacting the tissue target. Further, the impact momentum
is to be within the range needed for delivery to particular locations (e.g., the
Langerhans cells for DNA vaccines).

¢ A sufficient “footprint” on the tissue to deliver sufficient payload and target the
appropriate number of cells.

¢ Noise levels within the user guidelines, for both the operator and patient.

e The device is to be hand-held.

e For long-term stability, the pharmaceutical is to be stored within a sealed
environment.

e The device is to be produced from biocompatible materials.
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e The devices, manufactured in large numbers, are to be cost-competitive with
other relevant technologies.

Earlier generation systems attempting to address these parameters used a proto-
type device family generated from empirical studies. A schematic of one of these
devices, using a convergent—divergent nozzle design is shown in Fig. 4a (Kendall
et al. 2004c). Working with these devices, the challenge was to establish the
gas—particle dynamics behavior of the systems. A significant research program
was directed at this goal.

An array of methods were used to characterize the gas and particle dynamics of
these systems. Quinlan et al. (2001) performed static pressure measurements to
interrogate the gas flow, together with time-integrated Doppler Global Velocimetry
(DGV) measurements of drug particle velocity (Quinlan et al. 2001). These mea-
surements were very useful, but gave an incomplete description of the predomi-
nantly unsteady flow in the device.

In subsequent broader studies, the transient gas and particle flow within the
device were interrogated with Pitot-static pressure measurement (as instrumented
in Fig. 4a), together with Schlieren imaging, and time resolved DGV (Quinlan et al.
2001) and computational fluid dynamics (CFD) modeling (Liu and Kendall 2004b).
The findings of this study are summarized with measured axial Mach number
profiles through the nozzle (Fig. 4b) and a single Schlieren image (Fig. 4c).

The axial profiles of Mach number at various times after termination of the
starting process (based on total-static and Pitot-static pressure measurements) are
compared with the theoretical Mach number profile for steady isentropic quasi-one-
dimensional supersonic flow (with the assumption of a choked throat) in Fig. 4b.
Pitot and static pressure measurements (p, and ps respectively in Fig. 4a) suggest
that 500 ps after diaphragm rupture, the flow 38.5 mm upstream of the nozzle exit is
supersonic and close to the isentropic ideal. Further downstream, however, the
overexpanded nozzle flow is processed through an oblique shock system which
induces flow separation. Consequently, the experimentally determined Mach num-
ber (determined from Pitot and static pressure) gradually falls from between 2 and
2.5 (23.5 mm upstream of the exit plane) to 1.5 at the exit plane. The Mach number
in the downstream region of the nozzle decays with time as the shock system moves
upstream.

Sequences of Schlieren images such as the sample shown in Fig. 4c (t = 132 ps)
reveal the structure of the evolving flowfield with greater detail and clarity (Kendall
et al. 2004c¢). The oblique shocks visible have evolved to form at least three oblique
shock cells that have interacted with the boundary layer and separated the nozzle
flow. DGV images show particles were entrained in the nozzle starting process
and the separated nozzle flow — regimes with large variations in gas density and
velocity — giving rise to large variations in particle velocity (200-800 m s~ ') and
spatial distributions (Kendall et al. 2004c¢). Clearly, the first criterion from above is
not satisfied with this geometry.

Furthermore, the gas flow throughout much of the nozzle (Fig. 4c) is highly
sensitive to variations in the nozzle boundary condition imposed by inserting a
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Fig. 5 A contoured shock tube (CST) prototype configured for clinical biolistic delivery. From
Kendall (2002)

tissue target and/or a silencer — because the boundary condition information can be
communicated upstream. This means that this silenced device applied to the tissue
target would have considerably lower and more variable impact velocities. In some
cases, it is questionable whether these subsonic nozzle flow silenced devices would
deliver particles with a sufficient momentum to reach the target tissue layer.

Improved devices for clinical use to overcome the large variations in particle
impact conditions in described earlier devices, and meet the other important criteria
of a practical clinical system (outlined above), a next generation biolistic device,
called the Contoured Shock Tube (CST) (Fig. 5), was conceived and developed
(Kendall 2002; Liu and Kendall 2004a; Hardy and Kendall 2005; Marrion et al.
2005; Truong et al. 2006; Liu et al. 2007). The devices operate with the principle of
delivering a payload of microparticles to the skin with a narrow range of velocities,
by entraining the drug payload in a quasi-one-dimensional, steady supersonic
flowfield.

In experiments with simple prototype CST devices, it was shown that the
desired gas flow was achieved repeatedly (Kendall 2002). Importantly, further
work with particle payloads measured a variation in free-jet particle velocity of
+ 4% (Kendall et al. 2006). In this research, measurements were made with
Particle Image Velocimetry (PIV). A sample PIV result is shown in Fig. 6. Similar
PIV images at a range of times after diaphragm rupture were processed to extract
the mean centerline axial particle velocity profiles. Importantly, these PIV mea-
surements show particle payloads do achieve near uniform exit-plane velocities at
the device exit over the time interval studied. This CST device prototype was a
benchtop prototype, not addressing the key criteria for a practical, hand-held
clinical immunotherapeutic system.

An embodiment of the CST configured to meet these clinical needs is shown in
Fig. 5, with the key components labeled. The device was fabricated from biocom-
patible materials and the device wall thickness was kept relatively constant to meet
autoclave sterilization requirements. To reduce the overall system length, the bottle
reservoir (which operates by an actuation pin) is located within the driver annulus.
A challenge of this co-axial arrangement was to maintain integrity of transonic gas
flow within the driver initiated after diaphragm rupture. This challenge was met by
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carefully contouring the driver and obstacle of the mounting arrangement (Marrion
et al. 2005). Possible fragments from opening of the aluminium gas bottle are
contained by a sealed filter at the bottle head.

The powdered pharmaceutical is enclosed and sealed by a cassette created by the
inclusion of additional diaphragms upstream of the particle payload. In this case,
the cassette houses two jets designed to mix the particles into a cloud, hence
reducing the dependence on the initial particle location (Kendall 2002; Truong
et al. 2006). Therefore, a nominally uniform spatial distribution of particles is
released within the quasi-steady flow through the shock tube and nozzle. Repeated
in vitro and in vivo experiments show that polycarbonate diaphragm fragments do
not damage the target.

Elements of the silencing system are also shown in Fig. 5. The primary shock
initiated by diaphragm rupture, reflected from the target, is identified as the main
source of sound to be attenuated. This shock is collapsed into compression waves
by a series of compressions—expansions induced by an array of orifices and saw-
tooth baffles, resulting in appropriate sound levels for the operator and patient.

The device lift-off force is also to be well within user constraints. A peak lift-off
force of 13 N is achieved by the careful selection of endbell contact diameter,
silencer volume, flow rates through the reservoir and silencer geometry. This peak
was for only a very short time within a gas flow lasting only ~200 ps (with a helium
driver gas). The point of contact between the device and skin target was selected to
maintain a target seal and to minimize the lift-off force, whilst not adversely
affecting the impact velocities of the particles. The effect of silencing was also
minimized by maintaining a supersonic gas flow transporting particles through
the nozzle — so changes in the nozzle boundary condition were not fed upstream.
The range of impact conditions for the CST platform was achieved by the selection
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of appropriate helium/nitrogen mixtures within the gas bottle driver/driven area
ratios.

4.3 Ballistics Microparticle Delivery to Skin

We now examine delivery of microparticles from these quantified and highly-
controlled biolistics devices, impacting the skin. Figure 1 shows that skin is a
highly variable, bio-viscoelastic material.

The described biolistic devices have been applied to a range of tissue targets for
immunotherapeutic applications, including the skin of rodents (Kendall et al. 2006),
pigs (Kendall et al. 2004b), dogs (Mitchell 2003), and humans (Kendall et al.
2004a). Typically, two classes of particles are delivered to the tissue. In the powder
delivery of conventional vaccines and allergens for allergy immunotherapy, parti-
cles of 10-20 pum in radius are delivered to the epidermis of the skin to achieve a
therapeutic effect (Kendall 2006). DNA vaccination, however, is an application in
which smaller (radius 0.5-2 um) gold particles coated with a DNA construct are
targeted at the nuclei of key immunologically sensitive cells within the epidermis
(Lesinski et al. 2001).

4.3.1 Theoretical Model for Ballistic Impact into Skin

In these particle impact studies, the mechanisms of particle impact were explored
with a theoretical model, based on a representation first proposed by Dehn (Dehn
1976). The model attributes the particle resistive force (D) to plastic deformation
and target inertia

1
D= 5ptsz + 3Ao, (1)

where p, and ¢ are the density and yield stress of the target, A is the particle cross-
sectional area and v is the particle velocity. The yield stress (sometimes known as
the breaking stress) is the stress at which the tissue begins to exhibit plastic
behavior. Equation (1) may be integrated to obtain the penetration depth as a
function of particle impact and target parameters. The key parameters of the skin
used in the model are summarized in Table 1. Note that these parameters have all
been obtained at low, quasi-static strain rates and not the high ballistic strain rates.

The theoretical model of particle penetration into the epidermis using Eq. (1) ina
two-layer model is shown in Fig. 1c. Expression (1) shows that the yield stress and
density of the SC and VE are important in the ballistic delivery of particles to the
epidermis.

In the case of particle delivery only to the SC (labeled “A” in Fig. 1c), the
particle depth into the SC (dy.) is obtained by the integration of Eq. (1)
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Table 1 Parameters and assigned values used in the theoretical calculations of the particle
penetration depth as a function of the relative humidity. From Kendall et al. (2004b)

Skin region Parameter Value Source
Stratum 0s. (MPa) 22.5-3.2 Wildnauer et al. (1971)
corneum (0%—-100% RH)
pse (kgm™) 1,500 Duck (1990)
tse (Lm) 10-15.6 (0%-93% RH) Blank et al. (1984) and measurement
Viable 0ve (MPa) 2.2 actin tensile, Kishino and Yanagida
epidermis (1988)
10 Epithelium, Mitchell et al. (2003)
pve (kgm™) 1,150 Duck (1990)
dse = tor {ln (l Pch12 + 3050) - 1n(305c)}, 2
3pse 2

where the subscript sc denote the SC. Also, v; and o, are, respectively, the particle
impact velocity and SC yield stress.

If the particle impact momentum is sufficient to breach the SC (labeled “B” in
Fig. 1c), Eq. (2) is rearranged to obtain the velocity of the particle at the SC—VE
boundary (v; ), i.e.,

60 3p 1.\ 60..) ">
Vive = { <v12 —+ 0) exp (_ ps") _ O } , (3)
Pse 4pr Pse

where ¢ is the thickness of the SC.

The subsequent particle penetration in the VE (d,.) is then calculated using
Eq. (2), using instead the material properties of the VE and v; ,.. The total particle
penetration depth (d;) is thus

d[ - tSC + dve. (4)

An alternative fully numerical Discrete Element Model (DEM) approach has
also been applied (Mitchell et al. 2003), but will not be discussed here.

4.3.2 Locations of Microparticles into Skin

As an example, particle delivery to excised human skin is shown for both classes of
particles in Fig. 7 (Kendall et al. 2004a). In Fig. 7a, a glass particle of 20 pum radius
delivered to the skin at a nominal entry velocity of 260 m s~ is shown. Note the
variation in both the SC and epidermal thicknesses. Histological sampling of
the three skin sites is from the backs of cadavers. Measured SC and epidermal
thickness compared very well with previous reports from the literature. Over 1,800
readings of the deepest particle edge and size of the particles were made on similar
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Fig. 7 Photomicrographs of
particles delivered to human
skin. A 20 pm radius glass
sphere delivered at 260 m s~
(a) and gold particles

(1.0 £ 0.2 um radius)
delivered at 580 £ 50m s~
(b) are shown. From Kendall
et al. (2004a)

1

~20um,

histological sections with polystyrene, stainless steel and glass particles, selected
for different density and size ranges.

In Fig. 7b, a histological section is shown after the impact of gold particles with a
measured mean radius of 1 £ 0.2 pm on the skin with a mean calculated impact
velocity of 580 & 50 m s™'. A sample particle depth measurement is labeled as d,.
Over 1,200 readings of the deepest edge and size of the gold particles were made on
similar histological sections. All the raw data collected from the histology sections
(such as in Fig. 7) are plotted as a function of the particle impact parameter, pvr,
where p is the density, v is the velocity and r is the radius, in Fig. 8. The variability
of penetration as shown in Fig. 8 is typical of results obtained with other tissues.

Some insights into the sources of scatter in the penetration data of Fig. 8 can be
gained when the data are grouped and processed. Consider, for instance, the gold
data shown in Fig. 7 grouped by particle radius as shown in Fig. 9. The error bars
correspond to one standard deviation in collapsed particle penetration depth and
pvr. Note the trend indicating that for a given value of pvr, an increase in radius
(and hence a decrease in impact velocity) corresponds to a decrease in penetration
depth. These data, together with other (unpublished) work show the different
particle sizes and the cell matrix results in different penetration depths. For
instance, the gold particles are smaller than the average cell size, and during
deceleration through the skin tissue, are more likely to penetrate through individual
cell membranes. For the larger particles, however, the tissue would primarily fail
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Fig. 8 Raw gold and larger particle penetration into excised human skin as a function of the
particle radius, density and impact velocity. From Kendall et al. (2004a)

between the cell boundaries. Indeed, these ballistic penetration data are qualita-
tively consistent with findings from microprobe indentation studies (Kendall et al.
2007), albeit at considerably higher strain rates.

Corresponding calculated penetration profiles using the theoretical model are
also shown in Fig. 9, and illustrate a similar trend with good agreement. Impor-
tantly, in this case the yield stress was held constant at 40 MPa, to achieve the
closest fit with the data. This is considerably higher than the quasi-static yield
stresses reported in the literature (summarized in Table 1 and Fig. 2). This discrep-
ancy is attributed to a huge strain rate effect: the ballistic impact of the microparti-
cle has a peak strain rate of ~10°s . Ina subsequent, more refined study (Kendall
et al. 2004b), these strain rate effects are further elucidated.

In addition to the described scale and strain rate effects, another source of
variability stems from the high sensitivity in SC mechanical properties to hydration
and temperature, deriving from variation in ambient conditions (detailed in Kendall
et al. 2004b). Increasing the relative humidity (RH) from 15% to 95% (temperature
at 25°C) led to a particle penetration increase by a factor of 1.8. Temperature
increases from 20 to 40°C (RH at 15%) enhanced particle penetration two-fold.
In both cases, these increases were sufficient to move the target layer from the SC to
the VE. In immunotherapeutic applications, this is the difference between the
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Fig. 9 Impact parameters and penetration depth of gold particles within excised human skin. From
Kendall et al. (2004a)

ineffectual delivery of particles to the SC and the targeted delivery of specific cells
in the VE.

These collective data show the momentum range obtained from the described
biolistic devices primarily translate into delivery within targeted VE and SC. With
the precise delivery conditions achieved from these devices, we have obtained new
insights into the important biological variability in microparticle impact. This
variability, together with more obvious differences in tissue thicknesses (with the
tissue site of target, age and gender) must be considered when selecting device
conditions for clinical biolistic immunotherapeutic delivery.

4.3.3 Skin Cell Death from Ballistic Impact

The biological responses induced by biolistic impact are of great importance in
biolistic applications. When delivered to the tissue surface, the microparticles
undergo a tremendous deceleration — peaking at ~10'° g — and coming to rest
within ~100-200 ns. Such deceleration induces shock and stress waves within the
tissue, and it is important to determine under which conditions skin cells are killed.
This was investigated in mice, where following the delivery of gold microparticles,
the cell death was assayed with mixtures of ethidium bromide and acridine orange
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Fig. 10 The viability of epidermal cells targeted by biolistic microparticle delivery (from Raju
et al. 2006). Data for this plot was generated by first enumerating the number of perforations per
1,000 pm? in the SC caused by microparticle penetration (Fig. 11a). The perforations were
equated to microparticles. Second, percent cell death was calculated in the viable epidermis
below the stratum corneum using the acridine orange/ethidium bromide assay for discriminating
live and dead cells (see Fig. 11b—d)

and imaged non-invasively with Multi-Photon Microscopy (Raju et al. 2006). The
data is summarized in Figs. 10 and 11. Each direct impact of a gold microparticle
resulted in cell death. Furthermore, even in cases where microparticles passed
within ~10 pm of the cell surface — but not touching the cell — cell death resulted.
A sufficiently high number density in the tissue can result in complete cell death
within the VE. Clearly, this is important when considering the biological responses
induced by microparticle impact.

4.4 Clinical Results and Commercial Application

Commercial application. Biolistics is a platform technology for delivering a broad
range of drugs and immunotherapeutics. Currently, the technology is progressing
commercially in two streams:

e Delivery of lidocaine local anesthetic to the skin (the larger class of particles
shown in Fig. 8), approved by the FDA for market application (Zingo™,
Anesiva);
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Slide A . ; Slide C

Fig. 11 Murine tissue stained for live—dead cell discrimination with a cocktail of acridine orange/
ethidium bromide and imaged with near-infrared two-photon excitation (taken from Raju et al.
2006). Images were collected with LaserSharp software (Carl Zeiss, Hertforshire, UK). Cells
emitting red fluorescence are dead whereas cells emitting green fluorescence are alive. (a) The
dark spots are perforations in the SC caused by microparticle bombardment. (b) The
corresponding viable epidermis 11.3 um below the SC. (a) and (b) represent an image set of
“high particle density” shown in Fig. 10. (¢) The viable epidermis of the control (9.7 um below the
SC) where particle delivery to the tissue was not made. (d) Representative of the viable epidermis
of tissue with intermediate particle densities (10.5 pm below the SC)

e Delivery of DNA vaccines on gold microparticles (PowderMed™, Pfizer),
undergoing Phase III clinical trials).

Clinical results. Although strong results are achieved in other immunotherapeutics
such as allergy immunotherapy of the animal model (Kendall et al. 2006) and
lidocaine for anasthesia, the key clinical progress with DNA vaccines is discussed
below.

The DNA plasmid that forms the active component of DNA vaccines is pre-
cipitated onto microscopic gold particles (typically 2 pg DNA on 1 mg gold).
Microscopic elemental gold particles (mean particle diameter ~2 pm) are used as
the plasmid DNA carrier, because they are inert and have the appropriate density
needed to deliver the vaccine directly into the target epidermal immunologically
sensitive cells, including Langerhans cells. Following delivery into the APC, the
DNA elutes off the gold particle and is transcribed into RNA. The RNA in turn is
translated into the relevant antigen, which is then processed and presented on the
cell surface as if it were an intracellular viral protein. An efficient cellular and
humoral immune response is thus induced.

A series of clinical trials have been conducted to assess the immunogenicity
and safety of a prophylactic hepatitis B virus DNA vaccine (Roy et al. 2000;
Rottinghaus et al. 2003; Roberts et al. 2005). These studies have demonstrated
that biolistic DNA vaccination can elicit antigen-specific humoral and T cell
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responses. In the study by Roy et al. (2000), DNA vaccination with 1-4 pg of
hepatitis B surface antigen elicited measurable cytotoxic T cell responses and Th
cell responses in 12 healthy adults who had not previously been immunized with
a hepatitis B vaccine (Roy et al. 2000). Furthermore, the 12 previously non-
vaccinated subjects also seroconverted with levels of hepatitis B-specific antibody
ranging from 10 mIU/ml to over 5,000 mIU/ml. This is of particular significance as
intramuscular delivery of DNA, using the needle and syringe, with up to 1,000-fold
more DNA has generated only low or no antibody responses (MacGregor et al.
1998; MacGregor et al. 2002). The same biolistic hepatitis B DNA vaccine was also
shown to increase serum antibody titres in seven of 11 subjects who had previously
failed to seroconvert after three or more doses of conventional vaccination with
licensed recombinant protein vaccine (Rottinghaus et al. 2003). Finally this plasmid
DNA construct has been used to successfully bridge between the earlier bulky
experimental device and the simple, hand-held disposable device that will be used
for product commercialization (Roberts et al. 2005).

A Phase I study (Drape et al. 2006) has been carried out to investigate the safety
and immunogenicity of biolistic administration of an influenza prophylactic plas-
mid, which encodes a single HA antigen of influenza A/Panama/2007/99 (H3N2).
A total of 36 healthy subjects with low pre-existing serological responses to this
strain received a vaccination of either 1, 2 or 4 pg DNA at a single administration
session. The antibody response was then assessed according to the Committee for
Medicinal Products for Human Use (CHMP) criteria for the approval of annual flu
vaccines in the European Union. Table 2 summarizes these humoral responses,
determined as a haemagglutination inhibition titre elicited on days O (predose), 14,

Table 2 Serum antibody responses, seroconversion and seroprotection rate. From Drape et al.

(2006)

Group Day GMT (range) Seroconversion® (%) Seroprotectionb (%) Mean GMT
increase (fold)

1 0 16 (5-40) _ 17 (2/12) -
14 23(5-160) 8 (1/12) 42 (5/12) 1.4
21 28(10-240) 17 (2/12) 33 (4/12) 1.7
56 44(10-320) 33 (4/12) 58 (7/12) 2.8

2 0 17 (5-40) - 33 (4/12) -
14 29 (10-60) 17 2/12) 50 (6/12) 1.7
21 36 (20-80) 8 (1/12) 58 (7/12) 2.1
56 65(20-320) 67 (8/12) 92 (11/12) 3.9

3 0 12 (5-40) - 8 (1/12) -
14 21(5-80) 17 (2/12) 25 (3/12) 1.8
21 40(10-160) 33 (4/12) 67 (8-12) 34
56 97 (40-640) 64 (7/11) 100 (11/11) 8.1

Values meeting CHMP criteria are bold; geometric mean titer (GMT)

4Seroconversion is defined as either a negative pre-vaccination titer (<10) to a post-vaccination
titer >40, or a significant increase in antibody titer, i.e., at least a four-fold increase between pre-
and post-vaccination titers where the pre-vaccination titer is >10

®Seroprotection rate is defined as the proportion of subjects achieving a titer >40
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21 and 56. Time points, where responses met the levels required by the CHMP
guidelines for licensing of annual influenza vaccine, are shown in bold.

The 4 ng dose group met the CHMP criteria at day 21, demonstrating the ability
of biolistic DNA vaccination to stimulate serological responses equivalent to those
seen in protein-based approaches. Furthermore, the responses in all groups
continued to increase up to day 56 (the last day monitored) indicating that responses
to biolistic vaccination may show a more sustained increase than is typically seen
with protein vaccines. By day 56, 100% of those subjects vaccinated with the 4 pg
dose were seroprotected.

Overall vaccination was well tolerated and local reactogenicity results were
typical of those seen in other biolistic studies.

5 Conclusion

Many vaccines can be radically improved by targeted delivery to particular immu-
nologically-sensitive cells within the outer skin layers. The push is on to develop a
range of technologies to meet this need, either using physical or biological targeting
approaches. One of these needle-free physical methods, biolistics, delivers biomol-
ecule-coated gold microparticles ballistically to the outer layers of the skin. The
method of particle acceleration relies heavily on approaches usually applied to the
aerospace industry. Consequently, many unique challenges had to be overcome in
engineering biolistic devices for clinical use. Research with the resultant devices
has yielded unique insights into the skin at micro-scale dynamic loading — both
from mechanical and biological perspectives. Important progress is also being
made in clinical trials using biolistic devices to deliver DNA vaccines in the
following fields: hepatitis B, influenza, genital herpes, human papilloma virus,
HIV/AIDS, Hantaan virus, melanoma and a variety of other cancers.

A newer technology, the Nanopatch (working by a very different principle), is
now being developed to address many challenges inherent in the coupling of a
ballistic device to skin.
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