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Abstract

The threat of pandemic influenza and other public health needs motivates development of better
vaccine delivery systems. To address this need, microneedles have been developed as micron-scale
needles fabricated using low-cost manufacturing methods that administer vaccine into the skin using
a simple device that may be suitable for self-administration. Delivery using solid or hollow
microneedles can be accomplished by (i) piercing the skin and then applying a vaccine formulation
or patch onto the permeabilized skin, (ii) coating or encapsulating vaccine onto or within
microneedles for rapid, or delayed, dissolution and release in the skin and (iii) injection into the skin
using a modified syringe or pump. Extensive clinical experience with smallpox, TB and other
vaccines has shown that vaccine delivery into the skin using conventional intradermal injection is
generally safe and effective and often elicits the same immune responses at lower doses compared
to intramuscular injection. Animal experiments using microneedles have shown similar benefits.
Microneedles have been used to deliver whole, inactivated virus; trivalent split antigen vaccines; and
DNA plasmid encoding the influenza hemagglutinin to rodents and found strong antibody responses.
In addition, ChimeriVVax™-JE against yellow fever was administered to non-human primates and
generated protective levels of neutralizing antibodies more than seven times greater than
subcutaneous delivery; DNA plasmid encoding hepatitis B surface antigen was administered to mice
and generated antibody and T cell responses at least as strong as hypodermic injections; recombinant
Protective Antigen of Baccilus anthracis was administered to rabbits and provided complete
protection from lethal aerosol anthrax spore challenge at a lower dose than intramuscular injection;
and DNA plasmid encoding four vaccinia virus genes administered to mice in combination with
electroporation generated neutralizing antibodies that apparently included both Thl and Th2
responses. Dose sparing with microneedles was specifically studied in mice with the model vaccine
ovalbumin. At low dose (1 pg), specific antibody titers from microneedles were one order of
magnitude greater than subcutaneous injection and two orders of magnitude greater than
intramuscular injection. At higher doses, antibody responses increased for all delivery methods. At
the highest levels (20-80 pg), the route of administration had no significant effect on the immune
response. Concerning safety, no infections or other serious adverse events have been observed in
well over 1000 microneedle insertions in human and animal subjects. Bleeding generally does not
occur for short microneedles (<1 mm). Highly localized, mild and transient erythema is often
observed. Microneedle pain has been reported as non-existent to mild, and always much less than a
hypodermic needle control. Overall, these studies suggest that microneedles may provide a safe and



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Prausnitz et al. Page 2

effective method to deliver vaccines with possible added attributes of requiring lower vaccines doses,
permitting low-cost manufacturing, and enabling simple distribution and administration.

1. Introduction

The threat of a human influenza pandemic has greatly increased over recent years with the
emergence of highly virulent avian influenza viruses [26]. Influenza experts agree that another
influenza pandemic is inevitable and maybe imminent [90]. Vaccines are a critical component
of pandemic influenza preparedness, yet the development and supply of such vaccines can be
limited by a number of challenges, including inadequate production capabilities [90].

Preliminary findings have identified the H2, H5, H6, H7, and H9 subtypes of influenza A as
those most likely transmitted to humans [90]. The current widespread circulation of HSN1
viruses among avian populations creates an unprecedented opportunity to prepare for the next
pandemic threat. However, the major difficulty in the development of effective vaccines based
on these viruses stems from the fact that, for unknown reasons, hemagglutinin (HA) proteins
of avian subtypes of influenza A viruses are not as immunogenic as those of human subtypes.
Thus, to achieve the protective level of immunity, the amount of HA in pandemic vaccines
needs to be increased and is likely to exceed the 15 g present in the currently used
interpandemic vaccines [83]. Such an increase in the dose will put additional strain on the
manufacturing capacity, potentially leading to a decrease in availability of vaccine in the event
of pandemic.

The need for developing technologies, which would result in the reduction of the antigen dose
required to elicit protective antibody titers, is evident. Exploration of such dose sparing
technologies includes the development of effective adjuvants and the use of alternative routes
of vaccine administration, such as intradermal. Intradermal injection of influenza vaccine could
be a highly desirable antigen-sparing strategy. Conventional injection of vaccine bypasses the
skin’s immune system and delivers the antigen into the muscle or sub-cutaneous tissue, where
there is no appreciable resident population of antigen-presenting cells. Alternatively, delivery
of antigen to the skin, an anatomic space that contains a large number of epidermal Langerhans
cells and dermal dendritic cells has the potential for greater immunogenicity. Dendritic cells
are thought to induce cell-mediated immune responses. However, they have also been shown
to enhance antibody production by B cells, which is especially important for vaccines against
influenza [43]. Recent studies in young adults demonstrated that intradermal administration of
one fifth the standard intramuscular dose of influenza vaccine elicited immunogenicity that
was similar to or better than that elicited by intramuscular injection [9,42].

Intradermal immunization, though, is facing technical challenges that must be addressed in
order to effectively administer such vaccines. The approach requires either special training of
personnel [43], which can be difficult to achieve in clinical environments, or the development
of technologies that do not involve the use of conventional needles. To overcome the stratum
corneum barrier and increase skin permeability, various alternative approaches have been
explored, which include both chemical and physical techniques.

The use of microneedles, sub-millimeter structures designed to pierce the skin and deliver
vaccines or drugs in the epidermis or dermis compartments, is an especially attractive option
for intradermal delivery [73]. Such microneedles are typically constructed as a combination of
vaccine or drug formulation with a supporting material, such as metal or polymer, providing
the required mechanical strength. Solid state vaccine formulations can be in the form of
coatings or they may even constitute the entire microneedle. These formulations are designed
to dissolve or degrade once inserted in the skin. An alternative approach utilizes hollow
microneedles through which the liquid formulation can be infused or injected into the skin.
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Regardless of the design, the geometry of microneedles is modulated to enable targeted delivery
of the antigen to the skin layer, rich in Langerhans cells, and to provide the basis for a significant
antigen sparing potential.

The advancement of microneedles for the delivery of vaccines against pandemic influenza can
include other important benefits. First, the use of microneedles containing solid state vaccine
delivery formulations can result in a significantly improved shelf-life of such delivery systems
due to the inherently better stability of solid state protein formulations compared to their
conventional solution counterparts. As a result, more efficient distributions and stock-piling
capabilities, much needed for vaccines against pandemic influenza, are anticipated. Second,
microneedle arrays can potentially be self-administered and safely disposed of, which can be
critical in the event of shortage of medical personnel.

The current status of microneedle technology, as well as its potential role in the development
of effective vaccines against pandemic influenza, is discussed in this chapter.

2. Microneedle designs and delivery concepts

Four different microneedle designs have been developed for minimally invasive delivery of
vaccines and other pharmaceutical compounds to the skin, as discussed in previous review
articles [12,17,19,55,71-75,77,81]. Most microneedle designs have been realized using
fabrication tools adapted from the microelectronics industry or other established techniques
that lend themselves to inexpensive mass production as a single-use, disposable device.
Microneedle materials are generally metals and polymers that are already FDA-approved for
implantation or parenteral delivery for other applications.

The first design developed involves arrays of hundreds of microneedles protruding a few
hundred microns from a base substrate that have been used either to pierce or to scrape
microscopic holes in the skin’s outer layer of stratum corneum, which measures just 10 — 20
pm thick, but provides the skin’s dominant barrier to percutaneous absorption (Fig. 1) [13,
76]. By piercing the skin, transdermal permeability has been increased by as much as four
orders of magnitude and shown to deliver compounds including proteins (e.g., bovine serum
albumin), genetic material (e.g., oligonucleotides and plasmid DNA) and latex particles of viral
dimensions in vitro and in vivo [11,15,20,35,48 51 56 67 69 85 87 95 96]. By scraping the skin,
protein (e.g., the recombinant Protective Antigen of Bacillus anthracis), plasmid DNA (e.g.,
encoding hepatits B surface antigen) and live attenuated virus (e.g., viral vector encoding
Japanese encephalitis antigens) vaccines have been delivered to animal models, as discussed
below [23,57,59]. These methods make micron-scale holes in the skin, which are much larger
than the size of sub-unit as well as viral vaccines, but should nonetheless be small enough to
avoid safety concerns, which is consistent with the lack of pain or complications observed in
studies of human subjects and animals [28,32,41,57].

Solid microneedles can also be prepared with dry vaccine coatings (Fig. 2). These coatings can
be applied using gentle conditions at room temperature with aqueous solvents and excipients
approved for parenteral delivery [29,30]. Although shown to be stable during storage for up to
months, these coatings can dissolve off microneedles within the skin on a time scale of seconds.
Using this approach, various model compounds, including proteins, DNA and viruses, have
been coated and delivered to the skin in vitro; a model vaccine, ovalbumin (OVA), has also
been delivered to animals in vivo, as discussed below [18,29-31,37,54,80,92,97].

In contrast to coated microneedles, which apply a vaccine-encapsulated polymer coating onto
a metal microneedle shaft, microneedles have also been prepared completely out of polymer
with encapsulated vaccine (Fig. 3). By optimizing design, these polymer microneedles can be
made strong enough to insert into the skin. By using polymers that safely degrade or dissolve
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in the skin, microneedles can be inserted into the skin and left in place for a few minutes, after
which the needles and their vaccine payload have dissolved in the skin and only the device
backing remains to be discarded (i.e., without biohazardous sharps). Loadings have been
demonstrated up to 2 pg per microneedle with dissolution efficiencies up to more than 90%
dissolved within the skin and little residue on the skin’s surface [29,92]. This concept has been
demonstrated in vitro and in vivo for delivery of insulin, erythropoietin and other model
compounds [39,40,47,60,68,84].

A final approach to vaccine delivery involves hollow microneedles (Fig. 4). In this case, one
or more hollow needles are used to flow a liquid formulation into the skin. Sub-millimeter
needles have been fabricated using microfabrication techniques and 30 to 34 gauge (Ga)
hypodermic needles measuring 1.0 to 1.5 mm in length have been produced by scaling down
conventional needle manufacturing methods. A recent study examining skin thickness in
humans has shown that a skin penetration depth of 1.5 mm is appropriate for intradermal
delivery irrespective of gender, age, ethnicity or body mass index [45]. Hollow microneedles
have been shown to infuse or inject a variety of compounds, including insulin, into the skin in
vitro, in animals and in humans, and have been used to deliver influenza and anthrax vaccines
to animal models, as discussed below [4,22,23,28,52,53 56 58 59 65 82 85 89].

Selection of the best microneedle design depends on the specific application and a balance of
trade offs. Hollow microneedles offer the ability to deliver liquid vaccines without
reformulation, but involve the added cost and size of coupling with an injection device (e.g.,
a syringe), the potential need for trained personnel for administration, and the need to either
stabilize a liquid formulation during storage or the need to reconstitute the vaccine before
injection. Coated microneedles can be prepared as a Band Aid-sized device that can probably
be administered with little or no training using a solid formulation that may have good stability
during storage, but require specific vaccine formulation work and may require a device for
reliable insertion into the skin. Encapsulated polymer microneedles have similar trade offs,
with the added advantage of using needles that dissolve in the skin without producing medical
sharps waste. Finally, pretreating the skin with microneedles before applying, for example, a
vaccine patch, while simple in principal, is associated with a potential risk of user error due to
the two-step process.

3. Vaccination via the skin

Microneedles are designed to facilitate intradermal delivery of vaccines, which is generally
difficult to perform in a highly reproducible way in large populations. The notion of
administering vaccines via the skin has existed for many centuries. The ancient Chinese
practiced the art later known as “variolation” in which variola virus (smallpox virus) extracted
from infected patients was scratched into the skin of healthy people [25]. The intent was to
deliberately induce smallpox infection, hopefully mild, which would protect against potentially
more severe natural infection. While effective in many cases, the practice was associated with
significant mortality. Later, the term “vaccination” was coined as a result of Edward Jenner’s
demonstration that scratching the related but less virulent vaccinia virus (cowpox virus) into
the skin could effectively prevent smallpox virus infection [25]. Even today, smallpox
vaccination is accomplished by administering vaccinia virus to the skin using a bifurcated
needle. What was not known by the ancient Chinese or by Edward Jenner and his followers is
the fact that the skin is a very robust immune activating tissue due, in part, to the large
concentration of potent antigen-presenting cells in the skin, notably the epidermal Langerhans
cells and dermal dendritic cells [38,44].

In addition to smallpox, a number of other vaccines have been administered to the skin using
conventional needles and syringes according to the so-called “Mantoux technique” [91]. This
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method is accomplished by inserting a standard 26 or 27 Ga needle into the skin at a very
shallow angle with the bevel up. The needle is very carefully inserted just far enough into the
skin to completely cover the bevel and then 0.1 ml of fluid is injected into the skin, resulting
in formation of a raised wheal. This technique requires extensive training and is difficult to
accomplish reproducibly. Furthermore, itis extremely difficult to precisely control the injection
depth with this technique since the needle is inserted at an angle that is determined by the user;
injections that are too deep deposit the vaccine into the subcutaneous (SC) tissue under the
skin, while injections that are too shallow result in leakage of part of the dose out of the skin
during the injection or after the needle is removed.

Toaddress the limited control and reproducibility of these existing methods of vaccine delivery
to the skin, microneedle-based delivery has been developed to provide a means to more
accurately and reproducibly access the skin in a less invasive fashion compared to what is
possible using standard needles and the Mantoux technique. This feature could result in skin
becoming the preferred site for administration of a variety of vaccines.

3.1. Influenza vaccine

Over the years, clinicians have used the Mantoux method for intradermal (ID) delivery of
influenza vaccine and have shown this route to be effective [7,10,14,16,34,36,42]. Some
studies have suggested that ID delivery of a low dose of influenza vaccine induces comparable
levels of antibody as standard intramuscular (IM) injection of up to 5 times more antigen[9,
42]. In a recent follow-up study, however, Belshe et al. did not observe such dose-sparing
benefits associated with delivery by the Mantoux method [10]. Studies are on-going in order
to determine whether microneedles may provide more reproducible benefits for 1D delivery.
Recent clinical results in elderly subjects support the notion that ID delivery using microneedles
induces a superior immune response as compared to 1M [46].

Pre-clinical studies have also supported the notion that microneedles can provide benefits over
standard IM injection for influenza vaccine. A recent study examined delivery of various types
of influenza vaccines using a 1 mm long stainless steel hollow 34 Ga microneedle in rodents
(Fig. 5) [4]. Microneedle-based ID delivery was compared to IM injection using a conventional
27 Ga needle. Three types of influenza vaccines were examined: (i) whole, inactivated virus,
(i) trivalent split antigen vaccine and (iii) a DNA plasmid encoding the influenza
hemagglutinin (HA). In addition, both high and low dose regimens were included for both
routes of delivery and for each vaccine. The results demonstrated that microneedle-based ID
delivery induces influenza-specific antibody responses that are at least as strong as by IM
injection (Fig. 5) [4]. Dose-sparing was also evident; in many cases antibody responses induced
by microneedle delivery remained elevated, while the corresponding responses elicited by IM
injection dropped as the dose was reduced (Fig. 5) [4] Importantly, recent clinical trials have
shown that microneedle-based ID delivery of influenza vaccine induces stronger humoral
immune responses in the elderly as compared to IM injection [46].

Additional studies carried out in the hairless guinea pig have demonstrated that microneedle-
coated trivalent influenza vaccine can induce primary anti-HA antibody responses to each
strain comparable to their respective intramuscular injection controls [50]. No significant
difference, with respect to antibody responses, was seen among the various microneedle array
designs used, which seems to at least partially confirm the results obtained with OVA. It also
suggests that the length of the microneedles, in the range 225-600 pm, does not play an
important role in the establishment of a solid immune response [92].

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2010 July 15.
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3.2. Other vaccines

As noted above, smallpox vaccine has historically been administered to the skin by scarification
using a bifurcated needle. Despite the general effectiveness of the approach, the use of live
vaccinia virus makes the vaccine unsuitable for many populations (e.g., infants, pregnant
women, immune-compromised / immune-suppressed individuals). In addition, vaccination
often results in a severe skin reaction and a permanent “pock-mark” on the skin. Various
investigators are exploring alternative vaccines and delivery methods in order to overcome
these issues [70,93]. Hooper et al. recently described an approach using a solid microneedle
array incorporated into a device for skin electroporation [37]. The microneedle array was coated
with dried plasmid DNA encoding four vaccinia virus genes and applied to mouse skin,
followed by electroporation. Mice generated a neutralizing antibody response that was at least
as strong as by scarification and were protected from a lethal nasal challenge with vaccinia
virus. Furthermore, both IgG1 and IgG2a antibodies were induced by this method of delivery,
suggesting the induction of both Th1 and Th2 responses [37].

The method of puncturing live virus into the skin by scarification has also been historically
used with yellow fever viruses [62]. More recently, microneedles have been used to administer
a live, attenuated yellow fever virus vector in non-human primates [23]. The vaccine,
ChimeriVax™-JE, contains the yellow fever 17D strain genetically engineered to encode
structural proteins of the related Japanese encephalitis (JE) virus [63]. Successful delivery is
associated with a low level of transient viremia resulting from uptake of the virus by host
antigen-presenting cells. Delivery by both hollow and solid microneedles induced viremia that,
in general, was of a higher frequency and duration than by SC injection using a standard needle
(Table 1) [23]. Notably, protective levels of neutralizing antibodies were detected in animals
treated by all routes, with microneedle-based delivery inducing responses that were up to 7-
fold greater than by SC injection using conventional needles [23]. Interestingly, viremia
resulting from delivery by scraping a solid microneedle array across the skin varied according
to the method of delivery; 1 of 3 macaques became viremic when skin was pre-treated with
the array followed by topical application of the virus, while 3 of 3 macaques became viremic
when the array was abraded through the droplet of vaccine on the surface of the skin. Additional
studies are required in order to determine the mechanism for these differences as well as the
clinical significance of the result.

Plasmid DNA has also been administered to mice using solid microneedle arrays following
the procedure whereby the array is rubbed across a droplet of vaccine on the surface of the
skin. Mice treated with a plasmid encoding the Hepatitis B surface antigen (HBsAg) generated
antibody and T cell responses that were as strong or stronger than by injection using standard
needles [57]. Inaddition, both IgG1 and IgG2a subclasses of antibody were induced, suggesting
a mixed and balanced helper T cell response from this method of delivery.

Protein antigens have also been administered using microneedles. In a rabbit study, various
routes of delivery were compared for the recombinant Protective Antigen (rPA) of Bacillus
anthracis [59]. Rabbits immunized intradermally using hollow microneedles were completely
protected from a lethal aerosol anthrax spore challenge, as were animals treated by the IM and
intranasal (IN) routes. Although topical delivery to the skin following pretreatment with a solid
microneedle array induced antibodies at levels above those in animals treated topically without
the device, only 33% protection was achieved. These results suggest that further improvements
in the delivery method and/or the topical formulation will be required in order for this method
to be comparable to injection for protein vaccines. In follow-up studies using the hollow
microneedle, it was shown that 100% protection against lethal aerosol spore challenge could
be achieved using as little as 10 pg of rPA, while IM-injection of the same dose protected
approximately 70% of rabbits [58]. Dose-sparing compared to IM injection was also evident
during the early stages of the primary and secondary immune responses.

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2010 July 15.
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OVA has also been used as a model protein antigen for microneedle-based delivery. In this
study, OVA was coated on the surface of solid microneedles and allowed to dissolve off the
microneedles within the skin of hairless guinea pigs (HGP) [54,92]. As discussed in greater
detail in the next section, antibody responses generated by delivery using microneedles were
at least as strong as intradermal, subcutaneous and intramuscular delivery using conventional
hypodermic needles.

More specifically, the immune response was found to be dose dependent, but mostly
independent of depth of delivery (100 to 300 um), density of microneedles (140 — 725 needles/
cm?), or area of application (2 — 4 cm?) [92]. It is surprising that the microneedle length did
not have a dramatic effect on the immune outcome. The skin is highly stratified, with the highest
abundance of dendritic cells, critical for antigen uptake and initiation of antigen-specific
immune responses, located predominantly along the dermal-epidermal junction. On another
hand, it is well known that the dermis is also rich in other dendritic antigen presenting cells
[64] and, in light of the results discussed here, it is likely that these cells also play a crucial
role in the establishment of a solid immune response. With respect to the area of application
and the density of microneedles, only minor differences were observed, which seems to indicate
that here too the total dose is the most crucial parameter to establish the antibody response
[92].

4. Dose sparing

A number of studies mentioned above indicate that microneedle-based delivery to the skin can
generate the same immune response as delivery using higher vaccine doses via other routes.
This dose-sparing ability was specifically studied using an antigen-coated microneedle array
in the HGP model using the model antigen OV A [54,92]. The HGP is outbred, euthymic, and
has been used in vaccine [49,79] and contact sensitization studies [61,94]. The following
parameters were investigated: route of administration, dose of vaccine delivered, depth of
vaccine delivery, density of microneedles on the array, and area of application.

The first set of studies (Fig. 6) used microneedles penetrating the skin to an average depth of
about 100 um, which correspond to the thickness of the epidermis and very upper dermis layers.
In these studies, which compared different routes of administration, it was found that at low
dose of antigen delivered (1 ug), the immune response, as measured by specific antibody titers,
was most efficient following microneedle and ID administration as compared to SC or IM
administration. The immune response was more than one order of magnitude higher following
microneedle-based administration versus SC delivery, and about two orders of magnitude
greater as compared to IM delivery.

The immune response increased with increasing dose (in the range of 1 to 80 g administered
antigen) for all routes of administration. This increase was most pronounced with the SC and
IM routes of administration. As a result, at the highest doses studied (i.e. 20 and 80 ug), there
were no significant differences between the different routes of administration, demonstrating
that microneedles and ID delivery had a dose sparing effect, but did not further increase the
immune response at high antigen doses. This may be the result of an upper limitation of the
immune response with increasing doses as has been observed with other antigens [5,24]. Indeed
it is well known that, from an antibody response standpoint, there is little benefit in increasing
the dose of antigen above certain thresholds.

Dose-sparing potential was further demonstrated by incorporation of the model adjuvant

glucosaminylmuramy! dipeptide (GMDP) into the OV A coating, which produced a significant
dose sparing effect following co-administration of 1 g antigen [54]. At this dose, the antibody
titer generated with microneedles that co-delivered OVA and GMDP approached the titer levels
achieved with OV A doses of 20 pg in the absence of GMDP, which demonstrates a significant
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dose-sparing effect and indicates that the technology is amenable to the co-delivery of antigen
and adjuvant.

Microneedles are minimally invasive delivery systems that have been designed for safety.
Safety concerns are chiefly related to the risk of infection. Other factors to consider, linked
mostly to user acceptability and environmental issues, include pain, local bleeding, skin
irritation, and residual vaccine left in the system and on the skin surface.

5.1. Infection

Based on experience with hypodermic needles, the greatest risk of infection comes from the
use of contaminated needles [6]. Thus, single-use microneedles that are sufficiently clean (e.g.,
sterilized) should pose little threat of infection. However, the skin is constantly in contact with
environmental organisms and becomes readily colonized by certain microbial species [78].
Most skin microorganisms, found in the most superficial layers of the epidermis and the upper
parts of the hair follicles, are nonpathogenic, but sometimes potentially pathogenic species
such as Staphylococcus aureus and Streptococcus pyogenes can be found on the skin.

Any breach in the skin can be a door of entry for microorganisms that could cause local or even
systemic infection. Microneedle arrays containing up to hundreds and possibly thousands of
microneedles could therefore be problematic. However, the risk of infection is related to a large
number of factors including the size and number of the breaches, the depth of the breaches, the
number of microorganisms entering the skin and their nature, and the individual susceptibility
of the patient. In clinical practice, it seems unlikely that the small shallow injuries resulting
from the use of microneedles would result in significant safety concerns. Indeed, the skin barrier
is routinely breached during common experiences of minor abrasion, such as shaving, yet
infection rarely occurs.

There are several preclinical and clinical studies that indicate that the risk of infection resulting
from microneedle administration is minimal [17,18,54,92] In the animal studies discussed
above, that were in some cases conducted with non-sterile systems, there were no signs of
infection reported. It is noteworthy that these animals were carefully monitored typically for
many weeks after microneedle treatment under the careful supervision of veterinary staff with
IACUC-mandated scrutiny. In addition, microneedle devices have been inserted into the skin
well over 1,000 times in more than 100 human subjects through the collective experience of
the authors. In these human studies, there have been no microneedle-related infections and,
indeed, no serious adverse events.

It is worth noting that these studies in animals and humans were conducted in healthy subjects
and that, prior to application of the microneedle arrays, skin treatment sites were typically
cleansed with alcohol wipes to reduce the skin’s microbial bioburden [3,8]. Therefore, it is
unknown what the infection potential would be in widespread use or, for example, in immune
compromised patients. As a result of these uncertainties, and depending on the target population
and clinical indication, it is possible that the regulatory agencies would require that any future
commercial product use a skin cleansing pretreatment procedure as well as a low bioburden
or sterile microneedle system.

As additional information, more than 125,000 microneedle devices designed as a cylindrical
roller with solid microneedles protruding around the circumference have been sold around the
world for cosmetic purposes (http://www.dermaroller.de). These devices are typically applied
to the skin either by clinical personnel or by patients themselves, who may re-use them without
sterilization or without even washing between uses. Although formal safety data on these
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microneedle rollers do not exist, the manufacturer reports no known adverse events, as long
as the microneedles are not re-used (personal communication from Horst Liebl). Altogether,
this extensive anecdotal evidence holds promise for the safety of microneedles.

Although pain is not a safety concern per se, it nonetheless affects patient acceptance and the
perception of safety. Initial studies showed that insertion of sharp-tipped microneedles or
scraping of blunt-tipped microneedles measuring 50 — 200 pum in length and assembled in
arrays of up to 400 microneedles were generally regarded as painless by human subjects [41,
57].

More detailed studies showed that microneedle length correlates strongly with pain, such that
anincrease in microneedle length from 500 um to 1,500 um (i.e., a three-fold increase in length)
resulted in a seven-fold increase in pain score from blinded human subjects [32]. Increasing
the number of microneedles from 5 to 50 (i.e., a ten-fold increase) increased the pain score just
2.5-fold. Varying microneedle width, thickness and tip angle did not have a significant effect
on pain. In all cases, the pain score from microneedles was many fold less than the 26 Ga
hypodermic needle used as a positive control and for the best microneedle design the pain score
was just 1/20t that of the hypodermic needle. In another recent study, subject perception
associated with insertion of a 1.5 mm microneedle perpendicularly into the skin was shown to
be significantly less than that observed when a standard needle was inserted into skin at a
shallow angle [45].

5.3. Bleeding

The epidermis is devoid of vasculature and the most superficial capillary bed is located in the
upper dermis close to the dermal-epidermal junction [8]. As a result, microneedles penetrating
the skin deeper than about 100 um could breach capillaries. Despite this expectation, most
animal and human studies have not observed bleeding after microneedle treatment.

In a study examining microneedles to extract interstitial fluid from the skin of hairless rats,
microneedles were inserted into the skin hundreds of times to depths of 700 um to 1,500 um
[88]. In the absence of suction, no fluid was seen to exude from the skin. With the application
of suction, interstitial fluid could be extracted, but this fluid generally appeared clear, without
evidence of blood. Similar results were seen in replicate experiments in six human subjects.

In the vaccine delivery experiments discussed above, as well as other experiments involving
delivery of various therapeutic and model compounds in animal models including mice,
hairless rats, and rhesus macaques, microneedle treatment has generally not been associated
with bleeding [4,22,23,28,51,56-59]. However, in one study involving hairless guinea pigs
[92], 225 pm long microneedles were found to penetrate the skin to an average depth of about
150 pm and produced at most pinpoint bleeding and 600 pum long microneedles were found to
penetrate the skin to an average depth of about 300 um, well beyond the location of the dermal
capillary bed, and produced significant bleeding.

In human subjects, bleeding has also generally not seen for microneedles ranging in size from
500 — 1000 pm [32]. However, 1.5 mm microneedles have been reported separately to leave
a small droplet of blood sometimes on the skin after insertion of solid microneedles [32] and
injection using hollow microneedles [8].

5.4. Skin irritation

No significant skin irritation (i.e., erythema and edema) has been noted in a number of studies
involving insertion of microneedles alone or for delivery of biologics [17,22,28,48,51,54,56].
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However, experiments in human subjects have shown highly localized spots of redness that
corresponds exactly to the sub-millimeter sites of each microneedle insertion [32]. This mild
erythema was visible under close inspection, but is unlikely to be of cosmetic concern. In many
subjects, it disappeared within minutes and in most subjects within hours. A recent clinical
evaluation of a 1.5 mm length micro-delivery system indicated very minor local effects (e.g.,
redness, itching) that spontaneously resolved within 20 — 30 minutes without any long-term
adverse events [45].

Vaccine delivery using microneedles includes the added complexity of local immune response
to the vaccine. For example, the average total skin score (combined erythema and edema,
maximum combined score of 8) for all treatment groups after OVA immunization was just 0.3
at 24 h following primary immunization, but increased to 2.3 at 24 h following booster
immunization [92]. Although mild and transient, these scores indicated an immune-mediated
skin response, possibly a delayed type hypersensitivity response. Skin response following
intradermal administration of vaccines has been routinely observed in the clinic [9] and it is
likely that they will be also observed following introduction of a vaccine into the skin using
microneedles. These responses might cause minor discomfort at the site of application.

5.5. Microneedle and skin residuals

The implications of having residual vaccine left on the microneedles or at the surface of the
skin depends on the specifics of the vaccine and its formulation. In any case, minimizing
residual would be beneficial from a safety and environmental standpoint.

When microneedles are pierced into or scraped across the skin before or in the presence of a
topical vaccine formulation, it is likely that a large fraction of the vaccine remains on the skin
surface, although this has not been quantified. Following injection using a hollow microneedle,
fluid hold up in the syringe may be similar to that during conventional hypodermic injection.

Following application of OVA-coated microneedles to HGP in vivo, a mass balance showed
that 12% of the coated OV A remained on the microneedles, 11.5% of the total dose was found
on the skin surface, and the remaining 76.5% was assumed to be delivered into the skin [92].
Although the antigen was administered into the uppermost layers of the skin, it was not extraced
by extensive cleansing of the skin surface. A study using microneedles coated with vitamin B
inserted into cadaver skin found that 91% of the dose was delivered into the skin, with 7%
remaining on the microneedles and 2% on the skin surface [29]. This indicates that through
proper engineering, contamination issues can be minimized to a considerable extent.

6. Logistical issues

In addition to expected increases in vaccine efficacy and safety, the use of microneedles is
expected to additionally provide logistical simplifications, which may be especially beneficial
for vaccine administration during a pandemic. These simplifications include (i) easier vaccine
administration, including the possibility of self administration, (ii) more rapid vaccine
distribution and easier stockpiling and disposal and (iii) inexpensive manufacturing costs.

6.1. Vaccine administration

Many microneedle designs envision a vaccine patch that would look and be applied similarly
to a nicotine patch or a Band Aid. After peeling off a protective release liner to expose the
microneedles, the patch is pressed to the skin and perhaps held in place by an adhesive
incorporated onto the patch, if needed. Patch placement may be accomplished by hand or may
require the use of a small device that presses the patch against the skin with a reproducible
force to assure correct microneedle insertion into the skin [21,98]. This tool could measure just
afew centimeters in size and could be, for example, a disposable, plastic, spring-loaded device.
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After some seconds or minutes, the patch is removed and discarded. Studies carried out in
human subjects have shown that microneedles can be inserted into the skin with little or no
pain [32,41,57], which suggests that patient compliance can be increased.

Other designs involve hollow microneedles. Notably, a newly described hollow microneedle
injection system was shown to be effective for intradermal delivery even in the hands of
untrained users [45]. Untrained users were at least as effective as extensively trained users in
performing a correct intradermal injection. These results suggest that, with proper engineering,
hollow microneedle delivery devices can achieve a high level of user-friendliness.

These simple delivery methods can shift the responsibility of vaccine administration to
minimally trained personnel and possibly to patients themselves, leaving doctors and nurses
in a supervisory role. This could have major advantages in a pandemic, where a critical
bottleneck is assembling huge populations of patients at central locations and having sufficient
medical personnel to administer vaccines, or possibly other therapies [26,33]. Allowing
minimally trained personnel to administer the vaccines would significantly ease this bottleneck
and allowing self administration would increase throughput even more. Simple vaccine
administration would also benefit seasonal influenza vaccination (e.g., patients pick up vaccine
patches at the pharmacy for self administration at home) and mass vaccination campaigns in
the developing world (e.g., polio vaccination campaigns annually administer more than 2
billion doses over the course of a series of intensive ‘immunization days,” which is possible
only because of the simple delivery method enabled by oral administration of the polio vaccine

2.

6.2. Vaccine distribution

Because speed will be critical during a pandemic, manufacturing, stockpiling, distribution and
disposal of vaccine delivery systems need to be simplified and expedited. Using microneedles
to deliver vaccine can expedite the response to a pandemic because intracutaneous delivery
using microneedles is expected to require, perhaps, an order of magnitude less vaccine per
dose, as discussed above. Given that production of the vaccine antigen will be a rate-limiting
step when responding to an emerging threat, the need to manufacture less vaccine can
significantly expedite getting vaccine to the public [26,33,86].

Conventional vaccine delivery systems, which often involve a hypodermic needle, syringe,
vial of lyophilized vaccine and vial of diluent, can easily occupy tens of cubic centimeters
including their packaging [1]. In contrast, pre-filled microneedle injection devices and, to an
even greater extent, microneedle patches are expected to occupy much less space. Some of the
thinnest patch-based systems are expected to be much less than one cubic centimeter in size
and have a flat profile, which facilitates stacking. Moreover, with improvements in vaccine
stabilization technologies, it may be possible to create microneedle vaccines that avoid the
need for refrigeration. Altogether, this suggests that microneedle vaccines should be able to be
stockpiled under much less costly conditions and possibly at a greater number of locations.

Distribution should also be facilitated by the small size and expected thermal stability of solid-
state microneedle vaccines. The U.S. Department of Health and Human Services has a goal of
distributing drugs and vaccines via the postal service in a pandemic or other urgent scenario
to every home in the United States within 12 hours [26,27]. Realizing this vision would be
simplified by using a small, flat, light microneedle patch that can easily fit inside a standard
envelope or small package.

Finally, microneedles may reduce the risks associated with disposal of standard hypodermic
needles because inadvertent microneedle insertion is difficult and dissolving polymer
microneedles leave behind no sharp waste.

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2010 July 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Prausnitz et al. Page 12

6.3. Vaccine patch manufacturing

A variety of vaccine delivery systems are being studied [66,91], but many are expected to be
much more expensive than the conventional needle and syringe, due to the cost of the delivery
system itself and the added complexity of distributing and administering the vaccine.
Microneedle devices are expected to have a cost similar to conventional needle and syringe
and to have significant cost savings associated with distribution, due largely to the small size
of microneedle; administration, due largely to the expected reduced need for trained personnel;
and vaccine antigen, due largely to the expectation that intracutaneous delivery can be dose
sparing.

Different microneedle designs achieve their cost effectiveness through fabrication in different
ways. Solid metal microneedles are typically fabricated by cutting metal sheets into the desired
needle geometries using either chemical etchants or lasers [29,47,54]. Vaccine coatings are
then applied by dip-coating processes with safe, low-cost excipients. Polymer microneedles
have been fabricated using molding methods, in which the micromolds are typically prepared
in a microelectronics cleanroom environment and then repeatly reused to mold microneedles
in a conventional manufacturing environment by adapting in situ polymerization, solvent
casting and injection molding/embossing techniques [60,68,84]. Hollow microneedles have
been fabricated by direct etching in the cleanroom, reproduction using electroplating onto
micromolds, or adaptation of conventional hypodermic needle manufacturing methods [28,
56,59,82,85]. All of these methods lend themselves to scale up for mass production at low cost,
where processing is generally the dominant cost, because the small size of microneedles means
that material costs are much less. In addition, because microneedle delivery is expected to
require less vaccine per dose, there should be additional savings on the cost of antigen.

7. Conclusions

Microneedles provide a number of advantages and opportunities to deliver vaccines more
effectively, especially in the event of a pandemic influenza outbreak. Intracutaneous delivery
has been shown in a number of studies not only to be effective, but to dramatically reduce the
amount of antigen needed in a dose-sparing manner. Microneedles have yielded similar
findings with a number of different antigens, including vaccines against seasonal influenza in
Phase Il clinical trials. Because of their small size and inert materials of construction,
microneedles have not raised safety concerns. Overall, it appears likely that microneedles can
provide a safe and effective method to deliver influenza vaccine.

In addition, microneedles offer other advantages compared to conventional needle-and-syringe
and other delivery methods that may also be safe and effective. For example, the patch-based
format of many microneedle designs should facilitate simple vaccine administration and
possibly self administration by patients themselves. The small size of microneedle systems
should also facilitate storage and rapid distribution to central locations or even to individual
households by the postal service. Combined with the expected low cost of manufacturing, these
attributes suggests that microneedles are an attractive platform for vaccine delivery and can
play an important role in the medical response to an influenza pandemic.
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Fig. 1.

Solid microneedles used either to pierce or to scrape microscopic holes in the skin. Shown
from left to right: platinum-coated silicon microneedle measuring 170 um in height (image
courtesy of James Birchall, Cardiff University); metal microneedles measuring 700 pm in
height (image courtesy of Harvinder Gill, Georgia Institute of Technology); dissolving polymer
microneedles measuring 650 pm in height (image courtesy of Sean Sullivan, Georgia Institute
of Technology); blunt-tip polymer microneedles measuring 150 pm in height to scrape the skin
(image courtesy of John Mikszta, BD Technologies).
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Fig. 2.

Solid microneedles coated with model compounds. Shown from left to right: metal
microneedles measuring 225 pm in height coated with approximately (a) 1.4 ng and (b) 19 ng
of ovalbumin and viewed from above, looking from their tips down their shafts (images
courtesy of Michel Cormier, Alza Corporation); metal microneedles measuring 700 pm in
height each coated with approximately 2 pg vitamin B (image courtesy of Harvinder Gill,
Georgia Institute of Technology).
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Fig. 3.

Dissolving or degrading polymer microneedles that encapsulate model compounds. Shown
from left to right: dissolving polymer microneedles measuring 600 pm in height encapsulating
sulforhodamine (image courtesy of Jeong Woo Lee, Georgia Institute of Technology);
biodegradable polymer microneedles measuring 600 um in height encapsulating calcein
(image courtesy of Jung-Hwan Park, Georgia Institute of Technology); array of biodegradable
polymer microneedles held between two fingers (image courtesy of Gary Meek, Georgia
Institute of Technology).
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Fig. 4.

Hollow microneedles for injection into the skin. Shown from left to right: metal hypodermic
needle protruding 1.5 mm from a specially designed hub for intradermal delivery (image
courtesy of John Mikszta, BD Technologies); metal microneedle measuring 150 pm in height
(image courtesy of Devin McAllister, Georgia Institute of Technology); silicon microneedle
measuring 200 pm in height (image courtesy of Yotam Levin, NanoPass Technologies).
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Antibody response to influenza vaccines in rats. Data represent a subset of those originally
reported in reference [4]. (A) Antibody response to whole, inactivated influenza virus following
immunization with either a high dose or low dose of vaccine. Data represent day 56 ELISA
titers following immunization on day 0, day 21 and day 42. (B) Antibody response to influenza
virus following immunization with either a high dose or low dose of plasmid DNA encoding
influenza virus hemagglutinin. Data represent day 56 ELISA titers following immunization on
day 0, day 21 and day 42. (C) Antibody response to the H1N1 strain of influenza virus following
immunization with either a high dose or low dose of trivalent, split virion vaccine. Data
represent day 21 ELISA titers following a single immunization. (D) Antibody response to the
H3N2 strain of influenza virus following immunization with either a high dose or low dose of

trivalent, split virion vaccine. Data represent day 21 ELISA titers following a single

immunization.
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Fig. 6.

Anti-ovalbumin antibody response to ovalbumin immunization in hairless guinea pigs. Each
animal received a primary immunization followed by a secondary immunization (booster) 4
weeks later with the same ovalbumin dose [54]. The routes of administration were
intracutaneous using coated microneedle arrays, ID, SC, and IM injection. The serum samples
were collected 1 week after the booster immunization and evaluated for the presence of anti-
ovalbumin IgG antibodies by ELISA. The results are expressed as end-point antibody titers
relative to non-immunized control sera.
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Table 1

Viremiaand neutralizing antibody response in non-human primates following immunization with ChimeriVax™.-
JE. Data represent a subset of those originally reported in reference [23].

Viremia Nabs
Delivery # Responders Duration # Responders  Titer
Needle 1/3 3 days 3/3 1,067
Hollow microneedle 3/3 2-4 days 3/3 7,253
Solid Microneedle 1/3 7 days 1/3 3,467
(pre-abrasion)
Solid Microneedle 3/3 5-7 days 3/3 4,320

(abrasion through vaccine)
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