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Abstract

The phased replacement of oral polio vaccine (OPV) with inactivated polio vaccine (IPV)

is expected to significantly complicate mass vaccination campaigns, which are an important
component of the global polio eradication endgame strategy. To simplify mass vaccination

with IPV, we developed microneedle patches that are easy to administer, have a small package
size, generate no sharps waste and are inexpensive to manufacture. When administered to

rhesus macaques, neutralizing antibody titers were equivalent among monkeys vaccinated using
microneedle patches and conventional intramuscular injection for IPV types 1 and 2. Serologic
response to IPV type 3 vaccination was weaker after microneedle patch vaccination compared to
intramuscular injection; however, we suspect the administered type 3 dose was lower due to a
flawed pre-production IPV type 3 analytical method. IPV vaccination using microneedle patches
was well tolerated by the monkeys. We conclude that IPV vaccination using a microneedle patch is
immunogenic in rhesus macaques and may offer a simpler method of IPV vaccination of people to
facilitate polio eradication.

Introduction

Due largely to the efforts of the Global Polio Eradication Initiative (GPEI), worldwide
confirmed polio cases have reached their lowest level in history [1], and the current

target for eradication of the disease is fast approaching [2]. This progress has been

achieved primarily through mass vaccination using the oral polio vaccine (OPV), which

is a live-attenuated vaccine administered orally [3]. Vaccination using OPV offers the
advantages of administration by minimally trained personnel in mass campaigns (fixed post
or house-to-house); generation of no sharps waste; small package size for simplified storage,
transportation and waste disposal; low-cost vaccine; and generation of mucosal immunity.

However, OPV has a major disadvantage: it carries a risk of genetic reversion to a virulent
form, which can result in the eme gence and transmission of vaccine-derived polioviruses
(VDPVs) [4], which now account for a large fraction of polio cases [5]. To achieve the
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ultimate goal of eradication, OPV needs to be replaced with inactivated polio vaccine (IPV),
which does not carry the risk of paralysis in the recipient or transmission in the community

[6].

Plans to switch to IPV are being developed, with the goal of eliminating use of OPV
worldwide by 2019 after worldwide introduction of IPV [7]. This is currently underway
with the phased withdrawal of OPV type 2 and the transition to bivalent OPV, which will

be followed by the complete withdrawal of OPV. However, while IPV overcomes OPV’s
major disadvantage of genetic reversion to virulent forms, it also introduces many new
disadvantages, such as the need for trained healthcare professionals to administer injections;
generation of sharps waste; larger package size of vials, needles and syringes for storage,
transport and disposal; multi-dose presentation that leads to vaccine wastage; order of
magnitude higher vaccine cost; and poor generation of mucosal immunity on its own [8-10].
Recent studies have found IPV to be a better booster of intestinal immunity in OPV primed
persons than an additional dose of OPV, suggesting mass campaigns with IPV could be
especially beneficial to the polio endgame [11].

In this study, we propose the use of a microneedle patch to administer IPV by an approach
that seeks to capture the safety advantages of IPV without losing the logistical advantages
of OPV. Microneedle patches can be applied to the skin in a simple manner, such that
microscopic needles painlessly puncture the skin to administer IPV without the need for
hypodermic needles [12]. Microneedle patches have previously been used to administer
other vaccines in preclinical studies, such as influenza, measles, HPV and others [13-21],
but have not yet been studied for IPV vaccination. IPV vaccination using a microneedle
patch can eliminate the need for trained healthcare professionals to administer injections,
thereby enabling the use of minimally trained personnel to efficiently administer vaccine

in house-to-house campaigns in a cost-effective manner. In addition, IPV vaccination using
microneedle patches may reduce vaccine cost by possible dose sparing enabled by skin
vaccination, as seen for intradermal injection of IPV and other vaccines [22] and generation
of improved immunity, as seen for microneedle vaccination using other vaccines [23-25].
Given these motivations, this study developed a dissolving microneedle patch for IPV
vaccination and measured the immune response to IPV delivery in the rhesus macaque using
the microneedle patch compared to conventional intramuscular injection. This is the first
study to assess IPV vaccination using a microneedle patch.

Concentration of inactivated polio vaccine

Unformulated, monovalent, bulk inactivated polio vaccine was kindly provided by
GlaxoSmithKline Biologicals (Rixensart, Belgium). The starting antigen concentration was
measured by us as described below to be 2023, 831 and 1081 d-antigen units/mL for IPV
types 1, 2 and 3, respectively. The bulk IPV was concentrated using Amicon Ultra centrifuge
spin filters with a 100 kDa molecular weight cutoff (EMD Millipore, Billerica, MA). The
stock IPV solutions were each concentrated approximately 38-fold by volume and the final
antigen concentration was measured to be 56,300, 39,500, and 52,300 d-antigen units/mL
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for types 1, 2 and 3, respectively. All d-antigen values were determined by ELISA as
described below.

Microneedle fabrication: vaccine filling

Molds consisting of a 10x10 array of 300x300x600 pm pyramidal microneedles were
fabricated as previously described [26,27]. The concentrated poliovirus vaccine stock was
mixed into a casting solution containing 15% w/v sucrose and 300 mM threonine (Sigma-—
Aldrich, St. Louis, MO) and 20 pL was applied to the microneedle mold, to which vacuum
at a pressure of 93.1 kPa was then applied for 20 min. After that, the mold was allowed

to further dry in a chemical fume hood for 60 min. Adhesive tape was applied to the

dried mold and then quickly peeled away to remove any remaining vaccine present on the
mold without removing or damaging the microneedle structures. For the microneedle patch
booster dose, the poliovirus vaccine stock was mixed in a casting solution containing 10%
w/v maltodextrin (Sigma—Aldrich) instead of sucrose and threonine. The formulation of
the booster dose was different from the original vaccination because subsequent in vitro
experiments suggested that maltodextrin may be better able to maintain vaccine integrity
(unpublished data). The protocol was otherwise identical.

Microneedle fabrication: polymer matrix filling

The matrix solution used to form the microneedle patch backing was composed of 40 wt%
gelatin and 15 wt% sucrose (Sigma—Aldrich) mixed in sterile, deionized water. The gelatin
solution was mixed for 1 h at 25 °C before use. The matrix solution was cast using a spatula
onto the microneedle mold. The molds were placed back into the vacuum system for 90 min
and then allowed to dry for 48 h at 25 °C in a chemical fume hood. To remove the dried
microneedle patches, a 1.27 cm-diameter disc of polymethyl methacrylate (McMaster-Carr,
Atlanta, GA) was covered on one side with double-sided tape (MacTac, Stow, OH) and
applied to the back of the mold. The resulting patch was gently peeled away from the mold
and stored in a dark, sealed pouch with desiccant (Drierite, Xenia, OH) at 25 °C for less than
24 h until use.

Microneedle patch characterization

Microneedle patches were imaged by brightfield microscopy (Hirox KH-8700, Tokyo,
Japan). Their dimensions were quantified using the microscope’s integrated imaging
software. To assess microneedle insertion into skin, microneedle patches were pressed
by thumb into full-thickness, un-stretched porcine cadaver skin, left in place for 15 min,
and then removed. The skin was then exposed to a purple dye, gentian violet (Humco,
Texarkana, TX), for 5 min, after which it was wiped off to expose sites of skin puncture
stained by the dye. This technique is believed to selectively stain sites of microneedle
puncture into the skin [28,29].

Immunization studies

The immune response to IPV vaccination using microneedle patches was tested in the rhesus
macaque (Macaca mulatta; Covance Inc, Princeton, NJ). The animals were divided into two
groups of four monkeys each. Group 1 received IPV vaccination by intra-muscular injection
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as a positive control and Group 2 received IPV vaccination by microneedle patch. In this
initial study, available resources limited us to four animals per group. Future studies will be
needed with a larger statistical sample size.

Female, two-year-old rhesus macaques with a prior history of participation in measles and
influenza vaccination studies were enrolled in this study 15 weeks after measles vaccination
and 4 weeks after influenza vaccination. To verify that no animals had previous exposure

to poliovirus, blood was collected from the femoral vein using Vacutainer tubes (Becton
Dickinson, Franklin Lakes, NJ) and analyzed by micro-neutralization against each of the
three poliovirus serotypes, as described below. All animals had initial micro-neutralization
titers <2.5 log, and were considered negative. Animals were anesthetized using ketamine
(10 mg/kg) during vaccination and blood collection. For microneedle patch vaccination in
Group 2, a section of hair on the upper back of the animal, between the shoulder blades,
was removed using electric shears followed by application and removal of depilatory cream
(Nair, Church & Dwight Co, Ewing, NJ), according to the manufacturer’s instructions,
before the first vaccination (no additional hair removal was needed for the boost dose). After
removal of the depilatory cream, the skin was allowed to dry for approximately 20 min
before microneedle patch insertion.

The IPV dose in each microneedle patch was characterized by first re-dissolving the patch
into sterile saline and then testing for D-antigen content using ELISA. Each lot of four
monovalent microneedle patches contained two IPV type 1 patches and one patch each of
types 2 and 3 comprising a total of 47.4 + 5.8, 8.7 £ 1.4, and 38.2 + 2.6 D-antigen units of
IPV types 1, 2 and 3, respectively. In this study, monovalent patches were used to simplify
manufacturing, but in on-going studies we have been able to manufacture trivalent patches
containing all three IPV serotypes (data not shown). In this study, two patches were needed
for IPV type 1 due to the higher dose required and less efficient antigen concentration.

These patches were then pressed onto the hair-free section of the back of each animal in
Group 2. This site was chosen to prevent the animals from possibly scratching the site and
causing irritation. The patches were left on the skin for 15 min to allow for dissolution of
the polymer microneedles in the skin. This time was determined by pressing patches into
porcine cadaver skin as described above.

In Group 1, un-concentrated IPV stock solution was diluted using sterile phosphate-buffered
saline so that the target dose (i.e., the standard human dose of 40, 8, and 32 d-antigen

units of types 1, 2, and 3, respectively) was contained in 500 pL as determined by ELISA.
We administered IPV from the same original stock solution used in the creation of the
microneedle patches for intramuscular injection in order to have a direct comparison
between the two routes of administration using the same antigens. The intramuscular
injection was delivered in a single trivalent preparation using a 25-gauge needle into the
quadriceps femoris muscle.

Eight weeks after the initial vaccination, all animals were given a second dose of trivalent
IPV. This booster dose was delivered using the same route and method as the initial
vaccination and consisted of the same dose of IPV types 1, 2, and 3 from the same lot
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of vaccine. Approximately 10 mL of blood was collected weekly from each animal via the
femoral vein for serological analysis, as described below. Following the completion of the
study, all animals were transferred to other protocols within CDC. All procedures in this
study were approved by the Institutional Animal Care and Use Committees of the Centers
for Disease Control and Prevention and the Georgia Institute of Technology.

ELISA assay measurements

Neutralizing

Statistics

Results

Antigen-capture ELISA was used for the detection of d-antigen poliovirus. Poliovirus-
specific monoclonal antibodies (mAb) were used as both capture and detection antibodies.
Type 1 (NBP1- 05101, Novus Biologicals, St. Louis, MO), type 2 (HYB294-06, Thermo
Fisher Scientific, Waltham, MA), or one of two type 3 (HYB300-05 and HYB300-06,
Thermo Fisher Scientific) specific antibodies were diluted in 0.05 M carbonate-bicarbonate
buffer, pH 9.6. Type 1, 2, and 3 (HYB300-05) capture mAbs were diluted 1:1000 and type

3 (HYB300-06) mAb was diluted 1:500. Detailed methods are available in the Supplemental
Materials.

antibody measurements

Samples were tested in triplicate using a standard microneutralization assay for antibodies to
poliovirus types 1, 2, and 3 as previously described [30]. Briefly, 80-100 CCIDs of each
poliovirus serotype (Sabin strains 1, 2, and 3) and two-fold serial dilutions of serum (starting
at 1:4) were combined and preincubated at 35°C for 3 h before addition of HEp-2(C) cells.
After incubation for 5 days at 35 °C and 5% CO?2, plates were stained with crystal violet
and cell viability measured by optical density in a spectrophotometer. Each specimen was
run in triplicate, with parallel specimens from one study subject tested in the same assay run;
and the neutralization titers estimated by the Spearman-Kéarber method [31] and reported

as the reciprocal of the calculated 50% endpoint. Each run contained multiple replicates of

a reference antiserum pool starting at a 1:32 dilution to monitor performance variation. A
serum sample was considered positive if antibodies were present at >1:8 dilution [32-34].
The limit of detection for this assay is a 2.5 logs titer. The precision is + 0.5 log, titer (CDC,
unpublished data). The limit for seropositivity was defined at 3.0 logs titer.

All statistics were calculated using Prism software version 6.02 (Graphpad, La Jolla,
CA). Comparisons between individual samples were done using an unpaired t-test with a
significance level of p < 0.05. Comparisons between multiple samples were done using a
two-way ANOVA with a Tukey post-test.

Microneedle patch design

Microneedle patches were designed to be inexpensive to manufacture, have a small package
size, be simple to administer, and generate no sharps waste in order to meet the needs

of mass vaccination campaigns in developing countries. The resulting microneedle patches
are shown in Fig. 1. They contain a 10 x 10 array of pyramidal microneedles measuring
approximately 650 um in height. With the addition of the supporting backing layer, each
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microneedle patch has a footprint of 1.27 cm? and a total volume of 0.19 cm3. Ten patches
therefore have a volume of 1.9 cm3. This is considerably smaller than the volume of a
ten-dose vial of IPV, ten capped 25-gauge needles and ten 1-mL syringes (i.e., on the order
of 50 cm?3). Packaging would increase these volumes further.

Simple and reliable administration of microneedle patches was facilitated by making
microneedles with sharp tips (measured to be 3.6 + 1.4 um tip radius). Previous
experimental measurements [35] indicate that a 100-needle patch of these microneedles
would require a force of less than 40 N to be inserted into skin, which can be easily applied
by the thumb of most people [36].

To validate this prediction, microneedle patches were inserted by thumb into full-thickness
porcine cadaver skin, left in place for 15 min and then removed. Staining sites of skin
penetration showed that at least 99 out of 100 microneedles punctured the skin (Fig. 2).
Microscopic imaging of the microneedles after skin insertion showed that the microneedles
had substantially dis- solved (Fig. 3). This further confirmed that the microneedle patches
were strong enough to pierce the skin and then rapidly dissolve within the skin after
insertion. This analysis also demonstrated another important feature of the microneedle
patch design, i.e., that microneedle dissolution in the skin produced a sharps-free patch that
can be disposed of as non-sharps waste.

Finally, microneedle patches were assayed for their IPV con- tent using a serotype-specific
ELISA. Initial testing found that each monovalent patch contained an average of 23.7 £ 4.1,
8.7+ 1.4, and 38.2 + 2.6 D-antigen units of IPV type 1, 2, and 3, respectively. However,
after completion of the animal study, we found that the commercial monoclonal antibody in
the ELISA used to measure the dose of IPV type 3 was not specific for the d-conformation
of the antigen (i.e., native capsid conformation). We therefore developed a new ELISA
using a different commercial monoclonal antibody specific for the type 3 D-antigen, which
indicated that the IPV type 3 dose administered in the animal study using the microneedle
patch was at least three-times lower than the dose indicated by the original ELISA. The
significance of this difference is discussed below.

Immunization study

The next step in the study was to assess immunogenicity of IPV vaccination using
microneedle patches. The rhesus macaque was chosen as the animal model because it has
historically been used to test IPV efficacy and viral potency and is arguably the best animal
model to simulate a human immune response [37,38]. All animals were seronegative to

all three poliovirus serotypes prior to immunization, as measured by neutralization assay.
Animals were divided into two groups, one vaccinated using microneedle patches and the
other vaccinated by intramuscular injection. All animals received two vaccine doses (by the
same route of administration) separated by 8 weeks.

For IPV type 1, neutralizing titers were weak after the first dose by either route of
administration, yet at least half of the animals seroconverted (Fig. 4A and D). After the
second IPV dose, anti- body titers increased dramatically and 100% seroconversion was
achieved. There was no statistically significant difference between antibody responses in the

Vaccine. Author manuscript; available in PMC 2022 April 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Edens et al.

Safety

Page 7

microneedle patch group versus the intramuscular injection group (two-way ANOVA, p >
0.05).

For IPV type 2, the immune response following the first IPV dose was strong in both
groups, exhibiting significantly increased neutralizing titers and 100% seroconversion (Fig.
4B and E). After the second dose, antibody titers increased further. Antibody responses

in the microneedle patch group and the intramuscular injection group were statistically
indistinguishable (two-way ANOVA, p > 0.05).

For IPV type 3, there were very weak immune responses after the first IPV dose, in both
animal groups, such that no animals seroconverted (Fig. 4C and F). After the second dose,
antibody responses increased in the intramuscular injection group such that 75% of the
animals seroconverted. Antibody responses in the microneedle patch group were weaker and
only 25% of the animals seroconverted. Antibody responses in the intramuscular injection
group were significantly higher than in the microneedle patch group (two-way ANOVA, p <
0.0005). This difference may be explained by the lower IPV type 3 dose mistakenly given by
the microneedle patches (see above).

Sera were also collected 38 weeks after the initial vaccination and tested for neutralizing
antibodies in order to examine the longevity of the immune response (Fig. 4). All animals
displayed a decrease in titer to each of the three polio serotypes. The median titer for each
serotype was not significantly different between the vaccination groups (two-way ANOVA,
p > 0.05).

The vaccination sites were examined daily by animal care staff and no study-related adverse
effects were seen in either the microneedle patch or intramuscular injection groups. No
swelling, discharge, irritation or other abnormalities were observed at any point during the
study. After removal of the microneedle patches, a small grid of puncture sites was faintly
visible and minor redness existed, especially where the edges of the patch pressed against
the skin (Fig. 5). The grid of puncture sites was no longer visible 2—-3 days after insertion
(data not shown). No bleeding was observed at any of the sites of microneedle patch
vaccination. Microscopic examination of microneedle patches after use revealed almost-
complete dissolution of the microneedles, indicating efficient delivery of the encapsulated
vaccine (data not shown).

Discussion

The WHO has recommended that member countries begin introducing IPV prior to OPV
withdrawal as eradication progresses, to reduce the risk of emergence of vaccine-derived
polioviruses [7]. IPV is currently delivered using a needle and syringe, which introduces
a number of drawbacks when compared to the oral delivery route utilized by OPV.
Hypodermic injection generally requires trained healthcare personnel at fixed-post clinics
and increases the risk of disease transmission due to generation of sharps waste. The
transition to IPV would be greatly aided by an improved method of delivering IPV that
overcomes these logistical barriers [39].
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We have developed a microneedle patch using a process that is simple, reproducible and,
importantly, scalable to the demands required by the polio eradication program. To enable
low-cost manufacturing, the patches were made by a molding process designed to be cost-
competitive with vaccine vial filling. In this process, vaccine and excipients (e.g., gelatin
and sucrose) were cast onto a micromold, allowed to dry and then packaged (see Methods).
In mass production, the costs of excipients and micromolds are expected to be less than
that of a needle, syringe and vial, and the cost of the aseptic manufacturing process is
expected to be similar to that of filling a sterile vial (unpublished data). Using this process,
the cost of microneedle patch manufacturing is expected to be simi- lar to current costs of
manufacturing vaccine vials with needles and syringes.

These patches can be inserted into skin without the use of a secondary applicator,
simplifying administration and reducing cost. Microneedle patch administration should also
not require medically trained personnel. This change could shift the IPV vaccination scheme
towards the more efficient strategy currently used with the oral polio vaccine involving
house-to-house campaigns con- ducted by minimally trained personnel. Dissolving
microneedles in particular have the potential to eliminate the risk of sharps contamination,
since the needles disappear after insertion into the skin. Finally, a small, single-dose
packaging system could decrease both shipping costs and medical waste, as well as

reduce vac- cine wastage associated with multi-dose vials. Our patches were tested in pig
cadaver skin and living monkey skin, and found to easily insert with near-complete needle
dissolution within 15 min. These are important qualifications for a delivery device intended
to overcome many of the hurdles posed by the upcoming transition from OPV to IPV.

The microneedle patches were inserted into the skin of rhesus macaques and delivered at
least a full human dose of IPV for types 1 and 2. The vaccine remained immunologically
active and induced a potent neutralizing antibody response after two doses, which was
statistically indistinguishable from a similar dose delivered by hypodermic injection. The
positive response to IPV type 2 is especially important. The final stage of polio eradication
calls for the administration of bivalent OPV protecting against polio types 1 and 3, with

a supplementary dose of IPV to provide immunity to type 2 [7]. It is expected that this
delivery schedule will be carried out throughout the polio endgame strategy until total
withdrawal of OPV in 2019 [40].

The immune response to IPV type 3 was inferior when microneedle patch delivery was
compared to intramuscular injection. We believe that this was the case at least in part
because the ELISA assay used to determine the IPV type 3 dose in the microneedle patches
was not specific to the d-antigen conformation of the poliovirus particle, which is thought

to be crucial for proper immune recognition of the virus [41]. When comparing the results

of our original type 3 ELISA to an improved type 3 ELISA based on a different type 3
d-antigen-specific antibody, tests showed that the original ELISA assay gave readings that
were approximately three times higher than the improved ELISA. This suggests that the
delivered dose of IPV type 3 was much lower than originally expected. We believe this was a
primary factor that contributed to the lower immune response although it is possible that IPV
type 3 was less immuno- genic for other reasons as well. Because the reduced IPV type 3
dose administered by microneedle patch was inferior, these data do not provide evidence for
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dose sparing by skin vaccination as suggested in prior studies [42,43], although this study
was not designed to address this question. Further development is in progress to improve the
microneedle formulation and manufacturing process, with the goal of minimizing antigen
loss for IPV type 3.

This study presents the first assessment of dissolving microneedle patches for polio
vaccination as a significant advance over traditional delivery methods. These patches are
simple to administer; generate no sharps waste; facilitate storage, transport and disposal due
to their small size; and reduce vaccine wastage due to their single-dose presentation. This
study showed that microneedle patch vaccination can induce a potent immunologic response
by skin delivery of IPV with no significant adverse effects observed. Future work will focus
on improving immunogenicity of IPV type 3, conducting human trials, developing low- cost
mass-manufacturing methods, and moving quickly toward introducing this new vaccination
modality into clinical use. As the endgame nears for the global campaign to eradicate
poliomyelitis, microneedles represent a possible solution to many of the final hurdles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

M?croneedle patch for IPV vaccination. An array of 100 microneedles made of water-soluble
materials encapsulating IPV is mounted on a plastic backing. A 1 mL syringe is included

for scale. The microneedles are approximately 650 pm in height and the whole patch is
approximately 1.27 cm in diameter. The inset shows a magnified view of the microneedles.
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Fig. 2.

Pig skin stained with dye to reveal sites of skin puncture after microneedle patch insertion.
A microneedle patch containing a 10 by 10 array of microneedles was manually applied to
shaved porcine cadaver skin and remained in place for 15 min to allow the microneedles to
dissolve. The skin was then stained with gentian violet to show the puncture sites.
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Fig. 3.

Microneedles before and after insertion into pig skin. Microneedle patches were inserted
into shaved porcine cadaver skin and imaged (a) before insertion and (b) 1 and (c) 15 min
after insertion to demonstrate the extent of microneedle dissolution in the skin.
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Serologic response and neutralizing antibody titers to poliovirus following vaccination.
Rhesus macaques were vaccinated at week 0 and week 8 with IPV given either by
microneedle (MN) patch or intramuscular (IM) injection. Serum was collected weekly and
analyzed using a serotype-specific micro-neutralization assay, for IPV (A) type 1, (B) type 2
and (C) type 3. Seropositivity is also shown at weeks 8, 12, and 38 (D-F). Each data point
represents a single animal while the lines represent the median of each group. The asterisks
(****) represent a statistically significant difference (p < 0.0005) between the microneedle
patch and intramuscular injection groups as measured by two-way ANOVA. Seropositivity
was defined as a titer greater than or equal to 3.0 log2 [32,33].
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Fig. 5.

Rr?esus macaque skin during and after microneedle patch insertion. A 100-microneedle
patch was applied to the skin of a rhesus macaque between the shoulder blades after hair
removal and removed after 15 min. The same section of skin was imaged (a) with the patch
in place and (b) immediately after patch removal. In (b), a faint grid can be seen where the
needles punctured the skin, which disappeared after 2-3 days.
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