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ABSTRACT

Purpose This study tested the hypothesis that encapsulation
of influenza vaccine in microneedle patches increases vaccine
stability during storage at elevated temperature.

Methods Whole inactivated influenza virus vaccine
(A/Puerto Rico/8/34) was formulated into dissolving
microneedle patches and vaccine stability was evaluated by
in vitro and in vivo assays of antigenicity and immunogenicity
after storage for up to 3 months at 4, 25, 37 and 45°C.
Results While liquid vaccine completely lost potency as de-
termined by hemagglutination (HA) activity within 1-2 weeks
outside of refrigeration, vaccine in microneedle patches lost
40-50% HA activity during or shortly after fabrication, but
then had no significant additional loss of activity over 3 months
of storage, independent of temperature. This level of stability
required reduced humidity by packaging with desiccant, but
was not affected by presence of oxygen. This finding was con-
sistent with additional stability assays, including antigenicity of
the vaccine measured by ELISA, virus particle morphological
structure captured by transmission electron microscopy and
protective immune responses by immunization of mice in vivo.
Conclusions These data show that inactivated influenza vac-
cine encapsulated in dissolving microneedle patches has en-
hanced stability during extended storage at elevated
temperatures.

P4 Mark R. Prausnitz
prausnitz@gatech.edu

Wallace H. Coulter Department of Biomedical Engineering, Georgia
Technology and Emory University, Georgia Institute of
Technology, Atlanta, Georgia 30332, USA

Department of Microbiology and Immunology and Emory Vaccine
Center, Emory University School of Medicine, Atlanta, Georgia
30329, USA

School of Chemical and Biomolecular Engineering, Georgia Institute of
Technology, 311 Ferst Drive, Atlanta, Georgia 30332, USA

@ Springer

KEY WORDS influenza vaccine immunogenicity -

microneedle patch - thermostability - vaccine stability

ABBREVIATIONS
HA Hemagglutination
HRP Horseradish peroxidase

IACUC Institutional animal care and use committee
oD Optical density
PBS Phosphate-buffered saline

PBST  Phosphate-buffered saline plus 0.5% Tween-20
PDMS  Polydimethylsiloxane

PVA Polyvinyl alcohol

RBC Red blood cell

s.d. Standard deviation

T™B Tetramethylbenzidine

TEM Transmission electron microscopy
INTRODUCTION

Currently, almost all vaccines are formulated in liquid form,
which must be kept at refrigerated temperature to maintain
vaccine quality (1). Due to this strict temperature requirement,
vaccine management typically operates within a cold chain,
which is a series of temperature controls during transport,
storage and distribution of vaccine from the site of
manufacturing to the final destination of delivery. However,
even an established cold chain does not guarantee the quality
of vaccine, as any accidental exposure to heat or unintentional
freezing of vaccines during transport and storage can damage
the vaccine (2, 3). Motivated by the high costs associated with
maintaining the cold chain and dealing with its failures, vac-
cine with thermostability that abrogates the need for refriger-
ation is highly desired. Thermally stable vaccine not only al-
lows greater accessibility to populations in developing coun-
tries with poor cold-chain infrastructure, it also enables more


http://crossmark.crossref.org/dialog/?doi=10.1007/s11095-015-1833-9&domain=pdf

Stability of Flu Vaccine in Microneedle Patches

869

efficient and widespread distribution of vaccine through phar-
macies and by mail in industrialized countries to combat sea-
sonal and pandemic outbreaks of diseases like influenza (4).

One way to increase vaccine stability is by converting liquid
vaccine into a dry powder form. Biopharmaceuticals, such as
vaccines, can be dried by several means, including air drying,
vacuum drying, drying with desiccant, and lyophilization (5).
Generally, lyophilization is the preferred method of drying
biopharmaceuticals (6). However, during the freeze-drying
process, the vaccine particles and vaccine proteins are subject-
ed to several potentially damaging stresses including freezing
and drying stresses that may lead to changes in secondary and
tertiary structure of the vaccine proteins as well as physical
changes such as aggregation (e.g., due to freeze concentration)
(7, 8). Addition of sugar into the vaccine formulation, often to
create a sugar glass, has been used to protect vaccines from the
aforementioned causes during lyophilization (5, 9).

Although injection using hypodermic needles is the
most common method of administering vaccines, this
method 1s painful and has low patient acceptance. In
many developing countries, for more than 50% of in-
jections are believed to be carried out using unsafe in-
jection practices (10), which i1s a leading cause of
bloodborn pathogen transmission. An alternative to in-
jection is the use of a microneedle patch, which ad-
dresses these issues by offering more a patient compliant
and safer delivery method that administers vaccines into
the epidermis and superficial dermis layer of the skin
using an easy-to-apply patch (11-13).

The microneedle patch is more acceptable to patients be-
cause it does not hurt and is simple to administer (14, 15) and
is safer because microneedles can be made out of safe, water-
soluble excipients that dissolve in the skin and leave no sharps
waste (16—-18). Moreover, microneedle patches store and de-
liver vaccines in a dry, solid form, which is only dissolved in the
interstitial fluid of the skin upon application. Additional stud-
ies have shown that vaccination in the skin is more immuno-
genic than vaccine delivery to the muscle, probably due to the
presence of Langerhans and dermal dendritic cells in the skin
(13, 19-23).

In this study, we designed patches made of dissolving
microneedles that encapsulate whole inactivated influenza vi-
rus (A/Puerto Rico/8/34). The microneedles were made out
of polyvinyl alcohol (PVA), which is a biocompatible synthetic
polymer that was used to provide mechanical strength to the
microneedles for skin insertion (24), and sucrose and trehalose,
which were used mainly as vaccine stabilizers. The goal of this
study was to evaluate the thermal stability of inactivated influ-
enza vaccine encapsulated in microneedles at different storage
temperatures under different packaging conditions. Hemag-
glutination (HA) assay, as well as ELISA and electron micros-
copy were used to measure vaccine stability. Finally,
microneedle patches stored at different temperatures over an

extended period of time were evaluated for i vivo immunoge-
nicity in mice.

MATERIALS AND METHODS
Vaccine and Microneedle Formulation Preparation

Influenza virus A/Puerto Rico/8/34 (HIN1) was grown in
the allantoic cavity of 9 days old embryonated hen’s eggs
(Hyline, Douglusville, GA) for 72 h and purified from allantoic
fluid by centrifugation through a sucrose gradient (10 to 60%)
prepared in phosphate buffered saline without Ca*" and
Mg”" (PBS; phosphate buffer, NaCl and DI water; pH 7.4;
Cellgro, Tewksbury, MA) at 28,000 RPM for 1 h at room
temperature in an SW-28 rotor (Beckman Coulter, Brea,
CA). After purification, the virus was re-suspended in PBS
and then inactivated by incubating with formalin (0.04%) at
4°C for 72 h followed by dialysis against PBS to remove excess
formalin (25). Inactivated virus was assayed for total protein
concentration by a BCA assay (Pierce, Rockford, IL), and then
re-suspended in PBS at 1 mg/ml (total protein concentration)
and stored in a —80°C freezer in aliquots until use to serve as
the whole inactivated influenza vaccine stock solution.

The vaccine casting solution was prepared by diluting the
whole inactivated influenza vaccine stock solution with PBS
into 0.5 mg/ml (total protein concentration determined by a
BCA assay). Trehalose (D-(+)-trehalose dehydrate, Sigma-Al-
drich, St. Louis, MO) was added into the vaccine solution at a
concentration of 10 mg/ml.

To prepare the matrix casting solution, PVA (MW 2000,
ACROS Organics, Geel, Belgium) was dissolved in DI water
at 90°C at aratio of 0.75 g PVA per 1 ml of DI water. Sucrose
(>99.5%, Sigma-Aldrich, St. Louis, MO) was added to the
PVA solution at a ratio of 1 g sucrose per 1 ml of PVA solu-
tion, which was then centrifuged at 1500 X g for 1 h to remove
air bubbles. This matrix formulation was used in all experi-
ments, unless otherwise noted.

Microneedle Patch Fabrication

Microneedle patches were fabricated using established fabri-
cation techniques with minor modifications (26). Briefly, vac-
cine casting solution was loaded into polydimethylsiloxane
(PDMS) molds containing 10X 10 arrays of pyramidal cavi-
ties. Each mold cavity (300 300 %600 pm: LXW X H) had a
center-to-center spacing of 640 pm, such that 1.8 pl of vaccine
casting solution filled the 100 mold cavities. The molds filled
with the vaccine casting solution were partially dried under
centrifugation (GS-15R, Beckman, Fullerton, CA) at 3200 X g
at 20°C for 3 min. Next, matrix casting solution was applied to
molds to fill any remaining space in the mold cavities and form
a backing that connected all the microneedles into a single
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patch. These molds were placed under vacuum and centri-
fuged as above to fill the molds.

The molds were then lyophilized for approximately 24 h as
follows. The molds were frozen at —20°C, ramped to —40°C
for 1 h, and then vacuumed at 2.67 Pa at —40°C for an
additional 10 h. While the pressure was kept constant
(2.67 Pa), the temperature was gradually ramped up from
—40 to 0°C for 1 h, from 0 to 20°C for 1 h and from 20°C
to room temperature (25°C) for another 10 h. In some cases,
microneedle patches were dried by air drying overnight at
either 25 or 45°C.

After lyophilization, double-sided tape (444 Double-Sided
Polyester Film Tape, 3 M, St. Paul, MN) was adhered onto
the backside of the microneedle arrays and used to detach the
microneedle arrays from the molds by peeling. For the i viwo
immunization study, the detached microneedle array was
taped onto a scanning electron microscopy mount (Structure
Probe, West Chester, PA), which was used as a handle for
manual insertion of microneedles into the animal skin.

Microneedle Patch Packaging and Storage

Microneedle patches containing vaccine were stored un-
der three different packaging conditions. The first set of
microneedle patches was placed in open glass vials ex-
posed to ambient air and humidity inside the building.
The second set of microneedle patches was placed in
glass vials with 1 g of desiccant (calcium sulfate,
Drierite, Xenia, OH). These vials were tightly capped
and further sealed with parafilm. The third set of
microneedle patches was also sealed in glass vials with
desiccant and with the air replaced with nitrogen gas.
Microneedle patches were stored at 4°C in a refrigera-
tor, 25°C in a lab bench drawer, or 37 or 45°C in
temperature-controlled incubators. Liquid solutions of
inactivated influenza virus in vials were similarly stored
with and without desiccant and oxygen at the four tem-
peratures. Microneedle patches and vaccine solutions
were removed and assayed for stability after 0, 1, 7,
14, 30, 60 and 90 days.

Microneedle Patch Reconstitution for Analysis

To dissolve and isolate the vaccine from microneedle patches
for sample analysis, each microneedle patch was dissolved in
1 ml of DI water. The resulting solution containing vaccine
and microneedle matrix excipients was transferred to a cen-
trifuge tube and centrifuged at 29,000 X g (Eppendorf centri-
fuge 5804) at 4°C for 30 min. The supernatant was discarded
and the vaccine pellet was re-suspended with PBS to 100 pl
for further analysis.
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Hemagglutination Assay

One hundred microliter of re-suspended vaccine solution
sample was added to a round-bottom 96-well plate (Corning
Costar Corp, Cambridge MA). The positive control was pre-
pared by diluting 1.7 pl of 0.5 mg/ml unprocessed vaccine
solution with PBS into 100 pl. The vaccine solutions were
serially diluted two-fold with PBS. Chicken red blood cells
(RBC) (Lampire, Pipersville, PA) were diluted to 0.5% and
added to each well containing the diluted vaccine solution
(1:1 ratio by volume). After 1 h of incubation at 25°C, the
HA potency was recorded based on the maximal dilution that
exhibited hemagglutination of the red blood cells (27).

Capture ELISA

Goat anti-HINT influenza virus antibodies (United States Bi-
ological, Swampscott, MA) were used as the capture antibody
and coated onto 96-well plates by incubating 100 pl of the
antibody solution at a dilution of 1:500 in each well overnight
at 4°C. The plates were then washed with PBS plus 0.5%
Tween-20 (PBST) followed by blocking with PBST plus 2%
BSA for 2 h at room temperature. After blocking, 100 pl of
vaccine sample were added to the wells and incubated for 2 h
at room temperature followed by washing with PBST. After
washing, the amount of vaccine antigen bound to the plates
was determined by ELISA using mouse anti-hemagglutinin
antibodies as the primary antibodies and horseradish peroxi-
dase (HRP) conjugated goat anti-mouse IgG antibodies
(Southern Biotech, Birmingham, AL) as the secondary anti-
bodies. After washing, 50 pl of tetramethylbenzidine (TMB;
Sigma-Aldrich, St. Louis, MO) was added to each well for
20 min at room temperature to develop color until the reac-
tion was stopped by addition of 50 pul of 0.2 N HCI. The
optical density of each well was determined by microplate
reader (BioTek Synergy 2 Multi-Mode Microplate Reader,
Winooski, VT) at 450 nm.

Negative Staining and Electron Microscopy

To examine the morphology of encapsulated vaccine, 10 pl of
re-suspended vaccine solution was applied onto formvar- and
carbon-coated grids (EM science, Gibbstown, NJ) for 3 min.
Extra vaccine suspension was absorbed by filter paper. The
grids were immediately stained with 2% potassium phospho-
tungstate. Excess stain was removed by filter paper. The sam-
ples were examined on a Hitachi 7500 transmission electron
microscope (Tokyo, Japan).

Immunization of Mice and Lethal-Dose Challenge

Mice were vaccinated using microneedle patches and subse-
quently challenged with a lethal dose of influenza virus, as
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described previously [26] and with approval from the Emory
University Institutional Animal Care and Use Committee
(IACUC). In brief, female BALB/c mice (68 weeks old;
Charles River Laboratory, Charleston, SC; 6 animals per
group) were vaccinated with 0.6 pg of inactivated influenza
vaccine by microneedle patch or by intramuscular injection
after storage of the vaccine under the various conditions de-
scribed above. Serum samples were collected 2 weeks after
vaccination for serological analysis. Four weeks after vaccina-
tion, mice were challenged intranasally with a lethal dose of
mouse-adapted influenza virus A/PR/8/34 (50XLDs) and
monitored on a daily basis for weight loss and signs of illness.
Mice with severe signs of illness and>25% weight loss were
cuthanized according to JACUG guidelines. All mice were
euthanized 6 weeks after vaccination.

Serological Analysis

Serum samples were analyzed for HAI activity following
established protocols (28). Briefly, mouse serum was heat-
mactivated for 1 h at 56°C and then treated overnight with
receptor destroying enzyme (Kenka Seiken, Tokyo, Japan) at
37°C, according to the manufacturer’s instruction. Then,
25 pl aliquots of two-fold serially diluted serum samples were
mixed with 25 pl virus solution containing four hemagglutinin
units of A/Puerto Rico/8/34 influenza virus at 37°C and
incubated for 1 h, followed by incubation with 50 pl of
0.5% chicken red blood cells (LAMPIRE Biological Labora-
tories) for 45 min at 25°C. HAI titers were defined as the
reciprocal of the highest serum dilution that inhibited
hemagglutination.

Serum samples were also analyzed for virus-specific IgG by
ELISA following established protocols (28). The coating anti-
gens were purified His-tagged hemagglutinin proteins. Each
ELISA plate was coated with serial two-fold dilutions of puri-
fied mouse IgG with known concentration to generate a stan-
dard curve. The standard curves were used to calculate the
concentrations of influenza hemagglutinin-specific antibodies
in serum samples.

RESULTS
Microneedle Fabrication

We fabricated microneedle patches containing inactivated in-
fluenza vaccine by encapsulating the vaccine within a water-
soluble microneedle matrix that was molded in the shape of a
microneedle patch and dried by lyophilization. The
microneedles were arranged in a 10X 10 array of solid
microneeedles made of PVA and sucrose (Iig. 1). Each pyra-
midal needle had a 300 % 300 um square base and tapered to
a sharp tip with a 600 pm height. Although not visually

apparent in the figure, the vaccine was encapsulated only
within the microneedles themselves (which are inserted into
the skin) and not in the patch backing due to the use of a
double-casting molding process that first applied formulated
vaccine into the tips of the microneedle molds and then ap-
plied the vaccine-free microneedle matrix material to form the
rest of the patch.

Effect of Microneedle Patch Drying Method on HA
Potency

Vaccine stability was assessed by using HA activity as a mea-
sure of influenza vaccine antigenicity. Correctly drying the
liquid vaccine casting solution during microneedle fabrication
is important to maintaining vaccine’s stability. We therefore
studied the effect of three different drying methods on HA
potency after microneedle fabrication: lyophilization, air dry-
ing at 25°C and air drying at 45°C.

Immediately after fabrication, microneedles dried by ly-
ophilization maintained 82% HA potency relative to unpro-
cessed vaccine solution stored at 4°C (Fig. 2). This was signif-
icantly greater (Student’s ¢-test, p<<0.05) than after air drying
at 25 and 45°C, which maintained 52 and 45% HA potency,
respectively. After 5 days of storage at 25°C in the presence of
desiccant, HA potency was between 43 and 68%, which no
longer exhibited a significant difference among the
microneedle patches dried at the three different conditions
(Student’s ttest, p>0.05).

Effect of Microneedle Patch Formulation on HA
Potency

Microneedle patch formulation can also affect vaccine stabil-
ity. Trehalose was previously found to help stabilize
inactivated influenza vaccine (29), so we left trehalose in the
formulation of the vaccine casting solution. However, we
sought to vary the composition of the microneedle matrix
casting solution, since the PVA 1in that solution is needed to
provide mechanical strength to the microneedles and the su-
crose is needed to provide vaccine stability (but it is mechan-
ically weak).

We found that microneedle patches made of 100% PVA
were only able to maintain 20% HA potency, presumably due
to the lack of sucrose (Fig. 3). A formulation containing 33%
sucrose with 67% PVA maintained 71% HA potency, which
was significantly greater (Student’s #test, p<0.05). Further
increasing sucrose did not significantly increase HA potency
(ANOVA, p>0.05), but is expected to weaken the
microneedles, because PVA provides microneedles with me-
chanical strength. We therefore concluded that the 33% su-
crose formulation was optimal.
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Fig. I Microneedle patch
encapsulating inactivated influenza
vaccine. (a) A patch containing a
10X 10 array of pyramidal
microneedle viewed from above.
(b) A side view of individual
microneed|es.

Stability of Vaccine in Microneedle Patches Stored
at Elevated Temperature

Having assessed stability during the drying process of fabricat-
ing microneedle patches, we next studied the vaccine stability
during extended storage at elevated temperatures. First, un-
processed liquid vaccine was found to maintain full stability
for 3 months during storage at 4°C (Fig. 4a, one-way
ANOVA, $<0.05), but lost essentially all HA potency within
1-2 weeks when stored at 25, 37 or 45°C (Fig. 4b—d, one-way
ANOVA, p>0.05).

In contrast, microneedle patches stored in desiccated pack-
aging lost roughly 50% HA potency during the first week or
storage (Fig. 4a—d, one-way ANOVA, p>0.05), but then had
no significant additional loss of potency for the remainder of
the 3 months study at all four temperatures tested (one-way
ANOVA, p<0.05). Microneedle patches exposed to air (i.c.,
without desiccant) initially showed similar stability to the des-
iccated samples, but after 3 months at 37 and 45°C, HA
potency dropped to approximately 10%, which was signifi-
cantly less than in the desiccated patches (Student’s #-test,

100% mDay 0

ODay 5
80%

60% 1

HA Potency

40%

20% 1

0%

Lyophilization Air Dry at 25°C Air Dry at 45°C

Fig. 2 Effect of microneedle drying conditions on HA potency of vaccine:
lyophilization, air drying at 25°C overnight and air drying at 45°C overnight.
Day 0 indicates assay of microneedle patches immediately after drying. Day 5
indicates assay of microneedle patches after storage in a sealed container
containing desiccant at 25°C for 5 days. 100% potency is defined as the
potency of unprocessed liquid vaccine stored at 4°C. Data show average ==
standard deviation (s.d.) (n =4 replicates).
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$>0.03). Microneedle patches stored with both desiccant
and a nitrogen gas headspace containing little or no oxygen

provided no significant additional vaccine stability compared
to microneedle patches stored with desiccant and with air in
the headspace (one-way ANOVA, <0.05). Altogether, these
data show that microneedle patches confer much better sta-
bility than liquid vaccine, and that storage of microneedles in
a reduce humidity environment provided by desiccant is ben-
eficial, but the removal of oxygen from the environment did
not have a significant effect.

Assessment of Thermostability by Antigenic Binding
Properties

To further validate the findings of thermostability based on
HA potency, we used capture ELISA as an additional stability
assessment based on the antibody binding specificity of the
hemagglutinin in the vaccine. As with the HA assay, vaccine
in liquid formulation retained binding activity at 4°C, but lost
most of its activity after 2 weeks’ storage at 25, 37 or 45°C
(Fig. 5, Student’s t-test, p>0.05). In contrast, microneedle
patches retained binding activity at all temperatures tested.

100%-
80%
60%
40%
20%
0% ; ‘ ‘ ‘

0:100 33:67 50:50 67:33
PVA: SUCROSE (%)

HA Potency

100:0

Fig. 3 Effect of microneedle matrix formulation on HA potency of vaccine.
Microneedle patches were fabricated using a vaccine casting solution contain-
ing 10 mg/ml trehalose and a matrix casting solution containing different ratios
of PVA to sucrose, and were then dried by lyophilization. HA potency was
measured immediately after drying. Data show average +s.d. (n=4).
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Fig. 4 Three-months stability of
inactivated influenza vaccine as a

function of storage temperature, 100% 100% t
desiccation and oxygen cohtent. > 80% > 80%
Unprocessed vaccine solution was S S
stored in sealed microcentrifuge g 60% E 60% T
tubes (LIQ). Microneedle patches < . < .
containing vaccine were packaged 40% 40%
in: open contfaihers subject to 20% 20%
ambient humidity (AIR); sealed
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space and desiccant to maintain low 0 15 30 45 60 75 90 0 15 30 45 60 75 90
humidity (DES); aﬁd sgaled . Days Days
containers filled with nitrogen gas in
the headspace and desiccant c d
(DES +N). Samples were stored
for up to 90 days at 4°C (a), 25°C 100% 100%
(b), 37°C (c) and 45°C (d). Data
show average =s.d. (n=3). §‘ 80% > 80%
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40% I 40%
20% 20%
0% : : : : ! 0% 3 - : . - ]
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Days Days
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The ELISA assay (Fig. 5) indicated greater stability com-
pared to the HA assay (Fig. 4). This might be because
antigencity as measured by ELISA only requires that individ-
ual hemagglutinin proteins retain their ability to bind to the
antibody, whereas the HA assay requires hemagglutination,
which involves the assembly of HA proteins into multivalent
clusters enabling coordination of multiple hemagglutinin
binding events on at least two red blood cells.

157
B VN
1ol OsoL
€
S 09;
S
S
T 06
[m]
(o]
0.3}
4°C 25°C  87°C  45°C

Fig. 5 Stability of inactivated influenza vaccine after storage for 2 weeks as a
function of storage temperature. Microneedle patches (MN) encapsulating
vaccine and unprocessed vaccine solution (SOL) were stored at 4, 25, 37
and 45°C with desiccant and with air in the headspace. Capture ELISA was
employed to detect antibody binding specificity and is reported as optical
density (OD) value. We interpret the liquid vaccine (SOL) stored at 4°C as
the positive control. Data show average =s.d. (n1=4).

Assessment of Thermostability by Inactivated Influenza
Virus Morphology

To better understand the causes of damage to vaccine antige-
nicity during storage, we further examined vaccine stability
based on morphological integrity of the virus particles. When
viewed by transmission electron microscopy (TEM) after neg-
ative staining with potassium phosphotungstate, the vaccine
from microneedle patches stored for 2 weeks at all of the four
temperatures exhibits virus-particle structures with intact cir-
cular contours of lipid bilayers, which prevented the negative-
staining dye from entry into the virus particle as shown by the
bright particle core (Fig. 6a). In contrast, while the unpro-
cessed liquid vaccine stored at 4°C retained normal morphol-
ogy, the unprocessed vaccine stored at 25, 37 and 45°C
showed ruptured particle structures in which the dye leaked
across the lipid bilayer and into the particles’ core (Fig. 6b).

Immunogenicity of Vaccine Administered to Mice Using
Microneedle Patches Stored at Elevated Temperature

As a final and most important assessment of vaccine stability,
we vaccinated mice with microneedle patches after storage for
I month at 4, 25 and 45°C and compared their
immunogencity and protective efficacy with intramuscular in-
jection of liquid vaccine stored at the same temperatures. As
positive controls, we also vaccinated with microneedle patches
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Fig. 6 Morphology of inactivated
influenza virus imaged by
transmission electron microscopy
after storage for 2 weeks. Vaccine in
microneedle patches (@) and in
unprocessed liquid solution (b)
were stored at 4, 25, 37 and 45°C
with desiccant and with air in the
headspace.

and liquid vaccine that had been stored for just 1 day at 4°C.
As a negative controls, we administered vaccine-free patches
and intramuscular injection of PBS.

We found that vaccination with microneedle patches
stored for 1 month at temperatures at all three of the temper-
atures tested generated HAI titers that were indistinguishable
from freshly made microneedle patches and intramuscular
injection of liquid vaccine stored for 1 day at 4°C (one-way
ANOVA, p>0.05, Fig. 7). In contrast, while liquid vaccine
stored for 1 month at 4 or 25°C and injected intramuscularly
also induced antibody responses with HATI activities similar to
the positive controls, the HAI titers after vaccination with
liquid vaccine stored for 1 month at 45°C were significantly
weaker compared to the other immunization groups (one-way
ANOVA, $<0.05).

Antibody responses were further characterized by measur-
ing hemagglutinin-specific IgG titers after vaccination. Similar
to the HAI responses, IgG titers were similar among animals

50 -

40

u MN
30

HAI titer

20 -

10

4C-1d 4C-1m 25C-1m  45C-1m

Fig. 7 Hemagglutination inhibition (HA) activity 3 weeks after vaccination of
mice with microneedle patches (MN) and unprocessed liquid vaccine injected
intramuscularly (IM). Microneedle patches and liquid vaccine were stored at 4,
25 or 45°C for | month (with desiccant and with air in the headspace) or
were stored for | day at 4°C. Negative control animals received IM injection
of PBS. Data show average +s.d. (n=6).

control
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45°C

vaccinated with microneedle patches stored for 1 month at
various temperatures compared to microneedle patches or
liquid vaccine stored for 1 day at 4°C (one-way ANOVA,
$<0.05, Fig. 8), but liquid vaccine stored for 1 month at
45°C induced significantly lower IgG titers compared to
microneedle patches or liquid vaccine stored for 1 day at
4°C (one-way ANOVA, p<0.05).

Further examination of antibody isotypes showed that in-
tramuscular injection of liquid vaccine generated stronger
IgG2a responses compared to microneedle patch vaccination
(two-way ANOVA, p<0.05, Fig. 9a) among patches stored at
4 and 25°C, but intramuscular vaccination exhibited a signif-
icant decrease in IgG2a titers after storage at 45°C (one-way
ANOVA, $<0.05). In contrast, IgG1 titers were much higher
after microneedle patch vaccination compared to intramuscu-
lar vaccination of liquid vaccine at all storage conditions and
were generally independent of storage conditions (two-way
ANOVA, p>0.05, Fig. 9b).

Four weeks after immunization, the mice were challenged
with lethal dose of live, mouse-adapted A/Puerto Rico/8/34
virus. All mice vaccinated with microneedle patches stored at
any temperature were completely protected against the virus
challenge (Fig. 10a) with no significant weight loss (Fig. 10b).
In contrast, the mice immunized with intramuscular injection
of liquid vaccine stored for 1 month at 45°C only conferred
50% protection and was associated with significant weight loss
and illness. Also, mice immunized with injection of liquid vac-
cine stored for 1 month at 25°C: exhibited weight loss after
challenge, although they all survived the lethal challenge.

DISCUSSION

Biopharmaceuticals, such as vaccines, are known to be more
stable in dried powder form than in liquid solution (5, 30), but
dried vaccines require reconstitution in liquid for injection.
Reconstitution involves additional time, cost and risk (31).
Microneedle patches store and deliver vaccine in a dried state
without the need of reconstitution (11-13). However, drying
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Fig. 8 Hemagglutinin-specific IgG titers 3 weeks after vacination of mice with
microneedle patches (MN) and unprocessed liquid vaccine injected intramus-
cularly (IM). Microneedle patches and liquid vaccine were stored at 4, 25 or
45°Cfor | month or were stored for | day at 4°C. Data show average =s.d.
(n=6).

the vaccine during microneedle patch fabrication must be
done correctly in order to preserve vaccine activity.

In this study, we encapsulated inactivated influenza virus
vaccine in dissolving microneedles, which dissolve in the skin,
thereby avoiding reconstitution as well as generating no sharps
waste. The fabrication process involved casting a liquid solu-
tion containing the vaccine onto a mold and drying it into the
mold cavities to form microneedles. This drying process can
cause stresses on the vaccine, such as the change of pH, 1onic
strength, osmolarity and dehydration (32).

We adopted two strategies to minimize vaccine stability loss
during microneedle fabrication and storage. We first focused
on identifying a drying method that best maintained vaccine
stability. Out of the three methods we evaluated,
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lyophilization caused the least damage to the vaccine’s HA
potency. The second strategy focused on the microneedle for-
mulation that encapsulates the vaccine. Formulation plays a
critical role in vaccine stability. For example, sugar glass tech-
nology has been described in the literature for protecting pro-
teins, liposomes and viruses from drying stresses (5, 33-35),
and specifically the sugar trehalose has been shown to protect
inactivated influenza vaccine activity during fabrication of
coated microneedles (29).

Guided by this literature, we incorporated trehalose in the
vaccine casting solution. For the microneedle matrix solution
that needed to contain PVA to provide mechanical strength to
the microneedles, we found that inclusion of at least 33%
sucrose (a less-costly sugar) was helpful to protect the vaccine
from stresses during lyophilization when included with PVA in
the matrix solution.

Using this microneedle patch design, we found that the
inactivated influenza vaccine retained a significant amount
of its activity independent of storage temperature (4, 25, 37
and 45°C) for 3 months. Vaccine stability was determined by
HA potency in addition to hemagglutinin-specific antibody
binding, morphological analysis by TEM and i vivo tests of
protective immunity after vaccination of mice. We further
found that vaccine stability during storage was enhanced by
the inclusion of desiccant to control humidity, but was not
significantly affected by removal of oxygen during storage.
This contrasts with the stability of liquid vaccine, which lost
essentially all activity within 1-2 weeks without refrigeration.
These findings complement prior studies of influenza vaccine
stabilization in microneedles (36—40) and bioneedles (41).

At all storage conditions, HA potency of the vaccine
dropped during fabrication and then dropped further during
the first 2 weeks of storage by roughly 50%, but then remained
stable for the rest of the 3 month storage period as long as
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Fig. 9 Hemagglutinin-specific IgG isotype titers 3 weeks after vaccination of mice with microneedle patches (MN) and unprocessed liquid vaccine injected
intramuscularly (IM): 1gG2a (a) and IgG | (b). Microneedle patches and liquid vaccine were stored at 4, 25 or 45°C for | month or were stored for | day at 4°C.

Data show average £s.d. (n=6).
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Fig. 10 Survival (a) and weight loss (b) of mice after challenge with a lethal dose (50 X LDs) of live, mouse-adapted A/Puerto Rico/8/34 virus. Mice were
challenged 4 weeks after vaccination with microneedle patches (MN) or unprocessed liquid vaccine injected intramuscularly (IM). Microneedle patches and liquid
vaccine were stored at 4, 25 or 45°C for | month. Control animals received IM injection of PBS. Data show average survival rate or percentage of body weight at
each time point in comparison with mouse body weight on Day 0 of challenge for each group (n = 6).

desiccant was present. The initial drop in HA potency loss at
day O 1s likely associated with the drying process during fabri-
cation, as discussed above. The additional drop in HA poten-
cy over the following 2 weeks may be due to additional drying
of the microneedle patch, which was mostly dry after fabrica-
tion, but continued to dry further during storage. Once fully
dried, HA potency remained stable for the rest of the
3 months. The samples stored without desiccant were not able
to fully dry and therefore continued to lose HA potency
throughout the experiment. This mechanistic hypothesis re-
quires additional testing.

While i wvitro studies of vaccine stability provide greater
throughput and therefore more data, i viwo immunogenicity
studies are critical to show that a vaccine is active. HAI titers,
which are believe to correlate most closely with protective
efficacy of influenza vaccines, were shown to be indistinguish-
able after vaccination with microneedle patches stored at tem-
peratures as high as 45°C for 1 month compared to vaccina-
tion with freshly made microneedle patches. Vaccine stored as
a liquid at 45°C for 1 month generated much lower HAI
titers, just above baseline values. These findings were support-
ed by lethal-virus challenge studies, in which all mice vaccina-
tion with microneedle patches stored at any temperature were
protected and had no significant weight loss, whereas mice
vaccinated IM with liquid vaccine storage at 25 or 45°C ex-
perienced significant weight loss and 60% of mice vaccinated
IM with liquid vaccine stored at 45°C died.

Hemagglutinin-specific IgG titers were generally consistent
with the findings from HAI titer analysis. Examination of the
IgG isotypes revealed that vaccination with microneedle
patches, independent of storage conditions, generated relatively
lower IgG2a titers than liquid vaccination IM, but generated
much stronger IgG1 titer. This indicates that microneedle patch
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vaccination generates a more balanced immune response be-
tween Thl- and Th2-mediated pathways (1).

A thermostable microneedle patch for influenza vaccina-
tion could benefit public health in many ways. In developing
countries, distributing vaccine without losing vaccine quality is
still a challenge, because the cold-chain is often not affordable
or may not be available, especially the “last mile” of distribu-
tion to villages (1, 2). A vaccine that can withstand elevated
temperature during storage can be partially or fully removed
from the cold chain, thereby simplifying vaccine distribution,
lowering cost and reduced vaccine wastage due to cold chain
failures. The ease of administration by minimally trained per-
sonnel, generation of no sharps waste, elimination of the need
for reconstitution, reduced size and weight of the vaccine and
other benefits of the microneedle patch dosage form make this
delivery method even more attractive to address challenges in
developing countries.

These attributes of a thermostable microneedles patch can
also benefit influenza vaccination in industrialized countries.
For both seasonal and pandemic vaccination needs, it is ex-
pected to increase influenza vaccination coverage if
microneedle patches could be made available, especially for
self~administration at home (15). A thermostable patch would
simplify stockpiling, as well as distribution in pharmacies and,
potentially, via the mail without the need for refrigeration or
ice packs.

CONCLUSION

This study evaluated the stability of inactivated influenza vac-
cine encapsulated in dissolving microneedle patches during
microneedle fabrication and during extended storage. We
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evaluated vaccine stability using the HA assay for
hemoagglutination activity, capture ELISA for antibody-
binding specificity, TEM for morphological analysis and
viwo vaccination to assess antibody responses and protection
against lethal-virus challenge.

During fabrication, we found that drying the vaccine using
lyophilization with the inclusion of trehalose and sucrose as
stabilizers enabled greater vaccine stability than air drying.
During storage, vaccine encapsulated in microneedle patches
stored with desiccant was thermostable, showing temperature-
independent stability at 4, 25, 37 and 45°C for 3 months. In
contrast, liquid vaccine lost essentially all activity after storage
without refrigeration within 1-2 weeks.

These findings were supported by i vivo immunogenicity
studies in mice, where microneedle patches stored for 1 month
at all temperatures tested (i.e., 4, 25 and 45°C) generated HAI
and IgG titers indistinguishable from freshly made patches
and fully protected mice from lethal-virus challenge (i.e.,
100% survival). In contrast, liquid vaccine stored for 1 month
at 45°C had much weaker antibody response and led to only
50% survival of mice after challenge.

Based on these stability studies, we believe the thermosta-
bility of influenza vaccine in dissolving microneedle patches
can improved influenza vaccination by reducing dependency
on the cold chain, eliminating the need for reconstitution, and
simplifying vaccine distribution.
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