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ABSTRACT
Purpose This study sought to determine the effects of
microneedle coating formulation, drying time and storage time
on antigen stability and in vivo immunogenicity of influenza
microneedle vaccines.
Methods The stability of inactivated influenza virus vaccine
was monitored by hemagglutination (HA) activity and virus
particle aggregation as a function of storage time and temperature
with or without trehalose. In vivo immunogenicity of inactivated
influenza vaccines coated onto microneedles was determined in
mice by virus-specific antibody titers and survival rates.
Results In the absence of trehalose, HA activity decreased
below 10% and to almost zero after 1 h and 1 month of drying,
respectively. Addition of trehalose maintained HA activity above
60% after drying and above 20% after 1 month storage at
25°C. Loss of HA activity generally correlated with increased
virus particle aggregation. Administration of microneedles
coated with trehalose-stabilized influenza vaccine yielded high
serum IgG antibody titers even after 1 month storage, and all
animals survived with minimal weight loss after lethal challenge
infection.

Conclusions Inactivated influenza virus vaccine coated on
microneedles with trehalose significantly improved the HA
activity as well as in vivo immunogenicity of the vaccine after an
extended time of storage.

KEY WORDS inactivated virus vaccine . influenza virus .
long-term stability . microneedle . trehalose

INTRODUCTION

Influenza is a major cause of morbidity and mortality
worldwide (1). Annual administration of influenza vaccine is
the most effective way to control influenza (2). As a result,
influenza vaccination is the highest vaccination burden in
the public health program due to the recommendation of
annual immunization to accommodate the antigenic
changes of the virus (3,4). In the United States, trivalent
inactivated influenza vaccine and live attenuated influenza
vaccine are licensed (5). Inactivated influenza virus vaccines
have been widely used in humans and are prepared by
adaptation and growth of viruses in embryonated chicken
eggs (6). The vaccines consist of purified virus that has been
chemically inactivated with formalin; the virus is then
detergent-treated to produce soluble forms of the viral
surface antigens (7).

Influenza vaccination is routinely performed by intra-
muscular injection (8). However, this route of administra-
tion has limitations. The use of hypodermic needles is
limited by needle-phobia (9) and blood-borne pathogen
transmission by reuse of needles (10), as well as the
requirement of trained medical personnel to give injections.
In response, a variety of needle-free vaccination methods
have been studied in order to eliminate hypodermic needles
(11,12). The intramuscular route may also be sub-optimal.
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For example, intradermal vaccination with inactivated virus
vaccine has been shown to generate stronger immune
responses in the elderly (13) and may be dose sparing (14),
and nasal vaccination with live attenuated virus has been
shown to induce stronger mucosal immune responses
(15,16). Our recent work with cutaneous administration of
inactivated influenza vaccine has similarly shown enhanced
recall immune responses in mice (17).

Microneedles are micon-scale, solid needle structures
that can be coated with vaccine in a dried state (18–23).
After painless application to the skin (24), the vaccine
dissolves off within minutes and can thereby achieve simple
vaccination that avoids hypodermic needles and targets
immunization to the skin. Preparation of microneedle
vaccines involves a drying process, which can cause damage
to the influenza vaccines (25). Vaccine immunogenicity can
be at least partially retained by adding stabilizers that
protect the virus from the stresses of drying. Sugar
carbohydrates are well-known stabilizers for proteins (26),
liposomes (27), and viruses (28). Among them, the disac-
charide trehalose was shown to stabilize influenza vaccines
during the preparation processes of freeze-drying (29,30),
powder formulation (29,31) and, most recently, coating
microneedles (17,25,32,33).

While previous studies have achieved adequate
vaccine stabilization to enable vaccine efficacy studies,
the stability of microneedle vaccines has not been
studied in detail during the drying process or during
subsequent long-term storage. Vaccine stability is clearly
important to any future use of microneedle-based
vaccine in medicine. Moreover, development of ther-
mostable vaccines less dependent on cold-chain storage
will make significant impact on vaccine distribution
logistics, especially in developing countries that lack
adequate refrigeration infrastructure (34,35). A related
study coated peptide parathyroid hormone PTH(1-34)
onto microneedles and achieved stability for a two-year
shelf life by adding sucrose as a stabilizer and controlling
moisture, oxygen and outgassed formaldehyde from
plastic components of the device (36).

In this study, we coated inactivated influenza vaccine
onto microneedles and then investigated the kinetics of
vaccine stability over the timescale of minutes, during
which microneedle coatings dry, and over the timescale
of days and weeks to provide information about long-
term storage. We further evaluated the effects of
trehalose on stabilizing the vaccine during storage using
an in vitro assay of receptor binding functional activity of
hemagglutinin (25), which was supplemented with in vivo
study of host protective immune responses using a mouse
model. We believe that this is the first study to examine
the stability of vaccine-coated microneedles during drying
and storage.

MATERIAL AND METHODS

Preparation of Inactivated Influenza Virus
and Coating Solution

The coating solution contained 1% (w/v) carboxymethyl-
cellulose (CMC) sodium salt (USP grade, Carbo-Mer, San
Diego, CA) and 0.5% (w/v) Lutrol F-68 NF (BASF, Mt.
Olive, NJ), as described previously (20). In some cases, 15%
(w/v) trehalose (Sigma Aldrich, St. Louis, MO) was added
to serve as a stabilizer. A/PR/8/34 influenza virus was
grown in fertilized hen eggs, harvested, and purified using
sucrose-gradient ultracentrifugation, as described previous-
ly (37). Inactivation of virus was performed with formalin
and confirmed by the absence of plaque formation (17).
Inactivated virus was mixed with the coating solution prior
to coating onto microneedles.

Fabrication and Coating of Microneedles
with Inactivated Influenza Virus Vaccine

Rows of solid metal microneedles were fabricated by
cutting needle structures from stainless steel sheets (SS304,
75 µm thickness, McMaster-Carr, Atlanta, GA) using an
infrared laser, as described previously (25). The micro-
needles used in this study measured 700 µm in length and
160 µm in width at the base and were aligned in a row of
five needles per device (Fig. 1).

Each individual row of microneedles was dip-coated by
horizontally dipping the microneedles into a dip-coating
device containing 10–15 µl inactivated virus vaccine at a
concentration of 2 mg/ml. Immersion and withdrawal of
the microneedle into a dip-coating device was performed
manually by moving the microneedle while viewing under a
stereo microscope (SZX12, Olympus America, Center
Valley, PA). After vaccine coating, microneedles were left
in air for drying at room temperature overnight.

In Vitro Testing of Inactivated Influenza Virus Stability
During Drying and Storage

As a measure of antigen stability, we tested hemagglutina-
tion (HA) activity of inactivated virus during the drying
process of coating. In this test, 1 μL of coating solution with
or without trehalose was mixed with 1 μL of 5 mg/ml
inactivated virus on a small metal chip (3 mm by 3 mm)
made from the same stainless steel sheets used to prepare
microneedles. Coating these small metal chips was used as a
surrogate for coating microneedles to enable much faster
throughput. The mixture was dried in air at 4, 25, and 37°C
for specified times of storage up to 1 month without humidity
control. The metal chip was then dissolved in 50 μL of
phosphate-buffered saline (PBS) for 12 h at 4°C.
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Potential changes in vaccine stability were monitored by
measuring hemagglutinin receptor binding activity, that is,
HA activity of red blood cells in vitro, which has been shown
to correlate with in vivo immunogenicity (25). To determine
HA activity titers, inactivated influenza virus in solution
form or dissolved from metal chips was serially diluted in
100 μL of PBS deficient in Mg2+ and Ca2+, mixed with an
equal volume of a fresh 0.5% suspension of chicken red
blood cells (Lampire Biological Laboratories, Pipersville,
PA), and incubated for 1 h at 25°C. The titers were
determined as the endpoint dilutions inhibiting the precip-
itation of red blood cells (38).

Particle size was measured by similarly dissolving virus
coatings from metal chips at a concentration of 0.1 mg/ml
in PBS and analyzing by dynamic light scattering (DynaPro
Protein Solutions plate reader, Wyatt, Santa Barbara, CA).

Antibody Response and Challenge Study
After Immunization Using Microneedles

BALB/c mice (n=6 animals per group, 8–10 weeks old,
female, Charles River Laboratories, Wilmington, MA) were
anesthetized intramuscularly with ketamine HCl (Abbott
Laboratories, Chicago, IL) and xylazine (Phoenix Scientific,
St. Joseph, MO). Although mouse skin differs from human
skin in many ways, we believe the mouse model is
appropriate for this study assessing vaccine stability. To
prepare the site for vaccination, hair was removed from the
dorsal surface using depilatory cream (Nair, Princeton, NJ)
with a moisturized cotton stick. After washing with a cotton
ball soaked with 70% ethanol and drying with a hair dryer,
a row of microneedles coated with 0.7±0.05 µg of
inactivated virus vaccine was inserted into the skin. To
determine the amount of inactivated virus vaccine coated
on microneedles, vaccine-coated microneedles were incu-
bated in PBS solution for 12 h at 4°C, and the amount of
released protein was measured by a BCA protein assay kit

(Pierce Biotechnology, Rockford, IL). In our previous study,
depilatory cream and 70% ethanol did not affect skin
permeability to inactivated influenza virus (39). Micro-
needles were left in the skin for 10 min to ensure sufficient
release of the vaccine antigen coated onto the microneedles,
because preliminary studies showed that at least 70% of the
vaccine dissolved off within this timeframe (data not shown).
All animal studies were approved by the Emory University
Institutional Animal Care and Use Committee (IACUC).

Blood was drawn on weeks 1, 2, and 4 after vaccination.
Influenza virus-specific antibodies of different subtypes
(IgG, IgG1, IgG2a, and IgG2b) were determined in sera
by enzyme-linked immunosorbent assay (ELISA) as de-
scribed previously (37). Briefly, 96-well microtiter plates
(Nunc-immuno plate maxisorp: Nunc Life Technologies,
Basel, Switzerland) were coated with 100 µl of inactivated
PR8 virus at a concentration of 4 µg/ml in coating buffer
(0.1 M sodium carbonated, pH 9.5) at 4°C overnight. The
plates were then incubated with horseradish peroxidase-
labeled goat anti-mouse IgG, IgG1, IgG2a, and IgG2b
(Southern Biotechnology, Birmingham, AL) at 37°C for
1.5 h, and the substrate ophenylenediamine (Zymed, San
Fransisco, CA) in citrate-phosphate buffer (pH 5.0) con-
taining 0.03% H2O2 (Sigma) was used to develop color.
The optical density at 450 nm was read using an ELISA
reader (model 680; Bio-Rad, Hercules, CA)

For challenge infections, isoflurane-anesthetized mice
were infected intranasally with 1,000 pfu live influenza
virus (A/PR8/34, 20×LD50) in 50 μl of PBS per mouse on
week 5 after immunization. Mice were observed daily to
monitor changes in body weight and to record death. Mice
were euthanized to minimize suffering if their body weight
loss exceeded 25%.

Statistical Analysis

Every assay was measured using at least four samples, from
which the arithmetic mean and standard error of the mean
were calculated. A two-tailed Student’s t-test (α=0.05) was
performed when comparing two different conditions. A
value p<0.05 was considered statistically significant.

RESULTS

Kinetics of Influenza Vaccine Stability Loss
During Drying

We expect that influenza vaccine can be destabilized over
two timescales: on the order of minutes during the drying
process and on the order of days and longer during storage.
To understand the kinetics and extent of inactivated
influenza virus vaccine stability loss during the drying

Fig. 1 Image of a microneedle array shown with a United States penny
(scale bar = 2 mm).
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process, vaccine antigenicity, as measured by HA activity,
was measured after coating with and without trehalose,
which was added as a vaccine stabilizer.

As shown in Fig. 2A, there was a rapid loss of HA
activity within 30 min of applying the coating. In the
absence of trehalose, there was an initial loss of activity to
less than 90% during the first 10 min, which was followed
by an additional loss to less than 10% activity within 20–
30 min. When treaholse was added to stabilize the
formulation, HA activity similarly fell below 90% during
the first 10 min and further fell to 64% activity after
15 min. However, after that, HA activity remained
constant. Overall, these data show that inactivated influen-
za vaccine is destabilized to less than 10% HA activity on a
timescale of minutes during the drying process and that the
addition of trehalose inhibits this destabilization and retains
most HA activity. It is interesting to note that the initial,
smaller activity loss was not affected by trehalose, whereas
the subsequent, bigger loss was largely prevented.

To investigate the mechanism of HA activity loss of
influenza vaccines over time during drying, we measured
virus particle size, which is a measure of virus aggregation
(25). As shown in Fig. 2B, the average size of virus particles

in the absence of trehalose increased over time during
drying. After 1 h, average particle size was almost 1.8 times
larger than before drying, which represents an almost 6-fold
increase in particle volume, assuming spherical geometry. In
contrast, virus particles dried in the presence of trehalose
showed much smaller increases in size. After 1 h, average
particle size was just 1.3 times larger than before drying,
which represents an approximately 2-fold increase in particle
volume. Fig. 2C shows a general correlation between HA
activity loss and virus particle size, which suggests a role of
aggregation in diminishing the HA activities of vaccines
during drying and storage. However, aggregation might not
be the only factor causing influenza vaccine destabilization.

Stability Kinetics of Influenza Vaccine During Storage
in Liquid Formulation

We next investigated influenza vaccine stability, as mea-
sured by HA activity, on the timescale of days and weeks
during storage. As a reference point, we first tested the
stability of inactivated virus formulated as a liquid in PBS at
different temperatures over a 4-week period. As shown in
Fig. 3A, inactivated virus retained 100% of its HA activity for

Time (min)

0 10 20 30 40 50 60

H
A

 a
ct

iv
ity

 (
%

 o
f c

on
tr

ol
)

0

10

20

30

40

50

60

70

80

90

100
CS 
CS + Tre

Drying time (min)

V
iru

s 
pa

rt
ic

le
 s

iz
e 

(n
m

)

60

80

100

120
CS
CS + Tre

0 10 20 60

H
A

 a
ct

iv
ity

 (
%

 o
f c

on
tr

ol
)

60 70 80 90 100 110 120
0

20

40

60

80

100

CS
CS + Tre

60

10

20

0

Virus particle size (nm)

10

20 60

C

A BFig. 2 Kinetics of influenza vac-
cine stability loss during drying as
measured by HA activity loss. (A)
HA activity of inactivated virus and
(B) virus particle size as a function
of drying time. (C) Correlation
between HA activity and virus
particle size. Coating solution
contained 5 mg/ml inactivated
virus and was prepared with or
without 15% trehalose. In (C),
the numbers next to each data
point indicate drying time in
minutes. HA activity is normalized
relative to a control solution of
inactivated virus in PBS at the
beginning of the experiment.
CS = coating solution,
Tre = trehalose. (n=4 replicates
expressed as average ± SEM).

138 Kim et al.



5 days at 4°C and then fell to 80% activity after 2 weeks. At
25°C and 37°C, HA activity fell below 50% within 1 week
and below 40% after 4 weeks. Interestingly, virus particle size
exhibited only small increases, even after 4 weeks storage and
considerable HA activity loss (Fig. 3B). This indicates that
extensive aggregation of the influenza virus particles did not
occur in liquid formulation, even at 37°C. Overall, these
results suggest that HA activity loss of inactivated influenza
vaccine occurred during storage in a temperature-dependent
manner and that virus particle aggregation does not appear
to be a significant mechanism of activity loss.

Stability Kinetics of Influenza Vaccine During Storage
as a Dried Microneedle Coating

We carried out similar experiments to determine the
stability kinetics of vaccine coated onto microneedle

surfaces as a function of storage temperature. In the
absence of trehalose in the coating solution, HA activity
of dried inactivated virus fell below 10% within one day
and lost almost all activity within 3 days, regardless of
storage temperature (Fig. 4A).

Addition of trehalose to the coating formulation retained
HA activity at approximately 60–70% after one day’s storage
in a temperature-independent manner. Further storage at 4°C
reduced activity to approximately 30%, and at 25°C reduced
activity to approximately 20% after 1 and 4 weeks. At 37°C,
HA activity dropped faster and fell to approximately 10%
activity after 1 week and almost no activity after 4 weeks.

Fig. 4B and C show that significant virus particle
aggregation occurred during storage of vaccine coatings. In
the absence of trehalose, virus particle size increased by up to
2.6-fold to a maximum size of 160 nm after 4 weeks (Fig. 4B),
which represents an almost 18-fold increase in particle
volume. The addition of trehalose dramatically dampened
virus particle aggregation, such that particle size only showed
a small, yet significant, increase at 37°C from day 1 to day
28 (Fig. 4C).

In summary, the HA activity of vaccine was almost
completely lost during storage of dried inactivated influenza
virus either in the absence of trehalose at any temperature
or in the presence of trehalose at 37°C. Storage in trehalose
at 25°C or 4°C partially maintained HA activity, even after
storage for 4 weeks. Evidence of increased virus particle size
suggests a role for aggregation in lowering the HA activity
in coated vaccine. This contrasts with liquid vaccine, in
which only minimal particle aggregation was evident.

Immunogenicity of Influenza Vaccine Coated
onto Microneedles After Drying and Storage

Although in vitro measurements of changes in HA activity
and virus particle aggregation are relevant to assessing
vaccine antigenicity, we measured antibody responses and
protection against lethal virus challenge in mice to provide
a direct measure of in vivo immunogenicity and vaccine
efficacy. In this study, groups of mice were immunized once
with seasonal H1N1 inactivated influenza virus vaccine
using microneedles applied to the skin after storage periods
of 1 day, 1 week, and 1 month at 25°C using coating
formulations with or without trehalose. The levels of
influenza virus-specific IgG and isotype IgG antibodies
were measured by ELISA at 1, 2, and 4 weeks after
vaccination, as shown in Fig. 5.

After storage for just 1 day, microneedle vaccines
stabilized with trehalose elicited high levels of influenza
virus-specific IgG antibodies, which was significantly higher
than naïve (p<0.01, Fig. 5A). Notably, after storage for
1 week or 1 month, influenza virus-specific IgG levels were
similar to microneedles used just 1 day after production.
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This shows that although in vitro measurements suggested
vaccine HA activity loss during storage, the microneedles
coated with trehalose-stabilized influenza vaccine remained
fully immunogenic in vivo. It is also worth noting that
vaccination was carried out using only 0.7 µg of total
protein. This small dose suggests that we were not operating
with excess vaccine that could accommodate loss of vaccine
HA activity without affecting the antibody response.

In contrast, microneedles prepared without trehalose
elicited a strong antibody response after just 1 day of storage,
but showed lower levels of influenza virus-specific IgG after
1 week or 1 month storage time (Fig. 5A). This shows that
influenza vaccine loses immunogenicity during storage and
that the presence of trehalose can prevent that loss.

The immune response can be further characterized in
terms of influenza virus-specific IgG isotype responses as
shown in Fig. 5B–E. After vaccination using trehalose-
stabilized microneedles, vaccine stored for just 1 day
elicited an antibody response dominated by IgG2a, which
was accompanied by lower levels of IgG1 and IgG2b (i.e.
IgG1/IgG2a ratio < 1). After longer storage times, the
isotype response shifted to stronger IgG1, weaker IgG2a
and relatively unchanged IgG2b, which resulted in an

IgG1/IgG2a ratio close to one. This corresponds to a
balanced Th1/Th2 response by T helper cells (40). This
shows that immunogenicity was changed during micro-
needle storage in the presence of trehalose, but only
manifested itself in the form of isotype switching and not
in terms of influenza virus-specific IgG.

After vaccination using microneedles lacking trehalose,
vaccine stored for just 1 day elicited an antibody response
dominated by IgG1 accompanied by much lower levels of
IgG2a and IgG2b (i.e. IgG1/IgG2a ratio > 1). After longer
storage times, antibody levels for all three isotypes dropped,
especially for IgG1, which resulted in a balanced IgG1/IgG2a
ratio. In this case, storage of microneedle vaccines without
trehalose resulted in two immunogenic effects: reduction of
influenza virus-specific IgG and shifting of the isotype profile.

Comparing microneedles with and without trehalose
stabilization shows that freshly prepared microneedles (i.e.,
1 day storage) generated similar influenza virus-specific IgG,
but IgG2a dominated the response for trehalose-positive
microneedles, and IgG1 dominated the response for
trehalose-negative microneedles. After extended storage (i.e.,
1 week and 1 month), influenza virus-specific IgG was much
higher for microneedles stabilized with trehalose, but the
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IgG1/IgG2a ratio was close to one for both types of
microneedles. Overall, these results indicate that the in vitro
HA activity data of vaccines correctly indicated changes in
the in vivo immune response, but these changes manifested
themselves in complex ways. Both storage time and the
inclusion of trehalose during microneedle coating affected
immunogenicity of the vaccine as shown through the
induced levels and ratios of antibody isotypes.

Protective Efficacy of Influenza Vaccine Coated
onto Microneedles After Drying and Storage

To determine protective efficacy of vaccine-coated micro-
needles, immunized mice were intranasally challenged with
a lethal dose of influenza virus at week 5 post vaccination
(Fig. 6). Naïve mice rapidly lost body weight and either died
or had to be euthanized within 6 days of challenge. After
vaccination with microneedles lacking trehalose and stored
for 1 week or 1 month, the mice rapidly lost body weight
and either died or were euthanized within 7 days post
challenge, similar to naïve mice. Mice immunized with
microneedles lacking trehalose and stored for just 1 day
showed signs of moderate disease and body weight loss of
10–15% but then recovered to normal body weight, and all
mice survived. This is consistent with total IgG data (Fig. 5)
indicating that storage of vaccine-coated microneedles
without trehalose significantly damages the capacity to
confer protective immunity.

In contrast, mice immunized with microneedle vaccine
coated with trehalose and stored for 1 day, 1 week or
1 month generally lost less than 5% body weight, and all
survived lethal challenge infection without obvious clinical
signs of disease. Our results suggest that the addition of
trehalose stabilizer when coating microneedles with influ-
enza vaccine is critically important for maintaining protec-
tive efficacy, especially after extended storage periods.

DISCUSSION

Microneedle vaccination in the skin can provide a promising
vaccine delivery method that avoids the dangers of hypoder-
mic needles and enables improved protection, as demonstrat-
ed in recent studies (17,21,22,25,32,33). However, the
stability of influenza vaccine after microneedle coating,
which involves a drying process, has not been investigated
in detail. We previously showed that microneedle coating
with inactivated influenza vaccine reduced vaccine activity
and that the addition of trehalose to the coating formulation
helped retain immunogenicity (25). In this study, we first
quantified the kinetics of vaccine activity loss, both with and
without trehalose in the formulation, as determined by HA
activity and particle aggregation assays. During the first

10 min of drying, there was a small loss of HA activity, which
was independent of trehalose. Between 10 and 20 min after
coating, there was a dramatic drop in HA activity, which was
largely prevented by the presence of trehalose. From 20–
60 min, there was a small additional drop in HA activity only
in coatings lacking trehalose. Overall, coatings lacking
trehalose dropped to less than 10% HA activity, whereas
those including trehalose maintained HA activity above 60%.

Over longer time periods of storage ranging from 1 day
to 1 month, HA activity was almost zero in coatings lacking
trehalose. Vaccine in coatings with trehalose experienced a
steady decline in HA activity over the next day up to
1 week, and then experienced much slower activity loss up
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storage was at 25°C. (n=6 replicates expressed as average ± SEM).
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to 1 month of storage. Activities of 20–30% remained after
1 month for microneedles stored at 4°C or 25°C.

These stability measurements relied on HA activity.
Hemagglutinin is the major immunogenic component of
influenza vaccines and of live virus, and plays an essential
role in receptor binding and entry of virus into target cells
(41). HA activity is a measure of HA functionality that
assesses the capacity to hemagglutinate red blood cells
mediated by binding to sialic acid-containing receptors on
the host cell surface (38). The use of HA activity to monitor
the integrity of influenza vaccine has been demonstrated in
this and previous studies (17,25,32).

It is well known that the stability of influenza vaccines in
liquid formulation is dependent on temperature. In general,
refrigerated storage at 4°C is required to maintain vaccine
stability (42). Our data similarly show that vaccine storage
in the liquid state at 4°C was much more stable than when
stored at higher temperatures (Fig. 3). In contrast, influenza
vaccine stored as a solid coating (with trehalose) was equally
stable at 4°C and 25°C during storage up to 1 month. This
thermostability suggests the microneedle vaccines could be
developed to enable room-temperature storage, which
would be critically important to vaccine distribution during
a pandemic and in developing countries, where refrigera-
tion is more difficult. It should be noted, however, that
coated vaccine was less stable at 37°C and that despite the
protective effects of trehalose, coated vaccine was less stable
than the liquid formulation. Additional studies are needed
to better understand the mechanisms of instability during
drying and storage and to further optimize vaccine
formulation and processing.

While it is important to characterize in vitro HA activity
of influenza vaccines during drying and storage, in vivo
immunogenicity and protective efficacy are of still greater
interest. After storage for 1 day, levels of influenza virus-
specific IgG antibody responses were similar for micro-
needles prepared with and without trehalose. However,
mice immunized with microneedles lacking trehalose
stabilization suffered severe loss in body weight after lethal
challenge, whereas mice immunized with microneedles
coated with trehalose-stabilized influenza vaccine did not.
This difference may be explained by the different isotype
profiles generated with and without trehalose.

After 1 and 4 weeks of storage, mice immunized with
unstabilized microneedles were not protected against lethal
challenge and all died. In contrast, mice immunized with
microneedles coated with trehalose-stabilized influenza
vaccine showed 100% protection. At these time points,
the isotype profiles were similar, but influenza virus-specific
IgG was much higher in mice immunized with trehalose-
stabilized microneedles. Overall, these results indicate that
stabilization of influenza vaccines during microneedle
coating and storage is critically important to provide

protection against lethal infection as well as to modulate
host-protective immune responses.

Previous and recent clinical studies on intradermal
vaccination indicate that skin is a promising route of
vaccine delivery which may provide dose-sparing effects
and better protective immunity (13,14). However, conven-
tional intradermal vaccination relies on the difficult and
unreliable process of injecting vaccines in liquid formula-
tion into the skin using hypodermic needles (43). Micro-
needles coated with a solid vaccine formulation can be
prepared as a skin patch that is simple and intuitive to
apply and, due to the size of the microneedles, inherently
targets delivery to the skin. Development of effective
microneedle vaccines could provide many logistic advan-
tages, including simple administration, possibly by patients
themselves; no dangers associated with hypodermic needles;
possibly reduced dependence on cold-chain storage and
transportation; and possibly superior protective immunity.
Realization of these goals will require, among other things,
a vaccine coating that is stable during extended storage to
achieve a useful shelf life. This study provides the first
assessment of the stability of a microneedle vaccine during
storage and identifies parameters influencing antigen
stability and strategies to increase it. Additional work can
lead to further stabilization of the vaccine to achieve long-
term stability.
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