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Measles vaccination programs would benefit from delivery methods that decrease cost, simplify logistics,
and increase safety. Conventional subcutaneous injection is limited by the need for skilled healthcare
professionals to reconstitute and administer injections, and by the need for safe needle handling and
disposal to reduce the risk of disease transmission through needle re-use and needlestick injury. Micro-
needles are micron-scale, solid needles coated with a dry formulation of vaccine that dissolves in the skin
within minutes after patch application. By avoiding the use of hypodermic needles, vaccination using a
microneedle patch could be carried out by minimally trained personnel with reduced risk of blood-borne
disease transmission. The goal of this study was to evaluate measles vaccination using a microneedle
patch to address some of the limitations of subcutaneous injection. Viability of vaccine virus dried onto
a microneedle patch was stabilized by incorporation of the sugar, trehalose, and loss of viral titer was
less than 11logo(TCIDsp) after storage for at least 30 days at room temperature. Microneedle patches
were then used to immunize cotton rats with the Edmonston-Zagreb measles vaccine strain. Vaccination
using microneedles at doses equaling the standard human dose or one-fifth the human dose generated
neutralizing antibody levels equivalent to those of a subcutaneous immunization at the same dose. These
results show that measles vaccine can be stabilized on microneedles and that vaccine efficiently reconsti-
tutes in vivo to generate a neutralizing antibody response equivalent to that generated by subcutaneous
injection.
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1. Introduction

Despite the widespread availability of an inexpensive and
effective vaccine, measles virus is one of the leading causes
of vaccine-preventable morbidity and mortality among children
worldwide [1]. High levels of coverage are necessary for inter-
ruption of measles transmission. Measles vaccination programs
have dramatically reduced the incidence of disease in both devel-
oped and developing countries [2,3]. More than 4.5 million measles
deaths have been prevented as of 2008 through implementation of
the vaccination strategies developed by WHO and UNICEF. Global
mortality has declined by 74% from an estimated 733,000 deaths
in 2000 to 139,300 in 2010 [4]. Measles elimination, defined as the
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absence of endemic transmission of virus, has been achieved and
sustained in the WHO Region of the Americas since 2002, and four
of the five other WHO Regions, European, Eastern Mediterranean
and Western Pacific, have targeted measles for elimination by 2020
or earlier [5].

The measles vaccine is currently delivered by subcuta-
neous injection using a needle and syringe. This delivery
method creates the requirement for specifically trained health-
care personnel to administer each vaccine dose, typically at
centralized locations. In contrast, the global campaign to eradi-
cate polio has been possible, in part, because of the simplicity
of delivering the oral polio vaccine, which can be adminis-
tered by minimally trained personnel. Decreasing the logistical
challenges associated with delivery of measles vaccine could
increase vaccination coverage and reduce vaccination campaign
costs.

Hypodermic injections create hazardous medical waste which
must be safely destroyed. Preventing needle theft and reuse
through responsible disposal methods adds significant costs to
vaccination campaigns. For example, arelatively small measles vac-
cination campaign in the Philippines generated over 130,000 kg of
sharps waste [6]. Another logistical challenge with the standard
vaccination scheme is the requirement of a cold chain for vaccine
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storage and transport. After reconstitution, multi-dose vials must
be used within 2 h or discarded [7]. This leads to vaccine wastage
and increased program costs. A delivery system that elimi-
nates the need for reconstitution and reduces or eliminates the
need for cold storage and transport could enable more effi-
cient use of measles vaccine and decrease the cost per delivered
dose.

Measles vaccination using a microneedle patch may be able
to address some of the limitations of conventional hypoder-
mic injection and thereby facilitate measles mortality reduction
and elimination programs. Microneedles are micron-sized nee-
dles made of metal or polymer that are designed to achieve the
efficacy of hypodermic injection with the simplicity of a patch
[8,9]. Microneedles offer the possibility of eliminating or mitigat-
ing many of the logistical challenges associated with the current
vaccination strategy, including reduced cost, simplified transport
and storage, and increased safety. The microneedles used in this
study remain on the patch after it is removed and could present
a small risk for disease transmission as a sharps hazard. How-
ever, microneedles can also be fabricated from dissolving polymers
in which case no potentially infectious, sharps waste would be
generated [10,11]. Microneedles require a small amount of force
to penetrate the skin, and once the barrier layer has been pene-
trated, the vaccine is rapidly released into the skin. The microscopic
wound created by the patch is superficial and heals quickly [12].
With the correct excipient conditions other vaccines have been
stabilized onto a microneedle patch [13,14]. If this high level of
temperature stability could be extended to the live-attenuated
measles vaccine, the cost and logistical issues associated with
vaccine transport and storage could be decreased significantly.
Finally, the small size of the microneedle patch would limit sharps
waste following large-scale vaccination campaigns. This would
decrease transport costs while also minimizing the potential for
reuse.

Measles vaccine has been previously delivered to the skin
using a variety of methods including the Mantoux method
[15] and jet injection [16,17]. While some studies have shown
improvements after intradermal delivery [18], others found lower
neutralizing antibody titers when compared with traditional
delivery routes [19,20]. The inferior serologic response to intra-
dermal vaccination seen in these studies could result from the
low dose of measles vaccine delivered (as low as 5% of the
standard dose). Neither study investigated the response to a
standard subcutaneous dose (at least 103 TCIDsg) delivered intra-
dermally.

Stabilization of the measles vaccine in a dry state has also
been previously examined. Viral infectivity loss after drying has
been mitigated through both excipient selection and drying pro-
cess optimization [21,22]. Some of these dry powder vaccines were
shown to be efficacious after delivery to the respiratory tract of
non human primates [23-26]. However, these stabilization meth-
ods used drying processes such as spray drying and lyophilization,
which are not easily compatible with microneedle fabrication and
coating.

Microneedles have been used successfully as an experimen-
tal delivery system for a number of different vaccines including
live virus and bacteria, inactivated virus, virus-like particles, pro-
tein sub-unit, DNA and live viral vaccines against influenza and
a number of other diseases [8,10,27-39]. However, measles vac-
cine has never been studied before using microneedles. In this
study, we first examined the ability of excipients to stabilize the
live-attenuated measles vaccine during fabrication and storage.
We then compared the immune response to vaccination using a
microneedle patch to conventional subcutaneous injection in the
cotton rat model.

2. Materials and methods
2.1. Preparation of live-attenuated measles vaccine

The measles vaccine strain, Edmonston-Zagreb, was obtained
from the collection at the Centers for Disease Control and
Prevention and this strain is used in many WHO pre-qualified
measles vaccines. To achieve the high titers need for coating of
the microneedles, the vaccine virus was propagated in Vero cells
maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco,
Grand Island, NY) and 2% fetal bovine serum (FBS, Gibco). Infected
cells were harvested when the cytopathic effect was maximal; the
cell suspension was freeze-thawed once before low-speed centrifu-
gation to remove cellular debris [40]. The viral titer (50% tissue
culture infective dose, TCID5g) was measured by end-point titra-
tion. The virus was then aliquoted and stored at —70°C until
use. For the end-point dilution assay, 10-fold dilutions of the
viral stock were prepared in DMEM with 2% fetal bovine serum
and used to infect multiple wells of Vero cell monolayers in 24-
well tissue culture plates. Plates were incubated for 7 days and
scored visually for the presence or absence of viral cytopathic
effect. The TCIDsy was then calculated using the Karber method
[41].

2.2. Vaccine stability studies

Live measles vaccine virus with an initial viral titer
of 10°TCIDsg/mL was mixed with excipients at specific
concentrations. Excipients used in this study included car-
boxymethylcellulose (CMC, CarboMer, San Diego, CA), trehalose
(Sigma-Aldrich, St. Louis, MO), fish gelatin (Sigma-Aldrich), myo-
inositol (Sigma-Aldrich), and Lutrol F68 (BASF, Mt. Olive, NJ). A
2 L drop of each resulting solution was applied to a sterile chip
of stainless steel measuring 3 mm x 4 mm to simulate the surface
of a stainless steel microneedle. We used this simple method of
coating to screen formulations since coating actual microneedles
is more time consuming. Each 2 pL drop contained a mixture of
50% measles virus solution and 50% excipient solution. The chips
were allowed to dry at room temperature (22°C) in a Class II
biosafety cabinet or an incubator (37°C). In some cases, the air
was de-humidified during storage by placing the stainless steel
chip inside of a 50 mL plastic tube containing desiccant (Drierite,
Sigma-Aldrich) and wrapped in Parafilm (Sigma-Aldrich). After
specified storage times, the vaccine coated onto the chips was
reconstituted in 1 mL DMEM and viral titers were measured in
Vero cells as described above.

2.3. Microneedle fabrication and coating

Stainless steel microneedles were fabricated by first defining
the microneedle shape lithographically and then etching the micro-
needles in a chemical bath. This produced patches each containing
a single row of five microneedles that were 750 wm long and
measured 200 pm x 50 wm at the base (Fig. 1). We chose this
microneedle patch design because the measles vaccine dose is
sufficiently small that a full dose can be coated onto just five micro-
needles and because coated microneedles of similar design have
been successfully used for vaccination and drug delivery in a num-
ber of published studies [9]. We chose a microneedle length of
750 pm because it matches the thickness of rat dorsal skin, which is
generally reported in the range of 700-1000 wm [42,43]. Thus, we
believe vaccine coated on the microneedles was deposited along
the needle track in the epidermis and dermis; it is possible that a
small fraction of the vaccine was delivered to the subcutis in the
case of thin skin.
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Fig. 1. A five-needle microneedle array next to a U.S. quarter coin with a diameter
of 24mm. The arrow points at one of the microneedles mounted on the holder.
Inset: a single microneedle coated with measles vaccine in a trehalose-based coating
formulation.

Based on a method described previously [44], the microneed-
les were coated with live-attenuated measles vaccine by dipping
the microneedles six times into a coating a solution containing
7.5% (w/v) trehalose, 1% (w/v) CMC, 0.5% (w/v) Lutrol F68 and
1056 TCIDs0/mL measles vaccine in sterile DMEM for “full-dose”
microneedles. “Low-dose” microneedles used a coating solution
containing 10%° TCIDs5o/mL measles vaccine. In this way, a five-
microneedle array was coated with 1000 TCIDsq after full-dose
coating and with 200 TCIDs after low-dose coating, as determined
by dissolving the coatings from microneedles and measuring viral
titers in Vero cells. The microneedles were stored in a sterile con-
tainer sealed with Parafilm wrap at room temperature in a Class Il
biosafety cabinet for 1 day before use.

2.4. Immunization studies

The immunogenicity of measles vaccination using microneed-
les was tested in cotton rats (Sigmodon hispidus). Cotton rats
were divided into seven groups of 5 animals each. Groups were
assigned as follows: (1) full-dose and (2) low-dose vaccination
using microneedles (MN); (3) full-dose and (4) low-dose vac-
cination by subcutaneous injection (SC); (5) full-dose; and (6)
low-dose vaccination by subcutaneous injection of vaccine eluted
from microneedles (SC*); and (7) sham vaccination using sterile,
uncoated microneedles.

Female, 6-week-old cotton rats were allowed at least 5 days to
acclimate to the animal facility before vaccination. The day before
vaccination, blood was collected from the rats via cheek bleed-
ing. Animals were anesthetized using a ketamine/xylazine mixture
during vaccination and blood collection [45]. In the microneedle
vaccination groups (MN), the hair on the back of each rat was
removed using electric shears followed by application of a depila-
tory cream (Nair, Princeton, NJ).

In the microneedle groups (MN), a microneedle array coated
with the desired measles vaccine dose was pressed into the skin of
the hairless region on the back of the animal. Each array was left
in the skin for 10 min to ensure complete vaccine dissolution from
the microneedles for delivery into the skin. Rats in the sham group
were treated identically, except that no vaccine coating was applied
to the microneedles. In the subcutaneous vaccination groups (SC),
the stock measles vaccine was diluted using sterile phosphate-
buffered saline (PBS) so that the desired dose was contained in
100 L, which was then injected subcutaneously using a 25-gauge
hypodermic needle on the back of the animal. For the reconstituted
subcutaneous groups (SC*), ten microneedle arrays coated with the

desired measles vaccine dose were mixed with 1 mL sterile PBSin a
10 mL centrifuge tube and vortexed for 2 min to completely dissolve
the vaccine. A 25-gauge hypodermic needle was used to withdraw
100 L of this solution and inject it SC.

At the time of vaccination, no adverse effects were noted fol-
lowing any of the vaccination methods. A small grid of punctures
at the site of microneedle application was faintly visible in the
skin when the device was removed, but no bleeding was observed.
Post-vaccination, the microneedle injection sites were examined
daily by animal care staff and no adverse effects were seen. The
small puncture grids were no longer visible 2-3 days post vac-
cination and no swelling, discharge or other abnormalities were
observed at any time point. The hair that had been removed began
growing back within 1 week and had returned to normal in all rats
by the end of the investigation.

At multiple time points after vaccination, approximately 500 p.L
of blood was collected from each rat by performing a cheek
bleed [45]. After 200 days, the animals were anesthetized using
a ketamine/xylazine mixture and euthanized by injecting 1 mL of
Beuthanasia-D (Intervet, Summit, NJ) into the heart. The proto-
col for the cotton rat experiments was approved by the Animal
Care and Use Committees of the CDC and the Georgia Institute of
Technology.

2.5. Neutralizing antibody measurement

Measles neutralizing antibody titers in serum samples obtained
from the cotton rats were determined by the standard plaque
reduction neutralization assay [46]. For these studies, 2-fold dilu-
tions of serum were tested beginning at a dilution of 1:4.

2.6. Statistics

All statistics were calculated using Prism software version 5.04
(Graphpad, La Jolla, CA). All listed averages other than Tpax rep-
resent the geometric mean of the tested samples. Comparisons
between individual samples were done using an unpaired t-test
with a significance cutoff of p <0.05. For comparisons between 3 or
more samples, a two-way ANOVA with a Bonferroni post-test was
used.

3. Results
3.1. Vaccine stabilization

One of the advantages of vaccination using a microneedle patch
is that the vaccine is stored in a dry state and is administered to the
patient without reconstitution. When coating microneedles, the
thin coating film dries within seconds, leaving no time for transfer
to a lyophilization chamber. Therefore, it was necessary to opti-
mize formulation during this rapid drying step to maintain vaccine
viability during patch fabrication.

In a first assessment of virus stability during drying, vaccine
stock solution with an initial titer of 10 TCIDso/mL infectivity
was dried onto microneedles without additives; this resulted in
a greater than 10-fold reduction in virus titer (p<0.02; Fig. 2A).
Then, excipients were added to the solution to make thick, uniform
coatings on the microneedles. Carboxymethylcellulose (CMC) was
used to increase the solution’s viscosity and surfactant (Lutrol F68)
to lower surface tension. These additives (CMC and Lutrol F68) in
the coating solution destabilized the measles virus even further and
reduced the TCIDsq of eluted virus by more than 100-fold compared
to the stock solution (p <0.001; Fig. 2A).

To minimize loss of viral infectivity, a collection of excipients
previously shown to stabilize lyophilized measles vaccines and
approved for use in humans were evaluated [26]. Fish gelatin
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Fig. 2. Effect of coating formulation on measles virus infectivity after drying onto microneedle surfaces. Coatings were dried and then stored at room temperature (~22°C)
and relative humidity (~50%) for (A) 24 h or (B) 1 week. The coating solution (CS) contained 2% CMC and 1% Lutrol F68. In (A), all coating solutions were prepared using
phosphate-buffered saline (PBS). In (B), coating solutions were prepared with and without PBS, as indicated on the graph. Asterisk (**) indicates a significant difference
(p<0.005). Data points represent the average + standard error of the mean (SEM) from n =3 independently tested samples.

and the sugar, myo-inositol, provided no significant improvement
of infectivity compared to the use of coating solution without
these additives (p>0.5; Fig. 2A). Addition of the sugar trehalose
at a concentration of 7.5%, however, significantly reduced loss
of infectivity compared to the coating solution without additives
(p<0.005) and the titer of the eluted vaccine was within approx-
imately 1logqo(TCIDsg) of the vaccine stock solution (Fig. 2A).
Unfortunately, after 1 week of storage at room temperature using
this formulation (coating solution and 7.5% trehalose in PBS),
virus infectivity decreased by more than 2 logo(TCIDsq) (p <0.03;
Fig. 2B).

The coating solutions used so far were all prepared in PBS. To
address possible osmotic effects, a coating solution was prepared
with trehalose but without PBS. Use of this coating solution signifi-
cantly increased stability relative to the saline-containing solution
(p<0.005) and resulted in a loss of just 0.8 1og1¢(TCID5) after dry-
ing and storage at room temperature and ambient humidity for 1
week (Fig. 2B). This formulation containing trehalose and lacking
PBS was used for all remaining experiments in this study.

The current WHO standard for stability of lyophilized measles
vaccine is less than 11log;o(TCIDsg) unit of infectivity loss after
30 days at 25°C or 1 week at 37°C [47]. The next set of exper-
iments was designed to determine if measles virus coated onto
microneedles could meet the WHO standard. These tests were per-
formed with the addition of desiccant to control for humidity. First,
a control sample of virus diluted in standard DMEM was seen
to rapidly lose activity at 25°C and no infectivity was reported
by the 1 week time point. Following the addition of the stabiliz-
ing solution, samples dried at room temperature exhibited a viral
titer loss of 0.57 logo(TCIDsg) units of infectivity after 30 days of
drying at 25°C. At 37°C, the loss in viability after 1 week was
0.8510g1¢(TCIDsq), although longer exposure resulted in additional
loss of viability up to 2.91 log1o(TCIDs( ) (Fig. 3). Therefore, the opti-
mized coating formulation developed in this study was sufficient
to meet one of the WHO standards for measles vaccine stability,
although further improvements in stability would be desirable and
are currently being evaluated.

O No additive (25°C)
@® CS + 7.5% trehalose (25°C)
A CS +7.5% trehalose (37°C)

logo(TCIDg0)
@

0 5 10 15 20 25 30
Time (days)

Fig. 3. Loss of measles virus infectivity over time as a function of formulation and
storage temperature. Coatings were dried at room temperature and humidity and
then stored in sealed tubes with desiccant for 30 days at 25 °C or 37 °C. Formulations
included no additives (i.e., no coating solution or trehalose) and coating solution (CS)
with 7.5% trehalose. Data points represent the average + SEM (n = 3). The data points
for the 10, 17 and 30 day time points for the 25 °C samples had a SEM of 0 because
all replicates had the same values.

3.2. Immunization studies

The immunogenicity of measles vaccination using a
microneedle-based vaccine was evaluated in the cotton rat.
This animal model was chosen because it is a well-studied,
small-animal model for measles viral infection and is commonly
used in measles vaccination experiments [48]. The goal of the
study was to compare the immunogenicity of measles vaccination
using a microneedle patch with the immunogenicity of the same
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Fig. 4. Neutralizing antibody responses after vaccination using microneedles compared to subcutaneous injection. Cotton rats were vaccinated with (A) a full human dose
(1000 TCIDs0) or (B) 20% of a full human dose (200 TCIDs( ). Vaccination was performed with microneedles (MN), subcutaneous injection of unprocessed vaccine (SC),
subcutaneous injection of vaccine coated onto microneedles and reconstituted before injection (SC*) or as a sham vaccination using microneedles with a vaccine-free coating.
Antibody titers were determined by plaque neutralization. Blood was collected from each animal at the given time points and tested independently. Data points represent

the average + SEM (n=5).

vaccine dose delivered by subcutaneous injection. One group
(n=5) received subcutaneous injection (SC) as a positive control
to represent the current approach used in human vaccination.
A second subcutaneous group received an injection containing
measles vaccine that had been dried on a microneedle patch
and reconstituted in PBS prior to subcutaneous injection (SC*).
This group was included to account for the possible loss of
immunogenicity of the measles vaccine during fabrication of the
microneedle patches independent of the route of administration.
The microneedle group (MN) received a single microneedle patch
applied to the skin of the back. Groups were immunized either
with a standard human dose of measles vaccine (1000 TCIDsg) or
a reduced dose (20% of standard dose, 200 TCID5q) to investigate
possible dose-sparing associated with vaccination in the skin.

All vaccinated animals demonstrated a detectable antibody
response after day 20. Additionally, in all vaccinated groups (MN,
SC, SC*) at both doses, the time course of the neutralizing antibody
response was similar (Fig. 4). At the day 10 time point, both MN
groups had statistically higher titers than the subcutaneous con-
trols at the same dose (p <0.005). This suggests that microneedle

Table 1
Immune response characteristics of measles vaccination using microneedles.?
GroupP Tmax £ SEM Peak titer + SEM Day 200
(days)© (log, antibody Titer &+ SEM (log>
titer) antibody titer)
SC (Full) 32+49 6.8+ 0.2 46 + 06
SC* (Full) 32+37 6.0+ 0.3 48 £ 0.6
MN (Full) 28 +£2.0 6.8 £0.2 54+ 0.2
SC (20%) 24 +24 52 +0.2 22+06
SC* (20%) 20 + 0.0 4.6 + 04 3.0+ 0.0
MN (20%) 26+ 24 5.6 + 0.2 3.6+08

2 Reported values were determined from antibody time course data for each ani-
mal and then averaged. The corresponding average antibody time course data are
shown in Fig. 4.

b Vaccination was performed by subcutaneous injection of unprocessed vaccine
(SC), subcutaneous injection of vaccine coated onto microneedles and reconstituted
before injection (SC*) or microneedles (MN) using the full human dose (Full) or 20%
of the human dose (20%).

¢ Tmax is the average time at which antibody titers peaked.

delivery of the measles vaccine may generate a more rapid antibody
response than subcutaneous injection, but this observation needs
to be tested further. Peak neutralizing antibody titers occurred in all
groups at approximately 30 days post vaccination with no statis-
tically significant differences in titer observed (Table 1, p>0.05).
The peak titers achieved in all vaccinated groups were statisti-
cally indistinguishable among the standard dose groups (Table 1,
Fig. 4A, p>0.05) and among the reduced dose groups (Table 1,
Fig. 4B, p>0.05). All vaccinated groups achieved peak titers signif-
icantly greater than the sham control group (p <0.005), which had
no detectable neutralization activity.

Blood was also collected 200 days after vaccination to exam-
ine long-term antibody responses. Both the MN (full dose) and SC
(full dose) groups showed a statistically significant decrease in titer
from the peak over time (p <0.05). It is notable; however, that neu-
tralizing antibodies were detected in all vaccinated groups more
than 6 months after immunization. Peak titers among the MN and
SC groups vaccinated with the standard dose were approximately
3-fold greater than those among MN, SC and SC* groups vaccinated
with the reduced dose (Table 1, p<0.005).

4. Discussion

The goal of this study was to evaluate a microneedle patch for
delivering measles vaccine. The microneedles were designed to be
applied as a skin patch without the need for reconstitution. In con-
trast to conventional subcutaneous injection, administration of the
microneedle patch should require minimal training, and therefore,
reduce the need for injections by highly trained healthcare pro-
fessionals. This simple delivery method could reduce the cost of
vaccination, and facilitate mass vaccination campaigns aimed at
achieving regional measles elimination and future eradication.

The microneedle patch was also designed for cost-effective
manufacturing. The vaccine-free microneedle patches can be mass
produced at a cost that should be similar to or even less than the
cost of a needle and syringe. Coating vaccine onto microneedle
patches was carried out as a simple, automated, dip-coating pro-
cess that can readily be scaled up for low-cost mass production as
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well. Indeed, microneedle patches coated with parathyroid hor-
mone have already been manufactured commercially and used
in Phase I and Phase Il human clinical trials [49]. For these
reasons, we anticipate that mass-produced microneedle vaccine
patches may be manufactured at cost similar to conventional
lyophilized measles vaccine. However, as a single-dose presenta-
tion, microneedle patches should reduce the extensive wastage
currently associated with measles vaccine in multi-dose vials [50].

In this study, immunogenicity after measles vaccination using
microneedles was statistically indistinguishable from vaccination
by the traditional subcutaneous route in the cotton rat model,
including the time course of the immune response, peak titers
and titers measured >6 months after vaccination. This shows that
vaccination using a microneedle patch can induce an antibody
response to measles virus that is equivalent to the response follow-
ing standard subcutaneous injection. Though the optimal animal
model for evaluating measles vaccines is the rhesus macaque [24],
cotton rats were chosen for this study because they provided a
low cost, small animal model for evaluating the ability of the
microneedle vaccines to reconstitute in vivo and generate a neutral-
izing antibody response. Cottons rats are an accepted small animal
model for measles, and this model has been used in many research
projects. Both vaccine and wild-type strains of measles have been
shown to replicate in cotton rats [48].

In this study, a vaccine coating formulation was developed that
enabled vaccine-coated microneedles to meet the accelerated sta-
bility criterion of the WHO, i.e., storage for 1 week at 37 °C while
retaining at least 10% virus viability [47]. Removal of the salts in
PBS, which probably reduced osmotic stresses during drying, and
addition of the sugar trehalose, which is believed to stabilize the
vaccine antigen structure, maintained vaccine virus viability for 1
month at 25°C in the presence of desiccant.

The use of trehalose in the coating formulation was important
to maintaining stability of the measles virus. This disaccharide has
been widely used as a stabilizer in many different biological sys-
tems [51-53].Itis thought that trehalose replaces the water around
hydrophilic protein regions during drying, thereby preventing pro-
tein denaturation [54]. Other stabilizers tested in this study were
not effective. Fish gelatin and myo-inositol were chosen because
they are included in the formulations of other currently available
vaccines and they have been shown to have stabilizing effects on
measles virus in the literature [26].

A dose-sparing effect has sometimes been seen when using
microneedles with other vaccines [55,56], but dose sparing was not
seen in this study with the measles vaccine at the doses used. As the
mechanism of dose sparing in the skin is still under investigation
[57], the reasons why dose sparing was not seen in this study are
not clear.

5. Conclusion

This study compared administration of live-attenuated measles
vaccine using a microneedle patch to conventional subcutaneous
injection for the first time. We showed that the measles virus
can be coated and dried onto metal microneedles with accept-
able stability during storage. Vaccination of cotton rats showed
that microneedle vaccination produced antibody titers similar to
vaccine delivered using a conventional subcutaneous injection.
However, unlike subcutaneous injection, measles vaccination with
amicroneedle patch is rapid and simple to administer, which could
dramatically decrease the training required for measles elimination
campaigns [58]. The patches themselves are small and lightweight,
easy to dispose of, and expected to require low-cost manufacturing
in mass production. We conclude that delivery of measles vaccine
with a microneedle patch can be efficacious and could provide a

means to significantly increase vaccine coverage as many regions
advance towards measles elimination.
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