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Abstract This study focused on the development of novel
coating formulations for stainless steel microneedles against
influenza A virus. With in vitro studies, various viscosity en-
hancers and stabilizers were screened based on the hemagglu-
tination activity of the vaccine, which was coated and dried
onto a stainless steel chip at room temperature for 1 day.
Following the long-term storage test, the hemagglutination
activity and particle size of the vaccine, which was formulated
with conventional or methylcellulose or hydroxyethyl cellu-
lose and dried onto the microneedle, were monitored. Next, to
evaluate the in vivo immunogenicity and protection effect of
each dried vaccine formulation, mice were immunized by the
antigen-coated microneedle, which had either the convention-
al or the proposed formulation. Two novel formulations were
chosen in the preliminary screening, and in further evalua-
tions, they exhibited a 20 % higher HA activity during storage
for 3 months, and no aggregation was observed during storage
after drying. In a mouse model, the microneedle with the nov-
el formulation elicited a higher level of IgG and IgG2a was
more prevalent in the IgG isotype profile. In addition, mice
immunized with the HEC-coated microneedle survived with

small weight loss (>90 %) against lethal challenge infection.
Overall, the novel formulation hydroxyethyl cellulose pre-
served significantly higher HA activity during the production
and storage of the microneedle as well as improved the in vivo
immunogenicity of the vaccine.

Keywords Influenza . Vaccine .Microneedle . Coating
formulation . Long-term stability

Introduction

In 1918–1919, humanity was confronted by the most devas-
tating pandemic, the Spanish flu for the first time. Over 20 to
50 million cases of death caused by this pandemic were esti-
mated around the world, for which the number of victims were
threefold higher than the number of victims duringWorldWar
I [1, 2]. To date, influenza is one of the major public health
concerns unlike smallpox and poliomyelitis [3]. Every year,
this disease has affected 5 to 15 % of the population in the
world [4]. To deal with the disease, antiviral drugs and vac-
cines have been commercialized and researched to treat infect-
ed individuals as well as prevent infection [3]. However, vac-
cination is the most promising and economic strategy to re-
duce the damage of seasonal and pandemic influenza, regard-
less of the remarkable progress of antiviral agents [5–7].

All licensed inactivated influenza vaccines are liquid for-
mulations stored at 2 to 8 °C to preserve their activity against
environmental conditions, such as temperature [8]. In the case
of temperature, the rate of inactivation for a vaccine is propor-
tional to temperature. Therefore, the vaccine should be
transported and stored at 2 to 8 °C using a Bcold-chain,^which
is an expensive and complicated process. On the other hand,
the vaccine, which can be transported and stored at ambient
temperature while maintaining its own stability, would reduce
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the cost caused by cold-chain maintenance and cope with an
urgent vaccine distribution in a pandemic situation in western
and developing countries [9].

One of vaccine delivery methods which can preserve vac-
cine stability at ambient temperature is the coated microneedle
(MN) due to the dried form of drug on the surface of MN.
MNs provide a minimally invasive method to create micron-
scale pathways that carry desired drugs into the skin, mainly
into the epidermis and dermis [10]. The characteristic of MNs
include reduced pain and fear, minimal need by health care
personal, and accurate delivery of drugs into the target region.
Four types of MNs, solid, hollow, dissolving and coated, have
been investigated for drug delivery [11]. This study focused
on coated MNs, which involves a solid MN coated with a
vaccine formulation delivering the drug into the skin by inser-
tion of the MN and dissolution of the coated antigen [12].
Coating formulations for MNs consist of several excipients,
such as a viscosity enhancer sustaining the drug coated on the
MN during drying, a surfactant changing the wettability of the
MN surface, and a stabilizer preserving the drug from damage
caused by drying and storage [11]. Furthermore, those excip-
ients as well as stabilizers are known to effect the stability and
activity of the drug [13–19].

Several studies which could improve the vaccine stability in
the coating formulation have been introduced. Andrianov et al.
showed that poly [di (carboxylatophenoxy) [phosphazene]
could be a stabilizer and immunostimulating agent for MN
vaccination [19]. Mistilis et al. used a similar stability evalua-
tion method as in our study to find the optimal formulation in
terms of the buffer, surfactant, and stabilizer and found that
arginine and calcium heptagluconate were the best combina-
tion as a stabilizer with CMC in dissolving MNs in vitro [18].
In our previous studies, a coating formulation based on car-
boxymethylcellulose (CMC) as the viscosity enhancer,
Lutrol® F-68 as the surfactant, and trehalose dihydrate as the
stabilizer preserved 65 % of the hemagglutinin (HA) activity
after the drying process. However, after 5 days, despite the
trehalose, the above formulation could only preserve about
40 % of the HA activity at room temperature (RT) [13, 14].

Guided by previous works, in this study, another opti-
mized formulation was found for inactivated influenza
virus coated on stainless steel (SS) MNs to achieve sta-
bility in long-term storage at room temperature and im-
proved immunogenicity in a mouse model. In the initial
screening process, combinations of several viscosity en-
hancers and stabilizers were evaluated by measuring the
HA activity. After the screening, the chosen formulations
were further evaluated by measuring the HA activity and
particle size during long-term storage at RT. To confirm
the availability of the proposed formulations, the model

vaccine was coated with either the conventional or the
proposed formulations on the SS MNs. Finally, the immu-
nogenicity and protection efficacy of vaccine coated with
proposed formulation were investigated in vivo. The new
formulation showed significant vaccine stability for
3 months at RT. Moreover, it elicited superior immune
responses and protection effects compared with the con-
ventional formulation in the mouse model.

Material and methods

Ethics statement

All animal procedures in this study were approved by the
Institutional Animal Care and Use Committee of Konkuk
University (permit number: KU16055).

Preparation of inactivated influenza virus

Inactivated influenza virus as a vaccine in this study was kind-
ly provided by Prof. Fushi Quan (Department of Medical
Zoology, Kyung Hee University School of Medicine, Seoul,
Republic of Korea). Influenza A/PR/8/34 virus was grown in
embryonated hen eggs (10 days old). After the growth period,
the virus was purified from the allantoic fluid with a discon-
tinuous sucrose gradient (15, 30 and 60 %). The virus was
inactivated by formalin at a final concentration of 1:4000 (v/
v). To confirm the inactivation of the virus, a plaque assay was
done on a confluent monolayer of Madin-Darby canine kid-
ney (MDCK) cells, and another assay was performed by in-
oculation of the virus into 10-day-old embryonated hen eggs.

Fabrication and coating of the MNs

SS MNs were fabricated by cutting needle structures from SS
sheets (SS304, 75 μm thickness, Tech-Etch, Plymouth, MA)
using an infrared laser previously described [13]. The length
and width at the base of the MNs used in this study were 700
and 160 μm, respectively, and were aligned in a row of five
needles per device. SS MNs were dipped into a modified
coating device containing the coating formulations previously
described [20] and dried at room temperature for 1 day and
1 week, respectively. MNs were dip-coated with several for-
mulations, which were screened presented in Table 1.

Vaccine stability test and size distribution

To evaluate the stability of the inactivated influenza virus, the
HA activity was measured to estimate the immunogenicity of
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Table 1 Screening result of
various formulations which was
combined with several viscosity
enhancers and stabilizer

Formulation # Viscosity enhancer (concentration) Stabilizer (concentration) HA activity
remaining

1 Methylcellulose (0.5 %) Trehalose (15 %) 91.53 %

2 Hydroxyethylcellulose (0.5 %) Trehalose (15 %) 91.53 %

3 Hydroxyethylcellulose (0.5 %) Maltose (15 %) 89.83 %

4 Hydroxyethylcellulose (0.5 %) Raffinose (15 %) 89.83 %

5 Methylcellulose (0.5 %) Maltose (15 %) 88.14 %

6 Methylcellulose (0.5 %) Raffinose (15 %) 86.44 %

7 Pectin (0.5 %) Arginine (5 %) 81.36 %

8 Carboxymethylcellulose (1 %) Maltose (15 %) 79.66 %

9 Methylcellulose (0.5 %) Lactose (15 %) 79.66 %

10 Hydroxyethylcellulose (0.5 %) Lactose (15 %) 79.66 %

11 Methylcellulose (0.5 %) Arginine (5 %) 79.66 %

12 Pectin (0.5 %) Maltose (15 %) 77.97 %

13 Pectin (0.5 %) Raffinose (15 %) 77.97 %

14 Methylcellulose (0.5 %) Maltodextrin (15 %) 77.97 %

15 No viscosity enhancer Trehalose (15 %) 76.27 %

16 No viscosity enhancer Maltose (15 %) 76.27 %

17 No viscosity enhancer Arginine (5 %) 76.27 %

18 Pectin (0.5 %) Trehalose (15 %) 74.58 %

19 Pectin (0.5 %) Lactose (15 %) 74.58 %

20 Glycol chitosan (0.5 %) Trehalose (15 %) 74.58 %

21 Methylcellulose (0.5 %) Dextran (15 %), Mannose (10 %) 72.88 %

22 Glycol chitosan (0.5 %) Dextran (15 %), Mannose (10 %) 72.88 %

23 Carboxymethylcellulose (1 %) Raffinose (15 %) 71.19 %

24 Carrageenan (2 %) Trehalose (15 %) 71.19 %

25 Carrageenan (2 %) Maltose (15 %) 71.19 %

26 Carrageenan (2 %) Arginine (5 %) 71.19 %

27 Glycol chitosan (0.5 %) Maltose (15 %) 71.19 %

28 Carboxymethylcellulose (1 %) Dextran (15 %), Mannose (10 %) 71.19 %

29 Pectin (0.5 %) Dextran (15 %), Mannose (10 %) 69.49 %

30 Carrageenan (2 %) Dextran (15 %), Mannose (10 %) 69.49 %

31 Carboxymethylcellulose (1 %) Lactose (15 %) 67.80 %

32 Carboxymethylcellulose (1 %) Trehalose (15 %) 67.80 %

33 No viscosity enhancer Maltodextrin (15 %) 66.10 %

34 Carrageenan (2 %) Maltodextrin (15 %) 62.71 %

35 Pectin (0.5 %) Maltodextrin (15 %) 62.71 %

36 Carboxymethylcellulose (1 %) Maltodextrin (15 %) 62.71 %

37 Carboxymethylcellulose (1 %) Arginine (5 %) 62.71 %

38 Glycol chitosan (0.5 %) Arginine (5 %) 61.02 %

39 No viscosity enhancer Dextran (15 %), Mannose (10 %) 59.32 %

40 Glycol chitosan (0.5 %) Maltodextrin (15 %) 55.93 %

41 No viscosity enhancer No stabilizer 52.54 %

42 Pectin (0.5 %) No stabilizer 33.90 %

43 Glycol chitosan (0.5 %) No stabilizer 30.51 %

44 Carboxymethylcellulose (1 %) No stabilizer LOD

45 Carrageenan (2 %) No stabilizer LOD

46 Methylcellulose (0.5 %) No stabilizer LOD
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the vaccine. Before measuring the HA activity, a mimickedMN
coating system, previously suggested [13], was introduced to
expose the vaccine to the same environment in which the MN
was dried and stored. Briefly, 5 μl of a mixture, consisting of
the vaccine and the proposed coating formulation in Table 1,
was placed onto 3 mm × 3mm chips clipped from the SSMNs,
and it was dried at room temperature (RT) overnight.

After drying, the SS chips were incubated in PBS
(Sigma, St. Louis, MO) for 4 h at 4 °C. Finally, to deter-
mine the HA of the inactivated virus coated on the SS
chips, 50 μl of the incubated solution was placed in a
96-well plate and serially twofold-diluted. After dilution,
50 μl 0.5 % of chicken red blood cells (RBCs) were
added to each well and incubated for 1 h at RT [13].
The endpoint dilutions inhibiting the precipitation of
RBCs were used as the titers [21].

A long-term stability study was also done with the same
methods described above. This study was conducted for the
day points 1, 3, 7, 14, 42, and 84 days after vaccine coating.
The results from the HA assay were determined with the same
methods described above.

Particle size and size distribution were determined by dy-
namic light scattering (Zetasizer nano series, Malvern instru-
ments limited, Malvern, USA) with the same one that was
used in HA assay and then PBSwas added up to 1 ml to adjust
to the desired volume for the analysis.

Distribution in porcine skin using coated MNs

To quantitatively and visually check the distribution dif-
ferences for the provided formulation candidates in the
skin, we added fluorescence dye to each coating formula-
tion. Sulforhodamine B (Sigma, St. Louis, MO) and por-
cine skin were chosen as the model drug and model skin
in this experiment. In the case of quantitative analysis, the
same mass of sulforhodamine B (1 μg) was coated onto
the MN and these were inserted into the porcine skin. The
MN was injected and removed after 5, 10, 30, 60, 90,
120, and 300 s. The tips of the MN were cut and incubat-
ed in 100 μl of PBS solution. After 1 h, the concentration
of dissolved sulforhodamine B in each solution was mea-
sured by spectrofluorophotometer (RF-5301, Shimadzu,
Kyoto, Japan).

In the case of visual analysis, the porcine skins, which
treated with sulforhodamine B-coated MN for 60 s, were
frozen in the optimal cutting temperature (OCT) com-
pound (Tissue-Tek, Sakura, Torrance, CA), and cut to a
microscale thickness (8–10 μm) using a Cryostat (Cryocut
CM3050S, Leica, Bensheim, Germany). Then, the thin
skins were collected and placed on slides, and viewed
by fluorescence microscope (Leica DM2500, Leica,
Bensheim, Germany) [22].

Animal experiments

Six-week female BALB/c mice (Orient Bio, Sungnam, Korea)
were prepared and divided into 3 groups (n = 6). The mice in
group 1 were immunized by a MN coated with the conven-
tional formulation of CMC (Sigma, St. Louis, MO) 1 % (w/v),
trehalose dihydrate (Sigma, St. Louis, MO) 15 % (w/v) and
inactivated influenza virus. The mice in group 2 were immu-
nized by a MN coated with the proposed formulation of
hydroxyethylcellulose (HEC, Sigma, St. Louis, MO) 0.5 %
(w/v), trehalose dihydrate 15% (w/v) and inactivated influenza
virus. Lastly, the mice in group 3 were not immunized (naïve
group). The proposed formulation was selected based on
in vitro vaccine stability study results. Before immunization,
mice were anesthetized with Avertin (375 mg/kg) intraperito-
neally. During anesthesia, the fur on the murine back was
removed using a depilatory cream (Veet, Reckitt Benckiser,
Berkshire, UK). After 5 min, the skin, which was treated with
the depilatory cream, was washed by paper tissues with warm
water and a soaked cotton ball with 70 % ethanol.

After the fur was removed, the coated MN was manually
inserted into the treated site of each mouse in group 1 and 2.
After waiting 10 min for complete dissolution of the coating
on the MN, the MN was removed from the mice. The mice in
the group 3 were not treated with any immunization tool.

After 5 weeks from immunization, all the mice were anes-
thetized by intraperitoneal injection of Avertin (375 mg/kg)
and intranasally infected with a lethal dose of live A/PR/8/34
(H1N1) virus (10× LD50) in 90 μl for the challenge. The
weight loss and survival rate of all the mice were recorded
for 14 days after challenge. If the mice lost over 25 % of their
weight, they were considered dead and humanely euthanized.
In this study, the euthanasia was done by cervical dislocation
under anesthetic condition. The anesthetic condition was the
same as described above.

Serology

To measure the level of virus-specific antibodies in mouse
sera, mouse sera collected from all mice at 2 and 4 weeks after
immunization were also analyzed by enzyme-linked immuno-
sorbent assay (ELISA). The inactivated antigen, which was
the same antigen used in the immunization, was added to 96-
well plates (50 μl/well) after dilution (2 μg/ml). The plates
were incubated overnight at 4 °C. After the plates were
washed with PBS-T (PBS containing 0.05 % Tween 20
(Sigma, St. Louis, MO)), blocking buffer (5 % skim milk
powder (Sigma, St. Louis, MO) in PBS-T) was added to the
plates (100 μl/well) and the plates were incubated at 37 °C for
1 h. After the plates were washed with PBS-T, the sera, which
were twofold diluted to 2.5 % skimmilk in PBS-Twere added
into the plates (50 μl/well), and the plates were incubated at
25 °C for 90 min. After washing with PBS-T, horseradish
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peroxidase-conjugated anti-mouse IgG, G1, or G2a antibody
(Abcam, Cambridge, MA) was added to the plates (100 μl/
well). Finally, the substrate, o-Phenylenediamine (Sigma, St.
Louis, MO) in a phosphate-citrate buffer (pH 5.0, Sigma, St.
Louis, MO) containing H2O2 (Sigma, St. Louis, MO) was
added to the plates (100 μl/well) to develop the color. After
incubating the plate at RT for 15 min, 1 N hydrochloride acid
(100 μl/well) was added to stop the reaction. Lastly, the plates
were read with an ELISA reader at 492 nm. End-point titers
were defined as the optical density (OD) of the immunized
mice sera at the highest dilution factor is greater than twofold
the OD of the naïve control at the same dilution factor.

The hemagglutination inhibition (HI) assay was used to
detect the presence of functional antibodies which inhibit the
hemagglutinin glycoprotein from binding to erythrocytes [23].
The HI assay was done as previously described [24]. Briefly,
immunized mouse sera collected at week 2 and 4 after vacci-
nation were treated with a receptor-destroying enzyme (Denka
Seiken, Tokyo, Japan). After that, samples were incubated
overnight at 37 °C and then for 30 min at 56 °C. After incu-
bation, the samples were serially diluted, and the 4 hemagglu-
tination (HA) unit of the virus was added. And then, an equal
volume of 0.5 % chicken red blood cells was added. After
30 min, at RT, the highest serum dilution point preventing
HAwas scored as the HI titer.

Viscosity of coating formulations

Viscosity of coating formulation was measured using cone
and plate viscometer (DV2THB-CP, Brookfield Engineering
Laboratories, Stoughton, MA) at 25 °C.

Statistical analysis

All tests done in this paper were measured using at least three
replicated samples. The arithmetic mean and standard error of
the mean were calculated from all data points and plotted on
each graph. Student’s t test was conducted when comparing
between two groups. Amongmultiple groups, a one-way anal-
ysis of variance (ANOVA; α = 0.05) was done. A p value less
than 0.05 was considered to be significant.

Results

Formulation screening

In previous MN studies, especially on coated MNs, the
viscosity enhancer, stabilizer, and surfactant in the coating
formulation have been the focus for the dip-coating pro-
cess, which is a type of coating process for loading de-
sired materials onto solid MNs [20, 24, 25]. However, in
some studies, a surfactant was not selected because a

coating formulation without a surfactant was successfully
dip-coated on a MN [24], or the surfactant had an effect
on the virus activity [18]. To confirm whether the HA
activity is affected by the surfactant in the proposed for-
mulations, the HA activities were checked for the virus
coated on the MNs with the proposed formulations with
or without the surfactant Lutrol F68®. The results show
that the surfactant had a deleterious effect on the HA
activity in most combinations of viscosity enhancers and
surfactant (data was not shown) similar to Mistilis et al.
[18]. Therefore, all the coating formulations proposed in
this study did not contain any surfactant.

The screening results are shown in Fig. 1 and Table 1.
Among the 46 proposed formulations, 30 formulations had a
higher HA activity when compared with the conventional for-
mulation (CMC 1 % and trehalose dihydrate 15 %) after stor-
age for 24 h at RT. Among those formulations, two formula-
tions had significantly superior vaccine stability (Student’s t
test, p < 0.001): Methylcellulose (MC) 0.5 % with trehalose
dihydrate 15 % (91.53 %) and Hydroxyethylcellulose (HEC)
0.5 % with trehalose dihydrate 15 % (91.53 %). In detail, they
preserved over 90 % of the HA activity after the drying pro-
cess, while the conventional formulation preserved only
67.8 % of the HA activity after the drying process.
Therefore, these two formulations were used in following
experiments.

Long-term stability on a SS chip

To compare the HA activity kinetics during long-term
storage with different coating formulations, each combi-
nation of vaccine and coating formulation was placed on a
SS chip, and stored at RT. As described above, the HA
activity of the antigen was checked at 1, 3, 7, 14, 42, and
84 days after coating on the SS chip. As shown in Fig. 2a,
the two proposed formulations (MC 88.6, 69.8, 56.3,
59.5, 62.1, and 63.4 HA %; HEC 89.2, 75.0, 58.2, 60.1,
60.8, and 63.4 HA %) preserved 20 to 25 % higher
(Student’s t test, p < 0.001) HA activities at all the time
points compared with the conventional formulation (64.7,
60.8, 44.6, 40.1, 39.4, and 43.3 HA %). Interestingly, the
antigen lost the same amount of HA activity regardless of
the formulation during storage at RT.

Previous studies have shown that protein aggregation is
one of the main reasons for losing viral activity [26, 27]. It
is also applicable to whole-inactivated virus [13].
Therefore, using a dynamic light scattering system, the size
distribution of antigens that were dissolved from the
vaccine-coated SS chip stored for 1, 3, 7, 14, 42, and
84 days post coating was determined. The hydrodynamic
diameter was calculated based on the diameter of each par-
ticle, so it could be used as an indicator of size distribution.
As shown in Fig. 2b, the hydrodynamic diameter ratio
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(compared with hydrodynamic diameter of control sample)
of the antigen with the conventional formulation rapidly
increased during first week, while only little change was
observed from 1 week to 3 months post-coating. This result
corresponds with the result of the HA activity changes. In
contrast, the hydrodynamic diameter ratio of the antigen in
two proposed formulations hardly increased during
3 months and the values were significantly lower
(Student’s t test, p < 0.05) than those of the conventional
formulation for all time points. The original size of the
inactivated H1N1 virus is around 120 nm [28] and the hy-
drodynamic diameter ratio of antigen with the conventional
formulation was measured around 1.5 after 1 month storage
at RT [14]. We assume that higher value was obtained in the
current study compared to previous study due to various
reasons such as different antigen batch, different antigen
concentration, and different storage environment (oxygen
level, temperature, humidity, etc). At any rate, we found
significant difference in antigen aggregation profile be-
tween conventional formulation and proposed formulation.

Coating and releasing experiments using different
formulations

Before the in vivo trial, three experiments were done to deter-
mine the availability of the proposed coating formulations for
practical application. Sulforhodamine B sodium salt was used
as a model drug for these experiments. The same number of
dip-coatings (9 times) was performed for eachMN array using
three different coating formulations (the conventional and two
proposed formulations), and the mass of sulforhodamine B
coated on the MN was measured. As shown in Fig. 3a, the
formulation using HEC (2.4 μg) as a viscosity enhancer could
load a significantly higher (Student’s t test, p < 0.001) amount
of sulforhodamine B on the MN compared with the conven-
tional formulation (1.6 μg). The formulation containing MC
(0.3 μg) had a significantly lower (Student’s t test, p < 0.001)
amount of sulforhodamine B coated on the MN even when
compared with the conventional formulation.

Moreover, whether sulforhodamine B coated on the MN
was well distributed in the porcine skin was determined. To

Fig. 2 Stability kinetics of antigen
in coatings for 3 months. The
vaccine coated with conventional
or proposed formulations were
dried on SS chips at RT. After 1, 3,
7, 14, 42, and 84 days of storage,
the vaccine coated on SS chips
were collected. a HA activity and
b hydrodynamic diameter changes
were measured by HA assay and
DLS

Fig. 1 Screening result of
various formulations which was
combined with several viscosity
enhancers and stabilizer listed in
Table 1 and dried on SS chips for
1 day at RT
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compare the same conditions, MNs were prepared, which
were coated with the same amount of sulforhodamine B
regardless of the coating formulations. The MNs were
inserted into the porcine skin and removed after 15, 30,
60, 120, and 300 s. According to the amount of
sulforhodamine B remaining on the MN measured
by a spectrofluorophotometer, the percentage of
sulforhodamine B released into the porcine skin was cal-
culated. As shown in Fig. 3b, the two proposed formula-
tion showed faster releasing profiles up to 2 min than that
of the conventional formulation. No sulforhodamine B
remained on the MNs removed after 5 min regardless of
the coating formulations.

For visual study, fluorescence dye distribution in por-
cine skin was imaged. For this experiment, each MN was
9 times dip-coated with a fluorescent dye and the conven-
tional formulation, or proposed formulation and dried
overnight at RT. After drying, the dye-coated MNs were
inserted into the porcine skin for 1 min. As we expected
based on the previous experiment, a strong fluorescence
was observed from the groups using the formulations con-
taining CMC or HEC. However, the group using the for-
mulation containing MC showed a relatively weak fluo-
rescence in both bright and fluorescent field compared
with the other groups (Fig. 4a–f). It was because the
MN with the formulation containing MC as a viscosity
enhancer had a small amount of fluorescent dye. These
results indicate that the formulation containing MC is dif-
ficult to use in the practical production of coated MN.
Therefore, the formulation containing MC was not used
in the following experiments.

Immune responses after vaccination using vaccine coated
MNs with different formulations

In the previous in vitro experiments, the formulation con-
taining HEC preserved significantly a higher HA activity

during storage at RT. To confirm the correlation between
in vitro and in vivo experiments, immune responses and
the protection effect were observed in vivo. There were
six mice in each group, and the three groups were divided
according to the coating formulations (conventional or
proposed). Each mouse was immunized with one MN
coated with vaccine and the conventional or proposed
formulation.

To check the immune response caused by the different
formulations, the levels of virus-specific IgG and IgG
subtypes level as well as HI activity were measured in
the immunized sera collected at 2 and 4 weeks post-vac-
cination. In Fig. 5a, the proposed formulation induced a
higher influenza H1N1 virus-specific IgG antibody re-
sponse (14,080) than that of the conventional formulation
(10,667) at week 4. The influenza virus-specific IgG sub-
types could provide further details on the immune re-
sponses. The results for the IgG subtypes are shown in
Fig. 5b–d. As seen in Fig. 5b, in the case of IgG1, the
mice immunized by the MN coated with HEC (0.39) had
a higher OD value in sera than the mice immunized by the
MN coated with CMC (0.29) at week 4. In the case of
IgG2a, the MN with HEC (0.70) also elicited a stronger
IgG2a response compared with that coated with the con-
ventional formulation (0.45) at week 4 in Fig. 5c. Using
Fig. 5b, c, the IgG2a/IgG1 ratio was calculated and plot-
ted in Fig. 5d. In detail, the IgG2a/IgG1 ratio indicated
that the MN induced IgG2a dominant responses (IgG2a/
IgG1 > 1). Moreover, the virus coated with HEC showed
a strong IgG2a/IgG1 level (2.5) at week 4. A trend similar
to the IgG level was observed in Fig. 5e; the MN contain-
ing HEC (26.8 and 70.4) elicited a higher HI titer than
that containing CMC (7.0 and 40.0) at week 2 and 4,
respectively. These results indicate that there is a direct
correlation between the immune responses induced by the
virus and the HA activity of virus which was coated with
proposed formulation on the MN.

Fig. 3 Coating and releasing
profiles. a The amount and of
sulforhodamine B coated with
conventional or proposed
formulations and dried on SSMN
were measured. In addition, b
releasing profile of
sulforhodamine B-coated SS MN
were observed in porcine skin
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Protection against lethal influenza virus challenge
after vaccination using MNs with different formulations

To confirm the protective efficiency against influenza vi-
rus, the mice immunized by MN with different storage
periods and formulations were intranasally challenged
against a lethal dose of influenza virus after 5 weeks
post-vaccination (Fig. 6a-b). As shown in Fig. 6a, mice
immunized by MN with HEC lost their body weight less
than those with CMC group. Furthermore, in terms of
maximum weight loss, the mice in the group that used
CMC as a viscosity enhancer lost about 12 % of their
weight (87.4 %) at day 6 after the post challenge dose.
However, the mice in the HEC formulation group main-
tained their body weight by more than 90 % (90.5 %).
These results indicate that the mice in the conventional
and proposed formulations groups had a sufficient protec-
tive effect against lethal challenge. In addition, the HEC
formulation group induced a stronger protection effect
against the influenza virus compared with the CMC for-
mulation group.

Furthermore, the protective efficiency is also explained
based on survival rate described in Fig. 6b. As seen in

Fig. 6b, even when a low antigen dose (0.15 μg) was used,
all the vaccinated mice in the group with HEC survived against
the challenge; however, one mouse in the group with CMC
died. Overall, these results suggest that the protection ability
in mice immunized byMN against influenza virus was success-
fully induced in all immunized groups. Moreover, it means that
the proposed formulation could completely preserve the immu-
nogenicity of the vaccine during the drying process and showed
100 % protection against lethal challenge compared with the
conventional formulation. Taken together, HEC demonstrated
promising results in in vivo as well as in vitro studies.

Discussion

These days, skin is an attractive region as an immunization
alternative to muscle tissue because it contains many antigen-
presenting cells, such as Langerhans cells and dermal dendrit-
ic cells [29]. Various types of vaccination tools have been
developed aimed at this immune cell-rich organ, such as in-
tradermal injection using traditional equipment, MN, jet injec-
tor, and epidermal powder immunization (EPI) [30, 31].
Among these intradermal vaccinations, we focused on MN

Fig. 4 Fluorescence distribution
in porcine skin using three
different coating formulations: a–
b CMC 1 % and trehalose 15 %,
c–d MC 0.5 % and trehalose
15 %, e–f HEC 0.5 % and
trehalose 15 %. Scale
bar = 100 μm
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because this vaccination method has the following advan-
tages: no need for a cold-chain for storage, reduced pain, pref-
erence for self-vaccination, safe in terms of needle stick inju-
ries, small volume for storage, no need for highly trained
healthcare personnel in case of injection, and reduced adverse
events [31–33]. Therefore, due to these characteristics, it
could be an ideal vaccination method for seasonal and pan-
demic influenza [18]. However, few formulations have been
reported for preserving the vaccine stability in coated MNs in
ambient condition like at RT. Therefore, we tested various

candidate formulations with combinations of viscosity en-
hancers and stabilizers to find the optimal formulation and to
improve the stability of vaccine-coated MNs.

In our previous study, we reported that trehalose is the best
stabilizer for influenza vaccine when the formulation included
CMC as a viscosity enhancer due to its own chemical structure
and characteristics [13]. However, Choi et al. showed that
trehalose crystallization and phase separation generated in
the virus-coated film could have an adverse effect on virus
stability while the addition of CMC as a viscosity enhancer

Fig. 5 Results of serology in
mice at week 2 and 4. Antibody
responses were measured by
ELISA; a IgG end-point titer, and
O.D value of b IgG1 and c IgG2a,
and d IgG2a/IgG1 ratio e HI titer.
All experiments used the sera of
immunized by microneedles
using different coating
formulations
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enhanced the virus stability during drying [15, 16]. In another
paper, Mistilis et al. screened various kinds of materials to find
an MN formulation with thermostability focusing on dissolv-
ingMNs. Therefore, we found several viscosity enhancers and
stabilizer candidates from the above and additional papers [18,
34–42] and made a list for combinations of several viscosity
enhancers and stabilizers. To increase the viscosity during the
dip-coating process, cellulose (MC, HEC), a natural viscosity
enhancer (pectin, carrageenan and gelatin), and a high molec-
ular weight polymer (glycol chitosan and polyvinylpyrroli-
done (PVP)) were chosen as candidates for the viscosity en-
hancer. Additionally, mono-, di-, and tri-saccharides and some
amino acids (trehalose, maltose, raffinose, lactose, maltodex-
trin, dextran, mannose and arginine) were chosen as vaccine
stabilizers.

First, we preliminarily screened each combination on the
list by measuring the HA activity of the vaccine in each for-
mulation dried on a SS chip at RT for 1 day previously de-
scribed [13].We choose the HA assay as the screeningmethod
because the HA assay is a simple and fast evaluation method
for measuring the function of the influenza HA protein which
is a major surface glycoprotein found in influenza for immu-
nity and a target of infectivity-neutralizing antibodies [43–45].
Therefore, the HA activity was mainly used to evaluate the
activity of the influenza vaccine in previous studies [13, 14].

Among 46 candidates, 30 formulations preserved a higher
HA activity than that of the conventional formulation (CMC
1 % and trehalose 15 %) after drying (storage for 1 day at RT),
shown in Fig. 1, in agreement with data obtained fromKim et al.
[14]. Moreover, the best two formulations (F1: MC 0.5 % and
trehalose 15 %; F2: HEC 0.5 % and trehalose 15 %) preserved
more than 90 % of the HA activity after drying. For in-depth
screening, particle size was added as another factor in the long-
term stability test because aggregation is one of the main reasons
for destabilization of proteins and associated with loss of HA
activity [9, 14]. In the long-term stability experiments, the two
proposed formulations preserved over 60 % of the HA activity

during 3 months of storage, and this was a significantly im-
proved (Student’s t test, p < 0.05) result compared with the
conventional formulation. Moreover, from another aspect, to
check the stability kinetics during production and long-term stor-
age, we determined the hydrodynamic diameter by DLS as the
size distribution of the antigen coated on theMN after 1, 3, 7, 14,
42, and 84 days of storage. As seen in the Fig. 2b, the hydrody-
namic diameter ratio of the antigen in the coating with the con-
ventional formulation was significantly increased while that of
the antigen in the coating with the two proposed formulations
was only slightly increased during production and maintained
during storage at RT for 3 months. The correlation between
aggregation and HA activity was not clearly demonstrated in
Fig. 2; thus, particle size could be used as a criterion of vaccine
stability; however, other factors such as denaturation, loss of HA
conformation, hydrolysis, and oxidation could affect vaccine
stability [9]. Taken together, these results indicate that the antigen
in the coating with the novel formulations was significantly sta-
ble during production and storage at RT for 3 months.

To confirm the practicality of the proposed formulations in a
practical coating process, we simulated those combinations
with a dip-coating method using sulforhodamine B as a model
drug. From the results (Fig. 3 and Fig. 4), the coating formula-
tion containing MC was eliminated from the following exper-
iments because the amount of the model drug in MC coated on
MNs was much lower than those in the other two formulations
coated on the MNs, and the distribution of the model drug with
MC in porcine skin showed a weaker fluorescence signal com-
pared with the other two groups. The other novel formulation
containing HEC was chosen due to loading a significantly
higher amount of sulforhodamine B on the MN compared with
the conventional formulation and its similar drug distribution
after insertion into porcine skin as the conventional one.

In Gill and Prausnitz, actual trials in the coating process with
candidates on SSMN need to determine the proper materials for
the dip-coating process. Some factors applied to the dip-coating
process such as viscosity and surface tension of each viscosity

Fig. 6 Protection effect against
lethal challenge infection. a
Weight loss and b survival rate
were observed for 14 days in all
groups
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enhancer could be explained [12]. In this trial, the thickness of
the coating parts withMC observed in each dip-coating turn was
thinner than the thickness of the coating parts with other formu-
lations correlating with Fig. 3a. However, one of the factors, the
viscosity of the formulation with MC and trehalose (9.64 cP), is
higher than the viscosity of the formulation with CMC and tre-
halose (7.37 cP). Therefore, other factors such as surface tension
or material characteristic could affect the dip-coating process.
Taken together, HECwas chosen as the best viscosity enhancing
excipient in the coating formulation forMNproduction using the
dip-coating process.

To confirm the correlation between vaccine stability and
immunogenicity, mice were immunized by vaccine-coated
MNs with the conventional or proposed formulation. In the
serological results, the HEC formulation group showed higher
(Supplementary 1) immune responses in the HI titer, IgG, and
IgG subtypes. Moreover, in protection efficacy, all the mice in
the HEC formulation group survived and maintained their
own body weight by more than 90 %; however, one of the
vaccinated mice in the conventional formulation group died
after challenge. Overall, these results indicate that the mice in
all groups elicited sufficient immunogenic protection against a
lethal virus; however, the HEC formulation group showed the
best protection efficacy against the lethal influenza virus.

These results could be due to the material characteristic of
HEC such as the viscosity. It has been reported that a higher
viscosity in a coating formulation could preserve vaccine sta-
bility during the drying process [46]. In this paper, we changed
CMC (5.49 and 7.37 cP with trehalose) to HEC (11.7 and
14.8 cP with trehalose) which is a higher viscous cellulose
derivative than that of CMC and does not decrease the viral
HA activity as described in this paper. Therefore, its material
characteristics could affect the virus activity during the pro-
duction and drying phase. However, as seen in Table 1, the
chemical characteristic except for viscosity could also affect
the virus activity.

Taken together, we suggest HEC as an alternative vis-
cosity enhancer for the coating formulation in the produc-
tion of coated MNs with the influenza vaccine. The antigen
with HEC and trehalose protected 60 % of the HA activity
during long-term storage and did not show further aggre-
gation after the production process compared with the con-
ventional formulation. Moreover, it is more practical in the
dip-coating process compared with the other candidate. In
addition, the vaccine coated and dried with HEC and tre-
halose on SS MNs exhibited a better immune response and
protection efficacy than that with the conventional formu-
lation. Overall, HEC is a suitable viscosity enhancer for
coated microneedles fabricated by the dip-coating process,
based on in vitro and in vivo trials and practicality tests.
Further studies are needed for various vaccines or thera-
peutic proteins available for MNs as well as in vivo tests
and additional screening for various types of materials.

Conclusion

Intradermal vaccination is one of the attractive delivery routes
for vaccination which may provide a dose-sparing effect and
better protective immunity [25, 47]. However, administration of
traditional liquid form vaccines is unreliable and difficult [48].
Moreover, liquid vaccines should be stored and transported in a
cold-chain to maintain their stability. Therefore, MNs could be
one alternative for traditional vaccine delivery systems because
vaccine-coated MNs can be stockpiled and carried without a
cold-chain. In this study, HEC, as a viscosity enhancer, im-
proved the stability of the vaccine-coated MN compared with
the formulation using CMC. HECwas able to preserve the viral
HA activity and inhibit aggregation during long-term storage.
Moreover, the formulation with HEC was more suitable than
the formulation with other candidate in dip-coating process in
terms of practicality. In addition, mice immunized with the
virus-coatedMNwith HEC showed improved immunogenicity
and protective potential. Additional experiments are needed for
optimizing the formulation, screening with more wide-ranging
excipients, and determining the mechanistic basis for these sta-
bilizing effects.
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