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A B S T R A C T

Oral vaccines present an attractive alternative to injectable vaccines for enteric diseases due to ease of delivery
and the induction of intestinal immunity at the site of infection. However, susceptibility to gastrointestinal
proteolysis, limited transepithelial uptake and a lack of clinically acceptable adjuvants present significant
challenges. A further challenge to mass vaccination in developing countries is the very expensive requirement to
maintain the cold chain. We recently described the effectiveness of a Single Multiple Pill® (SmPill®) adjuvanted
capsule approach to enhance the effectiveness of a candidate enterotoxigenic Escherichia coli (ETEC) oral vac-
cine. Here it was demonstrated that this delivery system maintains the antigenicity of ETEC colonisation factor
antigen I (CFA/I) and the immunostimulatory activity of the orally active α-Galactosylceramide (α-GalCer)
adjuvant after storage of SmPill® minispheres under room temperature and extreme storage conditions for
several months. In addition, the internal structure of the cores of SmPill® minispheres and antigen release fea-
tures at intestinal pH were found to be preserved under all these conditions. However, changes in the surface
morphology of SmPill® minispheres leading to the antigen release at gastric pH were observed after a few weeks
of storage under extreme conditions. Those modifications were prevented by the introduction of an Opadry®

White film coating layer between the core of SmPill® minispheres and the enteric coating. Under these condi-
tions, protection against antigen release at gastric pH was maintained even under high temperature and hu-
midity conditions. These results support the potential of the SmPill® minisphere approach to maintain the sta-
bility of an adjuvanted whole cell killed oral vaccine formulation.

1. Introduction

Enteric infections causing diarrhoeal episodes are a major world-
wide health problem leading to high levels of mortality and morbidity,
especially in developing countries (Cheng et al., 2005). Even though
oral rehydration therapy has helped to reduce the number of deaths,
enteric infections still kill approximately 600,000 children under the
age of 5 years and result in millions of hospitalizations each year in
developing countries (Czerkinsky and Holmgren, 2009; Walker and
Clifford, 2015). Moreover these diseases may impact on intestinal

absorption, nutrition and child development (Petri et al., 2008). Severe
acute diarrhoea can be caused by a number of pathogens including
rotaviruses, Vibrio cholerae, Shigella spp., Salmonella spp. and patho-
genic strains of Escherichia coli (E. coli) (Girard et al., 2006). One of the
most common diarrhoeal diseases detected among children in devel-
oping countries and in people travelling to these regions is due to en-
terotoxigenic Escherichia coli (ETEC) (Qadri et al., 2005). ETEC strains
are ingested with contaminated water or food and induce diarrhoea,
abdominal cramps, vomiting as well as fever (Qadri et al., 2005). ETEC
surface proteins named colonisation factors antigens (CFAs) (pili/
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fimbrial or nonfimbrial) such as CFA/I and powerful secreted en-
terotoxins are key virulence factors (Tobias et al., 2008; Tobias and
Svennerholm, 2012; Lundgren et al., 2014). The CFAs bind to glyco-
protein or glycolipid receptors on host epithelial cells of the small in-
testinal mucosa, which leads to bacterial colonisation and multi-
plication (Jansson et al., 2006). Colonising bacteria induce fluid and
electrolyte secretion into the lumen by the production of heat-labile or
heat-stable enterotoxin, or both (Qadri et al., 2005). Local secretory
antibody responses against CFAs were shown to play a key role in
protective immunity both in animal studies and humans (Svennerholm
et al., 1988; Ahren and Svennerholm, 1982; Qadri et al., 2007) and
consequently CFAs have been the focus for incorporation into ETEC
vaccine candidates (Tobias et al., 2008; Tobias and Svennerholm, 2012;
Lundgren et al., 2014; Walker et al., 2007).

Oral vaccine delivery is regarded as the optimal means to fight
enteric infections as it induces intestinal immunity through the gut-
associated mucosal tissues and is also attractive in avoiding the use of
needles and enhancing patient compliance. However, oral vaccines
have to overcome significant challenges including the low pH of the
stomach, proteolytic enzymes and bile salts, limited uptake across the
epithelium and a generally poor immunogenicity of orally delivered
antigens (Marasini et al., 2014; Rhee et al., 2012; Davitt and Lavelle,
2015).

In order to overcome these challenges, a number of oral vaccine
delivery technologies are currently under pre-clinical and clinical de-
velopment (Gupta et al., 2007; Wang et al., 2015; Aguirre et al., 2016).
Self-emulsifying lipid based systems, composed of oils, surfactants, co-
surfactants as well as co-solvents, are widely used (Aguirre et al., 2015).
Oil-in-water emulsions formed in aqueous gastrointestinal fluids en-
hance bioavailability by the formation of small oil droplets which may
be lysed by pancreatic lipases, leading to drug release (Kohli et al.,
2010). Oil-in-water emulsions may be delivered in solid oral dosage
forms such as soft gelatine capsules, pellets, microspheres and minis-
pheres (Aguirre et al., 2015). A novel oral delivery system, Single
Multiple Pill® (SmPill®), containing emulsions formulated as minis-
pheres, is able to enhance local, topical drug (e.g. cyclosporine
(Keohane et al., 2016), celecoxib (McDonald et al., 2015), calcitonin
(Aguirre et al., 2015) or dimethyloxalylglycine (Tambuwala et al.,
2015)) efficacy through site-specific release in intestinal regions. This
can be achieved through the application of a specific exterior coating to
the core of the minispheres. It has been hypothesized that this novel
oral delivery system in combination with an efficacious oral adjuvant
could be used to deliver oral vaccines and increase antigen im-
munogenicity by protection from gastric acidity and enhancing site-
specific delivery in the gastrointestinal tract, particularly the jejenum
and ileum as these intestinal regions contain gut-associated lymphoid
tissues such as Peyer’s patches and mucosal immune cells to elicit gut
immune responses (Mowat and Agace, 2014). It has been recently de-
monstrated that the integrated SmPill® system incorporating a re-
combinant formalin-killed whole cell E. coli overexpressing CFA/I and
the orally active invariant natural killer T (iNKT) cell activator α-Ga-
lactosylceramide (α-GalCer) was able to potentiate immune response to
this ETEC candidate vaccine (Davitt et al., 2016).

Similarly to pharmaceuticals and biologics, stability tests are es-
sential and mandatory steps in the development of vaccines. However,
additional considerations apply to vaccines comprising complex mix-
tures of active components and in this case, the integration of antigen
and adjuvant in the SmPill® delivery system. Environmental factors
such as temperature, humidity or light might affect SmPill® minispheres
containing the ETEC vaccine formulation and impact on the efficacy of
the integrated system. The goal of this study was to evaluate the effects
of temperature and humidity on CFA/I antigenicity, α-GalCer im-
munostimulatory properties, SmPill® minisphere structure and bacterial
release. The effects of long-term storage at room temperature: 25 °C/
60% Relative Humidity (RH) (normal condition), were compared to the
effects of more extreme storage conditions such as 30 °C/65% RH

(intermediate condition) and 40 °C/75% RH (accelerated condition). It
has been observed that the core of SmPill® minispheres fully retained its
initial structure and its antigen release properties at intestinal pH under
normal and extreme storage conditions up to 12 months. Importantly,
the CFA/I antigenicity and adjuvant α-GalCer activity were very well
maintained inside the core even when SmPill® minispheres were stored
under extreme conditions for several months. It was also found that the
protection of antigen facilitated by a specific Eudragit® coating avoiding
its release at gastric pH was effective at 25 °C/60% RH. However, the
resistance of Eudragit L30D 55 enteric coating to acidic pH was shown
to decrease due to surface modifications at 30 °C/65% RH and espe-
cially at 40 °C/75% RH. However, the use of a double-layer coating
made of an inner Opadry® White film and an outer Eudragit® L100 55
film demonstrated an improved resistance of SmPill® minispheres at
acidic pH when stored under elevated temperature and humidity.

This study supports the potential of SmPill® minispheres to maintain
the stability of the antigen (CFA/I E. coli) and adjuvant (α-GalCer)
vaccine components over long-term storage under unrefrigerated con-
ditions.

2. Materials and methods

2.1. Composition and manufacture of SmPill® minispheres

Three SmPill® minispheres contained 3 × 108 whole-cell killed E.
coli overexpressing CFA/I with or without 10 μg α-Galcer (Davitt et al.,
2016). Placebo SmPill® minispheres containing neither bacteria nor α-
Galcer were also prepared.

SmPill® minispheres were manufactured as previously described
(Davitt et al., 2016). Briefly, when included in a formulation, α-Galcer
(Avanti Polar Lipids Inc., USA) was dissolved in Kolliphor HS 15 (BASF
GmbH, Germany) under magnetic stirring. The loading of α-Galcer was
approximatively 0.1%. Whole-cell formalin killed recombinant E. coli
C600 strain overexpressing CFA/I (JT-49; generously provided by Prof.
Ann-Marie Svennerholm) in a PBS suspension was then added and the
resulting dispersed phase mixed until homogeneous. Sorbitol (Roquette
Freres, France) was dissolved in water at room temperature, then type A
porcine gelatine (Nitta Gelatin NA Inc., USA) was added, the tem-
perature was increased to 60–70 °C and the mixture stirred until com-
plete dissolution of the components. The aqueous phase and dispersed
phase were mixed to achieve homogeneity. The homogeneous disper-
sion was ejected through a single orifice to form droplets that fell into a
cooling oil medium (Miglyol 810N, Cremer Oleo GmbH;Co. KG, Ger-
many) at 8–10 °C. After approximately 30 min, the minispheres were
recovered from the cooling oil medium, centrifuged to eliminate excess
oil and dried at room temperature. When required, SmPill® minispheres
were coated using a Vector MFL.01 Fluid Bed System in the bottom
spray configuration with an enteric polymer, Eudragit L30D 55 or Eu-
dragit L100 55 (Evonik Industries AG, Germany) that are soluble in
intestinal fluid from pH 5.5. In some cases, Opadry® White film
20A28380 (Colorcon) was also applied between the core and the en-
teric polymer to provide a double-layer coating. Minisphere size was
measured by light microscopy (BX51 Olympus) and was between 1 and
2 mm.

2.2. SmPill® storage conditions

Coated, uncoated and placebo SmPill® minispheres were stored in
open glass vials at 25 °C/60% RH, 30 °C/65% RH and 40 °C/75% RH.
The vials were placed in smaller sealed chambers where the RH was
controlled using a saturated salt solution and the chambers were placed
in incubators.

The storage conditions were chosen according to the ICH guidelines
‘Stability Testing of new Drug Substances and Products’ (ICH Topic Q
1A (R2), European Medicines Agency, 2003) (2003).
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2.3. Microscopic analysis of SmPill® minisphere structure and antigen
localization

SmPill® minispheres were embedded in TissueTek OCT compound
(Sakura Finetek) and snap frozen in liquid nitrogen. Sections (7–10 μm)
were blocked in phosphate buffered saline (PBS)-1% Bovine serum al-
bumin (BSA) for 30 min and stained for 1 h with mouse anti-CFA/I mAb
(supplied by Prof. Ann-Mari Svennerholm) diluted 1:25 in PBS-0.1%
BSA followed by fluorescein isothiocyanate (FITC)-conjugated anti-
mouse IgG (eBioscience) diluted 1:50 in PBS-0.1% BSA for 1 h. The
sections were observed using the Leica SP8 gated STED confocal (SBI
microscopy facility, Trinity Biomedical Sciences Institute).

2.4. Bacterial loading and CFA/I antigenicity in SmPill® minispheres

Three SmPill® minispheres were incubated in 100 μl of simulated
intestinal fluid (6.8 g/l NH2PO4, 7.7% 0.2 N NaOH, 10 g/l pancreatin
from porcine pancreas (Sigma Aldrich); pH 6.8) at 37 °C with shaking
until they fully dissolved. The solutions containing the dissolved
SmPill® minispheres were serially diluted and analysed by CFA/I-spe-
cific dot-blot assay (2 μl of solution/dilution) using mouse anti-CFA/I
mAb, diluted 1:100 in PBS-Tween-0.1% BSA for 2 h followed by
Horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Southern
Biotech) diluted 1:2000 in PBS-Tween-0.1% BSA for 2 h. Nitrocellulose
membranes (Whatman, GE Healthcare) were developed by using the
Clarity ECL Western Blot Substrate Kit (Bio-Rad). Densitometric ana-
lysis was performed by using the software Image J and data were
plotted as curves. Each point of the curve is the arithmetic mean of
signal intensity (± Standard Errors at the Mean) at each specific di-
lution.

2.5. Bacterial release from SmPill® minispheres

Three SmPill® minispheres were incubated in 100 μl of simulated
intestinal fluid or simulated gastric fluid (2 g/l NaCl, 0.7% concentrate
HCl, 3.2 g/l pepsin derived from porcine stomach mucosa (Sigma
Aldrich); pH 1.2) at 37 °C with shaking for 1 h. Bacterial release was
analysed by CFA/I-specific dot-blot assay. Every ten minutes, samples
(2 μl) were collected from SmPill® minispheres incubated in simulated
intestinal fluid or gastric fluid and subsequently spotted onto the ni-
trocellulose membrane. The dot-blot assay was performed using mouse
anti-CFA/I mAb diluted 1:100 in PBS-Tween-0.1% BSA for 2 h followed
by HRP-conjugated anti-mouse IgG (Southern Biotech) diluted 1:2000
in PBS-Tween-0.1% BSA for 2 h. Nitrocellulose membranes (Whatman,
GE Healthcare) were developed using the Clarity ECL Western Blot
Substrate Kit (Bio-Rad). Densitometric analysis was performed by using
the software Image J and data were plotted as curves. Each point of the
curve is the arithmetic mean of signal intensity (± Standard Errors of
the Mean) at each specific time-point of the dot-blot assays.

2.6. Scanning electron microscopy analysis of coated SmPill® minispheres

SmPill® minispheres were cut, gold/palladium coated for 60 s and
observed using a Zeiss Ultra Field Emission Scanning Electron
Microscope (CRANN Advanced Microscopy Laboratory, TCD; Vendor:
Zeiss) or a Hitachi SU 6600 Field Emission Scanning Electron
Microscope (FOCAS Research Institute, Dublin Institute of Technology;
Vendor: Hitachi). A secondary electron detector was used and samples
were imaged at 1.5–5 Kv. The thickness of enteric coating of SmPill®

minispheres was measured by using the software Image J.

2.7. Stimulation of murine splenocytes with dissolved SmPill® minispheres
and measurement of IFNγ release

Wild type male C57BL/6 mice were obtained from Charles River
Laboratories, Inc., and were euthanized at 12–16 weeks of age. Animals

were maintained according to the regulations of the EU and the Irish
Department of Health and all procedures performed were conducted
under animal licence number B100/3321 and were approved by the
Trinity College Dublin Animal Research Ethics Committee (Ethical
Approval Number 091210).

Mice were sacrificed by cervical dislocation before removal of
spleens. Single cell suspensions were prepared by disrupting tissue
through 40 μm nylon cell strainers (BD Falcon) with RPMI 1640
medium (Gibco, Life Technologies) supplemented with 1% Penicillin/
Streptomycin 100x (Gibco Life Technologies), 1% L-glutamine 200 mM
(Gibco Life Technologies) and 10% heat-inactivated and filtered Fetal
Bovine Serum (Biosera). For red blood cell lysis, cell pellets were re-
suspended in 1 ml 0.88% ammonium chloride solution (Sigma) for
2 min and washed in supplemented RPMI medium. After centrifugation,
cells were plated at 5 × 105/well in 100 μl of complete RPMI medium:
RPMI 1640 medium supplemented with 10% heat-inactivated and fil-
tered Fetal Bovine Serum (Biosera), 1% sodium pyruvate 100 mM 100 x
(Gibco Life Technologies), 1% Non-essential amino acids 100x (Gibco
Life Technologies), 1% L-glutamine 200 mM (Gibco Life Technologies),
0.1% Penicillin/Streptomycin 100x (Gibco Life Technologies), 0.1%
Mercaptoethanol 55 mM (Gibco Life Technologies), 0.4% MEM vita-
mins (Gibco Life Technologies).

Splenocytes were stimulated for 72 h at 37 °C/5%CO2 with the
following stimuli in 100 μl of complete RPMI medium: Concanavalin A
(Con A) (4 μg/ml, Sigma), α-GalCer in solution (10 ng/ml), Dimethyl
sulfoxide (DMSO), the vehicle agent to dissolve α-GalCer in solution (1/
1000, Sigma) or the dissolved SmPill® minispheres. SmPill® minispheres
were dissolved in simulated intestinal fluid as described above. These
solutions were diluted 1/8000 in order to be in the same range as the α-
GalCer positive control and in order to dilute the simulated intestinal
fluid sufficiently to avoid interference with the assays. IFNγ release in
supernatants was measured 72 h post-stimulation using the Mouse IFNγ
DuoSet ELISA Kit (R & D systems).

2.8. Statistical analysis

Statistical analysis was performed using Prism 6 software
(GraphPad Software). For the study of CFA/I antigenicity in SmPill®

minispheres (2.4), the unpaired nonparametric Kruskal-Wallis test
(nonparametric oneway ANOVA) followed by a Dunn’s multiple com-
parisons test were used to calculate the differences between the slopes
on the linear section of the curves performed from densitometric ana-
lyses of dot-blot assays. Differences were considered as significant when
p < 0.05. In order to assess the linear relationship between the dilu-
tion and signal intensity values included in the statistical analysis, the
coefficient of determination (r2) was calculated before running the
above mentioned tests. All r2 are equal to 0.98–0.99.

3. Results

3.1. Characterization of coated and uncoated SmPill® minispheres used for
the thermostability study

SmPill® minispheres are beads comprising a core and a coating
surrounding the whole core (Fig. 1a). As previously described (Davitt
et al., 2016), the core is constituted of an emulsion containing droplets
in liquid phase dispersed in a gelatin matrix. The droplets contain the E.
coli overexpressing the antigen CFA/I (CFA/I E. coli) and the adjuvant
α-GalCer. The Eudragit L30D 55 coating is an enteric polymer soluble
in intestinal fluid from pH 5.5.

In order to evaluate the degree of intra- and inter-batch variability
observed at the level of core and coating properties of SmPill® minis-
pheres, uncoated and Eudragit L30D 55 coated CFA/I E. coli and α-
GalCer-containing SmPill® minisphere batches used for this stability
study were characterized and compared to two other batches. The size
of coated and uncoated SmPill® minispheres was measured by light
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microscopy. The average sizes of coated and uncoated minispheres
were 1.18 ± 0.03 mm and 1.22 ± 0.12 mm, respectively. This size is
close to the size of minispheres into two separately produced batches
which measured 1.32 ± 0.06 mm and 1.45 ± 0.08 mm respectively
(Fig. 1b). In addition, the coating thickness of SmPill® minispheres was
analysed by SEM. The average thickness of the Eudragit L30D 55
coating of SmPill® minisphere used for the study was 37 ± 10 μm
(Fig. 1c). In comparison, the average coating thicknesses of SmPill®

minispheres from other batches were 45 ± 5 μm and 45 ± 6 μm
(Fig. 1c). However, even though a certain degree of size and coating
thickness variability was observed between SmPill® batches, the bac-
terial loading of SmPill® minispheres studied by a CFA/I-specific dot-
blot assay was similar between the batches. Indeed, the densitometric
analysis did not reveal significant differences in signal intensity across
the serial dilutions (Fig. 1d).

These data provided valuable measures of key SmPill® minisphere
features, including coating thickness and CFA-1 antigenicity, which can
be evaluated after exposure of coated CFA/I E. coli and α-GalCer
SmPill® minispheres to elevated temperature and humidity for several
months.

3.2. The internal structure of the SmPill® minisphere core is maintained
after long term storage at elevated temperatures

In order to determine the effects of sustained exposure to elevated
temperature and humidity on the properties of SmPill® minispheres
containing CFA/I E. coli (Tobias and Svennerholm, 2012) and α-GalCer,
Eudragit® L30D 55 coated and uncoated SmPill® minispheres were ex-
posed to 25 °C/60% RH (normal storage condition) and 30 °C/65% RH
(intermediate storage condition) for up to 12 months as well as to
40 °C/75% RH (accelerated storage condition) for up to 6 months as
described in the ICH guideline recommendations (‘Stability Testing of
New Drug Substances and Products’ (ICH Topic Q 1A (R2), European

Medicines Agency, 2003).
To observe the internal structure of the SmPill® minisphere core,

sections of minispheres were stained for CFA/I E. coli antigen and ob-
served under a confocal microscope after 3, 6 and 12 months of storage.
A section of SmPill® minispheres processed at time-point zero and an-
other one from a placebo minisphere without CFA/I E. coli bacteria,
were stained and shown as positive and negative controls, respectively.

As previously described (Davitt et al., 2016), droplets of diverse size
heterogeneously distributed inside SmPill® minisphere cross-sections
could be clearly visualized (Fig. 2). The fluorescence microscopy
images of SmPill® minisphere sections showed that aggregates of killed
bacteria were inside or at the surface of the droplets rather than in the
gelatin matrix. After 12 months under room temperature and under
intermediate storage conditions as well as after 6 months under ac-
celerated storage conditions, the droplets were preserved and the bac-
teria were still mostly localised inside the droplets similarly to the
positive control (Fig. 2). Interestingly, coated and uncoated minispheres
exhibited a similar maintenance of the initial internal structure (Suppl.
Fig. A.1).

It can be concluded that exposure to elevated temperature and
humidity does not modify the internal structure of the SmPill® minis-
phere core and the localisation of formalin-killed CFA/I E. coli.

3.3. The antigenicity of CFA/I expressed on E. coli within SmPill®

minispheres is preserved after long term storage at elevated temperatures

The integrity of vaccine antigens in complex formulations must be
maintained under appropriate storage conditions.

In order to analyse the maintenance of CFA/I antigenicity inside the
minispheres, Eudragit® L30D 55 coated and uncoated SmPill® minis-
pheres containing CFA/I E. coli and α-GalCer were exposed to 25 °C/
60% RH, 30 °C/65% RH and 40 °C/75% RH conditions. The minis-
pheres were dissolved in simulated intestinal fluid and CFA/I-specific

Fig. 1. Characterization of Eudragit L30D 55 coated and uncoated SmPill® minispheres used for stability studies.
A. Representative SEM picture of one Eudragit L30D 55 coated CFA/I E. coli and α-GalCer-containing SmPill® minisphere cut in half. B. Average size of coated and uncoated SmPill®

minispheres measured by light microscopy and compared to other batches of minispheres. The average size ± SD was calculated from the size of 3 minispheres per batch. C.
Representative SEM pictures of Eudragit L30D 55 coating of minispheres used in the study and its average thickness in comparison with the coating thickness of minispheres from other
batches. The average thickness ± SD was calculated from the coating thickness measured on 3 sections of 3 minispheres per batch. D. CFA/I E. coli loading of coated and uncoated
SmPill® minispheres, analysed by CFA/I specific dot-blot assay and compared to the loading of SmPill® minispheres from other batches. Densitometric analysis of this assay was plotted as
a curve where each point is the percentage of signal at each specific dilution.
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dot-blot assays were performed after 1, 3, 5, 6 and 12 months of sto-
rage. The same experiment was also performed at time-point zero and
with placebo SmPill® minispheres as positive and negative controls re-
spectively.

The assays reveal a remarkable maintenance of CFA/I antigenicity
in coated (Fig. 3) and uncoated (Suppl. Fig. A.2) SmPill® minispheres at
25 °C/60% RH, even after exposure at 30 °C/65% RH for up to 12
months and at 40 °C/75% RH for up to 6 months. Densitometric ana-
lyses of dot-blot assays show that no significant differences in signal
intensity across the serial dilutions were observed between SmPill®

minispheres stored under various temperature conditions as well as
between coated and uncoated SmPill® minispheres (Fig. 3 and Suppl.
Fig. A.2).

These data highlight the maintenance of CFA/I antigenicity within
SmPill® minispheres on long term storage at room and elevated tem-
peratures.

3.4. The immunostimulatory potential of the adjuvant α-GalCer is
maintained in SmPill® minispheres exposed to high temperature

In addition to CFA/I antigenicity, maintenance of the adjuvanticity
of the iNKT cell-activating glycolipid, α-GalCer in the vaccine for-
mulation, is a second crucial point to assess formulation stability. It is
known that stimulation by α-GalCer induces the production of IFNγ by
murine splenocytes (Cerundolo et al., 2010; Ando et al., 2013). In order
to determine the maintenance of immunostimulatory activity of the
adjuvant inside the minispheres, splenocytes were stimulated with
dissolved Eudragit® L30D 55 coated CFA/I E. coli and α-GalCer-con-
taining SmPill® minispheres exposed to 25 °C/60% RH, 30 °C/65% RH
and 40 °C/75% RH for 1 or 5 months. Seventy-two hours post-stimu-
lation, IFNγ release was measured in supernatants. Stimulation with α-
GalCer in solution as well as dissolved SmPill® containing CFA/I E. coli
and α-GalCer kept at 4 °C were shown as positive controls whereas
stimulation with placebo SmPill® minispheres and SmPill® minispheres
containing only CFA/I E. coli were shown as negative controls.

Stimulation with dissolved SmPill® minispheres containing CFA/I E.
coli and α-GalCer that were previously exposed to room temperature or
to high temperature and humidity levels demonstrated that the capacity
of the incorporated α-GalCer to drive IFNγ production was comparable
to positive controls for up to 5 months (Fig. 4a). There was negligible
release of IFNγ by splenocytes exposed to dissolved SmPill® minispheres
containing only CFA/I E. coli or placebo SmPill® minispheres (Fig. 4b)
indicating that the interferon gamma response was principally driven
by the adjuvant.

3.5. Long term storage at room temperature moderately impacts on the
external appearance of SmPill® minispheres

It was hypothesized that the external appearance of SmPill® minis-
pheres would provide an indication of modifications to the delivery
system through an effect on the enteric coating; therefore, Eudragit®

L30D 55 coated SmPill® minispheres containing CFA/I E. coli and α-
GalCer were exposed to 25 °C/60% RH, 30 °C/65% RH and observed
after 3, 6 and 12 months or exposed to 40 °C/75% RH and observed
after 3 and 6 months (Suppl. Table A.1a). In comparison, the external
appearance of uncoated minispheres was also analysed to distinguish
the direct effects of temperature and humidity on the core of SmPill®

minispheres (Suppl. Table A.1b). The selected criteria were colour,
shape and external structure of SmPill® minispheres. At the beginning of
the study, the colour of the coated SmPill® was white and opaque. At
25 °C/60% RH, SmPill® minispheres were round and white even after
12 months although they became slightly soft and sticky. Under inter-
mediate and accelerated storage conditions, SmPill® minispheres be-
came more transparent and turned yellow after 3 months. A stickiness
could be also observed under intermediate storage conditions and
especially under accelerated storage conditions (Suppl. Table A.1a).
However, the average size of SmPill® minispheres was unchanged under
these conditions (time-point 0: 1.18 ± 0.03 mm; 5 months at 25 °C/
60% RH: 1.17 ± 0.13 mm; 30 °C/65% RH: 1.25 ± 0.04 mm and at
40 °C/75% RH: 1.23 ± 0.06 mm). In comparison, uncoated SmPill®

Fig. 2. Internal structure of coated SmPill® minisphere core and antigen localization after storage under various temperature and humidity conditions.
Eudragit L30D 55 coated CFA/I E. coli and α-GalCer-containing SmPill® minispheres were exposed to 25 °C/60% RH and 30 °C/65% RH for 12 months, and to 40 °C/75% RH for 6 months.
After 3, 6 and 12 months of storage, SmPill® cross-sections were stained with anti-CFA/I-FITC mAbs and visualized by confocal microscopy. Staining of one SmPill® cross-section at time-
point 0 and a placebo SmPill® cross-section are shown as positive and negative controls respectively. Each picture is representative for 4–8 Sections from 2 SmPill® minispheres per
condition. Scale: 25 μm.
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minispheres started to turn yellow and became soft after 3 months
under all conditions but more markedly after storage at 30 °C/65% RH
and 40 °C/75% RH. However, deformation was only observed under
accelerated conditions (Suppl. Table A.1b).

The differences in deformation and stickiness were more marked
with coated SmPill® minispheres compared to uncoated SmPill® minis-
pheres suggesting a principal impact of high temperature and humidity
levels on the SmPill® coating. To examine the enteric coating appear-
ance, Eudragit® L30D 55 coated SmPill® were observed after exposure to
25 °C/60% RH and 30 °C/65% RH for 3, 6 and 12 months and 40 °C/

75% RH for 3 and 6 months. Sectioned minispheres were gold/palla-
dium coated and the enteric coating visualized by SEM. The distribution
of the coating was relatively consistent around the minispheres that
were exposed to room temperature for 12 months (Fig. 5). The average
thickness of the coating only slightly increased over time (time-point 0:
37± 10 μm; 12 months at 25 °C/60% RH: 58 ± 10 μm) (Fig. 1; Suppl.
Table A.2). However, when SmPill® minispheres were stored under in-
termediate or accelerated storage conditions, significant deformation
and changes in the distribution of the coating around the minispheres
was visible after 3 months but was strongly intensified after 12 months

Fig. 3. Analysis of CFA/I antigenicity in coated SmPill® minispheres stored under various temperature and humidity conditions.
Eudragit L30D 55 coated CFA/I E. coli and α-GalCer-containing SmPill® minispheres were exposed to 25 °C/60% RH and 30 °C/65% RH for 12 months, and to 40 °C/75% RH for 6 months.
After 1, 3, 5, 6 and 12 months of storage, SmPill® minispheres were dissolved and CFA/I antigenicity was analysed by CFA/I specific dot-blot assay. A. Representative images of
membranes showing two-fold serial dilutions of solutions that initially contain three dissolved SmPill® minispheres. Similar dot-blot assays were run with SmPill® minispheres at time-
point 0 and placebo SmPill® minispheres. They are shown as positive and negative controls respectively. B. For each time-point, densitometric analysis of duplicated assays was plotted as
a curve where each point is the arithmetic mean of signal (± Standard Error of the Mean) at each specific dilution. In order to calculate statistical differences in signal intensity between
the conditions, a Dunn’s multiple comparisons test in one way ANOVA was carried out on the linear sections of the slopes of the curves. NS = non-significant.

Fig. 4. IFNγ release after stimulation of murine splenocytes with SmPill® minispheres exposed to various temperature and humidity conditions.
A. Eudragit L30D 55 coated CFA/I E. coli and α-GalCer-containing SmPill® minispheres were exposed to 25 °C/60% RH, 30 °C/65% RH and 40 °C/75% RH for 1 or 5 months. Splenocytes
were stimulated with these dissolved minispheres. Stimulation with CFA/I E. coli and α-GalCer-containing SmPill® minispheres kept at 4 °C is shown as a positive control. B. Stimulation
with ConA and α-GalCer (αGC) in solution are shown as technical positive controls. Stimulation with medium, DMSO (vehicle-agent for α-GalCer in solution), dissolved placebo SmPill®

minispheres and CFA/I E. coli SmPill® minispheres are shown as negative controls. Representative duplicate experiment.
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at 30 °C/65% RH and after 6 months at 40 °C/75% RH (Fig. 5). Under
these conditions, the average thickness of coating was significantly
increased compared to the thickness at time-point 0 (12 months at
30 °C/65% RH: 66 ± 32 μm; 6 months at 40 °C/75% RH:
100 ± 52 μm) (Suppl. Table A.2). In addition, the modifications in
coating distribution enhanced the thickness variability on each minis-
phere and between the minispheres (Suppl. Table A.2).

These results illustrate that only moderate modifications are ob-
served on the external appearance and enteric coating of SmPill® min-
ispheres stored at room temperature for up to 12 months. In compar-
ison, SmPill® minispheres stored under intermediate and accelerated
storage conditions showed a change in colour, shape and external
structure that could impact on the quality of the enteric coating and
would suggest the need for formulation optimization.

3.6. The antigen release characteristics of SmPill® minispheres at intestinal
pH are maintained on storage at elevated temperature and humidity for up to
6 months

It was previously demonstrated that SmPill® technology prevented
antigen release at gastric pH but facilitated controlled antigen release
under conditions found in the distal small intestine due to the appli-
cation of a specific enteric coating film (Davitt et al., 2016).

In order to examine if these bacterial release characteristics were
preserved over time, Eudragit® L30D 55 coated CFA/I E. coli and α-
GalCer-containing SmPill® minispheres stored at 25 °C/60% RH and
30 °C/65% RH for 1, 3, 6 and 12 months as well as 40 °C/75% RH for 1,
3 and 6 months were exposed to simulated intestinal fluid (pH 6.8 with
pancreatin). The release of bacteria was analysed every ten minutes by
CFA/I-specific dot-blot assay until full dissolution of minispheres (ca.
60 min). Densitometric analyses of the dot-blot assays revealed minimal
differences in the kinetics of bacterial release between the different
storage conditions at each time-point (Fig. 6).

The application of an enteric coating to SmPill® facilitates site-spe-
cific release in the small intestine and minimizes degradation under
acidic conditions. As recently demonstrated (Davitt et al., 2016), no
bacterial release was found when SmPill® minispheres were incubated
in simulated gastric fluid. In order to determine whether temperature
and humidity conditions may impact on the ability of the enteric

coating to remain intact in an acidic (gastric) environment, Eudragit®

L30D 55 coated CFA/I E. coli and α-GalCer-containing SmPill® exposed
to 25 °C/60% RH, 30 °C/65% RH and 40 °C/75% RH for 1, 3 and 5
months were incubated in simulated gastric fluid (pH 1.2, with pepsin).
The release of bacteria was analysed by CFA/I-specific dot-blot assay
for 60 min. The enteric coating (Eudragit® L30D 55) of SmPill® minis-
pheres exposed to 25 °C/60% RH prevented antigen release at low pH
following storage for 5 months. However, following incubation at more
extreme temperature and humidity conditions, densitometric analysis
of dot-blot assays revealed a marked loss of resistance of the enteric
coating to low pH solution, particularly from 1 month at 40 °C/75% RH
(Fig. 7a).

To address this challenge, we examined the efficacy of the Eudragit®

L100 55 coating which also resists degradation at a pH lower than 5.5.
Moreover, we examined whether the addition of an Opadry White®

protective film on the core was beneficial to improve the coating re-
sistance of Eudragit® L100 55. SmPill® coated with Eudragit® L100 55
alone did not show an improved resistance over those coated with
Eudragit® L30D 55 exposed to similar conditions for one month (data
not shown). However, the addition of an Opadry® White film between
the core and the exterior enteric coating conferred an improved re-
sistance. While antigen release was comparable between Eudragit®

L30D 55 coated SmPill® and Eudragit® L100 55+ Opadry® White coated
SmPill® in simulated intestinal fluid (Fig. 6; Suppl. Fig. A.3), antigen
release was minimal from SmPill® with the double-layer Eudragit® L100
55+ Opadry® White coating at acidic pH even when these minispheres
were stored at 40 °C/75% RH for one month (Fig. 7b). The presence of
the double-layer coating was confirmed by microscopy. Sectioned Eu-
dragit L100 55 + Opadry® White coated SmPill® compared to sectioned
Eudragit® L30D 55 coated SmPill® were gold/palladium coated and
visualized by SEM (Fig. 8). The thickness of this double-layer coating
was 44 ± 12 μm. Finally, similarly to Eudragit L30 55 coated SmPill®

minsipheres, CFA/I antigenicity and α-Galcer immunostimulatory
properties were maintained in Eudragit L100 55+ Opadry® White
SmPill® minispheres even after long term storage at 40 °C/75% RH
(Suppl. Fig. A.4).

These data show the flexibility of the SmPill® technology in allowing
replacement of specific components to enhance antigen stability and
release characteristics at elevated temperature and humidity.

Fig. 5. Visualization of the enteric coating of SmPill® minispheres after exposure to various temperature and humidity conditions.
Eudragit L30D 55 coated CFA/I E. coli and α-GalCer-containing SmPill® minispheres were exposed to 25 °C/60% RH and 30 °C/65% RH for 12 months, and to 40 °C/75% RH for 6 months.
After 3, 6 and 12 months of storage, the enteric coating of sectioned SmPill® minispheres were visualized by SEM. Representative pictures of 3 SmPill® minispheres per condition. Scale:
20–200 μm.
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Fig. 6. Antigen release is comparable in simulated intestinal fluid from SmPill® minispheres exposed to various temperature and humidity conditions.
Eudragit L30D 55 coated CFA/I E. coli and α-GalCer-containing SmPill® minispheres were exposed to 25 °C/60% RH and 30 °C/65% RH for 12 months, and to 40 °C/75% RH for 6 months.
After 1, 3, 6 and 12 months of storage, SmPill® minispheres were incubated in simulated intestinal fluid (pH 6.8, with pancreatin) and the release was analysed every ten minutes by CFA/I
specific dot-blot assay. A. Representative images of membranes showing bacterial release from 3 SmPill® minispheres for up to 60 min. B. For each time-point of the study, a densitometric
analysis of duplicated assays was plotted as a curve. Each point of the curve is the arithmetic mean of signal (± Standard Error of the Mean) at each specific time-point of the assay.

Fig. 7. Incorporation of an Opadry® layer enhances antigen protection under gastric conditions in SmPill® minispheres exposed to elevated temperature and humidity conditions.
A. Eudragit L30D 55 coated CFA/I E. coli and α-GalCer-containing SmPill® minispheres were exposed to 25 °C/60% RH, 30 °C/65% RH and 40 °C/75% RH conditions. After 1, 3 and 5
months storage, SmPill® minispheres were incubated in simulated gastric fluid (pH 1.2, with pepsin) and the release was analysed every ten minutes by CFA/I specific dot-blot assay. B.
Eudragit L100 55+ Opadry® White coated CFA/I E. coli and α-GalCer-containing SmPill® minispheres were exposed to 25 °C/60% RH and 40 °C/75% RH. After 1 month of storage,
SmPill® minispheres were incubated in simulated gastric fluid and the release was analysed by CFA/I specific dot-blot assay as previously described. For A and B, representative images of
membranes demonstrating antigen release from 3 SmPill® minispheres up to 60 min were shown and a densitometric analysis of duplicated assays was plotted as a curve. Each point of the
curve is the arithmetic mean of signal (± Standard Error of the Mean) at each specific time-point of the assay.
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4. Discussion

The stability of a vaccine formulation is a key factor in the research,
development and manufacturing processes. It is essential to establish
that the materials can be stored under specified storage conditions for a
specified period of time to address issues around quality, safety and
efficacy (Schofield, 2009). Stability studies of intermediates may also
help to adapt the formulation or to make modifications in manu-
facturing in order to improve stability properties. A novel integrated
approach to oral vaccination using the SmPill® technology was recently
described to enhance the effectiveness of an ETEC candidate vaccine in
a delivery system amenable to convenient and large scale administra-
tion to humans (Davitt et al., 2016). In this present study, we evaluated
the stability of this enteric-coated delivery system containing a re-
combinant formalin-killed whole cell E. coli overexpressing CFA/I and
the orally active adjuvant α-GalCer.

The internal structure of SmPill® minispheres containing the vaccine
formulation did not exhibit any visible changes when minispheres were
exposed to 25 °C/60% RH (normal condition) and 30 °C/65% RH (in-
termediate condition) for up to 12 months, or to 40 °C/75% RH (ac-
celerated condition) for up to 6 months. Indeed the emulsion droplets
and localisation of the antigen were comparable over time. The hon-
eycomb hydrophilic gel structure is clearly maintained, the liquid phase
droplets remain dispersed and well immobilised in the gelatin matrix,
which is crucial. A modification of this structure could lead to a droplet
instability and consequently to a SmPill® minisphere deformation, an-
tigen release modification as well as loss of antigen/adjuvant protec-
tion. Interestingly, similar results were observed in uncoated SmPill®

minispheres showing that the internal structure of the core itself is
robust at elevated temperature and humidity. In addition, we found
that the antigenicity of the SmPill® vaccine formulations was preserved
when SmPill® minispheres were stored at 25 °C/60% RH and at 30 °C/
65% RH for 12 months as well as at 40 °C/75% RH for 6 months. The
preservation of CFA/I antigenicity is vital for the functionality of
SmPill® minispheres. The maintenance of the internal matrix structure

of the core helps to avoid degradation of the CFA/I antigen as it is
protected inside the droplets. Furthermore, the immunostimulatory
activity of the adjuvant α-GalCer was also preserved in SmPill® minis-
pheres exposed to 25 °C/60% RH, 30 °C/65% RH and 40 °C/75% RH for
up to 5 months. One particularly important benefit of SmPill® delivery
system is the possibility to incorporate and subsequently deliver poorly
water-soluble components such as cyclosporine (Keohane et al., 2016)
or celecoxib (McDonald et al., 2015). The adjuvant α-GalCer is a gly-
cosphingolipid which is nearly insoluble in aqueous media. If α-GalCer
precipitates or crystallises and consequently loses its solubility, a re-
duction of its activity could be expected. The conservation of α-GalCer
activity is key for the functionality of the SmPill® delivery system. This
results also demonstrates that the solubilisation of the adjuvant in
Kolliphor HS 15 before incorporation inside SmPill® minispheres
maintains its solubility and subsequently its activity.

The sum of these results indicates that both the adjuvant and anti-
genic components are highly stable within this advanced vaccine for-
mulation following storage at room temperature and also following
storage at high temperatures.

Enteric coatings can be applied to SmPill® formulations to facilitate
site-specific release and minimize degradation under acidic conditions.
Indeed, the formulation containing ETEC and α-GalCer was designed to
retain minisphere integrity in the stomach and facilitate antigen release
in the small intestine, more specifically the jejunum, to trigger immune
responses at the appropriate site for protection against ETEC infection.
Anionic polymethacrylates are commonly used polymers to confer en-
teric properties. Eudragit® is one of the most common pH-dependent
coatings used. A wide range of Eudragit® polymers with different dis-
solution properties have been developed (Nikam et al., 2011). Eudragit®

L30D 55 and L100 55 used to coat SmPill® minispheres are soluble in
intestinal fluid from pH 5.5. These specific polymers have been already
used in various types of formulation such as enteric coated tablets,
capsules, films, nano/microparticles and microspheres (Patra et al.,
2017). One study analysed the impact of temperature and humidity on
Eudragit® L30D 55 coated diclofenac pellets or capsules. Contrary to

Fig. 8. Visualization of Eudragit L30D 55 and
Eudragit L100 55+ Opadry® White enteric coatings
on SmPill® minispheres.
The enteric coating of sectioned Eudragit L30D 55
coated SmPill® minispheres and Eudragit L100 55+
Opadry® White coated SmPill® minispheres were
analysed by SEM. Representative pictures of 3
SmPill® minispheres per type of coating. Scale:
20–100 μm.
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Hudovornik and colleagues (2015) (Hudovornik and Vrecer, 2015) who
determined that high RH and temperature accelerated drug release
from Eudragit® L30D 55 coated diclofenac pellets, we found that bac-
terial release from SmPill® is similarly preserved at pH 6.8 when Eu-
dragit® L30D 55 coated SmPill® were exposed to 25 °C/60% RH and
30 °C/65% RH for 12 months, and at 40 °C/75% RH for 6 months. In-
terestingly, Pastor and coworkers developed cold chain free micro-
particles to deliver oral cholera vaccine and also used Eudragit L30 55
enteric coating. Their stability study performed under similar tem-
perature and humidity conditions to our study showed a maintenance
of Vibrio cholerae antigenicity and gastro-resistance even when the
microparticles were exposed to extreme storage conditions (Pastor
et al., 2013). In our study, it was also observed that Eudragit® L30D 55
enteric coating of SmPill® exposed to 25 °C/60% RH for 5 months re-
mained stable at low pH. The selectivity of the release is clearly
maintained under these conditions. However, the stability of the Eu-
dragit® L30D 55 coating at low pH decreases following extended storage
at 30 °C/65% RH and to a greater degree under 40 °C/75% RH condi-
tions. The SEM evaluation of coated SmPill® minispheres allowed us to
compare the modifications of the coating under each storage condition.
The appearance of the enteric coating is maintained for up to 12 months
at 25 °C/60% RH. Minor microscopic differences reflected a small de-
gree of variability in coating between the minispheres. However, the
coating was clearly affected under intermediate and particularly under
accelerated conditions. Indeed the minispheres were sticky, the coating
thickness increased and was heterogenous around the minispheres. In
addition, after 3 months, the colour of coated minispheres began to turn
yellow and the surface became uneven. Morphological modifications of
Eudragit L30D 55 coating is not uncommon upon long term storage
under high temperature and humidity as already reported by Fan and
colleagues who investigated the stability of Eudragit L30D 55 coated
pellets containing tamsulosin hydrochloride (Fan et al., 2017).

In order to improve the appearance as well as to maintain the in-
tegrity and coating performance of the SmPill® minispheres, an inter-
mediate Opadry® White film was introduced between the core and the
enteric film. Opadry® has already been shown to be a very stable gastro-
resistant film in the context of Vitamin B2-containing pellets coated
with this film and stored long term at 40 °C (Thoma and Bechtold,
1999). The preliminary data generated in our study demonstrate that
this formulation strategy helps to prevent the stickiness of the minis-
pheres and retain the performance of the enteric coating film when the
formulation is stored at intermediate and accelerated conditions, and
merits further characterisation through long term stability studies
across a range of time-points and temperature and humidity conditions.

5. Conclusions

This study demonstrates the stability of an effective SmPill® based-
vaccine containing an adjuvanted ETEC candidate antigen and en-
courages follow up development work to progress this formulation into
a clinical setting. Further parameters that will have to be examined
include the impact of light on SmPill® in order to determine the most
suitable package and the usefulness of the system for incorporation of
multiple vaccine components such as for a multivalent ETEC vaccine,
the heat-labile toxin B subunit and other E. coli whole cells expressing
other prevalent types of CFAs (Lundgren et al., 2014). However, this
study provides evidence that the SmPill® vaccine platform is compatible
with storage at elevated temperature and humidity. Specifically, the
data indicate that storage at 25°/60% RH maintains CFA/I E. coli an-
tigenicity, α-GalCer immunostimulatory properties, SmPill® internal
structure and pH-dependent antigen release. Under more extreme sto-
rage conditions, the stability of SmPill® core was also confirmed in this
study and the optimisation of coating layers to improve its integrity is
continuously in progress to meet stability, storage and quality para-
meters required for clinical effects. The promising results of this study
support continued development of the SmPill® oral vaccine system in

efforts to address the high costs associated with maintenance of the cold
chain during vaccine transport and storage (Mvundura et al., 2015;
Kristensen et al., 2016) and to bring new highly needed products to the
clinical development and finally the market.
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