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Abstract: Understanding the ecology of the gastrointestinal tract and the impact of the contents on the host mucosa
is emerging as an important area for defining both wellness and susceptibility to disease. Targeted delivery of drugs to
treat specific small intestinal disorders such as small bowel bacterial overgrowth and targeting molecules to interrogate
or to deliver vaccines to the remote regions of the small intestine has proven difficult. There is an unmet need for
methodologies to release probes/drugs to remote regions of the gastrointestinal tract in furthering our understanding of
gut health and pathogenesis. In order to address this concern, we need to know how the regional delivery of a sur-
rogate labeled test compound is handled and in turn, if delivered locally as a liquid or powder, the dynamics of its
subsequent handling and metabolism. In the studies we report on in this paper, we chose 3C sodium acetate
(1SC-acetate), which is a stable isotope probe that once absorbed in the small intestine can be readily measured
non-invasively by collection and analysis of '>CO; in the breath. This would provide information of gastric emptying
rates and an indication of the site of release and absorptive capacity. In a series of in vitro and in vivo pig experiments,
we assessed the enteric-protective properties of a commercially available polymer EUDRAGIT® L100-55 on gelatin
capsules and also on DRcaps®. Test results demonstrated that DRcaps® coated with EUDRAGIT® L100-55 possessed
enhanced enteric-protective properties, particularly in vivo. These studies add to the body of knowledge regarding
gastric emptying in pigs and also begin the process of gathering specifications for the design of a simple and
cost-effective enteric-coated capsule for delivery of acid-labile macromolecules to the small intestine.
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1 Introduction cosal pathogens (van Ginkel et al., 2000; Holmgren and
Czerkinsky, 2005; Takahashi et al., 2009), the ability

As the immune system of the gastrointestinal (GI)  to deliver acid-labile compounds such as therapeutic
tract constitutes the first line of defence against mu-  drygs and also vaccine antigens directly to the small
intestine offers opportunities for non-invasive treat-
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etal., 1993; Shirley et al., 2001; Bueno da Costa et al.,
2002; Mccarron et al., 2008). We therefore have de-
veloped a simple and inexpensive enteric-stable
capsule with an ability to deliver milligram amount
payloads to the small intestine of pigs. Non-invasive
functional breath tests have been used previously in
animal models (Anderson et al., 2002; Pelton et al.,
2004; Butler, 2008; Terry et al., 2012) with more
applications/examples in humans (Ishii et al., 2001;
Festi et al, 2005; Tooley et al., 2006; de Lacy
Costello et al., 2013; Pizzoferrato et al., 2013). In our
studies, we chose "°C sodium acetate (13 C-acetate) for
a surrogate biomarker of “payload” in the GI tract of
pigs as it is relatively inexpensive and its metabolism
in the duodenum to '*CO, can be non-invasively
measured and quantified from exhaled breath, ena-
bling determination of gastric emptying rates (Braden
et al., 1995; 2004; Barbosa et al., 2005).

The use of synthetic polymer-coated capsules,
which provide protective properties against the low
pH of the stomach while also being rapidly degraded
in neutral pH as encountered in the small intestine,
was pivotal in our investigations. In our studies, we
used EUDRAGIT® L100-55 (Evonik Industries, Essen,
North Rhine-Westphalia, Germany) and DRcaps®
(Capsugel”®, Morristown, NJ, USA) capsules as they
have been extensively reported and marketed to pro-
vide exceptional enteric protection while also being
rapidly degraded at pH 5.5 (Khan et al., 1999; Terao
et al., 2001; Jelvehgari et al., 2010; Calija et al.,
2013).

We therefore have instigated in vitro testing and
small-scale pig studies using EUDRAGIT® L100-55
coating of both gelatin capsules and also commercially
available DRcaps® to investigate proof of concept for
an inexpensive but effective capsule with non-
invasive end uses in human gastro-intestinal func-
tional studies and therapeutic drug/vaccine delivery.

2 Materials and methods
2.1 Capsule coating and in vitro studies

In our current study we first embarked on
in vitro experiments to determine the basic properties
that would be required to provide enteric stability of
the *C-acetate payload. Following consultation with
Evonic Industries and the use of in-house technologies,

we developed the following capsule coating protocol.
Gelatin capsules (size 000) were filled with 250 mg of
crystal violet and a stainless steel bar (6.3 mmx
12 mm). Loaded capsules were then arranged in
a dipping tray and suspended in a pre-prepared
EUDRAGIT® L100-55 mixture (EUDRAGIT® L100-
55, 9.0 g; polyethylene glycol 400, 1.4 g; Tween 80,
0.1 g; acetone, 38 ml; isopropyl alcohol, 57 ml; and
water, 5 ml) for 15 s, permitting 2/3 of the capsules’
surface to be coated and then allowed to dry for
30 min. Capsules were then inverted and re-inserted
into the dipping tray and the remaining 1/3 of the
capsules’ surface was coated. Capsules were subse-
quently placed on the laboratory bench at ambient
temperature and allowed to completely dry for 72 h.
Specific residual solvent analysis was not performed;
however, all coated capsules were free of acetone
odor after 72 h of drying. In a series of experiments,
we then tested the in vitro enteric protective ability of
both the DRcaps” and gelatin capsules coated with
EUDRAGIT® L100-55 either once, twice, thrice, or
four times. Uncoated gelatin capsules or commer-
cially available DRcaps® capsules used for controls
were loaded with crystal violet and the stainless steel
bar but were not EUDRAGIT® L100-55 coated. As
we intended to perform an in vitro release (or disso-
lution) study using crystal violet dye as the test
compound, a paddle system dissolution apparatus was
used in accordance with pharmacopoeia standards. In
these experiments, a dissolution bath (USP 23 type 11
Apparatus Vankel VK6010, Varian Inc., Palo Alto,
CA, USA) was assembled and pre-warmed to 37 °C.
A volume of 400 ml of 0.1 mol/L HCI (pH 1.0) was
placed into 3% dissolution cups and rotation was set at
100 r/min. Enteric protection/capsule integrity, as
measured by visual detection after release of blue
color, was assessed at 60, 90, and 120 min. At the
120-min mark, 200 ml of 0.05 mol/L phosphate buffer
(NaHPO,, pH 7.5) was added to the cups, effectively
adjusting the pH to 7.0, representative of porcine
intestinal conditions (Evans et al., 1988) and also in
accordance with the pH range (6.8-8.0) as accepted
by the U.S. Food and Drug Administration Guidance
for Industry (http://www.fda.gov/downloads/drugs/
guidancecomplianceregulatoryinformation/guidances/
ucm(070237.pdf). Integrity was again monitored until
the capsule had disintegrated (n>3 for each different
capsule coating type).
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2.2 In vivo pig studies

In vivo studies were conducted on a total of
thirteen female Large WhitexDuroc pigs (age 8—
12 weeks) obtained from the Roseworthy Campus,
University of Adelaide (Roseworthy, Australia) and
subsequently housed at the South Australian Health
and Medical Research Institute Animal Facility at
Gilles Plains in Adelaide, Australia. The pigs were
housed singularly alongside neighboring companions
in raised metal cages (2 mx2 m) with rubber matting
covering the bottom surface of the enclosures. During
maintenance periods, food and water were provided
ad libitum. Room temperature was maintained at
20 °C with a 12-h light/12-h dark cycle.

Prior to the procedures, all animals were fasted
from food overnight but allowed access to water. In
all studies, a baseline breath sample was taken from
the pigs 5 min prior to gavage. Pigs were briefly
anaesthetized via an intramuscular injection of
20 mg/kg of ketamine (100 mg/ml) (CEVA Animal
Health, Glenorie NSW, Australia) delivered through
an 18 G needle. Once fully anaesthetized, a measured
length of 12 mm inner diameter (ID) polypropylene
tubing was then placed through the mouth and di-
rected carefully into the stomach. To assess the liquid
gastric emptying time, pigs were gavaged via tubing
with 250 mg of "*C-acetate dissolved in 100 ml of
water via a 30-ml syringe. To elucidate the gastric
emptying time and the enteric protective capabilities
of the EUDRAGIT® L100-55, pigs were gavaged
with a quadruple-coated gelatin capsule containing
250 mg of powdered BC-acetate followed by 100 ml
of acidified water (pH 3.5) via a 30-ml syringe. Fi-
nally, we aimed to demonstrate both the gastric liquid
emptying phase and the enteric protective properties
of EUDRAGIT® L100-55 simultaneously in an indi-
vidual pig. In these studies, 250 mg of powdered
P(C-acetate was enclosed in a size 0 DRcaps” which
had been placed into a size 00 DRcaps® (double
DRcaps”®). The outer DRcaps® was also further
coated with EUDRAGIT® L100-55 four times
(quadruple-coated). In these later studies, groups of
pigs were gavaged with 250 mg of “C-acetate dis-
solved in 100 ml of acidified water (pH 3.5) via a
30-ml syringe, simultaneously with the quadruple-
coated, double DRcaps®. In all studies, exhaled breath
samples were collected from conscious pigs using an
adapted mask set up constructed from a cut down

lower end of an empty intravenous bag with the outlet
tube attached to a 3-way stopcock and 20-ml syringe.
This mask was held over the pig’s snout while the
syringe plunger was withdrawn. By closing the
stopcock, the breath sample could be transferred to
evacuated tubes for analysis. “CO, was measured
using the SerCon Automated Breath Bc Isotope Ratio
Mass Spectrometer (SerCon, Crewe, UK). Breath test
results are shown as the change from baseline of the
ratio of >C/"*C detected in the expired CO, (Symonds
et al., 2008). CO, levels were always checked to en-
sure consistent sampling.

3 Results
3.1 Invitro studies

Under the low pH conditions (pH 1.0), the singly
and doubly coated gelatin capsules had completely
disintegrated within 30 min. The uncoated control
gelatin capsules had completely disintegrated within
5 min (data not shown). Conversely, gelatin cap-
sules triple-coated or quadruple-coated with the
EUDRAGIT® L100-55 survived for 60 (Figs. la and
le) and 90 min (Figs. 1b and 1f), respectively, without
any visible sign of disintegration. Slight disintegra-
tion of triple-coated gelatin capsules was observed at
120 min (Fig. 1¢). However, quadruple-coated gelatin
capsules survived 120 min without evident dye
leakage under these conditions (Fig. 1g). Subse-
quent exposure of the triple- and quadruple-coated
(EUDRAGIT®) gelatin capsules to pH 7.0 resulted in
total disintegration after 30 min (Figs. 1d and 1h). In
preliminary in vitro experiments, uncoated DRcaps®
surprisingly disassembled into two separate pieces
within 90 min of exposure to pH 1 with disintegration
occurring at the closure seal of the capsule (data not
shown) and therefore was not used for initial in vivo
studies.

3.2 In vivo pig studies

The initial stage to establish the utility of the pig
model of gastric emptying was to determine a dose-
response curve with BC-acetate administered in a
liquid form. As expected, release of CO, in the
breath of the pigs was detected within 5 min of gavage
and rapidly peaked within 45 min (Figs. 2a and 2b).
The height of the individual peaks also demonstrated
a dose-response profile of *CO, release in the breath
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Fig. 1 In vitro assessment of triple- and quadruple-coated (EUDRAGIT® L100-55) gelatin capsules
Triple-coated (EUDRAGIT® L100-55) capsule integrity following incubation for 60 (a), 90 (b), and 120 min (c) at pH 1.0
and then 30 min at pH 7.0 (d). Quadruple-coated (EUDRAGIT® L100-55) capsule integrity following incubation for 60 (e),
90 (f), and 120 min (g) at pH 1.0 and then 30 min at pH 7.0 (h). All incubations were conducted at 37 °C with 100 r/min
rotation. All pictures are plan views of the dissolution cups. Blue areas indicate dye content release
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Fig. 2 "*CO, release in the breath of pigs following dosing with either liquid or enteric-coated capsules containing
powdered *C-acetate

(a) In the first set of small-scale pilot studies, pigs (n=1 per dose) were gavaged with 250, 125, or 65 mg of *C-acetate dis-
solved in 100 ml water. (b) In the second set of pilot studies, pigs were gavaged with 250 mg of powdered '*C-acetate in a
gelatin capsule quadruple-coated with EUDRAGIT® L100-55 (n=4) or with 250 mg of BC.acetate dissolved in 100 ml acidified
water simultaneously with 250 mg of powdered *C-acetate enclosed in a double DRcaps® quadruple-coated with
EUDRAGIT® L100-55 (n=2). Breath samples were collected throughout the duration of the study and assessed for the
presence of *CO, and expressed as delta/baseline. Data are represented as mean and standard error of the mean

(Fig. 2a: 250 mg, peak 159; 125 mg, peaks 62 and 73;
65 mg, peak 41) confirming the reproducibility of this
protocol. We next compared the release of BC0, in
the breath following dosing of pigs with powdered
BC-acetate delivered in gelatin capsules quadruple-
coated with EUDRAGIT® L100-55. We observed a
significant delay in the release of *CO, with the av-
erage "CO, peak observed at 110 min after the capsule

administration, compared with a peak occurring at
around 30 min after the *C-acetate was administered
in the liquid form indicating release of the labelled
BCO, in the small intestine (Fig. 2b). In our final
study, we investigated the combined administration
of 250 mg of *C-acetate in a liquid form simultane-
ously with 250 mg of powdered '*C-acetate in a
double DRcaps” quadruple-coated with EUDRAGIT®
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L100-55. In these studies, where pigs were dosed
with both liquid "C-acetate simultaneously with
EUDRAGIT® L100-55 coated DRcaps® we observed
a biphasic profile of BCO, release. The first peak
appeared at 30 min post-dosing representing the lig-
uid gastric emptying phase. This was followed by a
significantly delayed and broader peak at 180 min
indicative of duodenal release of the '*C-acetate.
These results demonstrated the enhanced enteric-
protective properties of the EUDRAGIT® L100-55
coated DRcaps” compared with EUDRAGIT® L100-55
coated gelatin capsules.

4 Discussion

Fundamental to our studies was the development
of an in vivo assay to assess gastric emptying. In our
initial studies, we observed reproducible dose-
response curves for *CO, release in the breath of pigs
and these results enabled us to effectively assess the
enteric-stability of our coated capsules (Fig. 2a). Pre-
liminary in vitro studies clearly demonstrated the
utility of EUDRAGIT® L100-55 for enteric-like
protection of gelatin capsules. However, this protec-
tion was less evident in the gastro-intestinal tract of
a pig. We therefore tested the in vivo protective ca-
pability of EUDRAGIT® L100-55 coated gelatin
capsules and also to further enhance the enteric-
protective properties of our capsules, EUDRAGIT®
L100-55 coated DRcaps”. In these studies, where
pigs were dosed with liquid "*C-acetate simultane-
ously with powdered *C-acetate in a double DRcaps®
quadruple-coated with EUDRAGIT® L100-55, we
observed a biphasic profile of BCO, release. The first
peak was evident at 30 min post-dosing representing
the liquid gastric emptying phase, followed by a sig-
nificantly delayed and broader peak at 180-220 min,
which is indicative of duodenal release of the
P(C-acetate. These observations indicate a superior
gastric-stability of the EUDRAGIT® L100-55 coated
DRcaps” over EUDRAGIT® L100-55 coated gelatin
capsules. To our knowledge, this data is the first to
apply a direct comparison of the enteric-stability of
EUDRAGIT® L100-55 coated capsules and DRcaps®
in vitro and in vivo in a pig model. Additionally, these
results add to the body of knowledge regarding gastric

emptying in pigs and the utility of non-invasive breath
testing when the probe is delivered directly to the
small intestine.

In conclusion, this current study investigated the
combined use of enteric-protective coatings, breath
tests, and the collection of preliminary specifications
for the design of a simple but effective capsule for use
in both pigs and humans with the aim of optimizing
the construction of novel, non-invasive devices and
targeted therapeutics. It showed that breath tests are
feasible when the probe (‘*C-acetate) is delivered
in situ in the small intestine in powdered form in a
capsule suitably coated with enteric-protective coat-
ings. Compared with oral delivery of BC-acetate in
liquid form, significant delays in the release of *CO,
were observed when *C-acetate powder was deliv-
ered either in gelatin capsule or in DRcaps” both
quadruple-coated with EUDRAGIT® L100-55. The
breath test signals also showed different patterns
when compared with "“C-acetate delivered orally
in liquid form; however, the aggregate signal was
similar. The DRcaps” demonstrated enhanced enteric-
protective properties compared with the gelatin cap-
sules when both were coated with EUDRAGIT®
L100-55. Finally, these studies describe the effec-
tiveness of a simple and inexpensive endoscopic
capsule, which is able to deliver powdered com-
pounds to the duodenum of pigs, signifying the po-
tential for use for studies aimed at delivering acid-
labile compounds to the lower gastro-intestinal tract.
Related studies have also signified the potential for
tracking the location of the capsule within the GI tract
(Pham and Aziz, 2014).
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