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Abstract: Following oral administration, gastric emptying is often a rate-limiting step in the absorption
of drugs and is dependent on both physiological and pharmaceutical factors. To guide translation
into humans, small animal imaging during pre-clinical studies has been increasingly used to localise
the gastrointestinal transit of solid dosage forms. In contrast to humans, however, anaesthesia is
usually required for effective imaging in animals which may have unintended effects on intestinal
physiology. This study evaluated the effect of anaesthesia and capsule size on the gastric emptying
rate of coated capsules in rats. Computed tomography (CT) imaging was used to track and locate the
capsules through the gastrointestinal tract. Two commercial gelatine mini-capsules (size 9 and 9h)
were filled with barium sulphate (contrast agent) and coated using Eudragit L. Under the effect of
anaesthesia, none of the capsules emptied from the stomach. In non-anaesthetised rats, most of the
size 9 capsules did not empty from the stomach, whereas the majority of the smaller size 9h capsules
successfully emptied from the stomach and moved into the intestine. This study demonstrates that
even with capsules designed to empty from the stomach in rats, the gastric emptying of such solid
oral dosage forms is not guaranteed. In addition, the use of anaesthesia was found to abolish gastric
emptying of both capsule sizes. The work herein further highlights the utility of CT imaging for the
effective visualisation and location of solid dosage forms in the intestinal tract of rats without the use
of anaesthesia.

Keywords: medical imaging; computed tomography; anesthesia; capsule size; gastric emptying;
rodents; gastrointestinal tract; oral drug delivery; drug absorption

1. Introduction

The use of animals in biomedical and pharmaceutical research remains essential to understand
the mechanisms underlying disease pathology, as well as to contribute to the discovery of improved
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methods to prevent, diagnose and treat them [1]. In drug development, animal testing has provided an
important tool to guide the translation of formulations from pre-clinical studies to first-in-human (FIH)
clinical trials. Among the different animals used in preclinical research, rodents make up approximately
95% of all laboratory animals [2]. Specifically, rats are one of the most widely used small animal models
for the assessment of new pharmaceutical entities during pre-clinical studies [3–9].

The oral route is the most preferred and convenient way to administer drugs which can either be
formulated to act locally in the gastrointestinal (GI) tract or be absorbed to achieve a systemic effect [10].
Hard shell capsules are commonly used for oral administration of drugs. Uncoated gelatine capsules,
however, rapidly disintegrate and immediately release the drug in the stomach [11]. If a modified
release of the drug in lower regions of the GI tract is pursued, a coating is generally applied on the
capsule surface [12,13].

To facilitate the oral administration of solid dosage forms in rats, anaesthesia is often used to
prevent internal injury [14]. The use of sedative agents, however, has been shown to influence the rate
of gastric emptying in animals. When the effect of several anaesthetic agents on rat duodenum motility
was investigated, all of the anaesthetic agents studied disrupted GI transit [15]. In dogs, a significant
decrease in gastric myoelectric and motor activity was reported for 6 h following anaesthesia with
isoflurane, and in the gastric motility index for 18 h post-anaesthesia [16]. In rats, even a brief exposure
to isoflurane anaesthesia decreased GI motility which did not return to normal until 2 h later [17].

Data in the literature on the gastric emptying of solid oral dosage forms in rats is contradictory.
A number of studies have reported the failure of capsules to empty from the stomach [18,19], albeit other
investigations have demonstrated the transit of solid oral dosage forms through the GI tract [13,20,21].
These contradictory findings are difficult to interpret and may be related to a multitude of factors.

As such, to better understand intestinal transit, non-invasive imaging techniques have been
employed to visualise drug delivery systems along the GI tract [20–24]. Techniques such as magnetic
resonance imaging (MRI) [25], single-photon emission computed tomography (SPECT) [13] and X-ray
imaging [26] have been applied to track the intestinal movement of solid dosage forms following oral
administration. For instance, the relationship between the size of the formulations and its gastric
emptying in rats has been investigated using microcapsules radiolabelled with 99mTc-DTPA. Through
the use of scintigraphy planar imaging, it was reported that the cut-off emptying size in rats (body
weight 250–300 g) was between 1.5 and 2 mm [27]. Another study using X-ray planar imaging found
that commercial size 9 mini-capsules (7.18 mm length × 2.64 mm diameter) were retained in the
stomach. However, if the capsules were cut in length to 3.5 mm, they emptied from the stomach [28].
Among other imaging techniques, computed tomography (CT) enables the direct 3D imaging and clear
differentiation of soft tissue structures. In combination with positron emission tomography (PET), CT
was used to investigate the in vivo behaviour of 3D printed capsules of different compositions in the
GI tract of rats [18].

The aim of this study was to evaluate the influence of (i) capsule size and (ii) anaesthesia on the
gastric emptying of size 9 and 9h capsules which are specifically designed for oral administration to
rats. Computed tomography (CT) was used to visualise the coated capsules filled with the contrast
agent, barium sulphate, through the GI tract.

2. Material and Methods

2.1. Materials

Size 9 (8.4 mm length × 2.7 mm diameter) and 9h (5.1 mm length × 2.7 mm diameter) gelatine
capsules were purchased from Torpac (Fairfield, NJ, USA). Barium sulphate, reagent grade 99%,
was obtained from Honeywell (Bracknell, UK). α-Lactose monohydrate, talc and triethyl citrate, 99%
(TEC) were obtained from Sigma-Aldrich (Gillingham, UK). Eudragit L100 (Eudragit L, a pH-sensitive
polymer that dissolves above pH 6) was obtained from Evonik (Darmstadt, Germany).
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2.2. Methods

2.2.1. Capsule Filing

Capsule sizes 9 and 9h were filled with 7.5 mg of barium sulphate. The appropriate mass of
lactose was used as a filler to keep the weight of both capsule types consistent (25 mg) (Table 1).

Table 1. Characteristics of the capsules.

Capsule Size 9 9h

Desired weight of the coated formulation (mg) 25 25
Average weight empty capsule (body + cap) (mg) 10.28 6.38

Surface area locked capsule (cm2) 0.69 0.43
Coating thickness (mg/cm2) 8 8

Coating per capsule (mg) 5.52 3.44
Barium sulphate (mg) 7.5 7.5

Required amount of lactose (mg) 1.7 7.68

2.2.2. Capsule Coating

The loaded capsules were coated with Eudragit L to avoid disintegration in the stomach.
The coating solution was prepared by adding Eudragit L into a mixture of isopropanol (97% based on
solvent weight) and water while stirring with a magnetic stirrer plate. Talc (50% based on polymer
weight) was added as an anti-tacking agent in a similar manner until a homogenous dispersion was
obtained. TEC (10% based on polymer weight) was then added to the dispersion. The total solid
content of the final dispersion was 10% w/w. The capsules were coated using a bottom spray fluidised
Tablet and Pellet Mini Coater (Caleva, Sturminster Newton, UK) to a coating thickness of 8 mg/cm2

which was selected to provide gastro-resistance. The coating conditions were as follows; Inlet air
temperature 40 ◦C; outlet air temperature 30 ◦C; fan capacity at setting 15 (equivalent to air flow
150 m3/h); atomising pressure of 0.2 bar and a spray rate of 1.0 mL/min.

2.2.3. In Vivo Study Design

This study was carried out on male Sprague-Dawley rats with an average weight of 350 g supplied
by the animal facility at the University of Santiago Compostela (USC). The animals were kept in
individual cages with free access to food and water in a room under controlled temperature (22 ± 1 ◦C)
and humidity (60 ± 5%) conditions and with day-night cycles regulated by artificial light (12/12 h).
During the experiments, animals were kept in individual cages with a platform (to avoid the ingestion
of faeces) and were fasted for 12 h before capsule administration until 4 h post-administration.

All animal experiments complied with the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines [29] and were carried out in accordance with the EU Directive 2010/63/EU
for animal experiments, being approved by the Galician Network Committee for Ethics Research
(IDIS/2007-17, 20-07-2017). The animals were divided in four groups of six rats (Table 2). At the
beginning of the study for the dosing of the formulations, the capsules (size 9 or 9h) were introduced
directly into the stomach of the rats using a Torpac dosing device for rodents. The animals in the
anaesthesia group were placed in a gas chamber containing 3% isoflurane in oxygen until they were
unconscious. No anaesthesia was administered at any point to the animals in groups 2 and 4.

Table 2. Groups of study design.

Group Number Capsule Size Anaesthesia

1 9 Yes
2 9 No
3 9h Yes
4 9h No
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2.2.4. CT Acquisition

Before the acquisition of the CT images, animals in the non-anaesthesia group were restrained
using an acrylic tube. Animals in the anaesthesia group were prepared as outlined in Section 2.2.3.

CT scans were performed to study the distribution of the capsules in the GI tract before capsule
administration (basal condition) and 2 min, 1, 2, 3, 4, 5, 6 and 24 h post-administration. CT images
were acquired using an Albira PET/CT Preclinical Imaging System. The CT subsystem consists of a
microfocus X-ray tube of 50 kVp and a CsI scintillator 2D pixilated flat panel detector that can generate
images around 90 µm with a FOV of 7 cm. A CT static acquisition was performed, consisting of 15 min
CT scan focused on the abdominal region of each animal. Once the study finished, the animals were
returned to their cages. All images were analysed visually using AMIDE software to study the location
of the capsule at each time point post-administration.

3. Results and Discussion

In this study, two different capsule sizes (size 9 and 9h) were filled with barium sulphate which
was used as a contrast agent and coated with the polymer Eudragit L (Figure 1).
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Figure 1. Picture of the coated capsules, size 9 (left) and size 9h (right).

In order to assess the influence of anaesthesia and capsule size on the gastric emptying of the
capsules, the formulations were administered into the stomach of fasted rats and their behaviour
in vivo within the GI tract was evaluated by CT imaging.

The size 9 and 9h capsules were given to two groups of six rats under anaesthesia for the capsule
administration and during image acquisition. Both 9 and 9h capsules containing barium sulphate
could be clearly seen as a white ellipsoid on the grey colour of the two-dimensional coronal CT slice
(Figures 2 and 3 show capsule sizes 9 and 9h respectively). The three-dimensional (3D) CT image of the
same animal determined the relative position and location of the capsule (red arrow) in the body of the
rat. A breathing sensor that is used to evaluate rat conditions during the test when using anaesthesia is
also visible in the 3D images (blue arrow).
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Figure 2. (a) Coronal computed tomography (CT) slice of the size 9 capsule in the stomach of the rat,
(b) planar CT projection and (c) three-dimensional rendered CT image of the same animal. The capsule
is indicated by a red arrow and the breathing sensor by a blue arrow. Image taken under anaesthesia.
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Figure 3. (a) Coronal CT slice of the size 9h capsule in the stomach of the rat, (b) planar CT projection
and (c) three-dimensional rendered CT image of the same animal. The capsule is indicated by a red
arrow and the breathing sensor by a blue arrow. Image taken under anaesthesia.

CT images taken after the administration of the capsules showed that the capsules did not pass
through the pylorus to the small intestine. All capsules were retained in the stomach until their
disintegration (Figure 4, Supplementary Tables S1 and S2). These results were unexpected as although
size 9 and 9h capsules are designed for lower GI tract drug delivery in rats from 150–200 g [30], gastric
emptying was not achieved in the rats of approximately 350 g used in the present study. The lack of
gastric emptying may be explained by several factors including the fed or fasted state of the animal,
stress levels or the influence of anaesthesia.
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Figure 4. Graphical representation of the location of the capsules at different times under anaesthesia.
Unknown denotes the uncertain location of the capsules in the gastrointestinal tract due to the capsule
or animal moving during CT image acquisition at the time point.

The use of anaesthesia is a common practice in animal studies, especially when it is necessary for
the animal to remain still during image acquisition. In order to elucidate whether anaesthesia was
the reason for the lack of gastric emptying, we performed a second experiment with two different
groups of six animals, under the same conditions as the previous experiment, but in the absence of
anaesthesia. To do so, we developed an ergonomic cylindrical device to restrain and immobilise the
rats during the CT scans. The cylinder was built with transparent acrylic material with two closed
ends containing holes for air circulation, providing a proper restraint with comfort and safety. In the
absence of anaesthetic conditions, the animals do not remain completely still. As such, the acquired
images show lower resolution than those obtained under anaesthesia (Figure 5).
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Figure 5. (a) Coronal CT slice of the size 9 capsule in the stomach of the rat, (b) planar CT projection
and (c) three-dimensional rendered CT image of the same animal. The capsule is indicated by a red
arrow. Image taken without anaesthesia.

The CT images showed that in some rats, the capsules successfully emptied the stomach and
disintegrated in different regions of the GI tract. The disintegrated capsule can be seen as a white trail
of spots (Figures 6 and 7). Figure 8 outlines the location of size 9 and 9h capsules in the GI tract of the
rats without anaesthesia. In two of the six animals in the size 9 group, the capsule could be visualised
in the intestine 3 h following oral administration. In the remaining animals, the capsules were retained
in the stomach until their disintegration. On the other hand, in three of six animals in the size 9h group,
the capsules reached the intestine 3 h after administration. Only one animal with a capsule retained in
its stomach was identified 5 h following oral administration (Supplementary Tables S3 and S4).
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Figure 6. (a) Coronal CT slice of an animal with a broken size 9 capsule in the stomach 6 h after
administration. The white trail of spots left by the broken capsule is signalled by a red arrow. (b) Planar
CT projection and (c) three-dimensional rendered CT image of the same animal. This animal did not
receive anaesthesia.
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Figure 7. (a) Coronal CT slice of an animal with a broken size 9h capsule in the caecum 3 h after
administration. The white trail of spots left by the broken capsule is signalled by a red arrow. (b) Planar
CT projection and (c) three-dimensional rendered CT image of the same animal. This animal did not
receive anaesthesia.
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Figure 8. Graphical representation of the location of the capsules at different times without anaesthesia.
Unknown denotes the uncertain location of the capsules in the gastrointestinal tract due to the capsule
or animal moving during CT image acquisition at the time points.

These results confirm the negative influence of anaesthesia on gastric motility which consequently
retard the gastric emptying of solid dosage forms in rats. Moreover, the study identified that size 9h
capsules (5.1 mm length) more easily pass through the pylorus when compared with size 9 (8.4 mm
length) capsules in the absence of anaesthesia.

Some studies have used imaging techniques including SPECT [13] and X-ray [24] to follow dosage
forms through the GI tract. However, a number of limitations arise with such techniques as the 2D
projection images generated can be poorer in quality with respect to resolution. In addition, it is often
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difficult to accurately locate the capsule, especially if the capsule is superimposed with organs or bones.
On the other hand, CT and MRI, which provide 3D images of complex structures in the form of coronal
cuts and 3D rendering with good spatial resolution, were also used for the in vivo visualization of
capsules within the GI tract [19,31].

In particular, CT imaging uses special X-ray equipment to generate cross-sectional images of the
body [32] in relatively short scan times. Unlike X-ray imaging, CT does not require the use of oral
contrast to highlight the digestive organs [28], thus avoiding a time-consuming step since the oral
contrast must be administrated before performing the scans and the appropriate amount of contrast
has to be optimised to achieve the best possible scan images.

For instance, in a study that used µCT imaging to investigate the gastro-resistance properties
of coated capsules [19], gastric emptying was not observed even 5 h after administration, whereas
another study that used coated size 9 capsules found that gastric emptying occurred between 2 and
8 h after administration [20]. Furthermore, in another study that used µCT imaging to evaluate the
viability of small 3D printed capsular devices, none of the formulations emptied from the stomach,
although they were only 3.2 mm in length [18].

However, none of the aforementioned studies considered the potential effects of anaesthesia on
gastric motility and did not compare the gastric emptying rates of two commercial capsule sizes (9 and
9h) in rodents. The study herein is of particular relevance for drug formulations to be released in the
intestine from coated capsules; if the dosage form has not emptied from the stomach and breaks before
reaching the intestine, the results could be interpreted that the drug—or even the study—has failed,
even if that is not the problem.

In this work, CT imaging was used to locate, track and evaluate the influence of i) two different
capsule sizes and ii) the effect of anaesthesia on gastric emptying. Overall, this study has demonstrated
that even with capsules adapted to empty from the stomach in rats, the gastric emptying of such solid
oral dosage forms was not guaranteed. The administration of anaesthesia, even for a short period
during the experiment—and to a lesser extent the size of the capsules—have been identified as the main
contributing factors that negatively influence gastric emptying. In addition, the use of non-invasive CT
imaging can drastically reduce the number of animals needed for in vivo experiments and complies
with the replacement, reduction and refinement principle.

4. Conclusions

The use of anaesthesia clearly retards gastric emptying of capsules in rats independent of capsule
size. In non-anaesthetised rats, most of the size 9 capsules did not exit the stomach, whereas the
majority of the smaller size 9h capsules successfully emptied from the stomach and moved into the
intestine. In comparison to 2D imaging and invasive techniques, CT offers significant benefits in
tracking the intestinal movement of solid dosage forms in rats, even in the absence of anaesthesia.
The results of this study help to better understand the performance of coated formulations in rats and
may explain the failure of this type of formulation to empty from the stomach in previous studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/1/81/s1,
Table S1: Location of size 9 capsule with anaesthesia (isoflurane) post-administration, Table S2: Location of size 9h
capsule with anaesthesia (isoflurane) post-administration, Table S3: Location of size 9 capsule without anaesthesia
post-administration, Table S4: Location of size 9h capsule without anaesthesia post-administration.

Author Contributions: Conceptualisation, P.A., A.W.B. and A.G.; data curation, N.G.-L., I.S.-V. and A.G.; formal
analysis, N.G.-L., I.S.-V., P.A. and A.G.; funding acquisition, C.M.M. and A.W.B.; investigation, N.G.-L., I.S.-V., P.A.
and A.G.; methodology, N.G.-L., I.S.-V., S.M., V.Y., P.A. and A.G.; project administration, P.A., A.W.B. and A.G.;
resources, N.G.-L., I.S.-V., S.M., C.M.M., V.Y., P.A. and A.G.; software, P.A.; supervision, P.A., A.W.B. and A.G.;
validation, P.A., A.W.B and A.G., visualisation, A.G.; writing—original draft, N.G.-L. and I.S.-V.; writing—review
and editing, C.M.M., A.W.B. and A.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Engineering and Physical Sciences Research Council (EPSRC) UK,
grant number EP/L01646X.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/1999-4923/12/1/81/s1


Pharmaceutics 2020, 12, 81 10 of 11

References

1. Everitt, J.I. The future of preclinical animal models in pharmaceutical discovery and development: A need to
bring in cerebro to the in vivo discussions. Toxicol. Pathol. 2015, 43, 70–77. [CrossRef]

2. Hatton, G.B.; Yadav, V.; Basit, A.W.; Merchant, H.A. Animal farm: Considerations in animal gastrointestinal
physiology and relevance to drug delivery in humans. J. Pharm. Sci. 2015, 104, 2747–2776. [CrossRef]
[PubMed]

3. Afonso-Pereira, F.; Dou, L.; Trenfield, S.J.; Madla, C.M.; Murdan, S.; Basit, A.W. Sex differences in the
gastrointestinal tract of rats and the implications for oral drug delivery. Eur. J. Pharm. Sci. 2018, 155, 339–344.
[CrossRef] [PubMed]

4. Mai, Y.; Dou, L.; Madla, C.M.; Murdan, S.; Basit, A.W. Sex-dependence in the effect of pharmaceutical
excipients: Polyoxyethylated solubilising excipients increase oral drug bioavailability in male but not female
rats. Pharmaceutics 2019, 11, 228. [CrossRef] [PubMed]

5. Mazzoni, C.; Tentor, F.; Strindberg, S.A.; Nielsen, L.H.; Keller, S.S.; Alstrøm, T.S.; Gundlach, C.; Müllertz, A.;
Marizza, P.; Boisen, A. From concept to in vivo testing: Microcontainers for oral drug delivery. J. Control.
Release 2017, 268, 343–351. [CrossRef] [PubMed]

6. Rubbens, J.; Mols, R.; Brouwers, J.; Augustijns, P. Exploring gastric drug absorption in fasted and fed state
rats. Int. J. Pharm. 2018, 548, 636–641. [CrossRef] [PubMed]

7. Seoane-Viaño, I.; Gómez-Lado, N.; Lázare-Iglesias, H.; Rey-Bretal, D.; Lamela-Gómez, I.; Otero-Espinar, F.;
Blanco-Méndez, J.; Antúnez-López, J.R.; Pombo-Pasín, M.; Aguiar, P.; et al. Evaluation of the therapeutic
activity of melatonin and resveratrol in inflammatory bowel disease: A longitudinal PET/CT study in an
animal model. Int. J. Pharm. 2019, 572, 118713. [CrossRef]

8. Taherali, F.; Varum, F.; Basit, A.W. A slippery slope: On the origin, role and physiology of mucus. Adv. Drug
Deliv. Rev. 2018, 124, 16–33. [CrossRef]

9. Varum, F.J.O.; Veiga, F.; Sousa, J.S.; Basit, A.W. Mucus thickness in the gastrointestinal tract of laboratory
animals. J. Pharm. Pharmacol. 2011, 64, 218–227. [CrossRef]

10. Homayun, B.; Lin, X.; Choi, H.J. Challenges and recent progress in oral drug delivery systems for
biopharmaceuticals. Pharmaceutics 2019, 11, 129. [CrossRef]

11. Chuang, E.-Y.; Lin, K.-J.; Lin, P.-Y.; Chen, H.-L.; Wey, S.-P.; Mi, F.-L.; Hsiao, H.-C.; Chen, C.-T.; Sung, H.-W.
Self-assembling bubble carriers for oral protein delivery. Biomaterials 2015, 64, 115–124. [CrossRef] [PubMed]

12. Moghimipour, E.; Rezaei, M.; Kouchak, M.; Fatahiasl, J.; Angali, K.A.; Ramezani, Z.; Amini, M.; Dorkoosh, F.A.;
Handali, S. Effects of coating layer and release medium on release profile from coated capsules with Eudragit
FS 30D: An in vitro and in vivo study. Drug Dev. Ind. Pharm. 2018, 44, 861–867. [CrossRef] [PubMed]

13. Sonaje, K.; Chen, Y.-J.; Chen, H.-L.; Wey, S.-P.; Juang, J.-H.; Nguyen, H.-N.; Hsu, C.-W.; Lin, K.-J.; Sung, H.-W.
Enteric-coated capsules filled with freeze-dried chitosan/poly(γ-glutamic acid) nanoparticles for oral insulin
delivery. Biomaterials 2010, 31, 3384–3394. [CrossRef] [PubMed]

14. Jones, C.P.; Boyd, K.L.; Wallace, J.M. Evaluation of mice undergoing serial oral gavage while awake or
anesthetized. J. Am. Assoc. Lab. Anim. Sci. 2016, 55, 805–810. [PubMed]

15. Wright, J.W.; Healy, T.E.; Balfour, T.W.; Hardcastle, J.D. Effects of inhalation anaesthetic agents on the electrical
and mechanical activity of the rat duodenum. Br. J. Anaesth. 1982, 54, 1223–1230. [CrossRef] [PubMed]

16. Hall, J.A.; Dunlop, C.I.; Solie, T.N.; Hodgson, D.S.; Twedt, D.C. Gastric myoelectric and motor activity in
dogs after isoflurane anesthesia. Vet. Surg. 1995, 24, 456–463. [CrossRef]

17. Torjman, M.C.; Joseph, J.I.; Munsick, C.; Morishita, M.; Grunwald, Z. Effects of isoflurane on gastrointestinal
motility after brief exposure in rats. Int. J. Pharm. 2005, 294, 65–71. [CrossRef]

18. Goyanes, A.; Fernandez-Ferreiro, A.; Majeed, A.; Gomez-Lado, N.; Awad, A.; Luaces-Rodriguez, A.;
Gaisford, S.; Aguiar, P.; Basit, A.W. PET/CT imaging of 3D printed devices in the gastrointestinal tract of
rodents. Int. J. Pharm. 2018, 536, 158–164. [CrossRef]

19. Reix, N.; Guhmann, P.; Bietiger, W.; Pinget, M.; Jeandidier, N.; Sigrist, S. Duodenum-specific drug delivery:
In vivo assessment of a pharmaceutically developed enteric-coated capsule for a broad applicability in rat
studies. Int. J. Pharm. 2012, 422, 338–340. [CrossRef]

20. Albrecht, K.; Greindl, M.; Kremser, C.; Wolf, C.; Debbage, P.; Bernkop-Schnürch, A. Comparative in vivo
mucoadhesion studies of thiomer formulations using magnetic resonance imaging and fluorescence detection.
J. Control. Release 2006, 115, 78–84. [CrossRef]

http://dx.doi.org/10.1177/0192623314555162
http://dx.doi.org/10.1002/jps.24365
http://www.ncbi.nlm.nih.gov/pubmed/25712759
http://dx.doi.org/10.1016/j.ejps.2018.01.043
http://www.ncbi.nlm.nih.gov/pubmed/29391214
http://dx.doi.org/10.3390/pharmaceutics11050228
http://www.ncbi.nlm.nih.gov/pubmed/31083453
http://dx.doi.org/10.1016/j.jconrel.2017.10.013
http://www.ncbi.nlm.nih.gov/pubmed/29054373
http://dx.doi.org/10.1016/j.ijpharm.2018.07.017
http://www.ncbi.nlm.nih.gov/pubmed/29981414
http://dx.doi.org/10.1016/j.ijpharm.2019.118713
http://dx.doi.org/10.1016/j.addr.2017.10.014
http://dx.doi.org/10.1111/j.2042-7158.2011.01399.x
http://dx.doi.org/10.3390/pharmaceutics11030129
http://dx.doi.org/10.1016/j.biomaterials.2015.06.035
http://www.ncbi.nlm.nih.gov/pubmed/26132436
http://dx.doi.org/10.1080/03639045.2017.1415927
http://www.ncbi.nlm.nih.gov/pubmed/29235889
http://dx.doi.org/10.1016/j.biomaterials.2010.01.042
http://www.ncbi.nlm.nih.gov/pubmed/20149435
http://www.ncbi.nlm.nih.gov/pubmed/27931321
http://dx.doi.org/10.1093/bja/54.11.1223
http://www.ncbi.nlm.nih.gov/pubmed/7138726
http://dx.doi.org/10.1111/j.1532-950X.1995.tb01356.x
http://dx.doi.org/10.1016/j.ijpharm.2004.12.028
http://dx.doi.org/10.1016/j.ijpharm.2017.11.055
http://dx.doi.org/10.1016/j.ijpharm.2011.10.017
http://dx.doi.org/10.1016/j.jconrel.2006.06.023


Pharmaceutics 2020, 12, 81 11 of 11

21. Dalziel, J.E.; Young, W.; Bercik, P.; Spencer, N.J.; Ryan, L.J.; Dunstan, K.E.; Lloyd-West, C.M.; Gopal, P.K.;
Haggarty, N.W.; Roy, N.C. Tracking gastrointestinal transit of solids in aged rats as pharmacological models
of chronic dysmotility. Neurogastroenterol. Motil. 2016, 28, 1241–1251. [CrossRef] [PubMed]

22. Cunha, L.; Szigeti, K.; Mathe, D.; Metello, L.F. The role of molecular imaging in modern drug development.
Drug Discov. Today 2014, 19, 936–948. [CrossRef] [PubMed]

23. Tuleu, C.; Basit, A.W.; Waddington, W.A.; Ell, P.J.; Newton, J.M. Colonic delivery of 4-aminosalicylic acid
using amylose-ethylcellulose-coated hydroxypropylmethylcellulose capsules. Aliment. Pharmacol. 2002, 16,
1771–1779. [CrossRef] [PubMed]

24. Tuleu, C.; Khela, M.K.; Evans, D.F.; Jones, B.E.; Nagata, S.; Basit, A.W. A scintigraphic investigation of the
disintegration behaviour of capsules in fasting subjects: A comparison of hypromellose capsules containing
carrageenan as a gelling agent and standard gelatin capsules. Eur. J. Pharm. Sci. 2007, 30, 251–255. [CrossRef]

25. Christmann, V.; Rosenberg, J.; Seega, J.; Lehr, C.M. Simultaneous in vivo visualization and localization of
solid oral dosage forms in the rat gastrointestinal tract by magnetic resonance imaging (MRI). Pharm. Res.
1997, 14, 1066–1072. [CrossRef]

26. Meka, L.; Kesavan, B.; Kalamata, V.N.; Eaga, C.M.; Bandari, S.; Vobalaboina, V.; Yamsani, M.R. Design and
evaluation of polymeric coated minitablets as multiple unit gastroretentive floating drug delivery systems
for furosemide. J. Pharm. Sci. 2009, 98, 2122–2132. [CrossRef]

27. Jang, S.F.; Goins, B.A.; Phillips, W.T.; Santoyo, C.; Rice-Ficht, A.; McConville, J.T. Size discrimination in rat
and mouse gastric emptying. Biopharm. Drug Dispos. 2013, 34, 107–124. [CrossRef]

28. Saphier, S.; Rosner, A.; Brandeis, R.; Karton, Y. Gastrointestinal tracking and gastric emptying of solid dosage
forms in rats using X-ray imaging. Int. J. Pharm. 2010, 388, 190–195. [CrossRef]

29. Kilkenny, C.; Browne, W.J.; Cuthill, I.C.; Emerson, M.; Altman, D.G. Improving bioscience research reporting:
The ARRIVE guidelines for reporting animal research. PLoS Biol. 2010, 8, e1000412. [CrossRef]

30. Torpac. Mini Capsules for Laboratory Mice, Rats, Hamsters & Guinea Pigs. Rodent Flyer 1801. New Jersey:
Torpac. n.d. Available online: https://www.torpac.com/Reference/rat/Rodent%20Flyer.pdf (accessed on 16
December 2019).

31. Schiller, C.; Fröhlich, C.P.; Giessmann, T.; Siegmund, W.; Mönnikes, H.; Hosten, N.; Weitschies, W. Intestinal
fluid volumes and transit of dosage forms as assessed by magnetic resonance imaging. Aliment. Pharmacol.
Ther. 2005, 22, 971–979. [CrossRef]

32. Kasban, H.; El-bendary, M.; Salama, D. A comparative study of medical imaging techniques. Int. J. Inf. Sci.
Intell. Syst. 2015, 4, 37–58.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/nmo.12824
http://www.ncbi.nlm.nih.gov/pubmed/27028044
http://dx.doi.org/10.1016/j.drudis.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24434047
http://dx.doi.org/10.1046/j.1365-2036.2002.01327.x
http://www.ncbi.nlm.nih.gov/pubmed/12269970
http://dx.doi.org/10.1016/j.ejps.2006.11.008
http://dx.doi.org/10.1023/A:1012161630481
http://dx.doi.org/10.1002/jps.21562
http://dx.doi.org/10.1002/bdd.1828
http://dx.doi.org/10.1016/j.ijpharm.2010.01.001
http://dx.doi.org/10.1371/journal.pbio.1000412
https://www.torpac.com/Reference/rat/Rodent%20Flyer.pdf
http://dx.doi.org/10.1111/j.1365-2036.2005.02683.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Materials 
	Methods 
	Capsule Filing 
	Capsule Coating 
	In Vivo Study Design 
	CT Acquisition 


	Results and Discussion 
	Conclusions 
	References

