
u n i ve r s i t y  o f  co pe n h ag e n  

X-ray Imaging for Gastrointestinal Tracking of Microscale Oral Drug Delivery Devices

Kjeldsen, Rolf Bech; Kristensen, Maja Nørgaard; Gundlach, Carsten; Thamdrup, Lasse
Højlund Eklund; Müllertz, Anette; Rades, Thomas; Nielsen, Line Hagner; Zór, Kinga; Boisen,
Anja

Published in:
ACS Biomaterials Science and Engineering

DOI:
10.1021/acsbiomaterials.1c00225

Publication date:
2021

Document version
Peer reviewed version

Citation for published version (APA):
Kjeldsen, R. B., Kristensen, M. N., Gundlach, C., Thamdrup, L. H. E., Müllertz, A., Rades, T., Nielsen, L. H., Zór,
K., & Boisen, A. (2021). X-ray Imaging for Gastrointestinal Tracking of Microscale Oral Drug Delivery Devices.
ACS Biomaterials Science and Engineering, 7(6), 2538–2547. https://doi.org/10.1021/acsbiomaterials.1c00225

Download date: 23. maj. 2023

https://doi.org/10.1021/acsbiomaterials.1c00225
https://curis.ku.dk/portal/da/persons/anette-mullertz(fe5aaa8a-5f9a-4d7f-a70c-114f266db6c6).html
https://curis.ku.dk/portal/da/persons/thomas-rades(e3c9db98-a0f8-4161-911f-d6ffdccbfdc6).html
https://curis.ku.dk/portal/da/publications/xray-imaging-for-gastrointestinal-tracking-of-microscale-oral-drug-delivery-devices(86121a91-b572-4ed3-a9c5-10205ef71657).html
https://doi.org/10.1021/acsbiomaterials.1c00225


1 
 

X-ray Imaging for Gastrointestinal Tracking of Microscale Oral Drug 

Delivery Devices 
 

Rolf Bech Kjeldsena*; Maja Nørgaard Kristensenab; Carsten Gundlachc; Lasse Højlund Eklund 

Thamdrupa; Anette Müllertzab; Thomas Radesab; Line Hagner Nielsena; Kinga Zóra; Anja Boisena 

 
a The Danish National Research Foundation and Villum Foundation's Center for Intelligent Drug 

Delivery and Sensing Using Microcontainers and Nanomechanics (IDUN), Department of Health 

Technology, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark 
b Department of Pharmacy, University of Copenhagen, 2100 Copenhagen, Denmark 
c Department of Physics, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark 

 

* Corresponding author: rbeck@dtu.dk 

 

Keywords: planar x-ray imaging; computed tomography scanning; microcontainers; barium sulfate; 

gastrointestinal transit 

 

Table of Contents 

 
 

Abstract 

Microscale devices are promising tools to overcome specific challenges within oral drug delivery. 

Despite the availability of advanced high-quality imaging techniques, visualization and tracking of 

microscale devices in the gastrointestinal (GI) tract is still a challenge. This work explores the 

possibilities for applying planar x-ray imaging and computed tomography (CT) scanning for 

visualization and tracking of microscale devices in the GI tract of rats. Microcontainers (MCs) are an 

example of microscale devices that have shown great potential as an oral drug delivery system. Barium 

sulfate (BaSO4) loaded into the cavity of the MCs increases their overall x-ray contrast, which allows 

them to be easily tracked. The BaSO4-loaded MCs are quantitatively tracked throughout the entire GI 

tract of rats by planar x-ray imaging and visualized in 3D by CT scanning. The majority of the BaSO4-

loaded MCs are observed to retain in the stomach for 0.5-2 h, enter the cecum after 3-4 h and leave 

the cecum and colon 8-10 h post-administration. The imaging approaches can be adopted and used 

with other types of microscale devices when investigating GI behavior in e.g. pre-clinical trials and 

potential clinical studies. 
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The possibility for utilizing planar x-ray imaging and 

computed tomography scanning for gastrointestinal 

tracking of microscale oral drug delivery devices is 

demonstrated. The imaging approaches are used to 

evaluate transit time of microcontainers loaded with 

barium sulfate and to visualize them in 3D, which are 

important aspects in pre-clinical trials as well as in 

potential clinical studies. 
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1. Introduction 

   Advanced high-quality imaging techniques are widely available and commonly used within systems 

biology and diagnostics [1] as well as for studying the behavior and complex interplay of oral drug 

delivery systems with the gastrointestinal (GI) tract [2]. Due to the ongoing development of novel oral 

drug delivery devices [3–5], there is an important need for understanding and evaluating which 

imaging approaches are suitable for visualization and tracking of these. 

   Among patients, oral delivery is often the most convenient and preferred route of drug 

administration due to its many advantages compared to parenteral methods [6]. Despite advantages 

such as patient compliance and the possibility for sustained controllable drug release, the GI tract 

presents major challenges for drug delivery because of the acidic environment in the stomach, the 

presence of digestive enzymes and the difficulty in passing the intestinal absorption barrier [7,8]. 

Various oral drug formulations and delivery systems, e.g. enteric coated capsules and tablets [9], 

nanoparticulated systems [10], pH-sensitive hydrogel microparticles [11] and pH-responsive 

microencapsulation systems [12], have been developed to overcome the environmental challenges 

found in the GI tract. 

   Many oral drug formulations and drug delivery systems show poor drug absorption over the 

intestinal wall due to an omnidirectional drug release where a large amount of the drug is inevitably 

lost into the intestinal lumen [13,14]. Micro- and nanofabricated devices can be designed with planar 

asymmetric geometries to provide unidirectional release towards the intestinal wall, which may 

increase the local drug absorption [15]. Different microencapsulating designs and approaches have 

been proposed and evaluated over the years, for instance bioadhesive silicon dioxide microdevices 

[16], intestinal patch systems [17], microneedle devices [3,18] and sealed nanostraw microdevices 

combining features on both nano- and microscale [19]. Recently, inspired from previous work [20,21], 

the feasibility of inkjet printing polymeric microdevices and coating them with an enteric lid were also 

demonstrated [22]. The design and purpose of these inkjet printed microdevices resemble another 

concept of microencapsulation directly referred to as microcontainers (MCs) [23]. MCs are a 

microscale drug delivery system featuring a hollow compartment that can be loaded with a drug or 

drug formulation followed by sealing with a suitable polymeric lid [5]. Previously, MCs have been 

suggested to have mucoadhesive properties [24] and their capability to provide unidirectional and 

controlled drug release have been investigated in vitro and in vivo [14,25]. 

   Within pharmaceutical and biomedical research, animal testing, especially using rodents, is an 

important tool to understand underlying biological mechanisms and hereby be able to translate pre-

clinical studies on drug formulations and drug delivery systems into clinical trials [26]. Generally, non- 

and semi-invasive medical imaging techniques have been proposed and utilized in animals to gain 

insight into the behavior of various oral drug delivery systems in the GI tract. From the large variety of 

medical imaging techniques, methods based on x-rays, ultrasound, magnetic resonance, radioactivity 

and endoscopy are the most predominant [2]. However, from an experimental perspective, there is 

no ideal method for imaging drug delivery systems in the GI tract. The choice of method depends on 

several factors such as the overall purpose, size of device, needed resolution, sensitivity, location of 

the delivery system and choice of animal. Magnetic resonance imaging and single photon emission 

computed tomography scanning are examples of techniques that have been applied for GI tracking of 

oral drug delivery systems in rats for several years [27,28]. Another fast-developing imaging technique 

is capsule endoscopy, which is primarily utilized for internal GI imaging and diagnostics related to GI 

diseases, like Crohn’s disease and colorectal cancer [29–31]. However, due to the relatively large size 
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of the currently used camera capsules, approximately 11 x 25 mm [32], this technique is still only 

available for humans and larger animals like pigs and dogs. 

   X-ray imaging is another commonly used medical imaging technique that is relatively cheap, simple 

to perform, easy to analyze and it is a well-established technique that, since its discovery by Röntgen 

in 1895 [33], has undergone many years of development and optimization [34–36]. Previously, planar 

x-ray imaging has been used to study GI tracking and gastric emptying of millimeter-sized gelatin 

capsules filled with barium sulfate (BaSO4) as a contrast agent [37]. Planar x-ray imaging has also been 

used for GI tracking of steel beads, with a diameter of 1.4 mm, as a tool to investigate treatment of 

chronic dysmotility [38]. In another study, positron emission tomography (PET) scanning was fused 

with computed tomography (CT) scanning to demonstrate the possibility of tracking radio-labelled 3D 

printed millimeter-sized capsular devices [39]. Recently, CT scanning of anesthetized and non-

anesthetized rats, orally administered with millimeter-sized gelatin capsules filled with BaSO4, was 

used to investigate how sedation affects GI transit [40]. However, there have not yet been performed 

any x-ray imaging studies with microscale oral drug delivery devices, only millimeter-sized devices 

have previously been investigated and tracked in detail with x-ray imaging. 

   In this paper, for the first time, results obtained from x-ray imaging a microscale device in the GI 

tract of rats are presented. The aim of this work was to develop and evaluate a suitable approach for 

easy visualization and fast tracking of microscale devices, here demonstrated with MCs, as they are 

passing through the GI tract of rats. With GI tracking, valuable information about e.g. transit time and 

mucoadhesion can be obtained, which are highly relevant parameters when developing oral drug 

delivery systems for local, targeted and sustained drug release. In order to visualize and track the MCs, 

they were loaded with an x-ray contrast agent, BaSO4, and investigated ex vivo by planar x-ray imaging 

prior to an in vivo study utilizing subsequent planar x-ray imaging and CT scanning for investigation of 

GI transit time and 3D visualization, respectively (Figure 1). 

 

 
Figure 1. Schematic overview of the study. MCs were loaded with an x-ray contrast agent, BaSO4, and then filled into gelatin 

capsules that were orally dosed to rats. After euthanizing the rats at different time points, their GI tract was removed for a 

quantitative evaluation of GI transit using planar x-ray imaging, whereas CT scanning was used to obtain a 3D visualization. 

 

 

BaSO4
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2. Materials and methods 

2.1. Materials 

   Silicon wafers (ø100 mm, 525 µm thick, single-side polished) were purchased from Topsil 

Globalwafers A/S (Frederikssund, Denmark). SU-8 2075 and developer (mr-DEV 600) were acquired 

from microresist technology GmbH (Berlin, Germany). BaSO4 (precipitated, 99%) was bought from 

VWR International (Radnor, PA, USA), whereas PLGA (Resomer® RG 502 H) and ethyl acetate (99%) 

were from Sigma-Aldrich (St. Louis, MO, USA). Gelatin capsules (size 9) were supplied by Torpac Inc. 

(Fairfield, NJ, USA) and flexible capsule dosing tubes (polyurethane, size 9, 85 mm) were supplied by 

Instech Laboratories Inc. (Plymouth Meeting, PA, USA). Male Sprague-Dawley rats were ordered from 

Janvier Labs (Le Genest-Saint-Isle, France) and standard food pellets (1314F) were obtained from 

Altromin International (Altromin Spezialfutter GmbH & Co. KG, Lage, Germany). 

 

2.2. Fabrication, loading and coating of MCs 

   Cylindrical MCs were fabricated in SU-8, an epoxy-based negative photoresist, using a two-step 

photolithography procedure similar to those first introduced by Ahmed et al. [16] and Tao et al. [20], 

then adapted and modified by Nielsen et al. [23] and Christfort et al. [41]. The MCs were fabricated 

on a silicon wafer by depositing an anti-adhesion layer of 5 nm titanium (5 Å/s) followed by 20 nm 

gold (20 Å/s) using e-beam evaporation (Temescal FC-2000, Ferrotec Corporation, Santa Clara, CA, 

USA). The dimensions of the MCs were inspected with an optical microscope (Nikon Eclipse L200, 

Nikon Metrology, Tokyo, Japan) and an optical profiler (PLu Neox 3D Optical Profiler, Sensorfar 

Metrology, Barcelona, Spain). After inspection, the silicon wafer was cut into squared chips of 12.8 x 

12.8 mm using a dicing saw (Automatic Dicing Saw DAD-321, DISCO, Tokyo, Japan) with each chip 

containing 625 MCs. 

   MCs on a chip were manually loaded with BaSO4 using a shadow mask to cover the spaces between 

the MCs [42] and a brush filling method [5]. The shadow mask was gently pressed onto the chip after 

which BaSO4 was distributed onto the mask and pressed into the MC cavities using a brush. The 

shadow mask was carefully removed after loading. To determine the amount of BaSO4 loaded into the 

MCs, all chips were weighed before and after the loading procedure. 

   PLGA was used as a polymeric lid to seal the MCs in order to retain the BaSO4 inside the cavities. The 

PLGA layer was applied following previously reported spray coating procedures [14,43] with minor 

changes. Prior to spray coating, a 0.5% w/w PLGA solution was prepared by dissolving PLGA in ethyl 

acetate using low speed stirring for 2 h at room temperature. The PLGA solution was sprayed onto the 

loaded MCs on the chips using an ultrasonic spray coater (ExactaCoat, Sono-Tek, Milton, NY, USA). 

During spray coating, an infusion rate of 0.050 mL/min, a generator power of 2.2 W and a shaping air 

pressure of 0.022 bar were used. The nozzle was maintained 50 mm above the chips moving line-by-

line with a speed of 5 mm/s in an x-y path covering an area defined by the corners of the chips. The 

chips were placed on a 40 oC hot plate during the entire spray coating process. All chips were coated 

with two alternating paths having an offset of 2 mm to ensure a homogenous layer. Each of the two 

alternating paths was repeated 52 times giving 104 passages in total. Additionally, a flat silicon chip 

without MCs was included in the spray coating process to investigate the thickness of the coated PLGA 

layer by means of stylus profilometry (Alpha-Step IQ Stylus Profilometer, KLA-Tencor Corporation, 

Milpitas, CA, USA). 
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2.3. Capsule filling, characterization and contrast evaluation 

MCs loaded with BaSO4 and coated with PLGA (from now on referred to as BaSO4-loaded MCs) were 

gently scraped off the chips using a scalpel and subsequently, they were filled into gelatin capsules. 

The capsules were weighed before and after filling to estimate the number of MCs per capsule. In 

addition, for the contrast evaluation of MCs, capsules filled with a few empty or a few BaSO4-loaded 

MCs were prepared without weighing. 

   The quality of empty, loaded and coated MCs on a chip was investigated with scanning electron 

microscopy (SEM, TM3030Plus, Hitachi High-Technologies Europe, Krefeld, Germany) using an 

electron acceleration voltage of 15 keV, a charge-up reduction vacuum mode (50 Pa) and a backscatter 

electron detector. The chips were mounted on a 45o-tilted sample holder and different magnifications 

were used. Furthermore, chips with empty and BaSO4-loaded MCs were directly compared by planar 

x-ray imaging. Empty and BaSO4-loaded MCs were similarly evaluated and compared ex vivo by placing 

a gelatin capsule filled with empty or BaSO4-loaded MCs inside a small piece of rat intestine isolated 

from a male Sprague-Dawley rat. After visible disintegration of the gelatin capsules, the samples were 

frozen and stored at -18 oC until later planar x-ray imaging was performed. 

 

2.4. In vivo study 

   Male Sprague-Dawley rats with a weight of 248-284 g were used in this study. All animal care, 

housing and procedures were performed at the Department of Pharmacy, University of Copenhagen. 

The study was approved by The Danish Animal Experiments Inspectorate under the license 2016-15-

0201-00892 and conducted in compliance with the Danish laws regulating experiments on animals 

and the EC Directive 2010/63/EU. Prior to the experiments, the rats were acclimatized for one week 

with an alternating 12/12 h light/dark cycle and a room temperature and humidity of 22 oC and 55%, 

respectively. The rats had free access to standard food pellets and water throughout the 

acclimatization period. A detailed design of the in vivo study is shown in Table 1, using a total number 

of 21 rats. The rats were fasted 12-14 h before the gelatin capsules filled with BaSO4-loaded MCs were 

administered by oral gavage. This was done using a flexible capsule dosing tube connected to a 5 mL 

syringe so that the gelatin capsules could be expelled from the tube by a small air pressure. After 

dosing, the rats were given free access to water throughout the study. Group 6-9 and group 11-12 

were also given free access to standard food pellets 4 h post-administration to comply with a 

maximum of 18 h fasting. The rats were individually euthanized 0.5 h to 10 h post-administration by 

gassing with a 90.5% carbon dioxide in 9.5% oxygen mixture for 10 min. Thereafter, the GI tract from 

the stomach to the terminal end of rectum was removed from the rats, except for 3 rats that were 

used for CT scanning. The isolated GI tracts were placed in separate Petri dishes and photographed 

and subsequently, both the isolated GI tracts and the intact rats were frozen and stored at -18 oC until 

later planar x-ray imaging and CT scanning were performed. After CT scanning of the intact rats, the 

GI tracts were removed from them, placed in Petri dishes, photographed and frozen until later planar 

x-ray imaging was performed. 
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Table 1 

Design of the in vivo study for x-ray imaging of rats and their GI tract after oral administration of gelatin capsules filled with 

BaSO4-loaded MCs. “+” means yes and “-” means no. 

Group 1 2 3 4 5 6 7 8 9 10 11 12 

Number of rats 2 2 2 2 2 2 2 2 2 1 1 1 

Euthanasia [h] 0.5 1 2 3 4 5 6 8 10 0.5 5 10 

CT scanning - - - - - - - - - + + + 

Removal of GI tract + + + + + + + + + + + + 

Planar x-ray imaging + + + + + + + + + + + + 

 

2.5. Planar x-ray imaging of GI tracts from rats 

   Planar x-ray imaging during the contrast evaluation of empty and BaSO4-loaded MCs was carried out 

with an x-ray focal spot scanner (Verifier HR FSX-090, Focal Spot Inc., Carlsbad, CA, USA). X-rays were 

generated using a voltage of 2.5 kV and a current of 5 mA (power of 12.5 W). The same planar x-ray 

scanner and settings were used for both qualitative and quantitative tracking. The qualitative tracking 

was carried out by imaging the stomach and cecum of the isolated GI tracts, whereas the quantitative 

tracking included imaging and manual counting of individual BaSO4-loaded MCs throughout the entire 

isolated GI tracts. To identify individual BaSO4-loaded MCs and to differentiate them from potential 

digestive products and similar contrasting features in the GI tract, zooming in and out with the planar 

x-ray scanner or moving the sample stage up and down relative to the x-ray probe was beneficial. 

 

2.6. CT scanning of intact rats 

   The frozen intact rats from the in vivo study were visualized in 3D using a CT scanner (Nikon XT H 

225, Nikon Metrology, Tokyo, Japan) where x-rays were generated using a voltage of 70 kV and a 

power of 20 W (current of 0.29 mA). The 3D visualizations were created from single planar scans using 

1572 projections with 2 frames per projection and an exposure time of 1 s. The final scan time was 

approximately 53 min and within this time frame, the frozen rats did not seem to thaw. Due to natural 

variance in size and shape of the rats, different distances between the x-ray probe and the sample 

were used causing slightly different voxel sizes, which correspond to the spatial scan resolution. Voxel 

sizes obtained here were between 200-236 µm. The subsequent tomographic reconstructions were 

based on a Feldkamp, Davis and Kress algorithm [44], which is a filtered back-projection algorithm, 

made using the software provided with the CT scanner system (CT Pro 3D, Nikon Metrology, Tokyo, 

Japan). As a final step, the CT scan data was processed and investigated using a 3D visualization and 

analysis software (Avizo, Thermo Fisher Scientific Inc., Waltham, MA, USA). 

 

2.7. Statistics and data analysis 

   The data presented in this study are expressed as mean ± standard deviation (STD). Data presented 

in Figure 7 were analyzed and plotted using a 2D scientific graphing software (GraphPad Prism 8.4.3 

from GraphPad Software Inc., San Diego, CA, USA) where floating bars, minimum values to maximum 

values, with a line indicating the mean values were chosen. 
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3. Results and Discussion 

3.1. Characterization of fabricated, loaded and coated MCs and filled gelatin capsules 

   SU-8 MCs were fabricated (Figure 2a) with an overall height and diameter of 266.7 ± 1.5 µm (n=3) 

and 321.9 ± 0.6 µm (n=8), respectively, and with an inner reservoir depth and diameter of 230.7 ± 1.2 

µm (n=3) and 236.4 ± 1.2 µm (n=8), respectively. MCs have previously been loaded with a variety of 

drugs such as furosemide [25], ketoprofen [14] and amoxicillin [41], but loading with BaSO4 has not 

previously been tested. Here, MCs on chips were successfully loaded with 7.7 ± 0.8 mg (n=25) of BaSO4, 

showing dense packing (Figure 2b), which corresponds to each MC being loaded with approximately 

12 µg BaSO4. PLGA was chosen as the lid coating material due to its sustained release properties, 

suitable for colonic delivery [45,46], which was beneficial for the purpose of this study in order to keep 

the BaSO4 inside the MC cavity during GI transit. The chips were successfully coated with a uniform 

layer of PLGA (Figure 2c). 

 

 
Figure 2. SEM images with 45o tilt and x40 or x300 (insert) magnification of MCs being a) empty, b) loaded with BaSO4 and c) 

loaded with BaSO4 and coated with PLGA. 

 

   The PLGA coating on the flat sample without MCs was inspected with stylus profilometry and a layer 

thickness of 7.8 ± 0.2 µm (n=10, STD describes the PLGA surface roughness within the single sample) 

was measured. Within the time frame of the in vivo study, BaSO4 was expected to retain in the PLGA 

coated MCs. 

   For the in vivo study, gelatin capsules were filled with 514 ± 14 (n=3) BaSO4-loaded MCs. After 

emptying filled capsules into Petri dishes, 448 ± 14 (n=3) BaSO4-loaded MCs were observable with 

planar x-ray imaging, which indicated how many BaSO4-loaded MCs could be expected to be found 

during the later quantitative GI tracking. The non-visible BaSO4-loaded MCs, approximately 11%, could 

be explained by the fact that they did not contain any BaSO4 because of improper loading of the MCs 

located at the corners of the chips. 

 

3.2. Effect of contrast agent 

   A contrast evaluation of MCs showed that empty MCs were slightly visible with x-rays. However, 

there was a prominent difference in contrast between empty and BaSO4-loaded MCs on chips and it 

was obvious that empty MCs provided a very low contrast (Figure S1). When visualizing ex vivo in a 

small piece of rat intestine, it was noticed that empty MCs showed even less contrast (Figure 3a), while 

BaSO4-loaded MCs were clearly observed and distinguished from each other (Figure 3b). Based on 

these findings, it was evident that MCs could not be appropriately visualized without the use of a 

contrast agent. Even if the PLGA coating, or unexpectedly the SU-8 MCs, was to degrade when exposed 

to the GI contents for up to 1 week, while stored in the freezer until planar x-ray imaging took place, 

the loaded BaSO4 would not be able to release and disperse due to freezing of the GI contents. 

 

1 mm 1 mm 1 mm

150 µm

c)a) b)

150 µm 150 µm
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Figure 3. Planar x-ray images with increasing magnifications of loose MCs placed in a small piece of rat intestine being either 

a) empty or b) loaded with BaSO4. 

 

3.3. GI tracking and quantification of BaSO4-loaded MCs 

   The isolated GI tracts from the in vivo study were all placed in the same manner in Petri dishes and 

divided into five sections, namely stomach, proximal small intestine, distal small intestine, cecum and 

colon (Figure 4 and S2). 

 

 
Figure 4. Representative picture of an isolated GI tract, 2 h post-administration of the gelatin capsule filled with BaSO4-loaded 

MCs, with indication of stomach, proximal small intestine, distal small intestine, cecum and colon. 

 

   BaSO4-loaded MCs were qualitatively tracked by planar x-ray imaging the stomach and cecum at 

different time points (Figure 5, S3 and S4). They appeared to be retained in the stomach for 0.5-2 h, 

then entered the cecum after 3-4 h and finally started to leave the cecum after 8-10 h. Signals from 

digestive products both in the stomachs and in the ceca were also noticed. As the standard food pellets 

given to the rats contained a few percent of ash and minerals, this was expected since such elements 

also scatter x-rays [47]. To evaluate the effect, planar x-ray imaging of non-grinded and grinded 

b)
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300 µm

3 mm

1 mm3 mm

1 mm 300 µm
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standard food pellets in plastic tubes were performed (Figure S5), which revealed similar contrasting 

features as observed in the isolated GI tracts. 

 

 
Figure 5. Representative planar x-ray images of a) stomach and b) cecum of all isolated GI tracts from the first set of 

experiments showing when BaSO4-loaded MCs were located in the stomach and cecum, respectively. Arrows indicate 

examples of BaSO4-loaded MCs in the stomach (yellow) and potential digestive products or similar contrasting features in 

the cecum (green). 

 

   In order to obtain more detailed information about GI transit time, a quantification of the BaSO4-

loaded MCs in the isolated GI tracts was carried out. As previously described, BaSO4-loaded MCs were 

observed together with contrasting digestive products in the stomachs and ceca. However, it was 

possible to identify the BaSO4-loaded MCs by zooming in and being guided by their characteristic 

cylindrical geometry (Figure 6). 

 

 
Figure 6. Planar x-ray images of the cecum from a GI tract isolated 3 h post-administration where zooming in clarifies that 

the contrasting features are two individual BaSO4-loaded MCs. 

 

   The counted BaSO4-loaded MCs were plotted according to the five defined GI sections for the 

different time points after euthanasia (Figure 7, left). During the first 10-20 min, the gelatin capsules 

were expected to disintegrate, thereby releasing the individual BaSO4-loaded MCs. It was observed 

that the BaSO4-loaded MCs generally retained in the stomach until 0.5-2 h post-administration. After 

2-3 h, the majority of BaSO4-loaded MCs were found in the small intestine while at 6 h, they were 

primarily found in the cecum. The accumulation of BaSO4-loaded MCs in the cecum can be explained 

by the shape and function of this part of the GI tract in rodents. The cecum is a pouch-like section 

where digestive materials are accumulated in order for lignin and cellulose to be degraded by hindgut 

fermentation [48]. The BaSO4-loaded MCs started to exit the GI tract after 6-10 h as the averaged total 

MC counts (Figure 7, right) were lower than the initial averaged total counts and as the BaSO4-loaded 

MCs present at these time points were primarily found in the cecum and colon. The BaSO4-loaded MCs 

observed in the stomach after 10 h is most likely due to coprophagy. In addition, it is relevant to 

3 h 4 h

0.5 h0.5 h

3 h

6 h

5 h

6 h

4 h 5 h
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mention that before starting to leave the GI tract around 6 h post-administration, an averaged total 

count between 300-350 BaSO4-loaded MCs was found. This number was lower than the 448 ± 14 (n=3) 

BaSO4-loaded MCs found when investigating the content of a filled gelatin capsules with planar x-ray 

imaging. The difference of 22-33% could be attributed to the possibility of cracking the MCs while 

scraping them off the chips during capsule preparation (as noted from Figure 3b). This would cause 

the BaSO4 to leave the MC cavities during GI transit and thereby be non-observable when carrying out 

the quantification with planar x-ray imaging. The GI tracking of BaSO4-loaded MCs was carried out 

with two (for 1, 2, 3, 4, 6 and 8 h) and three (for 0.5, 5 and 10 h) replicates of rats, respectively. For 

statistical analysis, it would have been advantageous to use a larger number of replicates for each 

time point, also considering the high variability in GI behavior among the individual groups of rats. 

Here, a limited number of rats was used since the main focus of this study was to demonstrate the 

feasibility of using x-ray imaging for GI tracking of microscale oral drug delivery devices. An extension 

of the study for up to e.g. 24 h was omitted for the same reason and because drug release often occurs 

within the small intestine which was reached by MCs already after few hours. 

 

 
Figure 7. Graph showing the count of BaSO4-loaded MCs found in each section of the isolated GI tracts (left) and the total 

count of BaSO4-loaded MCs found (right) for each time point of euthanasia. The counts were found using planar x-ray imaging 

and are shown here as floating bars, minimum values to maximum values, with a line indicating the mean values. n=2 for 1, 

2, 3, 4, 6 and 8 h and n=3 for 0.5, 5 and 10 h. 

 

   In comparison to the results presented here, Saphier et al. [37] found that a 2.64 x 4.8 mm enteric 

coated gelatin capsule orally administered to a rat was present in the stomach 10 min post-

administration and in the small intestine after approximately 2 h. They also observed partial 

disintegration of the capsules close to the cecum 4 h post-administration and complete capsule 

disintegration in the cecum after approximately 4.5 h. For similar enteric coated capsules with sizes of 

2.7 x (8.4 and 5.1) mm, Gómez-Lado et al. [40] presented that even 6 h post-administration to rats, 

the large capsules were primarily retained in the stomach and only a few were found deeper in the GI 

tract. In contrast, half of the small capsules had moved to the small intestine and colon 3 h post-

administration and capsules were observed throughout the entire GI tract after 5-6 h. Going slightly 

down in size of the tracked device, Dalziel et al. [38] reported the location of steel beads with a 

diameter of 1.4 mm after oral administration to rats. They stated that the single leading front bead 

was in the proximal small intestine after 4 h, in the cecum or the large intestine after 9 h and in the 

large intestine 12 h post-administration. Another study, by Laier et al. [49], reported GI transit of MCs 
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loaded with cubosome precursor powder and coated with Eudragit® L100–55 in mice using optical 

microscopy. Their results showed a large variability between the mice, but they were able to conclude 

that the MCs had completely left the stomach 90 min post-administration and that approximately 40% 

of them were present in the colon by that time. The overall time range of previously reported transit 

times and the results obtained here for BaSO4-loaded MCs correlates. However, the GI transit time 

seems to vary according to the size of the tracked device, the dosing method, fasting, sedation and in 

general from animal to animal. Here, when dosing by oral gavage with air to fasted rats, the cylindrical 

BaSO4-loaded MCs retained in the stomach temporarily, after which they passed through the small 

intestine relatively fast and accumulated in the cecum before leaving to the colon and then exiting the 

GI tract. Previously, Mosgaard et al. [24] observed differences in the mucoadhesive properties of MCs, 

in ex vivo studies, when changing the height, shape and material composition. Thus, variations in GI 

transit time, with either a short or long residence time in the small intestine, are expected for different 

MCs during in vivo studies. The x-ray imaging approaches presented here are currently being used 

further in other extensive studies with MCs to investigate this and to test how different coatings affect 

mucoadhesion and hence the overall GI transit time. 

 

3.4. 3D visualization 

   Apart from investigating GI transit time with planar x-ray imaging, 3D visualization of the BaSO4-

loaded MCs was made by CT scanning intact rats from the in vivo study euthanized 0.5, 5 and 10 h 

post-administration. After 0.5 h, the BaSO4-loaded MCs were seen accumulated in a not fully dissolved 

gelatin capsule located in the stomach (Figure 8a and S6a), whereas they were observed individually, 

or eventually in small clusters, throughout the entire GI tract after 5 h (Figure 8b and S6b). 10 h post-

administration, the BaSO4-loaded MCs were still located throughout the entire GI tract, but a smaller 

number was seen (Figure 8c and S6c). All of these observations agreed well with information obtained 

from the quantitative evaluation made with planar x-ray imaging. In order to visualize the tissues of 

the GI tract and thereby be able to determine the location of the BaSO4-loaded MCs, a contrast 

suspension of BaSO4 or iodine could be orally administered in a similar way as done by Saphier et al. 

[37] for tracking of gelatin capsules. However, dosing of a contrast suspension was omitted here 

because it would presumably shadow the signal from the small BaSO4-loaded MCs. Instead, the field-

of-view could have been narrowed down from looking at the entire body of the rats to only the 

abdominal area. This would allow for an increased magnification and higher scan resolution [50] and 

hence, a more significant signal from the GI tract. If the GI tract was to be seen in the current 3D 

visualizations, relevant orthogonal views could be made. Orthogonal views only give qualitative 

information about the location of BaSO4-loaded MCs as it is rather difficult to determine the exact 

locations in the small intestine and colon due to the folded structure. Moreover, counting of the 

BaSO4-loaded MCs from the orthogonal views were difficult because of signals overlapping in adjacent 

orthoslices. 
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Figure 8. CT scan images of rats euthanized after a) 0.5 h, b) 5 h and c) 10 h with visibility of the GI tract using an orthoslice. 

Arrows indicate the location of the stomach (green) and small intestine (yellow), respectively. Accompanying CT scan videos 

are attached as online supporting information. 
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   Additionally, it was noticed that the resolution of the CT scans in this study appeared slightly better 

than what has been obtained in other studies. Previously, Goyanes et al. [39] did fused PET and CT 

scanning of capsular devices being 2.65 x (8.6 and 3.2) mm and Gómez-Lado et al. [40] did CT scanning 

of gelatin capsules being 2.7 x (8.4 and 5.1) mm. In both cases, the capsular devices or gelatin capsules 

and the skeleton of the rat were easily observed. From the CT scans reported by Gómez-Lado et al. 

[40], the difference in CT scan resolution obtained with and without sedation of the rat could also be 

compared. In general, the CT scan resolution was lower for rats not being anesthetized, instead 

physically restrained using an ergonomic cylindrical device, compared to the CT scan resolution for 

rats being anesthetized. The reason for this is simply a less degree of muscle and organ movement of 

the sedated rat. In the CT scans of MCs, the rats were euthanized and even frozen, which theoretically 

meant no movement at all while scanning, thereby obtaining a high CT scan resolution. This aspect 

regarding CT scan resolution is important when considering future real-time in vivo GI tracking of 

BaSO4-loaded MCs. Real-time in vivo GI tracking using CT scanning would imply the rats being either 

physically restrained or anesthetized. Both options would cause a certain degree of movement and 

thereby decrease the available scan resolution. Still, it is believed that BaSO4-loaded MCs would be 

clearly observed in the GI tract of living rats but with a slightly blurred signal. Future real-time in vivo 

GI tracking of BaSO4-loaded, and other microscale oral drug delivery devices, in rats with CT scanning 

would reduce the overall number of animals needed. However, only qualitative information will be 

obtained in this way, which is still relevant as it provides information about the overall tendencies 

with respect to e.g. mucoadhesion and GI transit for living rats. For a quantitative study, removal of 

the GI tract and subsequent analysis using planar x-ray imaging are needed. 

 

4. Conclusion 

   In this work, imaging approaches for easy visualization and fast tracking of microscale oral drug 

delivery devices were presented. X-ray imaging was found to be a suitable technique for tracking of 

BaSO4-loaded MCs in the GI tract of rats. From a quantification of GI transit time using planar x-ray 

imaging, BaSO4-loaded MCs were found to start leaving the stomach 0.5-2 h after oral administration, 

entering the cecum after 3-4 h and leaving the cecum and colon after 8-10 h. In addition, CT scanning 

enabled 3D visualization of the BaSO4-loaded MCs without the need to remove the GI tract from the 

rats and it provided a qualitative confirmation of what was found quantitatively with planar x-ray 

imaging. The x-ray imaging approaches presented here, demonstrated with MCs, would be adoptable 

with other microscale oral drug delivery devices. GI tracking can provide valuable information to 

facilitate a better understanding of the complex interplay between an oral drug delivery device and 

the GI tract and it might even be used for a quantitative evaluation of transit time. In perspective, the 

presented 3D visualization was an example on how future real-time in vivo x-ray imaging of BaSO4-

loaded MCs, and other microscale devices, could potentially be carried out when performing pre-

clinical trials, and even clinical studies, on targeted oral drug delivery to the small intestine or colon. 

 

Supporting Information 

   The Supporting Information is available free of charge at -----ACS LINK HERE-----. 

 

Figure S1, planar x-ray images of empty and BaSO4-loaded MCs. 

Figure S2, pictures of GI tract removed during in vivo study. 

Figure S3, planar x-ray images of stomachs and ceca (second set of experiments). 

Figure S4, planar x-ray images of stomachs and ceca (after CT scanning). 
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Figure S5, planar x-ray images of non-grinded and grinded standard food pellets. 

Figure S6, CT scan images of rats dosed with BaSO4-loaded MCs. 

 

Video S1, CT scan video of rat dosed with BaSO4-loaded MCs (0.5 h). 

Video S2, CT scan video of rat dosed with BaSO4-loaded MCs (5 h). 

Video S3, CT scan video of rat dosed with BaSO4-loaded MCs (10 h). 
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Figure S1. Planar x-ray images with increasing magnifications of MCs on a chip being either a) empty or b) loaded with BaSO4 
and coated with PLGA.
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Figure S2. Pictures of the GI tracts removed during the in vivo study, a) first set of experiments, b) second set of experiments 
and c) after CT scanning. The GI sectioning into stomach, proximal small intestine, distal small intestine, cecum and colon is 
seen in each of the individual images (dashed lines).
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Figure S3. Planar x-ray images of a) stomach and b) cecum of all removed GI tracts from the second set of experiments 
showing when BaSO4-loaded MCs were located in the stomach and cecum, respectively. Arrows indicate examples of BaSO4-
loaded MCs in the stomach (yellow) and potential digestive products or similar contrasting features in the cecum (green).
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Figure S4. Planar x-ray images of a) stomach and b) cecum of all removed GI tracts after CT scanning showing when BaSO4-
loaded MCs were located in the stomach and cecum, respectively. Arrows indicate examples of BaSO4-loaded MCs in the 
stomach (yellow) and potential digestive products or similar contrasting features in the cecum (green).
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Figure S5. Planar x-ray images showing contrasting features (examples indicated by green arrows) from standard food pellets 
placed in plastic tubes being a) non-grinded or b) grinded.
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Figure S6. CT scan images zooming in and orienting towards the BaSO4-loaded MCs inside the intact rats euthanized after a) 
0.5 h, b) 5 h and c) 10 h. Accompanying CT scan videos are attached as online supporting information.


