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Abstract: Video capsule endoscopy (VCE) is now a clinically accepted diagnostic modality in which
miniaturized technology, an on-board power supply and wireless telemetry stand as technological
foundations for other capsule endoscopy (CE) devices. However, VCE does not provide therapeutic
functionality, and research towards therapeutic CE (TCE) has been limited. In this paper, a route
towards viable TCE is proposed, based on multiple CE devices including important acoustic
sensing and drug delivery components. In this approach, an initial multimodal diagnostic device
with high-frequency quantitative microultrasound that complements video imaging allows surface
and subsurface visualization and computer-assisted diagnosis. Using focused ultrasound (US)
to mark sites of pathology with exogenous fluorescent agents permits follow-up with another
device to provide therapy. This is based on an US-mediated targeted drug delivery system with
fluorescence imaging guidance. An additional device may then be utilized for treatment verification
and monitoring, exploiting the minimally invasive nature of CE. While such a theranostic patient
pathway for gastrointestinal treatment is presently incomplete, the description in this paper of
previous research and work under way to realize further components for the proposed pathway
suggests it is feasible and provides a framework around which to structure further work.

Keywords: ultrasound; capsule endoscopy; USCE; UmTDD; targeted drug delivery; theranostics;
gastrointestinal; acoustic sensing; ultrasonic drug delivery; endoscopy

1. Introduction

Gastrointestinal (GI) disorders represent a myriad of conditions related to known and unknown
causative agents. These conditions include food-borne illnesses (gastroenteritis), inflammatory bowel
disease (IBD: Crohn'’s disease, ulcerative colitis) and neoplastic diseases (Barrett’s esophagus, colorectal
cancer). Due to the number and common occurrence of conditions associated with the GI tract,
gastroenterology is one of the most heavily utilized areas in healthcare systems. Furthermore, many of
these conditions demonstrate increasing upward trends. This is particularly true for IBD which affects
more than 2 million people in the USA [1] and colorectal cancer, related to ageing populations [2].
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Gl endoscopy is one of the most heavily used procedures in gastroenterology and hospital services
in general [1]. It permits entry via natural orifices in a minimally invasive manner with access granted
to the entire length of the GI tract. The upper GI tract is accessed with esophagealgastroduodenoscopy
(OGD), the lower section with colonoscopy and the less routine procedure of enteroscopy allows
access to the remote small bowel. All three approaches allow the clinician direct visual assessment of
the mucosa and subsurface structures with endoscopic ultrasound (EUS). Furthermore, conventional
endoscopes allow tissue biopsy and means of treating pathology, either pharmaceutically or physically.
However, despite its obvious utility for diagnosis and treatment, conventional endoscopy places
demands on hospital resources in terms of operator training, patient management and capital
expense [3].

Video capsule endoscopy (VCE) [3] has been introduced and accepted as a routine clinical
procedure in the past twenty years as an alternative to conventional endoscopy. Its development
has benefited from three areas of innovation: camera miniaturization and related electronics;
minimization of power consumption from an on-board capsule battery; and wireless telemetry for data
communication with a remote data recorder. Automated information extraction and interpretation,
i.e., computer aided diagnosis (CADx), is a fourth innovation that is still a topic of research. However,
capsule localization and positioning accurate to a level compatible with targeted therapies remain
elusive and are an area of active research.

The conventional diagnostic modality of optical endoscopy, as noted, is now complemented by
multiple additional modalities for diagnosis. The most important is ultrasound (US) imaging [4],
due to its ability to visualize subsurface pathology. The adoption of endoscopic US imaging is based
on the nature of US as safe, inexpensive and capable of real time imaging deployed at the point of
care [5]. In addition to qualitative diagnosis, US data have been shown to be amenable to quantitative
analysis and US carries the potential for therapeutic treatment through ultrasound-mediated targeted
drug delivery (UmTDD).

A means for improving diagnosis and ultimately treatment is to combine multiple diagnostic and
therapeutic (i.e., theranostic) modalities. Sonopill [6,7] is an example of a multimodal capsule which
aims to combine US imaging with other diagnostic modalities such as video imaging, fluorescence
imaging [8] and pH sensing. In addition, therapeutic capsule endoscopy (TCE) devices are also under
development, an example being SonoCAIT [9,10], a capsule endoscopy (CE) device containing UmTDD
components, discussed in detail in Section 4.3.

This paper describes progress towards a proposed patient pathway utilizing multimodal CE
theranostically. We first provide an in-depth review of CE for both diagnosis and therapy in Section 2,
particularly highlighting the role of US. In Section 3 we describe the proposed patient pathway for a
multimodal CE system in the clinic. Then in Section 4 we outline results relating to each step along
this pathway, with the use of microultrasound (LUS) as a means to detect diseased regions in the GI
tract, the use of capsule US for fluorescent marking of tissue, and the use of fluorescence imaging for
detection. Progress towards TCE containing an UmTDD system is also discussed and the usefulness of
capsule-based US to enhance therapeutic agent uptake is considered.

2. Capsule Endoscopy

2.1. Video Capsule Endoscopy for Diagnosis

The first ingestible wireless CE device was announced by Given Imaging Inc. and Dr. Swain at the
Royal London Hospital, UK, in 2000 [3,11]. The capsule for diagnosis in the small bowel, initially called
M2A and latterly branded as PillCam® SB (Medtronic Inc., Dublin, Ireland), has diameter @11 mm X
26 mm length and weighs 3.7 g [11]. It consists of the following components: an optically-transparent
dome, a lens with a narrow aperture, four light emitting diodes (LEDs), a complementary metal oxide
semiconductor (CMOS) image sensor, two silver oxide batteries, an application-specific integrated
circuit (ASIC), a radio-frequency (RF) transmitter and an antenna [11].
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Because of physiological differences, different CE devices are required for individual sections
of the GI tract, exemplified by PillCam® COLON2 for colonoscopy and PillCam® UGI for
esophagoscopy [11-14]. The dissolvable PillCam® Patency capsule has also been developed to verify
adequate patency of the GI tract prior to CE, aiming to reduce the risk of capsule retention [15,16].
Besides the PillCam® family, other CE devices are also commercially available for small bowel
endoscopy, as listed in Table 1.

Table 1. Specifications of commercially available capsule endoscopes [11,12,17-24].

Device Company  smetmm MM SOP TGl Anleatimase
(Pixel Res.) (fps) (h)
Pi“S%m@ D114 x 26.2 3.0 (25?10235 6 2-6 156 Offline 8
glcl)lgg)ﬁz Medfronic Inc., O11.6 x 328 30 (CZI;/GI)O><SZ>;62) 435 172 "Efri 10
PﬂbCéIm@ Dublin, frefand: o116 x 328 3.0 (Czlg/éoxszz 62) 18-35 172 %fnaé 15
IF gg;’gz @11 x 26 33 N/Al
Endo-Capsule Olymﬁ;i:"kyo’ 211 x 26 38 (1925(331 080) 2 145 Efnaé 8-10
QoM Sl onim e O 2w M on
MiroCam I“tr‘ﬂvl[fodri;seo“l' 210.8 x 24 33 (32%1‘103520) 3 150 Offline 10-12
Caljfl‘l’iam Sar;‘of;‘f\gif’g's A @11 x 31 40 (23(1?2 ;8‘2) 20 360 Offline 15

1 PillCam® PATENCY capsule does not contain imaging components.

Although commercial CE devices have been established to allow inspection of the entire GI tract
with minimal discomfort to patients, they still suffer from several limitations relating to locomotion
control (positioning), localization and movement tracking, and power supply and power management,
and have restricted imaging modalities [12,19,21,25,26]. These limitations are driving technological
development of research prototypes.

Current CE devices are propelled passively through the entire GI tract by peristalsis and
their position, speed and orientation cannot be controlled [12,26,27]. Passive locomotion prevents
prolonged diagnosis and therapeutic interventions, unlike conventional endoscopes which permit
tissue biopsy and aspiration of fluid for cytology. Many active locomotion approaches have been
proposed and feasibility has been explored with prototypes, including electrically-stimulated muscle
contractions [28], the use of shape memory alloys (SMA) [29] and external magnetic fields [30,31] and
microrobots with leg-like [32-34] and earthworm-like [35,36] mechanisms.

The nature of the GI tract makes it challenging to localize capsule position precisely [37].
RF triangulation with an external sensor array to estimate the capsule travel distance based on RF signal
strength has been used in commercial CE devices such as PillCam® M2A. However, experimental
studies have shown that the noise in the RF signal measurement can cause an average error of 37.7 mm
and a maximum error of 114 mm [38,39]. Magnetic tracking algorithms have shown better accuracy,
with position errors less than 10 mm in many studies [40—42]. However, the overall accuracy is highly
dependent on the number of external sensors used [21] and it is challenging to work with an external
magnetic locomotion approach at the same time [40]. Other methods have also been reported based on
US time-of-flight [43], X-ray radiation [26,44] and methods using gamma scintigraphy [45].

Most commercial CE devices rely on silver-oxide coin batteries to provide power, these being the
only coin batteries approved for clinical use [20]. They provide 3 V at 55 mAh for approximately 8-10 h,
with an average power delivery of 20 mW [20,21,46]. In general, small batteries with high energy
density are required to prolong the operational time and extend the functionality of CE. Wireless
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power transfer and energy harvesting technologies have been investigated as alternatives, including
inductive coupling, microwave coupling and US technology [13,21,47,48].

Typical transit times for capsules through the small and large intestines are about 3 h and 20 h,
respectively [19,20,49,50]. Depending on the frame rate of CE devices (Table 1), a large number of
images or lengthy video can be generated during the procedure, requiring lengthy clinical review [18].
Hence, it is important to have software that can improve the visibility of lesions and shorten the review
time without sacrificing accuracy [18,25,51]. Recent software developments have focused on CADx
systems and image analysis to increase diagnostic yield and reduce inter-observer variability [25].

2.2. Therapeutic Capsule Endoscopy

At present, most commercial capsules are used only for GI diagnosis. Their limitations make it
very difficult to extend their use to more demanding diagnostic and therapeutic procedures such as
biopsy, cytology, minimally invasive surgery and targeted drug delivery, all of which are possible with
conventional endoscopes. These procedures require precise localization, controlled locomotion, and
real-time viewing, with remote-controlled tools and components in the TCE devices [52]. A few
capsules have been developed specifically for drug absorption studies; examples are Enterion
and InteliSite [14,45], and the Intelligent Pill system (iPill, Koninklijke Philips N.V., Amsterdam,
The Netherlands) was developed for controlled release of medication in the GI tract [53]. Colak et al.
proposed a theranostic capsule to deal with obscure GI bleeding [54]. However, these capsules have
only basic on-board electronics and a drug reservoir, without any imaging capability. Therefore, further
research and development is required for the evolution of CE from diagnosis to multimodal theranostic
robotic systems [11].

An effective targeted drug delivery capsule should contain anchor and release mechanisms.
The anchor mechanism positions the capsules at the target site in the desired orientation. It usually
deploys leg-like mechanisms [32-34,40,50,55] or uses a magnetic field [56,57] to attach the capsule
to the inner wall of the GI tract. The release mechanism is triggered to deliver drugs in a controlled
manner and involves a reservoir [12,40,58] with release triggered by specific environmental conditions,
e.g., temperature or pH [50], or by activation of a magnetic field [56].

The ability to perform minimally invasive surgery is another modality desirable for TCE [12,37,59].
Valdastri et al. reported the first successful in vivo surgical experiment using wireless CE [59]. Their
device, J12.8 x length 33.5 mm, was equipped with four permanent magnets for active external
magnetic steering. A nitinol clip was mounted on the tip of the capsule for release in response to an
external signal [59]. The feasibility of tissue biopsy has also been demonstrated with capsules using a
rotational razor mechanism, micro-spikes or two cylindrical razors [60-62]. To enable identification of
sites of pathology with TCE, optical biopsy has been proposed for tissue diagnosis in vivo, including
fluorescence endoscopy, optical coherence tomography, confocal microendoscopy, light-scattering
spectroscopy, Raman spectroscopy, and molecular imaging [20,63].

2.3. Ultrasound Capsule Endoscopy

Currently, all commercial diagnostic CE relies on optical images and videos to aid diagnosis.
However, optical imaging is limited to the internal luminal surface of the GI tract. The addition of
US imaging in CE can expand the capability to image and analyze subsurface features to resemble
EUS [64]. Because in this case, US is transmitted from inside the body cavity, attenuation is reduced
and a higher US frequency can be used to deliver higher resolution data than those obtained from
transcutaneous US. High-resolution imaging and related quantitative analysis provided by pUS have
the potential for early detection of GI disease, prior to optical manifestation.

In 2004, Olympus announced the development of US capsules [65] but no further information has
emerged subsequently. However, progress by several research groups working with prototypes [63,66-69]
and several patents have been published [26,70-72]. Yuan et al. developed and fabricated a
photoacoustic imaging endoscope with an acousto-optical coaxial structure for cavity imaging [66].
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The tethered device consists of a Plexiglas tube, an optical fiber, a tapered reflector, a 64-element
ring transducer array and a coupling medium [66]. Photoacoustic images of porcine colorectal tissue
embedded in a transparent gelatin phantom were reconstructed to demonstrate feasibility. A European
Commission project, TROY, engaged in the development of an US capsule based on a 5 MHz 32-element
ring array [67]. Memon et al. reported on a capsule US device with a 128-element cylindrically-shaped
capacitive micromachined ultrasonic transducer (CMUT) array [68] and Wang et al. recently reported
a successful US capsule based on mechanical rotation of a 39 MHz US transducer [73]. A rotary
solenoid-coil motor was employed to rotate the US transducer with sectional electronic control.
Phantoms and ex vivo porcine small intestine specimens were used for image evaluation [73]. A similar
concept was studied by Lee et al. [69].

In addition to imaging, US can also be used for therapy, including tissue ablation and site-specific
drug delivery. For tissue ablation, high-intensity focused US is required. This is difficult to integrate
into capsule form because of the energy requirement and size limitations and also because of the high
risk of perforation of the bowel. However, UmTDD can direct liposome entrapped gas bubbles and
drugs [74-77] and can be integrated into capsules [9,10]. Drug-carriers can be affected by focused US
and release their contents in confined regions, i.e., the focal zone of a focused US transducer. The rate
of drug release strongly depends on and thus can be modulated by US parameters such as frequency,
intensity, focal size, and inter-pulse intervals [78]. With appropriate control, drug delivery can be
achieved in an effective manner.

3. Proposed Theranostic Patient Pathway

The important components for multimodal CE for diagnosis are actuation and sensing devices,
a power supply, wireless communication control circuitry and an antenna. In addition, TCE devices
must contain a targeting mechanisms and a drug reservoir and release mechanism. The typical shape
of a clinical CE device is a cylinder with hemispherical ends, Ocg = 10 mm and overall length
L =30 mm [79]. Devices described above correspond closely to these norms. Due to the complexity
of the devices and their relatively small size, a combination of two or more theranostic devices in
succession may be necessary to deliver the required payload. Such a multi-capsule approach has the
extra advantage that clinical validation can be included in the diagnostic procedure to allow a second
opinion before administration of therapeutics.

The proposed patient pathway (Figure 1) begins with a patient presenting with symptoms that
indicate a GI condition, for example Crohn’s disease. In the next step, the patient is subjected to
conventional diagnostic procedures and, if positive, a diagnostic CE device is administered that uses
white light optics and uUS imaging to identify diseased regions in the GI tract after video review
and quantitative US (QUS) analysis. The diseased regions are marked with fluorescent nanoparticles
using a process analogous to UmTDD. At this stage, a clinician validates the diagnosis and can then
apply TCE. The therapeutic device is designed to detect the fluorescent nanoparticle markers without
the need for further diagnostic or communications functions, allowing space in the capsule for a
reservoir of therapeutic agents, a release mechanism and US components to direct the agents towards
the treatment site while simultaneously assisting in separating the active component of the agent, i.e.,
a drug, from a carrier, e.g., a microbubble, and increasing tissue permeability for enhanced uptake.
Following delivery, further diagnostic CE could be used to assess therapeutic efficacy. Table 2 links
the proposed patient pathway to current and future status of research described in this paper with
relevant references highlighted.
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Suspected GI Condition. e.g. Crohn’s Disease

1. Patient undergoes
diagnostic work-up, e.g.
blood tests

4

2. If positive, a diagnostic
capsule endoscopeis

—
administered.

4

2b. Disease sites are marked
with fluorescent particles
using an ultrasound

2a. Optical and microultrasound
data is generated, identifying
disease sites.

l mediated process.
3a. Clinician validates N 3b. Device detects marked
diagnosis and administers regions and administers
a therapeutic capsule. N therapeutic agents.

4. A further diagnostic
device maybe administered
to verify response.

Figure 1. Schematic of the proposed patient pathway.

Table 2. Present status of capsules under development and their link to the proposed patient pathway
described in Figure 1.

CE-I.{elev.?nt Requl‘r ed Results Presented Relevant
Step in Patient Technical Present Status of Research in This Paper References
Pathway Capability P
uUS Imaging, VCE established. US CE in .
2a/4 Video Imaging, development. Bench Bend;f;f lr;?s’ QUS [5-7,80,81]
CADx tests performed y
developed. Tioue marking  Pr00fof concept
2b US tissue marking .p ’ . & capsule. Tissue [9,10,82]
with nanoparticles markin
demonstrated &
Proof of concept capsule
UmTDD Capsule. developed and bench tested. Development of
. . therapeutic capsule.
3a/b Fluorescence Fluorescence imaging capsule [8-10,83,84]
. 4 Fluorescence
Imaging developed; requires
SR capsule
miniaturization.
4. Results

The proposed theranostic patient pathway described above is a complex procedure. However
preliminary results have been achieved for many of the individual steps, as described in this section
and in the literature as highlighted in Table 2. Together, these highlight the minimally invasive nature
and strong reliance on contemporary sensing techniques of USCE.

4.1. Microultrasound Diagnosis and Quantitative Analysis

Maximum efficacy of ultrasonic drug delivery requires accurate identification of the nature and
extent of the diseased tissue to be treated. This can be achieved through the appropriate use of
qualitative and quantitative pUS imaging. Previous research has shown good agreement between
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nUS and histology when imaging human GI tissue [85]. We seek to expand on this work through
the use of quantitative analysis techniques to calculate key tissue properties and establish a healthy
baseline. Quantitative pUS can detect pre-cancerous changes in tissue organization in isolated tissue
in a laboratory environment [86-89]. Both acoustic impedance (Z) and backscattering coefficient (BSC)
showed potential for detecting changes in cell and tissue architecture characteristic of early disease [86].

In new studies we used a 48 MHz piezocomposite transducer (AFM Ltd., Birmingham, UK) with
a mechanical scanner [80] to obtain pUS images of ex vivo porcine tissue samples and processed them
digitally with QUS techniques. To establish a measurement methodology compatible with clinical
systems, reference scans of tissue separated into its component layers (homogeneous tissue) were used
in conjunction with an automated tissue segmentation algorithm for characterization of tissue in situ
without the need for physical biopsy.

Healthy ex vivo porcine tissue from the esophagus and small bowel were used to model the
human GI tract [90]. Post mortem tissue was obtained fresh-frozen from the abattoir so it was not
necessary to obtain ethical approval. While the initially frozen state of the tissue was a consideration,
freeze-thaw cycles have been shown not to affect acoustic properties [91]. The esophageal tissue can
be separated into four layers: (1) mucosa, (2) submucosa, (3) muscularis propria and (4) adventitia
and serosa. As precancerous tissue disruption is commonly found in the mucosa and submucosa [92],
this work focused on those layers.

4.1.1. Tissue Characterization Techniques

A critical challenge in translating laboratory analysis techniques to clinical applications is the
loss of known, fixed reference points. Established protocols for QUS commonly use flat substrates
and samples with well-controlled, known thicknesses to minimize data variance [93,94]. By contrast,
in vivo approaches commonly use approximations which eliminate those reference signals [88,95].
For the present demonstration, a hybrid approach was used, in which reference values obtained
with homogeneous, healthy samples were combined with digital image segmentation to calculate the
desired values in heterogeneous tissue, specifically to identify Z, BSC and attenuation.

For two well-differentiated materials, the percentage of an incident US wave reflected from the
interface between them is approximated as a function of their acoustic impedances [81]. Based on this,
the acoustic impedance of an unknown tissue can be calculated from the impedance of the imaging
medium (Zy), the incident pressure wave (V;) and the reflected wave (V,), giving Z; (MRayl):

- Zo, 1

The incident wave amplitude can be obtained by reversing the calculation using the same
transducer configuration and a material of known acoustic impedance as a reflector, in this case
a quartz flat. The BSC was calculated using the same methodology as in previous studies [86], where
the coefficient is broken down into terms based on the geometry of the transducer, a reference echo
from a known quartz reflector and loss due to attenuation:

t 2
Ry Ji2 Vs (t) [Pt 4/
27t(1 — cosfr) fjooo|vq|2dt e—da'd] _ p—4d'dy

2

3

where R; is the reflection coefficient of the quartz reflector, 6 is the half-angle subtended by the
transducer face at the focal point, V; is the signal obtained from the interrogated sample, integrated
over the time-gate of interest, V; is the amplitude of the signal obtained from the ground truth reference
integrated over the full sample time, and d; and d, are the minimum and maximum depths of the
tissue sample within the US image.

Before the BSC could be calculated for a given sample, the loss of ultrasonic signal due to tissue
attenuation had to be determined, requiring an accurate measurement of both the sample thickness
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and the specific attenuation for the tissue. Methods exist for calculating attenuation in vivo [96] but
they require significant additional processing and are not as accurate as ex vivo methods using known
reference reflectors. For this reason, the attenuation here was pre-calculated using manually separated
samples and these values were applied when calculating the BSC in vivo.

For a tissue sample of thickness d, the attenuation factor, «, (dB mm 1) can be calculated as:

=20 vV
a = %4 log,, v 3)

where V, is the amplitude of the signal from the reference reflector beneath tissue and V, is the
amplitude of the signal from the reference reflector without tissue present. The logarithmic attenuation
coefficient (dB mm™!) can then be converted to the natural logarithmic a’ (neper mm~1):

’ o

¢ = 8686’

4)

4.1.2. Experimental Tissue Preparation

All porcine tissue samples were sourced from an abattoir (Medical Meat Supplies Ltd., Oldham,
UK) and were supplied frozen, certified fit for human consumption, and thus deemed suitable to
provide a healthy baseline. Esophageal samples were selected from the transition from the esophagus
to the stomach through the gastro-oesophageal junction (GOJ) which provides naturally heterogeneous
tissue for qualitative and quantitative assessment. Small bowel samples were obtained with the
mesenteric vessels intact so the samples could be perfused to ensure accurate mucosal surfaces for
drug delivery trials.

Prior to scanning, samples were thawed in their vacuum packs for 20 min in water at room
temperature and then rinsed with water after removal from the vacuum pack. Samples were then
transferred to a tray containing 2 cm thick acoustic absorber covered by ~4 cm of 1% agar by mass.
Trays were prepared 1 day prior to scanning to allow the agar substrate to solidify overnight at room
temperature. Samples were coupled to the agar using standard acoustic gel and covered with degassed
phosphate buffered saline (dPBS) to prevent tissue degradation during scanning and ensure ultrasonic
coupling to the ultrasound devices.

The scanning apparatus used in the imaging experiments was configured for planar tissue
samples so the esophageal samples were prepared for scanning by bisecting them along the long axis
using a scalpel. This allowed the tissue to be opened and pinned to the agar without disrupting the
GOJ. To obtain homogeneous samples of the mucosa and submucosa for attenuation measurement,
two esophageal samples were prepared using the same method as that used for the whole samples but
they were then separated along the fascial plane of the tissue with a scalpel. The mucosa/submucosa
combination was separated from the remaining layers, then mounted on the agar substrate for imaging.

4.1.3. Results

A key component in successful characterization of the mucosa/submucosa in vivo using the
approach proposed here is the ability to separate the region of interest (ROI) digitally from the
surrounding tissue in the pUS scans. A custom software algorithm was developed in MATLAB
(The Mathworks, Cambridge, UK) to isolate the data from the ROI for subsequent processing.
This algorithm takes the original data from each B-scan, Figure 2a, and separates it into echoes
with amplitudes above and below an empirical threshold of —26 dB with respect to the brightest echo.
The resulting binary mask, Figure 2b, is cleaned up by applying a closing operation and the largest
echo region is selected as the ROI, Figure 2c. The mask is then applied to the original data to remove
the echo data outside the ROI, Figure 2d. BSC and Z are then calculated for this segmented data.

When imaging the tissue for each sample, three B-scans were obtained along the long axis, spaced
0.5 mm apart. The images were then inspected and any samples with non-identifiable irregularities
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were removed from the sample set. The resulting images, an exemplar being shown in Figure 3, were
assessed by a clinician who was satisfied with the layer differentiation obtained.
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Figure 2. Sequencing for the digital segmentation of the heterogeneous tissue samples to isolate the
mucosa/submucosa. All images are shown with the superficial layer towards the top of the image.
(a) Original ultrasound image (b) Initial threshold mask (c) Processed mask (d) segmented image.
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Figure 3. 48 MHz microultrasound scan of ex vivo porcine esophageal tissue. Tissues layers can be
distinguished as (a) mucosa, (b) submucosa and (c) muscularis propria and serosa.
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The attenuation coefficient for each vertical line in the images of the two mechanically separated
samples was calculated from Equation (3), then the values were averaged across both samples to
obtain az = 1.86 + 0.72 dB mm~!. This is on the same order as the attenuation seen in other
low density tissues [97] similar to mucosa/submucosa and this average value was used in all
subsequent calculations.

For all samples, Z and BSC were calculated for individual vertical lines then the average and
standard deviation for all lines was calculated for each sample. The variation in Z across the six
samples and the different segmentation depths can be seen in Figure 4 and the BSC intersample
variance is shown in Figure 5.

Clinical analysis of the pUS images of the porcine GI tissue determined that diagnostic quality
layer differentiation was achieved with the qualitative images with the clinician able to determine
thickness and variability of the different layers of the tissue to his satisfaction.

The attenuation values measured in the reference sample showed higher than ideal variability
across the samples but the values obtained were within the expected range. Future work will focus on
error reduction through better thickness control of the reference samples.

The segmentation algorithm successfully isolated the mucosa/submucosa digitally from the other
tissue layers using a single threshold value to allow automated ROI detection in real-time, making
this a feasible approach for in vivo scanning. It also allowed variable thickness segmentation, as
demonstrated in the acoustic impedance analysis, revealing an increase in apparent impedance with
segmentation thickness. This may correlate with the increase in density expected in healthy tissue [86].
Further work is required to determine if disruption in the macrostructure of the tissue, as seen in
pre-cancerous sample, would alter this trend. Some variance was seen in the BSC values across the six
samples but this is also reported in the literature [93] suggesting that BSC measurement is prone to
biological variability.
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S 221 Sampie T |
~ — — — Samplkeé
g 21t _
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é .
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Figure 4. Increase in acoustic impedance as a function of segmented tissue thickness. Error bars show
standard deviation across the full 30 mm scan for each sample.
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Figure 5. Backscattering coefficients for each digitally segmented tissue sample as a function of sample.
Error bars show standard deviation across the full 30 mm of each scan.

4.2. Fluorescent Nanoparticle Marking and Imaging

Following identification of diseased regions in the proposed patient pathway, these regions must
be marked with fluorescent nanoparticles in an US-mediated process. This is necessary, assuming that
it is impossible to include both full diagnostic capabilities and the components required for therapy in
a single CE device of viable dimensions. This section briefly describes the process of marking tissue
with fluorescent nanoparticles and explains the fluorescent imaging that could be used to detect the
marked regions.

The marking process was demonstrated by Cox et al. [82]. Experiments were performed on ex
vivo small bowel tissue taken from wild type mice using fluorescent CdSeS/ZnS quantum dots (QDs)
(Sigma-Aldrich Corp., St. Louis, MO, USA) that were directed towards the focus of a miniature US
transducer. The design of this transducer [84] was identical to those used in TCE research [9,10,83] but
they had different casings and connectors. The transducer was driven with an excitation voltage of
10 Vyp for t = 6 min with the QDs introduced at time ¢ = 5 min for a total time of 1 min using a Braun
syringe driver (Braun GmbH, Kronberg, Germany). Post sonication, tissue was washed twice with
phosphate buffered saline (Thermo Fisher Scientific, Waltham, MA, USA) and illuminated using an
ultraviolet fluorescent lamp (UVGL-58, Analytik Jena, Jena, Germany).

The fluorescence imaging results showed an increased concentration of QDs where tissue was
insonated. The precise location of the QDs, in the tissue or only within the mucus layer, has not yet
been determined but both locations may be suitable as markers of diseased tissue as discussed in the
proposed patient pathway. Further clinically-based research is still needed to determine the lifetime of
the marker and its stability at the insonated location.

To mark tissue with fluorescent agents using US transducers that have excitation amplitudes
appropriate for CE implementation also requires a means to visualize the marked region in vivo. Here,
the work of Al-Rawhani et al. [8] is notable. They used fluorescence imaging with a single-photon
avalanche diode (SPAD) array in application-specific integrated circuits (ASIC) housed in a CE device
(Figure 6). The authors demonstrated successful miniaturization and imaging, putting in place a key
component in the patient pathway proposed here. It is also possible that the same technique could
be used during original diagnosis, as a complementary or alternative method to the combination
of white light and US imaging discussed here. Indeed, the multimodal approach when used as a
complementary method may be highly attractive in some clinical situations.
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Figure 6. (a) Block diagram of fluorescence-imaging capsule and (b) final manufactured test capsule,
J 16 mm. [8].

4.3. Feasibility of Therapeutic Capsule Endoscopy

As discussed in Section 2.2, there has been little progress towards the development of TCE.
Previous therapeutic capsule designs have had limited success such as the inability to deliver
therapeutic agents through the mucosa, poor localization and positioning. One solution is to capitalize
on UmTDD to overcome these problems. UmTDD can facilitate delivery of therapeutic agents at the
target location. Focused US can release therapeutic agents from their carrier and increase uptake into
cells through thermal and mechanical effects. Although UmTDD has not yet achieved clinical use,
there are systems under investigation that are designed for extracorporeal application. These require
relatively high-power levels and are sometimes combined with magnetic resonance imaging.

A specific challenge in realizing UmTDD components in CE form is the necessary miniaturization
of the focused-US transducer. A CE US transducer is much smaller than a conventional UmTDD
transducer, until recently it has been unclear whether it can produce enhance drug uptake. Following
the previous descriptions of key issues in a patient pathway for TCE, this section of the paper describes
the development of a proof of concept TCE device, named SonoCAIT. Prototype capsules are tethered
for power and drug delivery. Nonetheless, they can provide the proof of concept that UmTDD
components can fit within the volume of a capsule and can establish the effectiveness of miniature
US transducers.

Capsule Fabrication and Functional Testing

Components necessary for a proof-of-concept UmTDD capsule are: a miniature focused-US
transducer, video camera with illumination, therapeutic agent channel, capsule shell and tether.

A typical focused-US transducer consists of a piezoelectric element, backing layer for
physical support with minimal energy absorption, electrical interconnects and a protective casing.
The piezoelectric element chosen for the present application was a PZ54 piezoceramic bowl (Meggitt
Sensing Systems, Kvistgaard, Denmark) with outer diameter, OD = 5 mm, radius of curvature,

¢ =15 mm, thickness, T = 0.5 mm, and central driving frequency, f. = 4 MHz. PZ54 was chosen
was developed specifically for focused US applications [98] The backing layer consists of a 3:1 mass
ratio mixture of K1 glass microbubbles (3M, Maplewood, MN, USA) and epoxy (Epofix, Struers
A/S, Denmark). The Ag electrodes fired onto the PZ54 bowl were connected to a coaxial cable
with OD = 0.3 mm and ID = 0.1 mm using conductive silver epoxy (G3349, Agar Scientific, UK).
The transducer is housed in a casing with diameter, D¢gse = 7 mm, and length, Legse = 3.5 mm. The casing
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was printed in ABS plastic using a Replicator 3D printer (MakerBot, New York, NY, USA). The entire
fabrication process is detailed elsewhere [9] and the fully fabricated transducer is shown in Figure 7a.

Signal Cable
Power and Data
Interconnect
Cable
Piezoceramic \

Cas

\

5mm Miniature CMOS

Camera

N
\%

@ (b)

)
/ ® Miniature Focused US
®

Transducer
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(MB Stream for

Claritv)
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Power and

Deliverv

CMOS Camera with

Illumination PCB

(©

Figure 7. (a) CAD cross section of the miniature focused-US transducer with PZ54 bowl, backing
layer, interconnects and casing. (b) Micro ScoutCam imaging camera 1.2 mm in diameter, 5 mm in
length, tethered. Camera passes through illumination board with four LEDs mounted on a PCB with
diameter 8 mm. (c) CAD cross section of the capsule with components included. All components
are confocal and the US beam and therapeutic agents are indicated in the drawing. The capsule has
diameter D¢gp = 10 mm and length Ly = 30 mm.

The camera used in the present work (microScoutCam, Medigus Ltd., Israel) measures 1.2 mm
in diameter and 5 mm in length, allowing it to fit within a capsule. The camera has an image area
of 492.8 pm x 488.4 um with a resolution of 220 x 224 pixels. Images and video are captured by a
dedicated video processor to which the camera is connected. [llumination was provided by mounting
four 40 mW LEDs (OSRAM Opto Semiconductors GmbH, Germany) on a printed circuit board (PCB)
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with a central hole, diameter 1.5 mm, to allow the camera to pass through. The camera is shown in
Figure 7b.

To simplify the drug delivery mechanism for the proof-of-concept capsule, a fine bore polythene
tube runs the length of the tether and into the capsule, with OD = 0.96 mm, ID = 0.58 mm; therapeutic
agents are delivered through it using a syringe pump located at the distal end. The multi-channel
tether has OD = 2.25 mm, ID = 1.65 mm, and connects capsule components with benchtop apparatus.
It is designed such that any rotation at the proximal end corresponds to the same rotation at the distal
end to assist in positioning the capsule relative to the target location.

The capsule shell was designed such that the focused-US transducer, delivery channel, video
camera and illumination are all confocal to allow therapeutic agents to be released from their carriers
in close proximity to the bowel wall. This will occur near the US focus, aiding the release of the agents
and increasing tissue permeability. Figure 7c is a computer aided design (CAD) drawing (Solid Works,
Dassault Systémes SOLIDWORKS Corp. Waltham, MA, USA) of the capsule and components.
The capsule shell was manufactured using an Object Connex 500 3D printer (Stratasys Ltd., Minnesota,
MN, USA).

For a simple demonstration of the capabilities of the components within the TCE device, glass
microbubbles (MBs) (3M, Maplewood, MN, USA) were passed through the delivery channel and into
the US focus, while monitoring the confocal zone with the camera. The original trajectory of the MB
stream was deflected by an angle greater than 90° when it impinged on the US beam driven with an
excitation voltage of 8 V}, [2]. This shows that the miniature US transducer can direct a simple agent
towards a target location under visual observation.

For the patient pathway, we propose to treat localized diseases in the GI tract using drugs in a
targeted manner. UmTDD can help via three mechanisms [83]: drugs can be packaged to minimize
systemic effects during delivery and can be released in the US focal zone; the drug can be directed
towards the target; and US can increase permeability of the treatment site and enhance uptake.
One approach illustrates the first mechanism [75] is to combine a drug with a chemically engineered
package. An example was demonstrated by producing a chemical complex with doxorubicin (DOX),
a chemotherapeutic drug, and y-cyclodextrin. Comparing the effect of the complex to DOX alone
showed that the complex had a reduced effect on cells in vitro but that its effect was enhanced with
mild hyperthermia and cavitation caused by focused-US [75]. An approach for the second mechanism
was described in Section 4.3, and demonstrated that the trajectory of MBs can be deflected with a
miniature focused-US capsule transducers. The third mechanism will be investigated in this section,
which explores the permeabilization effects of miniature focused-US transducers on relevant epithelial
cell models. An automated cell insonation system was created to ensure reproducible experiments,
miniature focused-US transducers were produced and used with the system that match those used in
the TCE device, and finally experiments were preformed using an epithelial cell model.

4.4. Ultrasound-Mediated Targeted Drug Delivery

4.4.1. Epithelial Cell Model of the Small Intestine

To investigate US facilitated permeabilization and improved uptake, requires an appropriate cell
model of the GI tract. One such model are human epithelial colorectal adenocarcinoma (Caco-2) cells.
Once Caco-2 cells have become differentiated and polarized, they mimic the enterocytes lining the
small intestine, forming cellular junctions and microvilli [99]. They act as a model of the small intestine
and are approved by the US Food and Drug Administration (FDA) [100]. Typically, it takes Caco-2
cells 21-25 days growing on ThinCert membranes (Greiner Bio-One, Kremsmunster, Austria) to form
this fully differentiated cell layer.

We maintained Caco-2 cells in Dulbecco’s Modified Eagle’s Medium (ThermoFisher Scientific,
Waltham, MA, USA), supplemented with: 10% fetal bovine serum (GE Life Sciences, Chicago, IL, USA);
1% non-essential amino acids (Gibco, ThermoFisher Scientific, Waltham, MA, USA); 0.5% penicillin
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streptomycin (Gibco, ThermoFisher Scientific, Waltham, MA, USA). They were seeded at a density
of 500,000 cells per 12-well ThinCert membrane and media was replenished daily. Transepithelial
electrical resistance (TER) was measured every third day to assess barrier function using a Millicell-ERS
TER meter (Millipore, Billerica, MA, USA) to measure resistance and Equation (5) to calculate TER:

TER = (RES - Rescontral) X AreaThinCert (5)

where Res is the direct meter reading, Res.ypro is the resistance measured across a blank ThinCert and
Arearyicer is the area of a ThinCert. TER values in the range 500-1000 Q-cm? reflect acceptable values
to represent a model of the small intestine and were usually established after 21-25 days [101,102].

4.4.2. Transducers for Insonation

To study the effects of the miniature focused-US transducers on Caco-2 cells an insonation system
was developed [84] utilizing transducers matching those in the TCE device. However, this system had
drawbacks including an inability to insonate more than one sample at a time and that it could work
only with therapeutic agents mixed in suspension not introduced through a channel as they are in the
capsule. To overcome these challenges, an enhanced system was developed that could automatically
insonate chosen wells in a ThinCert plate. Miniature focused-US transducers were also developed for
the system, similar to those used in the capsule except for a central hole through which therapeutic
agents can be passed.

For these transducers, the piezoceramic components were PZ26 (Meggitt Sensing System:s,
Kvistgaard, Denmark) perforated spherical-section bowls with OD = 5 mm, 1 mm central hole,
radius of curvature, R, = 15 mm, and operating frequency, f = 4 MHz. The central hole allows
a delivery channel to be integrated into the transducer for the introduction of therapeutic agents,
similar to the setup described in Section 4.3. The PZ26 bowl is housed in a protective and structurally
supporting case produced by additive manufacturing of VeroBlack material using an Object Connex
printer (Stratasys Ltd., Minnesota, MN, USA). The backing layer comprised a 1:3 mass ratio mixture
of K1 glass microbubbles (3M, Maplewood, MN, USA) and epoxy (Epofix, Struers A/S, Denmark).
The MB-loaded epoxy was applied to the rear surface of the PZ26 material and both components were
placed in a 70 °C oven to cure for 15 min. The delivery channel consisted of fine bore polythene tubing,
OD = 0.96 mm, ID = 0.58 mm. The backing layer was penetrated by a 1 mm drill bit and the tubing
was passed through the center of the PZ26 material, through an outlet in the edge of the casing.

The silver electrodes fired onto the PZ26 bowl were connected to coaxial cable, OD = 0.3 mm,
using conductive Ag-loaded epoxy (G3349, Agar Scientific, UK) and the other end of this cable was
connected to the central pin of a surface mount SMA connector using conductive Ag-loaded epoxy.
The SMA connector was then inserted into grooves in the additively-manufactured casing, allowing
easy interchangeability of transducers in the insonation system. The fabrication process is shown in
Figure 8a-h and the fully fabricated transducer CAD is shown in Figure 8i.
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Figure 8. (a) Piezoceramic material was placed face down on a flat glass surface. (b) An additively-
manufactured casing was placed over the piezoceramic material, ensuring they were coaxial.
(c) Electrical interconnect was attached to the rear surface of the piezoceramic using Ag-loaded epoxy.
(d) Glass microbubble-loaded epoxy was added to the rear surface of the piezoceramic and cured in an
oven for 15 min at 70 °C. (e) A hole was drilled through the backing layer a 1 mm dia. drill bit. (f) The
delivery channel was run through the central hole in the piezoceramic and out an outlet in the side
of the casing. (g) The central pin on the surface mount SMA connector was attached to the electrical
interconnect on the rear surface of the transducer using Ag-loaded epoxy. The SMA connector fit into
grooves in the additively-manufactured casing and was secured using epoxy. (h) The electrical ground
connection was attached from the outside of the SMA connector to the front face of the piezoceramic
material using Ag-loaded epoxy. The ground connection runs along the outside of the transducer
casing. Gaps in the transducer were sealed with epoxy to waterproof the transducer. (i) CAD model of
the fully fabricated transducer showing piezoceramic, delivery channel, casing and SMA connector.

Acoustic power, P,;, measurements are a primary feature of transducer characterization and
provide an important quantitative description of output. P, is measured by a radiation force balance
(RFB), providing quantification for both diagnostic and therapeutic US. A RFB consists of an absorbing
target suspended in a degassed water bath attached to a precision balance. The displacement of the
target’s equilibrium position when insonated is detected by the precision balance and the magnitude
of the equivalent mass is related to P,. In the present work, a transducer under test was mounted in
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a bath of degassed water with the absorbing target of the RFB (Precision Acoustics, Dorchester, UK)
at the transducer focus. The transducer was driven by an Agilent 33220A signal generator (Keysight
Technologies, Santa Rosa, CA, USA). Raw data was converted into P,. values using an appropriate
temperature-specific calibration factor supplied by the manufacturer. The transducer was driven with
input voltages in the range 3-10 V), at 1 V), increments. P, was calculated for each input voltage and
is shown in Table 3. In general, the transducer produced P, in the range 8.5-153 mW, corresponding
to input voltages 3-10 V,,. The electroacoustic efficiency of the transducers was calculated as the ratio
of the acoustic output power, P,, and the electrical input power, meut, obtained from Equation (6):

()
Win put = % (6)
where Z is the electrical impedance magnitude at the input frequency and V), is the input voltage.
Efficiency values displayed in Table 3 are in the range 37.2-60.3% with an average efficiency of 54%.
The values of the lowest efficiencies of 37.2% and 49.0%, corresponding to input voltages of 3 V,
and 4 V), are attributed to the limited accuracy of the RFB when measuring low acoustic powers.

Spatial distribution of the US field in the focal region was obtained by pressure mapping carried
out in an US scanning tank (Precision Acoustics, Dorchester, UK) with a 0.075 mm diameter needle
hydrophone (Precision Acoustics, Dorchester, UK) attached to a three-axis motorized stage that moved
the hydrophone through the US field. A LabVIEW-based program (National Instruments, Newbury,
UK) is used to control the system and position the hydrophone within the tank. The transducer was
first placed in the scanning tank with the hydrophone close to its focus. The precise focus in the z-axis
was then located by manually moving the z-stage, axial to the transducer, until the maximum signal
was found. Subsequently, the system software scans a plane in the x-y axis to find the other focus
coordinates automatically and records them.

Once the US focus had been found, an x-y planar scan was performed over an area of 5 X 5 mm
with 0.075 mm step size. The waveform was applied to the transducer using an Agilent 33,220A signal
generator (Keysight Technologies, Santa Rosa, CA, USA) at f =4 MHz and the input voltage applied in
the range 1-10 V), in 1 V), increments. Results are shown in Table 3, with the acoustic output pressure
in the range 11-153.4 kPa corresponding to input voltages of 1-10 V};,. The beam diameter was also
calculated to be 2.7 mm at —6 dB for all input voltages. Intensity and mechanical index were calculated
using P,, pressure and beam diameter and are shown in Table 3.

Table 3. Output parameters of miniature focused-US transducer with central frequency f = 4 MHz
and 1 mm central delivery channel.

Input Voltage ~ Wipput Woutput ~ Efficiency Pressure Beam Diam. Intensity Mech.

(Vpp) (mW) (mW) (%) (kPa) (mm) (W/em?)  Index
1 2.54 N/Al N/Al 11.0 2.70 N/Al 0.005
2 10.2 N/Al N/Al 229 2.70 N/Al 0.011
3 22.8 8.50 37.2 34.7 2.70 0.15 0.017
4 40.6 19.9 49.0 53.7 2.70 0.35 0.026
5 63.4 34.8 54.8 61.5 2.70 0.61 0.030
6 91.4 51.0 55.8 77.4 2.70 0.89 0.038
7 124 71.3 57.4 93.3 2.70 1.25 0.046
8 162 93.6 57.6 117 2.70 1.64 0.058
9 206 123 59.8 136 2.70 2.15 0.067
10 254 153 60.3 153 2.70 2.67 0.076

1 Woutput not available for low input voltages due to limited resolution of force balance.
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4.4.3. Fully Automated Insonation System

The automated system was constructed to select one or more wells in turn, automatically lower the
transducer into them, insonate the cells for a chosen time/US intensity, deliver any therapeutic agents
or microbubbles, remove the transducer from the well, and move to the next well. This minimizes
the human effort that was required with the previous system and allows multiple samples to be
sonicated automatically [84]. The system shown in Figure 9 comprises three X-slide translation stages
(Velmex Inc., New York, NY, USA) with travel length, Lt = 350 mm. The stages were mounted
in an x-y-z configuration to provide three degrees of freedom for accessing the wells in the plate.
They were mounted onto a 450 x 600 mm optical breadboard with M6 tapped holes (Thorlabs Inc.,
Newton, NJ, USA) using optical cleats (Velmex Inc., New York, NY, USA). The transducer in use
attached to an SMA-female to BNC-male connector that is held in an additively manufactured bracket
(MakerBot, New York, NY, USA), attached to the stage carriage. A DG4102 waveform generator
(RIGOL Technologies, Beijing, China) was used to drive the transducers. The therapeutic agent
delivery channel was controlled by an NE-1000 syringe pump (New Era Pump Systems Inc., New York,
NY, USA) that drives syringes in the size range 0.5 mL to 60 mL. The cell plate holder was additively
manufactured in VeroBlack (Stratasys Ltd., Minnesota, MN, USA) material using an Objet Connex 500
(Stratasys Ltd., Minnesota, MN, USA) and mounted on a 150 x 150 mm? optical breadboard with M6
screws (Thorlabs Inc., Newton, NJ, USA), raised 50 mm by mounting posts.

The system, including translation stages, signal generator and syringe pump, was controlled by a
LabVIEW-based interface (National Instruments, Newbury, UK) which allows individual wells in the
cell plate to be selected, and the US and delivery parameters to be varied for each well.

Translation

Control

Program

Plate

Figure 9. Insonation system comprising three axis translation stages, syringe pump, signal generator
(off screen), cell plate holder, control program, and miniature focused US transducer.

4.4.4. Barrier Function Measurements during Insonation

Transepithelial resistance (TER) measurements (Equation 5) were used to assess the barrier
function of cells grown on porous membranes, such as ThinCerts. Since TER is a measurement
of barrier function, a reduction in value indicates a decrease in barrier function. The aim of the
experiments described below was to investigate the effect of insonation on TER.

Cells were grown on ThinCerts until they reached the TER reflecting full barrier function as
described in Section 4.4.1. SonoVue MBs (Bracco S.p.A., Milan, Italy) were mixed into growth medium
at a concentration of 1 x 10° MBs/mL. The cell plate containing the samples was then transferred into
the insonation system. Nine samples were generated: three samples were exposed to MBs without
insonation, three samples were insonated with no MBs present, and three samples were insonated
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with MBs present. A 10 V), sinusoidal waveform was applied to the transducer continuously for 60 s
per sample producing specific acoustic output parameters (last line of Table 3).

Figure 10 shows the relative drop in TER in each sample type. The samples that were exposed to
MBs without insonation were unaffected. Samples exposed to US alone demonstrated an average drop
of 2.94% from the initial value of TER. Samples that were insonated in the presence of MBs had an
average TER drop of 5.52%. In each case, the TER returned to it the initial value after 5-6 min. Since
TER is a measure of the barrier function of the cell layer, a drop in TER during insonation reflects
decreased barrier function. Reasons for a decrease in TER during insonation could be a release of
intercellular junctions, e.g., tight junctions, or increased cell membrane permeability. Both effects
could increase drug uptake. Additionally, MBs alone, which are often used as a vehicle for packaging
drugs, decreased barrier function further than just US alone. This means that the miniature focused
US transducers could improve uptake.
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Figure 10. Effect of TER on small bowel model. MB-only samples were unaffected. Ultrasound-only
samples had an average drop of 2.94% from initial TER. Samples exposed to ultrasound with MBs
present had an average drop of 5.52% from the starting value.

5. Conclusions

A potential theranostic patient pathway has been outlined (Figure 1) for the treatment of GI
diseases based on the use of multimodal CE and UmTDD in a TCE. While its implementation clearly
lies some way into the future, previous research and work now under way is demonstrating many
important components.

US sensing in the form of qualitative and quantitative pUS analysis has been explored to diagnose
diseased regions in the GI tract. Fluorescent marking is considered an important capability to allow
location of diseased regions after they were identified with diagnostic CE, to allow treatment with
a feasible therapeutic capsule subsequently, which will only require minimal communication or
diagnostic capabilities of its own. A proof-of-concept therapeutic capsule has been constructed to
determine the feasibility of UmTDD in capsule format. Viability and functional testing has shown
that the miniature focused-US transducers housed in the capsule could be able to direct therapeutic
agents towards a treatment site. The ability of these miniature focused-US transducers to increase
permeability of a small bowel cell model and enhance therapeutic uptake has also been explored.
An automated insonation system to perform drug delivery experiments was described, including
specialized US transducers corresponding to those appropriate for TCE. TER, a measurement of cell
barrier function, was measured across the small bowel model during insonation with MBs and a
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decrease was demonstrated. This indicates that the cell model is becoming more permeable and may
translate to increased drug uptake in the small intestine.

These early results demonstrate the feasibility of the proposed patient pathway. Further work is
now in progress to combine diverse capabilities in single capsules, notably VCE combined with pUS
imaging [6,7] for diagnosis and fluorescence imaging with UmTDD for therapy.

Acknowledgments: Financial support is gratefully acknowledged from the UK Engineering and Physical Sciences
Research Council, Grant EP/K034537 (Sonopill Programme). The authors would also like to thank P.Roncin
(School of Engineering, ESEO, Angers, France) for his assistance in programming the insonation system.

Author Contributions: ER.S., Y.Q., HS.L., BEC., ILPN. and S.C. prepared and reviewed the manuscript; ER.S.,
HSL,YL,MA.A-R,D.RS.C,]J.B. and S.C. designed and built the hardware; ER.S.,, HS.L., BEC, LP.N, Z.H. and
LN. designed and performed the experiments; S.C., Z.H., LN. and D.R.S.C. supervised the work being carried out.

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

References

1.  Kaplan, G.G. The global burden of ibd: From 2015 to 2025. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 720-727.
[CrossRef] [PubMed]

2. Jemal, A,; Bray, E; Center, M.M.; Ferlay, ].; Ward, E.; Forman, D. Global cancer statistics. CA Cancer . Clin.
2011, 61, 69-90. [CrossRef] [PubMed]

3. Iddan, G.; Meron, G.; Glukhovsky, A.; Swain, P. Wireless capsule endoscopy. Nature 2000, 405, 417. [CrossRef]
[PubMed]

4.  Sivak, M. Gastrointestinal endoscopy: Past and future. Gut 2006, 55, 1061-1064. [CrossRef] [PubMed]

5. Cox, B.E; Stewart, F; Lay, H.; Cummins, G.; Newton, L.P; Desmulliez, M.P; Steele, R.].; Nthked, I.; Cochran, S.
Ultrasound capsule endoscopy: Sounding out the future. Ann. Trans. Med. 2017, 5, 201. [CrossRef] [PubMed]

6. Cummins, G.; Lay, H.; Cox, B.; Seetohul, V.; Qiu, Y.; Stewart, F.; Faerber, J.; Mitrakos, V.; Al Rawhani, M.;
Beeley, J. Sonopill: A platform for gastrointestinal disease diagnosis and therapeutics. In Proceedings
of the 6th Joint Workshop on New Technologies for Computer/Robot Assisted Surgery, Pisa, Italy,
12-14 September 2016.

7. Lay, H.; Qiu, Y.; Al-Rawhani, M.; Beeley, J.; Poltarjonoks, R.; Seetohul, V.; Cumming, D.; Cochran, S.;
Cummins, G.; Desmulliez, M. Progress towards a multi-modal capsule endoscopy device featuring
microultrasound imaging. In Proceedings of the 2016 IEEE International Ultrasonics Symposium (IUS),
Tours, France, 18-21 September 2016; IEEE: Piscataway, NJ, USA, 2016; pp. 1-4.

8.  Al-Rawhani, M.A.; Beeley, J.; Cumming, D.R. Wireless fluorescence capsule for endoscopy using single
photon-based detection. Sci. Rep. 2015, 5, 18591. [CrossRef] [PubMed]

9.  Stewart, F Sonocait: Proof-of-concept ultrasound-enabled therapeutic capsule endoscope. J. Med. Robot. Res.
2017, 26, 1238-1246.

10. Stewart, E; Cox, B.; Vorstius, J.; Verbeni, A.; Qiu, Y.; Cochran, S. Capsule-based ultrasound-mediated targeted
gastrointestinal drug delivery. In Proceedings of the 2015 IEEE International Ultrasonics Symposium (IUS),
Taipei, Taiwan, 21-24 October 2015; IEEE: Piscataway, NJ, USA, 2015; pp. 1-4.

11. Moglia, A.; Menciassi, A.; Schurr, M.O.; Dario, P. Wireless capsule endoscopy: From diagnostic devices to
multipurpose robotic systems. Biomed. Microd. 2007, 9, 235-243. [CrossRef] [PubMed]

12.  Ciuti, G,; Calio, R.; Camboni, D.; Neri, L.; Bianchi, F; Arezzo, A.; Koulaouzidis, A.; Schostek, S.; Stoyanov, D.;
Oddo, C. Frontiers of robotic endoscopic capsules: A review. J. Micro-Bio Robot. 2016, 11, 1-18. [CrossRef]

13.  Koulaouzidis, A.; Iakovidis, D.K.; Karargyris, A.; Rondonotti, E. Wireless endoscopy in 2020: Will it still be a
capsule? World ]. Gastroenterol. 2015, 21, 5119. [CrossRef] [PubMed]

14. Mc Caffrey, C.; Chevalerias, O.; O’Mathuna, C.; Twomey, K. Swallowable-capsule technology.
IEEE Pervasive Comput. 2008, 7. [CrossRef]

15. Caunedo-Alvarez, A.; Romero-Vazquez, J.; Herrerias-Gutierrez, ]. M. Patency© and agile© capsules. World |.
Gastroenterol. 2008, 14, 5269-5273. [CrossRef] [PubMed]

16. Wang, A ; Banerjee, S.; Barth, B.A.; Bhat, Y.M.; Chauhan, S.; Gottlieb, K.T.; Konda, V.; Maple, ].T.; Murad, F.;
Pfau, P.R. Wireless capsule endoscopy. Gastrointest. Endosc. 2013, 78, 805-815. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrgastro.2015.150
http://www.ncbi.nlm.nih.gov/pubmed/26323879
http://dx.doi.org/10.3322/caac.20107
http://www.ncbi.nlm.nih.gov/pubmed/21296855
http://dx.doi.org/10.1038/35013140
http://www.ncbi.nlm.nih.gov/pubmed/10839527
http://dx.doi.org/10.1136/gut.2005.086371
http://www.ncbi.nlm.nih.gov/pubmed/16849338
http://dx.doi.org/10.21037/atm.2017.04.21
http://www.ncbi.nlm.nih.gov/pubmed/28567381
http://dx.doi.org/10.1038/srep18591
http://www.ncbi.nlm.nih.gov/pubmed/26678456
http://dx.doi.org/10.1007/s10544-006-9025-3
http://www.ncbi.nlm.nih.gov/pubmed/17160703
http://dx.doi.org/10.1007/s12213-016-0087-x
http://dx.doi.org/10.3748/wjg.v21.i17.5119
http://www.ncbi.nlm.nih.gov/pubmed/25954085
http://dx.doi.org/10.1109/MPRV.2008.17
http://dx.doi.org/10.3748/wjg.14.5269
http://www.ncbi.nlm.nih.gov/pubmed/18785278
http://dx.doi.org/10.1016/j.gie.2013.06.026
http://www.ncbi.nlm.nih.gov/pubmed/24119509

Sensors 2017, 17, 1553 21 of 24

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Fisher, L.R.; Hasler, W.L. New vision in video capsule endoscopy: Current status and future directions.
Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 392-405. [CrossRef] [PubMed]

Koulaouzidis, A.; Rondonotti, E.; Karargyris, A. Small-bowel capsule endoscopy: A ten-point contemporary.
World |. Gastroenterol. 2013, 19, 3726-3746. [CrossRef] [PubMed]

Basar, M.R.; Malek, F.; Juni, K.M.; Idris, M.S.; Saleh, M.1.M. Ingestible wireless capsule technology: A review
of development and future indication. Int. J. Antennas Propag. 2012, 2012, 14. [CrossRef]

Toennies, J.L.; Tortora, G.; Simi, M.; Valdastri, P.; Webster, R.]. Swallowable medical devices for diagnosis and
surgery: The state of the art. Proc. Inst. Mech. Eng. Part C ]. Mech. Eng. Sci. 2010, 224, 1397-1414. [CrossRef]
Ciuti, G.; Menciassi, A.; Dario, P. Capsule endoscopy: From current achievements to open challenges.
IEEE Rev. Biomed. Eng. 2011, 4, 59-72. [CrossRef] [PubMed]

Jinshan Science & Technology. OMOM Capsule Endoscopy System I, Product specifications. Available
online: http://www.jinshangroup.com/products_17.html (accessed on 15 May 2017).

Li, C.-Y,; Zhang, B.-L.; Chen, C.-X,; Li, Y.-M. Omom capsule endoscopy in diagnosis of small bowel disease.
J. Zhejiang Univers.-Sci. B 2008, 9, 857-862. [CrossRef] [PubMed]

Medtronic. A Complete Suite of Capsule Endoscopy Solutions within a Single Platform. Available online:
http:/ /www.medtronic.com/covidien/products/capsule-endoscopy (accessed on 15 May 2017).

Yung, D.E.; Rondonotti, E.; Koulaouzidis, A. Review: Capsule colonoscopy—A concise clinical overview of
current status. Ann. Trans. Med. 2016, 4, 398. [CrossRef] [PubMed]

Moglia, A.; Menciassi, A.; Dario, P. Recent patents on wireless capsule endoscopy. Recent Pat. Biomed. Eng.
2008, 1,24-33. [CrossRef]

Gao, M.; Hu, C; Chen, Z.; Zhang, H.; Liu, S. Design and fabrication of a magnetic propulsion system for
self-propelled capsule endoscope. IEEE Trans. Biomed. Eng. 2010, 57, 2891-2902. [PubMed]

Mosse, C.A.; Mills, T.N.; Appleyard, M.N.; Kadirkamanathan, S.S.; Swain, C.P. Electrical stimulation for
propelling endoscopes. Gastrointest. Endosc. 2001, 54, 79-83. [CrossRef] [PubMed]

Kim, B.; Lee, S.; Park, ].H.; Park, J.-O. Design and fabrication of a locomotive mechanism for capsule-type
endoscopes using shape memory alloys (smas). IEEE/ASME Trans. Mechatron. 2005, 10, 77-86. [CrossRef]
Carpi, F; Pappone, C. Magnetic maneuvering of endoscopic capsules by means of a robotic navigation
system. IEEE Trans. Biomed. Eng. 2009, 56, 1482-1490. [CrossRef] [PubMed]

Ishiyama, K.; Arai, K.; Sendoh, M.; Yamazaki, A. Spiral-type micro-machine for medical applications.
J. Micromechatron. 2002, 2, 77-86. [CrossRef]

Valdastri, P.; Webster, R.J., III; Quaglia, C.; Quirini, M.; Menciassi, A.; Dario, P. A new mechanism for
mesoscale legged locomotion in compliant tubular environments. IEEE Trans. Robot. 2009, 25, 1047-1057.
[CrossRef]

Quirini, M.; Scapellato, S.; Valdastri, P.; Menciassi, A.; Dario, P. An approach to capsular endoscopy with
active motion. In Proceedings of the 29th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society, 2007 (EMBS 2007), Lyon, France, 23-26 August 2007; IEEE: Piscataway, NJ,
USA, 2007; pp. 2827-2830.

Simi, M.; Valdastri, P.; Quaglia, C.; Menciassi, A.; Dario, P. Design, fabrication, and testing of a capsule with
hybrid locomotion for gastrointestinal tract exploration. IEEE/ASME Trans. Mechatron. 2010, 15, 170-180.
[CrossRef]

Wang, K.; Yan, G.; Ma, G.; Ye, D. An earthworm-like robotic endoscope system for human intestine: Design,
analysis, and experiment. Ann. Biomed. Eng. 2009, 37, 210-221. [CrossRef] [PubMed]

Kim, B.; Park, S.; Jee, C.Y.; Yoon, S.-J. An earthworm-like locomotive mechanism for capsule endoscopes.
In Proceedings of the 2005 IEEE/RS] International Conference on Intelligent Robots and Systems (IROS
2005), Edmonton, AB, Canada, 2-6 August 2005; IEEE: Piscataway, NJ, USA, 2005; pp. 2997-3002.
Valdastri, P. Mesoscale mobile robots for gastrointestinal minimally invasive surgery (mis). Med. Robot.
Minim. Invasive Surg. 2012, 224-251. [CrossRef]

Fischer, D.; Schreiber, R.; Levi, D.; Eliakim, R. Capsule endoscopy: The localization system. Gastrointest.
Endosc. Clin. N. Am. 2004, 14, 25-31. [CrossRef] [PubMed]

Jacob, H.; Frisch, M.; Levy, D.; Glukhovsky, A.; Shreiber, R.; Adler, S. Localization of the given m2a® ingestible
capsule in the given® diagnostic imaging system. Am. ]. Gastroenterol. 2001, 96, S106-5107. [CrossRef]
Woods, S.P,; Constandinou, T.G. Wireless capsule endoscope for targeted drug delivery: Mechanics and
design considerations. IEEE Trans. Biomed. Eng. 2013, 60, 945-953. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrgastro.2012.88
http://www.ncbi.nlm.nih.gov/pubmed/22565098
http://dx.doi.org/10.3748/wjg.v19.i24.3726
http://www.ncbi.nlm.nih.gov/pubmed/23840112
http://dx.doi.org/10.1155/2012/807165
http://dx.doi.org/10.1243/09544062JMES1879
http://dx.doi.org/10.1109/RBME.2011.2171182
http://www.ncbi.nlm.nih.gov/pubmed/22273791
http://www.jinshangroup.com/products_17.html
http://dx.doi.org/10.1631/jzus.B0820034
http://www.ncbi.nlm.nih.gov/pubmed/18988304
http://www.medtronic.com/covidien/products/capsule-endoscopy
http://dx.doi.org/10.21037/atm.2016.10.71
http://www.ncbi.nlm.nih.gov/pubmed/27867950
http://dx.doi.org/10.2174/1874764710801010024
http://www.ncbi.nlm.nih.gov/pubmed/20542758
http://dx.doi.org/10.1067/mge.2001.116327
http://www.ncbi.nlm.nih.gov/pubmed/11427849
http://dx.doi.org/10.1109/TMECH.2004.842222
http://dx.doi.org/10.1109/TBME.2009.2013336
http://www.ncbi.nlm.nih.gov/pubmed/19174328
http://dx.doi.org/10.1163/156856302766647161
http://dx.doi.org/10.1109/TRO.2009.2014127
http://dx.doi.org/10.1109/TMECH.2010.2041244
http://dx.doi.org/10.1007/s10439-008-9597-6
http://www.ncbi.nlm.nih.gov/pubmed/19003537
http://dx.doi.org/10.1533/9780857097392.224
http://dx.doi.org/10.1016/j.giec.2003.10.020
http://www.ncbi.nlm.nih.gov/pubmed/15062377
http://dx.doi.org/10.1016/S0002-9270(01)03073-8
http://dx.doi.org/10.1109/TBME.2012.2228647
http://www.ncbi.nlm.nih.gov/pubmed/23192476

Sensors 2017, 17, 1553 22 of 24

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wang, X.; Meng, M.Q.-H.; Hu, C. A localization method using 3-axis magnetoresistive sensors for tracking
of capsule endoscope. In Proceedings of the 28th Annual International Conference of the IEEE Engineering
in Medicine and Biology Society, 2006 (EMBS’06), New York, NY, USA, 30 August-3 September 2006; IEEE:
Piscataway, NJ, USA, 2006; pp. 2522-2525.

Andrd, W.; Danan, H.; Kirmfle, W.; Kramer, H.-H.; Saupe, P.; Schmieg, R.; Bellemann, M.E. A novel method
for real-time magnetic marker monitoring in the gastrointestinal tract. Phys. Med. Biol. 2000, 45, 3081-3093.
[CrossRef] [PubMed]

Arshak, K.; Adepoju, F. Capsule tracking in the gi tract: A novel microcontroller based solution.
In Proceedings of the 2006 IEEE Sensors Applications Symposium, Houston, TX, USA, 7-9 February 2006;
IEEE: Piscataway, NJ, USA, 2006; pp. 186-191.

Kuth, R.; Reinschke, J.; Rockelein, R. Method for Determining the Position and Orientation of an Endoscopy
Capsule Guided through an Examination Object by Using a Navigating Magnetic Field Generated by Means
of a Navigation Device. Patent US 20070038063, 2006.

Wilding, I; Hirst, P.; Connor, A. Development of a new engineering-based capsule for human drug absorption
studies. Pharm. Sci. Technol. Today 2000, 3, 385-392. [CrossRef]

Moglia, A.; Menciassi, A.; Dario, P.; Cuschieri, A. Capsule endoscopy: Progress update and challenges ahead.
Nat. Rev. Gastroenterol. Hepatol. 2009, 6, 353-361. [CrossRef] [PubMed]

Jia, Z.; Yan, G.; Shi, Y.; Zhu, B. A wireless power transmission system for an active capsule endoscope for
colon inspection. J. Med. Eng. Technol. 2012, 36, 235-241. [CrossRef] [PubMed]

Nadeau, P; El-Damak, D.; Glettig, D.; Kong, Y.L.; Mo, S.; Cleveland, C.; Booth, L.; Roxhed, N.; Langer, R.;
Chandrakasan, A.P. Prolonged energy harvesting for ingestible devices. Nat. Biomed. Eng. 2017, 1, 0022.
[CrossRef] [PubMed]

Oostendorp, R.L.; Beijnen, ].H.; Schellens, J.H. The biological and clinical role of drug transporters at the
intestinal barrier. Cancer Treat. Rev. 2009, 35, 137-147. [CrossRef] [PubMed]

Munoz, F; Alici, G.; Li, W. A review of drug delivery systems for capsule endoscopy. Adv. Drug Deliv. Rev.
2014, 71, 77-85. [CrossRef] [PubMed]

Iakovidis, D.K.; Koulaouzidis, A. Software for enhanced video capsule endoscopy: Challenges for essential
progress. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 172-186. [CrossRef] [PubMed]

Swain, P. The future of wireless capsule endoscopy. World ]. Gastroenterol. 2008, 14, 4142-4145. [CrossRef]
[PubMed]

Zou, H.; Shimizu, J.; Iordanov, V.; Dijksman, F. Regional drug absorption study in canines with intelligent
pill system. In Proceedings of the 37th Annual Meeting Controlled Release Society, Portland, OR, USA,
10-14 July 2010.

Colak, B.; Sakalak, H.; Cavusoglu, H.; Yavuz, M.S. Novel capsules for potential theranostics of obscure
gastrointestinal bleedings. Med. Hypotheses 2016, 94, 99-102. [CrossRef] [PubMed]

Glass, P,; Cheung, E.; Sitti, M. A legged anchoring mechanism for capsule endoscopes using micropatterned
adhesives. IEEE Trans. Biomed. Eng. 2008, 55, 2759-2767. [CrossRef] [PubMed]

Yim, S.; Sitti, M. Design and rolling locomotion of a magnetically actuated soft capsule endoscope.
IEEE Trans. Robot. 2012, 28, 183-194. [CrossRef]

Yim, S.; Sitti, M. 3-D localization method for a magnetically actuated soft capsule endoscope and its
applications. IEEE Trans. Robot. 2013, 29, 1139-1151. [CrossRef] [PubMed]

Rasouli, M; Lin, L.; Prima Kencana, A.; Wong, K.-J.; Tan, S.-L.; Ho, K.Y.; Phee, S.J. Therapeutic capsule
endoscopy: Opportunities and challenges. J. Healthc. Eng. 2011, 2, 459-471. [CrossRef]

Valdastri, P.; Quaglia, C.; Susilo, E.; Menciassi, A.; Dario, P.; Ho, C.; Anhoeck, G.; Schurr, M. Wireless
therapeutic endoscopic capsule: In vivo experiment. Endoscopy 2008, 40, 979-982. [CrossRef] [PubMed]
Kong, K.-C.; Cha, J.; Jeon, D.; Cho, D.-L.D. A rotational micro biopsy device for the capsule endoscope.
In Proceedings of the 2005 IEEE/RS] International Conference on Intelligent Robots and Systems (IROS
2005), Edmonton, AB, Canada, 2-6 August 2005; IEEE: Piscataway, NJ, USA, 2005; pp. 1839-1843.

Kong, K.; Yim, S.; Choi, S.; Jeon, D. A robotic biopsy device for capsule endoscopy. J. Med. Dev. 2012, 6,
031004. [CrossRef]

Park, S.; Koo, K.-I; Bang, S.M.; Park, J.Y.; Song, S.Y. A novel microactuator for microbiopsy in capsular
endoscopes. |. Micromech. Microeng. 2008, 18, 025032. [CrossRef]


http://dx.doi.org/10.1088/0031-9155/45/10/322
http://www.ncbi.nlm.nih.gov/pubmed/11049189
http://dx.doi.org/10.1016/S1461-5347(00)00311-4
http://dx.doi.org/10.1038/nrgastro.2009.69
http://www.ncbi.nlm.nih.gov/pubmed/19434097
http://dx.doi.org/10.3109/03091902.2012.669447
http://www.ncbi.nlm.nih.gov/pubmed/22506834
http://dx.doi.org/10.1038/s41551-016-0022
http://www.ncbi.nlm.nih.gov/pubmed/28458955
http://dx.doi.org/10.1016/j.ctrv.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18986769
http://dx.doi.org/10.1016/j.addr.2013.12.007
http://www.ncbi.nlm.nih.gov/pubmed/24384373
http://dx.doi.org/10.1038/nrgastro.2015.13
http://www.ncbi.nlm.nih.gov/pubmed/25688052
http://dx.doi.org/10.3748/wjg.14.4142
http://www.ncbi.nlm.nih.gov/pubmed/18636658
http://dx.doi.org/10.1016/j.mehy.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27515212
http://dx.doi.org/10.1109/TBME.2008.2002111
http://www.ncbi.nlm.nih.gov/pubmed/19126455
http://dx.doi.org/10.1109/TRO.2011.2163861
http://dx.doi.org/10.1109/TRO.2013.2266754
http://www.ncbi.nlm.nih.gov/pubmed/25383064
http://dx.doi.org/10.1260/2040-2295.2.4.459
http://dx.doi.org/10.1055/s-0028-1103424
http://www.ncbi.nlm.nih.gov/pubmed/19065478
http://dx.doi.org/10.1115/1.4007100
http://dx.doi.org/10.1088/0960-1317/18/2/025032

Sensors 2017, 17, 1553 23 of 24

63.

64.
65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

Wang, T.D.; Van Dam, J. Optical biopsy: A new frontier in endoscopic detection and diagnosis.
Clin. Gastroenterol. Hepatol. 2004, 2, 744-753. [CrossRef]

Chak, A. Eus in submucosal tumors. Gastrointest. Endosc. 2002, 56, S43-548. [CrossRef]

Gheorghe, C.; Iacob, R.; Bancila, I. Olympus capsule endoscopy for small bowel examination. J. Gastrointest.
Liver Dis. 2007, 16, 309.

Yuan, Y,; Yang, S.; Xing, D. Preclinical photoacoustic imaging endoscope based on acousto-optic coaxial
system using ring transducer array. Opt. Lett. 2010, 35, 2266-2268. [CrossRef] [PubMed]

CORDIS. Troy Report Summary. Available online: http://cordis.europa.eu/result/rcn/48767_en.html
(accessed on 15 May 2017).

Memon, F; Touma, G.; Wang, J.; Baltsavias, S.; Moini, A.; Chang, C.; Rasmussen, M.E; Nikoozadeh, A.;
Choe, ].W.; Olcott, E. Capsule ultrasound device: Further developments. In Proceedings of the 2016 IEEE
International Ultrasonics Symposium (IUS), Tours, France, 18-21 September 2016; IEEE: Piscataway, NJ,
USA, 2016; pp. 1-4.

Lee, ].H.; Traverso, G.; Schoellhammer, C.M.; Blankschtein, D.; Langer, R.; Thomenius, K.E.; Boning, D.S.;
Anthony, B.W. Towards wireless capsule endoscopic ultrasound (WCEU). In Proceedings of the 2014 IEEE
International Ultrasonics Symposium (IUS), Chicago, IL, USA, 3-6 September 2014; IEEE: Piscataway, NJ,
USA, 2014; pp. 734-737.

Arneson, M.; Bandy, W.; Shanks, W. Ultrasound Scanning Capsule Endoscope (USCE). Patent US 8647259 B2,
11 February 2014.

Iddan, G.J. Ultrasonic Capsule. Patent US 20110130658 A1, 22 March 2008.

Taniguchi, Y. Intracoelomic mobile body, and capsule-type ultrasonic endoscope. Patent US 7452338 B2,
18 November 2008.

Wang, X,; Seetohul, V.; Chen, R.; Qian, M.; Wang, C.; Huang, Z.; Zhou, Q.; Zheng, H.; Cochran, S.; Qiu, W.
Development of a mechanical scanning device with high-frequency ultrasound transducer for ultrasonic
capsule endoscopy. IEEE Trans. Med. Imaging 2017. [CrossRef] [PubMed]

Gourevich, D.; Volovick, A.; Dogadkin, O.; Wang, L.; Mulvana, H.; Medan, Y.; Melzer, A.; Cochran, S. In vitro
investigation of the individual contributions of ultrasound-induced stable and inertial cavitation in targeted
drug delivery. Ultrasound Med. Biol. 2015, 41, 1853-1864. [CrossRef] [PubMed]

Gourevich, D.; Dogadkin, O.; Volovick, A.; Wang, L.; Gnaim, ].; Cochran, S.; Melzer, A. Ultrasound-mediated
targeted drug delivery with a novel cyclodextrin-based drug carrier by mechanical and thermal mechanisms.
J. Controll. Release 2013, 170, 316-324. [CrossRef] [PubMed]

Huang, S.-L. Liposomes in ultrasonic drug and gene delivery. Adv. Drug Deliv. Rev. 2008, 60, 1167-1176.
[CrossRef] [PubMed]

Rapoport, N. Physical stimuli-responsive polymeric micelles for anti-cancer drug delivery. Prog. Polym. Sci.
2007, 32, 962-990. [CrossRef]

Antipina, M.N.; Sukhorukov, G.B. Remote control over guidance and release properties of composite
polyelectrolyte based capsules. Adv. Drug Deliv. Rev. 2011, 63, 716-729. [CrossRef] [PubMed]

Medtronic. Pillcam Colon. Available online: ous.pillcamcolon.com (accessed on 8 May 2017).

Anbarasan, T.; Demore, C.; Lay, H.; Sunoqrot, M.; Poltarjonoks, R.; Cochran, S.; Cox, B. Development of
small bowel tissue phantom for microultrasound investigation. J. Crohns Colitis 2016, 10, S103-5104.

Lay, H.; Cox, B.; Sunoqrot, M.; Démoré, C.; Néathke, I; Gomez, T.; Cochran, S. Microultrasound
characterisation of ex vivo porcine tissue for ultrasound capsule endoscopy. |. Phys. Conf. Ser. 2017,
797,012003. [CrossRef]

Cox, B.; Stewart, F.; Huang, Z.; Nathke, I.; Cochran, S. Ultrasound facilitated marking of gastrointestinal
tissue with fluorescent material. In Proceedings of the 2016 IEEE International Ultrasonics Symposium (IUS),
Tours, France, 18-21 September 2016; IEEE: Piscataway, NJ, USA, 2016; pp. 1-4.

Stewart, F. Theranostics in the gut. In Theranostics and Image Guided Drug Delivery; Thanou, M., Ed.; Royal
Society of Chemistry: London, UK, 2017; in press.

Stewart, F; Cox, B.; Wang, G.; Huang, Z.; Newton, I.; Nathke, I.; Thanou, M.; Cochran, S. An in vitro
sonication system for applications in ultrasound-mediated targeted drug delivery. In Proceedings of the 2016
IEEE International Ultrasonics Symposium (IUS), Tours, France, 18-21 September 2016; IEEE: Piscataway,
NJ, USA, 2016; pp. 1-4.


http://dx.doi.org/10.1016/S1542-3565(04)00345-3
http://dx.doi.org/10.1016/S0016-5107(02)70085-0
http://dx.doi.org/10.1364/OL.35.002266
http://www.ncbi.nlm.nih.gov/pubmed/20596215
http://cordis.europa.eu/result/rcn/48767_en.html
http://dx.doi.org/10.1109/TMI.2017.2699973
http://www.ncbi.nlm.nih.gov/pubmed/28475050
http://dx.doi.org/10.1016/j.ultrasmedbio.2015.03.016
http://www.ncbi.nlm.nih.gov/pubmed/25887690
http://dx.doi.org/10.1016/j.jconrel.2013.05.038
http://www.ncbi.nlm.nih.gov/pubmed/23770006
http://dx.doi.org/10.1016/j.addr.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18479776
http://dx.doi.org/10.1016/j.progpolymsci.2007.05.009
http://dx.doi.org/10.1016/j.addr.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21510987
ous.pillcamcolon.com
http://dx.doi.org/10.1088/1742-6596/797/1/012003

Sensors 2017, 17, 1553 24 of 24

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

Qdegaard, S.; Nesje, L.B.; Leerum, O.D.; Kimmey, M.B. High-frequency ultrasonographic imaging of the
gastrointestinal wall. Expert Rev. Med. Dev. 2012, 9, 263-273. [CrossRef] [PubMed]

Fatehullah, A.; Sharma, S.; Newton, I.; Langlands, A.; Lay, H.; Nelson, S.; McMahon, R.; Mcllvenny, N.;
Appleton, P.; Cochran, S. Increased variability in apcmin/+ intestinal tissue can be measured with
microultrasound. Sci. Rep. 2016, 6. [CrossRef] [PubMed]

Saha, RK.; Kolios, M.C. Effects of cell spatial organization and size distribution on ultrasound backscattering.
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2011, 58, 2118-2131. [CrossRef] [PubMed]

Oelze, M.L.; Zachary, ].E; O’Brien, W.D., Jr. Characterization of tissue microstructure using ultrasonic
backscatter: Theory and technique for optimization using a gaussian form factor. J. Acoust. Soc. Am. 2002,
112,1202-1211. [CrossRef] [PubMed]

Feleppa, EJ; Liu, T.; Kalisz, A.; Shao, M.C.; Fleshner, N.; Reuter, V.; Fair, W.R. Ultrasonic spectral-parameter
imaging of the prostate. Int. J. Imaging Syst. Technol. 1997, 8, 11-25. [CrossRef]

Gregerson, H.; Jensen, S.L.; Moody, E.; Shokouh-Amiri, M. Essentials of Experimental Surgery: Gastroenterology;
CRC Press: Boca Raton, FL,, USA, 1996.

Salzer, R. Biomedical Imaging: Principles and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2012.
Jankowski, J.; Barr, H.; Wang, K.; Delaney, B. Diagnosis and management of barrett’s oesophagus. BM] 2010,
341, c4551. [CrossRef] [PubMed]

Moran, C.; Bush, N.; Bamber, J. Ultrasonic propagation properties of excised human skin. Ultrasound
Med. Biol. 1995, 21, 1177-1190. [CrossRef]

Ye, S.; Harasiewicz, K.; Pavlin, C.; Foster, F. Ultrasound characterization of normal ocular tissue in the
frequency range from 50 mhz to 100 mhz. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 1995, 42, 8-14.
[CrossRef]

Aristizabal, O.; Turnbull, D.H.; Ketterling, J.A.; Mamou, ]. In vivo 3d quantitative analysis of the mouse
embryonic brain with a 38 mhz annular array and coded excitation. In Proceedings of the 2010 IEEE
Ultrasonics Symposium (IUS), San Diego, CA, USA, 11-14 October 2010; IEEE: Piscataway, NJ, USA, 2010;
pp. 794-797.

Fink, M.; Hottier, F.; Cardoso, J. Ultrasonic signal processing for in vivo attenuation measurement: Short
time fourier analysis. Ultrason. Imaging 1983, 5, 117-135. [CrossRef] [PubMed]

Azhari, H. Basics of Biomedical Ultrasound for Engineers; John Wiley & Sons: Hoboken, NJ, USA, 2010.

Qiu, Z. Development of Mri-Compatible Transducer Array for Focused Ultrasound Surgery: The Use of Relaxor-Based
Piezocrystals; University of Dundee: Dundee, UK, 2014.

Meunier, V.; Bourrié, M.; Berger, Y.; Fabre, G. The human intestinal epithelial cell line caco-2; pharmacological
and pharmacokinetic applications. Cell Biol. Toxicol. 1995, 11, 187-194. [CrossRef] [PubMed]

US Department of Health and Human Services, Fa.D.A.; Center for Drug Evaluation and Research
(CDER). Guidance for industry. Waiver of in Vivo Bioavailability and Bioequivalence Studies for
Immediate-Release Solid Oral Dosage Forms Based on a Biopharmaceutics Classification System. Available
online: http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/
UCMO070246.pdf (accessed on 16 May 2017).

Srinivasan, B.; Kolli, A.R.; Esch, M.B.; Abaci, H.E.; Shuler, M.L.; Hickman, J.J. Teer measurement techniques
for in vitro barrier model systems. J. Lab. Autom. 2015, 20, 107-126. [CrossRef] [PubMed]

Chen, S.; Einspanier, R.; Schoen, J. Transepithelial electrical resistance (teer): A functional parameter to
monitor the quality of oviduct epithelial cells cultured on filter supports. Histochem. Cell Biol. 2015, 144,
509-515. [CrossRef] [PubMed]

@ © 2017 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/10.1586/erd.12.6
http://www.ncbi.nlm.nih.gov/pubmed/22702257
http://dx.doi.org/10.1038/srep29570
http://www.ncbi.nlm.nih.gov/pubmed/27406832
http://dx.doi.org/10.1109/TUFFC.2011.2061
http://www.ncbi.nlm.nih.gov/pubmed/21989875
http://dx.doi.org/10.1121/1.1501278
http://www.ncbi.nlm.nih.gov/pubmed/12243165
http://dx.doi.org/10.1002/(SICI)1098-1098(1997)8:1&lt;11::AID-IMA3&gt;3.0.CO;2-W
http://dx.doi.org/10.1136/bmj.c4551
http://www.ncbi.nlm.nih.gov/pubmed/20833742
http://dx.doi.org/10.1016/0301-5629(95)00049-6
http://dx.doi.org/10.1109/58.368319
http://dx.doi.org/10.1177/016173468300500202
http://www.ncbi.nlm.nih.gov/pubmed/6683891
http://dx.doi.org/10.1007/BF00756522
http://www.ncbi.nlm.nih.gov/pubmed/8564649
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070246.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070246.pdf
http://dx.doi.org/10.1177/2211068214561025
http://www.ncbi.nlm.nih.gov/pubmed/25586998
http://dx.doi.org/10.1007/s00418-015-1351-1
http://www.ncbi.nlm.nih.gov/pubmed/26223877
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Capsule Endoscopy 
	Video Capsule Endoscopy for Diagnosis 
	Therapeutic Capsule Endoscopy 
	Ultrasound Capsule Endoscopy 

	Proposed Theranostic Patient Pathway 
	Results 
	Microultrasound Diagnosis and Quantitative Analysis 
	Tissue Characterization Techniques 
	Experimental Tissue Preparation 
	Results 

	Fluorescent Nanoparticle Marking and Imaging 
	Feasibility of Therapeutic Capsule Endoscopy 
	Ultrasound-Mediated Targeted Drug Delivery 
	Epithelial Cell Model of the Small Intestine 
	Transducers for Insonation 
	Fully Automated Insonation System 
	Barrier Function Measurements during Insonation 


	Conclusions 

