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a b s t r a c t
The gastrointestinal (GI) tract, particularly the colon region, holds a highly diverse microbial community that plays an important role in the metabolism, physiology, nutrition, and immune function of the
host body. Accumulating evidence has revealed that alteration in these microbial communities is the pivotal step in developing various metabolic diseases, including obesity, inﬂammatory bowel disease (IBD),
and colorectal cancer. However, there is still a lack of clear understanding of the interrelationship between microbiota and diet as well as the effectiveness of chemoprevention strategies, including pre and
probiotic agents in modifying the colonic microbiota and preventing digestive diseases. Existing methods for assessing these microbiota-diet interactions are often based on samples collected from the feces or endoscopy techniques which are incapable of providing information on spatial variations of the
gut microbiota or are considered invasive procedures. To address this need, here we have developed an
electronic-free smart capsule that enables site-speciﬁc sampling of the gut microbiome within the proximal colon region of the GI tract. The 3D printed device houses a superabsorbent hydrogel bonded onto
a ﬂexible polydimethylsiloxane (PDMS) disk that serves as a milieu to collect the ﬂuid in the gut lumen
and its microbiome by rapid swelling and providing the necessary mechanical actuation to close the capsule after the sampling is completed. The targeted colonic sampling is achieved by coating the sampling
aperture on the capsule with a double-layer pH-sensitive enteric coating, which delays ﬂuid in the lumen
from entering the capsule until it reaches the proximal colon of the GI tract. To identify the appropriate
pH-responsive double-layer coating and processing condition, a series of systematic dissolution characterizations in different pH conditions that mimicked the GI tract was conducted. The effective targeted
microbial sampling performance and preservation of the smart capsule with the optimized design were
validated using both realistic in vitro GI tract models with mixed bacteria cultures and in vivo with pigs
as an animal model. The results from 16s rRNA and WideSeq analysis in both in vitro and in vivo studies
showed that the bacterial population sampled within the retrieved capsule closely matched the bacterial population within the targeted sampling region (proximal colon). Herein, it is envisioned that such
smart sampling capsule technology will provide new avenues for gastroenterological research and clinical
applications, including diet-host-microbiome relationships, focused on human GI function and health.
Statement of signiﬁcance
The colonic microbiota plays a major role in the etiology of numerous diseases. Extensive efforts have
been conducted to monitor the gut microbiome using sequencing technologies based on samples collected from feces or mucosal biopsies that are typically obtained by colonoscopy. Despite the simplicity
of fecal sampling procedures, they are incapable of preserving spatial and temporal information about
the bacteria through the gastrointestinal (GI) tract. In contrast, colonoscopy is an invasive and impractical approach to frequently assess the effect of dietary and therapeutic intake on the microbiome and
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their impact on the health of the patient. Here, we developed a non-invasive capsule that enables targeted sampling from the ascending colon, thereby providing crucial information for disease prediction
and monitoring.
© 2022 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

bowel preparation in colonoscopy procedures, leads to the loss
of epithelial cells and superﬁcial mucus, which alters the natural microbiota composition [32,33]. Despite signiﬁcant progress in
this area, the lack of noninvasive devices to investigate the realtime metabolic and molecular interactions of host-diet-microbiota
in hard-to-access GI regions that can be used in clinical examinations is a serious concern. Recently, there has been a great level
of interest in the development of capsule-based devices that allow
monitoring and sampling of the microbiome community at various
anatomical regions in the GI tract without disrupting the normal
gut physiology and affecting natural host-microbiota interactions.
The ﬁrst group of such devices, referred to as passive devices,
often utilize some form of magnetic or hydrogel as actuators inside the capsule to eliminate the need for onboard electronics and
batteries. For instance, Finocchiaro et al. [34] designed a passive
device that, with the aid of an external permanent magnet, the rotation of miniature magnets within the capsule was wirelessly activated, allowing for the safe brushing of mucosa and sample collection inside the GI tract. In another version, the team developed
an improved sampling capsule with remote activation by using a
permanent external magnet that is brought in proximity to the abdominal sections of the patient at the time point of required activation/sampling [35]. In this design, the two capsule halves were
opened in the presence of an external magnet, allowing for the
collection of a sample, and then once the magnet was removed,
the hinge provided a restoring torque to reclose the capsule. In another passive capsule technology, our group demonstrated the ﬁrst
use of superabsorbent hydrogels inside a capsule to serve as an environment to hold the sampled content in the GI lumen and generate the mechanical motion to close the capsule after sampling is
completed. The sampling rate and duration can be controlled by
cross-linking density of the hydrogel used in the capsule [36,37].
Despite the successful demonstration of such technologies in effective sampling within the proximal small intestinal region of the GI
tract, they have been unable to provide location-speciﬁc sampling
within the proximal colon region due to the lack of onboard sensory systems that help in determining the capsules’ location and
required time point of activation [38,39].
To overcome such shortcomings, many active-based capsules
with site-speciﬁc activation and sampling have been developed
by integrating onboard electronics, sensors, and cameras in the
capsule that help in determining its position throughout the GI
tract and the time point of activation within the region of interest
[40,41]. In many of such systems, the pH measurements through
the gastrointestinal tract and images taken from the intestinal tissue wall are utilized as methods to determine the location of the
capsule throughout the GI tract. In a recent study for instance,
a sampling capsule endoscope with a magnetic module for locomotion and correct positioning within the GI tract was developed
[42]. Once the external command was received, the low-melting
metal was heated to open the valve, allowing GI ﬂuid to enter
the device. Although many of such active-based sampling capsules
offer acceptable performance, they suffer from several shortcomings such as large size, design complexity, high cost, and health
risk concerns regarding the use of batteries in the design of the
capsule. While such systems are tolerable for single-time applications (e.g., Pillcam), they are prohibitive in many applications
where frequent administration and sampling of the GI tract are
required.

1. Introduction
The gastrointestinal (GI) tract is home to a variety of microorganisms that are important to the host body’s physiology, digestion, absorption, and metabolism [1–4]. Additionally, the relationship between these microorganisms and gut mucosa is vital for
several metabolic processes, including the maintenance of innate
and systemic immunity [5–8]. Accumulating reports indicate that
alteration in the colonic microbiota plays a major role in the development of various colonic diseases, including colorectal cancer (CRC) [9,10], irritable bowel syndrome (IBS) [11–14], inﬂammatory bowel diseases (IBD) [15,16], and diverticulitis [17,18]. In
2020, over 1.9 million people were diagnosed with CRC, which was
ranked the second leading cause of cancer death, with more than
90 0,0 0 0 deaths worldwide [19–21]. In addition to the high incidence and mortality rate, the direct and indirect costs of chronic
colorectal disorders are a serious economical and healthcare concern. For instance, in the United States, approximately 20, 8.4, and
2.0 billion dollars are spent annually on the treatment of IBS, CRC,
and diverticulitis, respectively [22–24]. These numbers are projected to grow rapidly in the coming years due to increasing consumption of processed food with high saturated fat and sugars,
which has long been linked to increased gut microbial dysbiosis
and chronic inﬂammation of the GI lumen, which are two of the
leading risk factors for a wide range of pathological GI tract conditions [10,25–28]. In addition to diet, many medications, such as antibiotics, can modulate the gut microbiota composition. Similarly,
new insights have shown that the presence of speciﬁc bacterial
species within the gut microbiome can enzymatically transform
many drugs leading to altered bioavailability or causing toxicity
and affecting their health outcomes. Therefore, favorable prognosis of many disease conditions and administration of appropriate
therapeutics requires a better understanding of the interpersonal
variation of microbial community and dynamics of metabolic activity along the biogeography of the GI tract and how they are affected by diet and pre and probiotic agents. Although the recent
advancement of next-generation sequencing (NGS) to analyze microbial components without culture has attracted much attention
in gastroenterological research, the main challenge with such sequencing tools is the need for uncontaminated microbial samples
from distinct regions of the GI tract. Current techniques used for
the assessment of GI microbiota primarily involve DNA sequencing of samples collected from stool or mucosal biopsy specimens
obtained through colonoscopy. Despite the simple and noninvasive
process of stool sample collection for NGS analysis, these samples
are incapable of preserving spatial and temporal information about
the bacteria proﬁle through the GI tract and mostly reﬂect the bacterial community at the end of the colon, and therefore incapable
of providing suﬃcient insight from other parts of the colon/small
intestine [29,30]. On the other hand, colonoscopy procedure using biopsy forceps to collect tissue samples and luminal contents
offers site-speciﬁc and uncontaminated microbial samples of the
gut microbiome from different sections of the colon. However, this
method still suffers from numerous shortcomings, which include
invasive procedures, high cost, and the need for clinical settings
with trained personnel which cause several limitations on the use
of this method for frequent sampling [31]. Additionally, many laxatives, such as polyethylene glycol (PEG) that are often used for
2

JID: ACTBIO

ARTICLE IN PRESS

S. Nejati, J. Wang, S. Sedaghat et al.

[m5G;October 22, 2022;19:13]
Acta Biomaterialia xxx (xxxx) xxx

Fig. 1. Schematic illustration of the smart capsule targeted colon sampling mechanism. (a) As the capsule travels through the GI tract, the top layer coating protects the
device in the acidic environment of the stomach. (b) Once the capsule is exposed to the higher pH levels of the small intestine, the top layer dissolves while the bottom layer
remains intact. (c) The low pH levels in the proximal colon will dissolve the bottom layer of the enteric coating, allowing for the GI ﬂuid containing the colonic microbiome
community to enter the capsule and result in swelling of the hydrogel and closing of the sampling aperture on the capsule. (d) The properly sealed capsule is protected
from contamination while passing through the distal colon.

To address these challenges, here we have investigated the
combination of our previous passive sampling capsule technology
with proper multilayer pH-responsive polymeric coatings used in
targeted drug delivery approaches to enable site-selective sampling
of the microbiome and biomarkers of interest within the proximal
colon region of the GI tract. Fig. 1a shows a cross-sectional illustration of all the components utilizing the construction of the capsule, which includes a 3D printed capsule with a screw cap design
with a sampling aperture on the cap that is covered with a doublelayer pH-responsive enteric coating. The capsule houses a superabsorbent hydrogel and a polydimethylsiloxane (PDMS) membrane
bonded onto its top surface. The targeted opening of the capsule
within the colonic region is achieved by the sequential dissolution
of the double-layer enteric coatings upon exposure to different pH
levels along the GI tract, as shown in Fig. 1.
The GI tract is a complex environment with various physiological characteristics in different sections. These physiological differences (e.g., transit time, pH, and microﬂora) have been the main
triggering strategy in many regional GI tract drug delivery systems.
In general, the stomach has a low pH, ranging between (1.2–3)
with a gastric emptying time of 7–202 min. The pH level then
sharply increases to 5.5–6.3 when entering the duodenum and
gradually increases up to 7–8 in the distal small intestine. The
transit time through the small bowel is typically 4–6 h. In the
cecum, the pH drops again due to the fermentation processes of
the microbiota and increases up again to around 6.6–7 in the descending colon. The site-speciﬁc activation of the capsule takes advantage of these distinct pH changes throughout the GI tract as
a means of activating the sampling process only within the proximal colon of the GI tract. This approach provides the ability to
circumvent the variability in physiology and transit time that often
exist between individuals. As illustrated in Fig. 1a, the anionic top
layer polymer coating prevents the dissolution of the cationic bottom layer polymer in the acidic gastric environment but dissolves

in the more basic small intestinal environment, Fig. 1b. Once entering the large intestine, the lower acidic environment in the ascending colon region will dissolve the acid-soluble bottom layer polymer and open the sampling aperture on the capsule allowing the
GI ﬂuid to enter the capsule, Fig. 1c. As the GI ﬂuid enters the capsule, the dehydrated hydrogel will swell and provide the required
mechanical actuation to close the capsule by exerting a force on
the ﬂexible PDMS membrane, which seals the capsule as the device is slowly travelling within the ascending colon. The microbiota
collected from the ascending colon are well protected from further
ﬂuid exchange within the downstream of the distal colon due to
the proper sealing of the device, as shown in Fig. 1d. The retrieved
capsule after excretion is readily disassembled through the screwcap design and the hydrogel can be removed for further analysis by extraction of the sampled microbial community within the
targeted region of interest. The manufacturing process of capsules
takes advantage of scalable, cost-effective additive manufacturing
processes as well as the use of novel nondestructive Near Infrared
(NIR) assisted rapid drying procedures to allow effective deposition
of the multi-layered pH-sensitive enteric coating and prevent their
intermixing during the deposition and drying process. It is envisioned that this technology and processing approach can provide a
new route in scalable production of smart sampling capsule technologies that could assist advance gastroenterological research or
other clinical applications.
2. Materials and methods
2.1. Materials
Eudragit L100–55 (methacrylic acid-ethyl acrylate copolymer [1:1]), Eudragit L100 (methacrylic acid-methyl methacrylate copolymer [1:1]), Eudragit S100 (methacrylic acid-methyl
methacrylate copolymer [1:2]), and Eudragit E PO (basic butylated
3
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methacrylate) were obtained from Evonik (USA). Chitosan (≥75%
deacetylated) was purchased from Sigma-Aldrich (USA). Clear resin
for printing was purchased from Formlabs (Formlabs Inc.). Dow
Sylgard 184 Silicone Elastometer Kit was supplied from Dow Corning Corporation (USA). Acrylamide, ammonium persulfate (APS),
and N,N -methylene bisacrylamide (MBA) were purchased from
Sigma-Aldrich (USA).

using a Netzsch TG 203 F3 Tarsus in the range of 30–800 °C at
20 °C/min in the presence of nitrogen gas.
2.4. Dissolution proﬁles of the pH-responsive polymeric ﬁlms
In order to characterize the dissolution of the polymers, a targeted indicator (methylene blue) was added to all pH-sensitive
polymer solutions, including Eudragit L100–55, Eudragit L100, Eudragit S100, Eudragit E PO, and chitosan. The polymer solutions
were then cast on acrylic sheets using doctor blading (MSK-AFAII-VC, MTI, USA) with a blade gap of 500 μm and a speed of
10 mm s−1 . Since the dye indicator could be released into the media only by means of polymer dissolution, the polymer dissolution was correlated with the peak absorbance of the released dye
via UV–Vis spectroscopy. Dissolution tests of pH-sensitive polymers
were carried out in 900 mL media of pH 1.2, 3, 5.5, 6.8, and 7.4
at 37 °C using USP Type II apparatus (PTWS instrument, Pharma
Test, Hainburg, Germany) at a paddle speed of 100 rpm. At predetermined time points, samples were withdrawn, analyzed using a BMG Clariostar microplate reader (BMG Labtech, Germany)
at 665 nm wavelength corresponding to the peak wavelength of
methylene blue, and then returned to the container. All tests were
performed in triplicate, and the mean values of released dye percentages were reported.

2.2. Fabrication process
As previously mentioned, the device encompasses the capsule
housing, a superabsorbent hydrogel, a ﬂexible PDMS disk, and a
double-layer pH-sensitive coating. The designed housing with the
inner diameter, outer diameter, opening diameter, and an external
height of 6, 7, 4, and 11 mm, was designed using SolidWorks (Dassault Systèmes). The device was 3D-printed via the stereolithography technique (Form 3 by Formlabs, Formlabs Inc.), followed by
pure isopropyl alcohol (IPA) rinsing and UV photocuring for 15 min
at 60 °C. The PDMS disk with a thickness of 2 mm was fabricated
using a standard 1:10 ratio of curing agent to silicone base and
cured at 70 °C for 4 h. A computer-controlled CO2 laser (10.6 μm
wavelength) cutting and engraving system (PLS6MW, Universal
Laser, Inc., Scottsdale, AZ) was utilized to cut a circle of 5.5 mm
in diameter from the cured PDMS material [43–45]. The hydrogel
was synthesized by dissolving acrylamide and MBA crosslinker in
water, degassing the solution by bubbling nitrogen gas for 10 min,
and then adding APS as the initiator to the solution. The pre-gel
solution was ﬁnally poured into a mold and polymerized overnight
at 70 °C.
To apply the double-layer enteric coating on the capsule opening, the capsule heads were mounted on a 3D printed temporary
ﬁxture (with cylinder dimensions of 6.4 mm x 20 mm) to prevent
the solution from leaking down from the sampling aperture during the coating process, as shown in Fig. 2a. The top and bottom
enteric coatings were dispensed using a high-precision dispenser
(Ultimus V, Nordson EFD, USA) coupled with a 3-axis automated
ﬂuid dispensing robot (G8V, Nordson EFD, USA), as illustrated in
Fig. 2b,d. For each dispensing, 100 μL solution was delivered onto
the capsule openings at 20 psi air pressure. Since the coating contains two different polymers, there is a high chance of intermixing
as the solvents are similar. Additionally, the deposition of two layers increases the overall thickness, which elevates the risk of toxic
solvent entrapment while the ﬁlms gradually dry in ambient conditions. Thus, after dispensing each coating layer, the nondestructive NIR technique (Adphos NIR-126–250 Modul with 3.6 m.min−1
line speed of the conveyer and 3 kW lamp power) was utilized,
which penetrates deep into the polymeric structure and rapidly
dries the ﬁlms, as depicted in Fig. 2c,e. Using this technique prevents both intermixing of the polymers and solvent entrapment
while assuring the device’s biocompatibility property by effectively
removing all the toxic solvents from the polymer ﬁlms. Eventually, as shown in Fig. 2f, the capsule heads were removed from the
temporary ﬁxture and the hydrogel bonded to the PDMS disk was
placed inside the capsule housing for ﬁnal assembly.

2.5. In vitro dissolution characterization of double-layer coating
To assess the dissolution of the double-layer enteric coating via
UV–Vis, methylene blue and deep orange food coloring dye as indicators were added to the Eudragit L100–55 and Eudragit E PO
solutions, respectively. Moreover, to study the effect of NIR drying
on preventing intermixing of polymers, coated capsules with and
without NIR treatment were sequentially introduced to simulated
pH buffer solutions including pH 1.2, 6.8, and 5.5 mimicking the
stomach, small intestine, and ascending colon environments, respectively. The dissolution test was performed at 37 °C at 100 rpm
to resemble the GI tract environment. At speciﬁc time intervals,
samples were collected, analyzed with a BMG microplate reader,
and returned to the solution to avoid concentration variation. The
samples were analyzed at λmax = 665 nm and λmax = 480 nm,
corresponding to the blue and orange dyes, respectively. The dissolution experiment was performed in triplicate.

2.6. In vitro bacterial sampling
Three containers containing a mixture of one, two, and three
gut microbiomes were prepared to assess the device sampling eﬃciency. The three bacterial strains chosen were from three different
phyla consisting of the normal gut microbiota, including Lactobacillus cremoris and Bacteroides fragilis from the two dominant phyla,
Firmicutes and Bacteroidetes, and Escherichia coli LF82 from the
Proteobacteria phylum representing in lower concentration [46].
The bacterial strains were cultured inside an anaerobic chamber
at 37 °C overnight with the respective broth. More details on the
bacterial strains are listed in Table S1 in supporting information.
Fully assembled capsules were ﬁrst submerged into each bacteria mixture, here referred to as pre-sampling solution. After 2 h of
sampling, capsules were removed from the post-sampling solution,
opened, and the collected ﬂuids were transferred into new containers with DI water for 2 h of extraction, here referred to as sample extraction (capsule) solution. DNA extractions were performed
before (pre), after (post), and from the extracted contents (capsule)
using InvitrogenTM PureLinkTM Genomic DNA Mini Kit (Invitrogen,
USA).

2.3. Characterization
Optical microscopy (Zeiss Stemi 20 0 0-C) and scanning electron
microscopy (SEM, Hitachi-S 4800, Tokyo, Japan) were used to display the cross-sectional images of the polymeric ﬁlms. Attenuated
total reﬂection Fourier transform infrared spectroscopy (ATR-FTIR)
was performed using a PerkinElmer Spectrum 100 FTIR Spectrometer over the range of 40 0 0 cm−1 to 550 cm−1 . Raman spectra
and mapping were obtained using a Thermo Scientiﬁc DX3i Raman
Spectrometer with a laser power of 1.5 mW and an exposure frequency of 3 Hz. Thermogravimetric analysis (TGA) was performed
4
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Fig. 2. Deposition and drying process of the double-layer pH-responsive polymer coating on the sampling aperture of the capsules: (a) placement of capsule caps on a 3D
printed temporary ﬁxture; (b) deposition of bottom layer Eudragit E PO; (c) Application of NIR drying to form a Eudragit E PO polymer ﬁlm; (d) deposit Eudragit L100–55
as the top layer; (e) Reapply the NIR drying to form a Eudragit L100–55 polymer ﬁlm; (f) Remove the capsule caps and assemble the whole device.

2.7. Cytotoxicity test

imal Science Research and Education Center Swine Unit. The pigs
were allowed a 5-day acclimation period with ad libitum access
to water. A corn and soybean meal-based diet was fed daily at a
rate of 3 times the estimated maintenance requirement for energy
(i.e., 197 kcal of ME/kg of BW0.60; approximately 4% of pig body
weight per day) [50]. The daily allotment of feed was provided every morning as previously described [51].
Pigs were fasted for 12 h, and each pig was administered one
capsule orally. Since the capsule opening was located at the end
of the device rather than the sides, it is assumed that the microbiome content was mostly collected from the luminal ﬂuid. To protect the capsules from any bite damage, they were all placed at
the back of the pig’s throat. At least 60 mL of water was given
orally until the pigs swallowed at least three times to facilitate
capsule movement through the esophagus. Drains were all covered
by 6 × 6 mm mesh (MSC Industrial Direct, USA) to prevent missing
the expelled capsules. Once the capsules were conﬁrmed to have
been expelled by visual inspection, the pigs were euthanized for
GI tract microbiome composition proﬁling and pH measurement.
To achieve more precise data on microbiota composition and pH
proﬁling, pigs’ intestines were dissected into 1-meter-long sections
of the duodenum, ileum, and large intestine (and labeled as LI1
to LI3 ). However, due to the considerable length of the jejunum,
it was divided into 2-meter-long segments (and labeled as J1 to
J7 ). To avoid ﬂuid homogenization and potential errors in proﬁling, the beginning and end of each section were zip-tied before
dissection. The pH values were measured in situ from the emptied ﬂuid content of the dissected GI tract sections using an HQ40d
meter equipped with a calibrated IntellicalTM PHC281 pH electrode
(Hach, USA). All measurements were repeated three times and the

To validate the safety characteristics of the double-layer coated
capsules before and after NIR processing, a cytotoxicity test was
carried out with the aid of an MTT assay on human mesenchymal stem cells (hMSCs). Cells were cultured in DMEM with 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100 units/mL
streptomycin. Cells were grown in a humidiﬁed incubator at 37 °C,
with 5% CO2 and 95% relative humidity [47]. Samples were transferred to a 24-well plate and were under irradiation of germicidal
UV lamp (PLT G36T8 UV T8) with the wavelength of 254 nm and
power of 36 W for 2 h (1 h/side) for complete sterilization. Once
the cells were conﬂuent (∼80%), they were seeded at a density of
2 × 104 cells per well and a ﬁnal volume of 2 mL. After incubation for 24 h, the culture medium in each well was replaced by
1800 μL of fresh DMEM and 200 μL of an MTT solution (5 mg/mL
thiazolyl blue in PBS) and incubated for another 1 h. The optical
density (OD) value of the mixture was measured at 490 nm using
a BMG microplate reader [48]. The cell viability of the samples was
calculated with respect to the control.
2.8. In vivo assessment of capsule sampling performance
The animal study was approved by the Purdue University Animal Care and Use Committee (protocol no. 1,911,001,975). Animal
care and use standards followed recommendations by the Guide for
the Care and Use of Agricultural Animals in Research and Teaching
[49]. Prior to the experiment, two pigs, including one male (pig
1) and one female (pig 2), were weighed (40–50 kg) and housed
individually in the metabolic crates at the Purdue University An5
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Fig. 3. Dissolution proﬁles of the polyanion Eudragit polymers (a) L100–55, (b) L10 0, (c) S10 0, and (d) summary of dissolution comparison after 4 h in different buffer
solutions. The shaded error bands show the experimental uncertainty.

average values were reported. The retrieved capsules were wiped
and gently rinsed with DI water to remove the external fecal matter from the outer surface. Next, the capsules were disassembled,
and the sampled content was transferred into 4 mL DI water for
2 h of extraction while being agitated at 100 rpm and 37 °C.

ically assigned using the Silva rRNA database. The result was used
to create a microbial taxonomic composition proﬁle for pigs 1 and
2.

2.9. DNA preparation and 16S rRNA sequencing

All experiments were performed at least three times and expressed as mean ± standard deviation (experimental uncertainty).
We used the two-sample Student’s t-tests assuming unequal variances for comparisons between two groups. The two-tailed P -value
was reported. A value of P < 0.05 was considered statistically signiﬁcant. Excel (version 16.63) was used for statistical analysis, and
Origin Pro (version 2022) was used for plotting all data.

2.10. Statistical analysis

For each intestinal content sample, the DNA was extracted
using the QIAamp PowerFecal Pro-DNA Kit (Qiagen, Germany),
following the manufacturer’s recommendations. The DNA concentration and quality of each sample were measured with a
NanoPhotometer NP60 (Implen, Germany). The V4 region of the
16S rRNA gene was ampliﬁed and sequenced from 17 different
luminal content samples from pigs 1 and 2 with PCR primer:
515Forward, 5 GTGCCAGCMGCCGCGGTAA, and 806 Reverse, 5
GGACTACHVGGGTWTCTAAT for all DNA extraction samples. The
PCR reactions were performed individually in a total volume of
50 μL using Thermo ScientiﬁcTM Phusion High-Fidelity PCR Master Mix (Thermo Scientiﬁc, USA), following the manufacturer’s recommendations. The expected amplicon size (∼254 bp) was veriﬁed
through 2% agarose gel electrophoresis. PCR products were then
puriﬁed using InvitrogenTM PureLinkTM PCR Puriﬁcation Kit (Invitrogen Life Technologies, USA). After a quality check with NanoPhotometer NP60, PCR products were sent to Purdue Genomics Core
Facility for WideSeq (next-generation sequencing) analysis. Brieﬂy,
Illumina DNA Prep (Illumina, CA, USA) was used to create sequencing libraries, and the multiplexed libraries were sequenced
using MiSeq (Illumina, CA, USA) to generate the paired-end reads
(2 × 150 bp). Paired-end reads from each sample were processed
to remove adapters and poor-quality bases. Only the ﬁltered paired
reads were used for further processing. Next, reads were taxonom-

3. Results and discussion
3.1. Enteric coating dissolution
A systematic study on the dissolution kinetics of different anionic and cationic polymers was conducted to assess their potential use as an actuation mechanism (valve) so that the device can
only be opened at speciﬁc locations in the GI tract. The dissolution tests were performed under various pH values simulating distinct sections of the GI tract. The ionization mechanism of a typical polyanion and polycation polymers is illustrated in Fig. S1 in
the supporting information. The results of the dissolution tests on
different polyanions (Fig. 3) and polycations (Fig. 4) under GI tract
pH environments showed a diverse variety of dissolution proﬁles,
suggesting that various disintegration kinetics can be achieved by
different formulations. Among polyanion polymers at the fasted
state of the stomach (pH 1.2), all three polymers showed minimal
signs of dissolution (<10 wt%) during the normal gastric residence
6
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Fig. 4. Dissolution proﬁles of polycation polymers: (a) Eudragit E PO, (b) chitosan, and (c) summary of dissolution comparison after 1 h in different buffer solutions. The
shaded error bands show the experimental uncertainty.

time (2 h). Despite further continuing the experiment until 8 h, no
signiﬁcant increase in dissolution values was observed (Fig. 3a-c).
At fed mode, where the stomach pH increases to 3, all polymers
were dissolved less than 15 wt% within 2 h of gastric residence
time. As the experiment continued for 8 h, no signiﬁcant dissolution change was observed, with the exception of Eudragit L100–55,
which marginally dissolved to 30 ± 1.4 wt% (Fig. 3a-c). Both fasted
and fed dissolution studies ascertained the resistance of all polyanion polymers to complete disintegration in a stomach-simulated
environment. At pH 5.5, which generally corresponds to the pH of
both the duodenum and cecum, all polyanion polymers exhibited
partial dissolution even after 8 h (Fig. 3a-c). At the proximal small
intestine region, where the pH approaches 6.8, Eudragit L100–55
and Eudragit L100 became fully ionized within 2 and 5 h, respectively, whereas Eudragit S100 only dissolved 18 ± 1.9 wt% after 8 h
(Fig. 3a-c). With respect to the short bowel transit time, typically
between 4 and 6 h, we considered the lower limit of 4 h to ensure
the full dissolution of the enteric coating and summarized the dissolution percentages in Fig. 3d. Therefore, within such transit time
through the small intestine, both Eudragit L100 and Eudragit S100
displayed incomplete dissolution at pH 6.8, and thus, only Eudragit
L100–55 can be considered as the promising candidate for the top
layer enteric coating.
On the other hand, Eudragit E PO and chitosan were studied as
polycation polymers that are insoluble in high pH environments,
and their solubility mechanism in low pH aqueous medium relies
on protonation, repulsion, and swelling of their amine groups. As
mentioned before, the successful functionality of the bottom layer
is directly determined by surviving the mid to distal pH range
of the small intestine (6.8–7.4) while dissolving in the lower pH
(∼5.5) of the cecum in the colon. The acquired dissolution proﬁles
of Eudragit E PO in various pH environments are shown in Fig. 4a.
In acidic conditions of the fasted/fed stomach (pH 1.2 and 3), this
structure displayed rapid dissolution within less than 30 min, as
expected. Conversely, the polymer behavior in the distal pH (7.4)
of the small intestine exhibited a slow ionization process where
the polymer continued to dissolve gradually but ﬁnally leveled off
by showing 30 ± 1.7 wt% dissolution after 1.5 h. In midsections of
the small intestine, where the average pH is 6.8, the polymer required 2.5 h to fully dissolve. This was still satisfactory as the upper polyanion layer has yet to completely dissolve and hence provides protection for the bottom layer from exposure to gut ﬂuid.
Upon being exposed to the most crucial pH of 5.5 (cecum), Eudragit E PO fully disintegrated within 45 min, considerably less
than the ascending colon transit time (with an average transit time
of 4.2 to 19 h) [52–56], securing the proper opening actuation of
the sampling capsule at the site of the ascending colon. The chitosan, however, revealed a substantially lower pH sensitivity towards different pH buffer media. As shown in Fig. 4b, chitosan
dissolution was pH-independent and thus suggests a lack of per-

formance reliability in this application. As a means of comparison,
the summary plot of the polymer dissolutions at different pH environments over the course of 1 h is presented in Fig. 4c. Based
on the dissolution results, Eudragit E PO polymer was employed
as the bottom layer due to its slow ionization in the intestinal pH
levels and rapid dissolution in the acidic pH environment of the
stomach.
Notably, due to patient-to-patient variations in GI tract motility, there is a risk of prolonged transit time in the stomach, small
intestine, and colon. Therefore, to further validate the reliability
of the identiﬁed polymers (Eudragit L100–55 and Eudragit E PO),
their dissolution kinetics over 48 h were evaluated (Fig. S2). The
ﬁndings showed that despite extending the transit time to 48 h,
neither the top nor bottom layers would completely dissolve, further supporting the enteric coatings performance.
3.2. Double-layer enteric coating characterizations
In the preparation process of Eudragit E PO and Eudragit L100–
55, identical solvents (acetone and isopropanol) were used, and in
case the ﬁlms are dried in the ambient environment, it may lead
to several complexations with a two-layer pH-responsive enteric
coating including the risk of intermixing between coatings, micropore formation, toxic solvent entrapment, and unexpected dissolution behavior. These issues were addressed by applying NIR technology as a rapid and nondestructive technique to signiﬁcantly increase the evaporation rate between the pH coatings, and the effects were compared with the environmentally dried ﬁlms as controls. It should be noted that the NIR drying process was not only
helpful in preventing intermixing between layers but also reduces
the processing time by drying the coated ﬁlms within 20 s as opposed to the ambient drying conditions, which require over 12 h
to fully dry.
3.2.1. Intermixing and morphology assessment
As previously stated, since the solvents of both Eudragit L100–
55 and Eudragit E PO were similar, there was a high risk of intermixing between polymers if the layers were naturally dried in
environmental conditions. Additionally, the intermixed polymers
may display unsolicited dissolution trends in different pH environments. To better visualize the effects of NIR on the morphology
and the dissolution behavior in different sections of the GI tract,
the double-layer enteric coating was sequentially exposed to pH
1.2, 6.8, and 5.5, for 2, 4, and 1 h, representing the stomach, small
intestine, and ascending colon environments, respectively. Fig. 5
shows the cross-sectional microscopic images of the double-layer
pH-responsive coating that was dried in ambient conditions and
the NIR process followed by exposure to different pH buffer solutions that simulated the transition throughout the GI tract. The
7

JID: ACTBIO

ARTICLE IN PRESS

S. Nejati, J. Wang, S. Sedaghat et al.

[m5G;October 22, 2022;19:13]
Acta Biomaterialia xxx (xxxx) xxx

Fig. 5. Cross-sectional microscopic images of the double-layer enteric coating (a-d) without and (e-h) with NIR drying between coated layers. (a, e) prior to the experiment,
(b, f) after 2 h in pH 1.2, (c, g) after 6 h in pH 6.8, and (d, h) after 1 h in pH 5.5.

clear mixture of orange and blue colors in Fig. 5a evidently demonstrates that the two polymers were blended with the slow ambient
drying process. Moreover, since the polymers were merged, the top
layer did not provide appropriate protection during the transition
steps between GI simulating section, a proper dissolution sequence
was not observed, and the coating was fully dissolved within less
than 4 h of exposure to pH 6.8 (Fig. 5c). These results indicate that
capsules prepared with the environmentally dried double layer enteric coating is unlikely to initiate at the site of ascending colon
but may begin at the small intestine (Fig. 5d). In contrast, a distinct two-layer coating was observed with the double layer enteric coatings that were dried using NIR process between coatings
(Fig 5e). The coating also showed no signs of dissolution after being submerged in pH 1.2 for 2 h (simulating the stomach), as the
top blue layer remained unionized while serving as a shield that
protected the bottom layer against the highly acidic environment
of the stomach (Fig. 5f). Next, exposure to pH of 6.8 (simulating
environment of the small intestine) dissolved the top polyanion
layer leaving behind the bottom polycation layer, which also remained intact after 4 h of exposure in the stimulating small intestinal environment (Fig. 5g). Finally, once the bottom layer was
exposed to the ascending colon with pH 5.5, the complete dissolution occurred within 1 h (Fig. 5h), suggesting that the double-layer
pH-responsive enteric coating with the NIR drying process can potentially be utilized as an effective strategy to enable site-selective
activation/sampling of the capsule within the proximal colon region.
The importance of NIR heat treatment on the double-layer enteric coating was also highlighted in the high magniﬁcation crosssectional SEM images. As revealed for the control sample in Fig. 6a,
although Eudragit E PO as the bottom layer showed no structural
defects, the top Eudragit L100–55 layer displayed notable pores
along the ﬁlm surface. The pores with the diameter range of 5–
30 μm were mainly formed due to the slow drying process in
ambient conditions as well as the high molecular weight of Eudragit L100–55, causing more polymer chain entanglement that restrains solvents from easily escaping the polymer structure. These
pores were prone to actively absorbing the buffer solution and
unpredictably altering the dissolution kinetics. However, the sam-

ples with the NIR drying process showed a signiﬁcant reduction
in the ﬁlm pores in more compact and uniform layers, as shown
in Fig. 6b. This observation can be explained by the uniform and
through-thickness heating of the ﬁlm by infrared radiation.
To further ensure that the applied NIR process effectively prevented the intermixing of the double-layer ﬁlm without altering
their chemical composition, ATR-FTIR spectra from single-layers of
Eudragit L100–55 and Eudragit E PO polymers both in ﬁlm and
powder forms were compared with the double-layer ﬁlm. ATRFTIR spectrum for pure Eudragit L100–55 and Eudragit E PO powders demonstrated predominant characteristic peaks at about 1700
cm−1 and 1100 cm−1 assigned to the C=O stretching vibration
patterns of ester group and C–O bonds of carboxylic group, respectively. Additionally, the spectrum of Eudragit E PO showed a
stretching band at about 2850 cm−1 for the dimethylamine group,
which can distinguish between Eudragit L100–55 and Eudragit E
PO (Fig. 6c). ATR-FTIR spectra of the polymer layers exhibited
all the critical peaks for both Eudragit L100–55 and Eudragit E
PO ﬁlms without any remarkable vibration band for the solvent
residues (Fig 6b). These observations revealed that NIR processing was an eﬃcient drying technique that could successfully remove all the solvents without negatively impacting the polymer
ﬁlm structures. The ATR-FTIR spectrum for the double-layer ﬁlm
demonstrated the characteristic peaks of the pure Eudragit L100–
55 top layer polymer without any noticeable sign of intermixing
between polymers. Although polymers had a high tendency of immiscibility due to the identical solvents used, ATR-FTIR observations conﬁrmed that NIR drying successfully prevented the intermixing process via rapid removal of solvents from the polymeric
mixtures.
To further quantify the intermixing levels at the interface of
two layers after NIR drying, a cross-sectional elemental Raman
map for the double-layer coating and Raman spectra for the singlelayer and double-layer ﬁlms were obtained. As shown in Fig. 6e,
the bottom layer represented Eudragit E PO, and the top layer represented Eudragit L100–55. The clear separation of these layers
was conﬁrmed by the image mapping obtained in Fig. 6f. The Raman mapping demonstrated two distinct structural features represented by colors of red (for the bottom layer) and green (for
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Fig. 6. Effects of NIR drying process on the double-layer enteric coating. Cross-sectional SEM images of (a) environmentally dried and (b) NIR dried coatings. ATR-FTIR of
Eudragit E PO and Eudragit L100–55 (c) in the pristine powder form and (d) ﬁlms after NIR drying. (e) Cross-sectional microscopic image of the double-layer enteric coating
interface and (f) the elemental Raman mapping display the separation of the layers. (g) Raman spectra of the marked regions (X) from the top and bottom layers in the
double-layer enteric coating prepared with NIR drying process and (h) Raman spectra of separately prepared single-layer ﬁlms of Eudragit L100–55 and Eudragit E PO.

the top layer). The narrow yellow region observed between the
top and bottom layers with a thickness of <3 μm displayed the
low amounts of polymer blending, which demonstrated the effect of NIR drying. Moreover, the Raman spectra of the individual polymers were obtained to compare with the spectra of layers in the double-layer ﬁlm. These polymer ﬁlms exhibited characteristic peaks in the wavenumber range between 2600 and 3200
cm−1 (Fig. 6h) which can be identiﬁed to differentiate them in the
double-layer sample. Fig. 6g shows the spectra of the bottom and
top layers in the double-layer sample, which closely resembled the
spectra of Eudragit E PO and Eudragit L100–55 in Fig. 6h, indicating no signs of intermixing and polymer blend formation on the
NIR dried samples.

of 320,0 0 0 g/mol, was considerably more viscous than Eudragit E
PO, whose molecular weight was only 47,0 0 0 g/mol. This higher
molecular weight noticeably caused more entanglement and trapping of solvent molecules, making them more diﬃcult to be removed without the aid of drying techniques like NIR. As a result,
the NIR drying process was found to serve as a more effective drying process and independent of the molecular weight structure of
processing polymer ﬁlm.
Despite effective solvent removal being conﬁrmed by the ATRFTIR analysis, in vitro cytotoxicity was determined by MTT assay
using MSC cells to ensure the safety features of the device components. As the capsules were intended to be administered to
live animals, it was crucial to offer no toxic solvent release while
the enteric coating dissolves in the body. The cytotoxicity of the
capsule with no enteric coating was performed to ensure the 3D
printed resin was fully polymerized and contains the fewest possible monomers toxic to the cells. Examination of the cytotoxicity
of the enteric coating was also essential since the layers were not
sprayed but dispensed, which enhanced the solvent entrapment
possibility. Therefore, cytotoxicity of the double-layer coated capsules with and without the NIR process was carried out to determine the presence of any residual toxic compounds of isopropanol
and acetone solvents within the enteric coating structure. The average cell viability of the 3D printed capsule housing was calculated as 92%, indicating the capsule housing was biologically safe
(Fig. 7c). However, the cytotoxicity result of the dispensed ﬁlms
dried in the environment showed a drastic drop to <50%. This toxicity of the double-layer ﬁlm was caused mainly by the gradual release of the solvent (isopropanol) from the top layer as the high
molecular structure of Eudragit L100–55 trapped more solvents,
as concluded with TGA results. The trace amount of isopropanol
has been shown to be extremely toxic to the cells, as discussed
in previous studies [57]. In contrast, the average cell viability of
the double-layer pH-responsive enteric with the NIR drying process showed a high level of cell viability (84%), suggesting that
both capsule housing and the double-layer enteric coating were
harmless to the cells.

3.2.2. TGA and cytotoxicity assessment
Thermal characterization of single-layer Eudragit L100–55 and
Eudragit E PO ﬁlms under different drying conditions was performed using TGA to evaluate the presence of any solvent trapped
in the ﬁlm matrix with and without the NIR process. Both Eudragit L100–55 and Eudragit E PO pristine powders exhibited a
minimal change in weight at temperatures up to 150 °C. However, the environmentally dried Eudragit L100–55 ﬁlms showed
a signiﬁcantly 14% weight loss at elevated temperatures between
50 and 150 °C. This weight loss resulted from the evaporation of
the entrapped solvents, while the weight loss from 225 to 425 °C
was due to the thermal degradation of the polymer structure, as
depicted in Fig. 7a. In contrast, the entrapped solvents from the
Eudragit L100–55 ﬁlm were successfully removed via NIR drying,
resulting in a TGA curve similar to that of the powdered form,
as shown in Fig. 7a. This was also true for Eudragit E PO ﬁlm
where a higher quantity of solvents (3%) was trapped in the environmentally dried sample, whereas the NIR dried ﬁlm exhibited
a similar TGA curve to that of the pristine powder form of the
polymer (Fig. 7b). The noticeable difference in the entrapped solvents of the environmentally dried Eudragit L100–55 and Eudragit
E PO ﬁlms can be explained the difference in molecular weight of
these two polymers. Eudragit L100–55, with a molecular weight
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Fig. 7. TGA analysis of (a) Eudragit L100–55 and (b) Eudragit E PO in the 3 forms of pristine powder, polymer ﬁlms dried in the environment labeled as ﬁlm-env, and
polymer ﬁlms dried using rapid NIR process labeled as ﬁlm-NIR. (c) shows the in vitro cytotoxicity of 3D printed capsule housing (labeled as Capsule), and double-layer
coated capsules dried with NIR (labeled as capsule-DL-NIR) and dried in the environmental conditions (labeled as capsule-DL-env).

ange dye) was due to the blending of the layers where polymers
were unable to act independently, as discussed in section 3.3.1. In
pH 6.8, it took 2 h for the remaining top layer to fully dissolve
(with the full release of the blue dye). Since the bottom layer was
already ionized, the sampling was initiated from the small intestine, and the sampled content had no trace of the ascending colon
ﬂuid, as shown in Fig. 8b. Conversely, the capsule with the rapid
NIR drying process of the enteric coatings exhibited minimal signs
of dissolution (8 ± 1.7 wt%) from both top and bottom layers after 2 h in pH 1.2. As the pH increased to the average small intestine value, the samples collected from the buffer showed more
rapid dissolution of the outer layer coating (release of the blue dye
with a complete dissolution of the top layer after 2 h in pH 6.8).
The orange dye, however, showed a controlled release for the ﬁrst
2 h and ﬁnally plateaued at 30 ± 1.8 wt% dissolution, preventing
the ﬂuid from entering the capsule when the device was removed
and inspected. When the capsule was introduced into the ascending colon pH (5.5), the bottom layer was fully dissolved in 1 h allowing the ﬂuid to ﬁll the capsule (Fig. 8c). These results are in
accordance with results obtained from Fig. 3-5 and demonstrated
the signiﬁcant beneﬁt of NIR drying for achieving successful activation within the intended proximal colon region the GI tract.

3.4. In vitro bacterial sampling
Fig. 8. In vitro assessment of the dissolution kinetics of double-layer enteric coating with and without NIR drying process. (a) Different pH buffer solutions used to
mimic GI tract including the stomach, small intestine, and ascending colon. Dissolution percentage as function of time for the two enteric coatings on the capsule
(b) without and (c) with NIR drying process.

The capsule’s eﬃciency in maintaining the bacteria ratio for
studying the colon microbiome composition was conﬁrmed by
testing sampling devices in three gut bacterial strain mixtures. Lactobacillus cremoris and Bacteroides fragilis represent Firmicutes and
Bacteroidetes, the two dominant phyla in the gut microbiome, and
E. coli LF82 represents the lower concentration from the Proteobacteria phylum. Each mixture was aliquoted before (pre) and after
(post) device sampling (Fig. 9a(i) and (ii)) to serve as bacterial
proﬁle controls for the corresponding mixture and was eventually
compared with the sample extracted from the capsules (Fig. 9a,iii).
The results of the WideSeq data (Fig. 9b,c) demonstrated the bacteria preservation ability of the capsule in mixture 1 and pinpointed
a relatively low standard deviation of 0.22% between pre, post, and
capsule strain abundance of both Bacteroidetes and Firmicutes in
mixture 2. Additionally, in mixture 3, the results indicated 1.82%,
0.05%, and 1.75% variability between pre, post, and capsule strain
abundance between Bacteroidetes, Firmicutes, and Proteobacteria,
respectively (Fig. 9d). Overall, these ﬁndings certiﬁed that the samples collected from the capsules were capable of perfectly preserving the microbiome composition without altering its ratio and diversity.

3.3. In vitro assessment of targeted activation
The in vitro studies were carried out to determine the dissolution kinetics of each of the double-layer enteric coatings in different regions and targeted activation/sampling within the intended
section of a GI simulating environment. For this test, two sets of
capsules with the double layer enteric coating prepared by slow
ambient drying and rapid NIR-assisted drying were compared. To
do so, the fully assembled capsules were sequentially exposed to
different buffer solutions resembling the GI tract conditions, including the stomach, small intestine, and ascending colon (Fig. 8a),
with reference to their residence time of 2, 6, and 4 h, respectively. The capsule with the environmentally dried coatings showed
100% dissolution of the bottom layer over the course of 70 min
and 40 ± 1.6 wt% dissolution of the top layer within 2 h in pH
1.2. Burst disintegration of the bottom layer (and release of the or10
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Fig. 9. In vitro bacteria sampling assessment. (a) Shows the vials containing one, two, and three mixtures of bacteria used (i) represents the pre-sampling conditions where
the capsules are submerged. (ii) After 2 h, the capsules are removed from the sampling vials (iii) and transferred into DI water for sample extraction. WideSeq results of
bacteria population sampled by the capsule in comparison to bacteria before the sampling process (pre-sampling) and after the sampling process was completed (postsampling) in the three bacteria mixture conditions (b) mixture 1 (Bacteroidetes), (c) mixture 2 (Bacteroidetes and Firmicutes), (d) mixture 3 (Bacteroidetes, Firmicutes, and
Proteobacteria).

3.5. In vivo study in pigs

The 16S rRNA sequencing data obtained from the dissected sections throughout the GI tract of the two pigs are compared with
the samples collected from the sampling capsule in Fig. 10. In
the current study, the signiﬁcant proportion difference of Firmicutes and Bacteroidetes between small and large intestines was
used as a physiological indicator specifying the sampling location of the device. As suggested in previous studies, the Firmicutes/Bacteroidetes ratio is widely accepted as an indication of
normal intestinal homeostasis, and it is observed that in humans and pigs, the phylum Bacteroidetes is signiﬁcantly decreased in the small intestinal microbiome when compared to the
large intestinal microbiome [60–62]. We conﬁrm that the Firmicutes/Bacteroidetes ratio signiﬁcantly varied along the porcine intestine, particularly between the small intestines (Mean = 1606.74,
SD = 1425.93) and large intestines (Mean = 2.96, SD = 0.86) (p
< 0.004). The most dominant phylum throughout the small intestine (including duodenum, jejunum, and ileum) was Firmicutes
(64%−99%). Moreover, Bacteroidetes phylum noticeably increased
in the large intestine sections, representing 19% to 32% of the total
bacteria.
The analyzed WideSeq results of the retrieved capsules also
suggested that both capsules had a Firmicutes/Bacteroidetes ratio of 3.38, which closely resembled the average large intestine ratio of 2.96 (p = 0.44) with respect to a signiﬁcant difference from the average small intestinal ratio of 1606 (p <
0.004). The in vivo results demonstrated that the double-layer
enteric coating performed ﬂawlessly as an opening actuator for
the device to enable targeted sampling of bacterial populations
within the proximal colonic region of the GI tract. Most importantly, both in vitro and in vivo studies showed the ability to preserve and provide a representative bacterial population that matched the targeted sampling section with high
accuracy.

As a ﬁnal step, the effective sampling performance of the capsule for targeted sampling of the colonic microbiome was investigated in vivo with pigs due to their anatomical and physiological similarities to the humans’ GI tract. The pH proﬁle and the
16S rRNA sequencing data of dissected sections along the GI tract
of the studied pigs after the retrieval of the administered capsule
are shown in Fig. 10. Some of the intestinal sections highlighted
with an asterisk (∗ ) in the plot contained no contents, and therefore the pH levels and microbial composition were not measured.
As observed in both in vivo studies, the pH within the small intestine gradually increased from 5.6 in the duodenum to the maximum value of 6.8 in the distal jejunum sections. The pH range in
the small intestine exceeded the dissolution threshold of Eudragit
L100–55 but was still above the ionization threshold of Eudragit
E PO, conﬁrming the fact that it is very unlikely that the bottom
layer would dissolve under the stated conditions. In both pigs, the
pH dropped to ∼5.5 in the ﬁrst section of the large intestine where
the cecum was located. The observed decrease in pH can be explained by the increased abundance of bacteria and their fermentation reactions, leading to the breakdown of proteins and cellulose
into volatile fatty acids [58]. Although guinea pigs and rabbits have
a small intestine pH more similar to humans, pigs have exhibited
closer pH values in the colon. Thus they may provide more reliable outcomes in human clinical studies [59]. Due to the low contents in the distal colon, the contents from the second and third
sections of the large intestine were mostly dry, and the pH probe
was unable to provide stable and accurate readings. The pH proﬁle showed a clear, distinct decrease upon entering the ascending
colon resulted in a full dissolution of the bottom layer and the inﬂow of the colonic ﬂora into the capsule reservoir, as anticipated
by the in vitro studies.
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Fig. 10. (a) Schematic illustration of the GI tract pH proﬁle and the sampling process of the capsule inside the pig model. (b) WideSeq results of the administered sampling
device compared with the pig gut microbiome composition in different sections of the intestine along with the GI tract pH proﬁle (red dashed line). (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

4. Conclusions

Declaration of Competing Interest

Although there is a plethora of evidence on the contribution
of microbiota dysbiosis to colon disease pathogenesis, the current microﬂora monitoring methodologies are ineﬃcient in noninvasively collecting the sample from the critical region of the
proximal colon. To the best of our knowledge, this is the ﬁrst study
that introduces an electronic-free device that focuses on a noninvasive sampling approach while targeting the colonic microﬂora
community to enable frequent monitoring of microbial alterations.
Owing to the distinct pH proﬁle of the GI tract, the capsule was
coated with a bilayer pH-responsive coating for targeted activation of the capsule within the proximal region of the large intestine. The capsules’ performance in targeted sampling was validated using systematic in vitro and in vivo studies. The ﬁndings obtained from the realistic in vitro models demonstrated the
high levels of consistency among the collected samples compared
to the control bacteria mixture. The in vivo results in pigs veriﬁed that the retrieved microbiome community from the capsules
closely resembled the colonic microbiome population by considering the Firmicutes/Bacteroidetes ratio. In conclusion, our colontargeted sampling device can provide opportunities for frequent
non-invasive monitoring of the host colonic microbiome to effectively prevent, differentiate, and manage various colon diseases.
Moreover, this technology could provide a new steppingstone towards understanding the underlying effects of dietary and therapeutic intervention on colonic microbiome composition.
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