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Introduction

Smart capsule for non-invasive sampling and
studying of the gastrointestinal microbiomet
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Gut microbiota plays an important role in host physiology such as obesity, diabetes, and various
neurological diseases. Thus, microbiome sampling is a fundamental approach towards better
understanding of possible diseases. However, conventional sampling methods, such as endoscopies or
colonoscopies, are invasive and cannot reach the entire small intestine. To address this need, a battery-
less 3D-printed sampling capsule, which can collect microbiome samples throughout the entirety of the
Gl tract was designed. The capsule (9 mm x 15 mm) consists of a 3D printed acrylic housing, a fast-
absorbing hydrogel, and a flexible PDMS membrane. Fluids containing samples of the microbial flora
within the Gl tract enter the device through a sampling aperture on the cap of the device. Once the
microbiome enters the housing, the hydrogel absorbs the fluid and swells, effectively protecting the
samples within its polymeric matrix, while also pushing on the flexible PDMS membrane to block the
sampling aperture from further fluid exchange. The retrieved capsule can be readily disassembled due to
the screw-cap design of the capsule and the hydrogel can be removed for further bacterial culture and
analysis. As a proof of concept, the capsule’s bacterial sampling efficiency and the ability to host
microbial samples within the hydrogel in a sealed capsule were validated using a liquid culture
containing Escherichia coli. The demonstrated technology provides a promising inexpensive tool for
direct sampling and assessment of microbes throughout the Gl tract and can enable new insights into
the role of diet in mediating host—microbe interactions and metabolism.

microbiota imbalance (dysbiosis) and various diseases
including diabetes, obesity, and metabolic syndrome; diseases

Over the past decade, there has been a tremendous surge in
research focused on the human microbiome. The findings from
this research have had a profound impact on our understanding
of the vast and diverse microorganisms found in the human gut
and the vital role that they play in the pathophysiology which
dominates human health. Many of these studies have identified
the effects of the gut microbiota on human metabolism,
nutrition uptake, efficacy of orally-administered therapeutics,
and functionality of immune and neural systems. For example,
a number of studies have found correlations between
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which affect approximately 30 million people in the US.""°
Similarly, new insights regarding possible ways that gut bacteria
may influence development and maintenance of the nervous
system, suggest a link between gut microbiome composition
and the regulation of psychoneurological disorders including
anxiety, depression, and dysbiosis in autism.”® Furthermore,
studies have also shown that the presence of specific bacterial
species can alter the metabolism of certain drugs, such as
chemotherapeutic agents and antiviral drugs. Not only
biotransformation of certain drugs can cause drug-related
toxicities, it can also provide a mechanism by which drug
developers could exploit host microbiota to create more site-
specific drug delivery. Therefore, human microbiome
sampling is essential to understand the mechanisms of
microbiota-drug interactions as well as the degree to which this
complex interplay can affect the drug efficacy and bioavail-
ability. Much of what is known regarding the structure and
function of the human gut microbiome have been ascertained
from ex situ culturing and/or sequencing of bacteria from fecal
samples. In fact, since only a small fraction of gut bacteria is
available and culturable from fecal samples, major efforts have
been conducted in utilizing tools that will enable direct
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sampling of microorganisms from the entire GI tract. However,
direct sampling from the GI tract has numerous challenges
owing to its long length (9 m) and diameter alterations." While
different colonoscopy and gastroscopy sampling methods are
currently used, they are limited to sampling at certain sections
throughout the GI tract and are invasive approaches which
cause patient discomfort and can lead to decreased compli-
ance.””™ As an alternative approach, smart functional capsules
with the ability to collect samples at different targeted locations
in the entire GI tract can address several limitations associated
with conventional colonoscopy and gastroscopy.'>'® Further-
more, capsule-based devices can improve patient comfort,
without the requirement of being administered in clinical
settings. Perhaps one of the best-known smart capsules used for
diagnostic and treatment in the field of gastrointestinal
disorder is the PillCam™ capsule endoscopy (CE) technology. It
is widely used as the gold standard for collecting images from
hard-to-reach areas throughout the GI tract. It is estimated that
more than 2 million CEs have been used over the past 15 years
to diagnose diseases related to the small intestine, such as
obscure GI bleeding, tumors, Crohn's disease, angiodysplasia,
celiac disease, and polyposis.*>**'**® However, despite the great
imaging diagnostic capabilities of the PillCam technology, its
main drawback is its lack of ability to collect and store samples
insides the pill as it travels through the GI tract. Over the past
decade there have been several efforts in developing new smart
capsules with different sampling methods that can be classified
into two main categories of active and passive devices. In active
devices, the actuation and sampling mechanism are often
attained by using an on-board battery that provides the required
energy to actuate various plungers, pistons, and biopsy
forceps.'>**?' For instance, Park et al. designed an active
capsule that takes tissue biopsies with a microactuator that
moves forward and backward via slider-crank mechanism.*®
The triggering process of microactuator is achieved by electric
power applied to the shape memory alloy heating wire. In
another study, by Cui et al., a capsule was designed to push the
drug out of a piston while simultaneously sucking sampling
fluid into the reservoir.”> The actuation mechanisms were
driven by an on-board battery which was considered as the
largest component in the device.'® Battery required dedicating
a large real estate of the capsule; they also have a high risk of
failure and possibility of leakage of caustic electrolytes that can
cause severe corrosive injury and liquefactive necrosis. In
a study performed on capsule endoscopy tests on 733 patients,
malfunction of the batteries occurred in 17 cases.”® To prevent
such challenges, various passive actuation sampling mecha-
nism approaches have been exploited by enabling the capsules
to be more compact, economically viable, with fewer safety-
associated issues.” In such designs, the capsule moves
through the GI tract via peristalsis motion with an average
speed of 1-2 cm min~" and the samples are collected through
simple passive actuations such as capillary wicking actions and
pressure differentials forces." In a patent application, a capsule
was designed with a vacuum interior and a sealed opening.
Once the patient swallows the capsule and it reaches the GI
tract, the seal is dissolved and the intraluminal contents are
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pulled into the sampling reservoir.** In another study, Ross-
Innes et al. introduced a compressed sampling mesh sponge
encapsulated in an ingestible gelatin pill that is attached to
a long string. The capsule rapidly dissolves in the stomach after
being swallowed, and the sponge collects esophageal cells. The
sponge with the collected samples is then retrieved out of the
patients mouth for further analysis by pulling on the string.>®
Despite the simplicity of such passive sampling devices, there
are still important design considerations and limiting factors
that need major improvements. The first described capsule
(from the patent) requires a well-sealed vacuum chamber inside
the capsule which can significantly increase the complexity and
assembly of the device. In the second study (by Ross-Innes
et al.), the sampling mesh sponge cannot go beyond the
stomach and the sponge retrieval by pulling onto the string
upstream of the GI can cause discomfort for the patient. In
addition, most passive sampling capsule devices lack the ability
to seal and protect the collected samples after the sampling at
targeted location is completed.

In this report, we demonstrate a passive 3D-printed gut
sampling capsule that uses the swelling property of highly
absorbent hydrogel as a milieu to collect the sampled micro-
biome and also provides the required mechanical actuation to
close the capsule once sampling is completed. Hydrogels are
composed of hydrophilic polymer networks capable of
absorbing large quantities of water while maintaining their
structure. This polymer network is typically crosslinked via
covalent bonds, hydrogen bonds, van der Waals interactions, or
physical entanglements.***” Hydrogels have gained increasing
interest in the medical field, specifically in areas such as
regenerative medicine, tissue engineering, biofouling preven-
tion, and drug delivery, due to their hydrophilic nature and
biocompatibility.>*** Super-absorbent hydrogels, typically
based on the polymerization of acrylic acid and acrylamide,
have been shown to absorb 150-300 times their weight in most
aqueous environments.**** By taking advantage of the hydro-
gel's absorption capacity, as well as their mechanical properties,
it is possible to design a non-invasive sampling device which
can passively extract and secure samples taken from otherwise
unreachable areas of the GI tract. As shown in Fig. 1, the
sampling mechanism of the device consists of three steps. (i) As
the patient swallows the capsule, a biodegradable enteric
coating delays the sampling until the pill reaches the target
location within the GI tact.

(i) Once the capsule reaches the target location, the coating
will degrade, allowing gut fluids with microorganisms to enter
the capsule. (iii) As GI fluids enter the capsule, the dehydrated
hydrogel will swell and fill the entire volume of the capsule by
absorbing the sampling fluid and push the Polydimethylsiloxane
(PDMS) membrane onto the sampling aperture, sealing the
device effectively. The sealed capsule prevents further fluids from
entering as well as leaving the device throughout the remaining
GI tract. The hydrated hydrogel within the capsule provides an
ideal living environment with nutrient for the sampled bacteria
to survive before retrieval of the capsule. In addition, the high gas
permeability of the PDMS membrane allows a natural gas
exchange between the GI tract and inside the capsule which is

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10986b

Open Access Article. Published on 24 April 2020. Downloaded on 4/10/2026 4:51:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Bacteria

Biodegradable coating PDMS membrane

Fig.1 (a) Schematic illustration of sampling capsule within Gl tract. (b)
The biodegradable coating protects the components within the
capsule until it reaches the target location within the small intestine. (c)
Once it reaches the target location, the biodegradable coating
dissolves and allows inflow of fluids, which results in the swelling of the
hydrogel and closing the sampling aperture.

essential for maintaining the natural metabolism of sampled
bacteria and their survival after the capsule is sealed. The 3D-
printed screw and thread on the two compartments of the
capsule allows the capsule to be easily disassembled after being
retrieved through excretion. The collected bacteria samples can
be cultured by removing the sampling hydrogel within the device
for future analysis.

Materials and methods
Device design and assembly

The detailed 3D structure of the capsule and assembled device
as well as each individual component are shown in Fig. 2. The
device consisted of four components: a biodegradable enteric
coating, a 3D-printed housing, a sampling hydrogel, and a gas
permeable PDMS membrane. The 3D-printed housing was
designed with SolidWorks (Dassault Systéemes) and printed
using Form 2, 3D printer through PreForm software (FormLabs)
with a biocompatible methacrylate photocurable polymer via
stereolithography. The final outer diameter and length of the
printed capsule were 9 mm and 15 mm, respectively. The inner
diameter and the inner length were 7 mm and 14 mm,
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Fig. 2 (a) 3D drawing of device components including biodegradable
coating, 3D printed housing, polymeric acrylic acid/acrylamide-based
hydrogel, and flexible PDMS disk. (b) Photograph of individual
components including 3D printed housing displaying two screw-on
sections, sampling hydrogel, and PDMS disk. (c) Image of final
assembled capsule.

respectively. Each capsule was designed to contain the sampling
hydrogel as well as the 1 mm thick PDMS membrane placed
between the hydrogel and the sampling aperture.

Fig. 2a shows a 3D rendering of the assembled device. The
screwed design allowed for quick assembly and easy removal of
swelled hydrogels. Fig. 2b shows an image of all components
prior to assembly. The sampling aperture (5 mm in diameter) on
the capsule's cap was designed to allow easy flow of fluids into
the device. The highly absorbent hydrogel was synthesized with
a mixture of deionized (DI) water, acrylic acid (AA) and acryl-
amide (AM) as monomers, methylene bis-acrylamide (MBA) as
crosslinker, and ammonium persulfate (AP) as initiator. Cross-
linked hydrogels were cut into cylindrical samples and fully dried
before placing into the capsule. The PDMS membrane was made
using a standard 1 : 10 ratio of curing agent to silicone base (Dow
Corning) and cured at 80 °C for three hours, followed by laser
cutting 6.5 mm in diameter circular membranes using a Class 4
CO, Laser (Universal Laser System). Prior to assembling of the
device, a hydrophilic surface modification was performed onto
the surface of the 3D-printed housing to ensure and facilitate the
sampling fluid entering the capsule's aperture. Surface activation
was performed by using air plasma treatment followed by poly-
ethylene glycol (PEG) treatment. Plasma treatment was achieved
using a Tegal Corp plasma etcher at 480 mTorr for 2 minutes,
followed by submersion in a solution of PEG for 18 hours. The
housing was removed from the solution, rinsed thoroughly with
DI water, and allowed to air dry for 24 hours. After both the
housing and the hydrogel were fully dried, devices were assem-
bled by placing the dried hydrogel on the lower half of the 3D-
printed housing. The PDMS membrane was placed between the
hydrogel and the device cap. Fig. 2c shows a photograph of the
final assembled capsule with a diameter of 9 mm and length of
15 mm, smaller than a standard 000 size gelatin capsule (9.97 mm
X 26.14 mm).
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Hydrogel synthesis and characterization

Four ratios of AA to AM were used to determine the optimum
monomer mixture which resulted in the fastest absorption and
highest compressive force: 10% AA/90% AM, 30% AA/70% AM,
50% AA/50% AM, 70% AA/30% AM, and 90% AA/10% AM. The
total concentration of monomer mixture was 35 wt% of the total
weight of the solution. DI water accounted for 60 wt% of the
total weight, while MBA and AP accounted for 1 wt% and 4 wt%
of the total weight, respectively. The different mixtures of AA/
AM were mixed with DI water in 20 mL scintillation vials.
MBA was fully dissolved by vortexing the solution for three
minutes using a VWR Digital Vortex System. Once the MBA was
fully dissolved, the solution was bubbled with nitrogen gas for
thirty minutes in order to remove oxygen molecules which could
inhibit polymerization, followed by addition of initiator. Solu-
tions were left to polymerize at room temperature for three
hours. After full polymerization, cylinders 5 mm in diameter
and 12 mm in length were cut and dried in an isothermal oven
overnight at 80 °C. Once hydrogels were fully dried, they were
considered ready for testing. The swelling capacity of the
hydrogels with different AA/AM ratio was determined by
following a method similar to Zhu et al.*® For each AA/AM ratio,
dried samples were weighed and submerged in a solution of
1: 10 phosphate buffer solution (PBS), purchased from Sigma
Aldrich, and DI water for five hours. Samples were removed
from the solution and weighed every hour to determine the
amount of water absorbed. In order to determine whether the
hydrogels could exert enough force to overcome the GI pressure
and seal the capsule efficiently, the compressive force of each
hydrogel upon swelling was measured using an Admet Tensile
Tester. Dry hydrogels were placed in 10 mL scintillation vials
and fixed vertically on the stage of the tensiometer. A probe with
a PDMS membrane used in the capsule was attached to a 10 N
load cell and placed 1 mm away from the surface of each
dehydrated hydrogel block. Vials were then filled with a 1: 10
PBS/DI water solution and the compressive force generated by
each sample was measured and recorded as the hydrogel
swelled and pressed against the probe over time.

Enteric coating for targeted sampling

The performance of a Cellulose Acetate Phthalate (CAP) as a pH-
dependent enteric coating for controlled sampling within the
small intestine was tested. CAP was obtained from G. M.
Chemie Pvt. Ltd. in powder form. A thin CAP film was casted by
drop-casting 10 pL of solution, consisting of 4 g of CAP dis-
solved in 18 mL of acetone, onto the sampling aperture of three
capsules. Capsules were separately exposed to conditions
simulating those found along the digestive system. One capsule
was immersed in a solution of pH 7.0 for 1 minute, mimicking
the pH of saliva in the mouth when the patient swallows the
capsule. The second capsule was submerged in a solution of pH
of 3.0 for 3 hours, imitating the gastric acidic condition. The
third capsule was immersed in a solution with pH of 7.0 for 3
hours, simulating the pH of small intestine.?” Solutions of pH
7.0 were prepared by mixing 100 mL of 0.1 M potassium
phosphate monobasic with 58.2 mL of 0.1 M sodium hydroxide
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and 41.8 mL of DI water, whereas the solution of pH 3.0 was
prepared by mixing 100 mL of 0.1 M potassium hydrogen
phthalate with 44.6 mL of 0.1 M hydrochloric acid and 55.4 mL
of DI water.

For better visualization, solutions used to simulate the pHs
of saliva, stomach, and small intestine were mixed with green,
red, and blue dyes, respectively. After exposure to each condi-
tion, the sampling aperture of each capsule as well as the
hydrogel within were shown for further analysis.

Leak test

In order to test the sealing mechanism, two independent leak
tests were performed. The first test examined the electrical
conductivity (EC) changes over time to detect possible leaks
from the capsule after being activated and sealed with the
swollen hydrogel. For this test, a fully assembled capsule and
a bare hydrogel, were submerged in a 1 M solution of sodium
chloride and DI water for 18 hours to ensure complete swelling
of the hydrogels in both settings. They were then introduced
into separate 20 mL solutions of fresh DI water and the change
in electrical conductivity was measured for 6 hours using a GW
Instek LCR-821 meter. Given the low conductivity of DI water
(0.05 uS ecm™ 1Y), any significant increase in conductivity was
attributed to the exchange of fluids between the DI water and
the salt-infused hydrogels. In the second test a fully assembled
capsule and a bare hydrogel, were placed into a solution of DI
water containing red food coloring dye for 18 hours to ensure
complete swelling and absorption of the food coloring dye into
both hydrogels. They were then removed and placed into
separate containers with DI water without opening the sealed
capsule. 100 uL samples were collected from both conditions
every hour and their optical absorbance peaks were detected
using a BioTek Epoch™ 2 microplate spectrophotometer. This
test was used to assess and compare the leakage rate of the
absorbed/sampled food color dye from bare swollen hydrogel
and the activated and sealed smart capsule.

In vitro bacteria sampling and survival assessment

The device's ability to effectively sample bacteria was validated
by introducing devices into a culture solution to simulate the
gut bacterial flora in GI environment. The capsules ability to
protect the sampled bacteria after activation and sealing was
tested in different extreme environments that directly affect the
bacterial growth and survival rate upon direct contact. For this
test, three fully assembled capsules and three bare hydrogel
samples, were immersed in a solution of 100% Tryptic Soy Broth
(TSB, Sigma Aldrich) containing Escherichia coli and incubated
for eight hours at 37 °C. During the incubation period, the
bacteria within the culture media were captured within the
hydrated hydrogel matrix inside the capsule and the bare
hydrogel samples. Next, pairs of activated/sealed capsules and
bare hydrogel samples were removed from the bacteria culture
solution and immersed into three different solutions including
PBS, 1000 ug mL ™" of Tobramycin (antibiotic) prepared in PBS,
and bleach diluted at a 1 : 10 ratio in DI water. PBS was used as
a biocompatible media and as

a control experiment.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10986b

Open Access Article. Published on 24 April 2020. Downloaded on 4/10/2026 4:51:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Tobramycin and bleach solutions were used to validate the
effectiveness of the sealing mechanism of activated capsules in
protecting the sampled bacteria against extreme hostile envi-
ronments. Bare hydrogel samples with captured bacteria were
used as a control to assess the survival rate of the sampled
bacteria upon direct exposure to the three conditions. The
capsule and bare hydrogel pairs were kept in each of the three
test solutions for one hour; the samples were then removed
from the solutions and the number of viable bacteria counts for
each condition was assessed. The captured bacteria were
extracted by un-screwing the two parts of the capsule and
removing the loaded hydrogel using a sterile inoculation loop
and placing it into 10 mL of 100% TSB solution. Bare hydrogel
samples with captured bacteria were also transferred directly
into separated 10 mL vials of TSB solution. The captured
bacteria within all hydrogel samples were extracted into the TSB
solution by incubating them for 20 minutes at 37 °C under
mechanical agitation. The number of viable bacteria within the
hydrogel samples was determined by plating the extracted
solution onto TSB/Agar plates and counting the number of
Colony Forming Units (CFU).

Surface characterization

Surface contact angle measurements were taken using a Ramé-
Hart Model 290 F1 Advanced Goniometer on untreated
samples, plasma-treated samples, and plasma + PEG-treated
samples. Initial as well as receding contact angle measure-
ments were carried out at ambient temperature by placing
a ~10 pL water droplet onto the 3D printed surface before and
after the different surface modifications.

The microstructure network of the produced hydrogel and
its ability to capture bacteria within its porous matrix was
evaluated using Hitachi S-4800 field emission scanning electron
microscopy (SEM) after Au/Pd sputtering. SEM imaging was
performed on bare and bacteria-captured hydrogel samples.
The first hydrogel sample was placed in a solution of PBS for 8
hours, while the second hydrogel was placed into a solution of
100% TSB inoculated with E. coli. Both hydrogel samples were
freeze dried using a LyoStar 3 Freeze-dryer from SP Scientific for
18 hours prior to performing the SEM imaging.

Results and discussion
Surface wettability

In order to ensure a continuous pull of fluid from the gut into
the narrow sampling aperture on the capsule, it was necessary
to modify the capsule's polymeric surface with a long-lasting
hydrophilic coating. Fig. 3 shows the results of the contact
angle measurements and its stability over time on the 3D-
printed capsule casing before and after different surface
modification procedures of only plasma treatment and plasma
treatment followed by PEG coating. Untreated 3D-printed
surfaces exhibited a relativity high water contact angle with an
angle of 80°. The results from the plasma treated samples show
a decrease in the water contact angle right after plasma activa-
tion from 80° to 33° which implies the generation of
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Fig.3 (a) Image of 10 pL DI water droplet on untreated, plasma treated
and plasma + PEG treated surfaces. (b) Plot of contact angle
measurements for untreated, plasma treated, and plasma + PEG
treated surfaces over 7 day period.

a hydrophilic surface. However, despite an initial increase in
hydrophilicity, the results showed that the surface modification
was unstable, and the contact angle increased from 33° to 60°
after five days. On the other hand, the plasma treatment fol-
lowed by the PEG coating showed a super-hydrophilic surface
characteristic with a contact angle of almost 0° during the entire
seven-day period. The significant decrease in contact angle and
its high stability over time denotes the robustness of plasma +
PEG surface modification treatment will ensure the gut fluids to
easily wick and flow through the sampling aperture.

Hydrogel swelling and force profiles

The swelling response of hydrogels with different monomer
ratios of 10% AA/90% AM, 30% AA/70% AM, 50% AA/50% AM,
70% AA/30% AM, and 90% AA/10% AM is shown in Fig. 4. Fig. 4a
shows pictures of a fully dried and a fully swollen hydrogel. The
response is expressed in terms of weight ratios calculated by
dividing the difference between the weight after submersion and
the initial weight of the dry sample (G; — G,) by the initial weight
(Go)- The general trend shown in Fig. 4b suggests that, with
higher ratios of AA to AM, the swelling potential of hydrogels
decreases. It was proved that samples with a ratio of 10% AA/90%
AM, had the fastest and largest swelling potential, reaching 2.2
times their initial dry weight within 5 hours. The only exception
to this trend is found in samples with a ratio of 90% AA/10% AM.
These samples initially show a rapid absorption, similar to the
samples of 10% AA/90% AM ratio. However, despite their rapid
initial response, the swelling ratio plateaus within the first hour.
The normal baseline pressure within the lumen of the human
colon is reported to be between 12 mmHg and 20 mmHg, which
can also reach up to 26 mmHg (3466.38 N m™?) after a meal in
patients with constipation.*® Using force-pressure relations, the
estimated extreme back force that can be exerted by the intra-
luminal pressure in the small intestine on the PDMS membrane
inside the capsule is equal to 0.46 N. Therefore, it was necessary
for the PDMS membrane valve on the sampling capsule to
withstand back pressures greater than 0.46 N for perfect sealing
after sampling/activation. Fig. 5 shows two images of dry and
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Fig.4 (a) Image of 10% AA/90% AM hydrogel before and after swelling
in PBS for 5 hours. (b) Plot of swelling ratio over time for hydrogels
made with different AA/AM ratios.

swollen hydrogels against the force probe as well as the force
profile that was recorded during the hydration process of
hydrogel samples made with different AA/AM ratios as a function
of time. The results show that the samples with a lower AA/AM
ratio show a relatively faster increase in the force exerted on
the PDMS membrane. Except for the hydrogel made with the 90%
AA/10% AM monomer ratio, all other hydrogels were able to
provide the necessary force during a five-hour hydration and
swelling period, that overcomes the estimated back pressure
within the lumen of the GI tract (>0.46 N). Samples made of 10%
AA/90% AM show the fastest increase, meeting the required force
within an hour of hydration and swelling. The observed delay in
force generated with different AA/AM ratios can be directly
correlated to their corresponding swelling profiles. As seen in
Fig. 5a, dry hydrogels were placed 1 mm away from the force
probe, as this was the total length the hydrogels would have to
swell in order to seal the capsule. The faster absorption rate
translates to faster detection of force generated as the hydrogel
more readily reaches the probe. Given these results, crosslinked
hydrogels with the monomer ration of 10% AA/90% AM had the
most suitable actuation and sampling capability, as it provided
both the highest absorption and force generating properties and
therefore was used in the final assembly of the sampling capsule
and for further characterization.
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Fig. 5 (a) Image of dry hydrogel (left) and swollen hydrogel (right)
against force probe on tensile testing machine. Dry hydrogels were
places 1 mm away from force probe. (b) Plot of force profile generated
during the swelling process of hydrogels synthesized using different
AA/AM ratios.

Enteric coating characterization

Ensuring that hydrogels within the capsule will only capture
samples at the target location is crucial based on two reasons.
First, any exposure prior to the target location can result in
contamination due to unintended sampling of microorganisms
from the mouth or stomach. Second, as the capsule travels
through the stomach, absorption of gastric acid can create
a hostile environment within the hydrogel matrix for further
sampling. In order to enable selective sampling mechanism, an
enteric coating which dissolves above a certain pH threshold
was utilized. Due to the variability in pH along the digestive
tract, several polymers have been designed for targeted drug
delivery in the small intestine and colon. Among these poly-
mers, CAP has been frequently used due to its availability, ease
of synthesis, and excellent pH-dependent solubility.**** CAP
selectively dissolves at pH levels greater than 5.0, making an
ideal polymer for an enteric coating in this application.

Fig. 6 demonstrates the performance of enteric coating
towards different pH levels along with sampling visualization
within the small intestine condition. Once the caps are coated
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Fig. 6 (a) Images of individual device components before introduction
into solutions of variable pH. The CAP coating is visible on the sampling
aperture of each cap. (b) Images of assembled device inside solutions of
different pH for different time lengths. Green solution simulates saliva
(pH 7.0 for 1 minute), red solution simulates gastric acid (pH 3.0 for 3
hours), and blue solution simulates intestinal fluid (pH 7.0 for 3 hours). (c)
Images of sampling aperture and hydrogel after exposure. As shown, the
coatings of the caps associated with saliva and gastric acid remained
intact, however, the enteric coating of the intestinal fluid fully dissolved
which caused the hydrogel to absorb the blue dye. Scale bar 6 mm.

with a thin layer of the enteric coating, they are immersed in
different pH levels including pH 7.0 (saliva/mouth), pH 3.0
(stomach), and pH 7.0 (small intestine) all of which simulate the
pH levels of the GI tract as the capsule travels ahead. The images
on Fig. 6a show the capsule body, hydrogel and the degradable
enteric coating entirely covering the sampling aperture of each
individual device before exposing the capsule to different pH
buffer solutions. Different food coloring dyes including green,
red, and blue were added to the buffer solutions to better visu-
alize the saliva, stomach, and small intestine, respectively
(Fig. 6b). If a hydrogel was to be exposed to the surrounding
media as a result of degradation of the enteric coating, a visible
change in color should be observed. Fig. 6c¢ clearly exhibits the
cap of each device as well as the hydrogel after exposure to each
solution. The CAP coating as well as the hydrogels exposed to
solutions of pH 7.0 for 1 minute (green) and pH 3.0 for 3 hours
(red) display no signs of degradation, dissolution, swelling, or
change in color. However, the coating on the sampling aperture
of the device exposed to pH 7.0 for 3 hours (blue) shows vivid
signs of degradation and dissolution resulting in a clear absor-
bance and swelling which is obvious by the distinct change in
size and color. These results suggest that by utilizing a polymer
with pH-dependent solubility as a degradable coating, selective
targeted sampling of the small intestine is achievable.

Leak test

Once samples are collected at the targeted location within the
GI, it is important that the sealing mechanism effectively
prevents any further exchange of fluids to occur as it travels
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further down the digestive system. Any fluid exchange beyond
the target location will result in contamination of the collected
sample of microbial colonies. Fig. 7a shows the experimental
setup of the EC-based leak test. Any exchange between the
hydrogels loaded with a 1 M solution of NaCl and the DI water
would be reflected as an increase in the conductivity of the
environment. Fig. 7b shows changes in conductance for a solu-
tion of undisturbed DI water, DI water after exposure to a bare
hydrogel, and DI water after exposure to a sealed capsule. The
baseline conductance of DI water is close to 0.5 uS, due to the
lack of ions in the solution. The conductance of the media, as
the bare hydrogel is introduced, increases rapidly due to the
quick exchange of fluids between the hydrogel and the envi-
ronment. This scenario simulates a complete failure of the
sealing mechanism, where free sodium and chloride ions are
released into the fresh media, thus increasing the conductance
of the system. The results for the hydrogel within the capsule
indicate no increase in conductance over 8 hours, suggesting
there is no leak from the capsule into the fresh media.
Additionally, the results from the UV-visible spectroscopy
measurements show changes in absorption intensity at
different wavelengths over time. Fig. 8a shows the experimental
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Fig. 7 (a) Experimental setup for EC-based leak test, including copper
wires with platinum tips in DI water exposed to bare hydrogels and
activated capsules. (b) Plot of changes in electrical conductivity for
pure DI water, bare hydrogels in DI, and sealed capsules in DI.
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Fig. 8 (a) Experimental setup of leak detection experiment based on
changes in absorption intensity of DI water exposed to bare hydrogels
and hydrogels within sealed capsules carrying red food coloring dye.
(b) UV spectroscopy measurements for all samples at 520 hm over 8
hour period.

setup for this test. From left to right, flasks contain a bare
hydrogel in DI water, a sealed capsule in DI water, plain DI
water, and DI water with red food coloring dye. The difference
between the bare hydrogel and the sealed capsule becomes
apparent when comparing both solutions. A slightly visible
change in color can be observed in the first container as the bare
hydrogel releases its contents into the solution. The solution
containing the sealed capsule is similar to plain DI water, as the
sealing mechanism prevents any leakages. UV-visible spectros-
copy measurements for pure DI water, sealed capsule in DI, and
the bare hydrogel in DI over time at a 510 nm wavelength are
shown in Fig. 8b. These results confirm that the sealing
mechanism prevents any leakages within 8 hours. The absorp-
tion intensity of DI water with the bare hydrogel increases over
time as the food coloring is released into the environment. A
dramatic increase after 5 hours confirms the presence of the
dye. The absorption intensity of DI with a sealed capsule and
pure DI water are comparable and remain stable over time,
confirming no exchange of fluids between the hydrogel within
the sealed capsule and the environment.

Bacteria sampling and retrieval assessment

Besides testing the effectiveness of the sealing mechanism, it was
crucial to assess the hydrogel's ability to collect bacteria and
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determine whether culturing of retrieved bacteria is achievable.
The most relevant applications of this device include its ability to
access currently non-accessible regions of the GI tract to collect
live bacterial samples for subsequent culturing. It is not only
important to determine whether further fluid exchange will occur
once ingested, but also to determine whether bacteria can survive
once collected. To determine bacteria sampling effectiveness and
to understand the mechanism in which the hydrogel can collect
microbes, cross section SEM images of the hydrogels were taken.
Fig. 9 shows SEM images of the cross-sectional morphology of
freeze-dried hydrogels submerged in a solution of DI water and
hydrogels submerged in 100% TSB inoculated with E. coli.
Images at low magnification show a dense network of crosslinked
AA and AM monomers, with pores ranging from 10 um to 50 pm
in diameter. Fig. 9b exhibits the clean surface of a hydrogel after
being swollen in DI water. Fig. 9c shows the presence of bacteria
on the surface of the hydrogel submerged in a bacterial solution.
These images confirm that E. coli were able to attach onto the
solid polymer network of the hydrogel. The high porosity of the
developed super absorbing hydrogels allows the bacteria-
containing fluids to flow through its matrix as well as easy
entrapment within the bound fluid in the hydrogel. In order to
further test the capsule sealing mechanism's effectiveness after
sampling, hydrogels were allowed to swell in bacteria-rich solu-
tions and then introduced into solutions containing PBS, 1000 ng
mL~" Tobramycin, and bleach. Tobramycin (antibiotic) and
bleach were used to simulate extreme harsh conditions which
test the PDMS membrane's suitability to protect the collected
bacteria from contamination. Fig. 10 shows viable bacterial
counts in CFU mL ™" for bare hydrogels and hydrogels within
sealed sampling capsules exposed to these solutions. The aim of
this experiment is to characterize the effectiveness of the sealing
mechanism to protect the contents of a hydrogel containing
bacterial sample in a fully assembled sealed device while being
exposed to these three solutions. As observed in Fig. 10 the
culture results from the bare hydrogels had overall lower number

) A

100 um ‘

5 um

5 pum

Fig. 9 (a and b) SEM images of freeze-dried hydrogels exposed to
pure DI water and (c and d) TSB/PBS solutions inoculated with E. coli.
Surface images of hydrogels exposed to bacterial solutions show that
bacteria can attach to the polymer matrix.
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of extractable and viable bacteria as compared to the bacteria that
were extracted from hydrogels within the sealed capsules across
all conditions. For hydrogels submerged in PBS, the number of
CFU mL " drops three orders of magnitude when comparing
bare hydrogels and hydrogels within the sealed capsule. PBS is
commonly used as media for long-term storage of bacteria due its
biocompatibility and preservative properties.** Based on this
result, there is a decrease in bacterial concentration due to
dilution of the initial sample collected with the bare hydrogel as
it is introduced to a different solution. Despite any decrease due
to dilution, there is a more obvious decline in bacterial concen-
tration in hydrogels immersed in a solution containing Tobra-
mycin and bleach. The number of CFU mL ™" drops six orders of
magnitude, twice the decrease in PBS, when introduced to
Tobramycin. Tobramycin, which is an aminoglycoside antibiotic,
can inhibit 92% of E. coli strains at concentrations as low as 6.25
ng mL~'.* Based on the inhibitive capacities of Tobramycin, the
steep decline in bacterial concentration is expected. At the same
time, the higher concentration of bacteria from hydrogels within
the sealed capsule suggests that the sealing mechanism pro-
tected the hydrogel from interacting with the antibiotic, as well as
suggesting that the hydrogel provides a hospitable environment
for bacterial concentrations to remain for long periods of time.
The results for hydrogels in bleach further confirm the seal's
efficacy as well as the hydrogel's biocompatibility. Bleach is
a strong sterilizing chemical, which is able to completely kill
most bacterial strains within 10 minutes of exposure.* The
potent antimicrobial properties of bleach inhibited microbial
growth to the point where no bacterial colonies were observable
on culture plates, Fig. S1 (ESIT). The fact that the bacteria within
the sealed capsule are able to survive such a harsh environment
supports the capsule's ability to protect samples held within the
hydrogel in less harsh environments in the digestive tract. By
readily collecting samples from the GI and being able to protect
the microbial samples within their matrix, using a fast absorbing
hydrogel proves an effective sampling agent for this device.

—_
(==}

- Bare Hydrogel
B Scaled Capsule

~ N co

[\S]

Viable Bacteria Count (log| CFU/mL])

o

PBS Bleach

Tobramycin

Fig. 10 Number of viable bacteria that were retrieved from sampled
bacteria within bare hydrogel and sampling capsules after exposure to
PBS, Tobramycin, and bleach.
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Further evidence for the hydrogel's ability to host different
bacterial strains in both aerobic and anaerobic conditions is
found in the results of Fig. S2, in the ESI. The simple design and
passive sampling/sealing mechanism allows for low-cost
manufacturing and easy reproducibility. This in turn results in
an accessible tool for sampling currently non-accessible sections
of the GI tract, which will further develop our understanding of
how the gut microbiota can be used as an indicator of health.

Conclusions

This study describes the use of a 3D-printed capsule, a super-
absorbing hydrogel, and a PDMS membrane as a sampling
device for otherwise inaccessible regions in the small intestine.
The device is capable of sampling bacteria found within the GI
tract by taking advantage of the hydrogel's absorbing potential
and optimal mechanical properties. By modifying the surface
through a plasma + PEG treatment, the surface energy of the
material surrounding the sampling aperture was increased to
enable stable and effective flow of fluid from the gut into the
capsule. Swelling profiles for different AA/AM ratios showed
that using a 10% AA/90% AM results in the most optimal
swelling, absorbing twice their dry weight within the capsule's
active window. Swelling and force profile characterizations of
different hydrogels showed that 10% AA/90% AM ratios resulted
in the most suitable sampling agents to collect fluids from the
GI tract and effectively seal the device within the 1 hour
sampling window of the activated capsule. Bacterial culture
tests further proved the seal's efficacy of the capsule in pro-
tecting samples within the hydrogel while also showing the
hydrogels ability to sustain microbial samples over time.
Cultures from hydrogels within sealed capsules showed signif-
icantly higher numbers of CFU mL ™' compared to bare hydro-
gels, even when exposed to extremely harsh conditions. Bleach,
the strongest antimicrobial agent tested, completely eradicated
the bacteria within the bare hydrogel, while the sealed capsule
was able to protect the collected bacteria yielding concentra-
tions in the order of 10" CFU mL~". Further work should focus
on developing a variety of biodegradable coatings which can
enable sampling at target locations as well as in vivo testing
using animal models.
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