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Abstract

Epithelial tissues line the organs of the body, providing an initial protective barrier as well as a
surface for nutrient and drug absorption. Here we identified enzymatic components present in the
gastrointestinal epithelium that can serve as selective means for tissue-directed polymerization. We
focused on the small intestine, given its role in drug and nutrient absorption, and identified
catalase as an essential enzyme with the potential to catalyze polymerization and growth of
synthetic biomaterial layers. We demonstrated that the polymerization of dopamine by catalase
yields strong tissue adhesion. We characterized the mechanism and specificity of the
polymerization in segments of the gastrointestinal tracts of pigs and humans ex vivo. Moreover,
we demonstrated proof-of-concept for application of these gastrointestinal synthetic epithelial
linings (GSELSs) for drug delivery, enzymatic immobilization for digestive supplementation, and
nutritional modulation through transient barrier formation in pigs. This catalase-based approach to
in situ biomaterial generation may have broad indications for gastrointestinal applications.
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INTRODUCTION

The gastrointestinal (GI) epithelium serves as a protective layer against physical abrasion,
chemical stress, and pathogens, as well as a site for sensing (feeding states), molecule
transport of nutrients and drugs, and immunologic signaling(1, 2). Modulation of these
activities has the capacity to aid in a broad array of treatments(3-9). Conversely,
derangements of these functions are associated with disease(10-12). Given the distinct role
of the GI epithelium and the specialized environment along the GI tract, progress has been
made in epithelial targeting, including engineered tissue substitutes such as epithelial grafts,
autologous cell-sheets, and plastic epithelium-sleeves as well as synthesized tissue adhesives
(metal complexes, targeted nanoparticles, and small molecular superglues). These
technologies are being investigated as potential tools for restoration of Gl epithelial function
and treatments of diseases such as type 2 diabetes, Crohn’s disease, and mesenteric
ischemia(3-7, 13-15). However, broad implementation of current tissue-targeting strategies
has been limited due to multiple factors including invasive transplantation, potential
immunogenicity, toxicity, and inconvenience, restricting selective small intestinal access(16—
19). To address these limitations, enteric polymers with pH- and time-dependent dissolution
properties including Eudragit L and FL and Eudragit S and FS have been widely used for
targeted drug delivery in the small intestine and colon, respectively(20-23). The
performance of enteric polymers is highly dependent on the GI pH and transit time under
different fed conditions(24-26).

Here, we report the development of a Gl synthetic epithelial lining (GSEL) system that uses
an alternative mechanism for specific targeting and localization to the small intestine. Our
approach was enabled by two design concepts: (i) development of tissue-specific catalyzed
polymerization techniques for in situ growth of polymers on epithelial surfaces and (ii)
identification and application of endogenous enzyme-dependent reactions to control the
polymeric coating efficiency for specific anatomic targeting. We demonstrate this concept by
combining catalase (CAT), an enzyme present in all aerobic organisms, with polydopamine
(PDA), a mussel-inspired tissue adhesive(27, 28). In general, PDA polymerization is a slow
process, with the reaction limited by low oxygen concentrations in normal dopamine
oxidation conditions(27). We applied CAT-catalyzed decomposition of hydrogen peroxide,
supplied at concentrations (0.066% by weight in the solution; 0.68-6.8 mg/kg in animals)
recognized to be safe(29), and found that we could accelerate PDA polymerization by
multiple orders of magnitude. As shown in Fig. 1A, the oral solution that we developed
contains dopamine monomers and trace amount of hydrogen peroxide, which passes through
the oral cavity, esophagus, and stomach to induce a GSEL coating on the small intestinal
luminal surface. The hydrogen peroxide molecules diffuse freely between the small
intestinal epithelium and the solution. The hydrogen peroxide diffuses into or is absorbed by
intestinal epithelial cells and is rapidly broken down by intracellular CAT into oxygen,
which is released out of the cells and mixed with extracellular monomers. These monomers
near the epithelial surface are instantly oxidized into oligomers and further into polymers
that crosslink with biomolecules exposed outside the epithelium(28), which contribute to a
thin but strong PDA coating layer on the tissue. Unreacted monomers in the solution and
unbound PDA are washed away from the epithelium. This type of tissue surface-initiated
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polymeric coating may prevent potential bowel adhesions and obstructions, which are
frequently induced by bulk crosslinking-based sealants or other conventional tissue
adhesives(30). The catalytic PDA polymerization primarily occurs in the small intestine, due
to higher expression of CAT in the small intestine relative to other parts of the Gl tract
including the esophagus, stomach and colon(31). Thus, small intestinal targeting with
biomaterials is enabled by anatomic-specific distribution of natural enzymes along the
digestive tract.

To evaluate the therapeutic value of the GSEL technology, we focused on three different
clinical scenarios: intervention of lactose intolerance, regulation of intestinal glucose
absorption, and improvement of administration efficiency for medications in pigs. We first
investigated hypolactasia, low amounts or absence of lactase that causes lactose intolerance,
as according to recent studies, about 70% of the world population has hypolactasia(32, 33).
Restoring function of brush border enzymes in the small intestine, particularly p-
galactosidase, could enable treatment of digestive disorders, improving patient prognosis
and quality of life(34, 35). Another essential function of the small intestine is regulation of
plasma glucose concentrations, which are frequently associated with metabolic disorders and
systemic diseases, such as obesity, hyperinsulinemia, and diabetes mellitus(36). To modulate
nutrient absorption in patients with these disorders, treatments such as gastric bypass
surgery, intestinal sleeve placement, intestinal mucosal resurfacing, surgical adhesives, and
Gl electrical stimulation have been applied(5, 6, 8, 37, 38). However, these procedures can
be invasive and manifest with adverse effects. The GSEL technology can offer a non-
invasive, tissue-targeted method for regulating glucose (and nutrient) absorption. Moreover,
the GSEL technology can prolong intestinal residence and enable sustained release of
therapeutics in the small intestine. The development of oral sustained-release drugs is
restricted by the rapid transit time of therapeutics in the Gl tract. Attempts have been made
to prolong the Gl residence of drugs, especially in the small intestine, a more compatible
environment for sensitive pharmaceuticals compared to the harsh acidity of the stomach,
with little success(39, 40). Schistosomiasis, a major neglected tropical disease caused by
parasitic worms, affects over 200 million people worldwide(41, 42). Praziquantel, with a
half-life of 1-1.5 hours in humans, is the only anthelmintic drug frequently used to treat
schistosomiasis, and is recommended to be taken orally 3 times per day. An alternate
technology capable of prolonging intestinal retention to reduce dosing frequency could
enhance medication adherence. We have therefore developed the GSEL technology to
address these emerging clinical needs.

Endogenous enzyme-catalyzed PDA growth on epithelium

To demonstrate the acceleration of PDA polymerization by CAT in a hypoxic environment,
mimicking the low partial pressure of oxygen in the Gl tract, PDA polymerization rates were
quantitatively evaluated in different reaction conditions in which dopamine was maintained
at the same concentration (Fig. 1, B to D and fig. S1). In a hypoxic environment, the
conventionally slow PDA polymerization was inhibited by 65% (fig. S1). The addition of a
trace amount of hydrogen peroxide (H»0O5), serving as a strong reducing agent, prevented
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dopamine oxidation and almost quenched the reaction. As shown in Fig. 1C, the slow color
change of the dopamine solution from clear to light gray over two hours indicates minimal
PDA polymerization, and the clear dopamine-H,O, solution indicates negligible PDA
polymerization. In contrast, the dopamine solution with the addition of both CAT and H,0»
instantly turned to a dark brown color, demonstrating the accelerated PDA polymerization.
In this study, the polymerized products catalyzed by CAT from both commercially purified
enzymes and crude tissue lysates were confirmed to be PDA by both Fourier transform
infrared (FTIR) and ultraviolet-visible (UV-Vis) spectroscopy (figs. S2 and S3). To further
quantify the effect of CAT on PDA polymerization rate, a comparison of reaction kinetics
was plotted by measuring the optical extinction of solutions at 700 nm (Fig. 1D),
representing PDA formation(43, 44). The signal of the CAT-PDA combination rapidly
increased and plateaued within 10 minutes. However, intensities of light extinction in other
conditions were relatively low, even after 2 hours, of which the same intensity was reached
within 20 seconds under CAT-catalyzed conditions, demonstrating an increase in the
polymerization rate by about 400 times.

Next, we assessed whether endogenous CAT could expedite PDA polymerization and
coating of the small intestine to achieve a GSEL. The porcine Gl tract was chosen as the first
model tissue, due to its anatomical and physiological similarities with the human digestive
system(39, 45). Ex vivo tissues were incubated with the GSEL solution, containing
dopamine as well as hydrogen peroxide at concentrations recognized as compatible with
human ingestion(29). As shown in Fig. 1E, when the luminal surface of the small intestine
was exposed to the GSEL solution, a dark-brown PDA coating was observed on the
epithelial surface, demonstrating that PDA was formed in situ and deposited on anchor
points of the tissue due to the high reactivity between PDA and primary amines in nearby
biomolecules(28). In contrast, almost no PDA was observed on the serosal surface of the
tissue. To further quantify the rate of PDA deposition, the amount of PDA coated on small
intestine was analyzed kinetically. The coating kinetics showed rapid PDA signal
development, reaching completion within 12 minutes (Fig. 1F), supporting rapid PDA
coating formation. In addition to the efficiency, the specificity of GSEL was also evaluated
by comparing the GSEL coating in different parts of the Gl tract, including the esophagus,
stomach, duodenum, jejunum, ileum, and colon. As shown in Fig. 1G, images of porcine
tissue (6 mm in diameter) reveal apparent PDA coating on the duodenum and jejunum,
relatively less PDA coating on ileum and colon, and negligible PDA coating on the stomach
and esophagus. This coating pattern was additionally demonstrated through quantitative
PDA signal analysis (Fig. 1H). The efficiency and specificity of GSEL supported further
development of in vivo applications.

Mechanisms of GSEL formation at molecular, cellular, and tissue levels

To understand the mechanism of GSEL formation, we systematically investigated the GSEL
coating process. We first evaluated whether endogenous CAT is the component that
determines the catalytic PDA polymerization on epithelium. Porcine Gl tracts were dissected
and washed, the outer mucus layer was removed by aspiration, and then the rinsed tissues
were homogenized to prepare tissue lysates, which were further diluted relative to the total
protein concentration. These tissue lysates were added individually into the GSEL solution,
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and the light extinction of each solution was measured after the reaction. As shown in Fig.
2A, signals of the PDA solutions with lysates of small intestinal epithelium were
significantly higher relative to other lysates (P < 0.05). Additionally, similar trends were
observed in a catalytic capacity analysis of these lysates through native gel electrophoresis
and PDA staining (fig. S4). Only one sharp band can be visualized in each lane, supporting
CAT’s predicted role as the sole enzyme responsible for PDA polymerization. To further
confirm the dominant role of CAT, small intestinal lysates were treated with either the CAT-
specific inhibitor, to reduce CAT activity, or CAT antibody-coated magnetic beads, to
deplete CAT through immunoprecipitation. The catalytic capacity of lysates decreased by
about 80% after adding the inhibitor (Fig. 2B), and decreased by about 90% upon bead-
mediated removal of CAT from samples (Fig. 2C), demonstrating that the GSEL process is
CAT-dependent. Additionally, we confirmed that CAT present due to bacteria in the small
intestinal mucus did not affect the GSEL coating process (figs. S5 and S6), showing that
most of the H,04 was not degraded or consumed in the intestinal lumen, and the amount of
H,0, was sufficient to activate oxygen release and PDA polymerization. In addition, we
observed that the catalytic PDA polymerization primarily occurs in the small intestine,
which is due to higher expression of CAT in the small intestine as compared to other
segments of the Gl tract. It has been previously shown that mRNA and protein expression of
human CAT is higher in the small intestine as compared to other segments of the Gl
tract(31). We confirmed this through enzymatic activity evaluation (Fig. 2D), real-time
polymerase chain reaction (PCR) quantification (Fig. 2E and figs. S7 and S8), and
corresponding protein expression analysis (Fig. 2F).

Next, PDA epithelial deposition was characterized microscopically(46). Interestingly,
through the GSEL coating process, PDA first deposits on the tips of the villi, followed by
extension over the entire villus structure and surrounding area (fig. S9). Microscopic
analysis showed a thin PDA layer tightly coated on the tips of the villi (Fig. 2G). PDA was
confined to the luminal surface of the epithelium, demonstrating topical PDA
polymerization with dopamine remaining on the luminal surface (figs. S10-12). Specific
peroxisome/CAT staining studies showed that CAT is located inside peroxisomes, which
have a high-density distribution in the villi but not in submucosa and other inner layers (Fig.
2H, left panels). Similar studies have confirmed that CAT ‘particles’ are present in
peroxisomes of intestinal epithelial cells(47). To further confirm that peroxisomal CAT can
catalyze PDA formation, dopamine was used for staining in place of the typical
peroxisome/CAT substrate. As shown in Fig. 2H (right panel), dark-brown PDA spots were
observed inside epithelial cells and the staining pattern was consistent with the conventional
peroxisome/CAT staining, confirming the catalytic capacity of peroxisomal CAT towards
PDA polymerization in sectioned tissue segments. The peroxisomal PDA pattern was not
observed in GSEL-coated samples (Fig. 2G, left panels) which received GSEL luminally
and were subsequently sectioned for microscopy without peroxisome/CAT staining.

Evaluation of GSEL-based tissue-coating performance in vivo

Having defined the mechanisms underlying GSEL formation, we next tested the in vivo
performance of this tissue-coating technology in Yorkshire pigs. Under moderate anesthesia,
the GSEL solution was directly administered to the small intestine or stomach through a
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catheter under endoscopic visual guidance (Fig. 3A). Endoscopy was used to evaluate
dynamics of GSEL in the small intestine (Fig. 3, B and C). A dark brown PDA layer was
observed on the wall of the small intestine 20 minutes after administration, whereas no such
PDA coating was visualized in the stomach (Fig. 3C and fig. S13). The GSEL solution
remained stable in the stomach for 30-60 minutes (fig. S14), confirming the durability of the
solution. To be noted, all animals were fasted overnight, and the gastric fluid was removed
from the stomach before administration of the Tris-buffered GSEL solution (pH 8.5), thus
minimizing the possible effect of pH on the stability of the GSEL solution and PDA
polymerization(48, 49). Additionally, we did not observe any detectable increase of PDA
and dopamine signal in the submucosa and blood after the GSEL coating by microscopy
(fig. S10), UV-Vis spectroscopy (fig. S15), or liquid chromatography-tandem mass
spectroscopy (fig. S16). Furthermore, no obvious increase of blood pressure or heart rate
was detected in any animal throughout the procedures, demonstrating the lack of dopamine
absorption and the supporting the early safety of the GSEL technology(50). The endoscopic
video revealed that the PDA coating process contained three main steps. First, when the
clear dopamine-H,0, solution was first introduced to the small intestinal lumen, oxygen
bubbles formed and the intestinal wall rapidly turned to a light yellow-brown color,
indicating the rapid diffusion of hydrogen peroxide and initiation of PDA polymerization.
Second, increasing amounts of oxygen bubbles were generated at the epithelium-solution
interface (Fig. 3B) and released into the solution (Fig. 3C), confirming the rapid
decomposition of hydrogen peroxide and providing evidence for the mechanism of oxygen
release. Third, the interfacial oxygen catalyzed PDA polymerization and adhesion to
intestinal epithelium, whereas the GSEL solution remained in a liquid state and the intestinal
lumen remained expanded, alleviating concerns about bowel adhesion and obstruction. Our
results show that, after coating, the solution inside the lumen also turned a dark brown color,
likely due to the diffusion of unbound PDA into the solution.

To directly evaluate coating formation, a laparotomy was performed on a pig. A non-
crushing clamp was applied at the small intestine before endoscopic administration of the
GSEL solution into the intestine, as shown in Fig. 3D. The GSEL solution filled the
intestinal cavity to the clamp site, unable to pass distally to the lower small intestine. The
tissue adjacent to the clamp was isolated, washed, and opened. Compared to the control
segment (distal to the clamp), the tissue exposed to the GSEL solution showed enhanced
PDA coating density, confirming the tissue-coating performance of GSEL in vivo.

Next, we investigated whether the GSEL technology could enable safe and prolonged
intestinal retention of the PDA coating, a key feature for future applications. PDA shedding
from epithelium was endoscopically visualized 24 hours after application, indicating that the
coating is transient. To further evaluate the kinetics of GSEL retention radiographically, we
first modified conventional X-ray contrast agents by encapsulating radio-opaque particles in
PDA (fig. S17A). These PDA probes were suspended in the GSEL solution and thereby
incorporated into the PDA coating layer, which was enabled by the chemical crosslinking
between reactive PDA on the probe surface and dopamine monomers or oligomers in the
GSEL solution (Fig. 3E)(28). This co-coating performance was first characterized through
ex vivo studies (fig. S17, B and C), in which tissue coated with PDA probes were visualized
radiographically, and no signal decay was observed after rinsing the epithelial surface with
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water, demonstrating the stability of the PDA-probe coating. When the PDA probe-
suspended GSEL solution was administered to healthy pigs, X-ray signal enhancement was
observed in the small intestine (Fig. 3F and fig. S18A). However, when an equal
concentration of conventional contrast agent was administered to the pigs, the resulting
small intestine X-ray signal was weak in comparison. It is also worth noting that, after
rinsing the imaged area, signal of conventional probe was barely detectable whereas PDA
probes were still visualized (Fig. 3F), with an 8.9-fold higher signal intensity (Fig. 3H),
demonstrating the efficient incorporation of PDA probes and the stable coating of PDA on
the tissue.

To monitor the intestinal retention of PDA over time, a series of X-ray images of the same
anatomic location were taken periodically (Fig. 3G and fig. S18B). Animals consistently
consumed a liquid diet during imaging, mimicking realistic conditions and testing the
stability of the PDA coating in the presence of food. A quantitative signal intensity analysis
was performed on the small intestine and surrounding tissues (Fig. 31). When conventional
probes were administered to the pigs, the contrast signal from the X-ray images in the small
intestine was reduced by 2 hours, likely due to the relatively weak tissue adhesion. However,
when PDA probes were administered, a distinct contrast signal was observed in the small
intestine after food exposure for 2 hours, decreasing by 28% at the sixth hour, showing the
prolonged intestinal retention of the PDA coating. The PDA signal reduction is likely due to
the fast renewal of the intestinal mucus through goblet cell secretion which occurs within
~12-24 hours and frequent turnover of epithelial cells through stem cell proliferation (~1-5
day)(51). The polymeric coating layer, as well as epithelium underneath the PDA, is shed
into the lumen of the intestine. Notably, the intestinal signal dropped to the pre-
administration intensity after 24 hours, indicating complete elimination and transient
residence of the PDA coating layer. This confirmation of the transient properties of the PDA
coating supports the potential safety of the GSEL technology.

GSEL for regulation of enzymatic digestion, nutrient absorption, and drug release

To demonstrate the versatility of the GSEL technology, we evaluated the therapeutic value of
the technology in three different scenarios (Fig. 4A). PDA is highly reactive with many
chemical groups, such as amine, phenol, and sulfhydryl groups, enabling the facile
incorporation of functional agents into the PDA coating layer(28). Three types of functional
agents were incorporated into the GSEL system: digestive enzymes, a nutrient blocker, and
an anthelmintic drug. First, the GSEL technology was used to improve digestion efficiency
by incorporating digestive enzymes into the PDA coating layer on small intestinal
epithelium (Fig. 4B). If the GSEL technology can be used to coat exogenous B-galactosidase
on intestinal epithelium, it would augment the digestion of lactose in the small intestine. To
demonstrate the ability of the GSEL technology to improve lactose digestion, the GSEL
solution with suspended p-galactosidase was used to coat the small intestine of a sedated
pig, using a laparotomy to provide access to the small intestinal mucosa. The -
galactosidase activity of the coated epithelium was then evaluated after rinsing the tissue.
The coating efficiency was confirmed through the analysis of p-galactosidase activity with
and without the key agents (B-galactosidase and GSEL solution). As shown in Fig. 4C,
quantitative comparison of p-galactosidase activity indicated an about 20-fold increase in
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digestion efficiency upon the addition of the GSEL-based p-galactosidase coating to the
porcine small intestine. In contrast, no obvious enhancements of B-galactosidase activity
were detected in control groups (without B-galactosidase, without GSEL solution, or without
both), confirming that the p-galactosidase activity increase was due to its pairing with the
GSEL technology. Additionally, when only the GSEL solution was administered, no obvious
reduction of digestive enzyme activity was observed compared to uncoated tissues. This
consistent baseline enzymatic activity indicates that neither the coating chemistry (the
crosslinking between PDA and epithetical biomolecules) nor the coated PDA itself inhibited
the intrinsic digestive enzyme activity of epithelium, demonstrating the permeability of the
PDA coating in the small intestine to allow molecules to pass through by diffusion. The
GSEL technology opens an avenue to augment and supplement digestive functions in the
small intestine and a promising mechanism to treat digestive disorders.

Next, we aimed to develop a transient impermeable barrier to regulate nutrient absorption.
We demonstrated the ability of the GSEL technology to modulate nutrient exposure,
especially glucose absorption, in the small intestine. To provide a barrier to prevent glucose
uptake, we coated the small intestinal epithelium with an impermeable PDA coating (Fig.
4D). Nano-crosslinkers (PDA nanoparticles) were added to the GSEL solution to produce a
highly crosslinked PDA coating layer with ultralow permeability. As shown in fig. S19, the
additional nano-crosslinkers are about 527 nm in diameter with a uniform size distribution.
These hydrophilic nano-crosslinkers suspended in the GSEL solution were thereby
incorporated into the PDA coating layer, which was enabled by the chemical crosslinking
between reactive catechol and amine groups exposed on the surface of nano-crosslinkers and
dopamine monomers or oligomers in the GSEL solution. Thus, the incorporation of
crosslinkers increases the number of covalent bonds inside the PDA coating, enabling a
highly compact PDA coating layer with low permeability(52, 53). To validate the nutrient-
regulating function, GSEL solution with suspended nano-crosslinkers was endoscopically
administered to pigs. After GSEL coating, oral glucose was endoscopically administered to
the pigs, followed by a standard oral glucose tolerance test (OGTT). Blood glucose
concentrations were monitored to quantify the intestinal glucose absorption. As shown in
Fig. 4E, control pigs, without the GSEL coating, had blood glucose concentrations increase
dramatically after oral glucose administration. However, animals treated with the GSEL
solution showed reduced blood glucose responses. Quantitative comparison of blood glucose
concentrations from pigs with and without the GSEL coating showed an average of 73.3%
reduction of glucose concentrations in the GSEL-treated animals over controls, representing
six individual experiments on six different pigs. This reduction in glucose response
demonstrated the ability of the GSEL technology to effectively reduce postprandial glucose
absorption. Additionally, the GSEL barrier showed efficient blocking abilities of different
nutrients, and the blocking efficiency could be modulated by tuning the crosslinking density
of the GSEL coating layer (fig. S20). Furthermore, we confirmed that the glucose absorption
barrier is transient, with normal glucose absorption being restored after 24 hours (fig. S21).
These results address the clinical need of non-invasively blocking glucose absorption in the
small intestine, supporting the feasibility of GSEL technology as a potential therapeutic
approach for patients with type 2 diabetes mellitus.
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Next, we investigated the GSEL technology as a system for oral drug delivery,
demonstrating its ability for sustained release of therapeutics in the small intestine.
Praziquantel was chosen as the model drug to test the ability of GSEL technology to prolong
intestinal residence. As shown in Fig. 4F, praziquantel particles (powder) were encapsulated
in PDA to incorporate the drug into the PDA coating layer. Pharmacokinetics studies were
carried out using a single oral administration of the praziquantel-GSEL solution in pigs to
investigate the release kinetics. After administration, blood samples were collected and
analyzed by liquid chromatography-tandem mass spectroscopy for serum praziquantel
concentration. Quantitative comparison of the pharmacokinetics revealed that the retention
time of the praziquantel when delivered with the GSEL solution was significantly extended
relative to the conventionally administration (Fig. 4G). When the praziquantel control
(without the GSEL solution) was administered conventionally, the drug was rapidly cleared
from blood, and no drug was detected at or after 24 hours. However, blood concentrations of
praziquantel administered through the GSEL technology sustained for more than 6 hours,
with an average concentration of 20.0 ng/ml still detectable at 24 hours, higher than the
average control drug concentrations (15.1 ng/ml) at 6 hours. Quantitative analysis of
pharmacokinetic parameters, including area under the curve (AUC) and half-life, was
conducted using a non-compartment pharmacokinetics model. Results from 3 large-animals
showed a 4-fold increase between the AUC values of the praziquantel with the GSEL
solution (905.8 ng h/ml) and praziquantel control (222.4 ng h/ml). Additionally, the half-life
of praziquantel increased by 10-fold (from 1.3 hours to 13 hours) when administered using
the GSEL technology, demonstrating the prolonged intestinal residence of the drug. Notably,
praziquantel is primarily metabolized by cytochrome P450 enzymes, specially CYP3A4
present in the small intestine and liver(42, 54). To confirm that the GSEL coating did not
affect the drug metabolism, the CYP3A4 activity of epithelium with and without the PDA
coating layer were measured and compared (fig. S22), and no change in CYP3A4 activity
was observed after the GSEL coating. The sustained-release of praziquantel through the
GSEL technology expands the effectiveness of treatment options for schistosomiasis, and is
also applicable to diseases for which regimented adherence is essential for efficacy.

Ultrafast and stable coating of human tissue using GSEL

The GSEL technology is designed to be applicable to human tissues and suitable for clinical
translation. Fresh resected tissue specimens from human small intestine were coated to test
for compatibility with the GSEL technology. Similar to porcine tissue-coating results, PDA
coating was apparent on the human small intestinal surface (Fig. 5A). However, PDA signals
developed more rapidly in human tissues compared to porcine tissues, with coating
completion time decreasing from 12 to 3 minutes (Fig. 5B), likely due to higher expression
of CAT in the human small intestine. The relationship between small intestinal CAT activity
and GSEL coating density was analyzed using human, porcine, and murine tissue
specimens, demonstrating an association between GSEL coating density and enzymatic
activity (fig. S23). The human and porcine small intestines exhibited 60% more PDA
development compared to the murine small intestine, due to their strong enzymatic activity.
To further demonstrate the robustness of the GSEL technology for human tissue coating,
tissue specimens from 3 deceased donors were tested with the PDA coating. Additionally,
five assessments were performed on random sites of the small intestine (from donors of
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different age, race, and gender) to confirm consistent PDA coating performance. The human
and porcine Gl tracts exhibit similar GSEL coating patterns (fig. S24), due to higher
expression of CAT in the small intestine of both species as compared to other segments of
the Gl tract(31). As shown in Fig. 5C, images of tissue (6 mm in diameter) revealed highly
consistent PDA coating with obvious signal enhancement. These tissue specimens, coated
through the GSEL technology, were further examined microscopically. Consistent with the
porcine results, microscopic and histological analyses of frozen and formalin-fixed paraffin-
embedded (FFPE) human tissue specimens showed a thin layer of the PDA coating on the
exterior villi of the small intestine (Fig. 5D). After exposure to the GSEL solution, the
epithelial layers remained intact, with staining patterns similar to the unexposed controls,
demonstrating the absence of tissue toxicity.

To further evaluate the biocompatibility of the GSEL technology, we characterized the
cytotoxicity of PDA on multiple cell lines: HeLa, COLO320DM, Caco-2, Hep3B, and HS
895.T (fig. S25). No obvious cytotoxicity was observed after 6-48 hour in vitro incubation.
Furthermore, we systematically assessed the oral toxicity of the GSEL solution by following
guidelines issued by the Organization for Economic Co-operation and Development
(OECD) with minor modifications. Specifically, rats were exposed to the GSEL solution
over a period of 4 weeks, based on a repeated dose 28-day toxicity study method
recommended by Good Laboratory Practice (GLP)(55). During the 28-day exposure period,
no obvious differences in body weights were observed between rats exposed to the GSEL
solution and controls (fig. S26). Additional hematological measurements, blood
biochemistry tests (tables S1 and S2), and histopathological examinations further confirmed
the absence of oral toxicity (fig. S27), supporting the favorable biocompatibility of the
GSEL technology, indicative of a minimal risk for forthcoming preclinical and clinical trials.

Human tissue-coating stability is a critical factor for clinical translation of the GSEL
technology. The small intestine provides a dynamic environment, where physical forces
(peristalsis and segmentation) and chemical exposures (chyme, gastric acid and intestinal
fluid) have potential to damage the PDA coating (fig. S28). The stability of the tissue
coating was evaluated in a series of physical and chemical conditions. As shown in Fig. 5E,
no obvious PDA signal reduction was observed under mechanical stirring and scratching
(movies S1 and S2). Quantitative signal intensity analysis showed that about 80% of the
PDA coating remained strongly attached after vigorous scratching of the small intestine
using the spine of a scalpel (Fig. 5F). In addition, the stability of the PDA coating was
further confirmed by incubating PDA-coated human tissue in different solutions for 24
hours. The PDA coating layer was highly stable in simulated intestinal and gastric fluid, and
other extreme conditions (ethanol and concentrated saline) (Fig. 5G). These results support
the stability of the GSEL coating technology in the human small intestine and help establish
feasibility for future human studies.

DISCUSSION

The small intestine is a versatile organ with multiple physiologic functions. Intestinal
epithelium is not only a key protective barrier, but also an essential site of absorption. The
potential of intervention in the small intestine for digestive disorders and systemic disease
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treatments has intrigued and motivated scientists to develop a variety of targeted
medications(1, 2, 5-7). However, the challenge of small intestine-specific targeting has
limited broad adoption(17, 18). A simple and versatile strategy to allow selective small
intestinal targeting could expand our capacity to treat a broad range of conditions. Here we
report the GSEL technology that enables targeted therapeutic deposition and intervention in
the small intestine. The GSEL technology is based on two concepts: (i) design of a
polymerization system catalyzed by the epithelial enzyme, and (ii) control of polymeric
coating efficiency through enzymatic activity for specific tissue-targeting. We have
identified an endogenous CAT-accelerated polymerization reaction that allows rapid PDA
coating on the small intestinal epithelium without deposition on other sites of the Gl tract.
Inspired by the cellular anti-oxidation response(56), we found that CAT in small intestinal
epithelial cells enables oxygen release and accelerates PDA polymerization (~400 fold
increase). More importantly, the in situ-generated PDA rapidly crosslinks with nearby
biomolecules exposed outside epithelium and therapeutic agents suspended in solution,
forming a thin but strong coating with versatile functions on the small intestine. The GSEL
technology spontaneously achieves this specific small bowel coating due to high epithelial
CAT activity of small intestine relative to other parts of the digestive tract.

To further understand the biological mechanisms of GSEL in detail, a series of investigations
were performed at molecular, cellular, and tissue levels, consistently confirming the
dominant role of CAT in tissue coating and targeting with GSEL. Recognizing the detailed
principles of GSEL, we envision that this tissue-accelerated polymerization reaction may
also evolve or augment functions of a wide variety of organs due to the broad yet diverse
distribution of CAT in the human body. In this study, we evaluated the GSEL technology in
the Gl tract in a large animal model. The in vivo GSEL coating performance has been
studied through various techniques, including endoscopic examination, intestinal ligation,
and X-ray imaging, which consistently showed the robustness of the GSEL technology,
demonstrating key features (prolonged but transient intestinal residence) of the coating layer.
Additionally, no clinical, endoscopic, or radiographic evidence of Gl perforation,
inflammation, or obstruction was observed over multiple experiments. The biocompatibility
of GSEL was carefully characterized by following OECD guidelines and confirmed the
absence of oral toxicity.

The flexibility of this technology has allowed us to go beyond technological development
and proceed to evaluate its therapeutic value in several clinical scenarios in pigs. We applied
GSEL to address lactose intolerance by coating digestive enzymes on the small intestinal
epithelium. The results show that B-galactosidase coated on the tissue improves the digestion
efficiency of lactose by about 20 times, demonstrating our capacity to augment or
supplement enzymatic-mediated intestinal digestion. Furthermore, the GSEL technology
was assessed in the regulation of intestinal glucose absorption, an urgent need for patients
suffering from type 2 diabetes mellitus. A poorly permeable coating layer, serving as a
glucose-blocking barrier, was developed to minimize postprandial glucose absorption (~70%
reduction of glucose responses). We also expanded the application of GSEL to improve
administration efficiency for medications with inconvenient regimens, demonstrating its
capability for sustained release of therapeutics. The GSEL-based method for administration
of praziquantel (an anthelmintic drug) achieved long-lasting (over 24 hours) drug
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concentrations in systemic circulation (10-fold increase of half-time value), suggesting the
potential to improve medication dosing options for patients with schistosomiasis and other
frequently dosed treatments.

For the potential human application, several challenges need to be addressed. Further
preclinical safety studies will be needed in other large animal models such as dogs and
nonhuman primates, which will help inform further development and successful translation
of the GSEL platform in specific dosage forms (capsule, pill or gel containing alternative
monomers) for human trials. Regular nutritional evaluation, monitoring, and
supplementation would be required for future human studies(57). Additionally, the GSEL
solution was administrated to the animals through a catheter under endoscopic visual
guidance(39, 40), enabling consistent delivery of the solution to the small intestine or
stomach. Although the GSEL solution is expected to quickly pass through the oral cavity
and further into esophagus within seconds(26), the stability of the solution in the oral cavity
was not studied here. Regardless, the degradation of H,O, in the oral cavity may still affect
the stability of the GSEL solution and consistency of therapeutic effects. Thus,
understanding the degradation kinetics of H,O, in the oral cavity, and the resulting effect on
GSEL solution stability, requires further evaluation. In addition, strategies to prevent the
degradation of H,O [for example, through the use of drinking straws and GSEL capsules
(fig. S29)] also requires further assessment.

We envision broad technology adoption and application of the GSEL technology. For wide
implementation, a range of therapeutic molecules would be incorporated into the GSEL
system, and their formulations will need to be optimized for efficacious treatment.
Additional clinical studies will be needed to test therapeutic efficacies of these dosage
forms. The GSEL system has potential as a platform technology for management and
treatment of various diseases.

MATERIALS AND METHODS
Study design.

The GSEL technology was developed with the goal of enabling targeted therapeutic
deposition and intervention in the small intestine. This objective was addressed by (i)
identifying CAT present in the small intestine as an essential enzyme with the potential to
catalyze polymerization and growth of PDA on intestinal epithelium and (ii) demonstrating
the potential application of these synthetic epithelial linings for drug delivery, enzymatic
immobilization for digestive supplementation, and nutritional modulation through transient
barrier formation. The mechanism and specificity of the GSEL was characterized ex vivo in
segments of the Gl tracts of pigs and humans. The in vivo GSEL coating performance was
evaluated in the Gl tract in a large animal (pig) model through multiple techniques including
endoscopic examination, intestinal ligation, and X-ray imaging. Yorkshire pigs (45-75 kg)
were chosen as the model, given their anatomic and genomic similarities to the human
digestive system. We first applied GSEL to address lactose intolerance by coating p-
galactosidase on the small intestinal epithelium and tested the ability of GSEL to improve
lactose digestion. Next, we applied GSEL to modulate glucose absorption in the small
intestine by coating a transient impermeable barrier on the small intestinal epithelium, and
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tested the ability of GSEL to minimize postprandial glucose absorption. Additionally, we
applied GSEL to prolong the GI residence of drugs by coating praziquantel on the small
intestinal epithelium, and tested the ability of GSEL for sustained release of therapeutics.
The biocompatibility of GSEL was characterized according to OECD guidelines. All animal
experiments were approved by and performed in accordance with the Committee on Animal
Care at Massachusetts Institute of Technology(39, 40). Group and sample size for each
experiment are indicated in each figure legend. The sample sizes, determined before study
initiation, were guided by prior proof-of-concept studies in the area of Gl drug delivery and
electronics(39, 58, 59). Independent experiments for each sample were performed on
different animals. All rats were randomly divided into different experimental groups, but
there was no pre-established randomization plan for in vivo pig studies, because pigs were
only available on demand.

GSEL solution preparation.

Dopamine hydrochloride powder (500 mg) was dissolved rapidly in Tris buffer (50 mM, 50
ml) at pH 8.5, followed by quick addition of H,O, (1M, 1ml). The mixed Tris-buffered
GSEL solution was used fresh before administration. Solid urea H,O» (as a replacement of
H»0, solution) was used to prepare the GSEL capsules (size 000), which were filled with
dopamine hydrochloride, Tris base and urea H,O, powders. The sources of chemicals and
materials are provided in the Supplementary Materials.

In vitro evaluation of CAT catalyzed PDA polymerization.

GSEL solutions (200 ul) were prepared first and added into 96-well plates, followed by
addition of CAT [1 mg/ml, 5 ul in 1X phosphate-buffered saline (PBS) buffer]. All solutions
were placed in containers (BD GasPak EZ) with a low partial pressure of oxygen. The
reaction mixture was maintained at 37 °C for 10-130 minutes. Extinction of solutions at 700
nm was measured using a plate reader (Tecan). The results were compared with those
obtained from solutions without addition of CAT and H,0», and those obtained from
reactions in conventional conditions (in the air).

PDA characterization using FTIR and UV-Vis spectroscopy.

PDA standard was prepared by polymerization of the dopamine solution (10 mg/ml) in the
conventional condition (in the air) for 24 hours(27). For CAT catalyzed PDA, CAT (1
mg/ml) was placed in a dialysis device (5 ml), which was merged into the GSEL solution
(100 ml) for 24 hours. After reaction, the PDA solutions were measured by FTIR (Nicolet)
and UV-Vis spectroscopy (Varian Cary 100).

Ex vivo evaluation of the GSEL coating performance.

Porcine tissues were acquired from the Blood Farm Slaughterhouse (West Groton, USA).
Pigs were euthanized, and fresh tissue was resected and stored on ice. Human tissue
specimens were acquired from 4 donors (National Disease Research Interchange, NDRI,
USA) with different age, race, and gender. Tissues (12 cm?2) were exposed to the GSEL
solution (10 ml) and washed with PBS buffer (1X) 3 times to remove excess PDA. Samples
(6 mm in diameter) were collected at 3-5 random sites of PDA coated tissue, and images of
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the samples were analyzed for quantification of the PDA coating. ImageJ was used to
identify regions of interest that included PDA coated tissues and excluded ‘blank’ tissue-free
areas. Identical analysis was performed on all samples in each group to obtain an overall
average PDA signal intensity and assess signal variation. Tissues were exposed to the
antibiotic-antimycotic solution (10X, Gibco) and washed with PBS buffer (1X) 3 times to
remove bacteria in mucus. Villi was stripped off from the luminal surface of small intestinal
tissue (opened lengthwise) placed on the ice-cold substrate. Cell fractionation was
performed on villi by using cytoplasmic and membrane extraction kits (NE-PER, Mem-
PER) based on the protocol from kits. The CYP3A4 activity was measured by using the
CYP3A4 activity assay (Abcam) based on the assay protocol.

Evaluation of CAT expression in tissues.

Fresh porcine tissues were collected for real-time PCR and western blotting. Total RNA was
isolated and reverse transcribed into cDNA with standard protocol. The mMRNA expression
was measured using LightCycler 480 Il system (Roche). CAT mRNA expression was
normalized to housekeeping genes (B-actin, 18S, GUS, and GAPDH) and expressed as the
percentage of negative control. For western blotting, tissue lysates were resolved on SDS-
PAGE gel with standard protocol. Anti-CAT [1:500 diluted in Tris-buffered saline with
TritonX 100 (TBST) buffer] and anti-B-actin (1:1000 diluted in TBST buffer) were used as
primary antibodies. Secondary antibodies (1:2000 diluted diluted in TBST buffer) were used
for specific detection. CAT signals were developed using SuperSignal West Femto
Maximum Sensitivity substrate, and p-actin signals were developed using Pierce ECL
western blotting substrate. The western blots were imaged on ChemiDoc XRS+ system
(Bio-Rad) and analyzed with Image Lab 3.0.

Microscopic analysis of PDA coated tissues.

PDA coated small intestines were snap-frozen and embedded in optimal cutting temperature
(OCT) compound. The fixed tissues were cut into 40-um-thick sections with a cryostat
(Leica Biosystems). Specific peroxisome/CAT staining was performed as previously
reported(47). The uncoated tissue sections were stained with the 3,3’-diaminobenzidine
(DAB) substrate or GSEL solution (1 ml) for 10 minutes. The slides were scanned by Aperio
digital pathology slide scanner (Leica Biosystems) and analyzed with Aperio ImageScope
(Leica Biosystems).

In vivo evaluation of the GSEL coating performance.

All animal experiments were approved by and performed in accordance with the Committee
on Animal Care at Massachusetts Institute of Technology. A large animal model, 45-75 kg
Yorkshire pigs (Tufts University, Grafton, MA, USA), was chosen to test the in vivo
performance of the GSEL coating. Pigs were fed daily in the morning and in the evening
with a diet consisting of pellets (laboratory mini-pig grower diet 5081), in addition to a
midday snack consisting of various fruits and vegetables. The pellets consisted of ground
oats, alfalfa meal, wheat middlings, soybean meal, dried beet pulp, salts, and other
micronutrient supplements. Before oral administration, the pigs were sedated with Telazol
(tiletamine/zolazepam) (5 mg/kg IM), xylazine (2 mg/kg IM), and atropine (0.05 mg/kg IM),
intubated, and maintained with isoflurane (1 to 3% through inhalation). Also, the gastric
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fluid was removed from the stomach before administration of the Tris-buffered GSEL
solution (pH 8.5). The GSEL solution (1 ml/kg) was orally administered to the intestine or
stomach via a catheter under endoscopic visual guidance. Gastrointestinal endoscopy
videography was used for real-time recording of PDA formation after delivery of the GSEL
solution, and the endoscopic camera was placed both inside and outside the GSEL solution.
To directly evaluate the PDA coating, a laparotomy was performed on pigs. A non-crushing
clamp was applied at the small intestine before administration of the GSEL solution into the
intestine. GSEL solution filled the intestinal cavity up until the clamp site, unable to pass
down to the lower small intestine. After 20 minutes of administration, pigs were euthanized
and the tissue nearby the clamp was isolated, washed, and opened up. All animals were
euthanized prior to tissue harvest. Macroscopic images of tissues were taken to evaluate the
PDA coating performance. Blood pressure and heart rate of pigs were monitored during the
procedures by using the Cardell Touch multi-parameter monitor (Midmark). Additionally, no
clinical or endoscopic evidence of gastrointestinal perforation, inflammation or obstruction
was observed during the study.

PDA probe preparation.

Barium sulfate particles (20 g) were added into Tris buffer (50 mM, 1000 ml at pH 8.5),
followed by quick addition of dopamine (10 g). The reaction mixture was kept at room
temperature with stirring (600 rpm) for 3 hours. The as-synthesized PDA probes were
purified with centrifugation (4000 rpm x 10 min). The purified PDA probes were re-
dispersed in 100 ml of water and sonicated. The purified PDA probes were lyophilized for 3
days and stored at —20 °C. Before administration, PDA probes were resuspended in the
GSEL solution and the PDA-probe-GSEL solution was used fresh.

In vivo evaluation of intestinal retention of the PDA coating through X-ray imaging.

Pigs were sedated, intubated, and maintained with isoflurane as described above. The gastric
fluid was removed from the stomach before administration. PDA probes (20 mg/ml) were
first suspended in the GSEL solution. Pigs were orally administered the PDA-probe
suspended GSEL solution (3 ml/kg), and introduced into the small intestine. Conventional
radio-opaque probe (unmodified barium sulfate particles) suspended aqueous solution at the
same concentration was administered as the control. Radiographs were performed to
monitor the intestinal retention of the probes and PDA coating. For short-term stability
evaluation, X-ray images were taken before and after rinsing the coated area with 500 ml of
water. For long-term retention assessment, a series of X-ray images were periodically taken
at designated time points in the same location, during which pigs consistently consumed a
liquid diet. Additionally, pigs were assessed clinically and radiographically for evidence of
gastrointestinal perforation and obstruction (e.g., inappetence, abdominal distension, lack of
stool, or vomiting). No clinical or radiographic evidence of gastrointestinal perforation and
obstruction was observed during the study.

In vivo coating exogenous B-galactosidase on intestinal epithelium.

Pigs were anesthetized, intubated, and maintained with isoflurane as described above. The
gastric fluid was removed from the stomach before administration. A laparotomy was
performed on pigs to open up the small intestine. A chamber was placed on top of the
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intestinal epithelium, followed by addition of the GSEL solution (3 ml) with suspended f-
galactosidase (5 pg/ml). Three control chambers containing solutions with and without the
key agents (B-galactosidase and GSEL solution) were also placed in the same pig. After 20
minutes of coating, epithelium inside the chamber was washed 3 times with water, and the
B-gal activity of the tissue was evaluated by using o-nitrophenol-p-D-galactoside (ONPG) as
substrate.

PDA nano-crosslinker preparation and characterization.

Ammonium hydroxide (10 ml, 28-30% w/w) was diluted into 650 ml ethanol-water (4:9
ratio v/v) mixed solution. The mixed solution was stirred under at 30 °C for 1 hour, followed
by addition of 50 ml dopamine solution (50 mg/ml in water). The reaction mixture was kept
at 30 °C for 24 hours. The as-synthesized PDA nano-crosslinkers were purified with
centrifugation (6000 rpm x 15 min). The purified PDA nano-crosslinkers were re-dispersed
in 500 ml of water and sonicated. The dry size and hydrodynamic size were measured with a
transmission electron microscope (TEM, JEOL 2100F, JEOL. Ltd) and a Zetasizer Nano
ZS90 instrument (Malvern Panalytical), respectively.

Ex vivo evaluation of blocking efficiency of the GSEL coating.

Tissues were exposed to the GSEL solution and washed with PBS buffer (1X) 3 times to
remove excess PDA. PDA nano-crosslinkers with different concentrations (25 mg/ml, 12.5
mg/ml, and 0 mg/ml) were suspended in the GSEL solution. The coated tissues were placed
in the Franz Cell, 100 mM nutrients (CaCly, glutamic acid and glucose) were added
separately into the chamber (occluded with Parafilm), and the samples were taken from the
receptor compartment (with stir bars) for measurements after 3 hours.

In vivo evolution of the impermeable PDA coating for preventing glucose uptake.

Pigs (fasted overnight) were sedated, intubated, and maintained with isoflurane as described
above. The gastric fluid was removed from the stomach before administration. PDA nano-
crosslinkers (25 mg/ml) were first suspended in the GSEL solution. Pigs were orally
administered the nano-crosslinker suspended GSEL solution (10 ml/kg), and introduced into
the small intestine. The solution was directly administered to the small intestine through a
catheter under endoscopic visual guidance. For controls, 500 ml of water solution was
administered in the same way. Standard oral glucose tolerance test (OGTT) tests were
performed on pigs after 20 minutes of GSEL solution administration(6, 60). Pigs were orally
administered the aqueous glucose solution (3 ml/kg, 500 mg/ml), and introduced into the
small intestine. Blood samples were collected from a central venous line at designated time
points, and immediately tested for glucose concentrations using a OneTouch Ultra glucose
monitor (LifeScan Inc). Each data point (blood glucose change) was plotted with time, and
area under the curve was calculated for quantitative evaluation.

Praziquantel-GSEL solution preparation.

Praziquantel particles were encapsulated in PDA, allowing the reactive groups (e.g. catechol
and amine groups) on the PDA surface to enable chemical crosslinking and incorporation of
praziquantel particles into the PDA coating layer. Additionally, the hydrophilic PDA layer
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on the particle surface dramatically improves the stability and dispersion property of
hydrophobic drug particles(61, 62). Praziquantel particles (powder) (8 g) were sieved (150-
300 pm mesh size) and added into Tris buffer (50 mM, 400 ml at pH 8.5), followed by quick
addition of dopamine (4 g)(63). The reaction mixture was kept at room temperature and
stirred (600 rpm) for 3 hours. The as-synthesized praziquantel particles were purified with
centrifugation (4000 rpm x 10 min). The purified praziquantel particles were lyophilized for
3 days and stored at —20 °C. Before administration, praziquantel particles were resuspended
in the GSEL solution and the praziquantel-GSEL solution was used fresh.

Praziquantel concentration assessment.

High-Performance Liquid Chromatography Agilent 1260 Infinity Il HPLC system (Agilent
Technologies, Inc.) equipped with Model 1260 quaternary pump, Model 1260 Hip ALS
autosampler, Model 1290 thermostat, Model 1260 TCC control module, and Model 1260
diode array detector was utilized as described previously. Data processing and analysis was
performed using OpenLab CDS software (Agilent Technologies, Inc.). For praziquantel,
chromatographic isocratic separation was carried out on an Agilent Zorbax Eclipse XDB
C-18 4.6 x 150 mm analytical column with 5 pm particles, maintained at 40 °C. The
optimized mobile phase consisted of MilliQ grade water and acetonitrile at a flow rate of 1
ml/min over a 5 minutes run time. Separation was achieved using a gradient elution profile
starting at 50% water and 50% acetonitrile at minute O which ended at 30% water and 70%
acetonitrile at 3 minutes. The injection volume was 5 pl, and the selected ultraviolet (UV)
detection wavelength was 217 nm.

In vivo evolution of pharmacokinetics of the praziquantel-GSEL solution.

Pigs were sedated, intubated, and maintained with isoflurane as described above. The gastric
fluid was removed from the stomach before administration. Praziquantel-GSEL solution (20
mg/ml, 1 ml/kg) was delivered into the small intestine. Praziquantel without the GSEL
solution was used as the control. Blood samples were collected from a marginal ear vein at
designated time points. Serum samples were separated from blood by centrifugation (1800 G
x 10 min at 4 °C) and were stored at —80 °C for further analysis.

Oral toxicity test.

Three groups (4 animals in each group) of rats (Sprague Dawley, 150-200 g, Charles River
Labs) were exposed to the water (5 ml/kg), as-prepared PDA (15 mg/ml, 5 ml/kg) and GSEL
solution (5 ml/kg) separately over a period of 4 weeks by following guidelines issued by
Organization for Economic Co-operation and Development (OECD) with minor
modifications(55). The solution was directly administered to rats through gavage needles,
but not endoscopic catheters. Body weights were measured every day for 28 days. Blood
samples were collected at day 27 for hematological and blood biochemistry measurements.
At day 28, all 12 rats were euthanized and a necropsy was performed. Samples of heart,
lung, liver, kidney, spleen, stomach, small intestine, and large intestine were collected for
histological analyses.
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Histological analyses of tissues.

Tissues were first fixed in PBS buffer (1X) with 4% paraformaldehyde for 6 hours and then
placed into PBS buffer with 30% sucrose overnight at 4 °C. The fixed tissues were
embedded in paraffin and cut into 5-um-thick sections with a cryostat (Leica Biosystems).
The sections were stained with hematoxylin and eosin for histopathological analysis.

PDA coating of impermeable polycarbonate sheets.

Polycarbonate sheets were exposed to the GSEL solution (without H,O5) for 36 hours and
washed with water to remove excess PDA.

Statistical analysis.

All data were reported as means + SD for n = 3 measurements for each group. Two-sample ¢
tests, one-way ANOVA, and post hoc Bonferroni multiple comparisons test were used to
determine the significance. Individual subject-level data are provided in data file S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Endogenous enzyme catalyzed PDA growth on small intestinal epithelium.
(A) Schematic illustration of the GSEL technology. Orally administered dopamine

monomers in the GSEL solution rapidly oxidize in the presence of hydrogen peroxide
(H205) under endogenous CAT catalysis, and form PDA coating on small intestinal
epithelium. Specific small intestine coating and targeting is achieved due to the uneven
distribution of CAT along the digestive tract (high expression in the small intestine). (B)
Schematic illustration of the CAT-accelerated PDA polymerization in a hypoxic
environment. In an oxygen-deficient environment, dopamine (colorless) oxidation (O, as
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oxidant) and PDA (dark-brown color) formation are inhibited and almost quenched in the
presence of H,O,. CAT can boost oxygen release (H>O5 as O, source) and accelerate PDA
polymerization by about 400 times. (C) Visual observation of PDA polymerization under
conditions shown in (B) at various time points. (D) Extinction measured at 700 nm for the
samples in (C). The optical extinction produced in 20 seconds under CAT catalysis was the
same as the extinction produced in 2 hours under other conditions. (E) Images showing PDA
coating on the mucosal and serosal side of the porcine small intestine after same ex vivo
coating treatment using the GSEL solution. Scale bar, 2 cm. (F) Quantitative evaluation of
the ex vivo GSEL coating kinetics. The PDA signal reached completion within 12 minutes.
Data are reported as means + SD over three porcine tissue samples. (G) Images showing
porcine tissue samples from different parts of the Gl tract before and after the ex vivo GSEL
coating. Samples (6 mm in diameter) were collected at three random sites from PDA-coated
tissue. (H) Quantitative measurements of the PDA signal intensities of samples shown in
(G). The intensity differences between the small intestine and other tissues are statistically
significant. *P* 0.05, one-way analysis of variance (ANOVA) and post hoc Bonferroni. Data
are reported as means + SD over over three different tissue samples.
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Fig. 2. Biological mechanisms of GSEL .
(A) Evaluation of the relationship between tissue catalytic capacity and PDA

polymerization. Porcine tissue lysates were added individually into the GSEL solution, and
the extinction of each solution was measured at 700 nm. Top panel: visual assessments;
bottom panel: quantitative measurements. Small intestinal epithelium was significantly
different from other tissues and control (without lysates). *P * 0.05, one-way ANOVA and
post hoc Bonferroni. Data are reported as means + SD over three replicates. (B & C)
Verification of the exclusive role of CAT in reactions shown in (A) by treating the lysates
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with either a (B) CAT-specific inhibitor or (C) antibody that induces immunoprecipitation.
The relative catalytic capacity differences between the treated and untreated groups are
statistically significant. ***P*0.001 by two-tailed £test. Data are reported as means + SD
over three different tissue samples. (D-F) Quantification of CAT expression (gene and
protein) along the porcine Gl tract by (D) CAT activity analysis, (E) real-time PCR, and (F)
western blotting. Similar distribution profiles were achieved in (D-F), indicating
significantly higher CAT expression in the small intestinal epithelium compared to other
tissues. *P * 0.05, one-way ANOVA and post hoc Bonferroni. Data are reported as means +
SD over three replicates. (G) Microscopic analysis of PDA-coated porcine small intestinal
epithelium, showing a thin PDA layer coated on the exterior villi (indicated by arrows), but
nothing on control tissue (without coating). Scale bars, 150 um. (H) Bright-field imaging of
uncoated tissue slices treated by specific peroxisome/CAT staining (left panels) and with the
GSEL solution (right panels). Scale bars, 150 um.
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Fig. 3. In vivo performance of the GSEL coating in pigs.
(A-C) Schematics and photographs of in vivo GI endoscopic real-time recording of PDA

formation during the GSEL process. The GSEL solution was directly administered to the
porcine small intestine through a catheter under endoscopic visual guidance, and the
endoscopic camera was placed both inside and outside the solution within the small intestine
for observation. (B & C) Endoscopic images (bottom three panels) revealing the steps
during PDA coating. Oxygen bubbles were generated at the epithelium-solution interface
(indicated by white arrows). (D) Schematic illustration of porcine small intestinal ligation
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(top panel) and photograph of direct PDA coating evaluation (bottom panel). The GSEL
solution filled the intestinal cavity up until the clamp site, unable to pass down to the lower
small intestine. (E) Schematic illustration of intestinal retention of the PDA coating
indicated by X-ray imaging of the PDA probes. X-ray images were taken for two in vivo
tests: (1) short-term stability evaluation (rinsing the coated area) and (1) long-term retention
assessment (liquid diet for 24 hours). (F) X-ray images of PDA probes as well as the PDA
coating layer stably residing in the porcine small intestine before and after rinsing the
imaging area, shown in test (1). The stomach and small intestine (SI) areas were separated
with white dotted lines. PDA coating is indicated by yellow arrows. (G) X-ray images of
intestinal retention of PDA coating for the duration of test (I1). Conventional probes were
nearly undetectable after food exposure. (H) Quantitative signal intensity analysis of coated
small intestine areas, regions of interest (ROI), in (F). Data are reported as means + SD over
three different measurements. (1) Quantitative signal intensity analysis of the PDA coating
over time in (G). Data are reported as means = SD over three different measurements.
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Fig. 4. Therapeutic applications enabled by GSEL .
(A) Schematic illustration of the GSEL therapeutic platform. Functional agents, including a

digestive enzyme, nutrient blocker, and anthelmintic drug, were incorporated into the
platform through co-administering with the GSEL orally to pigs. (B) Schematic illustration
of incorporating digestive enzymes (B-galactosidase, p-gal) into PDA coating layer on
porcine intestinal epithelium for augmenting the digestion of substrates (lactose). After the
in vivo coating, the p-gal activity of the coated epithelium was evaluated. (C) Quantitative
comparison of B-gal activity showing increased enzymatic activity in GSEL-based B-gal
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coated tissues compared to negative controls. Data are reported as means + SD over four
animals. (D) Schematic illustration of incorporating nano-crosslinkers (blockers) into the
GSEL coating to enable an impermeable PDA coating layer, preventing glucose uptake in
the porcine small intestine. After the in vivo coating, oral glucose was administered to the
pigs, followed by monitoring blood glucose concentrations. (E) Quantitative comparison of
blood glucose changes showing reduced blood glucose responses of the pigs with the GSEL
coating relative to the control (without coating). Data was averaged between animals (each
animal represented by a grey line) in each group (shown by the black line). (F) Schematic
illustration of coating drug (praziquantel) particles on porcine intestinal epithelium for
sustained release of therapeutics in the small intestine. After the in vivo oral administration
of the praziquantel-GSEL solution, serum drug concentrations were analyzed over 48 hours.
(G) Quantitative comparison of the pharmacokinetics showing significantly extended
retention time of the praziquantel (with the GSEL solution) relative to the control (without
GSEL solution). *indicates p< 0.02, two sample ¢test comparing praziquantel-GSEL and
control groups at matching time points. Data are reported as means + SD over three animals.
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Fig. 5. Compatibility of human tissueswith GSEL.
(A) Images showing fresh resected tissue specimens from human small intestine before and

after ex vivo GSEL coating. Scale bar, 1 cm. (B) Coating kinetics showing ultrafast PDA
signal development in human tissues ex vivo. The PDA signal reaches completion within 3
minutes. (C) Evaluation of GSEL consistency. Tissue specimens from 3 donors with
different ages, races and genders were tested. Five ex vivo assessments were performed on
random sites of the human small intestine. Quantitative measurements (right panel) of the
PDA coating signals of samples (6 mm diameter) before and after coating (left panels)
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confirmed consistent GSEL coating performance. Data are reported as means + SD over five
replicates. (D) Microscopic and histological analyses of frozen specimens (40 pm thickness)
and FFPE specimens (5 um thickness) collected from PDA-coated human small intestinal
epithelium. A thin PDA layer was observed on the exterior villi of coated tissues. Uncoated
tissues were used as controls. Histological study [hematoxylin and eosin (H&E) staining] of
adjacent frozen tissue slides and FFPE samples showed that the epithelial layers remained
intact, with staining patterns similar to controls, demonstrating the absence of tissue toxicity.
Scale bars, 150 pm. (E) Representative images from movie S1 showing no obvious PDA
signal reduction in coated human small intestine after ex vivo mechanical stirring and
scratching. (F) Quantitative ex vivo evaluation of PDA signal intensities of coated human
tissues under a series of physical conditions. The intensity differences among all conditions
are not statistically significant (two-tailed #test). Data are reported as means + SD over three
replicates. (G) Quantitative ex vivo evaluation of PDA signal intensities of coated human
tissues under a series of chemical conditions. The intensity differences among all conditions
are not statistically significant (two-tailed ~#test). Data are reported as means = SD over three
replicates.
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