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Mucoadhesive probiotic backpacks with ROS
nanoscavengers enhance the bacteriotherapy for

inflammatory bowel diseases

Jun Liu"%3, Yixin Wang1’2’3, William John Heelan', Yu Chen'?3, Zhaoting Li"%3, Quanyin Hu'-%3+

Inflammatory bowel diseases (IBDs) are often associated with elevated levels of reactive oxygen species (ROS) and
highly dysregulated gut microbiota. In this study, we synthesized a polymer of hyaluronic acid-poly(propylene
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sulfide) (HA-PPS) and developed ROS-scavenging nanoparticles (HPN) that could effectively scavenge ROS. To
achieve colon tissue targeting effects, the HPN nanoparticles were conjugated to the surface of modified probiotic
Escherichia coli Nissle 1917 (EcN). To enhance the bacteriotherapy of EcN, we encapsulated EcN cells with a poly-
norepinephrine (NE) layer that can protect EcN against environmental assaults to improve the viability of EcN in
oral delivery and prolong the retention time of EcN in the intestine due to its strong mucoadhesive capability. In
the dextran sulfate sodium-induced mouse colitis models, HPN-NE-EcN showed substantially enhanced prophy-
lactic and therapeutic efficacy. Furthermore, the abundance and diversity of gut microbiota were increased after

treatment with HPN-NE-EcN, contributing to the alleviation of IBDs.

INTRODUCTION

Reactive oxygen species (ROS), which are by-products of aerobic
metabolism, are crucial molecules in physiological processes (1, 2).
However, their overproduction will cause oxidative stress, which
will amplify inflammatory responses and exacerbate inflammatory
disorders, especially in the gastrointestinal (GI) tract, resulting in
intestinal mucosal layer damage and pathogen invasion, subsequen-
tially stimulating immune responses, and ultimately leading to the
development of inflammatory bowel diseases (IBDs) (3-5). Excessive
ROS-induced oxidative stress in the intestine is thought to be a major
factor in the pathogenesis and progression of IBDs. Oxidative stress
is caused by the imbalance in the generation of reactive species and
the host’s antioxidant defense capability (6, 7). Excessive ROS can
cause intestinal endothelial cell damage through inducing lipid per-
oxidation and DNA mutation, impairing protein functions, altering
epithelial permeability, and disrupting intestinal epithelial barriers,
eventually leading to the initiation or deterioration of IBDs (8, 9).
Furthermore, excessive ROS can also cause dysregulated proinflam-
matory reactive species—sensitive pathways in immune cells (10, 11)
and induce dysbiosis of the gut microbiota (12, 13). Antioxidants
are known to scavenge ROS in the intestines and are helpful for the
treatment of IBDs (14-16). However, because of their rapid clear-
ance, nonspecific drug biodistribution after systemic administration,
and relatively inefficient ROS-scavenging ability, antioxidants de-
monstrate inconsistent efficacy for treating inflammatory diseases.
Furthermore, undesirable drug distribution profiles of antioxidants
in normal tissues can cause a variety of adverse effects (17-19).

In addition to excessive ROS in the intestine, IBD is associated with
dysbiosis of the gut microbiota in the colonic microenvironment
(20-22). In a healthy individual, microbiota provides the host with
short-chain fatty acids and essential vitamins while also protecting
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them from pathogen colonization and invasion. In contrast, a disor-
dered microbiota induces a chronic inflammatory state, increases
toxic production, and disrupts the host’s metabolism (23-25). In our
previous studies, we found that orally administered probiotics can
colonize colon tissues and aid in the restoration of the normal gut
microbiome to treat GI tract-related diseases (26, 27). Unfortunately,
these probiotics are highly sensitive to the harsh environments in the
GI tract, which limits their viability and retention time in the intes-
tine, leading to decreased therapeutic efficacy (28, 29).

In this study, we established a platform that can selectively and
sustainably scavenge ROS in inflamed colon tissues while also
improving probiotic delivery for gut microbiota homeostasis mod-
ulation. This platform could help to restore a normal gut micro-
environment and address the fundamental issues for effective IBD
therapy. We initially selected poly(propylene sulfide) (PPS), a hy-
drophobic polymer, to scavenge ROS (30). The sulfur atoms of PPS
are easily oxidized by ROS to form a sulfoxide that will be further
oxidized to produce a sulfone (31). This inherent PPS reactivity with
ROS provides PPS antioxidant properties that can serve as a highly
efficient tool for scavenging ROS (32). Moreover, the PPS polymer
contains multiple ROS-reacting sites capable of scavenging multiple
ROS molecules compared to small antioxidant molecules. However,
the clinical application of PPS is limited because it is highly hydro-
phobic, which makes it difficult for in vivo applications (33). In this
study, we synthesized a hyaluronic acid (HA)-PPS conjugate and
self-assembled the HA-PPS nanoparticle (HPN) based on the am-
phiphilic properties that exist when HA and PPS are combined
(Fig. 1A). HA was used to modify PPS and construct HPN because
it can improve IBD treatment by modulating immune responses,
such as regulation of macrophages, and serving as a potent anti-
inflammatory agent (34). In addition, HA, which is often present in
synovial fluids and the extracellular matrix, is biocompatible and
biodegradable. HA has been widely used in biomedical applications
with a great in vivo biosafety profile. The newly generated HPN ex-
hibited improved hydrophilicity and demonstrated cytoprotective
effects while maintaining the robust ROS-scavenging activity of
PPS. Moreover, it was shown that once the ROS were consumed
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Fig. 1. Schematic illustration of the preparation of HPN-NE-EcN and its mechanism for IBD treatment. (A) Preparation of HPN by self-assembly of HA-PPS molecule,
encapsulation of Escherichia coli Nissle 1917 (EcN) with the norepinephrine (NE) layer, and conjugation of HPN to the surface of EcN. (B and C) The prepared HPN-NE-EcN
exerts ROS-scavenging activity by oxidizing sulfur atoms in PPS to form sulfoxides and then further oxidizing to form sulfones (i). Furthermore, the NE layer, which mimics
mussel adhesive foot proteins, endows EcN with a strong mucoadhesive ability and extends the retention time of EcN in the intestine (ii), allowing for enhanced bacteri-

otherapy through restoring the gut microbiome homeostasis (iii).

and the sulfur atoms were oxidized to sulfone, the HPN would self-
degrade because of the transformation of PPS from a hydrophobic to
a hydrophilic state (fig. S1) (35). This transformation enhances the
safety of HPN and opens the door for potential clinical applications.

To improve the oral probiotic delivery to the colon for enhanced
bacteriotherapy, we encapsulated probiotics with norepinephrine
(NE), which could be auto-oxidized to form a poly-NE film on the
probiotic surface to protect it from external environmental assaults
(36, 37). Furthermore, the catecholamine group of NE, which was
found rich in mussel adhesive foot proteins and responsible for the
strong adhesive properties in mussels (38, 39), endowed probiotics
with robust mucosa adhesive property and extended retention time
of probiotics in the intestine without influencing probiotics’ growth
and proliferation for enhanced therapeutic efficacy (Fig. 1B). On
the basis of the colon tissue colonization property of probiotics, we
further conjugated HPN to the surface of probiotics to effectively
deliver the HPN to inflammatory colon tissues for normalizing ROS
levels and minimizing off-target side effects. This platform not only
has the ability to prolong the retention time of probiotics in the in-
testine for enhanced bacteriotherapy, but it can also specifically deliver
and slow-release HPN in the intestine for improved ROS-scavenging
capabilities (Fig. 1C). Last, this platform exhibited the enhanced
prophylactic and therapeutic efficacy against dextran sulfate sodi-
um (DSS)-induced mouse colitis.

RESULTS

Preparation and characterization of HPN as the ROS scavenger
First, we synthesized the PPS polymer with 3-mercaptopropionic
acid and propylene sulfide as the starting materials in the presence
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of a strong base, 1,8-diazabicyclo[5.4.0]undec-7-ene. The synthe-
sized PPS had 20 units of propane-2-thiol, which was confirmed
by nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry (figs. S2 and S3). To conjugate HA to PPS, we used
ethylenediamine as the linker. The carboxyl group of PPS was
activated by N-hydroxysuccinimide (NHS) under 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI) conditions and reacted
with ethylenediamine to generate PPS-NH,, which was then ami-
dated with the acid form of HA to prepare the HA-PPS conjugate
(Fig. 2A). The structure of HA-PPS was confirmed by NMR. An
average density of two molecules of PPS (~40 units of propane-2-thiol)
was conjugated on each 100-kDa HA molecule (fig. S4), suggesting
a high loading efficacy. PPS could be oxidized in the presence of
H,0,, indicating its ROS-scavenging activity (fig. S5). The HA-PPS
conjugate in an aqueous buffer self-assembled to form HPN, which
was first characterized by dynamic light scattering (DLS). The size
of HPN was about 245.2 nm (Fig. 2B and fig. S6A), and the zeta
potential was about —26.1 mV (fig. S6B). Transmission electron
microscopy (TEM) was used to visualize the morphology of HPN
shown in Fig. 2C. HPN exhibited significant ROS-scavenging activ-
ity measured by dichlorodihydrofluorescein diacetate (DCFH-DA)
fluorescence (Fig. 2D). DCFH-DA is oxidized in the presence of ROS,
and this oxidation forms DCF, which can be used as a fluorescent
indicator. As a result, the fluorescent intensity is diminished in the
presence of HPN. Because of the robust ROS-scavenging activity,
HPN was able to protect human colonic epithelial cells (HCT116)
against ROS-mediated cytotoxicity. As shown in Fig. 2E, the HPN-
treated HCT116 cells displayed significantly higher viability than
HCT116 cells after incubation with H,O, and showed no significant
difference compared to HCT116 cells without H,O, treatment. In
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Fig. 2. Preparation and characterization of HPN. (A) General procedures for the synthesis of HA-PPS conjugate. DBU, 1,8-diazabicyclo[5.4.0]lundec-7-ene; THF, tetrahy-
drofuran. (B) Size distribution of HPN measured by DLS (n = 3). (C) TEM images of HPN. (D) DCF fluorescence intensity after incubation of DCFH-DA (50 uM) with H,0,
(1 mM) in the presence of HPN (1 mg/ml), PPS (80 ng/ml), or phosphate-buffered saline (PBS) (n=3). (E) Viability of HCT116 cells after 72 hours of incubation in H,0,
conditions (100 uM) with or without HPN treatment (0.5 mg/ml). Data are presented as means + SEM (n=5). (F and G) The normalized proliferation rate of EcN (F) and
E. coli K12 (G) after culturing in the LB medium containing H,O, (100 uM) with or without HPN treatment (0.5 mg/ml). Data are presented as means + SEM (n = 5). Statisti-
cal analysis was performed using one-way analysis of variance (ANOVA). **P < 0.01, ***P < 0.001. n.s., not significant.

addition, HPN conferred protection against ROS-mediated cyto-
toxicity for two common gut microorganisms, Escherichia coli Nissle
1917 (EcN) (Fig. 2F) and E. coli K12 (Fig. 2G). This result empha-
sizes the cytoprotective effect of HPN against ROS-induced cell
damage. HPN was more resistant to hyaluronidase-mediated deg-
radation compared to free HA (fig. S7), likely because of the steric
hindrance of the HPN nanostructure. The resistance to degradation
might enhance its efficacy profile by preventing the quick clearance
of the nanoparticle.

Preparation and characterization of NE-EcN and HPN-NE-EcN
against environmental assaults

To specifically deliver HPN to regions of inflammation in the colon
tissues, we conjugated the HPN onto the bacterial surface of EcN.

Liu et al., Sci. Adv. 8, eabp8798 (2022) 11 November 2022

Following oral administration, the EcN was able to deliver the ROS
scavenger to the infected areas due to the probiotic’s colonic coloni-
zation effect. Moreover, this bacterial colonization effect is relevant
because GI tract-related diseases are usually accompanied by dys-
regulated microbiota. Previous research has shown that the addition
of supplementary commensal bacteria is beneficial for regulating
microbiota homeostasis in the GI tract for IBDs. Therefore, conju-
gating the ROS scavenger HPN onto the surface of probiotics has
the potential to exhibit synergy for enhanced therapeutic efficacy in
the setting of IBDs.

EcN, a well-known probiotic commercially used to modulate in-
testinal flora, was chosen as the model bacterium in this study. First,
EcN was encapsulated with an NE layer to protect the bacteria from
the harsh environmental conditions presenting in the GI tract and
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to extend the retention time of EcN in the intestine. After coating
the bacteria with the NE layer, the size of EcN increased from 1837
to 2037 nm (Fig. 3A), and the zeta potential increased from —41.1 to
-31.1 mV (Fig. 3B), indicating the existence of the NE layer on the
surface of EcN. TEM images showed a transparent outer shell on the
EcN (Fig. 3C), further demonstrating that the NE layer was formed
and coated on the EcN surface. Next, we investigated whether the
NE layer could protect EcN against environmental assaults. When
EcN and NE-EcN were subjected to simulated gastric fluid (SGF)
supplemented with pepsin that mimics the acidic gastric environ-
ment, the viability of NE-EcN was significantly higher than EcN
after incubation for 0.5, 1, and 2 hours (Fig. 3D). Notably, there

were more than 3 x 10° live bacteria in the NE-EcN group after
2 hours of incubation, whereas almost all uncoated EcN died. It
was also found that NE-EcN exhibited enhanced survival rates in
bile salts (Fig. 3E) and simulated intestinal fluid (SIF) containing
trypsin (Fig. 3F) compared to uncoated EcN, demonstrating the
protective effect of the NE layer on EcN against the external envi-
ronment assaults. To verify the universality of the NE layer-coating
strategy for other live cells, we further coated the NE layer on another
bacterial strain, E. coli (Migula) Castellani and Chalmers (E. coli CC). As
shown in the TEM images in fig. S8A, the NE layer was successfully
coated on the surface of E. coli CC. Moreover, the NE layer offered
protection for E. coli CC strain against external environmental assaults,
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Fig. 3. Preparation and characterization of NE-EcN and HPN-NE-EcN against environmental assaults. (A) Sizes and (B) zeta potentials of ECN and NE-EcN mea-

sured by DLS. Data are presented as means + SEM (n = 3). (C) TEM images of EcN and

NE-EcN. Scale bar, 1T um. (D to F) Survivals of EcN and NE-EcN after exposure to the

following conditions: (D) SGF (pH 1.5) supplemented with pepsin (0.32%), (E) bile salt (0.4%), and (F) SIF (pH 6.8) supplemented with trypsin (10 mg/ml). CFU, colony-
forming units. (G) Schematic illustration of HPN-NE-EcN preparation. (H) Representative TEM image of HPN-NE-EcN. Scale bar, 1 um. (I) LSCM images of HPN-

NE-EcN. The green color represented the HPN labeled with FAM. Scale bar, 10 um. (J)

The growth curves of EcN, NE-EcN, and HPN-NE-EcN in the LB medium at 37°C were

monitored by ODgqo values in 30-min intervals via a microplate reader. Data are presented as means + SEM (n = 3). Statistical analysis was performed using Student’s

t test. ***P < 0.001.
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including SGF (fig. S8B), bile salt (fig. S8C), and SIF (fig. S8D). This
finding supports the broad application of the NE layer coating strat-
egy for bacterial protection in the GI environment.

To conjugate HPN onto the surface of NE-EcN, a ROS-responsive
linker with a terminal amine group was synthesized (40). As shown
in fig. S9, the synthesis was started from cysteamine. The amine
group of cysteamine was first protected with a trifluoroacetate
group to generate intermediate 2, which was further reacted with
2-methoxypropene in the presence of p-toluenesulfonic acid to yield
intermediate 3. Hydrolysis of compound 3 under sodium hydroxide
gave the ROS-responsive linker. The structures of the intermediates
and the ROS-responsive linker were confirmed by NMR (figs. S10
to S12). After incubation of the linker with H,O, for 4 hours, ap-
proximately 40% of the linker was degraded (fig. S13), demonstrat-
ing that the linker was ROS responsive. The ROS-responsive linker
will facilitate the release of HPN from EcN in the inflamed colon
tissues with elevated ROS levels. Next, the carboxyl groups of HPN
were activated by NHS and then condensed with one of the amine
groups from the linker. The other amine group exposed on HPN
served as a reactant group for the autoxidation of NE to form the
poly-NE film on the bacterial surface (Fig. 3G). The TEM image
shown in Fig. 3H confirmed that HPN was successfully conjugated
on the surface of the bacteria. The presence of HPN on the bacterial
surface was further characterized by laser scanning confocal microscopy
(LSCM), as evidenced by the fluorescein amidites (FAM)-labeled
HPN observed on the surface of EcN (Fig. 3I). The loading efficacy
of HPN on the NE-EcN was 92.3% (fig. S14). To examine whether
the NE coating and HPN conjugation affected the growth and pro-
liferation of EcN cells, we incubated EcN, NE-EcN, and HPN-NE-
EcN each in a lysogeny broth (LB) medium, respectively. The
growth curves were monitored for 12 hours via optical density at
600 nm (ODggg) values. As shown in Fig. 3], a similar growth rate
was found among the three groups, demonstrating that the NE
coating and conjugated HPN had a negligible impact on the growth
and proliferation of EcN in vitro.

The mucoadhesive capability of HPN-NE-EcN

To investigate the mucoadhesive capability of the NE layer, we in-
cubated rhodamine B-labeled EcN, NE-EcN, and HPN-NE-EcN
with freshly collected mouse intestines in phosphate-buffered saline
(PBS) for 1 hour and then imaged via IVIS after being washed with
PBS three times. As shown in Fig. 4 (A and B), the fluorescence in-
tensity of the NE-EcN and HPN-NE-EcN groups were much higher
than that of EcN, demonstrating that the NE layer could improve
the adhesive capability of bacteria toward the intestinal mucosa.
Moreover, there was no significant difference in fluorescence inten-
sity between NE-EcN and HPN-NE-EcN groups, suggesting that
conjugation of HPN on the surface of NE-EcN would not affect the
adhesive capability of the NE layer.

Because of the robust mucoadhesive capability of the NE layer
observed ex vivo, the intestinal retention time of NE-EcN and HPN-
NE-EcN were further investigated in vivo. The EcN strains were
electrotransformed with a fluorescent reporter plasmid, PAKgf-
pLux2, for in vivo bioluminescence-based imaging. As shown in
Fig. 4C and fig. S15, the mice treated with NE-EcN and HPN-
NE-EcN exhibited prolonged retention time compared to the EcN
group. The bioluminescence intensity of the NE-EcN and the HPN-
NE-EcN groups were significantly higher than that of the EcN
group at all measured time points, as evidenced by a slower rate of
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bioluminescent signal decay in the NE-EcN and the HPN-NE-EcN
groups compared to the EcN group. After 48 hours, the mice were
euthanized, and the intestines were collected for ex vivo IVIS imag-
ing. As shown in Fig. 4 (D and E), the bioluminescence intensity of
NE-EcN and HPN-NE-EcN groups were 3.4-fold and 3.2-fold high-
er than that of the EcN group, respectively. This demonstrates the
enhanced mucoadhesive capability of bacteria endowed by the NE
layer coating. Moreover, there was no significant difference in the
bioluminescence intensity between the NE-EcN and HPN-NE-EcN
groups, indicating that conjugation of HPN on bacterial surfaces
does not negatively affect the mucoadhesive capability of the NE
layer. In addition, we also assessed the mucoadhesive capability of
NE-EcN and HPN-NE-EcN in the DSS-induced colitis model. As
shown in fig. S16, HPN-NE-EcN and NE-EcN exhibited prolonged
retention time in the intestines than nonencapsulated EcN in DSS-
induced colitis-bearing mice, which further demonstrated the mu-
coadhesive capability of the NE layer. Next, we investigated whether
the conjugation of HPN on the surface of NE-EcN and the pro-
longed retention time of EcN after NE layer coating would reduce
the clearance rate of HPN and also extend the retention time of
HPN in the intestines for persistent ROS scavenging. The HPN was
first labeled with Alexa Fluor 647 for IVIS imaging. As shown in
Fig. 4 (F and G), there was no significant difference in fluorescence
between the HPN and HPN-NE-EcN groups at 4 hours. However,
after 12 hours, the fluorescence intensity in the HPN group was
markedly reduced compared to the HPN-NE-EcN group. The fluo-
rescence intensity of the HPN-NE-EcN group was 7.0-fold higher
than that of the HPN group at 12 hours, demonstrating that the con-
jugation of HPN on NE-EcN prolongs the retention time of HPN in
the intestines. In addition, the HPN was not distributed to any other
major organs, including the heart, liver, spleen, lung, and kidney,
indicating the specificity of the HPN to the intestines (fig. S17).

Next, we evaluated the mucoadhesive capability of HPN-NE-
EcN by LSCM. The EcN strains were first labeled with FAM, and
HPN was stained with Alexa Fluor 647. After 48 hours of oral ad-
ministration of ECN and HPN-NE-EcN, the mice were euthanized,
and colon tissues were collected for frozen slide preparation. As
shown in Fig. 4H and fig. S18A, the green fluorescence in the HPN-
NE-EcN group was significantly higher than that in the EcN group,
further confirming that the mucoadhesive capability of the NE layer
prolonged the retention time of EcN. Moreover, after 12 hours, the
fluorescence of HPN (cyan color) in the HPN-NE-EcN group was
remarkably stronger than that of the HPN group (Fig. 41 and fig.
S18B), demonstrating the longer retention time of HPN in the HPN-
NE-EcN group compared to the HPN group.

Prophylactic and therapeutic efficacy of HPN-NE-EcN

against colitis

Next, the prophylactic and therapeutic efficacy of HPN-NE-EcN
against colitis in vivo was evaluated. First, to investigate whether
HPN-NE-EcN treatment could exhibit prophylactic efficacy to pro-
tect mice from colitis development, the mice were orally adminis-
tered various HPN and EcN-based formulations once every 2 days
until they were euthanized on day 12 [bacteria dose, 1 x 108 colony-
forming units (CFU); HPN, 30 mg/kg]. The mice were simultane-
ously given DSS for the first 7 days to induce colitis (Fig. 5A). The
mice treated with PBS served as the positive control, and the mice
without DSS treatment were set as the negative control. The changes
in body weight were monitored to intuitively reflect the severity of
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colitis. As shown in Fig. 5B, all the DSS treatment groups displayed
reduced body weight after 5 days of treatment. On day 8, all the HPN
and EcN treatment groups displayed attenuated weight loss com-
pared to the DSS" group, indicating the beneficial efficacy of both HPN
and EcN. Notably, the mice treated with HPN-NE-EcN showed sub-
stantially less weight loss on day 6 and had the least amount of weight
loss compared to the other treatment groups. The initial body
weight in the HPN-NE-EcN group was almost fully recovered after
3 days upon discontinuation of DSS therapy, demonstrating the po-
tent prophylactic efficacy of HPN-NE-EcN against colitis.

Liu et al., Sci. Adv. 8, eabp8798 (2022) 11 November 2022

The deleterious inflammatory response induced by colitis also
causes a reduction in colon length as a result of chronic tissue dam-
age. Therefore, mice colons were isolated and imaged (Fig. 5C), and
the colon length was summarized to further evaluate colon damage.
As shown in Fig. 5D, the mice treated with PBS (DSS"), EcN, NE-EcN,
and HPN displayed an average of 28.6, 18.8, 17.6, and 17.7% reduc-
tion in colon length compared to that of DSS™ control, respectively,
while the HPN-NE-EcN group showed only an average of 6.9% re-
duction, further demonstrating the most prominent protective ef-
fect of HPN-NE-EcN against colitis. Next, colon damage levels were
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Fig. 5. Preventative efficacy of HPN-NE-EcN against DSS-induced mouse colitis model. (A) Schematic of the experimental schedule. Various HPN and EcN formula-
tions were administered every 2 days by oral gavage, and 3% DSS was given in drinking water from days 0 to 7. (B) Percentage weight changes for the colitis-bearing mice
treated with various EcN and HPN formulations. The significant analysis was compared between HPN-NE-EcN and NE-EcN. (C) Colon tissue images and (D) quantified
colon lengths in different treatment groups. (E) Representative histological images of colon tissues stained with hematoxylin and eosin (H&E) and (F) histopathology
scores of colon tissues based on H&E images. (G) Relative colonic MPO activities in colon tissues. (H) LSCM images of DCF fluorescence and (I) quantified DCF fluorescence
intensities in colon tissues after incubating with DCFH-DA to reflect ROS levels in different treatment groups through ImageJ software. Scale bar, 250 um. Data are presented
as means + SEM (n = 6). Statistical analysis was performed using one-way ANOVA. *P < 0.05, **P < 0.01.

evaluated through histological analysis to assess the treatment effi-
cacy, and representative histological images were presented in Fig. 5E. A
complete loss of crypt, goblet cell depletion, and immune cell infil-
tration were observed in the DSS* group, whereas substantial im-
provements were found in all ECN and HPN treatment groups. This
improvement was especially substantial for the HPN-NE-EcN group,

Liu et al., Sci. Adv. 8, eabp8798 (2022) 11 November 2022

which showed an almost intact epithelium layer and negligible in-
flammatory cell infiltration. Moreover, a histological scoring system
(table S1) related to inflammation severity, depth of injury, crypt cell
damage, and percentage of colon tissue involvement was applied to
quantitatively evaluate the colon tissue damage levels (41). As shown
in Fig. 5F, the histological score for the HPN-NE-EcN group was
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significantly lower than all other DSS treatment groups, displaying
a10.2-, 4.4-, 4.4-, and 4.5-fold lower score than DSS", EcN, NE-
EcN, and HPN groups, respectively, indicating the superior efficacy
of HPN-NE-EcN against colitis.

Next, colonic myeloperoxidase (MPO) activity, a marker for
neutrophil activity, was measured to assess the degree of neutrophil
infiltration in colon tissues. As shown in Fig. 5G, the MPO activity
of the HPN-NE-EcN group was significantly lower than all other
treatment groups while showing no significant difference compared
to the DSS™ control, indicating the potent anti-inflammatory effect
of HPN-NE-EcN. To evaluate the ROS-scavenging ability of HPN-
NE-EcN in vivo, we measured the ROS levels in colon tissues using
DCF fluorescence imaging. The representative images were shown
in Fig. 5H and figs. S19 and S20. It is apparent that the DCF fluores-
cence represented as green color in the HPN-NE-EcN group was
weaker than that of the DSS* group. Meanwhile, the quantified
DCEF fluorescence data also revealed that the DCF intensity of the

HPN-NE-EcN group was significantly lower than that of the DSS"
group and showed no significant difference when compared to the
DSS™ groups (Fig. 5I). The results showed recovered ROS levels in
colon tissues and indicated the substantial ROS-scavenging capabil-
ity of HPN-NE-EcN. Furthermore, histological analysis of major
organs (fig. S21), including the heart, liver, spleen, lung, and kidney,
indicated negligible side effects caused by HPN-NE-EcN.

To validate the therapeutic efficacy of HPN-NE-EcN against
IBDs, we first developed the mouse colitis model by feeding DSS to
mice for 7 days without treatment. Afterward, the DSS was discon-
tinued, and different formulations of EcN and HPN (bacteria dose,
1 x 10° CFU; HPN, 30 mg/kg) were orally administered for four
consecutive days (Fig. 6A), and body weights were monitored. As
shown in Fig. 6B, the mice of the HPN-NE-EcN group displayed
ameliorated weight loss during the duration of a 4-day time-course
therapy, and the weight loss was significantly lower than that of all
other treatment groups from day 2. Moreover, the colon length in the

A B D
Ti (day) gw:
ime (day) -7-6-5-4-3-2-101 23 4 =
P R T S R S A S S %1004 -+ DSSs* E
5 —— EoN =
3% DSS admin @ £ 954 —— NE-EcN 5
' ' : s — HPN =
Bacteria admin 5 $ — HPN-NE-EcN 2
é 85+ -0~ DSS- ]
. ®
Euthanasia S 1 3 3 i
Days
C
i ik |
EcN
HPN HPN-NE-EcN DSS-
G
1.0
2 .
E » *kk
8E o084 P=0.1208
83 N 3 . =
=9 . n.s.
28 o6 i :
5 o
Q K
04

Fig. 6. Therapeutic efficacy of HPN-NE-EcN against DSS-induced mouse colitis model. (A) Schematic of the treatment plan. The mice were administered with 3% DSS
from days 0 to 7 to induce the colitis. Afterward, different formulations of ECN and HPN were given to the mice for 4 days to assess their therapeutic efficacy. (B) Percent
weight changes of colitis-bearing mice in different treatment groups. The significant analysis was compared between HPN-NE-EcN and NE-EcN. (C) Colon images and
(D) quantified colon lengths in different treatment groups. (E) Representative H&E-stained colon tissue images and (F) histopathology scores of colon tissues to evaluate
colon damage. Scale bar, 100 um. (G) Relative MPO activities in colon tissues to reflect colonic inflammation levels in different treatment groups. Data are presented as
means + SEM (n = 6). Statistical analysis was performed using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.
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HPN-NE-EcN group was significantly longer than that in the other
DSS treatment groups (Fig. 6, C and D). Hematoxylin and eosin
(H&E) staining revealed that the lowest colon damage occurred in
the HPN-NE-EcN group (Fig. 6E), and the histological score for the
HPN-NE-EcN group was also significantly lower compared to all
other DSS treatment groups (Fig. 6F). In addition, MPO activity in
colon tissues of the HPN-NE-EcN group was substantially lower
than that of other DSS treatment groups and had no significant dif-
ference when compared to the DSS™ control (Fig. 6G).

To assess the reproducibility of the therapeutic efficacy of HPN-
NE-EcN in vivo, we established the DSS-induced mouse colitis
model and treated it with various formulations. Moreover, two ad-
ditional groups were added, which were an increased dose of HPN
(60 mg/kg) and a physical mixture of HPN and NE-EcN (HPN +
NE-EcN). Consistent with the previous results, the HPN-NE-EcN
treatment displayed superior therapeutic efficacy compared to all
other treatment groups, as evidenced by delayed weight loss, longer
colon length, and minimized colon damage (fig. S22). Moreover,
as shown in fig. S22 (B to D), the weight loss in the HPN-2 group
(60 mg/kg) was significantly lower than the mice treated with HPN-1
(30 mg/kg). The colon length in the HPN-2 group was longer than
that in the HPN-1 group, indicating the enhanced therapeutic effi-
cacy of increasing the amount of HPN. Therefore, there is the pos-
sibility that increasing the dose or more frequent administration of
HPN may result in enhanced therapeutic efficacy as HPN-NE-EcN
against colitis. Notably, although there is no significant difference in
body weight change (P = 0.16) between HPN-NE-EcN and HPN +
NE-EcN, both the colon lengths and colon damage scores displayed
significant improvement in HPN-NE-EcN groups than those in
HPN + NE-EcN groups, demonstrating the significantly enhanced
treatment efficacy. Moreover, histological analysis of major organs
(fig. S23), including the heart, liver, spleen, lung, and kidney, along
with the complete blood count (table S2), indicated no significant
side effects caused by all treatment groups. Together, HPN-NE-
EcN exhibited potent prophylactic and therapeutic efficacy for the
treatment of colitis.

Modulatory effect of HPN-NE-EcN on the gut microbiome

Because of the fact that probiotics can modulate the gut microbiota
and exert beneficial effects on the host (3, 42), we examined the gut
microbiota composition change after various treatments in DSS-
induced colitis-bearing mice. After treatment of various formulations
of EcN and HPN for 4 days, the feces were collected and analyzed
via the 16S ribosomal RNA (rRNA) gene sequencing assay. As
shown in Fig. 7A, the bacterial richness that presented as observed
operational taxonomic units (OTUs) in all EcN treatment groups
was significantly higher than that in the DSS' group, and the bacte-
rial richness in the HPN-NE-EcN group was remarkably higher
than that in HPN groups, indicating the beneficial effects of EcN on
gut microbiota modulation. In addition, the gut microbiome a-
diversity showed as Shannon (Fig. 7B) and inverse-Simpson index
(Fig. 7C) in the HPN-NE-EcN group and the NE-EcN group were
remarkably higher than that in the EcN group because of the pro-
tective and mucoadhesive capacity of the NE layer that increased
the richness of EcN in the intestine. Moreover, the B-diversity anal-
ysis of the gut microbiome using principal coordinates analysis plot
with Bray-Curtis dissimilarity as a metric showed that mice in the
HPN-NE-EcN group exhibited distinct gut microbiota profiles
compared to mice in the other treatment groups (fig. S24). Further

Liu et al., Sci. Adv. 8, eabp8798 (2022) 11 November 2022

investigation at the family (Fig. 7D) and genus (Fig. 7E) levels re-
vealed that the HPN-NE-EcN treatment significantly increased the
relative abundance of the beneficial bacteria Muribaculaceae (known
to regulate inflammatory responses) (Fig. 7F) (43) and Prevotellaceae_
UCG-001 (known to produce short-chain fatty acids) (Fig. 7G) (44),
which were prominently decreased in the DSS™ group. Moreover,
after treatment with various EcN and HPN formulations, the rela-
tive abundance of Desulfovibrionaceae (known to produce lipo-
polysaccharides and damage the gut barrier) (Fig. 7H) (45), a
virulent pathogen that would worsen colitis, was markedly re-
duced. Overall, in DSS-induced colitis-bearing mice, the NE-EcN
and HPN-NE-EcN could effectively increase the abundance of ben-
eficial bacteria, decrease pathogens, and improve the richness and
diversity of the gut microbiome to regulate the composition of the
gut microbiota, contributing to the enhanced therapeutic efficacy
against colitis.

DISCUSSION

In summary, given the overproduced ROS levels and disordered
microbiota in the intestinal microenvironment of GI tract-related
diseases, we prepared a platform of HPN-NE-EcN capable of
preventing and mitigating the detrimental effects associated with
IBDs. The HPN nanoparticles, self-assembled from the synthesized
molecule of HA-PPS, exhibited potent ROS-scavenging capability
and could protect colonic epithelial cells, as well as the microbiome,
including EcN and E. coli K12 strains from oxidative stress—induced
damages. The commensal bacteria of EcN that are beneficial for reg-
ulating the balance of intestinal flora were further encapsulated
with the NE layer on their surface. The generated NE layer provides
EcN resistance against a variety of environmental assaults to im-
prove viability in oral delivery. Moreover, the mucoadhesive capa-
bility of the NE layer endowed the EcN bacteria with prolonged
retention time in the intestine for enhanced therapeutic efficacy.
Furthermore, the probiotic EcN is an effective colon-targeted
carrier due to the natural colon tissue colonization property. Thus,
except for the intestinal flora modulation property of EcN, the gen-
erated platform of HPN-NE-EcN by conjugating HPN on the sur-
face of EcN via a ROS-responsive linker could also effectively
deliver HPN to inflammatory colon tissues for targeted ROS scav-
enging. Moreover, the prolonged retention time of HPN-NE-EcN
due to the mucoadhesive capability of the NE layer decreased the
clearance of HPN for persistently scavenging ROS in colon tissues.
Notably, the NE layer—coating strategy can be adapted to encapsu-
late other live cells for cytoprotection, and the NE layer coating, as
well as HPN conjugation, would not affect the growth and prolifer-
ation of EcN. Meanwhile, the HPN nanoparticles could self-degrade
after completely reacting with ROS due to the physicochemical
transformation of PPS from hydrophobic to hydrophilic, and this
improves the safety profile of this approach. The synergized effec-
tiveness of HPN-NE-EcN for simultaneously scavenging ROS and
modulating microbiota homeostasis in colonic microenvironments
provided significantly enhanced prophylactic and therapeutic effi-
cacy against DSS-induced colitis. Because of the studies reported
that many E. coli strains including EcN have the possibility of
pathogenicity to promote colon cancer (46), the safety of the ECN
strain developed in this study needs to be further evaluated before
clinical applications, and the strategy needs to be tested with other
beneficial bacteria as carriers for further translation.
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Desulfovibrionaceae in (F) and (H) refer to OTUs in their family that could not be classi
sis was performed using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.

MATERIALS AND METHODS

Materials

All commercially available reagents were used without further pu-
rification as described in our previous study (26). Anhydrous sol-
vents were dried through routine protocols. All chemical reactions
were carried out under a nitrogen atmosphere in dry glassware with
magnetic stirring. Analytical thin-layer chromatography (TLC) was
carried out using 0.25-mm silica gel plates (GF254), and column

Liu et al., Sci. Adv. 8, eabp8798 (2022) 11 November 2022

treatments. (E) Heatmap illustration of relative abundance of gut microbes at
in their family that could not be classified at the genus level. (F to H) Relative abun-
) in the gut microbiome of mice treated with different groups. Muribaculaceae and
fied at the genus level. Data are presented as means + SEM (n = 5). Statistical analy-

chromatography was carried out on 200- to 300-mesh silica gel. The
NMR spectra were recorded on a Bruker 400 spectrometer. The
main chemicals and biological material used in this study are listed
below: hydrochloric acid (HCI, 37%, Lab Chem), NHS (Alfa Aesar),
sodium hydroxide (NaOH, Alfa Aesar), trypsin from porcine pan-
creas (Sigma-Aldrich), pepsin powder (Thermo Fisher Scientific),
bile salts (Sigma-Aldrich), ampicillin (Sigma-Aldrich), DSS salt (mo-
lecular weight 40,000, Alfa Aesar), LB (Fisher Bioreagents), agar
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(Fisher Bioreagents), hydrogen peroxide solution (H,O,, Sigma-
Aldrich), sodium chloride (NaCl, Fisher Chemical), Hoechst 33342
trihydrochloride (Life Technologies), cell counting kit-8 (CCK-38,
Apexbio), DCFH-DA (Sigma-Aldrich), and isopropyl B-p-1-
thiogalactopyranoside (IPTG, Chem-Impex). The LB liquid medium
was prepared using 25 g of LB powder in 1 liter of deionized (DI)
water and was then autoclaved. LB agar plates were prepared on
dishes using 20 ml of LB agar solution (25 g of LB and 12 g of agar
in 1 liter of DI water). SGF and SIF was prepared as described in the
United States Pharmacopoeia. Briefly, SGF was prepared by dis-
solving 2.0 g of NaCl and 3.2 g of pepsin in 1 liter of DI water, and
the pH was adjusted to 1.5 with HCL. The SGF was filtered by a
0.22-um membrane before usage. SIF was prepared by dissolving
6.8 g of KH,PO, and 10 g of trypsin in 1 liter of DI water, and the pH
was adjusted to 6.8 with NaOH. The SIF was filtered by a 0.22-pm
membrane before usage.

Methods

Synthesis of HA-PPS conjugate

PPS. To astirred solution of 100 ul (1.15 mmol) of 3-mercaptopropionic
acid in 30 ml of anhydrous tetrahydrofuran was added 524 pl (3.45 mmol)
of 1,8-diazabicyclo[5.4.0]-7-undecane in an ice bath under stirring,
and the reaction mixture was stirred for 30 min under a nitro-
gen atmosphere. Then, 1.9 ml (21.15 mmol) of propylene sulfide
was added dropwise, and the reaction mixture was allowed to stir
at 60°C overnight. After that, the reaction was quenched by adding
5 ml of H,O, purified by precipitation in cold methanol, and the
solvent was evaporated under reduced pressure to produce PPS
as yellow oil. 'H NMR (400 MHz, CDCl3) 8 3.03 to 2.83 (m, CH,), 2.72
to 2.56 (m, CH), and 1.47 to 1.30 (d, CH3); mass spectrum (electro-
spray ionization) mass/charge ratio (m/z) 1587.2 (M-H)™ (Ce3H 12502521
requires 1587.3).

PPS-NH;. To a stirred solution of 158.6 mg (100 pmol) of PPS in
20 ml of dichloromethane was added 23 mg (200 pmol) of NHS and
48 mg (250 umol) of EDCI, and the reaction mixture was stirred at
room temperature for 30 min. Then, 133 ul (2 mmol) of ethylenedi-
amine was added dropwise to the mixture, and stirring was contin-
ued overnight at room temperature. After that, the reaction mixture
was diluted by adding 20 ml of dichloromethane, washed succes-
sively with H,O and brine, dried over MgSOy, and filtered. The sol-
vent was concentrated under reduced pressure to give PPS-NHj,
which was used directly without further purification.

HA-PPS conjugate. Before synthesizing the HA-PPS conjugate,
the acid form of HA was prepared from HA sodium salt. Briefly,
HA sodium salt was dialyzed in 0.01 M HCl solution overnight and
then lyophilized to produce the acid form of HA. HA (100 mg) was
dissolved in 10 ml of H,0, and 7 mg (60 umol) of NHS and 14.5 mg
(75 umol) of EDCI were added. The mixture was stirred for 30 min
at room temperature. Then, a solution containing 40 mg of PPS-
NH,; in 1 ml of tetrahydrofuran was added dropwise, and the stir-
ring was continued for another 24 hours at room temperature under
nitrogen protection. After that, the mixture was dialyzed against
water/methanol at a ratio of 1:1 three times for 1 day, followed by dis-
tilled water three times for 1 day. The solvent was removed by lyo-
philization to generate the HA-PPS conjugate. "H NMR (400 MHz,
D,0/acetone-D6 1:1) § 4.76 to 4.56 (m, 252H), 4.10 to 3.89 (m, 639H),
3.83 to 3.62 (m, 628H), 3.02 to 2.88 (m, 26H, CH, on PPS), 2.72 to
2.64 (m, 13H, CH on PPS), 2.43 to 2.33 (m, 372H, CH3 on HA), and
1.56 to 1.35 (m, 39H, CH;3 on PPS).

Liu et al., Sci. Adv. 8, eabp8798 (2022) 11 November 2022

Synthesis of the ROS-responsive linker
2,2,2-Trifluoro-N-(2-mercaptoethyl)acetamide (2). To a stirred solution
of 5 g (64.8 mmol) of cysteamine in 100 ml of methanol was added
9.3 ml (77.8 mmol) of ethyl trifluoroacetate and 13.5 ml (97.2 mmol)
of triethylamine, and the reaction mixture was stirred at room tem-
perature overnight. After that, the solvent of methanol was evapo-
rated under reduced pressure, and 100 ml of dichloromethane was
added. The mixture was then washed with water and brine, dried
over MgSO,, filtered, and concentrated under reduced pressure to
give the crude product. The residue was purified by chromatogra-
phy on asilica gel column to afford compound 2: yield 7.6 g (68%);
silica gel TLC R¢ 0.5 (5:1 hexane-EtOAc); '"H NMR (400 MHz,
CDCl3) 6 6.81 (s, 1H), 3.56 (q, ] = 6.3 Hz, 2H), 2.82 to 2.70 (m, 2H),
and 1.42 (t, J = 8.6 Hz, 1H).

N,N'-((Propane-2,2-diylbis(sulfanediyl))bis(ethane-2,1-
diyl))bis(2,2,2-trifluoroacetamide) (3). To a stirred solution of 7.5 g
(43.4 mmol) of compound 2 in 100 ml of dry tetrahydrofuran was
added 900 mg (5.22 mmol) of p-toluenesulfonic acid at room tem-
perature under nitrogen protection, and the reaction mixture was
stirred for 10 min. Then, 50 g of molecular sieves was added, and
the reaction mixture was stirred for an additional 30 min. Next,
1.25 g (17.4 mmol) of 2-methoxypropene was added to the reaction
mixture, and the stirring was continued for 24 hours at room tem-
perature. After that, the tetrahydrofuran solvent was evaporated
under reduced pressure, and 100 ml of dichloromethane was added.
The mixture was then washed with water and brine, dried over
MgSO,, filtered, and concentrated under reduced pressure. The res-
idue was purified by chromatography on a silica gel column to give
the compound 3: yield 3.1 g (37%); silica gel TLC R¢0.5 (3:1 hexane-
EtOAc); "H NMR (400 MHz, CDCls) & 6.84 (s, 2H), 3.60 (¢, ] =
6.5 Hz, 4H), 2.85 (t, ] = 6.7 Hz, 4H), and 1.63 (s, 6H).

2,2'-(Propane-2,2-diylbis(sulfanediyl))bis(ethan-1-amine)
(ROS-responsive linker). Compound 3 [3.0 g (7.8 mmol)] was dis-
solved in 20 ml of NaOH (6 M), and the reaction mixture was
stirred at room temperature for 4 hours. Then, the reaction mixture
was extracted by dichloromethane, washed with brine, dried over
MgSOy, filtered, and concentrated under reduced pressure to give
the pure ROS-responsive linker quantitatively: yield 1.5 g; "H NMR
(400 MHz, CDCl3) §2.92 (t, ] = 6.5 Hz, 4H), 2.74 (t, ] = 6.5 Hz, 4H),
1.62 (s, 6H), and 1.35 (s, 4H).

Preparation and characterization of HPN. HA-PPS conjugate
was dissolved in the distilled water, and ultrasonication (at intervals
of 2 s on and 2 s off) was performed for 10 min in an ice bath to
prepare HPN nanoparticles. The nanoparticle size and zeta poten-
tial of HPN were measured by DLS. The morphologies of HPN
were visualized by TEM (FEI Tecnai T12). Briefly, a drop of HPN
solution was deposited onto a carbon-coated copper grid. After com-
pletely drying, the sample was imaged by TEM.

The ROS-scavenging activity of HPN. The ROS-scavenging ac-
tivity of HPN was determined by measuring the fluorescent signals
of DCF oxidized from DCFH-DA by peroxy radicals in the presence
of HPN. PBS and PPS were used as control groups. Briefly, 50 uM of
DCFH-DA in PBS was incubated with 1 mM H,0, in the presence of
PBS, PPS (80 pg/ml), and HPN (1 mg/ml) at 37°C. The fluorescent
signals were monitored using a microplate reader (Infinite M Plex,
Tecan) for 1 hour (excitation, 490 nm and emission, 520 nm).

Resistance of HPN against hyaluronidase-mediated degradation.
The degraded product of HA by hyaluronidase, N-acetyl-p-
glucosamine, was measured by a colorimetric method to assess the
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hyaluronidase-mediated degradation of HPN. Briefly, HA and HPN
(1 mg/ml) were separately incubated with hyaluronidase (150 U/ml)
in pH 6.0 PBS buffer at 37°C. At predetermined time points, 100 pl
of samples was taken and diluted by 400 ul of PBS. The mixture was
kept at 100°C for 5 min to stop the enzymatic reaction. Next, 100 pl
of 0.8 M potassium tetraborate (pH 9.0) was added to the mixture.
After being kept at 100°C for 3 min, the mixture was cooled in water,
and 3 ml of p-dimethylaminobenzaldehyde (DMAB) reagent (10 g
of DMAB dissolved in 100 ml of acetic acid containing 12.5% of
10 M HCI) was added. The ODsy4 values were measured within
5 min by a microplate reader to evaluate the level of hyaluronan break-
down product.

Strains and culture conditions. The strains EcN, E. coli K12, and
E. coli CC were used in this study. The bacterial cells were cultured
on an LB agar plate (1.5% agar). Before each experiment, the cells
were cultured in liquid LB medium overnight at the shaking speed
of 225 rpm at 37°C.

Cytoprotective effect of HPN against ROS-induced damage. The
protective effect of HPN against ROS-induced damage was mea-
sured in colonic epithelial cells (HCT116) and bacteria (EcN and
E. coli K12), respectively, using a CCK-8 assay. Briefly, for the co-
lonic epithelial cells, HCT116 cells (8 x 10° per well) were cultured
in a 96-well plate for 24 hours at 37°C. Then, the culture medium
was removed, and 100 pl of fresh medium and fresh medium con-
taining 100 uM of H,O, with or without HPN (0.5 mg/ml) was added
to each well. After incubation for 72 hours, the cells were washed
with culture medium, and then fresh medium (100 pl) was added to
each well, followed by the addition of 10 ul of CCK-8 solution. After
incubation for 1 hour at 37°C, the ODy5¢ values were measured
using a microplate reader. The cell viability was normalized to
HCT116 cells without H,O, and HPN treatments.

For bacterial strains, 100 ul of EcN and E. coli K12 in LB medium
or LB medium containing H,O, (100 uM) with or without HPN
(0.5 mg/ml) were separately seeded into a 96-well plate with an ini-
tial ODgqg value ~0.15 and incubated for 12 hours. Afterward, 10 pl
of CCK-8 solution was added to each well and incubated for an ad-
ditional 1 hour. The OD values were recorded at 450 nm by a mi-
croplate reader, and the viability was normalized to bacteria without
H,0, and HPN treatments.

Encapsulation of EcN with the NE layer and characterization of
NE-EcN. The EcN cells, picked from an LB agar plate, were cultured
in an LB medium at 37°C overnight. After the EcN cells were
washed with PBS twice, NE solution (0.5 mg/ml) in PBS was added
and incubated for 3 hours at a shaking speed of 200 rpm. The
formed NE-EcN cells were collected by centrifugation after being
washed with PBS three times to remove residual NE molecules. The
formed NE layer on the bacterial surface was characterized by
TEM. Briefly, a drop of NE-EcN solution in DI water was deposited
onto a carbon-coated copper grid. After completely drying, the sam-
ple was imaged by TEM. Moreover, the sizes and zeta potentials of
EcN and NE-EcN were determined by DLS.

External environment resistance assay for NE-EcN. The protec-
tive effects of the NE layer on EcN against simulated GI condi-
tions, including SGF (pH 1.5) supplemented with pepsin (0.32%),
SIF (pH 6.8) supplemented with trypsin (10 mg/ml), and bile salts
(0.4%), were measured. Briefly, for the SGF resistance assay, equal
amounts of EcN and NE-EcN were separately subjected to SGF and
incubated at 37°C with a shaking speed of 225 rpm. At predeter-
mined time points, 50 pl of the sample was taken, washed with PBS,
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and spread on LB agar plates in sequential 10-fold dilutions. The
colonies were counted after 24 hours of incubation at 37°C. For re-
sistance against SIF and bile salt, equal amounts of EcN and NE-EcN
were separately subjected to SIF and bile salts in the LB medium. At
predetermined time points, the samples were collected and washed
with PBS. After that, the samples were resuspended in 100 pl of
PBS, followed by adding 10 pl of CCK-8 solution, and incubated for
1 hour at 37°C. The ODysq values were recorded to evaluate the
cell viability.

Preparation and characterization of HPN-NE-EcN. To prepare
the ROS-responsive linker bound to HPN, the HA-PPS molecule
was first reacted with sulfo-NHS to produce HA-PPS-NHS. Briefly,
to a stirred solution of 20 mg of HA-PPS in 10 ml of distilled water
was added 10 mg (0.05 mmol) of EDCI and 4 mg (0.02 mmol) of
sulfo-NHS, and the reaction mixture was stirred for 4 hours at room
temperature to generate HA-PPS-NHS. After dialysis to remove
residual EDCI and sulfo-NHS, the solution of HA-PPS-NHS was
ultrasonicated to prepare the sulfo-NHS exposed HPN nanopar-
ticle, which was then reacted with the ROS-responsive linker (20 mg,
0.1 mmol) at room temperature overnight to prepare the ROS linker—
exposed HPN. The generated HPN was collected by centrifugation
and washed with water three times to remove the residual ROS
linker. Next, the EcN cells were incubated in the NE solution (0.5 mg/
ml) in PBS for 1 hour at a shaking speed of 200 rpm. Then, the ROS
linker-exposed HPN was added, and the mixture was incubated for
another 2 hours. The generated HPN-NE-EcN was collected by cen-
trifugation at 4000 rpm and washed with water three times to re-
move the residual HPN nanoparticles.

The formed HPN-NE-EcN was first characterized by TEM im-
ages. Briefly, the HPN-NE-EcN solution in distilled water was
deposited on the surface of the carbon-coated copper grid. After
completely drying, one droplet of UranyLess was dropped on the
grid surface and kept for 3 min. Then, the grid was washed with
distilled water and dried in the air. Next, the dried grid was placed
on a 3% lead citrate droplet for 3 min. After washing in distilled
water, the grid was dried in the air, and images were taken by
TEM. The HPN-NE-EcN was further characterized by LSCM (Nikon
A1RS). To be imaged by LSCM, HA-PPS was first labeled with
FAM fluorescence before making HPN-NE-EcN. Briefly, HA-PPS
was dissolved in water. NHS and EDCI were added to the mixture,
and the mixture was stirred at room temperature for 15 min. Then,
FAM-NH,; was added, and the stirring was continued for 4 hours.
After that, the mixture was dialyzed in water for 2 days to remove
the residual FAM fluorescence. Next, the FAM-labeled HA-PPS
was used to prepare the HPN-NE-EcN as described above, and the
resulting HPN-NE-EcN was imaged by LSCM. Moreover, the load-
ing efficacy of the HPN on the surface of the bacteria was quantified
by fluorescence measurement. Briefly, the concentration of HPN
correlated with fluorescence was quantified, and a standard curve
was created. After preparing the HPN-NE-EcN, the amount of HPN
conjugated on the bacterial surface was quantified according to a
standard curve.

Measurement of growth curves of EcN, NE-EcN, and HPN-NE-
EcN. To assess whether the NE layer and HPN nanoparticles on the
surface of EcN would affect the growth and proliferation of EcN,
the growth curves of EcN, NE-EcN, and HPN-NE-EcN were mea-
sured. Briefly, after encapsulating EcN with the NE layer and conju-
gating HPN on the surface of NE-EcN, the bacteria were diluted
and seeded into a 96-well plate with an ODggg value of ~0.15 and
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incubated at 37°C with gentle shaking. The ODgg values were mon-
itored every 0.5 for 12 hours in total by a microplate reader. Un-
coated EcN was used as a control.

Electrotransformation of EcN with PAKgfpLux2. The EcN cells
were electrotransformed with a fluorescent reporter plasmid,
PAKgfpLux2, for IVIS imaging to monitor the distribution of bac-
teria in vivo. Briefly, EcN cells (1 x 10° CFU) were collected and
washed with distilled water three times to remove ions from PBS.
Then, the EcN cells were resuspended in 40 pl of distilled water and
mixed with 1 pl of the PAKgfpLux2 plasmid at a final concentration
of 1 ug/ml. The mixture was kept on ice for 1 min before being
transferred to a prechilled electroporation cuvette (0.1 cm), and the
bacterial suspension was tapped to the bottom of the cuvette to
eliminate bubbles. Next, the cuvette was placed into a chamber.
After being pulsed once (1.8 kV, 4 ms, MicroPulser, Bio-Rad), the
cuvette was removed from the chamber, and 1 ml of LB medium
was added immediately. The cell suspension was then transferred to
a cell culture tube and incubated at 37°C for 1 hour. Afterward, the
bacteria were collected by centrifugation and spread on an LB agar
plate containing ampicillin (100 pg/ml) for selection and incubated
at 37°C overnight.

Evaluation of the adhesive effect of HPN-NE-EcN in vivo. The ani-
mal study protocol was approved by the Institutional Animal Care
and Use Committee at the University of Wisconsin-Madison. To
investigate the adhesive effect of HPN-NE-EcN in the intestine, the
EcN cells were initially electrotransformed with the PAKgfpLux2
plasmid, as described above. Then, the EcN cells were encapsulated
with the NE layer and further conjugated with HPN on the bacteri-
al surface. The generated HPN-NE-EcN was orally administered to
mice, and the distribution of EcN was monitored through biolumi-
nescence signals via an IVIS. Briefly, mice (female, 6 to 8 weeks old)
were randomly assigned to three groups (n = 3 in each group). Be-
fore administration of the EcN formulations, the mice were fasted
for 18 hours but were given drinking water containing IPTG (5 g/
liter) and ampicillin (1 g/liter). Moreover, the bioluminescence of
EcN cells was induced by IPTG (1 mM) for 4 hours before adminis-
tration. Then, 100 pl of EcN, NE-EcN, and HPN-NE-EcN (bacteria
dose, 1 x 10° CFU) in PBS was orally administered, respectively.
Afterward, the mice were given normal chow with IPTG and ampi-
cillin in the drinking water. At 4, 12, 24, and 48 hours, biolumines-
cence in the mice was detected by an IVIS. Furthermore, the mice
were euthanized after 48 hours of receiving the different EcN for-
mulations, and the GI tracts were isolated and imaged.

To visualize HPN nanoparticles in mice, the HPN was labeled
with Alexa Fluor 647 before preparing HPN-NE-EcN. Briefly, 15 mg
of the prepared HA-PPS-NHS was dissolved in 10 ml of distilled
water, and 0.3 mg of Alexa Fluor 647-NH, was added to the solu-
tion. The reaction mixture was stirred overnight to generate the Alexa
Fluor 647-labeled HA-PPS molecule, which was dialyzed in dis-
tilled water for 2 days to remove the residual free fluorophore. The
fluorescence-labeled HA-PPS was used to prepare the HPN and
HPN-NE-EcN for visualizing the HPN in vivo. After receiving the
HPN and HPN-NE-EcN (7.5 mg/kg) for 4 and 12 hours, the mice
were imaged via IVIS to visualize the HPN.

The fluorescent signals of EcN cells and HPN nanoparticles in
the intestine were also imaged by LSCM. Briefly, EcN cells were la-
beled with FAM, and the HPN nanoparticles were marked by Alexa
Fluor 647. Then, the HPN-NE-EcN was prepared using FAM-
labeled EcN and Alexa Fluor 647-labeled HPN. After 48 hours of
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receiving EcN and HPN-NE-EcN (bacteria dose, 1 x 10® CFU),
the mice were euthanized, and the colon tissues were isolated for
frozen-slide preparation. The frozen slides were then fixed, dehy-
drated, and imaged by LSCM to visualize the fluorescence of EcN.
For visualizing the HPN nanoparticles, the mice were given HPN and
HPN-NE-EcN (7.5 mg/kg), respectively. After 12 hours, the mice
were euthanized, colon tissues were isolated, and the frozen slides of
colon tissues were prepared. Then, the slides were imaged by LSCM.

Prophylactic efficacy of HPN-NE-EcN against DSS-induced colitis.
The prophylactic efficacy of HPN-NE-EcN against GI tract-related
diseases was evaluated in a DSS-induced mouse colitis model. Briefly,
mice (female, aged 6 to 8 weeks) were randomly divided into six
groups: PBS-DSS™, PBS-DSS”, EcN, NE-EcN, HPN, and HPN-NE-
EcN (n = 6). The mice were given various EcN and HPN formula-
tions (bacteria dose, 1 x 10% CFU; HPN, 30 mg/kg) on the basis of
their group assignment via oral gavage every 2 days throughout the
experimental period. DSS (3%) was added to the drinking water for
the first 7 days to induce colitis except for the PBS-DSS™ group.
After 7 days, DSS was removed, and all mice were given normal
drinking water. On day 11, the mice were euthanized, and the colon
length was measured. A few major organs, including the heart, liver,
spleen, lung, and kidney, were harvested and fixed in 4% parafor-
maldehyde for histological analysis. Moreover, colon tissues were
collected and separated into several sections for further analysis. In
addition, mouse body weight was recorded daily.

Therapeutic efficacy of HPN-NE-EcN against DSS-induced colitis.
First, colitis was induced in the mice, and the mice were given dif-
ferent formulations of HPN and EcN to evaluate the therapeutic
efficacy of HPN-NE-EcN against colitis. Briefly, the mice were ran-
domly assigned to six groups (PBS-DSS~, PBS-DSS", EcN, NE-EcN,
HPN, and HPN-NE-EcN; n = 6). The mice were given drinking
water containing 3% DSS for 7 days to induce colitis. Afterward, the
mice were given normal drinking water, and various HPN and EcN
formulations (bacteria dose, 1 x 10° CFU; HPN, 30 mg/kg) were ad-
ministered for 4 days. After that, the mice were euthanized, and the
colon length was measured. Colon tissues were harvested and sepa-
rated into several sections for further analysis. Moreover, the body
weights of all the mice were recorded daily.

Moreover, the repeated experiment to further substantiate the
therapeutic efficacy of HPN-NE-EcN against DSS-induced mouse
colitis was performed according to the protocol above, with n = 8
per group. Notably, two additional groups of HPN-2 (an increased
dose of HPN to 60 mg/kg) and HPN + NE-EcN (a physical mixture
of HPN and NE-EcN) were added in this experiment.

Histopathology studies. The histopathology analysis for evaluat-
ing colon damage was performed according to standard procedures
for paraffin embedding and H&E staining. Following procedures
previously described in our study (26). Briefly, the colonic tissues
were fixed in 4% paraformaldehyde solution, embedded in paraffin,
sectioned (4 um), and stained with H&E. The resulting slides were
scanned using a Nikon Intensilight fluorescence microscope. Each
section was scored blindly by a trained pathologist for histological
evidence of colon damage by DSS with a scoring system described
in table S1. The scoring system presented in the supporting infor-
mation included the severity of inflammation, depth of injury, the
extent of crypt damage, and percentage of colon tissue involvement.

MPO assay. Colonic MPO, a marker for neutrophil infiltration,
was measured to evaluate the level of inflammation in colon tissues.
Briefly, the colon tissues were isolated from mice in prophylactic

130f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

and therapeutic experiments and were weighed and washed thor-
oughly with PBS to clean the fecal matter. Next, the samples were
homogenized in 0.5% of hexadecyltrimethylammonium bromide
(fivefold volume/weight) in PBS (pH 6.0), freeze-thawed three times,
and sonicated for 10 s to give a homogeneous tissue suspension. After-
ward, the clear supernatant was collected by centrifugation at a speed
of 20,000¢ at 4°C for 20 min. Subsequently, 50 ul of supernatant was
added to a 96-well plate, and 200 pl of dianisidine dihydrochloride
(1 mg/ml) containing 0.005% (v/v) H,O, in PBS (pH 6.0) was added.
The plate was incubated for 20 min at room temperature. ODys
values were measured to represent the MPO expression levels.

Evaluation of ROS levels in colon tissues. The ROS-scavenging
capability of HPN-NE-EcN was further evaluated in vivo. Briefly,
colon tissues were immersed in 50 uM DCFH-DA solution in PBS
immediately after being isolated from the mice in the prophylactic
experiment and were incubated for 2 hours at room temperature.
Afterward, the colon tissues were washed with PBS three times to
remove free DCFH-DA, and frozen slides for the colon tissues were
prepared. Next, the frozen slides were fixed in precooled (-20°C)
acetone for 10 min. The slides were dried in the air for 20 min and
rinsed with PBS twice for 5 min each time. Afterward, the slides
were incubated in Hoechst 33342 solution with PBS for 10 min and
then rinsed with water four times to remove the residual Hoechst
33342. Next, the slides were dehydrated through four changes of
ethanol (95, 95, 100, and 100%) for 5 min each. After evaporation of
ethanol, the slides were covered with a coverslip using Permount
solution and imaged by LSCM.

Microbiome analysis. After different treatments in DSS-induced
colitis-bearing mice, the feces were collected, frozen in liquid nitro-
gen immediately, and prepared for gut microbiome analysis by 16S
sequencing assay. Briefly, microbial community genomic DNA
was extracted using the E.Z.N.A. soil DNA Kit (Omega Bio-Tek,
Norcross, GA, U.S.), and the extracts were measured on 1% agarose
gel. The concentration and purity of the extracts were determined
by NanoDrop 2000 ultraviolet-visible spectrophotometer (Thermo
Fisher Scientific, Wilmington, USA). The hypervariable region V3-V4
of the bacterial 16S rRNA gene was amplified with primer pairs 338F
(5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5-GGACTAC-
HVGGGTWTCTAAT-3’) by an ABI GeneAmp 9700 polymerase
chain reaction thermocycler (ABI, CA, USA). The product was ex-
tracted by agarose gel. Then, the extracts were purified and quanti-
fied by the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA) and Quantus Fluorometer (Promega, USA),
respectively. On an Illumina MiSeq PE300 platform/NovaSeq PE250
platform, purified amplicons were pooled in an equimolar fashion
and sequenced paired-end (Illumina, San Diego, USA). The raw 16S
rRNA gene sequencing reads were demultiplexed, quality-filtered
by fastp version 0.20.0, and merged by FLASH version 1.2.7. Using
UPARSE version 7.1, OTUs with a 97% similarity criterion were
grouped, and chimeric sequences were detected and eliminated. The
taxonomy of each OTU representative sequence was analyzed by
RDP Classifier version 2.2 against the 16S rRNA database.

Statistics. Statistical analysis was evaluated using GraphPad Prism 8.
The statistical significance was determined using Student’s ¢ test and
one-way analysis of variance (ANOVA) analysis followed by Tukey’s
or Fisher’s least significant difference multiple comparisons. The
differences between experimental and control groups were con-
sidered statistically significant at P < 0.05. (n.s.) P > 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001 (n.s., not significant).
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