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ARTICLE INFO ABSTRACT

Keywords: Inflammatory bowel disease (IBD) is a chronic, immune-mediated inflammatory disease characterized by the
Inflammatory bowel destruction of the structure and function of the intestinal epithelial barrier. Due to the poor remission effect and
GelNB

severe adverse events associated with current clinical medications, IBD remains an incurable disease. Here, we
demonstrated a novel treatment strategy with high safety and effective inflammation remission via tissue-
adhesive molecular coating. The molecular coating is composed of o-nitrobenzaldehyde (NB)-modified Gelatin
(GelNB), which can strongly bond with -NH; on the intestinal surface of tissue to form a thin biophysical barrier.
We found that this molecular coating was able to stay on the surface of the intestine for long periods of time,
effectively protecting the damaged intestinal epithelium from irritations of external intestinal metabolites and
harmful flora. In addition, our results showed that this coating not only provided a beneficial environment for
cell migration and proliferation to promote intestinal repair and regeneration, but also achieved a better outcome
of IBD by reducing intestinal inflammation. Moreover, the in vivo experiments showed that the GeINB was better
than the classic clinical medication—mesalazine. Therefore, our molecular coating showed potential as a
promising strategy for the prevention and treatment of IBD.

Molecular coating
Biophysical barrier

1. Introduction incidence of IBD has increased worldwide, and is predicted to reach 1%
by 2030 [3]. Patients with IBD often present with symptoms such as

Inflammatory bowel disease (IBD) is a chronic, immune-mediated chronic abdominal pain, fever, intestinal obstruction or diarrhea,
inflammatory disease [1,2], including ulcerative colitis (UC) and mucus, pus, and blood stool, and often suffer from unbearable pain due
Crohn’s disease (CD). In recent years, with changes in diet structure, the to repeated attacks of the disease [4]. More seriously, IBD increases the
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occurrence of colorectal cancer 2 to 8 times in patients with CD than in
healthy individuals [5]. Currently, there are no targeted drugs available
for the treatment of IBD, and clinically, supportive treatment is the main
treatment strategy. 5-amino salicylic acid (5-ASA) and adrenal cortex
hormones are more common in patients with mild-to-moderate illness.
However, 20% of patients develop severe illnesses and require surgical
resection [6].

As for the traditional anti-inflammatory drug 5-ASA (also known as
mesalazine), the main mechanism of action is the delivery of the active
ingredient mesalazine to the target site and anti-inflammation. How-
ever, this treatment may only induce sustained remission in a small
number of patients [7]. Corticosteroids are mainly used in the acute
phase of treatment, but long-term use can lead to many side effects,
seriously reducing the quality of the patients’ lives [8]. Anti-tumor ne-
crosis factor (TNF) drugs and a4p7 integrin blocker vedolizumab are
also widely used in clinical applications, but serious complications such
as infection and malignancies have been reported, and larger clinical
trials are required to confirm its safety [9-12]. In addition, systemic
administration increases the burden on various organs [13]. Therefore,
the development of a new strategy that is able to not only facilitate the
healing of mucosal and tissue, but also relieve the inflammation level
and minimize side effects is of great clinical significance and economic
value [14].

The most obvious feature of IBD is the destruction of the intestinal
epithelial barrier structure and function [15]. Although the specific
pathogenesis of IBD remains unclear, one possible mechanism is that the
stimulation of external factors (such as food) reduces the synthesis of
mucin 2 (a characteristic protein in the colonic mucus layer), which
leads to the destruction of intestinal barrier function, enabling more
digestive tract metabolites and intestinal microbes to cross the barrier
and induce inflammatory action. For example, the excessive exchange of
metabolites, such as glucose, can induce the activation of natural killer T
cells and M1 macrophages [16,17]. The interleukin-13 (IL-13) released
by these inflammatory cells upon activation has been shown to induce
barrier dysfunction [18]. IBD is closely related to intestinal micro-
ecology. Once the immune system deteriorates, the abnormal response
to the intestinal microflora leads to a series of inflammatory events,
which results in damage to the intestinal wall, causing intestinal
mucosal barrier breakdown and accelerating the progression of IBD. IBD
patients often suffer from intestinal microflora disorders, including
changes in microbial components (such as the reduction in microbial
diversity, loss of Bacteroides and Firmicutes, and the appearance of
Clostridium), and alterations in microbial metabolic function (such as a
decrease in short-chain fatty acids as well as butyric acid, and an in-
crease in oxidative stress) [19,20]. Therefore, the isolation of external
stimuli and the regulation of intestinal microecology are potential so-
lutions for IBD treatment.

Here, we propose a strategy for isolating external stimuli and regu-
lating intestinal microecology through “molecular coating.” In a previ-
ous study, we prepared a molecular coating that could recruit cells and
promote corneal repair [21]. This molecular coating is composed of
o-nitrobenzaldehyde (NB)-modified Gelatin (GelNB), which can
strongly bond with -NH; on the tissue surface via photogenerated
aldehyde groups after ultraviolet light (UV) activation [22]. Based on
this, we predicted that this molecular coating could act as a biophysical
barrier on the intestinal mucosa, not only blocking the irritation of
metabolites through the protection of the physical barrier, resulting in
the activation of inflammatory cells, such as macrophages trans-
formation from M1 to M2 [23], but also acting as a biological barrier by
adjusting the intestinal flora to maximize the therapeutic effect of IBD.

In this study, we investigated the in vitro and in vivo effects of GeINB
molecular coating in order to achieve the long-term protection of the
damaged intestinal tract. First, the formation and long-term retention
performance of GeINB molecular coating was verified, and the physical
barrier function of GelNB was confirmed to eliminate the intestinal
irritant metabolites to a large extent. We then characterized the
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prophylactic and therapeutic effects of GeINB molecular coating on IBD
model mice. All the indicators suggested that the effect of GeINB was
significantly more efficient and safer than that of mesalazine. Moreover,
the levels of inflammatory factors and cell tight junction proteins also
confirmed the excellent anti-inflammatory effect and physical barrier
function of the molecular coating. Finally, 16S sequencing was per-
formed to analyze the transformation of intestinal flora and to explore
the potential underlying mechanisms of IBD repair from the perspective
of biological barriers. In conclusion, the GeINB molecular coating can
achieve ideal local adhesion in the intestinal tract, playing a biophysical
barrier role in the damaged intestinal tract, which has promising pros-
pects for applications in the prevention and treatment of IBD (Fig. 1).

2. Results and discussion
2.1. Properties and physical barrier action of GelNB molecular coating

Traditional hydrogels have unique advantages in the application of
local wound treatment. However, they also have many limitations when
applied to IBD, such as low bioavailability, non-specific tissue distri-
bution, rapid elimination, and poor colon retention [24-26]. Our
“GelNB molecular coating” was confirmed to have outstanding adhesion
performance, long-term retention performance, and convenient usage
[21]. GelNB was dissolved in water and directly injected into the in-
testine after being activated by UV light. Through in vitro gelling ex-
periments, we found that the GelNB solution remained liquid in a glass
bottle at 37 °C and could not be cured even after UV light activation
(Fig. S1). In addition, it was confirmed that Gelatin and GelNB was
hydrolyzed by digestive enzymes at normal temperature and was
digestive enzyme-resistant at low temperatures by incubating Gelatin
and GelNB in the simulated intestinal fluid at 4 °C and 20 °C for 2 days
(Fig. S2), and the fluorescently labeled GeINB which was allowed to
adhere to aminated plates incubate with the simulated intestinal fluid
for 24 h at 37 °C was observed under a fluorescent microscope (Fig. S3).
These findings indicate that most of the -NH; on the chain of the Gelatin
molecules was replaced by NB. This ensured that there were enough
photo-generated aldehyde groups on GelNB, which could later bond
with -NH; on the surface of the intestinal lumen tissue and was fixed to
form a thin molecular coating as a physical barrier. Moreover, the highly
dynamic activated GelNB solution could also ensure better uniform
administration, avoiding the quick discharge due to inadaptation to
intestinal peristalsis when applying the traditional hydrogels [22].

IBD often presents with acute attacks under stress. In this case,
therapeutic materials that perform treatment functions faster, more
stable, and longer sustainability will have significant application pros-
pects [27]. To ensure a similar satisfactory adhesion and retention of the
biophysical barrier in the intestinal epithelium, we investigated the
formation of the molecular coating on the intestinal surface by confocal
microscopy through focusing (CMTF). Fig. 2A showed that the fluo-
rescently labeled GelNB was able to stick to the intestinal wall and form
a thin but dense coating on the scale of hundreds of nanometers. The
fluorescence intensity of the Gelatin group was very weak, similar to
that of the control group, indicating that Gelatin failed to firmly adhere
to the intestinal wall. In vitro experiments showed that both Gelatin and
GelNB were able to adhere to the aminated plates (Fig. 2B) at the
beginning of the experiment; however, only GelNB maintained initial
adhesion levels after repeated washing with PBS for 24 h at 37 °C. These
results demonstrate that GeINB could form a uniform and stable coating
on the surface of the intestine.

Scanning electron microscopy (SEM) was used to further investigate
the GelNB molecular coating on the intestinal surface. As shown in
Fig. 2C, the normal colon was consisted of a single layer of columnar
epithelium, covered with tiny protuberations. While the changes were
not obvious in the Gelatin-treated group, the GelNB-treated group
showed a dense coating, indicating that GelNB strongly adhered to the
colonic surface and formed a physical protective barrier on the mucosal
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Fig. 1. GelNB molecular coating acts as biophysical barrier to isolate intestinal metabolites irritations and regulate intestinal microbial homeostasis.

surface.

IBD patients have a certain degree of intestinal nutrition metabolism
disorder. Thus, inappropriate diets, such as high fat intake diet (HFD)
[28], high protein intake diet (HPD) [29], and high carbohydrate diet
(HCD) [30], are considered as risk factors for IBD, which may further
induce intestinal inflammation by disturbing the metabolism of intes-
tinal epithelium, converting intestinal flora, and aggravating the insta-
bility of the intestinal environment through continuous inflammation
[31]. Therefore, there is a need to verify whether the GeINB molecular
coating has the ability to function as a physical barrier. Intestinal
mucosal damage and inflammation caused by IBD can cause electrolyte
secretion and absorption disorders, especially with regards to Ca®*, Na*,
K", and other ions, resulting in acid-base imbalance [32]. We hypoth-
esized that if this layer of glue has a physical barrier function, the
contents of the external physical stimuli would not be able to pass
through the intestinal tract. To verify physical barrier function of GeINB
in vitro, we applied GelNB on dialysis bag as to simulate its application
on the surface of the intestinal surface, which could be directly acquired
by the different concentrations inside and outside the dialysis bag.
Fig. 2D showed that the infiltration of glucose in the GelNB-treated
dialysis bags was significantly inhibited within half an hour compared
to that in the Gelatin-treated dialysis bags, with an inhibition that lasted
for 2 h (P < 0.01). It has been reported that high glucose instigates
macrophages and other immune cells in the direction of proin-
flammation [33]. Therefore, the low osmotic effect of GeINB on glucose
may have an impact on the intestinal immune response. Free fatty acids
(NEFA), such as butyrate, are small molecular compounds produced by
intestinal microbes that decompose dietary fiber. GelNB significantly
promoted the penetration of NEFAs (P < 0.05) (Fig. 2E). Butyrate has
been reported to regulate Treg production and enhance the activity of
macrophages to prevent colitis [34]. Amino acid uptake is also closely
related to the progression of IBD [35]. In this context, we selected four
kinds of amino acids for the osmotic experiment, among which gluta-
mine, glutamate, and glycine were found to easily permeate into the
dialysis bag through GelNB in the intestinal environment (P < 0.05)
(Fig. 2F). Studies have shown that glutamine can increase the expression
of tight connexin and promote intestinal repair [36], while glycine can
reduce MPO activity in colon tissue [37], and can reduce the expression
of vascular endothelial growth factor (VEGF-A) and its receptor, inhib-
iting the increase in vascular density caused by inflammation, and
reducing the aggregation of intestinal granulocytes [38]. This suggested
that the selective absorption of amino acids by GeINB may contribute to
the recovery of IBD. In addition, Fig. 2G showed that GelNB could
prevent the exchange of electrolyte in the intestinal tract, as the positive

ions (e.g. Ca®*, Na™, and K™) in the dialysis bag appeared to be higher in
Gelatin than in GelNB (P < 0.05).

Ca?*, Na™, K*, and arginine were all positively charged and were
blocked by GelNB, while glutamine, glutamate, and glycine were
negatively charged and tended to be absorbed by the intestine covered
with GelNB (Fig. S4). Thus, we speculated that the GelNB molecular
coating might selectively absorb nutrient substances, thereby reducing
the irritation of nutrients to the gut. In order to further explore the
mechanism by which GelNB selectively permeates metabolites in the
intestinal lumen, we measured the zeta potential on the surface of
GelNB. We found that the zeta potential on the surface of GeINB was
6.91 mV (Fig. S5), suggesting that GeINB might act as a physical barrier,
represented by a charge barrier, to affect substance exchange.

The above results demonstrated that GelNB could form a stable,
dense, highly adhesive, and biocompatible molecular coating on the
intestinal epithelium, which served as an ideal in vitro physical barrier.
Previous studies have suggested that the occurrence and development of
IBD is closely associated with inflammatory factor infiltration, microbial
invasion, intestinal metabolic substances, and other stimulating factors
in the intestinal environment [4,25]. The physical barrier function of
GelNB could segregate the stimulating factors to a certain degree,
thereby reducing inflammatory infiltration.

2.2. Invitro study on the properties of GelNB molecular coating to
promote regeneration and inhibit inflammation

Failure of mucosal healing (MH) is a characteristic manifestation of
IBD. Therefore, mucosal healing (MH) is considered an important
therapeutic goal and a key indicator for determining the prognosis of
IBD patients [39]. One of the most crucial characteristics for evaluating
biomaterials is their ability to promote regeneration, namely the pro-
liferation and migration of epithelial cells [40]. In contrast to immune
cells and fibroblasts, epithelial cell migration is carried out to form an
aggregated lamellar structure, which is directional and depends on the
polar distribution of the cells and the remodeling of the cytoskeleton
[41]. In this context, we performed several in vitro experiments to
evaluate the function of GelNB in promoting mucosal healing from
several perspectives.

To investigate the effect of GelNB on the proliferation of damaged
epithelium, we performed live/dead staining and CCK-8 colorimetry in
vitro. As shown in Fig. 3A, live/dead staining of the intestinal epithelial
cells showed that the number of live cells in the GelNB group was
significantly higher than that in the other two groups after three days of
culture. Similar results were obtained for CCK-8, and the cell
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Fig. 2. Characterization of in vitro adhesive performance and physical barrier function of GeINB molecular coating.

(A) Fluorescence images of mice colonic surface labeled by Gelatin and GelNB molecular coating (scale bars: 200 pm). (B) Fluorescence images of labeled Gelatin-
and GelNB molecular coating-treated aminified plates at 0 h and 24 h (scale bars: 20 pm). (C) SEM images of colonic surface in non-treated group and treated by
Gelatin and GelNB molecular coating respectively (scale bars: 30 pm (top panels); 3 pm (bottom panels, enlarged)). (D-G) Measurement of glucose(D), NEFA(E),
amino acid (F), and ion (G) absorption by using the Gelatin-and GeINB molecular coating-pretreated dialysis bag. (*p < 0.05 and **p < 0.01).
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Fig. 3. In vitro mucosal repair and regeneration of GeINB molecular coating.

(A) Live/Dead staining of NCM460 cells loaded Gelatin and GelNB molecular coating at Day 0 and Day 3. (B) Detection of CCK-8 to quantify cell viability in NCM460
cells culture at different time points in control, Gelatin and GelNB groups. (C) qPCR analysis of the expression differentiation in genes related to physical intestinal
barrier function. (D) Wound healing ability of NCM460 cells in plates pretreated by negative control, Gelatin and GeINB molecular coating (scale bars: 200 ym). (E)
Morphological changes after culturing macrophages in vitro Gelatin and GelNB molecular coating. (F) GelNB induced macrophages to differentiate into M2 instead of
M1 in mRNA expression level.
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proliferation capacity of the GelNB group was significantly higher than
that of the Gelatin and NC groups on day 3 (P < 0.001) (Fig. 3B). Both
experiments showed that GelNB molecular coating can dramatically
promote the proliferation of intestinal epithelial cells, which is benefi-
cial for intestinal repair.

IBD is often accompanied by the destruction of the intestinal mucosal
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structure and an increase in intestinal mucosal permeability. As the
structural basis of mucosal healing, cytoskeleton remodeling can restore
and maintain the complete barrier function of the intestinal epithelium,
wherein tight junction-related proteins ZO-1, Occludin-1, and Claudins
are the key regulatory factors of the cytoskeleton [42]. These results
revealed that GelNB could significantly increase the expression of ZO-1
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Fig. 4. In vivo GelNB molecular coating promotes the recovery of IBD in DSS-
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induced mice.

(A) Fluorescence was detected using IVIS Spectrum to compare the colonic retention time of labeled Gelatin and GeINB molecular coating in mice. (B) The schema of
the DSS-induced mice and the treatment process in three groups. (C) Percentage of body weight loss after the treatment of negative control, Gelatin and GeINB. (D)
The measurement of DAI score after treatment. The weight loss index, bloody stool index, and stool consistency index were calculated. (E) Macroscopic images of

colonic tissues at Day 12 after treatment. (F) Quantitative colon length after 12-

days of different treatments. (G) Quantitative ratio of the colon weight to mice body

weight after treatment. (H) The survival curves in each group of mice treated by negative control, Gelatin and GelNB. (I) Representative histological sections of

colons by H&E staining (scale bar: 50 pm). Data are expressed as the mean + SEM. n = 15. *p < 0.05, ***p < 0.001 versus Control; #p < 0.05, ##p < 0.01, ###p <

0.001 versus PBS; &p < 0.05 versus Mesalazine.
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and Claudins at the mRNA level (P < 0.001) (Fig. 3C), indicating that
GelNB functioned to strengthen the intestinal barrier integrity and
promote mucosal healing.

In addition, the healing of defective epithelium can only be repaired
more rapidly when a given biomaterial recruits surrounding epithelial
cells [21]. Therefore, we tested whether GelNB could promote this
migration using a cell scratch experiment. After the GeINB was applied
on the surface of the culture dishes, the migration rate of cells was
significantly faster than that of the control group and the Gelatin
treatment group at 12 h, and almost covered the scratch area within 24 h
(Fig. 3D). This suggested that the GeINB molecular coating enhanced
cell migration and aggregation to recruit surrounding cells for the repair
of damaged epithelium.

Macrophages are one of the major effector cells that regulate tissue
repair in IBD. The phenotypic changes in macrophages are mediated by
the inflammatory environment and immune microenvironment at the
injured site. M1-differentiated macrophages can release inflammatory
cytokines to induce an inflammatory response, while M2-differentiated
macrophages secrete interleukin-10 (IL-10) to alleviate inflammation.
Therefore, altering the balance from the M1 to M2 macrophage
phenotype is a critical factor influencing the inflammatory outcome of
IBD [43-45]. We cultured macrophages on GelNB-and Gelatin-coated
dishes and found that GelNB coating significantly promoted the
expression of MRC1 (P < 0.05) and ARG1 (P < 0.001), which charac-
terized the differentiation of macrophages M2 (Fig. 3E and F), while the
expression of TLR1 (P < 0.001), TLR4 (P < 0.05), and other genes that
characterized macrophage M1 differentiation were significantly inhibi-
ted. Meanwhile, the expression of CLEC4D in the GeINB group also
showed a downward trend. These results indicated that, compared with
Gelatin, GelNB could further promote the phenotypic transformation of
macrophages toward M2-polarization, tilting the balance toward
M2-type, and alleviating the inflammatory response.

2.3. GelNB molecular coating promotes the recovery of DSS-induced
colitis in IBD mice

After confirming that GelNB had a reliable function as a mucosal
barrier and is capable of promoting the healing process, in vitro imaging
technology was used to observe the distribution and retention time of
stained GelNB in the intestine at 0, 24, and 48 h to determine the
therapeutic effect and potential mechanism of GeINB molecular coating
on IBD at the tissue level. Fig. 4A showed that GelNB remained more
adhesive in the colon of the mice at 48 h. By contrast, the mice treated
with Gelatin showed only faint fluorescence in the colon, most of which
had already been expelled. This illustrated that GeINB had better
retention performance, which was the basis for our subsequent appli-
cation in mice.

With the westernization of diets, the incidence of UC is increasing
annually. Patients with mild UC have less than four diarrheas per day.
However, once they progress to severe UC, these symptoms come with
an acute onset, including diarrhea, blood in the stool, and persistent
severe abdominal pain, and can sometimes accompanied by hypotension
and shock. Thus, early intervention to prevent further deterioration is an
urgent clinical problem that needs to be addressed. We established DSS-
induced mice with IBD as a model, performed different interventions,
and evaluated the effects of treatment. The UC model is characterized by
increased epithelial damage and the production of large numbers of
inflammatory cytokines [46,47]. Mesalazine is widely used as a basic
treatment for IBD in clinical practice [48]. In order to demonstrate the
prophylactic and therapeutic effects of GeINB molecular coating on the
DSS-induced IBD model, we set the PBS-treated group and
mesalazine-treated group as the control.

According to previous studies, DSS generally takes 7-9 days to
induce acute UC in mice. The first one to three days represent the initial
stage of inflammatory injury, during which the clinical symptoms and
pathological changes of the colon in mice are usually not obvious [49].
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To evaluate whether GelNB had a preventive effect on IBD progression,
we administered PBS, GelNB, and mesalazine to mice by enema on day 3
after mice received DSS-drinking water. In order to exclude the potential
influence of GelNB or PBS treatment on DSS modeling, we explored the
influence of GelNB or PBS treatment on drinking water and diet in mice,
and confirmed that no significant difference existed between the two
groups (Fig. S6). Considering that GelNB maintained relatively high
adhesion at 48 h, to reduce the damage caused by enema in mice, we
administered GelNB every 48 h. After continuous administration to day
11 (Fig. 4B), the body weight of mice in the PBS group continued to
decrease, with a decrease rate of approximately 20% on day 8, and the
decrease in the other two groups was less than that in the PBS group (P
< 0.001) (Fig. 4C). This indicated that both GelNB and mesalazine had a
protective effect on weight loss induced by DSS in IBD mice. Surpris-
ingly, weight loss in the GeINB group was less than that in the mesala-
zine group before day 8 and showed a significant weight recovery after
day 8, indicating that as the pathogenic factors continued to severe,
GelNB could prevent weight loss.

We also continuously measured the disease activity score (DAI) to
evaluate the severity of colitis. The score of the GelNB-treated group
began to decrease after day 8. It is worth noting that the median DAI
score of day 12 mice was restored to 4 (Fig. 4D), with a remarkable
downward trend. According to the weight of GeINB group mice on day
12, the score corresponding to “weight loss” in DAI was 2. Interestingly,
based on the weight recovery trend on day 8-12, we assumed that the
weight of the mice remained in a significant upward trend at day 12, and
the weight of the GelINB group mice would further recover until it was
close to the value of the control group. Furthermore, the DAI of the
GelNB group mice would also have a sustained reduction to close to or
equal to the value of the control group. This result also suggested that
treatment with GeIlNB in the early stage of IBD rapidly slowed down the
trend of the disease’s development into severe disease, quickly restoring
it to normal levels.

The ratio of colon weight to length is an indicator of inflammatory
edema [50]. After euthanasia on day 12, we performed a general ex-
amination of the intestines and found that GelNB reversed the patho-
logical shortening of colon length caused by colitis, and the colonic
morphology of GelNB group mice was also closest to that of normal
control group mice when compared to other treatments (Fig. 4E, F, and
4G). As severe UC has a certain mortality rate, when the experiment
lasted until day 12, the survival rate of the GelNB-treated group was as
high as 90%, while that of the PBS-treated group and mesalazine-treated
group decreased to 50% and 60%, respectively (Fig. 4H).

In addition, histological examination based on hematoxylin-eosin
(H&E) staining showed typical histopathological features of colitis in
the PBS group, including severe epithelial ulceration, loss of cup cells,
and excessive infiltration of intraepithelial lymphocytes. In contrast, the
GelNB- and mesalazine-treated groups had less mucosal inflammation,
less colonic congestion, and edema. However, the histological mani-
festations of the GelNB-treated group were more similar to those of the
normal control group (Fig. 4I) compared to the mesalazine-treated
group. Moreover, the colonic damage score of the GelNB group also
showed that the degree of inflammation, the depth of inflammation, and
the degree of gland damage were lower than those of the other groups
(Fig. S7). These results indicated that the GeINB molecular coating could
inhibit the progression of UC. GelNB molecular coating could also
reduce the mortality of severe cases by restoring the weight of mice and
improving intestinal inflammation, which is of great guiding signifi-
cance in clinical practice.

2.4. GelNB molecular coating acts as a molecular barrier and modulates
the immune response in vivo

For the treatment of IBD, the inhibition of the inflammatory status is
one of the strategic points to evaluate the efficacy of novel biomaterials.
Increased reactive oxygen species (ROS) have been reported to
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contribute to the development of colitis [51]. We evaluated the level of
ROS in mice using bioluminescence imaging (BLI) [52]. On day 3, the
level of ROS was found to remain essentially the same, while on day 12,
the ROS detection was five times higher in the PBS-treated group than in
other groups, with the GelNB-treated group presenting less ROS than the
mesalazine-treated group. This indicated that GeINB molecular coating
could significantly decrease the level of ROS (P < 0.001) (Fig. 5A and B).
In addition, to explore whether GelNB could act as a physical barrier to
regulate the inflammatory response, we also evaluated the expression
difference of myeloperoxidase (MPO) among the groups. MPO is a heme
protein rich in neutrophils, synthesized in the bone marrow by gran-
ulocytes before entering the circulation and stored in phagocytic gran-
ules. External inflammatory stimuli can lead to the accumulation of
neutrophils, thereby releasing MPO. MPO staining (Fig. 5C) showed that
a large number of neutrophils infiltrated the intestinal epithelial sections
of both mesalamine and PBS groups, while the number of neutrophils in
the GelNB-treated group was closer to that in the normal group. Simi-
larly, the MPO expression level was measured using the MPO assay Kkit,
and it was confirmed that after DSS treatment, MPO activity in
PBS-treated mice and mesalazine-treated mice was maintained at a high
level in comparison with GelNB-treated mice (Fig. S8). The working
mechanism of mesalazine in the clinical treatment of IBD involves the
inhibition of the NF-xB pathway, the regulation of the PPARy receptor,
and the inhibition of the expression of inflammatory factors, such as
TNFa, IL-1, and IL-6. As shown in Fig. 5D, the expression of
pro-inflammatory factors, such as IF-1a (P < 0.05), IF-1p (P < 0.001),
IL-6 (P < 0.05), TNF-a, iNOS, and IFN-y in the tissues after treatment
with GelNB were significantly decreased compared with the mesalazine
group, while the expression of anti-inflammatory factors, such as IL-4
and IL-10, was increased. This suggested that the better effect of
GelNB than mesalazine may be due to its stronger inhibition of the local
inflammatory response.

In addition to regulating the immune response, we also investigated
the regenerative function of GelNB molecular coating on the intestinal
epithelial cell barrier. We analyzed the degree of cell proliferation at the
tissue level by detecting the expression of Ki-67 in the intestinal tract of
mice via immunohistochemical staining. Compared with the GeINB and
mesalazine groups, the PBS group had fewer Ki-67-positive cells, indi-
cating that the ability to improve the proliferation of intestinal columnar
epithelial cells was significantly enhanced in GelNB and mesalazine
compared with PBS (Fig. 5E and Fig. S10).

The intestinal epithelial tight junction (TJ) is a pivotal structural
basis for the function of the intestinal barrier, and the damage to TJs
leads to increased intestinal permeability. The early onset of IBD is often
accompanied by increased intestinal mucosal barrier permeability [53],
resulting in changes in proteins (ZO-1 and Occludin-1), which represent
the expression of TJs [54]. We detected the expression of ZO-1 and
Occludin-1 using immunohistochemical staining. As shown in Fig. 5E,
IBD could destroy the intestinal mucosal barrier, resulting in decreased
Z0-1 and Occludin-1 expression, indicating that the TJs between cells
were destroyed and the permeability of the intestinal epithelium was
elevated. However, after enema administration of GelNB, the damage to
TJs was reversed, prompting the expression of Occludin-1 and ZO-1 to
return to normal levels; comparatively, the effects of mesalazine were
less evident (Figs. S9A and S9B). Moreover, the histopathological images
of major organs including lung, spleen, kidney, liver and heart showed
that no significant differences were observed among the different groups
implying the good biocompatibility of the GelNB (Fig. S11).

These results fully demonstrated that GeINB molecular coating could
stabilize the mucosal barrier in the early stage of IBD and prevent the
further destruction of the mucosal barrier over time. On the one hand,
under the action of GeINB molecular coating, the expression levels of the
TJ proteins ZO-1 and Occludin-1 increased, resulting in the timely repair
of the TJs of damaged intestinal epithelial cells, thus maintaining a
strong barrier function to prevent further stimulation of intestinal
epithelium by DSS. On the other hand, neutrophil infiltration in IBD was
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inhibited by GelNB molecular coating, thus maintaining the immune
homeostasis of the environment, providing a favorable environment for
barrier repair and the prevention of DSS stimulation.

2.5. Therapeutic effect of GelNB molecular coating on TNBS-induced IBD
mice

After exploring the preventive and protective effects of GeINB mo-
lecular coating on IBD, we further explored its therapeutic effect. CD,
another subtype of IBD, also widely affects the global population,
particularly in East Asia and South America [55]. We used the TNBS
model to simulate CD [56] to test whether GelNB had the same thera-
peutic effect. The mechanism of TNBS-induced IBD involves the use of
ethanol as a destructive agent of the intestinal mucosal barrier and en-
ables TNBS to bind to the perfect antigen of intestinal mucosal keratin,
stimulating the local immune response [57]. We began treatment on day
2 and, similar to DSS, administered PBS, GelNB, and mesalazine enemas
every other day (Fig. 6A) to observe whether GeINB molecular coating
could prevent the progression of severe IBD and delay weight loss.

We chose continuous observation for one week after TNBS induction
as the time window for evaluation as studies have shown that injury can
completely disappear on day 7 after TNBS, making it difficult to
compare efficacy among groups [58]. As such, an observation time of
seven days was considered to be optimal. Five days before the experi-
ment (Fig. 6B), the weight of mice in the three groups continued to
decrease; however, the weights of the GelNB-treated group mice were
always the highest among the three groups. Moreover, after TNBS effect
for three days, the weight of the PBS-treated group and
mesalazine-treated group continued to decline, while the weight of the
GelNB-treated group tended to be stable and presented an upward trend,
which suggested that GelNB molecular coating could delay the pro-
gression of CD to severe illness. Correspondingly, while the DAI scores
decreased in both the GelNB- and mesalazine-treated groups, the pro-
phylactic effect of GeINB was higher than that of mesalazine (Fig. 6C).
After euthanasia on day 7, the intestinal gross examination results of
TNBS-induced mice were similar to those of DSS-induced mice. GeINB
molecular coating could also reverse the pathological shortening of
colonic length caused by colitis, and restore the colon/body weight to
nearly normal levels (Fig. 6D, E, and F). The colonic damage score also
proved that GelNB treatment could significantly cure TNBS-induced IBD
(P < 0.001), and the therapeutic effect was significantly better than that
of mesalazine (P < 0.001) (Fig. S12). In terms of microstructure, histo-
logical examination of H&E staining showed that the intestinal epithe-
lial ulcers in the PBS group were more severely damaged and had a
larger number of inflammatory cell infiltrations, while the intestinal
epithelial edemas in the GelNB group were less severe and the histo-
logical manifestations were the closest to normal (Fig. 6G).

Similarly, we investigated whether GeINB molecular coating also
served as a physical barrier in regulating the inflammatory response in
TNBS-induced IBD. The fluorescence imaging results showed that on day
12, the fluorescence intensity of ROS in the abdominal cavity of GeINB-
treated mice was significantly lower than that of the PBS-treated group
and mesalazine-treated group, indicating that the inflammation level of
mice treated with GelNB for 12 days essentially declined to normal
levels (Fig. 6H and I). We also measured the expression levels of a series
of pro-inflammatory factors using qPCR. Immunohistochemical staining
of the proliferation index (Ki-67) and intestinal barrier index (ZO-1 and
Occludin-1) also showed an effect similar to that of the DSS group
(Fig. 6J, Figs. S13A and S13B, Fig. S15). Finally, we used quantitative
real-time PCR (qPCR) to determine the expression levels of a series of
pro-inflammatory factors. As shown in Fig. S14, the results showed that
GelNB treatment significantly reduced the expression of IL-1a, IL-1, IL-
6, TNF-a, iNOS, and IFN-y. In contrast, mesalazine treatment could only
alleviate the high-level expression of pro-inflammatory factors.
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Fig. 5. In vivo the molecular barrier function and immunoregulatory capability of GeINB molecular coating in DSS-induced model.

(A) ROS activities were more active in PBS, Gelatin and Mesalazine group in comparison with mice in GeIlNB group. (B) Quantitative analysis of ROS signals. Data
were expressed as the mean + SEM. **p < 0.01, ***p < 0.001. (C) Representative images of immunohistochemical staining of MPO (scale bar: 50 pm). (D) qPCR
analysis of the distal colon for intestinal inflammation-related genes. Data were expressed as the mean + SEM. *p < 0.05, ***p < 0.001 versus Control; #p < 0.05,
##p < 0.01 versus PBS; &P < 0.05 versus Mesalazine. (E) Representative Ki-67, ZO-1, and Occludin-1 immunohistochemical staining in tissue sections (scale bar:
50 pm).
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Fig. 6. In vivo GelNB molecular coating promotes the recovery of TNBS-induced mice.

(A) The schema of the TNBS-induced mice for four different treatment. (B) Percentage of body weight loss after the treatment of negative control, Gelatin, Mesalazine
and GelNB. (C) The DAI score after treatment, which included the weight loss index, bloody stool index, and stool consistency index. (D) Macroscopic images of
colonic tissues at Day 7 after the initial treatment. (E) Quantitative colon lengths were measured and compared between groups. (F) Quantitative ratio of the colon
weight to mice body weight in TNBS model. (G) Representative histological sections of mice colons stained with H&E (scale bar: 50 pm). (H) and (I) Images of ROS
activities and Quantitative analysis of ROS signals in mice colitis. (J) Representative expresion of Ki-67, ZO-1, and Occludin-1 in colon sections by immunohisto-
chemistry staining (scale bar: 50 pm). Data are expressed as the mean + SEM. n = 5. *p < 0.05, **p < 0.01, ***p < 0.001 versus Control; #p < 0.05, ##p < 0.01,

###p < 0.001 versus PBS.

2.6. GelNB molecular coating acts as a biological barrier by regulating
intestinal flora

We verified the prophylactic and therapeutic effects of the GelNB
molecular coating on IBD in vitro and in vivo, and proved that GelNB
molecular coating can act as a physical barrier to achieve a protective
effect against IBD. Moreover, evidence increasingly supports the idea
that intestinal flora are deeply involved in the pathogenesis of IBD, and
changes in intestinal barrier function and inflammatory environment
can also influence the composition of intestinal flora [59]. The major
changes in IBD are the reduction of bacterial diversity and the absence of
anaerobic bacteria, which drive the flora environment to shift in the
pro-inflammatory direction [60,61]. Here, we continued to study the
microbial regulation mechanism of GelNB molecular coating on IBD,
and explored whether GeINB molecular coating could play a biological
barrier role in regulating intestinal microbes. To this end, the feces of the
experimental animals were collected and analyzed by 16S rDNA
sequencing to compare the diversity and transformation of intestinal
flora in each group.

First, principal component analysis (PCoA) was used to evaluate the
similarity among the samples. The shorter the distance between the
points in each sample, the closer the expression trend of genes, which
could also be interpreted as smaller differences among the samples. On
the basis of the good uniformity of data in each group, we found that the
distance between the normal control group and GelNB group was the
smallest, followed by the mesalazine-treated and PBS-treated groups.
This indicated that the GeINB molecular coating promoted the recovery
of intestinal flora, which was closer to the normal intestinal flora. The
ability of the GelNB molecular coating to regulate intestinal flora was
stronger than that of mesalazine (Fig. 7A). PCoA and the results of non-
metric multidimensional scaling (NMDS) (Figs. S16A and S16B) also
supported this conclusion.

At the genus level, we further found that Muribaculaceae (48.63%)
and Lactobacillus (7.32%) were the dominant bacteria at the genus level
in the intestinal tract of normal control group mice (Fig. 7B). After
inducing IBD, the relative abundances of these two types of microor-
ganisms decreased significantly. At the same time, the relative abun-
dance of Ruminococcaceae UCG-014 (26.49%) and Akkermansia
(20.06%) increased sharply. We found that at the genus level, the
normal flora structure was also the most similar to that of the GelNB-
treated group, among which Muribaculaceae and Ruminococca-
ceae_ UCG-014 had the most significant recovery of abundance. We also
found that GelNB molecular coating greatly recovered the proportion of
Lactobacillus (24.27%), which may be due to the GelNB molecular
coating inhibiting DSS to induce lactic acid bacteria [62]. Through
further cluster analysis, we found that the flora structure of the
GelNB-treated group was most similar to that of the normal control
group at the level of class, order, family, and species (Figs. S17A, S17B,
and S17C, respectively). These results suggested that GeINB molecular
coating had a positive regulatory effect on the intestinal flora.

As shown in the heat map in Fig. 7C, the flora structure of the GelNB-
treated group was closest to that of the normal control group. As the
main phylum in the intestinal flora, during the progression of IBD, the
abundance of beneficial Bacteroidetes and Firmicutes would significantly
decrease in the intestinal environment of IBD, while the abundance of
harmful Verrucomicrobia would significantly increase [63,64], which
was confirmed by our heat map results. The results indicated that GeINB

261

treatment restored the abundance of the two beneficial bacteria to
normal levels in the control group. At the order and family level, GeINB
molecular coating was also found to inhibit the abundance of harmful
bacteria, while restoring the decrease in abundance of beneficial bac-
teria caused by IBD at the same time (Figs. S18A and S18B).

To further examine the dominant flora and regulatory effects of
GelNB, samples of the PBS and GelNB groups were analyzed in depth.
The abundance of characteristic values of the PBS and GelNB groups
were screened through standard analysis. The Venn diagram showed
that the characteristic values of the GeINB group (983 samples) were
only 22.77% (281 samples) coinciding with that of the PBS group (953
samples) (Fig. 7D). To determine the changes in microbial species at
different levels before and after GelNB treatment, we used linear
discriminant analysis effect size (LEfSe) analysis to show the different
species at all levels among groups. As shown in Fig. 7E, Bacteroidetes was
the most dominant bacterium of GelNB at the phylum level, which has
been proven to increase CD41 Foxp3+- to regulate cell abundance, thus
stimulating epithelial repair through NF-kB-dependent signal trans-
mission [65]. At the class level, Gammaproteobacteria was the most sig-
nificant dominant bacterium [66], and Bacilli and Erysipelotrichia also
showed significant abundance advantages. At the genus level, LEfSe
analysis and barplot function not only verified the recovery effect of
GelNB on Lactobacillus and Muribaculaceae levels, but also showed that
Prevotellaceae was the dominant flora in the intestinal tract of IBD mice
model. It has been reported that the abundance of this genus is nega-
tively correlated with Th17 levels in peripheral blood, and Th17/Tregs
balance has a predominant role in intestinal homeostasis (Fig. 7F) [67].
These results showed that GelNB could significantly restore the low
abundance of beneficial bacteria caused by IBD at various levels,
inhibiting the advantages of harmful bacteria, which played a key role in
repairing epithelium and maintaining homeostasis.

Based on 16S rDNA sequencing results, we examined how these
bacteria interact with GelNB and change the pathological status of IBD in
vivo. IBD patients have a higher risk of Clostridium infection [68], which
was also confirmed by our sequencing results (Fig. 7B). The results of the
microbial culture experiment showed that the growth of Clostridium was
significantly inhibited by the GelNB molecular coating environment
(Fig. 7G). These results suggested that GeINB molecular coating might
reduce susceptibility to Clostridium by effectively alleviating the pro-
gression of IBD. Another clinical study reported that the average level of
Bacteroides in patients with active CD and UC was significantly lower
than that in the normal control group, and an excessively low abundance
of Bacteroides induced IBD [69]. Using bacterial culture, we found that
the number of Bacteroidetes in the DSS-induced environment was very
low, while the GelNB culture environment significantly restored its
growth. In addition, the bacterial culture results also verified the low
abundance level of probiotic Lactobacillus in DSS environment, and
GelNB molecular coating could return it to normal.

Based on these findings, GeINB molecular coating demonstrated an
ability to regulate intestinal microflora through the biological barrier
function, promoting the development of intestinal microflora and
accelerating the recovery of IBD. However, the specific mechanism by
which microflora regulate IBD and how IBD recovery is accelerated re-
mains to be explored. Therefore, based on the function prediction of
PICRUSt2, we attempted to connect the intestinal flora with the physi-
ological and biochemical functions related to the intestinal tract, so as to
further verify that GeINB molecular coating acted as a biological barrier
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Fig. 7. GelNB molecular coating regulates the intestinal flora to realize the function of biological barrier action.
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function to treat IBD. Fig. 7H showed the effect of GeINB molecular
coating on the crucial links of metabolism and transport of glucose,
amino acids, metal ions, and other substances in vivo. Among these
substances, the expression levels of key enzymes involved in glycolysis,
such as glucose-6-phosphate 1-dchydrogenase, 6-phosphogluconate
dehydrogenase, glycogen branching enzyme (alpha-1,6-glycosylase),
and glycosyl hydrolase, were significantly higher in GeINB than in PBS,
which proved that GelNB molecular coating served multiple biological
regulatory functions, promoting the transformation and metabolism of
glucose, and reducing the adverse effects of glucose on inflammatory
intestinal epithelium [70]. For amino acid transport, periplasmic glycine
betaine/choline-binding (lipo)protein of an ABC-type transport system
is an osmotic enhancer binding protein that was highly expressed in the
GelNB-treated group, indicating that GeINB molecular coating promoted
the infiltration of negatively charged glycine, together with glycine to
relieve IBD by reducing the level of intestinal oxidative stress. In addi-
tion, the Fe?' transport system FeoA was downregulated in the
GelNB-treated group, which may have been caused by IBD-induced
systemic iron-deficiency anemia. In addition, the compensatory in-
crease in protein expression [71] and the decline of the protein level
validated that the recovery of intestinal function was mostly promoted
in the GelNB-treated group. Previous studies have found that there are
substance metabolism [72] and transport [73] obstacles in IBD patients,
which result in a deterioration of prognosis and an extension of the
overall recovery time. Taken together, our results highlighted the bio-
logical barrier function of GeINB molecular coating for glucose, amino
acids, and ions by regulating metabolism, transport, and other signifi-
cant functions to protect against damage to intestinal function. Its spe-
cific action was likely to occur via promoting the growth of the intestine,
improving the inflammatory environment, repairing the damaged mu-
cosa, and strengthening the physical barrier.

In conclusion, GelNB is able to act as a biological barrier to regulate
intestinal flora at all levels of microbial classification and restore it to the
normal state. Functional analysis also suggests that this may be attrib-
uted to the regulation of GelNB on substance metabolism and transport.
Therefore, we conclude that there is a close relationship between the
biological barrier and the intestinal physical barrier, both of which
cooperate in the intestinal microenvironment to regulate the develop-
ment of IBD.

Severe IBD imposes a huge economic burden on national medical
insurance, as well as the lives of the patients themselves. Therefore, the
prevention of the occurrence of severe IBD is of great significance. The
GelNB molecular coating developed in this study was found to prevent
and treat IBD by forming a biophysical barrier on the intestinal surface
to eliminate substance metabolism and intestinal microbial balance.
Furthermore, this coating showed an enhanced performance in the
prevention and treatment of severe IBD compared to the traditional
clinical drug, metharazine. GeINB molecular coating is derived from
biocompatible and economical Gelatin, which also has great advantages
in promoting clinical transformation, helping to alleviate the suffering of
patients, resulting in a more affordable process for diagnosis and treat-
ment. However, it is worth mentioning that all of our animal models
were administered enemas. Although a large number of biological
agents are administered by enema, which has the advantages of main-
taining the specific distribution of drugs [74] and facilitating tissue
adhesion [75], it is associated with problems including poor tolerance
[76], embarrassment, and reluctance of patients [77]. Therefore, we will
continue to design and optimize the oral administration of GelNB in
future works to broaden its clinical applications.

3. Methods
3.1. Synthesis and characterization

3.1.1. Synthesis of NB-COOH and obtainment of GelNB
NB was synthesized as previously reported [78]. Briefly, we first
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dissolved 4-hydroxy-3-(methoxy-D3) benzaldehyde, potassium carbon-
ate, and 4-bromobutyric acid methyl ester in a ratio of 1:1.46:1.11 in
dimethylformamide (DMF) and the mixture was deposited with chilled
water. After drying, ipso was induced by substituting 4-(4-for-
myl-2-methoxyphenoxy methoxyphenyl) butanoic acid methyl ester by
adding nitric acid (70%) for 3 h. To obtain the solid content, the ipso was
filtered after being purified by DMF. TFA/H20 in 1:10 v/v (100 mL) was
added at 90 °C under reduced pressure and the whole product was dried
out to obtain the yellow powder, which was later dissolved in THF/EtOH
1:1 v/v for 3 h. By dripping NaBH, slowly, the aqueous layer was
collected by adding dichloromethane and drying over magnesium sul-
fate. To obtain NB-COOH, silica gel column chromatography with
DCM/MeOH = 10:1 (1% TEA) was used in the purification process.

GeIlNB was dialyzed and lyophilized according to previously
described methods [21]. GelNB was synthesized by adding Gelatin and
carboxyl groups of NBCOOH into the reaction under the catalysis of
1-(3-Dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride (EDC)
(Aladdin, China) and N-hydroxy succinimide (NHS) (Aladdin) in
dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA). The mixture was
carefully dripped into Gelatin solution (Sigma-Aldrich) and stirred at
45 °C for 4 h. Subsequently, the mixture was slowly dripped into a 10%
w/v homogeneous Gelatin solution (Sigma-Aldrich) maintained at 37 °C
and stirred at 45 °C for 4 h. After dialyzing the GelNB solution in distilled
water for 72 h, the GelNB fraction was collected, lyophilized, and stored
at 4 °C for further use [21].

3.1.2. Preparation and features of enema solution

The lyophilized GelNB foams were diluted with 1 x PBS at 37 °C to
generate an enema solution at 100 mg/mL. After 1 min of UV light (365
nm, 30 mW/cm?) activation, the solution was changed to an amino-
reactive enema solution. Fourier transform infrared (FTIR)-attenuated
total reflectance (ATR) spectroscopy analysis (Nicolet iS50; Thermo,
USA) was applied to test the Gelatin solution, UV-activated Gelatin so-
lution, un-activated GelNB solution, and UV-activated GelNB solution.

3.2. In vitro bowel wall modification and integration

3.2.1. SEM analysis for the characterization of GelNB on bowel

The enema solution was injected gently into the anus and pinched for
2 min to prevent effluence. The colon was resected from the euthanized
mice and fixed with 2.5% glutaraldehyde overnight after washing three
times with 1 x PBS. Liquid nitrogen was used to crack the colon into
small pieces. After extraction with different concentrations of ethanol
(50%, 70%, 80%, 90%, and 100% twice) for 10 min, all samples were
observed under SEM (Nova Nano 450; Thermo) to compare the surface
morphology.

3.2.2. Fluorescence evaluation for GelNB

Rhodamine B (RB) was incorporated in GelNB as a fluorescence in-
dicator to quantify the adhesive ability of the coating on the bowel wall
by referring to a previous study [79]. Rhodamine-labeled Gelatin
(Rd-Gelatin) and GelNB were produced by mixing RB isothiocyanate
with Gelatin and GelNB at 48 °C for two days. The lyophilized GeINB-RB
foams were later dissolved at 37 °C to generate enema at a concentration
of 100 mg/mL. The enema solution was injected into the anus, as
described above. Fluorescence was detected using an IVIS Spectrum
(PerkinElmer, USA) at 0, 8, 16, 24, 32, 40, and 48 h after enema.

3.2.3. Equilibrium dialysis experiments

GelNB-loaded molecular weight 3500 Da dialysis bags with deion-
ized water were sealed by clips and immersed in 500 mL of p-Glucose
(Meilunbio, China), -arginine (Sangon Biotech, China), L-glutamic acid
(Macklin, China), i-tryptophan (Macklin), glycine (Macklin), 1-gluta-
mine (Macklin), L-cysteine (Macklin), or Ringer’s solution, respectively.
As a control, deionized water was placed in a separate clean dialysis bag.
The liquid in the dialysis bags was collected in a vacuum tube at regular
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intervals as a dialysis test sample. The amino acid concentrations were
determined using a total amino acid assay kit (Nanjing Jiancheng Bio-
engineering Institute, China). The glucose concentration was assessed
using a glucose colorimetric assay kit (Elabscience, China). The ion
concentrations were measured using an automatic biochemical analyzer
(Beckman Coulter AU5800, USA).

3.2.4. Validation of bacterial barrier property of the hydrogels

Bacterial cultures with a turbidity of 0.5 McFarland were inoculated
onto 1 x PBS, Gelatin solution, and GelNB solution. After culturing for
about 12 h, the bacteria were further incubated for 12 h with agar plates.
The number of bacterial colonies on the agar was counted.

3.3. Invitro cell experiment

3.3.1. Determination of mechanism underlying GelNB influence on cell
viability and proliferation

NCM460, a common colonic mucosa cell line, was acquired from the
Shanghai Cell Bank. The mouse macrophage cell line RAW 264.7 was
obtained from ATCC. All cell lines were cultured in DMEM containing
10% FBS and 100 mg/mL penicillin-streptomycin (double antibody) at
37 °Cin a 5% COy incubator. Sterilized clean glass slides were immersed
in 1% (3-Aminopropyl) triethoxysilane (Macklin) aqueous solution for
half an hour and dried after [80]. Sterilized GeINB was added to the
modified glass slides (30 mW/cm?). After using UV to activate GelNB,
cells were seeded at a density of 1 x 10° cells per well. Cell viability was
measured using the live/dead staining assay and CCK-8 assay. A live/-
dead staining assay was performed on days 0 and 3. CCK-8 assays were
performed daily from day 1-3. The CCK-8 solution was diluted to 1:10
(v/v) in DMEM, and 100 pL of the mixture was added to each well and
incubated at 37 °C for 1 h. The absorbance represented the living cells,
which was measured at optical density at 450 nm with a microplate
reader (Thermo MK3, USA).

3.4. Wound-scratch assay

Cell migration was measured using a wound scratch assay. Sterilized
GelNB was added to the modified glass slides after UV irradiation (30
mW/cm?). Approximately 1 x 10° NCM460 cells from each group were
collected and seeded onto modified glass slides in 6-well plates. Two
days after the cells reached the full plate, we used sterile pipette tips to
scratch the wound from the top to the bottom across the middle of the
wells. The cells were then washed twice with PBS to remove potential
debris. Migrated areas were photographed every 12 h twice and were
later measured using ImageJ software (National Institutes of Health,
NIH, USA).

3.5. In vivo animal studies

3.5.1. Induction of IBD mice models and the treatment of IBD

Eight-week-old male C57 BL/6 (C57) mice were used for the exper-
iments. All experiments were conducted in strict accordance with the
institutional guidelines of the Zhejiang University School of Medicine Sir
Run Run Shaw Hospital Animal Care and Use Committee, which con-
formed to the NIH Guide for the Care and Use of Laboratory Animals
(ethical code SRRSH202107106). Colitis was induced by DSS (Yeason,
China) or TNBS (Meilunbio) according to a previously described method
[81,82].

DSS was dissolved in sterile distilled water at 50 mg/mL, and the
control group mice drank sterile distilled water. Water was administered
to the mice for seven days, which was replaced once every two days. The
mice were fed with food and water ad libitum for five days. The enema
solution was administered daily for 10 consecutive days, starting on the
third day after colitis induction with DSS. On day 12, the mice were
sacrificed.

TNBS (100 mg/kg) was dissolved in 50% ethanol. TNBS solution was
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slowly injected into the rectum of C57 mice via a catheter filled with a 1-
mL syringe. Mice were placed in a vertical position for approximately 1
min to ensure that the therapeutic reagent could scatter homogeneously
throughout the colon and cecum. The control group was administered a
50% ethanol solution. The mice were provided with food and water ad
libitum for five days. The enema solution was administered daily for five
consecutive days, starting on the third day after colitis induction with
TNBS. Mice were sacrificed on day 7. The colon from the cecum to the
anus was removed, and the length of each colon was recorded, after
which each colon was washed in 1 x PBS. Segments (0.5 cm) near the
anus were removed for MPO activity measurements and RT-qPCR
analysis. The remaining colon tissues were fixed in 4% formaldehyde
for further histological and immunohistochemical analyses.

3.5.2. Clinical evaluation of IBD

The evaluation of DAI and colonic damage score was calculated for
each animal as described by Fitzpatrick et al. [83,84] Each group of mice
was observed daily during treatment, and changes in body weight,
diarrhea, and bleeding conditions were recorded in a timely manner.
Blood in the feces was tested using a hemoccult assay kit (Nanjing
Jiancheng Bio-engineering Institute). DAI consisted of weight loss,
diarrhea, and bloody stool scores. The colonic damage score was
determined based on the infiltration and loss of goblet cells and crypts
displayed in the sections.

3.5.3. Measurement of MPO activity

To measure the degree of inflammation in the colon, we used an MPO
assay kit and tissue MPO to detect and quantify polymorphonuclear
neutrophils using the Nanjing Jiancheng Bio-engineering Institute, ac-
cording to the manufacturer’s instructions.

3.5.4. Measurement of ROS release

The levels of ROS were detected through intraperitoneal injection of
luminol to examine the severity of IBD (10 mg/kg, 5-amino-2,3-dihydro-
1,4-phthalazinedione, Yeasen) using the IVIS Lumina Imaging System
(PerkinElmer). A fixed-area region of interest (ROI) over the abdomen
was generated to quantify the average radiance of the peak BLI signal
[85].

3.5.5. Histology and immunohistochemical labelling

The fixed tissues were dehydrated and embedded in paraffin.
Paraffin-embedded tissues were resected to obtain serial transverse
histological sections, which were then stained with H&E. Alternative
slides were deparaffinized and rehydrated through a series of ethanol
(30%, 50%, 70%, 90%, and 100%) and xylene, followed by antigen
retrieval in a spoiling water bath in citrate buffer (pH 6) for 10 min. Goat
serum was used to block the samples for 30 min before being incubated
with primary antibodies against Ki-67 (Abcam, USA), Occludin-1
(Abcam), or ZO-1 (Cell Signaling Technology) at 4 °C overnight. The
secondary antibodies (Gene Tech Shanghai Company Limited, China)
were incubated for 30 min. Images were taken using a NANO ZOOMER
S60 (Hamamatsu, Japan). The IHC score was the product of the per-
centage of positive cells and staining intensity.

3.5.6. Quantitative RT-PCR

Total RNA was extracted from the cells or colons by adding TRIzol
reagent (Invitrogen, USA) following the manufacturer’s instructions,
and oligo dT primers with reverse transcriptase (Yeason) were used to
synthesize cDNA. Subsequently, real-time PCR was performed on a
LightCycler® 4801I (Roche, USA) in 10 pL of reaction volume using the
Trans Start Green qPCR SuperMix Kit (Yeason). The 2~ AACt method was
used to measure the relative mRNA fold changes. The primers used in
our study are listed in Table S1.

3.5.7. Measurement of intestinal flora
To determine the gut microbial community, the flora of the intestinal
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tract was assessed using 16S rDNA sequencing on DSS and control
groups on day 12 [86]. Briefly, fresh feces (1 g) were collected from each
mouse and stored in sterile tubes at —80 °C in an anaerobic environ-
ment. DNA from different fecal samples was extracted using the E.Z.N.A.
® Stool DNA Kit (D4015; Omega, Inc.). After elution in 50 pL of buffer,
the DNA quality was detected by agarose gel electrophoresis and
quantified using a UV spectrophotometer. Then, it was measured by PCR
by LC-Bio Technology Co., Ltd. (Hangzhou, China) to build a cDNA li-
brary, which was assessed on an Agilent 2100 Bioanalyzer (Agilent,
USA) and with the Library Quantification Kit for Illumina (Kapa Bio-
sciences, USA), respectively. Raw data were synthesized by sequencing
the libraries on the NovaSeq PE250 platform and were then analyzed to
determine the diversity and abundance of the microbial population in
the samples.

3.6. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics version
22 (IBM Corp., USA). Variables between groups were analyzed by Stu-
dent’s t-test and one-way ANOVA. The results are presented as the
median + standard error of the mean (SEM). Spearman or Pearson
correlation was used for correlation analysis. Statistical significance was
set at P < 0.05.
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