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A B S T R A C T

Developing an oral in situ-forming hydrogel that targets the inflamed intestine to suppress bleeding ulcers and 
alleviate intestinal inflammation is crucial for effectively treating ulcerative colitis (UC). Here, inspired by 
sandcastle worm adhesives, we proposed a water-immiscible coacervate (EMNs-gel) with a programmed 
coacervate-to-hydrogel transition at inflammatory sites composed of dopa-rich silk fibroin matrix containing 
embedded inflammation-responsive core-shell nanoparticles. Driven by intestinal peristalsis, the EMNs-gel can 
be actuated forward and immediately transform into a hydrogel once contacting with the inflamed intestine to 
yield strong tissue adhesion, resulting from matrix metalloproteinases (MMPs)-triggered release of Fe3+ from 
embedded nanoparticles and rearrangement of polymer network of EMNs-gel on inflamed intestine surfaces. 
Extensive in vitro experiments and in vivo UC models confirmed the preferential hydrogelation behavior of 
EMNs-gel to inflamed intestine surfaces, achieving highly effective hemostasis, and displaying an extended 
residence time (> 48 h). This innovative EMNs-gel provides a non-invasive solution that accurately suppresses 
severe bleeding and improves intestinal homeostasis in UC, showcasing great potential for clinical applications.

1. Introduction

Disruption of the intestinal epithelial barrier and bleeding, key 
clinical manifestations of severe ulcerative colitis (UC), greatly diminish 
patients’ quality of life and result in considerable economic costs [1,2]. 
To achieve effective hemostasis and prompt re-establishment of the 
mucosal epithelium, emergency barriers are required to inhibit micro
bial invasion, prevent blood loss, and decrease the risk of developing 
colorectal cancer [3,4]. Currently, oral delivery systems using 
enteric-coated tablets and capsules are favored for UC treatment due to 
their non-invasiveness, localized release, and elevated patient compli
ance [5,6]. Although various forms of oral drug delivery systems have 
been developed, insufficient residence time and low targeting efficiency 
for inflamed guts limit their clinical applications [7,8]. This challenge is 
primarily attributed to the harsh environment of the gut, which includes 

a large surface area, high motility, and humidity [9]. Hence, developing 
strategies to overcome the oral administration dilemma achieving tar
geting hemostasis and timely repair at inflammatory sites of the intes
tine remains a significant clinical challenge.

Inflammation-responsive therapy strategies, being actively devel
oped as a potential alternative method for precise oral administration, 
aim to deliver drugs directly to lesion sites more effectively and safely 
[10,11]. The heightened expression and secretion of degradative en
zymes, including esterase and matrix metalloproteinases (MMPs), are 
key characteristics of the mucosal surface in UC, particularly in regions 
of erosions and ulcerations [12,13]. Accordingly, the 
microparticle-based oral delivery system with enzyme-labile properties 
was designed to selectively bind to the inflamed mucosa and exert its 
therapeutic effect in response to the enzyme activities at inflammatory 
sites of the intestine [14]. As expected, these particles efficiently 
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released the drug at high concentrations of degradative enzymes, 
significantly reducing the dextran sulfate sodium (DSS)-induced in
flammatory response in UC mice [15]. However, due to the complex 
microenvironment of the intestinal tract, these particles may be limited 
in their residence time and drug release effect by the adhesion and 
clearance mechanisms of the intestinal mucus layer. Therefore, these 
concerns provide an opportunity to design a novel strategy that com
bines active adhesion and prolonged residence time to expedite the 
hemostasis and healing of intestinal ulcers.

Intestinal motility, characterized by the intrinsic and continuous 
contraction during normal digestion, can be selected as a potentially 
active delivery system. Taking advantage of intestinal peristalsis, recent 
studies have demonstrated that precisely designed liquid coacervates 
can be propelled inside the intestine and efficiently cover the large in
testinal surface area [16,17]. Due to their fluidity, water insolubility, 
and low surface tension, the coacervates can efficiently come into close 

contact with the tissue, providing a broader therapeutic effect [18]. 
Nevertheless, the extensive applicability of such materials has been 
limited, given that most liquid coacervates require increased frequency 
or dosage of administration to cover all lesions [19,20]. This limitation 
can be attributed to the absence of selective adhesion capability of these 
coacervates, resulting in adhesion to the initial contact area and failure 
to target the UC area accurately. To address this limitation, we propose a 
novel strategy that integrates peristaltic propulsion and 
inflammation-responsive mechanisms into a single material to achieve 
selective adhesion. Such material can be propelled by intestinal peri
stalsis and will exert robust adhesion once in contact with inflammatory 
sites. However, designing a coacervate material that combines both 
features remains a crucial challenge that urgently needs to be addressed.

In nature, sandcastle worms exhibit a fascinating ability to synthe
size adhesive that enables them to aggregate sand particles and shell 
fragments for constructing their habitats under seawater [21]. This 

Fig. 1. Design and synthesis of sandcastle worm-inspired coacervate. A) Composition and adhesion mechanism of sandcastle worm adhesive. The dopa-rich protein 
matrix and functional response groups in the sandcastle worm adhesive cause robust adhesion by repelling water and pH-triggered cross-linking. B) Design of 
sandcastle worm-inspired coacervate and schematic illustration of EMNs-gel propelled by intestinal peristalsis and in-situ hydrogelation in response to MMPs at 
inflammatory sites. C) Photographs of sandcastle worm-inspired coacervate in vitro model achieving selective hydrogelation on MMPs coated patch under dynamic 
condition (with locomoted speed of 10 mm/min). D) Targeted hydrogelation of sandcastle worm-inspired coacervate at injury sites in the UC model.
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adhesive achieves robust underwater adhesion by transitioning from a 
gel state to a solid state due to the dopa-rich protein matrix and func
tional response groups, primarily through a two-step process [22–24]. i) 
The dopa-rich protein matrix generated by the sandcastle worm, which 

consists of two types of anionic proteins and four types of cationic 
proteins, can displace or repel the water molecules from the substrate 
surface; ii) it can subsequently solidify on the surface of the substrate 
due to pH-triggered rapid crosslinking between polyphosphorylated 

Fig. 2. Design and characterization of EMNs-gels. A) Schematic diagram of the preparation of EMNs-gels. B) TEM images of MSNs, MSNs/Fe3+, and EMNs (scale bar 
is 100 μm). C) FTIR spectra of various samples. D) Zeta potential of various samples, n = 3. E) TEM mapping images of EMNs (scale bar is 100 μm). F) Images of 
coacervates with varying mixing ratios applied on a slope covered with intestines to visualize flow properties. G) The time required for candidate materials to flow 
from top to bottom of the intestine-covered slope, n = 5. Candidate materials include sodium alginate (SA), chitosan (CS), gelatin (Gel), polyethylene glycol-20000 
(PEG), water, and EMNs-gel-1, 2, 3, and 4. H) The maximum shear strength of various coacervates tested based on the standard lap-shear setup, n = 3. I) TEM image 
of EMNs-gel-3 and image of EMNs-gel-3 extruded from the tube. J) Images of EMNs-gel-3 injected into artificial colonic fluid and PBS, and images of resting for 12 h.
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protein and Ca2+ and Mg2+ (Fig. 1A). The programmed adhesion 
mechanism of the sandcastle worm inspired us to design a 
water-immiscible, transformable, and dopa-rich coacervate that can 
achieve selective adhesion underwater during intestinal peristalsis. We 
hypothesized that such a sandcastle worm-inspired coacervate could 
exert an in-situ hydrogel transformation once in contact with the UC 
area under the synergistic effects of intestinal peristalsis and inflam
matory environments, thus providing a protective barrier for sustained 
hemostasis and UC repair.

In this research, an inflammation-responsive transformable coacer
vate (EMNs-gel), inspired by sandcastle worms, was proposed to achieve 
effectively targeted adhesion on the injury sites of the intestine to hinder 
bleeding and promote healing. Specifically, this novel coacervate con
sists of a dopa-rich silk fibroin protein matrix and inflammation- 
responsive nanoparticles containing mesoporous SiO2 loaded with 
Fe3+ as the core and ascorbyl palmitate (AP) as the shell. The coacervate 
takes the form of a dense fluid through hydrogen bonding between the 
dopa-rich silk fibroin protein matrix and inflammation-responsive 
nanoparticles, which keeps them stable and water-immiscible in 
normal intestinal fluid and can be actuated forward by intestinal peri
stalsis. Upon being exposed to the inflammatory environments, the 
water-immiscible coacervate can displace the water molecules from the 
injury intestinal surface under peristaltic contraction to enable the 
inflammation-responsive nanoparticles to react with MMPs in the UC 
area, causing further crosslinking between dopa-rich silk fibroin protein 
and the injury tissue surface to form robust adhesion (Fig. 1B–D). 
Because of the synergistic effects of the peristaltic propulsion and in
flammatory environment, this sandcastle worm-inspired coacervate is 
expected to attain highly efficient targeted adhesion, displaying signif
icant promise for clinical applications in treating severe bleeding and 
injury induced by UC.

2. Results and discussion

2.1. Design and characterization of EMNs-gels

Specific pathological microenvironments in severe UC, such as 
increased secretion of endogenous enzymes in bleeding and inflamma
tory sites, were selected as triggering conditions to design the sandcastle 
worm-inspired coacervate capable of in-situ transformation of adhesive 
hydrogel layers. To implement the programmatically transformable 
mucoadhesive materials, endogenous enzyme-responsive mesoporous 
nanoparticles (EMNs) were first synthesized with a core comprising 
mesoporous silica nanoparticles loaded with Fe3+ (MSNs/Fe3+) and an 
MMPs-degradable AP shell [25]. The resultant EMNs were then thor
oughly mixed with silk fibroin grafted with polydopamine (SF-PDA) to 
form sandcastle worm-inspired coacervate with optimal flowability and 
on-demand adhesion properties (Fig. 2A). Driven by the intestine peri
stalsis, the EMNs-gel would spontaneously spread and the AP outer shell 
of EMNs could be hydrolyzed to liberate Fe3+ upon inflammatory con
ditions, which could quickly accelerate the hydrogelation of EMNs-gel 
triggering the in-situ formation of protective hydrogel barriers on the 
injured intestine tract.

Notably, EMNs were synthesized by thin-film rehydration through 
the assembly of the amphiphilic surface negatively charged AP on the 
surface of mesoporous silica nanoparticles (MSNs, ~130 nm) pre-loaded 
with Fe3+ [26]. The transmittance electron microscopy (TEM) images 
and particle size analysis revealed that EMNs (~180 nm) possessed an 
obvious core-shell structure comprising a mesoporous silica core with a 
thin outer layer with a thickness of ~50 nm (Fig. 2B and Fig. S5). 
Meanwhile, the FTIR curves of EMNs exhibited the absorption peaks of 
Si–O–Si (1071 cm− 1) [27], Si–H (796 cm− 1 and at 988 cm− 1) [28], and 
C═O stretching of AP ester group (~1734 cm− 1) [29] (Fig. 2C). 
Furthermore, the deposition of AP on the surface showed the opposite 
charges compared to MSNs/Fe3+ nanoparticles (Fig. 2D). The above 
results revealed the successful assembly of AP on the surface of MSNs. 

Besides, TEM mapping images illustrated that the Fe element was uni
formly encapsulated in EMNs (Fig. 2E). The loading content in EMNs 
was 2.67 g/mmol (Fig. S6). Next, the rheological property of EMNs-gel 
can be controlled by adjusting the ratio between EMNs and the SF-PDA 
matrix. These variations are labeled as EMNs-gel-1, 2, 3, and 4, corre
sponding to mass-to-volume ratios of 1:300, 1:200, 1:100, and 1:50, 
respectively. With the increase of mass fraction (MF) of the EMNs, the 
EMNs-gel displayed a transition from easily flowing fluids (EMNs-gel-1, 
2) to stable fluid coacervates (EMNs-gel-3, 4) (Fig. S7). This phenome
non was attributed to supramolecular interactions, including hydrogen 
bonding and π–π interactions between the hydrophilic compounds 
(ascorbic acid) of AP and the catechol, amino, and phenyl groups 
derived from SF-PDA [30,31], which provide a substantial driving force 
that enhances molecular cohesion and facilitates the rapid assembly of a 
dense, viscous phase, thereby inducing coacervates formation [17]. 
Subsequently, the flowability and adhesive ability of EMNs-gel were 
quantitatively evaluated by flowing experiments on a 45◦ inclined plane 
(length 75 mm) precoated with the intestine and lap shear tests, 
respectively (Fig. 2F–H). Appropriate flowability and adhesion of the 
coacervate are crucial for its in-situ transformation into hydrogels 
intended for treating intestinal wounds. Among all candidates, it was 
observed that EMNs-gel-3 exhibited suitable flowability along with 
optimal adhesion strength (6.79 ± 0.37 kPa). In comparison, 
EMNs-gel-1, 2 with high flowability but low adhesion may flow off the 
wound surface before gelation, and EMNs-gel-4 with high adhesion but 
low flowability may tend to remain in the upper part of the intestine. 
Besides, the EMNs-gel-3 could form dense filaments with good shape 
fidelity when being extruded via dropper. The TEM image of EMNs-gel-3 
demonstrated that the nanoparticles with core-shell structure labeled by 
red arrows could be embedded uniformly in the catechol-functionalized 
flexible polymer matrix to form the stable dense phase (Fig. 2I). Mean
while, theoretical analysis of the total interfacial surface energy indi
cated that the EMNs in the SF-PDA protein matrix could maintain 
stability without phase separation, in alignment with the 
above-mentioned experimental results (Supplementary Note 1). Inter
estingly, the EMNs-gel-3 could maintain dense filaments upon injected 
(22G needle) into PBS and simulated intestinal fluid and showed a stable 
state of fluid-fluid phase separation even after 12 h, indicating a subtle 
balance of interfacial interaction between the EMNs-gel-3 and fluid 
(Fig. 2J and Mov. S1). Taken together, the suitable flowability and 
water-immiscibility of EMNs-gel-3 allow it to spread spontaneously on 
the inner wall of the intestine upon intestine peristalsis. Thus, the 
EMNs-gel-3 with a relatively higher mass fraction of the nanoparticle 
was selected as the optimal candidate in this study.

2.2. Mechanism of MMPs-triggered transformation of EMNs-gels into 
hydrogels

To comprehend the performance and mechanism of EMNs-gel 
transformation in inflammatory settings, MMPs as typical endogenous 
enzymes overexpressed at bleeding and inflammatory sites, were uti
lized to construct a series of in vitro characterizations. Initially, the 
conversion of EMNs-gels to hydrogels at different mass-to-volume ratios 
of EMNs to SF-PDA was evaluated using time sweep rheology analysis, 
and the time taken for the transformation was counted. At ratios of 
1:300 and 1:200, the storage modulus (G′) was lower than the loss 
modulus (G″) after the introduction of MMPs (200 U/mL) during the 
initial 450 s, suggesting no obvious hydrogel formation within 450 s. In 
contrast, the hydrogelation process could be observed within 300 s at a 
ratio of 1:100, as indicated by the crossover of G′ and G″ curves and 
digital photographs (Fig. 3B and C). Additionally, the hydrogel created 
using EMNs-gel-3 could easily adhere to a glass rod and transform into 
long and viscous fibers when stretched in a water environment (Fig. 3D). 
When the ratio increased to 1:50, the hydrogel transition occurred 
within seconds after incubation with MMPs. However, the resulting 
hydrogel displayed weak underwater adhesion ability due to over- 
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crosslinking by Fe3+ which reduced the number of surface adhesive 
groups [32,33] (Figs. S8A and B). Furthermore, by adjusting the MMPs 
concentration, the hydrogelation time of EMNs-gel-3 changed from 15 
min to 5 min, and further to less than 150 s as the MMPs concentration 
was increased from 50 to 400 U/mL (Fig. 3E and Fig. S9A). To clearly 
illustrate the hydrogelation process, the Fe3+ release kinetics in EMNs 
were quantitatively tested. The addition of MMPs caused the hydrolysis 

of surface AP in EMNs, and simultaneously induced a rapid release of 
Fe3+, resulting in a concentration of 35 mmol/L within 5 min (Figs. S9B 
and C). Furthermore, TEM and scanning electron microscopy (SEM) 
were utilized to record microstructure changes of EMNs-gel-3 before and 
after treatment with MMPs. Time-dependent TEM images displayed the 
hydrolysis of the out-layer of EMNs and the formation of network 
structures (Fig. S9D). SEM images revealed a denser pore structure in the 

Fig. 3. Mechanism of MMPs-triggered transformation of EMNs-gels into hydrogels. A) The mechanism of hydrogelation of EMNs-gel-3 in response to MMPs. B) 
Rheological properties of EMNs-gel-1, 2, 3, and 4 with the addition of MMPs (200 U/mL) under time sweeps and C) corresponding gelation times. D) Images of EMNs- 
gel-3 in intestinal fluid reacting with MMPs (200 U/mL) to form the hydrogel. E) The gelation time of EMNs-gel-3 exposed to various concentrations of MMPs. F) 
Schematic illustrations of configurations for the surface energy of EMNs-gel-3 on normal and inflammatory tissue. G) Rheological experiments recording the vis
cosity, G′ and G″ changes of EMNs-gel-3 on MMPs-coated intestine (200 U/mL). H) Schematic diagram of pull-off test and statistics of maximum pull-off force. Each 
set of tests was independently repeated 3 times.
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hydrogel, highlighting the rearrangement of the polymer structure 
triggered by MMPs (Fig. S9E). These findings confirmed that EMNs-gel-3 
can be transformed into hydrogel upon MMPs activation.

To ensure the accurate transformation in bleeding and inflammation 
setting, the water-immiscible EMNs-gel-3 should satisfy two criteria: (1) 
After being infused into the intestine, this kind of coacervate can be 
propelled forward by peristalsis without mutual dissolution in a non- 
inflammatory intestinal setting; (2) can undergo an in-situ hydrogel 
transformation once contacting sites of bleeding and inflammation. To 
confirm the first requirement, the locomotion behavior of EMNs-gel-3 
upon peristalsis was illustrated by comparing the various total surface 
energies of individual wetting configurations. Specifically, Configura
tion 3 represented the scenario where the intestine wall (In-wall) was 
completely wetted by intestinal fluid (SIF) with EMNs-gel-3 floating on 
the top. Configurations 1 and 2 represented the scenarios where the 
intestine wall was completely by intestinal fluid or EMNs-gel-3, 
respectively (Fig. 3F). To ensure the EMNs-gel-3 could be propelled 
steadily, Configurations 1 and 3 should always have a lower energy state 
than Configuration 2, meaning that ΔE1 = E2 − E1 > 0 and ΔE2 = E2 −

E3 > 0. These equations can be calculated as (Supplementary Note 2) 

ΔE1 =R
(

γSIF cos θSIF/In− wall – γEMNs− gel− 3 cos θEMNs− gel− 3/In− wall

)

+ γEMNs− gel− 3/air – γSIF/air > 0 (1) 

ΔE2=R
(

γSIF cosθSIF/In− wall – γEMNs− gel− 3 cosθEMNs− gel− 3/In− wall

)
– γEMNs− gel− 3/SIF

> 0
(2) 

where E1, E2, and E3 correspond to the total interfacial energies per unit 
area for Configurations 1, 2, and 3, respectively. The R, γx/y, and γx 
represent the roughness factor, the interfacial energy between x and y, 
and the surface tension of a fluid x, respectively. Besides, θx/y represents 
the contact angle of x on y. By substituting the values of parameters (R =
2, γEMNs-gel-3 = 44.1 mN m− 1, γSIF = 30.6 mN m− 1, γEMNs-gel-3/SIF = 2.38 
mN m− 1, θSIF/In-wall = 10◦, θEMNs-gel-3/In-wall = 49.2◦) into equations (1) 
and (2), the ΔE1 and ΔE2 was 15.9228 mN m− 1 and 0.0428 mN m− 1, 
respectively. It is demonstrated that inequality in the equation denotes 
fulfillment, illustrating that the EMNs-gel-3 cannot be displaced or 
diluted by intestinal fluid during locomotion. Meanwhile, the intestinal 
fluid could form a lubricating layer between water-immiscible EMNs- 
gel-3 and tissue to reduce the internal friction according to previous 
studies [34], ensuring a high flowability of EMNs-gel-3 and avoiding 
premature loss on the forefront of the intestine.

For the second criterion, the rheological property of EMNs-gel-3 on 
the surface of the MMPs-coated intestine was further measured more 
practically. Interestingly, the rheological analysis indicated that EMNs- 
gel-3 displayed a thinning behavior with viscosity decreasing from 
1.464 Pa s to 0.462 Pa s in the initial 10 min, which was mainly due to 
the MMPs triggering the hydrolysis of the ester bonds in the AP and the 
cleavage of the long chains of the silk fibroin protein molecules [25,35,
36] (Fig. 3G and Fig. S10). This phenomenon suggested a decomposition 
of the interconnected network and a reduction in surface tension within 
EMNs-gel-3, leading to a transformation from a water-immiscible state 
to a water-soluble state. During the thinning process, the Fe3+ gradually 
released from EMNs particles triggered by MMPs and simultaneously 
diffused within EMNs-gel-3 to induce a rapid chemical crosslink be
tween themselves and the tissue surface to reverse the thinning process, 
resulting in a dense hydrogel layer on the wet tissue surface (Fig. 3A). 
The chemical crosslink, including the chelation effect between Fe3+ and 
phenolic hydroxyl and quinone group in SF-PDA, along with the cova
lent crosslinks between quinone group and amine groups abundant in 
both intestinal surface and SF-PDA wound trap water molecules to 
provide a stable adhesive hydrogel [37]. To further demonstrate the 
MMPs-triggered rearrangement of interfacial interaction, the pull-off 

test model was established to test the in-situ adhesion mechanical 
ability of EMNs-gel-3 in a simulated intestinal fluid bath. After applying 
gentle pressure for 5 min (≤ 10 kPa), the EMNs-gel-3 on the MMPs 
coated intestine showed a relatively high pull-off force, whereas the 
group without MMPs cannot form stable adhesion (Fig. 3H). Concur
rently, as the contact time of EMNs-gel-3 on the MMPs-coated intestine 
increased, the pull-off force initially increased and then reached a 
plateau when the contact time exceeded 15 min (Fig. S11). These results 
demonstrated that MMPs could effectively trigger the hydrogelation of 
EMNs-gel-3 and the rearrangement of interfacial interactions in the 
presence of simulated intestinal fluid, which is consistent with the above 
rheological analysis. Notably, when in contact with wet intestinal sur
faces containing MMPs, the temporary thinning process may allow the 
infiltration of EMNs-gel-3 to the bleeding and inflammatory sites and 
facilitate the rearrangement of interfacial interactions, which further 
provides an enormous potential to realize in situ hydrogelation and 
adhesion. This MMPs-triggered transition to adhesive hydrogels upon 
contact with bleeding and inflammatory intestine surfaces could 
potentially offer a protective hydrogel layer and avoid tissue damage 
caused by traditional surgical procedures.

2.3. Adhesion mechanical test, dynamic adhesion property in vitro and 
vivo model

To evaluate the coacervate stability and durability of the trans
formed hydrogels, EMNs-gel-3 was applied onto fresh ex-vivo intestines 
that had been pre-coated with MMPs solution at 37 ◦C for 30 min. The 
results showed that a dark-brown hydrogel layer can form in situ on the 
MMPs deposited section of the intestinal surface without pressure within 
5 min, demonstrating a strong MMPs-dependent hydrogelation behavior 
due to the high reactivity between AP and MMPs (Fig. S12). Besides, the 
resulting hydrogel can firmly adhere to the intestinal surface, as indi
cated by its capacity to withstand extensive stretching and twisting both 
in air and underwater conditions (Fig. S13A). Subsequently, soaking the 
tissue with adhesive hydrogel in simulated intestinal fluid at 37 ◦C for 
24 h, the hydrogel coatings remained firmly attached without detaching 
from the tissue surface, indicating the robust adhesion capability to 
withstand mechanical challenges and the durable adhesion performance 
to the wet intestinal surface (Fig. S13B). Meanwhile, the resulting 
hydrogel could also remain stable without degradation after being 
incubated in artificial colon fluid at 37 ◦C for 72 h, showing a good 
digestive enzyme-resistant ability (Fig. S13C). To quantitatively analyze 
the adhesion behavior of transformed hydrogel, we quantified the 
adhesion strength between the hydrogel and intestinal tissue through 
lap shear and 180◦ peel tests. The EMNs-gel-3 exhibited a strong adhe
sion performance on the MMPs-covered intestinal surface with a peeling 
strength of 61.78 ± 4.27 Nm− 1 and shear strengths of 57.81 ± 9.08 kPa 
(Figs. S13D and E). Moreover, the EMNs-gel-3 was also applicable to 
blood and MMPs-covered intestinal surfaces, showing superior adhesion 
performance with peeling strength of more than 92.28 Nm− 1 and shear 
strength of more than 87.83 kPa, owing to the high reactivity between 
natural nucleophiles (amido bond, thiol, and amines) in blood proteins 
and abundant quinone groups in EMNs-gel-3. The ability of the EMNs- 
gel-3 to generate better adhesion on blood and MMPs-coated intestinal 
surface could be advantageous for rapid coagulation in injury.

The harsh environment of the injured intestine including physio
logical peristalsis and wetted surface remains challenging for targeted 
adhesion. Therefore, the in-situ hydrogelation behavior of EMNs-gel-3 
on the injury site of the intestine was further observed and investi
gated under more realistic conditions via an in vitro dynamic model. As 
shown in Fig. 4A, it was equipped with a motorized gear system to 
simulate the natural intestinal peristaltic action, along with a hydrogel 
patch containing MMPs to simulate the injury site. The integrated worm 
gear and drive wheel ensured the locomotion of EMNs-gel-3 on hydrogel 
patches. The treated hydrogel patches slowly released MMPs in simu
lated intestinal fluid (Fig. S14). As shown in Fig. 4B and Mov. S2, the 
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Fig. 4. Dynamic adhesion property in vitro and vivo model. A) Schematic diagram of the dynamic model of intestinal peristalsis in vitro. B) Photographs of EMNs- 
gel-3 in vitro model achieving selective hydrogelation under dynamic conditions (with locomoted speed of 10 mm/min). C) The corresponding thickness of the 
hydrogel layer on the MMPs-coated patch at different locomotion speeds (scale bar is 100 μm, n = 5). D) The fluorescence imaging of healthy mice and UC mice at 
different time points (0, 6, 12, 24, and 48 h) after oral administration of EMNs-gel-3. E) Schematic diagram of endoscopic observation after administration of EMNs- 
gel-3 in rats. F) Endoscopic images of rats 6 h after administration of EMNs-gel-3. G) H&E staining sections of mice 6 h after administration of EMNs-gel-3 (scale bar is 
100 μm).
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EMNs-gel-3 was steadily locomoted underwater at a speed of 10 mm/ 
min without any dilution and could effectively adhere to the MMPs- 
coated hydrogel patch. This locomotion speed is higher than the speed 
of food peristalsis in the UC intestine (small bowel ~7 mm/min, colon 
~1 mm/min) [38–41], indicating that the hydrogelation and adhesion 
of EMNs-gel-3 could overcome the resistance of peristalsis and under
water environment. By contrast, the EMNs-gel-3 cannot leave any trace 
after crossing the hydrogel patch without MMPs (Fig. 4B and Mov. S3). 
Furthermore, the thickness and microstructure of the in-situ formed 
hydrogel layers were kinetically analyzed using an optical microscope 
and SEM under various locomotion speeds (50, 25, 15, 7, 5, 2.5 
mm/min). Surprisingly, the transformed hydrogel layer with thicknesses 
of more than 81.83 ± 6.97 μm displayed uniform network structure even 

when the locomotion speed of fluid increased to 50 mm/min, demon
strating the high sensitivity and stability of MMPs triggering EMNs-gel-3 
to transform into adhesive hydrogels (Fig. 4C and Figs. S15A and B).

The in-situ transformation of EMNs-gel-3 was further evaluated 
using in vivo. The C57BL/6 mice (male, 8–12 weeks) with or without UC 
were fed with commercial enteric capsules loaded with Cy5.5-labeled 
EMNs-gel-3 to confirm the in-situ transformation and adhesion 
behavior through the in vivo fluorescence imaging method. As expected, 
in mice with intestinal injury group, the EMNs-gel-3 adhered to the in
testinal tract for at least 48 h as proved by the strong fluorescence signal. 
while in the healthy group, the EMNs-gel-3 was metabolized completely 
within 12 h (Fig. 4D and Fig. S16). This behavior in agreement with the 
results in vitro dynamic mode test demonstrated that EMNs-gel-3 could 

Fig. 5. Rapid hemostasis ability of EMNs-gel-3 in acute UC. A) Experimental design. Mice were given sterile water or water containing 3 % DSS for 7 days. The oral 
treatment was given from day 8. B) Endoscopic images of rats after oral administration of EMNs-gel-3 for 2 h and 6 h. C) Heat map of fecal occult blood content and 
D) rate of delayed hemorrhage in mice (n = 5). E) Representative H&E staining and immunofluorescence (CD61 green, EMNs-gel-3 red, and 4′,6-diamidino-2- 
phenylindole [DAPI] blue) images of UC mouse intestinal tissue (scale bar is 100 μm). F) Semi-quantitative analysis of CD61 fluorescence intensity in mouse intestinal 
tissue, n = 5.
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form a protective barrier with prolonged retention capacity. After 
administering a commercial capsule containing EMNs-gel-3 to a rat 
model of UC, endoscopic observation revealed that EMNs-gel-3 selec
tively adhered to the inflamed sections of the intestinal wall, forming a 
hydrogel coating (Fig. 4E and F and Mov. S4-5). To further investigate 
the selective targeting capabilities of EMNs-gel-3, we analyzed the in
testinal tissues of treated UC mice using hematoxylin and eosin (H&E) 
staining. The findings corroborated our initial observations, with EMNs- 
gel-3 exclusively present in the intestinal tissues of mice with induced 
injuries (Fig. 4G). Taken together, these findings from in vitro and in 
vivo experiments verify that the transformed hydrogel has robust and 
durable adhesion capabilities. This potentially provides an effective 
approach to prevent intestinal injury by forming protective hydrogel 
layers in the situs. As such, EMNs-gel-3 showed immense potential as a 
targeted treatment agent for intestinal inflammation and bleeding, of
fering a new approach to treating UC.

2.4. Rapid hemostasis ability of EMNs-gel-3 in acute UC

All animal experiments were performed following the protocols 
approved by the European Union Animal Experimentation Directive 
2010/63/EU and by the protocols approved by the National Center for 
Experimental Teaching of Animal Science, Southwest University, China. 
The approval number is SWU_LAC_202110616. All mice and rats were 
purchased from Hunan Saijia Laboratory Animal Co. All animal exper
iments were approved by the Ethics Committee for Animal Experiments 
of Southwest University (Approval No. SYXK 2020-0006) and were 
conducted following the committee’s guidelines for animal handling.

The results of in vitro coagulation and biocompatibility assays 
showed that EMNs-gel-3 had superior hemostatic ability and low bio
toxicity (Supplementary Notes 3 and 4). To dynamically demonstrate 
the hemostatic properties of EMNs-gel-3 in vivo, the DSS-induced acute 
UC rat and mice models were created. Sprague Dawley (SD) rats (male, 
~250 g) and C57BL/6 mice (male, ~25 g) were fed with sterile water 
containing 3 % DSS for 7 days to establish the UC models (Fig. 5A). After 
that, the EMNs-gel-3 loaded in commercial enteric capsules were 
administered through oral gavages and the hemostatic effect was 
confirmed by the endoscope and histological analysis. The endoscopic 
images revealed that the healthy rat showed a smooth and intact in
testinal wall but was damaged with bleeding and inflammatory signs 
after treatment with DSS. As expected, the EMNs-gel-3 could effectively 
alleviate intestinal bleeding in the acute colitis model as evidenced by 
the formation of a distinct dark purple hydrogel layer on the intestinal 
wall after 2 h of administration, indicating the outstanding targeted 
transition and adhesion ability of EMNs-gel-3. At 6 h after application, 
the transformed hydrogel layer can still adhere to the injury sites 
without apparent bleeding traces, showing good hemostatic sealing ef
fects and a long-term residence (Fig. 5B and Mov. S5-9). In contrast, 
persistent bleeding was still observed after 24 h in the colitis models of 
the untreated and SF-PDA-treated groups (Fig. S17A). Moreover, the 
amount of delayed bleeding was tested to confirm the hemostatic effects 
of EMNs-gel-3 via qualitative fecal occult blood test kits. The results 
shown in Fig. 5C and Fig. S18 indicate that the lowest fecal blood con
tent was observed in the EMNs-gel-3 group after 12 h of treatment, 
suggesting that EMNs-gel-3 is more efficient in the treatment of bleeding 
in acute UC when compared to the commercially available antiemetic,5- 
aminosalicylic acid (5-ASA), and the other control groups. Meanwhile, 
the statistics of delayed bleeding rate derived from fecal occult blood 
test kits also confirmed the above findings, indicating that the delayed 
bleeding rate was significantly reduced 24 h after the administration of 
EMNs-gel-3 (Fig. 5D). Hence, these results conclusively illustrated that 
EMNs-gel-3 possessed the capability to transform into a hydrogel layer 
at the inflammatory site of the intestine, achieving highly effective 
hemostasis.

Subsequently, the in vivo hemostatic mechanism of EMNs-gel-3 was 
investigated through histological analysis. The immunofluorescence 

analysis of markers (CD61 for platelets, Rhodamine B for transformed 
hydrogel) shows that the green fluorescent labeled platelets can be 
observed in the network pore structure of the transformed hydrogel 
(Fig. 5E and Fig. S17B). Notably, the immunofluorescence intensity 
analysis indicated that the EMNs-gel-3 induced more platelet adhesion 
and aggregation around the wounded intestine tissue, significantly su
perior to that in the control group (Fig. 5F). This is because the gelation 
properties of EMNs-gel-3 make it a physical barrier against blood loss, 
which will physically force platelets toward the damaged blood vessel. 
On the other hand, the catechol fraction of the hydrogel promotes ag
gregation and adhesion of erythrocytes and platelets [42]. Therefore, 
under intestinal peristalsis actuation, EMNs-gel-3 could effectively 
inhibit intestine bleeding through the in-situ formation of a robust 
physical hydrogel barrier and accelerating the aggregation of platelets.

2.5. Excellent healing effect of EMNs-gel-3 on acute UC

After demonstrating the targeted adhesion and strong hemostatic 
ability of EMNs-gel-3 in rats, we further evaluated the therapeutic effi
cacy with in-situ transformed hydrogel against acute UC. The experi
mental approach was schematically depicted in Fig. 6A. In comparison 
with the treatments of the 5-ASA group, the mice treated with EMNs-gel- 
3 exhibited increased body weight, extended colon length, decreased 
disease activity index (DAI), and reduced spleen weight, indicating a 
potential anti-inflammatory effect (Fig. 6B–D and Figs. S19–20). 
Notably, the mice treated with SF-PDA and EMNs had shorter colons and 
a higher spleen weight compared to those in the EMNs-gel-3 group, 
demonstrating an enhanced therapeutic effect of EMNs-gel-3 assembled 
from SF-PDA and EMNs. Furthermore, the H&E staining section revealed 
that the mice treated with EMNs-gel-3 could preserve the integrity of the 
intestine epithelium, reduce the intestinal villi damage, and inhibit the 
infiltration of pro-inflammatory cells in the mucosa, confirming a 
significantly better efficacy in alleviating colitis compared to 5-ASA. 
Moreover, a much higher expression of proliferating cell nuclear anti
gen (PCNA), a crucial tissue marker of cell proliferation (red arrows), 
was observed in the groups with the administration of EMNs-gel-3 
(Fig. 6E and F). Notably, previous studies demonstrated that PDA and 
AP could efficiently eliminate reactive oxygen species (ROS) and regu
late macrophage differentiation [43,44]. Therefore, the protein levels of 
nitric oxide synthase (iNOS, a marker for type 1 macrophages) and 
arginase-1 (a marker for type 2 macrophages) in intestine tissue were 
quantitatively evaluated using immunohistochemical fluorescence 
staining. The findings revealed that treatment with EMNs-gel-3 signifi
cantly improved the expression of arginase-1 while decreasing the 
expression of iNOS, suggesting that EMNs-gel-3 promotes the differen
tiation of M2 macrophages and inhibits M1 macrophages in 
DSS-induced colitis (Fig. 6G–I). Additionally, the treatment of 
EMNs-gel-3 significantly reduced the expression of pro-inflammatory 
cytokines including IL-6, IL-1β, and TNF-α, while enhancing the 
expression of the transforming growth factor-β (TGF-β) (Fig. 6J-M). 
These findings verified that the in-situ hydrogel layer could alleviate the 
DSS-induced colitis by decreasing the inflammatory response.

The intestinal flora dysbiosis may cause the exacerbation of the 
progression of UC. Normally, the intestinal flora is in balance with the 
host’s immune system and assists in digestion, absorption, and meta
bolism. However, when the gut flora is dysbiotic, the number of harmful 
bacteria may increase while the number of beneficial bacteria may 
decrease, leading to an increased inflammatory response in the gut. 
Thus, restoration of the gut microbiota and immune homeostasis can 
complement each other in the successful treatment of UC [45]. To 
investigate the regulatory effects of EMNs-gel-3 on the intestinal 
microbiota, the composition of the intestinal flora was analyzed by 
sequencing the 16S ribosomal RNA (rRNA) gene amplicon in fecal 
samples. Analysis of 16S rRNA sequencing on day 8 showed that 
EMNs-gel-3 treatment indeed significantly increased bacterial abun
dance (observed operational taxonomic units, OTUs) and α-diversity 
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(Chao and Shannon indices) in UC mice (Fig. 7A–C). Principal coordi
nate analysis (PCoA) was used to evaluate the overall gut flora. There 
was a significant change in the clustering of gut bacterial composition in 
the control group compared to the healthy group, indicating the 
dysfunctional gut flora following DSS administration. As expected, the 
EMNs-gel-3 group cluster was close to that of the healthy group, sug
gesting that EMNs-gel-3 treatment alleviated the ecological 

dysregulation of colitis (Fig. 7D). The Venn diagram illustrated the data 
on common and unique taxa of the gut flora across the three groups 
(Fig. 7E). The general enterobacterial composition at the phylum 
(Fig. 7F) and family level (Fig. 7G) for each group was displayed in bar 
charts and heat maps, respectively. The gut flora composition was 
analyzed at the phylum level, showing the highest similarity in micro
bial composition between the healthy and EMNs-gel-3 groups based on 

Fig. 6. EMNs-gel-3 showed enhanced therapeutic efficacy by inhibiting intestinal inflammation and facilitating tissue healing. A) Experimental design. Sterile water 
containing 3 % DSS. B) Changes in body weight and C) DAI scores of mice in each group for 7 consecutive days after stopping drinking DSS. D) Measure and analyze 
colon length. E) Images of representative H&E staining (scale bar is 100 μm) and PCNA staining (scale bar is 50 μm) of intestinal tissues from each group. F) Semi- 
quantitative analysis of PCNA. G) Immunofluorescence analysis of M1 (iNOS red, CD68 green, and DAPI blue) and M2 (CD163 red, CD68 green, and DAPI blue) in gut 
tissue visualized under confocal microscopy (scale bar is 25 μm). H) and I) Semi-quantitative analysis of fluorescence intensity of iNOS and CD163. J-M) The serum 
concentration of IL-1β, TNF-α, IL-6, and TGF-β. n = 5 biologically independent mice per group.
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Fig. 7. Regulation of gut microbiota by EMNs-gel-3. A) Bacterial richness (observed operational taxonomic units, OTUs). B) Chao and C) Shannon index of observed 
operational taxonomic units showed the α-diversity of the microbial community. D) PCoA indicates the similarity or difference in the species composition of the gut 
microbiota of UC mice in different treatment groups based on OTU levels. E) The Venn diagram of species among the three groups. F) Community histograms 
characterizing microbial composition at the phylum level. G) Heatmap exhibited the relative abundance of microbial compositional profiling at a family level. H) 
Relative abundance of microbiota with significant changes at the family level. I) Relative abundance of microbiota with significant changes at the genus level. n = 5 
for each group. J) EMNs-gel-3 regulates the microenvironment of inflamed intestinal sites by mitigating inflammatory responses and alleviating intestinal 
flora imbalance.
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phylum abundance. The relative abundance of Firmicutes increased 
significantly compared to the control group, consistent with trends re
ported in the literature for bacterial microbial therapy [46]. Next, spe
cific bacteria were quantitatively analyzed at the family and genus levels 
(Fig. 7H and I). Treatment with EMNs-gel-3 significantly retained the 
relative abundance of Muribaculaceae (a major mucin monosaccharide 
forager that acts as an ecological gatekeeper in healthy guts) [47], and 
Prevotellaceae (a key contributor to short-chain fatty acid production, 
antioxidant, and anti-inflammatory processes) [48]. Additionally, 
unclassified_Clostridia_UCG_014, a group of opportunistic pathogens 
associated with gut dysbiosis and inflammation, showed a marked 
decrease compared to the control group [49]. At the genus level, the 
EMNs-gel-3 treatment group exhibited a significant increase in the 
relative abundance of beneficial bacteria such as Lachnospir
aceae_NK4A136_group and Alloprevotella compared to the control group, 
while the relative abundance of potentially harmful bacteria like Bac
teroides decreased, mirroring trends reported in the literature for pa
tients with curative UC [50,51]. These results suggested that EMNs-gel-3 
could optimize the composition of the gut microbiota in mice. The AP 
and phenolic hydroxyl groups present in EMNs-gel-3 play a crucial role 
in modulating the inflammatory process by regulating the over
expression of MMPs and reactive ROS at sites of inflammation [52]. By 
reducing oxidative stress and dampening inflammatory responses, 
EMNs-gel-3 aids in restoring immune homeostasis and thus promotes 
the healing of inflammation. Furthermore, EMNs-gel-3 positively affects 
the gut microbiota by increasing the relative abundance of beneficial 
bacteria and decreasing that of harmful bacteria (refer to Fig. 7J). These 
findings indicate that EMNs-gel-3 is an effective therapeutic agent for 
mitigating intestinal inflammation and enhancing the repair of injured 
intestinal tissue.

3. Conclusion

This study presented a sandcastle worms-inspired coacervate that 
could suppress ulcer bleeding and intestinal inflammation by generating 
hydrogel barriers on inflammatory sites, due to MMPs-triggered release 
of Fe3+ and subsequent generation of Fe3+ mediated rearrangement of 
the polymer network. The rheology analysis and adhesion mechanical 
evaluations showed that EMNs-gel-3 could form robust adhesion 
(peeling strength of 61.78 ± 4.27 Nm− 1 and shear strengths of 57.81 ±
9.08 kPa) on the wet surface of the intestine within 300 s upon MMPs 
triggering. The in vitro dynamic modeling experiments demonstrated 
that EMNs-gel-3 could transform into hydrogel layers (81.83± 6.97 μm) 
at a locomotion speed of 50 mm/min which is much faster than the 
speed of food peristalsis in the normal intestine. Furthermore, the results 
of the ulcerative colitis mice model validated that EMNs-gel-3 could not 
only target the inflamed tissue to reduce delayed hemorrhage but also 
modulate intestinal inflammation by decreasing pro-inflammatory cy
tokines and accelerating M2 differentiation. Meanwhile, the in vitro and 
in vivo biocompatibility and metabolic assessments illustrated that the 
sandcastle worms-inspired coacervate displayed no obvious adverse 
effects. In addition, we envision that EMNs-gel can serve as a platform by 
incorporating a range of therapeutics for sustained drug delivery and 
detection of intestinal ulcers. Overall, this in-situ hydrogelation strategy 
inspired by sandcastle worms provides a versatile and potent approach 
for the future design of oral targeting coacervate.
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