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ABSTRACT  

Biocompatible soft materials have recently found applications in interventional endoscopy to facilitate 

resection of mucosal tumors. When neoplastic lesions are in organs that can be easily damaged by 

perforation, such as stomach, intestine and esophagus, the formation of a submucosal fluid cushion (SFC) 

is needed to lift the tumor from the underlying muscle during the resection of neoplasias. Such procedure 

is called endoscopic submucosal dissection (ESD). 

We describe an injectable, biodegradable, hybrid hydrogel able to form a SFC and to facilitate ESD. The 

hydrogel, based on polyamidoamines, contains breakable silica nanocapsules covalently bound to its 

network, and able to release biomolecules. To promote degradation, the hydrogel is composed of 

cleavable disulfide moieties that are reduced by the cells through secretion of glutathione. The same 
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stimulus triggers the breaking of the silica nanocapsules; therefore, the entire hybrid material can be 

completely degraded and its decomposition depends entirely on the presence of cells.  

Interestingly the hydrogel precursor solution showed rapid gelation when injected in vivo and afforded 

a long-lasting high mucosal elevation, keeping the cushion volume constant during the dissection. This 

novel material can provide a solution to ESD limitations and promote healing of tissues after surgery 

1. Introduction 

Gastrointestinal (GI) tract cancers are amongst the most aggressive tumors, with an estimated worldwide 

mortality per year of over 1.75 million people.1 Endoscopic early detection and surgical treatment could 

potentially lead to a reduction of mortality, especially for early gastrointestinal neoplasms or 

precancerous lesions. Nowadays, endoscopic dissection is the first-line treatment granting lower 

morbidity and mortality rates than surgery with equal oncological results and better quality of life. 

Endoscopic submucosal dissection (ESD) is a minimally invasive procedure now accepted worldwide as 

the preferred treatment modality for the removal of large and early gastric epithelial lesions.2  

ESD, developed in Japan in the mid-1990s,3-5 consists in the injection of a solution or a gel between the 

mucosal lesion and the muscularis,6-8 in order to obtain submucosal tissue elevation by generating a 

submucosal fluid cushion (SFC). The “cushioned” submucosa forms a safety margin to the underlying 

muscularis, thus minimizing the risk of perforation during ESD.9-10  

Additionally, this procedure allows an accurate histological assessment, therefore lowering the 

possibility of neoplastic recurrence.11 

For gastrointestinal (GI) tumors especially, due to the low thickness of the GI wall and the use of 

electrocautery, there is a high risk of perforation.12-13 ESD is indeed a complex procedure requiring a 

high level of technical skills and associated with high complication rates and long operative time. To 
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improve the efficacy and safety of endoscopic submucosal dissection techniques, the quality and duration 

of the submucosal lift are crucial.7-8  

Several injection solutions have been developed for this purpose, but normal saline solution (NS) is the 

most commonly used, because of its low cost and ease of use. However, simple NS injection suffers from 

low mucosal elevation, fast diffusion of the solution in the tissues, requiring multiple injections, often 

resulting in longer operative time, multiple instrument exchange and poor visualization, which could led 

to bleeding and perforation.14 

Viscous solutions such as glycerol,15-16 hydroxypropyl methylcellulose,17 chitosan,18 and hyaluronic 

acid19 have been proposed to achieve sustained mucosal elevation and avoid injuries to the muscularis. 

Although hyaluronic acid solution is one of the best options, it has been shown to stimulate the growth 

of residual tumors in animal models.20 Moreover, a large amount of hyaluronic acid is necessary to create 

a SFC and its use is associated with high costs and a general lack of availability.11  

To be clinically applicable, the lifting solution should be biocompatible, easily injectable, able to provide 

a prolonged and thick SFC to make ESD procedure safer, more cost-effective, and preserve tissue 

specimens for precise pathologic staging.10 

Additionally, desirable features are controlled and tunable biodegradability and the possibility of 

releasing active components to assist the mucosal healing process after the resection, avoiding scarring 

and stenosis. 

Finally, injectable biomaterial systems with a liquid-to-gel transition, such as hydrogels, are more 

promising in providing extended and thicker submucosal lift and easiness of handling. Using a hydrogel 

with tunable mechanical and degradation properties, which remains in place even after the procedure is 

completed, can provide protection for the stomach walls and promote a better healing of the lesions. 
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In the last years, injectable hydrogels have brought a shift in the search for the optimal SFC material 

towards the development of solutions that rely on in situ gel formation. For example, a photo-crosslinked 

chitosan hydrogel has been recently reported as a submucosal injection agent:21 mucosal elevation was 

created after the injection of the chitosan viscous solution, which was crosslinked in situ via UV 

irradiation, resulting in an insoluble hydrogel. However, the use of UV light for the photoinitiated radical 

polymerization may be difficult to perform in certain organs and for large areas.22 Moreover, as the 

authors mentioned, UV irradiation may be associated with inflammation of the residual tissue. 

To replace light with heat, thermoresponsive polymers, or thermogels, have been investigated, such as 

the recently proposed water solution of a PEG/PLGA-based temperature-sensitive polymers.23 However, 

many of these materials have been shown to clog inside long delivery tools at normal body temperature.24 

Until now, several of the in situ forming hydrogels proposed are hindered by administration difficulties, 

and adequate materials for ESD are still missing.7  

An ideal hydrogel for in vivo applications should have a liquid–solid transition at room temperature, must 

solidify in few seconds without any catalyst or heat and be biodegradable. Herein we report on an 

injectable hybrid hydrogel, based on degradable polyamidoamines, dPAA, with the aim of meeting all 

the requirements for an ESD material, in order to address the limitations previously listed. This class of 

hydrogels, pioneered by Ferruti et al.,25 has very attractive characteristics: they solidify in water at room 

temperature, without the need of a catalyst, their mechanical and chemical properties are easily tunable 

and their high porosity is compatible with cellular colonization and nutrients diffusion.  

We have already demonstrated that polyamidoamines-based hydrogel have excellent biocompatibility 

and even stem cells can proliferate into the porous scaffold.26 A similar scaffold, developed and 

optimized for tissue engineering applications, was also applied for the first time as adsorbent material for 

wastewater treatment, widening the biomedical application to environmental technology.27 
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The hydrogel developed for this work, namely dPAA, is composed of amino-functionalized breakable28 

silica-shell nanocapsules, BNCs, covalently bound to the polyamidoamines-based hydrogel network. 

Such network contains cross-linkers bearing a disulfide bond, to impart breakability to the material upon 

exposure to cell-released glutathione. Therefore, the hydrogel degradation is promoted by the 

proliferation of cells onto the scaffolds. By focusing on the reduction-triggered degradation at low 

glutathione level, which mimics the rarely investigated extra-cellular reducing conditions,29-31 we present 

here a cell-responsive degradable hydrogel for in vivo applications. 

Moreover, by injecting the developed hydrogel in vivo when still in its fluid phase, the gelation and 

formation of a stable and long-lasting submucosal fluid cushion was achieved in situ in less than three 

minutes. This allowed performing ESD with a single injection of material, thus greatly improving the 

procedure outcome.  

 

2. Results and discussion 

2.1 Materials synthesis and characterization 

A degradable nanocomposite hydrogel, dPAA, was synthetized using the general procedure shown in 

Figure 1. The hybrid hydrogel is composed of a polyamidoamines-based network with covalently linked 

breakable silica nanocapsules, BNCs. The hybrid material is formed in water at room temperature using 

a catalyst-free Michael-type addition reaction.  
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To achieve a degradation that could be triggered by cells proliferating onto the material, without the need 

of any additional stimulus, we have incorporated a disulfide crosslinker in the polymeric network of the 

hydrogel, i.e. cystamine. Disulfide bonds are susceptible of thiol exchange in the presence of reducing 

agents, such as glutathione (GSH), which is a cell metabolite. Redox-responsive breakable hybrid 

nanocapsules, BNCs, and in particular disulfide containing organosilica have been reported by our 

group.32 This material is composed of a silica shell able to encapsulate functional proteins in their active 

folding and it is engineered to break when a reducing agent, such as GSH, is present, with a complete 

release of the loading.  

Thus, we decided to exploit these BNCs to construct hybrid hydrogels able to release active biomolecules 

during the degradation of the material. The BNCs were functionalized with 3-

aminopropyltriethoxysilane, to be able to covalently link them to the polymeric hydrogel network. The 

surface functionalization was confirmed by the shift from negative to positive values of the ζ-potential, 

from -10.5 mV of the pristine nanocapsules to + 2.2 mV. A scheme of the synthesis and functionalization, 

Figure 1 Scheme of the synthesis and functionalization of BNCs containing disulfide moiety in the framework and loaded 

with Cyt-C inside the silica capsule (a); SEM image of the monodispersed functionalized BNCs, in the insert SEM picture 

of a naked nanoparticle (b); degradation of the BNCs (c). 
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as well as the SEM of the pristine and functionalized BNCs and of the degradation via GSH is displayed 

in Figure 2.  

The amino groups on BNCs were then reacted with the unsaturated moiety of methylene bisacrylamide 

(MBA) through a one-pot Michael poly-addition in water, conducted at room temperature without any 

additional catalyst, and the reaction resulted in the formation of transparent hydrogel in 48 h (Figure 2a, 

b). An initial water suspension of 1 mg/ml of BCNs was found to be the optimal particles concentration 

in order to obtain a homogeneous material, as confirmed by rheological analysis where there is no 

indication of phase separation. A higher concentration (e.g. more than 2 mg/ml) led indeed to visible 

aggregates in the initial water dispersion and thus was discarded.  

 

 

Gelation was confirmed by the absence of gravitational flow when the test tubes containing the hydrogels 

were inverted, through the so called “inverted test tube method”. A full rhelogical characterization is 

reported below. 

Figure 2.  Synthesis of dPAA, embedding BNCs (a); scheme of the network (b); FTIR trace of dPAA (c); SEM 

showing the porosity of the nanocomposite (d). 
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The formation of a crosslinked network was further established by Fourier-transformed infrared 

spectroscopy (FTIR), and the resulting spectrum is shown in Figure 2c. Peaks at 1640 and 1530 cm-1 are 

typical for the absorption of the amides carbonyl (st and  of C=O), while the 3260 cm-1 band is attributed 

to the N-H stretching (st NH2). Furthermore, the absorption band at 1039 cm-1, which was ascribed to the 

vibration of C-S-S-C bond, confirmed the successful incorporation of the disulfide cross-linker in the 

polymeric network. Since the samples were lyophilized to allow a correct peak determination, the 

presence of adsorbed water cannot be seen from FTIR spectrum, apart from a weak residual shoulder at 

3430 cm-1, which is related to the OH angular deformation of water. 

The morphological analysis of the obtained hydrogel was assessed via scanning electron microscopy 

(SEM) of the lyophilized scaffolds. SEM images showed a highly porous structure, with pore diameter 

in the range of 40 to 100 m, as can be seen in Figure 2d.  

The swelling behavior of the hybrid hydrogel was analyzed and suggests that the matrix can contain up 

to 93% of water, and in the absence of reducing agent is stable for weeks. 

 

2.2 dPAA degradation in presence of GSH 

For ESD application, hydrogels should maintain the required mucosal elevation for the whole time of the 

procedure (i.e. 1 hour) and degrade, in few days, into small fragments in order to have a complete 

clearance from the body. 

The potential degradation mechanism of the network is shown in Figure S1.  
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The degradation kinetics of the dPAA was examined by measuring swelling ratio variations as function 

of time in the presence of a low concentrated GSH solution (i.e. 10 M GSH solution in PBS), mimicking 

the extracellular environment. Hydrogels, incubated in PBS in the absence of GSH, were used as control.  

The swelling ratio curve of dPAA showed an initial phase where a clear increase in sample mass was 

observed, followed by a rapid downward phase (Figure 3a). The imbibing of the solvent into the 

hydrogel caused the initial increasing phase. This was then quickly outweighed by the cleavage of the 

disulfide bonds, leading to the complete degradation of the hydrogel.  

The dPAA equilibrated in PBS showed instead a 

first phase of swelling followed by a plateau that was 

reached after 24 hours, demonstrating that the 

material is stable in absence of reducing agents. The 

swelling was followed for 6 days.  

To evaluate the effect of the disulfide crosslinker 

density on the degradation kinetics of the hydrogel 

nanocomposite, other two samples were synthetized, 

containing lower and a higher amount of cystamine, 

10-wt% and 40-wt%, compared to the dPAA 

hydrogel which had 20 wt%.  

The degradation profiles of the three samples are 

reported in Figure S2. The degradation time was found to be proportional to the amount of disulfide 

crosslinker. 

Figure 3. Degradation of the dPAA hydrogel with 10 

µM GSH (solid line) and with culture media (dashed 

line) (a). Breakability of the BNPs before (i) and after 

exposure to GSH (ii) (b).  
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As previously mentioned, the degradable hydrogel is decorated with breakable nanocapsules able to 

degrade with the same mechanism of the hydrogel, through the reduction of the disulfide bonds, and able 

to release their content, as already reported by our group.31 The fragmentation of the BNCs in presence 

of the reducing GSH after 72 hours was further confirmed by scanning transmission electron microscope 

(Figure 3b).  

 

2.3 In vitro and ex-vivo analyses 

2.3.1 Cell-mediated degradation 

Since the degradation of dPAA could be achieved at low GSH concentration, such as the extra-cellular 

one, this prompted us to test the degradation of the scaffold in the presence of cells. In particular, Human 

Dermal Fibroblast (HDFa) cells were chosen for this study because fibroblasts residing within the 

extracellular matrix in the body are critical for matrix synthesis and repair. Upon injury or wound 

formation, these cells migrate to the wound site to repair the damaged tissue.33  Thus, to simulate the 

cell-mediated degrading conditions in vivo, we selected HDFa.  

The dPAA hydrogels for this test were synthetized in an 8 mm diameter and ~1 mm height disc shape 

and. 2.5 x 105 HDFa cells were seeded onto the hydrogels and cultured in the corresponding growth 

medium; hydrogels without cells, acellular, incubated in growth medium were used as control.  

AlamarBlue assay indicated that the majority of the encapsulated cells were viable and proliferating onto 

the scaffold (Figure S3a) up to 4 days. This is consistent to what has been observed for similar 

polyamidoamines-based scaffolds and it confirmed that dPAA containing disulfide moieties supported 

cell encapsulation and viability. Erreur ! Source du renvoi introuvable. S3b displays an image of the 3D 

proliferation of the cells stained in red (Vibrant DiD stain) for better visualization, indicating that they 
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permeate in the depth of the scaffold. A 3-channel visualization of the surface of the dPAA is reported 

in Figure S3c and is indicative of the growth of the cells onto the scaffold. 

As hypothesized, the hydrogel underwent degradation responding to cell-secreted GSH, in the absence 

of any external stimulus. In addition, many cell surface molecules contain thiol groups and thus could 

contribute to the cleavage of the disulfide bonds of the network.34-36 

The scaffold resulted largely reduced in size and weight after 72 hours and the complete degradation was 

achieved after 96 hours (Figure 4a,b), demonstrating a good agreement with the GSH degradation tests.  

It was observed that the degradation process resulted into a gradual movement of the cells from the 

nanocomposite to the bottom of the well 

containing the scaffold (Figure 4c). The 

viability of HDFa measured after the 

degradation of the scaffold showed that 

87 % of the cells were viable, thus 

confirming that the degradation products 

were non-toxic.  

Previous studies on linear 

polyamidoamines systems have shown 

that the degradation products were 

completely non-cytotoxic, since the 

degradation produced oligomers.37 

The acellular hydrogels used as control 

displayed minimal degradation during 

Figure 4.  HDFa-mediated degradation as function of time of dPAA 

hydrogels, solid line, containing 2.5x105 cells and control (acellular 

dPAA), dashed line (a); macroscopic pictures showing the cell-

mediated degradation of the dPAA (b). Overlay images (i.e brightfield 

and DiD channel) of the HDFa growing onto the scaffold (24 h) and 

gradually transferring to the bottom well plastic as the dPAA gets 

degraded (48 and 96 h); scale bar is 100 µm (c). 
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the course of the studies (Figure 4a, dashed line). This small degradation (17 %) is probably due to the 

presence of fetal bovine serum in the culture medium, which contains various proteins and amino acids 

with thiol groups.  

The results obtained confirmed that the dPAA hydrogels were prone to HDFa-mediated degradation 

through thiol reductive exchange, therefore showing potential for in vivo applications requiring 

degradation of the scaffold. 

2.3.2 Mechanical properties of dPAA and mechanical degradation in presence of GSH 

The mechanical properties of dPAA were characterized in terms of shear rheological behavior (Figure 

5 and Supplementary Information). Specifically, dPAA is a quite soft hydrogel characterized by a shear 

modulus ca. 6 kPa, in agreement with other injectable hydrogels for drug delivery, allowing their 

mechanical properties to be matched with different soft tissues in the human body. The soft character of 

dPAA is particularly evident as regards the relative high fluidity of the hybrid hydrogel, characterized 

by a small value of the loss modulus G’’ ≈ 100 Pa. Although this parameter corresponds to a high 

viscosity as compared to a typical fluid, the fact that the viscous losses of the material are much lower 

than its effective rigidity (G’’ << G’) converts the system in a quite resilient material with a relatively 

high mechanical compliance. In effect, the soft mechanical nature of dPAA (a soft hydrogel with a pasty-

like fluidity) makes it especially well-suited to mimic the mechanical response of muscular tissue, being 

structurally resilient but compliant to deformation.  
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After GSH addition, dPAA hydrogel did not show a clear degradation in terms of G’ and G’’ during the 

first hour of incubation. However, both G’ and G’’ values decreased down to 25% and 1% of their initial 

values respectively and eventually stabilize after 5 hours of GSH addition. The mechanical degradation 

causes a shear softening of dPAA and a concomitant shear fluidization of the hydrogel. Thus, dPPA 

hydrogel can simultaneously maintain the structural integrity but facilitate the content release of BNCs 

through a less viscous media under reducing conditions provided by the extracellular environment, here 

mimicked by the GSH solution. 

2.3.3 dPAA: injectability and formation of SFC 

Since the ESD procedure requires the injection of the hydrogel solution underneath the mucosa, we first 

optimized the synthetic procedure of the hydrogel to obtain a material that could be delivered in vivo via 

injection, and then rapidly jellify inside the body. 

Polyamidoamine-based hydrogels have the great advantage of allowing network formation under 

physiological conditions.38-40 This approach has been already investigated in the past years for various 

injectable hydrogel preparations.41 This mechanism has been shown to be applicable to a wide range of 

Figure 5. Shear storage modulus (G’) and shear loss modulus (G’’) of dPAA hydrogel as measured by oscillatory shear 

rheology (a). dPPA mechanical degradation upon GSH incubation. Lines are only eye-guides for better visualization (b). 
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commercially available precursors, forming polymer networks with minimal structural deficiencies 

within a surgically relevant timeframe, while avoiding the production of free radicals.42 

When mixed all the components start to react after 30 minutes as indicated by the formation of a clear 

solution.  

The ability of this hydrogel solution to flow through a disposable 23-gauge catheter injection needle was 

then examined. The dPAA solution was able to flow under hand pressure and the maximum needle 

injection pressure was found to be comparable to saline solution (Figure S4a). At the temperature to 37 

°C, we observed the formation of a self-standing hydrogel in 18 hours. Such long time is not suitable for 

injectable hydrogels but knowing that the submucosa is rich in type I collagen and that this presents 

amino and hydroxyl groups as side groups, we postulated the possible formation of hydrogen bonds that 

could lead to a faster gelation kinetic in vivo.  

We therefore tested this hypothesis by injecting the dPAA solution, colored in blue with methylene blue, 

in the submucosa of a porcine stomach, ex vivo. The injection was performed on the tissue at 37 °C and 

the gelation, with formation of a SFC, was immediately observed (Figure S4b). There was no leakage 

of the solution from the injected site and, 5-10 min after injection the tissue was cut revealing the 

formation of the solid phase of the dPAA (Figure S4c).  

Interestingly the nanocomposite hydrogel was found completely adherent to the submucosal layer and it 

had to be removed with scissors and tweezers. Moreover, it was confirmed that there had not been 

diffusion of the solution into the surrounding tissues. 

The investigation of injectability and gelation time was then performed in vivo. The dPAA showed a 

gelation time of approximately 3 minutes when injected in the submucosal layer in a living pig.  
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It is undeniable that the physiological conditions of temperature (37 °C) and pH (7.4), contribute to the 

faster gelation than what observed in vitro, as already reported for similar systems.43 However, tests done 

in vitro at 37 °C and pH 7.4 did not give the same results. This suggests the contribution of additional 

factors related to the intermolecular interactions between the hydroxyl and amino groups of the collagen 

side chains with amide groups and side chains of dPAA that further crosslink the polymer network and 

facilitate the covalent polymerization. The formation of mechanical entanglements between the collagen 

fibers and the dPAA backbone could also contribute to the formation of an interpenetrated hydrogel 

network, favoring the faster formation and adhesion of a stable and elastic hydrogel in situ. This 

morphological change was observed in the SEM of the explanted tissues, which indeed showed 

interactions between the hydrogel scaffold and collagen fibers (Figure 6a).  

 

 

 d 

Figure 6. SEM image of the explanted tissue and hydrogel, showing collagen fibers within the hydrogel matrix (a), scale 

bar is 100 m; endoscopy images of the dPAA stained with Methylene Blue formed in vivo (b) and close up (c) showing 

with fibrous formation within the hydrogel matrix. Change in mucosal elevation as a function of time after the injection of 

NS or dPAA into a resected porcine stomach (d). Methylene blue was mixed as color agent. Height values (black bar) 

obtained for NS were 6.7 mm, 4.2 mm and 2.9 mm after 10 sec, 10 min and 1 h respectively; for dPAA were 8.3 mm, 6.4 

mm, 5.8 mm after 10 sec, 10 min and 1 h respectively. 
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In vivo images of the dPAA formed in situ (Figure 6b) and stained with Methylene Blue also displayed 

fibrous formation within the hydrogel matrix (Figure 6c). However, a deep investigation is currently 

ongoing to explain this behavior. 

As already mentioned in ESD procedures the ability of mucosal lifting and its maintenance are essential 

to avoid perforation and safely complete the en bloc resection of the lesion.  

We examined the formation and lasting of a SFC ex vivo comparing the dPAA with an isotonic saline 

solution. In particular, fresh resected porcine stomachs were used, and 2 ml of NS or DPAA solution 

were injected. Protrusions appeared at the injection site and the height changes in submucosal elevation 

were recorded after 10 seconds, 10 minutes and 1 hour, to cover the whole time of the ESD procedure, 

which is approximately 40-50 minutes (Figure 6d). Although both the examined solution and the 

hydrogel led to the mucosal elevation right after the injection, the dPAA nanocomposite displayed higher 

mucosal lifting: 8.3 mm vs 6.7 mm, for the dPAA and the NS respectively, with the same amount of 

solution injected. This showed that already part of the NS solution was absorbed by the surrounding 

tissues after 10 seconds. After the injection of the hydrogel solution, the formation of a solid SFC was 

detected, which showed only a small change in size over 1 hour, i.e. from 8.3 mm to 5.8 mm. No 

significant change in shape or consistency of mucosal lifting was observed. This behavior was due to the 

formation of the dPAA hydrogel under the submucosa.  

In contrast, the elevation created with NS gradually collapsed, showing a reduction of 37% in size already 

after 10 minutes and of more than half after 1 hour (i.e. height from 6.7 mm to 2.9 mm).  
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2.4 In vivo ESD procedure 

The higher performance of the dPAA nanocomposite in ex vivo was therefore evaluated in vivo in a living 

pig. We first set appropriate lesions sizes of approx. 3 cm in diameter in the porcine stomach and then 8 

ml of the hydrogel solution were injected in the submucosa.  

The ESD procedure was performed in triplicate in different areas of the same porcine stomach; NS 

solution was used as control. 

In Figure 7a is reported the endoscopic view of the stomach at time 0 before the injection of the pre-

hydrogel solution. It shows the set of an appropriate lesion of approx. 3 cm in diameter. We observed 

that in all the cases the injected dPAA solutions in the submucosa led to the gelation of the material in 

less than 3 minutes, which thus formed a clear and stable mucosal elevation (Figure 7b,c).  

A comparison with the normal saline solution generally used showed initially no significant difference 

compared to the SFC formed by dPAA. However, the elevation of the SFC formed by NS had obviously 

reduced after 15 min, due to quick diffusion of the NS at the target site and absorption of the liquid by 

the tissue, thus it was necessary to repeat the injections to keep the submucosa lifted and be able to finish 

the surgery. 

In contrast, the mucosal lifting obtained with dPAA allowed the surgeon to perform the entire ESD 

procedure (40 min) without requiring a second injection, therefore significantly simplifying the 

procedure and avoiding large injection of liquids.  
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The presence of the hydrogel allowed the use of the common electrocautery settings and the long-lasting 

conservation of the mucosal elevation created with the dPAA enabled the surgeon to smoothly 

accomplish the submucosal dissection (Figure 7d). We can conclude that no significant complications 

or perforation occurred during the procedure due to the reliable and long-lasting mucosal lifting achieved 

with the dPAA.  

Then, the lesion was resected en bloc without any sign of mucosal or muscularis damage, confirming 

that the dPAA hydrogel formed in situ was able to “dissect” the submucosal layer (Figure 7e). Intact 

mucosal specimens were conveniently achieved via the performed ESD procedures. This is essential, as 

a definite resection provides accurate histological assessment and thus, can reduce the risk of neoplastic 

recurrence. To prove that fast gelation can occurs also in other tissues and that the procedure can be 

applied for other lesions the same procedure was also performed in the colon and in the esophagus with 

excellent results (Figure S5). Besides aiding the surgery, the protecting layer created with the gels can 

Figure 7. Endoscopic views of the different steps of the ESD procedure performed using the dPAA stained 

with Methylene Blue. Setting of the lesion, approx. 3 cm in diameter (a); injection of the dPAA solution (b); 

formation of the SFC after gelation of the dPAA (c); circumferential cutting (d); complete resection with 

protective layer of dPAA that remained adhered to the muscolaris (e); wound left after ESD with layer of the 

dPAA (f). 
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protect the layer underneath (Figure 7f). The possibility of releasing active components from the 

breakable capsules is highly beneficial at the end of such delicate procedure. Biomolecules, such as 

adrenaline, proton-pump inhibitors, corticoids or antibiotics could potentially be efficiently delivered to 

assist the cauterization of the resected tissue or the prevention of inflammations.  

 

3. Conclusions 

 

A degradable hybrid hydrogel was successfully developed by embedding breakable nanocapsules into a 

disulfide-containing polyamidoamines-based hydrogel.  

We demonstrated that the network can be completely cleaved in 3 days upon incubation in a GSH 

solution mimicking the extra-cellular concentration (10 M). Most importantly, the obtained dPAA 

sustained the proliferation of HDFa and underwent complete degradation in response to cell-secreted 

molecules from HDFa seeded onto the scaffold, without any external stimulus.  

The obtained dPAA can be delivered to the desired tissue by facile injection through a 23-gauge needle. 

To prove its applicability in real models, the hydrogel solution was injected in the submucosa of a porcine 

stomach in vivo. It formed an elastic hydrogel in 3 minutes, most likely due to temperature increase and 

interaction with collagen fibers. 

Such an important result, together with the low-cost starting materials employed for the synthesis, 

motivated us to employ the dPAA hydrogel as a novel submucosal injection agent in ESD. The hydrogel 

formed a reliable SFC in vivo, enabling a long-lasting mucosal elevation, which was superior to 

commonly used NS. This facilitated en bloc resection of the lesion, which was successfully accomplished 

with just a single injection. No perforation, major bleeding or tissue damage were observed during ESD. 
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Moreover, part of the in situ formed hydrogel adhered tightly to the muscolaris, under the resected 

mucosa, allowing protection of the membrane during the procedure and after it.  

The possibility to release active molecules and to biodegrade the hybrid hydrogel in few days opens 

interesting perspective for a faster regeneration of the tissue. 

 

4. Experimental Section  

 

Synthesis of dPAA: In a 5 ml round bottom flask methylenbisacrylamide (MBA; 200 mg) and N,N-

dimethylethylenediamine (70 l) were added to a water solution of amino-functionalized BNCs freshly 

sonicated (1.5 ml; 1 mg/ml). Then, cystamine (65 mg) was added to the mixture that was stirred 

vigorously for 1 hour at room temperature, after which a homogeneous and clear pre-hydrogel solution 

was obtained. When the hydrogels were needed for in vitro experiments (i.e. GSH degradation and 

cellular viability and degradation), the obtained solution was transferred to glass vials (500 l per vial) 

and allowed to react in static conditions at r.t. Glass vials with inner diameter of 8 mm were used as 

molds. The hydrogels were obtained after 48 hours.  

Once obtained, the disk-shaped hydrogels were freeze-dried and weighted. Dried hydrogels were used to 

study the swelling ratio at different pH and the degradation kinetics with different concentrations of GSH. 

This step allowed us as well to sterilize the materials for in vitro experiments. Sterile and ultrafiltered 

water was used during hydrogel preparation for in vivo tests; the synthesis was carried out in closed 

sterile vials and protected from bacteria contamination, thus we assumed that the final product was free 

of bacterial contamination. 

To assess the presence of unreacted MBA, the hydrogels were washed several times; the extracted 

washing solutions were then freeze-dried and analyzed by H-NMR spectroscopy, which confirmed that 
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no unreacted monomers were present. We concluded that the final hydrogel composition was not 

significantly different from the feeding starting monomer mixture, as elsewhere observed.26 

Cell-mediated degradation of dPAA: Hydrogels nanocomposites were freeze-dried and weighed (Wi). 

Then 2.5x105 HDFa were seeded onto the samples (see paragraph 5.6.5). The cell-laden samples were 

collected at pre-determined time points and were freeze-dried to obtain their dry weight after degradation 

(Wf).  

The cell-mediated degradation of the hydrogels, D, was calculated using the following equation: 

𝐷 (%) =  
𝑊𝑖 − 𝑊𝑓

𝑊𝑖
× 100 

Acellular hydrogels were used as degradation control. 

Creating submucosal cushion and performing ESD in a living pig: The pig was fasted for 1 day before 

operation. A standard endoscope (Karl Storz, Tuttlingen, Germany) was used in the pig under general 

anesthesia. Both the dPAA solution and the NS used as control contained a small amount of Methylene 

Blue as a color agent in order to facilitate visualization of the SFC. 

After setting appropriate lesion sizes of approx. 3 cm in diameter in the porcine stomach, 8-10 ml of 

dPAA solution and NS were injected in the stomach submucosa through the endoscope accessory channel 

using a 23-gauge injection needle.  

The mucosal elevation due to the injected dPAA at the target site was observed endoscopically before 

starting the ESD. It was compared under direct view with the elevation caused by NS during the 

procedure. After injection, the ESD was performed and a circumferential mucosal incision was 

accomplished using a TT knife (Olympus, Tokyo, Japan). Injection of dPAA and ESD were repeated 

three times. The animal was euthanized after completion of experiments; the whole procedure was 

followed and recorded using a Silver Scopetm Video Gastroscope (Karl Storz, Tuttlingem, Germany). 
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The main outcome measures were (1) the rapid gelation of dPAA when injected into the submucosa and 

(2) the long-lasting SFC formed; (3) the feasibility of the dissection procedure during ESD; (3) the 

adhesion of dPAA to the muscolaris layer and thus the increase of protection during the procedure and 

after it. 
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