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ABSTRACT
Spring-mediated distraction enterogenesis has shown success in intestinal lengthening, with spring confinement achieved by 
external plication with sutures to reduce the lumen diameter at both ends of the intestinal segment. Endoscopic spring placement 
would minimize the morbidity associated with device insertion. This study investigates the use of submucosal injection of engi-
neered hydrogel to temporarily confine a compressed spring within an intestinal segment. Engineered hydrogels were composed 
of hyaluronic acid (HA) alone or HA with elastin-like protein (HELP). To simulate endoscopic injection in six juvenile pigs, 
hydrogel was injected into the submucosa in everted jejunum, followed by the placement of a gelatin-encapsulated, compressed 
nitinol spring. The jejunum was then unfolded over the spring, and hydrogel was injected distally into the submucosa. Sutures 
were placed as fiducial markers. After 7 days on a liquid diet, the pigs were euthanized, and their intestinal segments were ana-
lyzed for lengthening and histological changes. The spring-containing jejunal segments expanded in all animals, lengthening to 
132% in the HA group and 188% in the HELP group. HELP hydrogels exhibited slower biodegradation than HA-only hydrogels. 
Histological analysis showed increased crypt width and decreased crypt density in the spring-containing segments compared to 
controls. Hydrogel effectively provides temporary spring confinement within intestinal segments without adverse effects. The 
mechanical stimulation from the spring induces crypt fission, expanding the intestinal epithelium. These results support the 
feasibility of gel-enabled, spring-mediated distraction enterogenesis for intestinal lengthening.

1   |   Introduction

Short bowel syndrome (SBS) is a highly morbid disease in in-
fants and children with high mortality and morbidity rates 
worldwide [1]. This syndrome occurs due to congenital or 

acquired loss of a significant portion of the bowel, resulting in 
nutrient malabsorption, excessive fluid loss, and poor growth in 
children [1, 2]. SBS is the most frequent cause of chronic intes-
tinal failure and is fatal without treatment [3–6]. Current treat-
ment options are limited and mainly supportive, relying heavily 
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on long-term parenteral nutrition (PN) [3]. In the United States, 
estimates suggest that about 35% of adults receiving home PN 
suffer from SBS [5, 7]. Unfortunately, long-term PN is associated 
with many complications, ranging from central line infections 
and catheter thrombosis to sepsis and liver and kidney diseases 
[2, 8]. Such limited treatment options have led to strategies to 
surgically increase the length of the existing intestine, as even a 
1% increase in intestinal length increases the chance of weaning 
patients from PN by 3% [9].

Nonetheless, current surgical techniques for intestinal length-
ening have high rates of complications, including death [10–12]. 
As an alternative surgical approach, our group focuses on a 
novel treatment for SBS through spring-mediated distraction 
enterogenesis (SMDE). We have successfully demonstrated in-
testinal lengthening using intraluminal, self-expanding springs 
in several animal models, including mice, rats, and pigs [13–21]. 
SMDE led to multifold lengthening of the intestine with normal 
function, which was sustained after device removal [20, 22]. 
Both internal and external plication of the intestine with sutures 
has been performed for spring confinement during distraction 

enterogenesis, providing permanent anchorage of the spring 
[16, 23]. Although SMDE has shown promising functional re-
sults, the insertion and removal of the spring still require two in-
vasive surgeries. Furthermore, while internal plication has been 
experimented with in an open manner to mimic endoscopic 
suturing with comparable results, endoscopic internal suturing 
is technically challenging [23], hindering widespread clinical 
translation. Thus, our long-term goal is to develop a technique 
for transient endoscopic spring confinement to minimize the 
morbidity associated with the surgical device insertion and re-
moval. Towards this goal, here in this proof-of-concept study, we 
demonstrate the feasibility of providing temporary confinement 
to a compressed spring within the bowel through a submuco-
sal injection of a biodegradable hydrogel, Figure 1A–C. The gel 
can be injected proximal and distal to the compressed spring, 
narrowing the lumen by creating a localized stiff object that an-
chors the device, Figure 1D. Once deployed, the spring applies 
tension against the injected gel to mechanically stimulate and 
lengthen the bowel. As the hydrogel biodegrades in  vivo, the 
spring will be displaced for natural evacuation without further 
surgical intervention. The concept of hydrogel anchoring of an 

FIGURE 1    |    Schematic of gel-enabled spring immobilization. (A) Schematic of elastin-like protein (ELP) functionalized with hydrazine (HYD), 
and hyaluronic acid functionalized with HYD or benzaldehyde (BZA). (B) Dynamic covalent chemistry (DCC) reaction responsible for crosslinking 
the polymers together with a hydrazone bond. (C) Schematic of HA (top) and HELP (bottom) gels. (D) Representation of spring confined with hy-
drogel injections, longitudinal section (left) and cross section (right). (E) Encapsulated, compressed spring contained within an intestinal segment 
using sutures at one end and colored gel at the other end (left); and histologic examination of a bowel section with H&E stain showing submucosal 
gel in dark purple (right).
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intestinal device has not been tested previously. Thus, in this 
first study, we aimed to assess two important aspects: (1) effi-
cacy of hydrogel confinement, and (2) suitability of degradation 
rate to allow for both effective lengthening and the onset of nat-
ural evacuation.

To achieve these goals, our hydrogel must be injectable (to 
allow for minimally invasive delivery), stiff (to withstand the 
mechanical tension applied by the spring), and biodegradable 
(to allow for both sufficiently long confinement and the natu-
ral evacuation of the spring). However, designing hydrogels that 
are simultaneously injectable, stiff, and biodegradable is still a 
challenge in the biomaterials field [24–28]. A rising solution to 
create mechanically robust yet injectable hydrogels is dynamic 
covalent chemistry (DCC) crosslinks [24]. The covalent nature 
of these bonds strengthens the hydrogel, whereas their revers-
ible behavior allows the polymer chains to associate and disso-
ciate [28–32]. These properties enable the hydrogel to fluidize 
upon application of hand-force to allow injection, then rapidly 
stiffen in situ, retaining its original mechanical properties (self-
healing) and significantly improving gel retention within the 
tissue [33].

Aiming to mimic native intestinal extracellular matrix (ECM), 
we have developed easily injectable yet stiff DCC crosslinked 
hydrogels based on hyaluronic acid (HA), with or without the 
addition of an elastin-like protein (ELP), Figure  1A–C. HA is 
a natural glycosaminoglycan essential for normal intestinal 
growth [34–36]. It is amenable to chemical modification for 
hydrogel formation, biocompatible, biodegradable [30, 33], and 
has been FDA approved for several biomedical applications. 
Elastin protein is also a key component of the native intestinal 
ECM [37], providing essential elastic mechanical properties to 
the tissue. ELP is a genetically engineered protein that has been 
widely used in bioengineering, partially due to its biocompatibil-
ity and slow degradation rate [34, 38]. Specifically, ELP is known 
to form protein aggregates at physiological temperatures, which 
act as secondary crosslinks within the hydrogel network, in-
creasing erosion stability [39, 40].

Given the importance of controlling gel degradation to confine 
the spring for a sufficient time to promote intestinal lengthening 
effectively, we investigated two DCC hydrogel compositions: (1) 
HA only (HA gel), and (2) HA blended with ELP (HELP gel), 
Figure 1C. As it is essential for successful spring confinement, 
hydrogel stiffness was kept constant in both gel formulations. 
We hypothesized that both formulations would enable spring 
confinement, whereas the higher stability of HELP would lead 
to slower biodegradation and hence more intestinal lengthening 
prior to the onset of natural evacuation. This study represents 
a first step toward the development of a minimally invasive, 
hydrogel-enabled SMDE as a future treatment for SBS.

2   |   Materials and Methods

2.1   |   Spring Production

Springs were made by shape-setting heat treatment as described 
in previous studies [41–43]. Previously, we have shown that 
spring diameter does not significantly impact bowel lengthening 

results through SMDE in this model [17]. Juvenile pigs have an 
average internal jejunal diameter of 11 mm, and each individual 
has a slightly different diameter. Thus, here the surgeon selected 
either a 10- or 12-mm diameter spring for each surgery, based on 
the dimension of the intestine receiving the spring. Based on our 
previous studies, springs with a force constant of around 5 N/m 
result in adequate intestinal lengthening [44]. The amount of ap-
plied force from springs was kept in this range by changing the 
number of active coils according to the equation of Swieskowski 
[43, 44].

D, diameter of spring; d, diameter of wire; G, shear modulus; k, 
force constant; n number of active rotations.

Steel rods with 10- or 12-mm diameter were used as molds to 
heat-set helical springs. Nickel-titanium (nitinol) wire (0.015 in. 
gage, McMaster-Carr, Santa Fe Springs, CA) was wrapped 
around the mandrel on the grooved threads in a helical fashion, 
secured in place with hose clamps, and configured by heat-shape 
setting treatment at 500°C for 30 min. The wrapped mandrel was 
rapidly cooled down by submerging it in ice-cold water. The force 
constants of the springs were measured using the compression 
formula of Hooke's law. All springs measured 7.5 cm in length 
before compression. Springs were compressed to 2.0 cm within 
gelatin capsules (Electron Microscopy Sciences, Hatfield, PA). 
The spring-loaded capsules were coated thrice with cellulose ac-
etate phthalate solution (Eastman Chemicals, Kingsport, TN) to 
slow the dissolution of the gelatin from minutes to hours [22]. 
Before the surgery, coated capsules were sterilized under UV 
light overnight.

2.2   |   Hydrogel Properties

A hydrogel is a three-dimensional (3D) network of hydrophilic 
polymers that can hold a large amount of water while maintain-
ing its structure due to the chemical or physical crosslinking of 
individual polymer chains [24]. The hydrogel properties that we 
sought for the purpose of our study included biocompatibility, 
easy injectability by hand, rapid self-healing to form a solid post-
injection, and biodegradability rates that allowed for gel reten-
tion of at least 1 week. To create a gel that is injectable, we selected 
gel formulations that are crosslinked using hydrazone bonds, a 
type of dynamic covalent chemistry (DCC) that forms reversible 
crosslinks between the polymers [45], Figure  1A,B. To create 
a gel that is biocompatible and biodegradable, we selected for-
mulations composed of recombinant biopolymers that degrade 
in response to enzymes present in the intestinal submucosa. 
Two hydrogels that met our design criteria were chosen. The 
first was an engineered HA-based hydrogel, which is formed by 
mixing HA chemically modified with benzaldehyde (HA-BZA, 
500 kDa HA molecular weight, 1 wt% solution in 10× isotonic 
phosphate buffered saline (10× iPBS: 81 mM sodium phosphate 
dibasic, 19 mM sodium phosphate monobasic, 60 mM sodium 
chloride in Milli-Q water; pH adjusted to 7.4; 0.22 μm filtered)) 
and HA modified with hydrazine (HA-HYD, 100 kDa HA mo-
lecular weight, 1 wt% solution in 10× iPBS). The HA polymers 
were chemically modified and purified as previously reported 

k =
G × d4

8 × n × D3
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[39, 45]. Mixing of the two HA polymers leads to the sponta-
neous crosslinking, creating an infinite, continuous network, 
and forming stiff gels with a plateau shear storage modulus (G′) 
of ~1000 Pa that are injectable and self-healing (Figure S1). HA 
is biodegradable in response to hyaluronidase [39]. The second 
gel was formulated by mixing HA-BZA (60 kDa HA molecular 
weight, 1 wt% solution in 10× iPBS) with an ELP modified with 
hydrazine groups (ELP-HYD), which we term HELP gel [45, 46]. 
The ELP was recombinantly expressed in Escherichia coli, pu-
rified, and chemically modified as previously reported [47, 48]. 
The HELP gel system leads to the formation of gels with similar 
mechanical properties (G′ ~1000 Pa, Figure S1) that are also in-
jectable but are predicted to be more slowly biodegradable due to 
the inclusion of the ELP component [33].

2.3   |   In Vitro Study

Initially, an in vitro study was done on harvested pig intestines 
to determine the appropriate method and amount of gel for in-
jection. Fresh pig jejunum was used for the study. To mimic en-
doscopic injection, the transected bowel was everted, and the 
hydrogel was injected into the submucosa at 3–4 points on the 
inner section of the bowel using a 26-gauge needle. A total of 
1.5–2 cc of hydrogel was adequate to cause luminal narrowing to 
hold the gelatin-encapsulated, compressed spring in place. The 
specimen was formalin-fixed and examined under microscopy 
to visualize the hydrogel in the submucosa (Figure 1E).

2.4   |   Animal Study

The study was approved by the Animal Research Committee 
(assurance number D16-00134 (A3213-01), protocol number 
32278). The study was conducted between February 2022 and 
December 2023. Female juvenile miniature Yucatan pigs (n = 6) 
weighing 8.6–10.4 kg and aged 7–10 weeks (Sus scrofa, S&S 
Farms, Ramona, CA) were anesthetized with inhaled isoflurane 
and intubated. Three pigs received HA hydrogel, and three re-
ceived HELP hydrogel. In this study, we performed the submu-
cosal hydrogel injection in an open manner to avoid technical 
challenges associated with injection through a long endoscope. 
Male pigs were not used to avoid possible complications asso-
ciated with their urethral anatomy [44]. Subjects were prepped 
and draped in a sterile fashion. A midline laparotomy incision 
was made. A segment of the jejunum, approximately 60 cm dis-
tal to the ligament of Treitz, was eviscerated. The jejunum was 
transected, and the proximal end was everted using tissue for-
ceps to expose the mucosal surface. Approximately 1.5–2 cc of 
hydrogel was injected into the submucosa of the everted jeju-
num at 3–4 points. A gelatin-encapsulated, compressed nitinol 
spring was placed next to the injected hydrogel, and a portion 
of the everted bowel was unfolded over the capsule, followed by 
injection of another 1.5–2 cc of hydrogel distally to confine the 
spring within the lumen. The remaining portion of the everted 
bowel was reduced completely, and the length of the spring seg-
ment (2.5 cm) was marked with 4–0 Prolene sutures on the sero-
sal side for visual identification of length at the time of sacrifice. 
The jejunal continuity was restored with an end-to-end anasto-
mosis. Another 2.5 cm jejunal segment distal to the spring site 
was also marked with Prolene sutures to serve as the control 

segment. The small intestine was returned to the abdominal 
cavity, and the incision was closed in two layers. Postoperatively, 
pigs were placed on a liquid diet and were euthanized on postop-
erative day (POD) 7. Jejunal segments were evaluated for length 
between the marking sutures and were processed for histologi-
cal examination.

2.5   |   Histology and Inflammation Analysis

The samples were fixed in 10% formalin for 48 h and embedded 
in paraffin. The tissue blocks were cut into 5-μm sections and 
stained with hematoxylin–eosin (H&E). Slides were imaged 
under bright field microscopy (IX73 Olympus, Tokyo) at 400× 
magnification. The radial thickness of intestinal layers and the 
width and density of crypts were measured. Micrographs were 
quantified with the software cellSens (Olympus, Tokyo), and 
measurements were pooled in their experimental groups for sta-
tistical analysis.

All micrographs were analyzed for inflammation by a blinded 
pathologist from Stanford's Veterinary Service Center. Regions 
with the spring, as well as the injected gel, were analyzed for 
the presence of neutrophils, macrophages, and lymphocytes to 
assess the type of inflammation response (Figure S2).

2.6   |   Onset of Spring Evacuation and Hydrogel 
Biodegradation

The onset of spring evacuation was measured as the distance 
of spring slippage past the site of hydrogel injection, as seen in 
Figure 2A. As a measure of biodegradation, the residual hydro-
gel at POD 7 was measured through histological analysis. Briefly, 
the remaining hydrogel in the H&E section images was traced, 
creating a black mask (Figure S3A,B). Then, the masked image 
was thresholded through (FIJI, ImageJ) to calculate the area of 
both the gel (Agel, Figure S3C) and the full area of the intestine 
section (Atotal, Figure S3D). The relative area of residual gel was 
calculated as the ratio of gel area to the section area (Agel/Atotal).

2.7   |   Statistical Analysis

Statistical analysis for the lengthening of tissue and histologi-
cal sections was performed on Prism 9 software (GraphPad, San 
Diego, CA) using normality of distribution tests, unpaired and 
paired Student t-tests, and ordinary parametric one-way ANOVA 
for multiple comparisons with Tukey correction with an alpha 
risk of 5%. Numerical values were formatted as mean ± standard 
deviation and expressed in units of μm or %.

3   |   Results

3.1   |   Spring Properties

The Swieskowski equation predicted 13 and 7 active coils for 
the 10- and 12-mm diameter springs, respectively, to achieve 
a force constant close to 5 N/m. After fabrication, springs were 
characterized to have a force constant of 4.4 ± 0.4 N/m. Springs 
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were compressed a set distance within a soluble gelatin capsule 
to exert a maximal load of 0.24 ± 0.02 N at the beginning of de-
ployment (i.e., upon gelatin capsule dissolution, which occurs 
within a few hours [22]).

3.2   |   Surgical Outcomes

All pigs tolerated the surgery without complications. The post-
operative course was uneventful. They tolerated the liquid diet 
without bowel perforation or obstruction. No significant change 
in pigs' body weight was observed. At least some residual hydro-
gel was observed in the submucosa, both proximal and distal to 
the spring, in all animals.

3.3   |   Bowel Lengthening

The length of the spring-containing and control segments was 
measured on post-operative day (POD) 7 and was calculated as 
a percentage of the initial length. Consistent with our previous 
reports, the control segment shrunk to 72% ± 4% of the initial 
length. Shrinkage of the control segments has been a consistent 
pattern observed in our previous studies, attributed to surgi-
cal manipulation and postoperative adhesions [49, 50]. Next, 
we compared the segments treated with either HA and HELP 
confined springs. On POD 7, the two spring-containing HA and 
HELP segments exhibited significant lengthening of 132% ± 11% 
and 188% ± 64% of the initial length, Figure  2B, respectively 
(p < 0.01 and p = 0.04, respectively, in comparison to control 

segments). There was a trend towards more lengthening in the 
HELP group as compared to the HA group, although this was 
not statistically significant (p = 0.10), Figure 2B.

3.4   |   Onset of Spring Evacuation and Hydrogel 
Biodegradation

Spring slippage, defined as the spring passing through the in-
jected hydrogel (Figure 2A), was observed in 4 out of 6 animals, 
with values ranging from 2.4 to 4.3 cm, Figure 2C. All animals 
in the HA gel group (n = 3) showed evidence of spring slippage 
at POD 7. For the HELP gel group, spring slippage was observed 
in only 1 out of 3 animals. These results suggest that the pres-
ence of the ELP slowed down the biodegradation rate of the gel, 
delaying the onset of evacuation and potentially prolonging the 
application of mechanical stimulation.

When comparing the in vitro degradation rates of the two gels, 
we observed that formulations of HELP gels had significantly 
more gel remaining after 30 days of exposure to saline com-
pared to HA gel formulations (Figure S4). As we are unable 
to perform longitudinal in vivo tracking of hydrogel biodeg-
radation through In Vivo Imaging Systems (IVIS) due to the 
depth of the abdominal cavity in large animals, we quanti-
fied the relative area of remaining hydrogel using histology 
at the endpoint, POD 7 (Figure  S3). The relative area of re-
sidual hydrogel normalized to the bowel cross-section was 
16.66% ± 6.44% for HELP hydrogels and 3.96% ± 2.96% for HA 
hydrogels, Figure 3B.

FIGURE 2    |    Significant intestinal lengthening was observed after insertion of compressed springs on POD 7 in both hydrogel groups compared 
to controls. (A) Gross histology of bowel at the time of spring insertion, before lengthening at Day 0, and at euthanasia, spring-lengthened tissue at 
Day 7, HA gel (top) and HELP gel (bottom). Legends identifying the spring, gel injection marking sutures, and spring slip. (B) Absolute percentage of 
initial length increase of intestinal segments at POD 7. Ctrl, control segment, and SL, spring-lengthened segment. (C) Quantification of spring slip at 
POD 7 in the three animals of each group (trials, n = 3). Paired Student's t tests, *p < 0.05, **p < 0.01.
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3.5   |   Intestinal Histology and Inflammation 
Analysis

Histologic adaptation of the lengthened jejunum was similar 
between the two hydrogel groups (Figure 3A). In both groups, 
compared to the control segment, an increase in the crypt width 
was noted in the spring-containing segments, with an average 
crypt width of 46.4 ± 7.7 μm and 44.7 ± 6.4 μm in the control 
segments of the HA and HELP groups versus crypt widths of 
62.5 ± 11.6 μm (p < 0.001) and 64.0 ± 12.0 μm (p < 0.0001) in 
the spring-containing segments, Figure  4A,B, respectively. 
Crypt widths were similar across control groups (p = 0.54). 
Similarly, there was no significant difference in the crypt width 
of the spring-containing segments across the hydrogel groups 
(p = 0.98).

In both groups, compared to the control segments, a decrease 
in the crypt density was noted in the spring-containing seg-
ments, with average crypt densities of 16.8 ± 2.5 and 18.5 ± 2.2 
crypts per mm in the control segments of HA and HELP groups 
versus crypt densities of 12.2 ± 2.2 (p < 0.0001) and 12.5 ± 2.3 
crypts per mm (p < 0.0001) in the spring-containing segments, 
Figure  4A,C, respectively. Crypt densities were similar across 
control groups (p = 0.08). Similarly, there was no significant 
difference in the crypt density of the spring segments detected 
across the hydrogel groups (p = 0.85) (Figure 4).

Although no animals presented any symptoms, weight loss, 
or signs of discomfort, inflammation markers were seen in all 
conditions in histological analysis. In the HA gel group, ani-
mals presented with mild to moderate inflammation composed 
mainly of macrophages, fewer neutrophils, and multinucleated 
macrophages, indicating a foreign body reaction around the re-
sidual hydrogel (Figure S2A). In this group, the gel leaked into 

the intestinal lumen in only one animal, leading to the presence 
of an inflammatory infiltrate mainly composed of neutrophils. 
In the HELP gel group, the gel leaked into the intestinal lumen 
in all animals, leading to an inflammatory response predom-
inantly neutrophilic with varying numbers of intralesional 
bacteria (Figure S2B). A secondary invasion of intestinal com-
mensal bacteria into the hydrogel is most likely the cause of the 
prominent neutrophilic inflammation. Finally, mural granula-
tion tissue formation was present in all spring sites with moder-
ate to severe ulceration, a common finding in previous studies 
[42, 51–54].

4   |   Discussion

4.1   |   DCC Gel Formulations Are Suitable 
for Spring Confinement

Our group previously showed successful intestinal lengthening 
through SMDE as a treatment option for short bowel syndrome 
[13–21]. Our long-term goal is to develop an endoscopic method 
for spring implantation to minimize the morbidity associated 
with device insertion. Here we evaluated the hypothesis that 
intestinal lumen narrowing by circumferential injection of hy-
drogel into the submucosa could serve as an effective substitute 
for endoscopic suturing. We showed that both HA and HELP 
hydrogels were suitable for temporary spring confinement 
within an intestinal segment. In both groups, the hydrogels 
were pre-formed by mixing the individual polymers and then 
injected using a small-gauge needle [28]. The dynamic nature of 
hydrazone-crosslinked gels enabled them to shear-thin during 
injection and then self-heal to re-form a solid in  situ [28, 55]. 
Histologic examination of the retrieved intestine showed resid-
uals of both hydrogels within the submucosa, causing inward 

FIGURE 3    |    (A) Histological adaptation of the lengthened jejunum on POD 7 in HA (top) and HELP gel (bottom). H&E histology is shown for 
intestinal sections a few inches removed from the site of spring implantation (left, Control Jejunum), within the site of spring lengthening (middle, 
Spring-lengthened Jejunum), and within the site where the hydrogel was injected (right, Jejunum with Hydrogel). (B) Quantification of the relative 
area of residual hydrogel at the hydrogel injection site. Unpaired Student's t tests, **p < 0.01.
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bulging of the intestinal wall, which provided spring confine-
ment. Both hydrogels had started to biodegrade within a week 
after injection, which would allow for eventual spring evacua-
tion downstream after intestinal lengthening without requiring 
a secondary surgery [28, 33].

Given the proof-of-concept nature of this project, we compared 
our results to previous suture-based studies performed by our 
group in the same animal model. The bowel lengthening achieved 
after 1 week using HELP gel as a confinement method, 188% ± 64% 
relative to the initial length, was similar to that previously seen 
using internal plications to confine the spring, 172% ± 36% [23].

4.2   |   Addition of ELP Results in Slower Gel 
Biodegradation

Although both hydrogel groups displayed successful intestinal 
lengthening compared to the control segments, a statistically 
not significant trend of more lengthening was seen in the HELP 
group. This might be associated with differing biodegradation 
times of the HA and HELP gels. Previous studies have demon-
strated that in vitro degradation times of hydrazone-crosslinked 
gels can be significantly extended through the addition of ELP 
[39]. For example, while similar HA gels displayed ~70% reten-
tion after 10 days in  vitro [45], similar HELP gel formulations 
had over 90% of the gel still present after 10 days [46]. Consistent 
with these previous reports, we observed that formulations of 
HELP gels degraded four times more slowly than the formula-
tions of HA gels in vitro (Figure S4).

Although we were unable to perform longitudinal in  vivo 
biodegradation tracking due to the depth of the abdomi-
nal  cavity in juvenile pigs, the analysis of the remaining 
gel  at  the endpoint also supports our hypothesis that the 
addition of ELP significantly slows down gel degradation 
(Figure  3B). Although the HA and ELP biopolymers can 
both be degraded by enzymes present in the body, HA is well 
known for having a relatively short half-life compared to elas-
tin [56, 57].

An interesting finding was the presence of spring slippage in 
4 out of 6 animals, suggesting the onset of natural evacuation. 
We had not observed this in our previous suture-based studies, 
as those used permanent ligations that fully occlude the lumen 
and require surgical removal of the spring after treatment. The 
presence of slippage in our gel-confined animals is likely due 
to the biodegradation of the gel, both due to the mechanical 
forces applied by the spring as well as by the enzymatic and 
mechanical cues present in the intestinal environment. Thus, 
in contrast to suture-based approaches, we have successfully 
demonstrated that our gel-confined springs are intentionally 
transiently anchored. As the gel degrades, the spring can move 
past the injection site and be naturally evacuated. Further, the 
absence of slippage in 2 out of 3 animals in the HELP gel group 
suggests that the incorporation of ELP was able to delay the 
onset of natural evacuation. Taken together with the longer 
lengthening observed in the HELP group, these data indicate 
that the HELP gel is a better candidate to achieve our goal of 
simultaneously providing effective lengthening and natural 
spring evacuation.

FIGURE 4    |    (A) H&E Histology of control and spring-lengthened jejunum at 400× magnification, HA (top) and HELP gel (bottom) groups. (B, C) 
Crypt width (B) and Crypt density (C) (defined as the number of crypts per distance of tissue in mm) changes in spring-lengthened jejunum (SL) and 
control jejunum (Ctrl) at POD 7 in both hydrogel groups. One-way ANOVA, ****p < 0.0001.
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Given the proof-of-concept nature of these studies, the animal 
model was ended after 1 week of treatment, which was a suffi-
cient time to demonstrate intestinal lengthening. This endorses 
future studies on HELP gel-confined springs for SMDE with 
longer durations, larger cohorts, and multiple time points to in-
vestigate gel biodegradation in vivo, paving the way for clinical 
translation of this technology. In our previous studies of HELP 
gel in an alternative disease model of myocardial infarction, 
we observed that similar formulations of HELP gel remained 
in vivo for up to 1 month [58].

4.3   |   Inflammation of the Tissue Was Within 
Expected Parameters

Histology analysis showed the presence of local inflammation 
markers in all animals. In the HA gel group, there was a mild 
local foreign body response, which was expected with the use 
of biomaterials and did not cause any systemic symptoms in the 
animals. In the HELP group, there was mainly a neutrophilic 
response, most likely due to the invasion of intestinal bacteria 
into the submucosal gel, which leaked into the intestinal lumen 
in all animals. This gel leak was also seen in one animal in the 
HA group, which also presented a neutrophilic inflammatory 
response. As this is a novel submucosal gel injection surgical 
procedure, the gel leaks are likely caused by procedural chal-
lenges, as the surgeon could have injected through the submu-
cosa and into the lumen. Thus, we cannot conclude that the 
addition of ELP led to a change in inflammatory response, as 
the invasion of commensal bacteria into the leaked gel most 
likely elicited the observed immune response. However, while 
there were some inflammatory responses to the hydrogel, they 
did not cause any symptoms or weight loss in the animals. These 
results support the importance of future optimization of the hy-
drogel injection procedure to prevent gel leaks into the intestinal 
lumen. Further, the presence of a foreign body response in the 
first 7 days endorses the need for extended studies to analyze the 
progression of this initial inflammatory response. Finally, the 
presence of ulceration at the spring sites is a common finding 
in previous studies, which heals after the removal of the spring 
from the intestine [42, 51–54].

4.4   |   Histological Adaptations Suggest the Onset 
of the Formation of Functional Bowel

Histologic adaptation of the lengthened jejunum was similar 
among the two hydrogel groups and consistent with our results 
in previous studies [17, 19]. On close observation, we noticed an 
increase in the crypt width and a decrease in the crypt density 
along the spring-lengthened segments compared to the control, 
which suggests that the applied force first stretched out the ep-
ithelium, leading to decreased density, and this induced crypt 
widening and subsequent fission. This observation is consistent 
with previous reports by others that demonstrated mechanical 
stretch leads to epithelial differentiation and loss of Lgr5 ex-
pression through the process of type II crypt fission [59]. Over 
time, the remaining patches of stem cell zones will form new 
crypts [59], achieving functionally viable lengthened bowel [49]. 
Histologic changes in our study in the first 7 days suggest we 
are observing the early stage of type II fission. In light of these 

promising findings, a longer course of study will be necessary 
to observe further changes, including the possible formation of 
new crypts from the widened crypts, as well as the analysis of 
the functionality of the lengthened bowel.

Having demonstrated the feasibility of using a hydrogel to con-
fine springs within an intestinal segment through an open sur-
gery model, our next step is to develop an innovative surgical 
procedure to endoscopically deliver the hydrogel and transiently 
anchor the spring, using a commercial endoscope for clinical ap-
plications in patients with short bowel syndrome.

5   |   Conclusion

This was the first proof-of-concept study towards achieving 
endoscopic, suture-less spring insertion using a hydrogel for 
bowel lengthening. We successfully demonstrated formulation 
of a recombinant hydrogel that is injectable, self-healing to ef-
fectively confine a spring device, and biodegradable to allow 
for onset of natural evacuation without requiring a second 
surgery. Although we have demonstrated the gel's ability to 
securely anchor the spring for a temporary time period, this 
initial study did not include endoscopic injection to achieve 
confinement of the spring. Given our promising results, fur-
ther experiments are necessary to explore endoscopic hydrogel 
injection and spring placement, which are crucial for clinical 
translation. Taken together, our data suggest that gel-enabled 
endoscopic spring-mediated distraction enterogenesis has the 
potential to become an effective minimally invasive treatment 
for SBS.
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