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Abstract

Colorectal resection and subsequent anastomosis are the standard curative procedures for
a variety of colorectal pathologies. However, anastomotic leakage (AL) is an early and
frequent complication that can have life-threatening outcomes. The study aimed to evaluate
the effect of silkworm fibroin sheets on colon anastomotic strength and wound healing
early after intervention in Wistar rats. Male Wistar rats were randomized into two groups,
control (N = 11) and fibroin (N = 11), and subjected to end-to-end colo-colic anastomosis.
In the fibroin group, a single layer of fibroin membrane was applied externally around
the anastomosis. The animals were sacrificed three days after the operation (POD3) and
intestinal adhesions, anastomotic bursting pressure and histological parameters based on
the eosin, hematoxylin, and Masson’s trichrome stains were compared between the groups.
Fibroin-treated rats showed a significant increase in anastomotic bursting pressure com-
pared to control animals (69 (18) vs. 41 (28) mmHg), whereas no differences in the intestinal
adhesion scores were detected. No significant differences in the numbers of granulocytes,
monocytes/macrophages and fibroblasts, nor the amount of collagen fibers, as measured
by Masson’s trichrome stain, were found between the groups. These results indicate that
fibroin sheets could represent a simple and promising tool to provide mechanical support
and improve colonic anastomotic strength early after intervention.

Keywords: anastomotic leakage; colon; silkworm; fibroin sheets; wound healing;
burst strength
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1. Introduction
The classic surgical principles for a successful colo-colic and colorectal anastomosis

are a well-nourished patient with no systemic disease, no fecal or purulent contamination,
adequate exposure and access, gentle tissue management, absence of distal tension and
obstruction, approximation of well-vascularized bowel ends, and meticulous surgical
techniques. However, even if all the above is achieved, anastomotic leakage (AL) may still
occur. The prevalence of AL is 2–20%, depending on the site of the anastomosis and a
plethora of modifiable and nonmodifiable preoperative, intraoperative and perioperative
risk factors [1,2]. AL rates have remained almost unchanged over the past decades, and
most leaks occur during the first 5–10 days following surgery [3–6]. AL is associated with
serious adverse outcomes, including a need for bowel stomas, nosocomial and organ or
space infections, sepsis, and mortality [7]. AL after cancer surgery has also been associated
with an increased risk of disease recurrence [8].

AL detected after postoperative day (POD) six is believed to be the result of failed
wound healing rather than inappropriate surgical procedures [9,10]. The wound healing
process of an anastomosis is divided into an early inflammatory phase (day 1–4) charac-
terized by hemostasis and provisional closure meditated by platelets, neutrophils, and
macrophages, followed by a proliferative phase (day 4–14) with angiogenesis and produc-
tion of extracellular matrix (ECM), mediated by fibroblasts, macrophages and lymphocytes,
and a remodeling phase (>day 14) where collagen remodeling increases the strength of the
anastomosis. Any perturbation of these processes, including preexisting infection, ischemia,
or compromised immunity, can result in AL [11].

To promote anastomotic wound healing, several strategies have been proposed, in-
cluding (i) the application of external reinforcements, such as fibrin sealants and collagen
patches [12], (ii) inhibition of specific matrix metalloproteases [13], (iii) the addition of
growth factors [14], and (iv) the usage of cell therapies [15], which have shown promising
results, albeit with varying degrees of success. Thus, further studies on understanding the
wound healing process of the different segments of the intestine, and the development of
treatments that can improve anastomotic healing are necessary.

Silkworm fibroin, which represents the structural-protein component in silk, is an
FDA-approved biomaterial with suitable biomechanical properties, high biocompatibility
and controllable biodegradation, which makes it a suitable biomaterial for biomedical pur-
poses, including drug delivery, tissue engineering, and promotion of wound healing [16–21].
Depending on the application, fibroin can be used to create porous scaffolds, films, nanopar-
ticles, and hydrogels [22]. Recently, a glycidyl methacrylate-modified fibroin hydrogel
significantly promoted the repair of meniscus tears in an in vivo rabbit model stimulat-
ing an organized cell proliferation and collagen deposition [23], whereas fibroin scaffolds
have been shown to facilitate the recovery from full-thickness skin wounds, by enhancing
fibroblast adhesion, angiogenesis and regulating extracellular matrix synthesis [24,25].
However, to date, no study has evaluated the effects of fibroin films on the wound healing
of intestinal anastomoses. Using a Wistar rat model of colo-colic anastomosis, we set out to
analyze the effects of a single layer of fibroin sheets on anastomotic strength, inflammation,
and collagen deposition on postoperative day 3 (POD3), representing the early phase of
wound healing.

2. Materials and Methods
2.1. Silk Fibroin Processing and Films Preparation

Cocoons of Bombyx mori were obtained from worms reared in the sericulture facilities
of IMIDA (Murcia, Spain). Cocoons were chopped and boiled in 0.02 M Na2CO3 (for 30 min)
to eliminate the sericin. Then, the raw silk fibroin (SF) was rinsed with distilled water and
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dried at room temperature for 3 days. Subsequently, SF was dissolved in 9.3 M LiBr (Acros
Organics, Thermo Fisher Scientific, Waltham, MA, USA) for 3 h at 60 ◦C, yielding a 20% w/v
dissolution that was dialyzed against distilled water for 3 days (Snakeskin Dialysis Tubing
3.5 KDa MWCO, Thermo Fisher Scientific) with eight total water changes (at 4 ◦C) [26]. A
6.6% w/v SF dissolution was retrieved and diluted to a final concentration of 2% w/v for
film fabrication. SF films were produced by casting 700 µL of the diluted solution onto
plastic Petri dishes (3.7 cm in diameter), resulting in films approximately 10 µm thick after
drying at room temperature for 48 h. The thickness of the films was determined with
an electronic digital micrometer (Mitutoyo Digimatic Micrometer 0–25 mm, resolution of
0.001 mm, Mitutoyo Corporation, Kawasaki, Japan). To enhance the beta-sheet content of
fibroin and render the films water-insoluble [27], a water annealing process was conducted.
This involved placing the dried films in a vacuum desiccator (650 mBar) containing water
for 24 h. Finally, the films were placed between filter papers to prevent the formation of
undesired folds, then sealed in heat-sealable bags and sterilized by autoclaving.

2.2. Animals

Male Wistar rats (10–12 weeks old) were purchased from the Animal Experimenta-
tion Unit of the University of Granada (UGR) and housed in makrolon cages (one ani-
mal/cage), maintained in an air-conditioned atmosphere with a 12 h light–dark cycle and
provided with free access to tap water and food in the animal facilities of the UGR. The
study was conducted in compliance with the ARRIVE guidelines 2.0, the “Guide for the
Care and Use of Laboratory Animals” issued by the U.S. National Institutes of Health
(NIH), in accordance with national and European regulations (RD1201/2005, 32/2007,
2010/63/EU and RD53/2013), and with the approval of the laboratory animal ethics
committee (CEEA-1643-2025).

2.3. Study Design and Surgical Procedures

All surgical materials were autoclaved before use. Rats were fasted for 24 h preop-
eratively and anesthetized using isoflurane (Isoflo®, Esteve, Barcelona, Spain). The rats
were divided into two groups (control (C) or fibroin treatment (F)). Blocks of four animals
were operated each day, with two subjects from each experimental group. We generated all
possible treatment sequences within the block (e.g., CFCF, FCCF, CCFF, FFCC, etc.) and
one particular sequence was randomly selected for each block. This was repeated until
achieving the final sample size of N = 11/group. The researchers analyzing the outcome
were blinded to the treatment allocation. All rats received a 2.5 cm midline laparotomy to
access the abdominal cavity followed by a 1 cm colon resection. All resections were per-
formed to an intestinal section 5 cm distal to the caecum. End-to-end colo-colic anastomosis
was performed using 6-0 propylene sutures (Prolene*, ETHICON ENDO-SURGERY GmbH,
Norderstedt, Germany) in a single-layer interrupted fashion. Propylene was used as a
material because it is a monofilament, non-absorbable suture. Its advantages include high
tensile strength, minimal tissue reactivity, and slipperiness, which allows easy removal
from tissues. The end-to-end anastomosis was sutured using magnifying loupe glasses. In
the fibroin group, a single layer of fibroin membrane was applied externally around the
anastomosis. All anastomoses were performed by the same surgeon. The fascial layer of the
abdominal wall and the abdominal skin were closed in a continuous pattern of 3-0 Perma-
Hand Silk (Ethicon). During the procedure, the animals were kept on a warming blanket
at 38 ◦C. A saline solution was dropped onto the eyes to avoid drying and subsequent
irritation of the cornea. No controlled hemorrhagic shock was created during the procedure.
Postoperatively, the animals received analgesic (Buprenorphine, 0.05 mg/kg/day, i.p (after
the surgical procedure and once daily for two days) (EUMEDICA Pharmaceuticals GmbH,
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Lörrach, Germany)) and were fed with standard rat food and drinking water. Moist chow
food pellets were weighed and added on the cage floor/bedding (50 g) and in the cage lid
(100 g) and were weighed again at the end of the experiment to measure food consumption.
Rats were monitored at least twice daily for postoperative distress, including assessment of
body weight, food intake, fecal output, grooming behavior, mobility, and wound condition.

2.4. Assessments

Three days post-operation, which has been described as the period of highest sus-
ceptibility to anastomotic failure in this model [11], rats were euthanized using a high
dose of anesthesia containing isofluorane for assessments. We proceeded to sacrifice the
rats until no heartbeat was detected for at least 5 min. The previous abdominal incision
was reopened. After exposure of the cavity, a checklist was followed to search for signs
of peritonitis, abscesses, blockage, dehiscence, or leakage of the anastomosis, signs of
intestinal obstruction, and adhesions.

A 10 cm segment of the colon with the anastomosis in the middle was resected. Care
was taken not to detach adhesions from the anastomosis, but to dissect the surrounding
tissues. The resected specimen was gently irrigated with saline to remove feces and was
mounted on a table.

2.4.1. Evaluation of Adhesions

At post-mortem examination, adhesions were graded on a scale between 0 and 3 according
to the model developed by Evans [28], which distinguishes between “adhesions separated
by dissection” (score = 3), “adhesions separated by traction” (score = 2), “self-departing
adhesions (score = 1), and “no adhesions” (score = 0).

2.4.2. Measurement of the Colonic Bursting Pressure

The anastomotic bursting pressure was measured in situ, under constant tempera-
ture and pressure conditions, by applying internal hydraulic pressure using a mercurial
sphygmomanometer, calibrated with a reference standard manometer, as indicated by
the manufacturer (Tanaka Sangyo Co., Ltd., Tokyo, Japan). After the integrity of the
anastomosis was ascertained upon exposure of the line of anastomosis and removal of
adhesions in the surrounding tissues, two cuts, one 5 cm proximal and one 5 cm distal
to the anastomosis were made to obtain a 10 cm long colonic segment. The distal end
of this segment was closed after a pressure sensor mercury manometer was placed into
the proximal end. Subsequently, the colon segment was immersed in saline solution. The
pressure was increased gradually and the appearance of air bubbles in saline was recorded
as the bursting pressure in mmHg. Bursting pressure was recorded as the peak pressure
attained immediately before rupture of anastomosis. Following this measurement, a tissue
sample taken from the anastomosis line was sent to be histopathologically evaluated by a
single expert pathologist using a conventional light microscope.

2.5. Histological Staining and Evaluations

The colo-colic anastomoses were fixed for 24 h in 4% paraformaldehyde and subse-
quently dehydrated using increasing concentrations of ethanol (70%, 85%, 95% and 100%).
The sutures were then removed, and the tissue samples were embedded in paraffin and
cut into 5 µm-thick longitudinal sections. For the eosin/hematoxylin/alcian blue staining,
the tissue sections were deparaffinized, rehydrated, and incubated with 1% alcian blue in
3% acetic acid for 30 min, followed by undiluted Harris hematoxylin for 4 min (VWR, VWR
lnternational Eurolab, S.L.U., Llinars del Valles, Spain), and 0.5% eosin (Merck, Merck Life
Science S.L.U., Madrid, Spain) for 45 s. For the Masson’s trichrome stain, the slides were
deparaffinized, rehydrated, and treated with Bouin’s fluid at room temperature overnight.
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The rest of the staining procedure was carried out according to the manufacturer’s instruc-
tions (Abcam, Cambridge, UK). Stained slides were then mounted with DPX media (Casa
Alvarez, Madrid, Spain).

All tissue slides were scanned on a Pannoramic midi scanner (3DHISTECH Kft,
Budapest, Hungary). For the hematoxylin/eosin/alcian blue stainings, the stained slides
were evaluated microscopically in a blinded fashion for granulocyte infiltration, mono-
cyte/macrophage infiltration, and the presence of fibroblasts according to the modi-
fied Ehrlich–Hunt score, where the abundance of each cell population was graded as
0 = no evidence, 1 = occasional evidence, 2 = light scattering, 3 = abundant evidence and
4 = confluent cells or fibers [29].

The Masson’s trichrome-stained images were analyzed with QuPath [30]. In brief, the
anastomoses were defined, and the selected areas were segmented into SLIC superpixels
(gaussian sigma = 5; superpixel spacing = 25; numbers of iterations: 25) and annotated
according to the stain for collagen (blue), and muscle fibers and cytoplasm (red). The
random trees (RTrees) pixel classifier was used to analyze the images (high resolution), and
the amount of collagen was represented as % collagen stain of total area.

A schematic illustration summarizing the experimental design and the procedures is
shown in Supplementary Figure S1.

2.6. Statistical Analysis of Data

The statistical analysis was performed using the GraphPad Prism version 7 software
(GraphPad Software, Inc., La Jolla, CA, USA). Data normality was analyzed using the
Shapiro–Wilk and the Kolmogorov–Smirnov tests. The comparisons of bursting pressure,
tissue adhesion and the Ehrlich–Hunt scores between control and fibroin-treated groups
were done using a two-tailed Mann–Whitney U test. The food consumption data was
analyzed using the Student’s t-test. Data were plotted as mean (standard deviation (SD)).
A p-value < 0.05 was considered significant.

3. Results
3.1. Fibroin Sheets Improve the Strength of Colo-Colic Anastomoses on POD3 in Wistar Rats

Rats were subjected to a colo-colic anastomosis (Figure 1A), and a single layer of
dry autoclaved 10 µm-tick fibroin sheet was used to cover the anastomosis, allowing it to
firmly adhere to the colon (Figure 1B,C). The rats subjected to the anastomotic procedure
recovered well in both groups, and no rat died on the day of operation or during the
following three days.

Figure 1. Application of silk fibroin sheets in a rat model of colo-colic anastomosis. (A) End-to-end
colo-colic anastomosis in a single-layer interrupted fashion was performed as described in the materi-
als and methods. (B) Dry autoclaved fibroin patches (10 µm) were used to cover the anastomosis in a
single layer. (C) Arrow indicating the anastomosis covered with a sheet of silk fibroin.
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There was no difference in food intake (Figure 2A), or weight loss between the
two groups, and feces were found in all cages. On postoperative day 3 (POD3), a macro-
scopic evaluation of the anastomoses showed no apparent complications, with good vas-
cularization and no evidence of collections, free fluid, obstruction, or peritonitis, and the
fibroin sheet was not apparently visible at the anastomotic site (Figure 2B). Using the Evans
score of intra-abdominal adhesions [28], we did not detect any differences between the
control or fibroin-treated rats (Figure 2C). Interestingly, the fibroin sheets were apparent in
eight out of nine hematoxylin and eosin-stained tissue sections from fibroin-treated rats.
Although deformed due to the sectioning, the fibroin material was localized close to the
serosa and was in some cases covered with a tissue layer of variable thickness, consisting
mainly of fibroblastic cells and the scattered presence of granulocytes (Figures 2D and S2).
Finally, measuring the bursting strength of the anastomoses on POD3 showed that the
fibroin-covered anastomoses (69 (18) mmHg) were significantly stronger compared to the
anastomoses in the control group (41 (28) mmHg) (Figure 2E).

Figure 2. Analysis of food consumption, intestinal adhesions and anastomosis strength, on
day 3 post-operation (POD3). (A) Food consumption was measured individually for each rat by
weighing the pellets before the operation and on POD3 (N = 5/group). (B) Example of the gross
morphology of an anastomosis (indicated with a black arrowhead). (C) Evaluation of tissue adhesions
according to Evans et al. [28] (N = 7/group). (D) Examples of fibroin sheets (indicated with black
arrow heads) in a tissue section stained with hematoxylin and eosin at different magnifications.
The blue arrow indicates the external cell layer covering the fibroin membrane. (E) The bursting
pressure, which gives an indication of the strength of the anastomosis, was measured with a mercury
manometer (N = 11/group). Data are shown as mean (SD), with closed circles and boxes indicating
individual animals. * = p < 0.05.

https://doi.org/10.3390/jfb17030126

https://doi.org/10.3390/jfb17030126


J. Funct. Biomater. 2026, 17, 126 7 of 13

Bursting pressure of the colo-colic anastomoses and adhesion scores were also evalu-
ated on day 6 (POD6), in a small number of rats (N = 4/group). None of the anastomoses
treated with fibroin sheets exhibited leakage upon pressure testing, whereas one control
anastomosis leaked at 90 mmHg and another animal died due to anastomotic leakage on
POD3. No differences in adhesion scores were observed between groups (Supplementary
Table S1). However, due to the small sample size and limited analysis of the anastomoses
on POD6, no conclusions can be drawn from these data.

3.2. Fibroin Does Not Affect the Magnitude of Acute Inflammation Along the Anastomotic Line in
Comparison to Controls on POD3

Next we analyzed the anastomoses by histochemistry, evaluating the number of
granulocytes, monocytes/macrophages and fibroblasts in the wound bed using the eosin
and hematoxylin stains, and the amount of collagen fibers using the Masson’s trichrome
stain. We found high granulocytic infiltration along the anastomotic line in both control
and fibroin-treated rats, which is in line with the acute inflammatory response prevalent
on POD3 (Figure 3A–C). Monocyte infiltration and the presence of macrophages in the
anastomoses were less pronounced, with levels lower in the fibroin-treated group, although
not reaching statistical significance. Finally, we detected low numbers of fibroblastic cells
in both groups.

Figure 3. Histological evaluation of the anastomoses from control and fibroin-treated rats on POD3.
Formalin-fixed, paraffin-embedded tissue sections were stained with eosin, hematoxylin, and al-
cian blue. (A) The presence of granulocytes, monocytes/macrophages and fibroblasts was graded
according to the modified Ehrlich–Hunt score. The data are shown as mean (SD), and the sym-
bols represent individual rats (N = 9 rats/group). Representative images of a control (B) and a
fibroin-treated (C) anastomosis are shown at 1.5× magnification (upper panel), and at 11× magnifi-
cation (lower panel), using the QuPath software (version 0.4.3).

Using Masson’s trichrome stain, we evaluated the amount of collagen in the colo-colic
anastomoses of control and fibroin-treated rats of POD3. Although there was a trend
towards higher collagen content in fibroin-treated anastomoses, no significant differences
in collagen amount were observed between the two groups (Figure 4A–C). These data
show that the fibroin films do not reduce the acute inflammation in the anastomoses early
after the intervention. On the contrary, fibroin-treated anastomoses showed slightly less
monocytes and fibroblasts, indicating a slower progression from the acute inflammatory
phase to the proliferative phase of the wound healing process (Figure 3).
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Figure 4. Analysis of the collagen amount in the anastomotic wound beds of control and fibroin-
treated rats at day 3 post-operation. (A) FFPE tissue was stained with Masson’s trichrome reagent,
scanned, and the staining of collagen (blue) was evaluated using the QuPath software. The data are
shown as mean (SD), with closed circles and boxes indicating individual animals (N = 9 rats/group).
(B) Representative image showing the Masson’s trichrome staining of a control anastomosis, showing
the collagen stain in blue. (C) Example of an annotated image using QuPath with the collagen stain
labeled in green, and the rest of the tissue in blue.

4. Discussion
AL is one of the major complications after colorectal surgery, with a prevalence of

2–20% and an estimated mortality of 4–16% [1,2,31,32]. AL is most prevalent during
the first 1–2 weeks after the surgery and is associated with risk factors related to the
frailty of patients and tissues, suggesting a perturbed or delayed wound healing of the
anastomosis [9]. It is important to identify risk factors and improve surgical techniques, but
also to develop and apply treatments that stabilize the anastomosis and promote wound
healing during the early wound healing phase following surgery to minimize the risk of AL.

Silk fibroin can be used to create thin films with excellent elasticity and mechanical
strength, and both fibroin films and scaffolds have been used successfully to promote
wound healing of the buccal mucosa [33], and full-thickness skin wounds in rats [34].
However, no study has evaluated the effect of fibroin sheets on the strength of colon
anastomoses in rats. Thus, we proposed that the use of fibroin sheets in colon anastomoses
would improve the stability and/or wound healing of the anastomoses early after the
intervention, decreasing the probability of suture dehiscence.

In rat models of colon anastomosis, the effects of treatments aiming to increase anas-
tomotic strength are mainly assessed on POD3-7. On POD3, the anastomosis is generally
weak and characterized by granulocytic inflammation. However, the progression of wound
healing with a gradual increase in fibroblast activation, extracellular matrix maturation, and
a reduction in inflammation is seen at POD7 and onwards [11,35]. We chose POD3 as an
endpoint to evaluate the effects of the fibroin sheets on anastomotic bursting strength, either
due to its role in external stabilization of the anastomosis, or its modulation of the wound
healing process, or both. We found that application of a single layer of silk fibroin films
increased the stability/healing of the anastomoses, as evidenced by an increased bursting
pressure on POD3, in comparison to controls. However, we did not observe any effect
on the number of granulocytes and monocytes/macrophages between the two groups
on POD3.

Inflammation is a physiological response to injury, and a key process in anastomotic
wound healing [11]. Slieker et al. [36] detected a significantly increased incidence of AL in
patients on long-term corticosteroid treatment. Similarly, the usage of non-steroidal anti-
inflammatory drugs (NSAIDs) during the first days after intervention has been associated
with increased AL, although the results are variable [37]. However, many studies have
identified pre- and postoperative inflammatory molecules, including C-reactive protein, as
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risk factors for AL, suggesting that a failure to control the magnitude and duration of acute
inflammation can also result in failed wound healing of the anastomosis [38,39]. Although
some fibroin-based compositions have anti-inflammatory properties [40], most studies
employing silk fibroin products for wound healing purposes have observed a low-grade
transient inflammation in response to fibroin, with myeloid cells and multinuclear giant
cells found in association with the fibroin [41]. Our data suggest that the fibroin films
do not affect the early acute inflammation generated at the anastomosis, which might be
beneficial for the wound healing process, since a slow transition from the inflammatory
to the proliferative phase supports a more organized extracellular matrix formation and
improves subsequent tissue strength.

Next we analyzed the collagen content in the anastomostic wound areas on POD3.
Oxlund et al. [42] showed that collagen deposition, as measured by incorporation of
tritiated hydroxyproline, in rat colon anastomoses was rapidly increased following surgery,
increasing 20-fold on POD4, and reaching a maximum on POD6. In addition, Martens
et al. [43] demonstrated that the collagen production, as measured by the incorporation
of radiolabeled hydroxyproline, reached its maximum on POD3-4 in rat anastomoses.
However, using the Masson’s trichrome staining, we did not observe an increase in collagen
content at the anastomotic wounding site between the control and fibroin sheet-group on
POD3. This agrees with our histological data, showing similar levels of monocytes and
fibroblasts close to the transection line in both groups.

As summarized above, it does not appear that the fibroin sheets accelerate the wound
healing on POD3, probably because it is an early stage of the healing process. This sug-
gests that the observed increase in bursting pressure of the fibroin-treated anastomoses
might be attributed to its role as an external stabilizer of the anastomosis. Based on our
findings and the previous literature, we propose that silk fibroin acts, during the early
inflammatory phase, primarily as structural support, providing mechanical reinforcement
of the anastomosis, boosting its tensile properties and flexibility while allowing the in-
flammation to proceed, a process (if not dysregulated by infection or exaggerated tissue
damage) which is important for subsequent wound healing. This is in agreement with
our observations of fibroin sheets close to the serosa at the anastomotic site, sometimes
together with an external cell layer. Although fibroin degrades over time in vivo, studies
have shown that fibroin scaffolds have a half-life in rats of 5–10 days in vivo, depending on
tissue location [44]. Beyond its mechanical role, silk fibroin exhibits intrinsic bioactivity.
Several studies have demonstrated that fibroin and sericin stimulate cell migration and
re-epithelialization through activation of MEK, JNK, and PI3K pathways, leading to up-
regulation and phosphorylation of c-Jun, a key transcription factor in wound healing [45].
More detailed studies on the effect of fibroin on the anastomotic wound healing process,
including at later time points (POD7 and later), are necessary.

One possible drawback of using external biofilms/sheets is the potential of bacterial
growth underneath, adhering to the biomaterials and causing treatment-resistant infec-
tions [46]. We have used autoclaved, sericin-free silk fibroin films extracted using lithium
bromide, which increases their biocompatibility and antimicrobial activity, respectively [47],
but bacterial contamination/infection still poses a serious risk. Interestingly, several silk
fibroin-based biomaterials, including silk microfibrous mats, with antibacterial properties
have been generated through their physical loading or chemical functionalization with dif-
ferent antibacterial agents [17,48]. Similarly to SF nanoparticles, in addition to antimicrobial
functionalization, it would also be possible to add anti-inflammatory and antioxidant drugs
to these fibroin sheets, which could further improve their therapeutic effect on anastomosis
healing [49].
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Among the limitations of the study are the small sample size and the lack of later
time points of analysis of anastomotic wound healing (e.g., day five, seven, and later).
Furthermore, we have used a low-risk model of colo-colic anastomosis that does not result
in a high incidence of anastomotic leakage. Future studies should evaluate the wound
healing properties of silk fibroin films using TNBS-induced colitis or ischemic high-risk
colon anastomosis models [50]. However, the silk fibroin films possess several advantages,
including easy application, and the material was well tolerated by the rats within the
short timeframe of the experiment. This is due to its well-known biocompatibility and its
excellent mechanical properties. In addition to this, fibroin can be processed in different
configurations and sizes that meet the requirements of the tissue to be repaired or replaced
(dissolutions, hydrogels, films, sponges, etc.), and these biomaterials are sterilizable by
autoclave, among other techniques [26]. These properties make fibroin a promising choice
as an external reinforcement of anastomoses, since other commonly employed wound
dressings, such as collagen and elastin, are more difficult to manufacture and possess
inferior mechanical properties [51]. In comparison to sealants and glues, the fibroin sheets
do not impede the interaction between the two intestinal segments in the anastomosis,
which could hinder proper wound healing between the two tissue pieces [52]. Furthermore,
the healing-promoting nature of silk fibroin is widely described in the scientific literature,
and this characteristic gives it a key role as a biomaterial to be used in this field [45,51–54].

5. Conclusions
In summary, we have shown that a single layer of silk fibroin film applied to colo-colic

anastomoses increases their bursting pressure on POD3, without affecting the granulocytic
inflammation or accelerating the wound healing process. Further studies on the effect of
silk fibroin films on the initial stabilization and the wound healing of colo-colic anastomoses
are necessary, but we propose silk fibroin films as another promising biomaterial that could,
in the future, be used to decrease the incidence of early anastomotic leakage in patients
undergoing colonic surgery.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb17030126/s1, Supplementary Figure S1: Schematic illustration
of the study workflow. Supplementary Figure S2: Representative images of fibroin sheets in tissue
sections. Supplementary Table S1: Analysis of control (N = 4) and fibroin-treated (N = 4) rats on
day 6 after surgery.

Author Contributions: Conceptualization, M.H.M.C., F.J.H.P., J.G., P.A. and M.E.R.-C.; methodol-
ogy, M.H.M.C., F.J.H.P., J.G.-G., L.L.-E., S.D.A.-C., P.B.M., J.A.M.-T. and M.E.R.-C.; formal analy-
sis, M.H.M.C., P.A. and M.E.R.-C.; investigation, M.H.M.C., J.G.-G., L.L.-E., P.B.M. and J.A.M.-T.;
resources, M.H.M.C., F.J.H.P., S.D.A.-C., J.G. and M.E.R.-C.; data curation, J.G.-G., L.L.-E., P.B.M.,
P.A., J.A.M.-T. and M.E.R.-C.; writing—original draft preparation, M.H.M.C., S.D.A.-C., J.G., P.A. and
M.E.R.-C.; writing—review and editing, M.H.M.C., F.J.H.P., J.G.-G., L.L.-E., S.D.A.-C., P.B.M., J.G.,
P.A., J.A.M.-T. and M.E.R.-C.; visualization, P.A., and M.E.R.-C.; supervision, P.A., and M.E.R.-C.;
project administration, P.A., and M.E.R.-C.; funding acquisition, S.D.A.-C. and M.E.R.-C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Instituto de Salud Carlos III (ISCIII) (Spain), grant
PI22/01630, and co-funded by the European Union. Salvador Aznar acknowledges partial finan-
cial support from the European Commission ERDF/FEDER Operational Programme of Murcia
(2021–2027), Project No. 50463 “Development of sustainable models of agricultural, livestock and
aquaculture production” (Subproject: Innovation in the field of sericulture: New materials, biomaterials
and extracts of biomedical interest). The CIBER-EHD is funded by the Instituto de Salud Carlos III.

https://doi.org/10.3390/jfb17030126

https://www.mdpi.com/article/10.3390/jfb17030126/s1
https://www.mdpi.com/article/10.3390/jfb17030126/s1
https://doi.org/10.3390/jfb17030126


J. Funct. Biomater. 2026, 17, 126 11 of 13

Institutional Review Board Statement: The study was conducted in accordance with the ARRIVE
guidelines 2.0, the “Guide for the Care and Use of Laboratory Animals” issued by the U.S. National
Institutes of Health (NIH), in accordance with national and European regulations (RD1201/2005,
32/2007, 2010/63/EU and RD53/2013), and with the approval of the laboratory animal ethics
committee of the University of Granada (CEEA-1643-2025) (Approval date: 29 September 2025).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. 2015 European Society of Coloproctology Collaborating Group; Battersby, N.; Bhangu, A.; Chaudhri, S.; El-Hussuna, A.; Frasson,

M.; Nepogodiev, D.; Singh, B.; Vennix, S.; Zmora, O.; et al. The relationship between method of anastomosis and anastomotic
failure after right hemicolectomy and ileo-caecal resection: An international snapshot audit. Color. Dis. 2017, 19, e296–e311.

2. Tsalikidis, C.; Mitsala, A.; Mentonis, V.I.; Romanidis, K.; Pappas-Gogos, G.; Tsaroucha, A.K.; Pitiakoudis, M. Predictive Factors for
Anastomotic Leakage Following Colorectal Cancer Surgery: Where Are We and Where Are We Going? Curr. Oncol. 2023, 30,
3111–3137. [CrossRef]

3. Škrabec, C.G.; Carné, A.V.; Pérez, M.C.; Corral, J.; Pujol, A.F.; Cuadrado, M.; Troya, J.; Ibáñez, J.-F.J.; Parés, D. Early and late
anastomotic leak after colorectal surgery: A systematic review of the literature. Cir. Española 2023, 101, 3–11. [CrossRef]

4. Sala Hernandez, A.; Frasson, M.; García-Granero, A.; Hervás Marín, D.; Laiz Marro, B.; Alonso Pardo, R.; Aldrey Cao, I.; Alvarez
Perez, J.A.; Roque Castellano, C.; García González, J.M.; et al. Diagnostic accuracy of C-reactive protein, procalcitonin and
neutrophils for the early detection of anastomotic leakage after colorectal resection: A multicentric, prospective study. Color. Dis.
2021, 23, 2723–2730. [CrossRef] [PubMed]

5. Chiarello, M.M.; Fransvea, P.; Cariati, M.; Adams, N.J.; Bianchi, V.; Brisinda, G. Anastomotic leakage in colorectal cancer surgery.
Surg. Oncol. 2022, 40, 101708. [CrossRef]

6. Li, Y.W.; Lian, P.; Huang, B.; Zheng, H.T.; Wang, M.H.; Gu, W.L.; Li, X.-X.; Xu, Y.; Cai, S.-J. Very Early Colorectal Anastomotic
Leakage within 5 Post-operative Days: A More Severe Subtype Needs Relaparatomy. Sci. Rep. 2017, 7, 39936. [CrossRef]

7. Turrentine, F.E.; Denlinger, C.E.; Simpson, V.B.; Garwood, R.A.; Guerlain, S.; Agrawal, A.; Friel, C.M.; LaPar, D.J.; Stukenborg,
G.J.; Jones, S.R. Morbidity, mortality, cost, and survival estimates of gastrointestinal anastomotic leaks. J. Am. Coll. Surg. 2015, 220,
195–206. [CrossRef]

8. Mirnezami, A.; Mirnezami, R.; Chandrakumaran, K.; Sasapu, K.; Sagar, P.; Finan, P. Increased local recurrence and reduced
survival from colorectal cancer following anastomotic leak: Systematic review and meta-analysis. Ann. Surg. 2011, 253, 890–899.
[CrossRef]

9. Sparreboom, C.L.; van Groningen, J.T.; Lingsma, H.F.; Wouters, M.W.J.M.; Menon, A.G.; Kleinrensink, G.J.; Jeekel, J.; Lange, J.F.
Different Risk Factors for Early and Late Colorectal Anastomotic Leakage in a Nationwide Audit. Dis. Colon Rectum 2018, 61,
1258–1266. [CrossRef] [PubMed]

10. Gaidarski, A.A., III; Ferrara, M. The Colorectal Anastomosis: A Timeless Challenge. Clin. Colon Rectal Surg. 2023, 36, 11–28.
[CrossRef] [PubMed]

11. Morgan, R.B.; Shogan, B.D. The Science of Anastomotic Healing. Semin. Colon Rectal Surg. 2022, 33, 100879. [CrossRef]
12. Gené-Škrabec, C.; Cremades, M.; Fernández-Pujol, A.; Cortinovis, S.; Corral, J.; Julián, J.F.; Parés, D.M. Clinical results after

external reinforcement of colorectal anastomosis: A systematic review. Int. J. Surg. 2023, 109, 4322–4332. [CrossRef]
13. Krarup, P.M.; Eld, M.; Jorgensen, L.N.; Hansen, M.B.; Ågren, M.S. Selective matrix metalloproteinase inhibition increases breaking

strength and reduces anastomotic leakage in experimentally obstructed colon. Int. J. Color. Dis. 2017, 32, 1277–1284. [CrossRef]
14. Oines, M.N.; Krarup, P.M.; Jorgensen, L.N.; Agren, M.S. Pharmacological interventions for improved colonic anastomotic healing:

A meta-analysis. World J. Gastroenterol. 2014, 20, 12637–12648. [CrossRef]
15. Gaitanidis, A.; Kandilogiannakis, L.; Filidou, E.; Tsaroucha, A.; Kolios, G.; Pitiakoudis, M. Stem Cell Therapies for Gastrointestinal

Anastomotic Healing: A Systematic Review and Meta-Analysis on Results from Animal Studies. Eur. Surg. Res. 2022, 63, 173–181.
[CrossRef]

16. Rockwood, D.N.; Preda, R.C.; Yücel, T.; Wang, X.; Lovett, M.L.; Kaplan, D.L. Materials fabrication from Bombyx mori silk fibroin.
Nat. Protoc. 2011, 6, 1612–1631. [CrossRef] [PubMed]

https://doi.org/10.3390/jfb17030126

https://doi.org/10.3390/curroncol30030236
https://doi.org/10.1016/j.ciresp.2022.06.014
https://doi.org/10.1111/codi.15845
https://www.ncbi.nlm.nih.gov/pubmed/34314565
https://doi.org/10.1016/j.suronc.2022.101708
https://doi.org/10.1038/srep39936
https://doi.org/10.1016/j.jamcollsurg.2014.11.002
https://doi.org/10.1097/SLA.0b013e3182128929
https://doi.org/10.1097/DCR.0000000000001202
https://www.ncbi.nlm.nih.gov/pubmed/30239395
https://doi.org/10.1055/s-0042-1756510
https://www.ncbi.nlm.nih.gov/pubmed/36619283
https://doi.org/10.1016/j.scrs.2022.100879
https://doi.org/10.1097/JS9.0000000000000747
https://doi.org/10.1007/s00384-017-2857-x
https://doi.org/10.3748/wjg.v20.i35.12637
https://doi.org/10.1159/000526603
https://doi.org/10.1038/nprot.2011.379
https://www.ncbi.nlm.nih.gov/pubmed/21959241
https://doi.org/10.3390/jfb17030126


J. Funct. Biomater. 2026, 17, 126 12 of 13

17. Ghalei, S.; Handa, H. A Review on Antibacterial Silk Fibroin-based Biomaterials: Current State and Prospects. Mater. Today Chem.
2022, 23, 100673. [CrossRef] [PubMed]

18. Ruiz-Alcaraz, A.J.; Núñez-Sánchez, M.; Asensio Ruiz, M.A.; Martínez-Sánchez, M.A.; Oliva-Bolarín, A.; Martínez Martínez, T.;
Cuadrado, J.J.P.; Ramos-Molina, B.; Lozano-Pérez, A.A. Optimizing the Preparation of Silk Fibroin Nanoparticles and Their
Loading with Polyphenols: Towards a More Efficient Anti-Inflammatory Effect on Macrophages. Pharmaceutics 2023, 15, 263.
[CrossRef]

19. Zhang, W.; Chen, L.; Chen, J.; Wang, L.; Gui, X.; Ran, J.; Xu, G.; Zhao, H.; Zeng, M.; Ji, J.; et al. Silk Fibroin Biomaterial Shows
Safe and Effective Wound Healing in Animal Models and a Randomized Controlled Clinical Trial. Adv. Healthc. Mater. 2017, 6,
1700121. [CrossRef] [PubMed]

20. Seib, F.P.; Kaplan, D.L. Doxorubicin-loaded silk films: Drug-silk interactions and in vivo performance in human orthotopic breast
cancer. Biomaterials 2012, 33, 8442–8450. [CrossRef]

21. Millán-Rivero, J.E.; Martínez, C.M.; Romecín, P.A.; Aznar-Cervantes, S.D.; Carpes-Ruiz, M.; Cenis, J.L.; Moraleda, J.M.; Atucha,
N.M.; García-Bernal, D. Silk fibroin scaffolds seeded with Wharton’s jelly mesenchymal stem cells enhance re-epithelialization
and reduce formation of scar tissue after cutaneous wound healing. Stem Cell Res. Ther. 2019, 10, 126. [CrossRef]

22. Wang, S.L.; Li, X.W.; Xu, W.; Yu, Q.Y.; Fang, S.M. Advances of regenerated and functionalized silk biomaterials and application in
skin wound healing. Int. J. Biol. Macromol. 2024, 254, 128024. [CrossRef] [PubMed]

23. Pan, X.; Li, R.; Li, W.; Sun, W.; Yan, Y.; Xiang, X.; Fang, J.; Liao, Y.; Xie, C.; Wang, X.; et al. Silk fibroin hydrogel adhesive enables
sealed-tight reconstruction of meniscus tears. Nat. Commun. 2024, 15, 2651. [CrossRef] [PubMed]

24. Sugihara, A.; Sugiura, K.; Morita, H.; Ninagawa, T.; Tubouchi, K.; Tobe, R.; Izumiya, M.; Horio, T.; Abraham, N.G.; Ikehara, S.
Promotive effects of a silk film on epidermal recovery from full-thickness skin wounds. Proc. Soc. Exp. Biol. Med. 2000, 225, 58–64.
[CrossRef] [PubMed]

25. Ramakrishnan, R.; Chouhan, D.; Vijayakumar Sreelatha, H.; Arumugam, S.; Mandal, B.B.; Krishnan, L.K. Silk Fibroin-Based
Bioengineered Scaffold for Enabling Hemostasis and Skin Regeneration of Critical-Size Full-Thickness Heat-Induced Burn
Wounds. ACS Biomater. Sci. Eng. 2022, 8, 3856–3870. [CrossRef]

26. Aznar-Cervantes, S.D.; Pagan, A.; Monteagudo Santesteban, B.; Cenis, J.L. Effect of different cocoon stifling methods on the
properties of silk fibroin biomaterials. Sci. Rep. 2019, 9, 6703. [CrossRef]

27. Vázquez, N.; Rodríguez-Barrientos, C.A.; Aznar-Cervantes, S.D.; Chacón, M.; Cenis, J.L.; Riestra, A.C.; Sanchez-Avila, R.M.;
Persinal, M.; Brea-Pastor, A.; Fernandez-Vega Cueto, L.; et al. Silk Fibroin Films for Corneal Endothelial Regeneration: Transplant
in a Rabbit Descemet Membrane Endothelial Keratoplasty. Investig. Ophthalmol. Vis. Sci. 2017, 58, 3357–3365. [CrossRef]

28. Evans, D.M.; McAree, K.; Guyton, D.P.; Hawkins, N.; Stakleff, K. Dose dependency and wound healing aspects of the use of tissue
plasminogen activator in the prevention of intra-abdominal adhesions. Am. J. Surg. 1993, 165, 229–232. [CrossRef] [PubMed]

29. Phillips, J.D.; Kim, C.S.; Fonkalsrud, E.W.; Zeng, H.; Dindar, H. Effects of chronic corticosteroids and vitamin A on the healing of
intestinal anastomoses. Am. J. Surg. 1992, 163, 71–77. [CrossRef] [PubMed]

30. Bankhead, P.; Loughrey, M.B.; Fernández, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]

31. McArdle, C.S.; McMillan, D.C.; Hole, D.J. Impact of anastomotic leakage on long-term survival of patients undergoing curative
resection for colorectal cancer. Br. J. Surg. 2005, 92, 1150–1154. [CrossRef]

32. Wallace, B.; Schuepbach, F.; Gaukel, S.; Marwan, A.I.; Staerkle, R.F.; Vuille-Dit-Bille, R.N. Evidence according to Cochrane
Systematic Reviews on Alterable Risk Factors for Anastomotic Leakage in Colorectal Surgery. Gastroenterol. Res. Pract. 2020, 2020,
9057963. [CrossRef]

33. Ge, Z.; Yang, Q.; Xiang, X.; Liu, K.Z. Assessment of silk fibroin for the repair of buccal mucosa in a rat model. Int. J. Oral Maxillofac.
Surg. 2012, 41, 673–680. [CrossRef]

34. Safonova, L.; Bobrova, M.; Efimov, A.; Davydova, L.; Tenchurin, T.; Bogush, V.; Agapova, O.; Agapov, I. Silk Fibroin/Spidroin
Electrospun Scaffolds for Full-Thickness Skin Wound Healing in Rats. Pharmaceutics 2021, 13, 1704. [CrossRef]

35. van Helsdingen, C.P.M.; Wildeboer, A.C.L.; Zafeiropoulou, K.; Jongen, A.C.H.M.; Bosmans, J.W.A.M.; Gallé, C.; Hakvoort, T.B.M.;
Gijbels, M.J.J.; de Jonge, W.J.; Bouvy, N.D.; et al. Histology and transcriptome insights into the early processes of intestinal
anastomotic healing: A rat model. BJS Open 2023, 7, zrad099. [CrossRef]

36. Slieker, J.C.; Komen, N.; Mannaerts, G.H.; Karsten, T.M.; Willemsen, P.; Murawska, M.; Jeekel, J.; Lange, J.F. Long-term and
perioperative corticosteroids in anastomotic leakage: A prospective study of 259 left-sided colorectal anastomoses. Arch. Surg.
2012, 147, 447–452. [CrossRef] [PubMed]

37. Morris, A.M.; Temple, L.; Raval, M. Evidence Based Reviews in Surgery Group. A systematic review and meta-analysis of
postoperative use of NSAIDs and risk of anastomotic leak. Can. J. Surg. 2020, 63, E359–E361. [CrossRef] [PubMed]

38. Holmgren, K.; Jonsson, P.; Lundin, C.; Matthiessen, P.; Rutegård, J.; Sund, M.; Rutegård, M. Preoperative biomarkers related
to inflammation may identify high-risk anastomoses in colorectal cancer surgery: Explorative study. BJS Open 2022, 6, zrac072.
[CrossRef]

https://doi.org/10.3390/jfb17030126

https://doi.org/10.1016/j.mtchem.2021.100673
https://www.ncbi.nlm.nih.gov/pubmed/34901586
https://doi.org/10.3390/pharmaceutics15010263
https://doi.org/10.1002/adhm.201700121
https://www.ncbi.nlm.nih.gov/pubmed/28337854
https://doi.org/10.1016/j.biomaterials.2012.08.004
https://doi.org/10.1186/s13287-019-1229-6
https://doi.org/10.1016/j.ijbiomac.2023.128024
https://www.ncbi.nlm.nih.gov/pubmed/37972830
https://doi.org/10.1038/s41467-024-47029-6
https://www.ncbi.nlm.nih.gov/pubmed/38531881
https://doi.org/10.1046/j.1525-1373.2000.22507.x
https://www.ncbi.nlm.nih.gov/pubmed/10998199
https://doi.org/10.1021/acsbiomaterials.2c00328
https://doi.org/10.1038/s41598-019-43134-5
https://doi.org/10.1167/iovs.17-21797
https://doi.org/10.1016/S0002-9610(05)80516-1
https://www.ncbi.nlm.nih.gov/pubmed/8427402
https://doi.org/10.1016/0002-9610(92)90255-P
https://www.ncbi.nlm.nih.gov/pubmed/1733376
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1002/bjs.5054
https://doi.org/10.1155/2020/9057963
https://doi.org/10.1016/j.ijom.2011.11.016
https://doi.org/10.3390/pharmaceutics13101704
https://doi.org/10.1093/bjsopen/zrad099
https://doi.org/10.1001/archsurg.2011.1690
https://www.ncbi.nlm.nih.gov/pubmed/22249852
https://doi.org/10.1503/cjs.021419
https://www.ncbi.nlm.nih.gov/pubmed/32772524
https://doi.org/10.1093/bjsopen/zrac072
https://doi.org/10.3390/jfb17030126


J. Funct. Biomater. 2026, 17, 126 13 of 13

39. Hirst, N.A.; Tiernan, J.P.; Millner, P.A.; Jayne, D.G. Systematic review of methods to predict and detect anastomotic leakage in
colorectal surgery. Color. Dis. 2014, 16, 95–109. [CrossRef]

40. Rodriguez-Nogales, A.; Lozano-Pérez, A.A.; Aznar-Cervantes, S.D.; Algieri, F.; Garrido-Mesa, J.; Garrido-Mesa, N.; Vezza, T.;
Utrilla, M.; Cenis, J.; Rodríguez-Cabezas, M.; et al. Effect of aqueous and particulate silk fibroin in a rat model of experimental
colitis. Int. J. Pharm. 2016, 511, 1–9. [CrossRef] [PubMed]

41. Thurber, A.E.; Omenetto, F.G.; Kaplan, D.L. In vivo bioresponses to silk proteins. Biomaterials 2015, 71, 145–157. [CrossRef]
[PubMed]

42. Oxlund, H.; Christensen, H.; Seyer-Hansen, M.; Andreassen, T.T. Collagen deposition and mechanical strength of colon anasto-
moses and skin incisional wounds of rats. J. Surg. Res. 1996, 66, 25–30. [CrossRef]

43. Martens, M.F.; Hendriks, T. Postoperative changes in collagen synthesis in intestinal anastomoses of the rat: Differences between
small and large bowel. Gut 1991, 32, 1482–1487. [CrossRef] [PubMed]

44. Guan, G.; Wang, L.; Li, M.; Bai, L. In vivo biodegradation of porous silk fibroin films implanted beneath the skin and muscle of
the rat. Biomed. Mater. Eng. 2014, 24, 789–797. [CrossRef] [PubMed]

45. Martínez-Mora, C.; Mrowiec, A.; García-Vizcaíno, E.M.; Alcaraz, A.; Cenis, J.L.; Nicolás, F.J. Fibroin and sericin from Bombyx
mori silk stimulate cell migration through upregulation and phosphorylation of c-Jun. PLoS ONE 2012, 7, e42271. [CrossRef]

46. Francolini, I.; Vuotto, C.; Piozzi, A.; Donelli, G. Antifouling and antimicrobial biomaterials: An overview. APMIS 2017, 125,
392–417. [CrossRef]

47. Abdel-Fattah, W.I.; Atwa, N.; Ali, G.W. Influence of the protocol of fibroin extraction on the antibiotic activities of the constructed
composites. Prog. Biomater. 2015, 4, 77–88. [CrossRef]

48. Mazurek, Ł.; Szudzik, M.; Rybka, M.; Konop, M. Silk Fibroin Biomaterials and Their Beneficial Role in Skin Wound Healing.
Biomolecules 2022, 12, 1852. [CrossRef]

49. González-Restrepo, D.; Zuluaga-Vélez, A.; Orozco, L.M.; Sepúlveda-Arias, J.C. Silk fibroin-based dressings with antibacterial and
anti-inflammatory properties. Eur. J. Pharm. Sci. 2024, 195, 106710. [CrossRef]

50. Ntampakis, G.; Pramateftakis, M.G.; Anestiadou, E.; Bitsianis, S.; Ioannidis, O.; Bekiari, C.; Koliakos, G.; Karakota, M.; Tsakona,
A.; Cheva, A.; et al. Experimental models of high-risk bowel anastomosis in rats: A systematic review. World J. Exp. Med. 2024, 14,
94135. [CrossRef]

51. Farokhi, M.; Mottaghitalab, F.; Fatahi, Y.; Khademhosseini, A.; Kaplan, D.L. Overview of Silk Fibroin Use in Wound Dressings.
Trends Biotechnol. 2018, 36, 907–922. [CrossRef] [PubMed]

52. Byrne, D.J.; Hardy, J.; Wood, R.A.; McIntosh, R.; Hopwood, D.; Cuschieri, A. Adverse influence of fibrin sealant on the healing of
high-risk sutured colonic anastomoses. J. R. Coll. Surg. Edinb. 1992, 37, 394–398.

53. Yamada, H.; Igarashi, Y.; Takasu, Y.; Saito, H.; Tsubouchi, K. Identification of fibroin-derived peptides enhancing the proliferation
of cultured human skin fibroblasts. Biomaterials 2004, 25, 467–472. [CrossRef]

54. Park, Y.R.; Sultan, M.T.; Park, H.J.; Lee, J.M.; Ju, H.W.; Lee, O.J.; Lee, D.J.; Kaplan, D.L.; Park, C.H. NF-κB signaling is key in the
wound healing processes of silk fibroin. Acta Biomater. 2018, 67, 183–195. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jfb17030126

https://doi.org/10.1111/codi.12411
https://doi.org/10.1016/j.ijpharm.2016.06.120
https://www.ncbi.nlm.nih.gov/pubmed/27363935
https://doi.org/10.1016/j.biomaterials.2015.08.039
https://www.ncbi.nlm.nih.gov/pubmed/26322725
https://doi.org/10.1006/jsre.1996.0367
https://doi.org/10.1136/gut.32.12.1482
https://www.ncbi.nlm.nih.gov/pubmed/1773953
https://doi.org/10.3233/BME-130870
https://www.ncbi.nlm.nih.gov/pubmed/24211965
https://doi.org/10.1371/journal.pone.0042271
https://doi.org/10.1111/apm.12675
https://doi.org/10.1007/s40204-015-0039-x
https://doi.org/10.3390/biom12121852
https://doi.org/10.1016/j.ejps.2024.106710
https://doi.org/10.5493/wjem.v14.i2.94135
https://doi.org/10.1016/j.tibtech.2018.04.004
https://www.ncbi.nlm.nih.gov/pubmed/29764691
https://doi.org/10.1016/S0142-9612(03)00540-4
https://doi.org/10.1016/j.actbio.2017.12.006
https://www.ncbi.nlm.nih.gov/pubmed/29242162
https://doi.org/10.3390/jfb17030126

	Introduction 
	Materials and Methods 
	Silk Fibroin Processing and Films Preparation 
	Animals 
	Study Design and Surgical Procedures 
	Assessments 
	Evaluation of Adhesions 
	Measurement of the Colonic Bursting Pressure 

	Histological Staining and Evaluations 
	Statistical Analysis of Data 

	Results 
	Fibroin Sheets Improve the Strength of Colo-Colic Anastomoses on POD3 in Wistar Rats 
	Fibroin Does Not Affect the Magnitude of Acute Inflammation Along the Anastomotic Line in Comparison to Controls on POD3 

	Discussion 
	Conclusions 
	References

