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Tendinopathies account for a substantial proportion of musculoskeletal injuries.
To improve treatment outcomes for partial and total tendon ruptures, new
therapies are under investigation. These include the application of
mesenchymal stem cells (MSCs) and biocompatible scaffolds derived from the
Extracellular Matrix (ECM). Synthetic polymer hydrogels have not demonstrated
results as promising as those achieved with ECM hydrogels sourced from the
original tissue. This study aimed to evaluate the biocompatibility of a hydrogel
formulated from equine tendon ECM. Six horses were administered three
subcutaneous doses of the hydrogel, with a saline solution serving as a
control. Biopsies were conducted on days 7, 14, and 56 post-application to
gauge the hydrogel’s impact. Throughout the experiment, the horse’s physical
condition remained stable. Thermographic analyses revealed a temperature
increase in the treated groups compared to the control group within the initial
12 h. The von Frey test, used to measure the mechanical nociceptive threshold,
also showed significant differences between the treated group and the control
group at 6 h, 21 days, and 28 days. Histopathological analyses identified an
inflammatory response on day 7, which was absent on days 14 and 56.
Transmission electron microscopy indicated a decrease in inflammatory
cellularity, while immunohistochemistry staining suggested an increased
presence of inflammatory factors on day 14. In summary, the hydrogel is easily
injectable, triggers a temporary local inflammatory response, and integrates into
the adjacent tissue from day 14 onwards.
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1 Introduction

Tendons are dense connective tissue structures that connect
muscle to bone, thus transmitting force from muscle to bone and
promoting locomotion. The composition of the tendon is
represented by tenocytes interspersed in an extracellular matrix
(ECM) composed of 65%water, 30% collagen, and 5% proteoglycans
(Shojaee and Parham, 2019; Zachary, 2021). Type I collagen is
predominant, representing approximately 95% of the total existing
collagen. In the dehydrated tendon, collagen, and proteoglycans now
represent 70%–80% of the tissue (Kümmerle et al., 2019; Yin et al.,
2019).

Millions of musculoskeletal injuries are diagnosed annually,
with a significant incidence of inflammatory processes and
tendon or ligament ruptures, which are traumatic, partial, and/or
total (Gaspar et al., 2015). The pathophysiology of tendinopathies is
similar between humans and horses (Barreira et al., 2008; Godwin
et al., 2012; Docheva et al., 2015; Ribitsch et al., 2020; Zhang et al.,
2022). Equines are considered experimental models of the
musculoskeletal system for human medicine, accepted by the
scientific community and international organizations such as the
US Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) (Shojaee and Parham, 2019).
Tendinopathies can be caused by factors inherent to the
individual, environment, activity, and intensity of the sport
practiced (Shojaee and Parham, 2019). Depending on the severity
of the injury, it can cause reduced performance and/or unfitness for
the sport, leading to the animal’s retirement (Pluim et al., 2018). In
horses, the forelimbs are the most affected, with a higher incidence
in the superficial digital flexor tendon (SDFT) and deep digital flexor
tendon (DDFT) (Barreira et al., 2008; Godwin et al., 2012; Gaspar
et al., 2015). The tendon has a low capacity for regeneration, a slow
repair process, and produces scar tissue, being functionally deficient
compared to the previous one, with a recurrence rate between 42%
and 56% (Dyson, 2004; Godwin et al., 2012; Kümmerle et al., 2019).

The treatment of tendinopathies aims to produce a repair tissue
of similar quality and functionality to the original tissue, before the
injury (Carvalho, 2012). Anti-inflammatories, platelet-rich plasma
(PRP), whole blood, growth hormone, and mesenchymal stem cells
(MSCs) are used as therapies for tendinopathies (Farnebo et al.,
2014). The use of mesenchymal stem cell therapy as an adjunct to
conventional treatments has shown favorable results in reducing the
time taken to repair the injured tendon, improving tissue quality in
the treatment of tendinopathies, and, as a result, reducing
recurrences (Carvalho et al., 2011; Godwin et al., 2012; Guercio
et al., 2015). Tendon healing can be accelerated by the use of
biocompatible scaffolds in the injured region that will facilitate in
situ regeneration by three-dimensional guided tissue regeneration.
These cells, after their proliferation, remain in place on the scaffold
forming healthy tissue. The extracellular matrix helps to support cell
growth, tissue formation, and regeneration (Farnebo et al., 2014).
The combined use of MSCs in biocompatible scaffolds or bioactive
compounds provides cell protection, causes mechanical stimulation
at the treatment site, and aids in the paracrine effects of MSCs
(Santos et al., 2018). Currently, there are several scaffolds, which are
synthetic, biological, or biosynthetic (Smith et al., 2016). The use of a
complete ECM framework is indicated as the best option for
reproducing the microenvironment of the injured tissue, directly

interfering in the behavior, dynamics, and cell differentiation (Saldin
et al., 2017).

The tendinous ECM is composed of functional and structural
molecules secreted by resident cells and forms a three-dimensional
structure with a unique biochemical composition for each tissue
type, comprising collagen and non-collagenous elements, such as
proteoglycans and glycoproteins. Collagen stands out as the
predominant constituent of the tendon’s ECM, constituting 60%–
85% of its dry weight (Zhang et al., 2021). The discovery of ECM
hydrogel solubilization and formation has led to an expansion of its
in vivo and in vitro applications (Lovati et al., 2016; Saldin et al.,
2017). The process of tendon tissue decellularization presents a
distinct opportunity to acquire a scaffold featuring a natural
extracellular matrix structure. This scaffold is hypoimmunogenic
and exhibits biomechanical properties closely resembling those of
the original tissue. These attributes confer significant advantages for
both potential clinical applications and research purposes. Various
protocols for decellularizing tendon or ligament tissue have been
explored, involving physical, chemical, and/or enzymatic methods.
Common sources are menisci, patellar, superficial, and deep digital
flexor tendons (Burk et al., 2014; Visser et al., 2015).

An in vitro study found that adding tendon ECM hydrogel
enhances the tenogenic differentiation of MSCs derived from
human adipocytes, compared to a hydrogel without ECM (Yang
et al., 2013). The ECM hydrogel, derived from decellularized tissue,
is viewed as a promising scaffold for promoting tissue regeneration.
It is used to aid the construction and functional remodeling of
injured regions (Farnebo et al., 2014; Saldin et al., 2017; Spang and
Christman, 2018). The application of ECM hydrogel has been
implemented in various organs, including the myocardium, liver,
trachea, esophagus, and tendon. The implantation can be performed
in numerous ways and combinations, such as a coating, populated
with stem cells, growth factors, other biological or synthetic
materials, and more recently, as bio-inks for 3D printing
(Garvican et al., 2014; Spang and Christman, 2018).

After in vivo implantation of biomaterial made with allogeneic
material, a local reaction was expected. Signs of clinical
inflammation were observed, such as slight increases in volume
and local temperature (Ring et al., 2008). The thermographic
examination makes it possible to detect thermal variations in
more superficial tissues, indicating inflammation resulting from
the application of the hydrogel. As it is a non-invasive and very
efficient method, thermography becomes ideal for this type of
analysis (Ring et al., 2008; Basile, 2012). Microscopically,
hydrogel applications, when generating acute or chronic
inflammation, involve neutrophils, macrophages, and
multinucleated giant cells (Anderson et al., 2008; Sheikh et al.,
2015). From the changes generated by inflammation, there is
migration of immune system cells such as monocytes and
differentiation into macrophages in the tissue and neutrophils to
the region of application of the biomaterial (Witherel et al., 2019).
Immunohistochemistry helps the visualization of inflammatory
processes, with the labeling of inflammatory cells and
inflammatory mediators. This technique was performed to
identify pro-inflammatory (TNF-alpha) and anti-inflammatory
(IL-4) markers (Aggarwal et al., 2019). Th2 lymphocytes are
responsible for a large part of IL-4 secretion, and they can also
be produced by mast cells and CD4+ T lymphocytes, basophils, and
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eosinophils (Liu et al., 2016). IL-4 can act in different roles, and its
function is directly linked to the cell that is secreting it. It is known
that IL-4 plays a very important role in inducing the differentiation
of M2 macrophages, which contributes to an anti-inflammatory
process (Zhu et al., 2015; Ho and Miaw, 2016). M2 macrophages
have been described as fundamental in the preservation and repair of
brain tissue by having local anti-inflammatory actions, cleaning
cellular debris, and providing growth factors (Zhu et al., 2015). TNF-
alpha is a pro-inflammatory cytokine produced by macrophages/
monocytes, widely implicated in the pathogenesis of inflammatory
disorders (Hira and Sajeli Begum, 2021). M1 macrophages are
activated by interferon-gamma, interleukin 1 beta, and LPS,
which are responsible for causing a powerful inflammatory
reaction capable of killing microorganisms and producing pro-
inflammatory factors such as TNF-alpha (Zhu et al., 2015). TNF-
alpha is critical for communication during host defense,
inflammation, and organogenesis. Like other members of the
TNF/TNFR superfamily, TNF-alpha is an intercellular
communicating molecule involved in the construction of
transient or enduring multicellular structures. The central role of
TNF-alpha is to initiate the inflammatory reactions of the innate
immune system. While TNF-alpha is a critical component of innate
and adaptive immunity, this cytokine can cause chronic
inflammation, and when high acute concentrations are generated,
it can trigger septic shock (Ma, 2001; Balkwill, 2006). Tumor
necrosis factor (TNFSL) superfamily ligands and receptors have
distinct structural features that link them to cell growth, cell survival,
or cell death. Some of these can activate inflammatory and apoptotic
pathways, depending on target cell types and other extrinsic stimuli.
Many of the TNF receptor superfamily molecules are expressed in
cells of the immune system, which may be central to autoimmune
and inflammatory diseases, as well as cancer.

This study aimed to examine the biocompatibility of a hydrogel,
derived from the extracellular matrix of equine tendons, using an in
vivomodel. We developed a biomaterial for injection into the horse’s

dermis and monitored heart rate, body temperature, and pain
sensitivity for 56 days post-application. Dermis samples from the
application site were collected on days 7, 14, and 56 post-application
to assess adherence progression and biocompatibility.

2 Material and methods

2.1 Experimental design

Six healthy mixed-breed horses were used in this study, with a
mean age of 12,6 years and mean weight of 354,2 kg. Health status
was confirmed by physical and lab examination. They remained in
sand paddocks measuring 15 × 15 m2, receiving feed consisting of
pre-dried ad libitum and laminated feed once a day.

2.2 Preparation of hydrogel derived from
equine tendon extracellularmatrix (ET-ECM)

Equine superficial digital flexor tendons (SDFT) were
obtained from animals euthanized for non-septic reasons that
did not involve the musculoskeletal system. Immediately after
euthanasia, 10 cm of the SDFT were surgically excised from the
metacarpal/metatarsal region aseptically and immediately placed
in 1% buffer saline solution (PBS) with antibiotic and
antimycotic (PAA Laboratories, Waltham, Massachusetts -
United States of America) at 1% for up to 12 h in the
refrigerator. The SDFT were dissected to eliminate adjacent
connective tissue and fragmented into 1 cm to be frozen
at −80°C until the next stage.

Decellularization of tendon fragments was performed as
described by Burk et al. (2014) (Burk et al., 2014). Initially,
the fragments underwent five cycles of 2 min of freezing in
liquid nitrogen and thawing for 10 min in PBS. After this

FIGURE 1
Representative images where (A) represents the syringes filled with 2 mL of hydrogel derived from equine tendon extracellular matrix; (B) represents
the positioning of the needle in the correct application site, positioning in the subcutaneous region of the neck; (C) represents the aspect after application
of the biomaterial; (D) represents the application of saline solution used as a control.
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process, the tendon fragments were placed in deionized water
(Mili-Q) for 48 h and sequentially incubated for 48 h in Tris
buffer (pH 7.6) with 1% Triton X-100 under constant agitation at
37°C. Finally, they were washed twice for 15 min in PBS and
incubated in culture medium (DMEM 0.1% glucose, 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin and 0.1%
gentamicin) for 12 h and then another 12 h in PBS at 37°C,
and then they were stored at −80°C for lyophilization.
Assessment of decellularization was performed by hematoxylin
and eosin (H&E) staining performed on three tendon fragments
after decellularization.

After decellularization, freeze-drying was carried out in a 100-h
cycle (Christ Gamma 2–16 LSC) to sublimate the water content of
the fragments without damaging the structure. Subsequently, the
fragments were ground in a micro knife mill (Marconi MA 048)
until the powder passed through the fine filter (0.5 mm), forming the
decellularized extracellular matrix. It was then sterilized in ethylene
oxide and stored at −20°C for later use.

Digestion of 2% ECM (20 mg/mL) was performed with 0.2%
pepsin (SIGMA–P7000) in 0.02MHCl at a pH of 2.2 for 48 h. After
this period, the pH of the solution was neutralized (7.4) by adding
0.2M NaOH (1/9 of the initially digested volume) and 10x PBS (1/
10 of the final neutralized volume) in an ice bath (Farnebo et al.,
2014). Gelation was confirmed by inverting the vial after 2 h
at 37°C.

2.3 Subcutaneous hydrogel application
procedure

Each animal (n = 6) received three applications of hydrogel in
the subcutaneous tissue of the neck region, each corresponding to a
biopsy time point (7, 14, and 56 days post-application). In addition
to the hydrogel, each animal was also administered a saline solution
(NaCl 0.9%) in the subcutaneous tissue as a control. Both the
hydrogel (HG) and control (CG) injections contained 2 mL of
solution, administered using a 3 mL syringe and an 18G
hypodermic needle. The injection site was shaved and cleaned
before the procedure (Figure 1).

2.4 Analysis of the infrared thermography
evaluation

Infrared thermographic evaluation (FLIR SC660 FlirSystems™)
of the region submitted to the application was performed before
application M0, 6, 12, and 24 h after application, then daily until
completing 7 days (M48, M72, M96, M120, M144, M168) and then
weekly until the end of the experiment (M14, M21, M28, M35, M42,
M49, M56). Twenty-4 hours before the evaluation, the trichotomy of
the region was redone to minimize the influence of the hairs on the
image, and the animals were kept for at least 40 min in a stall for
acclimatization before the examination. The camera was handheld
and positioned one and a half meters from the animals, the distance
from the device was always constant.

Two images were taken on each side of the neck and
subsequently analyzed using the Flir tool software program. The
chosen point was the center of the trichotomy of each point, defined

as the application site. To remove the influence of ambient
temperature and humidity, the “PadTemp” formula was used
according to Basile et al. (2010) (Basile et al., 2010).

2.5 Assessment of the mechanical
nociceptive threshold

The evaluation of the mechanical nociceptive threshold (MNL)
was performed using a von Frey Electronic Esthesiometer with rigid
tips and Supertips (Campden - Model I-2393) with a maximum
pressure capacity of 800 g. The threshold was measured at three
points in each evaluation site cranial, medium, and caudal, to the
central point of injection of the biomaterial. The evaluation was
performed at the same time as the thermographic examination. The
average between the evaluation points was performed for the
statistical analysis.

2.6 Assessment of heart rate, respiratory
rate, and body temperature

A physical examination was conducted to detect any initial
systemic adverse reactions to the biomaterial. This examination
included monitoring the heart rate (HR), respiratory rate (RR),
temperature, and capillary perfusion time (CPT). A digital
thermometer was used to measure the temperature, while a
stethoscope was employed to monitor the HR and RR. The CPT
was manually assessed. All these parameters were documented and
subsequently utilized for statistical analysis.

2.7 Biopsy collection in the hydrogel
application region

Ultrasound localization was used to perform biopsies from the
entire area at the injection site, including skin, subcutaneous tissue,
and hydrogel remnants, at 7, 14, and 56 days post-hydrogel
application. The horse was sedated with 10% Xylazine
Hydrochloride (0.8 mg/kg) for the procedure. Following
trichotomy, surgical antisepsis, and a local anesthetic block in an
inverted “L" pattern using 2% Lidocaine Hydrochloride without a
vasoconstrictor, the sample was collected. The sizes of the samples
were 7 cm × 7 cm. It was then placed in flasks containing 50 mL of
10% formaldehyde.

2.8 Sample storage

The samples intended for histological and histopathological
analyses were preserved in formalin for 24 h. Following this, they
were rinsed in a solution composed of 70% ethanol. For the purposes
of histological and immunohistochemical examination, the
specimens were subsequently stored in 70% alcohol.

A small portion of each sample was placed in Karnovisky’s
solution, fixing it for processing slides for transmission electron
microscopy according to the protocol (Graham and Orenstein,
2007).
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2.9 Histopathological analysis of the
subcutaneous region containing hydrogel
derived from equine tendon

Following the storage process outlined above, the samples were
prepared for histological slide creation through a series of steps.
Initially, the tissue was extracted from the alcohol, embedded in
paraffin, and sectioned into 4 µm slides with a microtome. These
slides were then placed in ovens to melt the paraffin and
subsequently deparaffinized. The slides underwent a dehydration
process involving three 5-min immersions in 100% alcohol, followed
by 5-min immersions in 95%, 90%, 80%, and 70% alcohol baths.
Afterward, the slides were rinsed in running water for 10 min,
stained with Hematoxylin for 3 min, and then rinsed again in
running water for 10 min. Post Hematoxylin staining, the slides
were stained with Eosin for 30 s and rinsed in running water to
eliminate any excess. Following staining, the slides were rehydrated
through three 100% alcohol baths, a bath of alcohol combined with a
Xylol solution, and three baths of PA xylene. Upon completion of
this process, the slides were finalized with Permount. Each slide
stained with H&E was photographed at 5-, 10-, 20-, and 40-times
magnification and assessed for the presence of cell infiltrate,
vascularity, and extravascular blood.

2.10 Immunohistochemical analysis

For immunohistochemistry analyses, fixed samples were
embedded in paraffin, and 4 µm thick sections were produced on
positively charged glass slides (StarFrost). The immunohistochemistry
process began with the deparaffinization and hydration of these
sections. Antigen retrieval was carried out in a pressure cooker at
95°C for 30 min or through three 5-min cycles in microwaves, using
citrate buffer pH 6.0 or EDTA buffer. Following antigen retrieval, the
slides were rinsed with PBS (0.1M, pH 7.4) and then incubated with a
blocking solution (5% BSA in PBS) for 1 h. Post-blocking, the sections
were incubated with anti-TNF- (TNF-R2 (L-20): sc-1074, Santa Cruz
Biotechnology, Inc. Dallas, Texas 75,220 United States of America)
and anti-IL4 (IL-4 (C-19): sc-1260, Santa Cruz Biotechnology, Inc.
Dallas, Texas 75,220United States of America), diluted in 1%BSA at a
1:100 ratio, overnight at 4°C. After incubation, the sections were
rinsed with PBS and incubated with a peroxidase-conjugated
secondary antibody diluted in the same buffer for 2 h at room
temperature. The samples were then rinsed with PBS again, and
the markings were revealed with diaminobenzidine (DAB). The
samples were counterstained with hematoxylin to mark the
nucleus and enhance visualization under a light microscope.
Following development, the slides underwent assembly and were
finalized. For the negative control, the primary antibody was
replaced with the immunoglobulin of the species from which the
primary antibody was derived, at a 1:100 dilution. Slides were
analyzed using a Leica DM2500 microscope and images were
captured using a Leica DMC2900 camera and Leica Qwin image
analysis software version 3.1. The blinded review was performed by
omitting from the observers the slide group (control vs. treated) and
the animal numbers. The IHC evaluation was performed by a semi-
quantitative analysis, conducted by two independent observers
(Grisoni Sanchez et al., 2023).

2.11 Characterization of the hydrogel in vivo
by transmission electron microscopy
analysis

During the experiment, samples were collected and sectioned into
fragments no larger than 2 mm. These fragments were then fixed in
Karnovsky solution for a minimum of 3 hours at room temperature.
Following fixation, the samples were rinsed in a 0.1M phosphate buffer
with a pH of 7.3. The material was then submerged in osmium
tetroxide. After 2 hours, the material was rinsed with distilled water
and immersed in 0.5% uranyl acetate. The samples were subsequently
dehydrated using a graded series of acetone. Upon completion of
dehydration, the material was placed in a 1:1 mixture of Araldite® resin
and 100% acetone. The samples were then embedded in pure resin. The
area of interest was selected, and the blocks were trimmed to minimize
the surface area, enabling the creation of ultrathin sections (90 nm).
The sections were then contrasted using a saturated solution of uranyl
acetate in 50% alcohol, followed by lead citrate. Finally, the prepared
slides were examined under a transmission electron microscope.

2.12 Statistical analysis

Statistical analyses and graphing were conducted using the
GraphPad Software program (Graph Prism 8.0.1, Boston, MA
02110, United States of America). The Shapiro-Wilk test was
employed to assess data for normality, followed by a one-way
ANOVA or Kruskal–Wallis test for group comparisons. The
Bonferroni test or Dunn’s multiple comparisons test was utilized
for moment evaluations. Significance was assigned when p < 0.05.

3 Results

3.1 Thermography

Figure 2 presents a thermographic evaluation of the hydrogel
insertion site at various time intervals, utilizing the FLIR SC660
(FlirSystems™). A temperature increase was observed at the
hydrogel application site in the treated group, specifically at
6 and 12 h post-application (31.33°C ± 0.17; 35.31°C ± 0.38),
compared to the control group (30.10°C ± 0.18; 34.05°C ± 0.28)
(p < 0.05) (Figure 3). This indicates a reaction to the biomaterial
during this period.

3.2 Assessment of the mechanical
nociceptive threshold

The electronic Von Frey method, used for mechanical
nociceptive evaluation, facilitates the measurement of local
pressure sensitivity up to a maximum of 800 g. Upon analyzing
the results derived from the Von Frey electronic method, no
discernible increase in local sensitivity was noted between the
control and treated groups (data not shown). Despite an
apparent increase in local sensitivity in the group treated at 6, 12,
and 24-h intervals, these increases were not statistically significant
when compared to the baseline. A decrease in sensitivity (indicating
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greater pressure tolerance) was observed 21 and 28 days post-
hydrogel application, with values of 606.9 g ± 45.3 and 584.1 g ±
55.4, respectively. These values contrast with the initial
measurements taken at 6h and 24 h post-application (164.3 g ±
82.8 and 168.9 g ± 45.4, respectively), which indicated lower
pressure tolerance (p < 0.05). This suggests that, within the first
24 h, the sites where the biomaterial was applied exhibited increased
sensitivity (Figure 4).

3.3 Physical exam

Throughout the experiment, the animals exhibited variations in
heart rate, respiratory rate, and temperature. However, these

remained within the reference values deemed normal for the
equine species. These fluctuations were associated with
environmental and management factors, rather than the
implantation of the biomaterial.

3.4 Histopathological analysis

Figure 5 presents the histopathological analysis of skin and
subcutaneous tissues in both control samples and those treated
with the biomaterial after 7, 14, and 56 days. The slides were stained
with Hematoxylin and Eosin (H&E), enabling the observation of
various lesions and inflammatory infiltrates within the dermis of the
examined samples. The connective tissue exhibited moderate to

FIGURE 2
Representative images of thermographic monitoring; (1A) represents the right side of the neck and (1B) represents the left side of the neck at 0 h,
pre-application of the biomaterial; (2A) represents the right side with two hydrogel applications at the time 7 days post application; (2B) represents the left
side with a hydrogel application and a saline application as a control; (3A) represents the right side after the first biopsy (done at time 7 days) with a
remaining application of hydrogel at time 14 days; (3B) represents the left side after control biopsy (done at day 7) andwith a remaining application of
hydrogel at day 14.

FIGURE 3
Evaluation of the temperature at the application site, in the treated and control groups at different evaluation times. Data is represented by the
mean ± standard error of the mean; “*” represents statistical difference when p < 0.05.
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severe hemorrhage, cell infiltration, phagocytosis of red blood cells,
and the presence of lymphocytes. These lesions became apparent
after 7 days of biomaterial application (Figure 5.2A-D). However,
after 14 days, no hemorrhage or immune system cell infiltration

exceeding the expected level for the tissue was observed
(Figure 5.3A-D). It was noted that 14 days post-biomaterial
application, the tissue displayed regenerated regions exhibiting
normal dermis characteristics. These included evenly arranged,

FIGURE 4
Assessment of themechanical nociceptive threshold of the treated group at different assessment times. Data is represented by themean ± standard
error of the mean; “*” represents statistical difference when p < 0.05.

FIGURE 5
Representative images of the hematoxylin and eosin slides made with the material collected in the biopsies. Images (1A–D) represent control
samples at 5x, 10x, ×20, and ×40 magnifications. Images (2A–D) represent samples from 7 days at 5x, 10x, ×20, and ×40 magnifications. Images (3A–D)
represent samples from the 14th day at 5x, 10x, ×20, and ×40 magnifications. Images (4A–D) represent samples from the 56th day at 5x, 10x, ×20,
and ×40 magnifications. Blue arrows indicate collagen fibers and black arrows indicate macrophages phagocytosing red blood cells.
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unbroken blood vessels, active fibroblastic cells (with decondensed
nuclei and high activity), and collagen fibers organized according to
standard skin histology.

3.5 Immunohistochemistry analysis

Immunohistochemical analyses were performed on skin samples
at the site where the hydrogel was applied. Samples from animals at 7,
14, and 56 days after application of the biomaterial were submitted to
Immunohistochemistry for inflammation markers for IL-4 and TNF-
alpha. Little positive reactivity was observed for IL-4 and TNF-alpha
immunostaining in the samples of the group 7 days after application
of the biomaterial; the control samples did not show staining.

On day 14, both the biomaterial samples and the control group
tested positive for TNF-alpha immunostaining. However, only the
biomaterial samples showed positive immunohistochemical reactions
for IL-4; no labeling was detected in the control group. By day 56, the
group treated with the biomaterial exhibited increased positive
immunostaining for both IL-4 and TNF-alpha (Table 1).

Representative images of TNF-alpha (Images 6A-B) and IL-4
(Images 6C-D) expression were represented in Figure 6.

3.6 Transmission electron microscopy
analysis

Upon examination of the samples under a transmission electron
microscope in M7 (Figure 7), numerous dendritic cells surrounded
by biomaterial were identified. In M14, cells phagocytosing
fragments of the biomaterial were observed (Figure 8), albeit in
significantly fewer numbers than previously noted. At the
subsequent 56 days, despite the continued presence of dendritic
cells, the biomaterial was no longer detectable adjacent to the tissue.
These findings are consistent with the images reported on
hematoxylin and eosin slides.

4 Discussion

In this study, the compatibility of a hydrogel derived from an
ECM of an equine tendon inserted in the subcutaneous region of
horses was verified. We verified that there was an acute
inflammation and sensitivity at the site, but there was no
rejection of the biomaterial after 56 days of the experiment.

The implantation of a decellularized extracellular matrix
hydrogel is a promising biomaterial for in vivo use (Farnebo
et al., 2014). It is common to observe a local temperature
increase after hydrogel application. The increase in surface
temperature at the application site represents a defense
mechanism response, characterized by a local inflammatory
process, with changes in blood flow, increased permeability of
blood vessels, and migration of fluids, proteins, and defense cells
from the circulation to the site of tissue injury (Anderson et al., 2008;
Basile et al., 2010; Browne and Pandit, 2015). Measured by
thermography, the increase in temperature was one of the
indicators of this inflammatory process.

In addition to changes in temperature, other parameters were
used to detect other signs of inflammation, such as changes in local
sensitivity, on palpation and increase in volume on inspection,
resulting from the inflammatory process. The measurement of
local sensitivity was performed in various ways, from palpation
to the use of electronic pressure algometry. However, to minimize
the subjectivity of the evaluation, the use of electronic pressure
algometry was the most indicated, thus being able to identify, with a
more objective parameter, the nociceptive thresholds of local
sensitivity, per unit in grams (Visser et al., 2019).

In the present study carried out with the use of electronic
pressure algometry, the mechanical nociceptive threshold was
lower in the first hours after application (6 and 12 h), with
greater resistance of the animals to allow the application of
pressure through the rigid tip, which coincided with the acute
local reaction. This was also characterized by edema and
increased skin temperature. It is important to remember that the
evaluation using algometry needs to take into account several
factors, such as tissue thickness and character, anatomical
location, as well as areas with less tissue thickness, notably
regions with less muscle (Pongratz and Licka, 2017). Therefore,

TABLE 1 Immunohistochemistry results.

Animals Time (days) Grups IL-4 TNF-alfa

1 7 Control Negative Negative

2 Control Negative Negative

1 Treated Negative Negative

2 Treated 1+ Negative

3 Treated Negative Negative

4 Treated Negative 1+

5 Treated Negative 1+

6 Treated Negative Negative

4 14 Control Negative 2+

5 Control Negative 1+

1 Treated 1+ 1+

2 Treated Negative 1+

3 Treated 1+ 1+

4 Treated 2+ 2+

5 Treated Negative 2+

6 Treated 1+ Negative

3 56 Control Negative 1+

6 Control Negative 2+

1 Treated 1+ 2+

2 Treated 1+ 2+

3 Treated 1+ Negative

4 Treated 2+ 3+

5 Treated 1+ 2+

6 Treated 1+ 2+
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FIGURE 6
Representative immunohistochemical images of TNF-alpha and IL-4 expression. (A) TNF-alpha: score 1+; (B) TNF-alpha: score 3+ (insert from a
well-marked area); (C) IL-4: score 1+; (D) IL-4 score 2+.

FIGURE 7
Representative transmission electron microscopy images of the moment 7 days after application of the biomaterial; Black arrows indicate
inflammatory cells.
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all measurements were evaluated by a qualified professional to
maintain uniformity in the results.

The mechanical nociceptive threshold assessment was
complemented with other parameters such as changes in skin
temperature, muscle hypertonicity, and imaging tests, which
increased the accuracy of the test (Haussler, 2020). The
experiment carried out included physical analyses to monitor
changes related to reactions to the biomaterial. The increase in
body temperature at 12 h indicates the presence of inflammation
resulting from the implantation of the biomaterial (Bundgaard et al.,
2018). The HR, FR, and TPC parameters remained within the
physiologically normal range of the species. The reaction to the
hydrogel was considered moderate but transient.

The innate immune system functions to identify potential threats to
an organism and break them down into smaller particles for elimination.
However, this mechanism is not highly effective against foreign bodies.
The foreign body reaction comprises five stages: protein adsorption,
acute inflammation, chronic inflammation, giant cell formation, and
fibrous capsule formation (Klopfleisch and Jung, 2017).
Histopathological analysis revealed signs of acute inflammation,
including hemorrhage and the migration of neutrophils,
polymorphonuclear cells, and macrophages. However, no signs of
chronic inflammation, such as the formation of a fibrous capsule that
isolates the biomaterial from the host tissue, were observed. This reaction
to biomaterials is undesirable (Klopfleisch and Jung, 2017).

The acute inflammation that occurred is in line with basic
literature data, a rapid response to a noxious agent that carries
host defense mediators, increasing local blood flow, and allowing

plasma proteins and leukocytes to leave the circulation (Kumar et al.,
2014). This cell migration was observed in previous studies
(Carvalho et al., 2020). In our study, it was possible to identify
inflammatory cells and hemorrhage 7 days after implantation. No
fibrous capsule formation was observed, which could lead to
rejection of the implant by the host. In the following moments,
14 and 56 days after application, the presence of inflammatory cells
was not observed at the same intensity. There was the presence of
neovascularization at the site, a fact that was also reported in
previous studies (Carvalho et al., 2020).

Biomaterials are deemed biocompatible if both acute and
chronic inflammatory reactions cease within 2 weeks. Prolonged
acute inflammatory processes, persisting beyond this timeframe,
may suggest the presence of chronic inflammation or potential
infections (Sheikh et al., 2015).

Immunostaining for IL-4 and TNF-alpha was detected in cells
adjacent to the basement membrane, keratinocytes, and hair
follicles. Employing TNF-alpha and IL-4 in this technique, as
opposed to specific antibodies for the macrophage cell
membrane, could potentially result in cross-reactions with other
cells that produce these substances and are affected by their actions,
as previously noted (Zhu et al., 2015; Ho and Miaw, 2016; Liu et al.,
2016). Future analyses can be carried out to verify the expression of
the cytokine IL-1 beta, a potent pro-inflammatory cytokine that is
crucial for host-defense responses to infection and injury (Van den
eeckhout et al., 2021).

Upon comparing the results of Immunohistochemistry with
those of hematoxylin and eosin slides, a disparity was observed.

FIGURE 8
Representative transmission electron microscopy images. Images (A,B) represent the moment 14 days after the application of the biomaterial;
Images (C,D) represent the control group. Cell phagocytosing (black arrow) the biomaterial (white arrow).
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The markers for IL-4 and TNF-alpha were more prevalent on the
56th day, whereas inflammatory cells were scarce in the histological
sections at the same time point. This discrepancy can be attributed to
the potential for cross-reactions of the markers with other cells
(Balkwill, 2006; Ho and Miaw, 2016; Liu et al., 2016).

Transmission electron microscopy (TEM) serves as a crucial tool
in evaluating the interactions between cellular ultrastructures and
various materials, including hydrogels, implant materials, biosensor
devices, nanopiles, nanoneedles, and electrical devices (Hansel et al.,
2020). Previous research has utilized TEM to scrutinize the integrity of
the epidermis and the dermis-epidermis junction, offering detailed
insights into the skin’s ultrastructure (Loh et al., 2018). TEM-
generated images have provided valuable information regarding
the integrity of biomaterials applied to animals over periods of 7,
14, and 56 days, and have also revealed the interaction of immune
system cells with the hydrogel. These findings offer a more
comprehensive understanding of the histological observations,
where a heightened cellular defense and hydrogel presence were
noted at the 7-day mark. At the subsequent 14-day interval,
inflammatory cells were still evident, albeit with a significantly
reduced number of hydrogel fragments. This trend continued until
the final 56-day mark, at which point neither the biomaterial nor the
previously observed cellularity could be identified.

In conclusion, the host response to the allogeneic biomaterial
utilized in this study was deemed satisfactory, with no additional
complications observed. While the occurrence of an acute local
reaction to the extracellular matrix hydrogel application remains a
challenge, it was deemed insignificant due to its disappearance
within the 14-day evaluation period and the successful
integration of the hydrogel into the recipient tissue.

The potential benefits of utilizing the tendon extracellular matrix
as a carrier for substances and stem cells warrant evaluation to
determine its prospective therapeutic applications.

5 Conclusion

The implantation of the allogeneic biomaterial resulted in an
initial inflammatory response. However, the hydrogel successfully
integrated into the adjacent tissue without any residual
inflammation, thereby confirming its biocompatibility and
bioabsorbility. This suggests its viability as a scaffold for
mesenchymal stem cells in the treatment of equine tendon injuries.
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