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Abstract

The present study aimed to evaluate the new heterologous fibrin biopolymer associated, or not, with photobiomodulation
therapy for application in tendon injuries, considered a serious and common orthopedic problem. Thus, 84 Rattus norvegicus
had partial transection of the calcaneus tendon (PTCT) and were randomly divided into: control (CG); heterologous fibrin
biopolymer (HFB); photobiomodulation (PBM); heterologous fibrin biopolymer 4+ photobiomodulation (HFB +PBM). The
animals received HFB immediately after PTCT, while PBM (660 nm, 40 mW, 0.23 J) started 24 h post injury and followed
every 24 h for 7, 14, and 21 days. The results of the edema volume showed that after 24 h of PTCT, there was no statistical
difference among the groups. After 7, 14, and 21 days, it was observed that the treatment groups were effective in reducing
edema when compared to the control. The HFB had the highest edema volume reduction after 21 days of treatment. The
treatment groups did not induce tissue necrosis or infections on the histopathological analysis. Tenocyte proliferation, granula-
tion tissue, and collagen formation were observed in the PTCT area in the HFB and HFB + PBM groups, which culminated
a better repair process when compared to the CG in the 3 experimental periods. Interestingly, the PBM group revealed, in
histological analysis, major tendon injury after 7 days; however, in the periods of 14 and 21 days, the PBM had a better
repair process compared to the CG. In the quantification of collagen, there was no statistical difference between the groups
in the 3 experimental periods. The findings suggest that the HFB and PBM treatments, isolated or associated, were effective
in reducing the volume of the edema, stimulating the repair process. However, the use of HFB alone was more effective in
promoting the tendon repair process. Thus, the present study consolidates previous studies of tendon repair with this new
HFB. Future clinical trials will be needed to validate this proposal.
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Musculoskeletal injuries place a significant burden on soci-
ety and can have a considerable impact on patient morbid-
ity and mortality. Soft tissue injuries, including tendon and
ligaments, account for 50% of these injuries [1]. Tendons are
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elongated structures, formed by dense connective tissue that
transmit muscle contraction force to the bone tissue so that it
can produce movement or simply maintain its posture. This
tissue is formed predominantly of type I collagen, produced
by tenocytes and has a triple helix structure that stretches
when subjected to tensile strength (resistance to stretching),
offering the tendon its mechanical properties [2].

Due to their complex highly organized structure, the ten-
dons are able to withstand heavy loads and stress [3]. This
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organization allows the calcaneus tendon to carry the tension
force of the gastrocnemius and soleus muscle to the cal-
caneus bone, generating plantar flexion movement. During
a physical effort, this tension is multiplied and can cause
injury [4, 5]. Thus, the evidence suggests that the tendon is
susceptible to several traumas such as micro injuries or over-
use (low energy traumas) and macro injuries (high energy
traumas) that can cause acute, chronic injuries and/or partial/
total rupture. Tendons that have a high load demand, such as
the calcaneus tendon and are usually the most affected [6].
The injury occurs mainly in men between 30 and 50 years of
age and affects professional athletes, as well as recreational
athletes. It is associated with a high incidence (average of 18
out of 100,000 people), appearing among the most common
orthopedic problems [7, 8].

The ideal treatment for acute ruptures has been debated
for a long time, with surgical and non-surgical options pre-
senting unique risks and benefits [9-11]. Some authors
report that the recurrence of injury to the calcaneus tendon
is lower when surgical treatment is performed. However,
operative treatment poses a risk of complications such as
infections [2, 12].

In this perspective, several strategies have been studied
to obtain a minimally invasive approach and minimize sur-
gical risks, such as the use of a fibrin biopolymer, which
is a hemostatic agent that can be used in several types of
operations [13]. The heterologous fibrin biopolymer (HFB),
a genuinely Brazilian bioproduct, is composed of a cryo-
precipitate extracted from buffalo blood (Bubalus bubalis)
associated with a thrombin-like enzyme extracted from rat-
tlesnake venom (Crotalus durissus terrificus). It is known
that the thrombin-like enzyme, in the presence of calcium,
acts on the fibrinogen molecule transforming it into fibrin
monomers, forming a stable clot with adhesive, hemostatic,
and sealant effects [14, 15], and more recently a scaffold
[16-19] and drug delivery system [20].

As a result, a heterologous fibrin sealant can be used in
surgical procedures as an efficient method to replace conven-
tional sutures, making the process less invasive and can still
control bleeding, thus reducing recovery time and increasing
the success rate [15, 21]. Its effectiveness has been dem-
onstrated in several tissues, for example, in the repair of
surgical wounds [22] and cartilage [23], in the reduction of
hematoma and complications in facelifts [24], in the treat-
ment of the nervous system after injuries and illnesses [25],
and in the treatment of tendon transection [14]. In addition,
the heterologous fibrin biopolymer has several advantages
such as lack of human viral transmission risk, a fast produc-
tion process, low cost, potential to act as a scaffold for stem
cells [16, 17], and as a new drug delivery system [20].

Still, a non-invasive resource that has been extensively
investigated, and has shown effective results in the repair
process, is the use of photobiomodulation therapy (PBMT).
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This therapy can be defined as the use of non-ionizing light
sources for therapeutic purposes [26]. The action of PBMT
is based on the absorption of light by the tissues, which
results in an increased expression of adenosine triphosphate
(ATP), molecular oxygen production, and transcription fac-
tors [27]. These effects can increase the synthesis of DNA,
RNA, and regulatory proteins of the cell cycle, promoting
cell proliferation [28]. In addition, PBM modulates the
expression of some inflammatory mediators and stimulates
angiogenic factors and collagen production, thus playing an
essential role in the repair process [29]. Thus, this therapeu-
tic modality has been used to stimulate tendon repair [30].
Despite the encouraging data on the potential effects of
PBM and heterologous fibrin biopolymer on tissue repair,
the association of these therapies in the treatment of tendon
rupture is not yet fully understood. Thus, it is hypothesized
that the association of fibrin biopolymer with PBM could
stimulate the tendon repair process, which would culminate
in the acceleration of this process. Therefore, the present
study aimed to evaluate the effects of heterologous fibrin
biopolymer and photobiomodulation treatments, associated
or not, in the tendon repair process after 7, 14, and 21 days.

Material and methods

For the study, 84 Rattus norvegicus belonging to the Wistar
strain, with 60 days of age (body weight 202.8 +27.2 g) were
used. The animals were kept in a light/dark photoperiod of
12 h, with a temperature of 24 + 1 °C, with free access to
water and food. The present study was approved by the Ani-
mal Use Ethics Committee.

The sample calculation was performed based on data pub-
lished in the literature to determine the number of animals
used in the study [31, 32]. Thus, it determined that a total
of 84 animals would be needed, randomized into 4 experi-
mental groups:

The groups were subdivided, in a blinded manner, into
3 experimental periods: 7, 14, and 21 days, with 7 animals
each.

Preparation of heterologous fibrin biopolymer

The HFB was kindly supplied by the Center for the Study
of Venoms and Venomous Animals (CEVAP) from Sio
Paulo State University (UNESP), Sdo Paulo, Brazil. The
product was supplied in three microtubes, namely fraction
1 (thrombin-like enzyme, 0.4 mL), fraction 2 (cryopre-
cipitated, 1 mL), and diluent (0.6 mL), that were stored
at—20 °C. Immediately before use, the components were
previously thawed, the diluent was added to fraction 1
(syringe 1), and fraction 2 was added to another syringe
(syringe 2), and then both were applied directly to the
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lesion site. The composition of the product, as well as
its use, is described in detail in the patents BR 10 2014
011,432 7 [33] and BR 10 2014 011,436-0 [34], and in
the publications by Ferreira Jr. et al. [15] and Buchaim
et al. [20].

Experimental procedure

For the surgical procedure, the animals were previously
anesthetized with an intraperitoneal injection of ketamine
hydrochloride 80 mg/kg (Agener®) and xylazine hydro-
chloride at 10 mg/kg (Syntec®). Next, trichotomy and
asepsis with 70% alcohol were performed on the right
lower leg of each animal. Next, a longitudinal incision
of approximately 2 cm was made in the animal’s skin to
expose the calcaneus tendon. Subsequently, with a sur-
gical microscope, partial transection of the tendon was
performed.

Immediately after inducing the tendon lesion, 9 pL het-
erologous fibrin biopolymer was applied to each lesion in
the animals of the HFB and HFB + PBM groups. Next,
the skin was sutured with nylon thread (Shalon 5-0) and
needle (1.5 cm) (Johnson & Johnson, St. Stevens-Woluwe,
Belgium). The animals received analgesia (0.05 mg/kg of
dornil) immediately after and within 5 days after surgery.
The health status of the rats was monitored daily.

Photobiomodulation therapy protocol

Photobiomodulation, applied to the HFB and HFB + PBM
groups, was performed with the laser 660 nm (InGaAlP)
MMOpticsTM equipment. The device has been properly
calibrated by the supplier. PBM laser applications were
performed with the laser pen positioned at 90° and a
punctual technique was used with contact, following the
parameters in Table 1. It was started 24 h after the surgical
procedure, and it was repeated every 24 h, totaling 6, 13,
or 20 applications. The samples for histological analysis
were collected 24 h after the last PBM application.

Table 1 Photobiomodulation

parameters Parameters
Wavelength (nm) 660
Energy density (J/cm?) 6
Energy (J) 0.23
Power (W) 0.04
Spot size (cm?) 0.04
Time of irradiation (s) 5.70

Power density (W/cm?) 1
Number of points 1

Edema analysis

The presence of edema in the injured paw was assessed
using an adapted paw plethysmometer. This equipment
records the volume of liquid displaced in a system of com-
municating vessels in response to the introduction of the
animals’ paw in one of the system vats. For this, the animals’
right paw was inserted in the plethysmometer up to the knee
joint, which caused the displacement of liquids to the other
reservoir capable of quantifying the volumetric change in
milliliters; thus, the equipment quantified the edema.

Edema analyses were performed at different times: The
first assessment—(AV 1)—was done immediately before the
tendon transection; the second assessment—(AV2)—was
done 24 h after the tendon transection; and the third assess-
ment—(AV3)—was performed on the day of the animals’
euthanasia (after 7, 14, and 21 days) [35]. The initial edema
value was calculated by AV2 — AV 1. The final edema value
was calculated by AV3 —AV1.

Sample collection

After each experimental period, 7, 14, and 21 days, the
animals were euthanized by an overdose of ketamine anes-
thesia (240 mg/kg) and xylazine (30 mg/kg) for subsequent
dissection of the calcaneus tendon. The tendon samples
were washed 3 to 4 times in saline solution and any type of
peripheral tissue and other visible artifacts were removed.
After collection, the pieces remained in 10% formaldehyde
solutions for fixation for 24 h. They were then washed in
running water for 24 h. Subsequently, they underwent dehy-
dration in an increasing 70%, 90%, and 100% ethyl alcohol
solution. After dehydration baths, the diaphanization of the
pieces was started in an alcohol/xylol solution (1: 1) and
then in 2 pure xylol baths. Next, the pieces were embedded
in paraffin and cut using a Spencer 820 rotating microtome
with 5-pm-thick serial cuts. The cuts were made in the lon-
gitudinal plane. From the cuts obtained, slides stained with
hematoxylin—eosin (HE) were made to perform the histo-
pathological analysis: Masson’s trichrome to quantify col-
lagen fibers.

Histopathological analyses

The histopathological analysis of the partial transection
region in the calcaneus tendon was performed using slides
stained with HE using a light microscope (Olympus, Optical
Co. Ltd, Tokyo, Japan) at an increase of X 100. The slides
were blindly classified by two experienced professionals,
according to the Bonar score, adapting the recommendations
of Fearon et al. [36].

Thus, the evaluated parameters included the arrange-
ment of the collagen fibers, cellular morphology, cellularity,
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vascularization, and accumulation of the extracellular
matrix. Each parameter was classified on a 4-point scale
(from O to 3), being 0 =normal; 1 =slightly abnormal;
2 =abnormal; and 3 =markedly abnormal. The classifica-
tion of the tissue alteration of the calcaneus tendon of each
animal was considered the sum of the scores of each of the
four categories evaluated. Consequently, the highest pos-
sible score value is 12 (twelve) for a tendon with maximum
pathological changes.

Quantification of blood vessels

The quantification of blood vessels in the tendon transection
region was performed using slides stained with HE. Twelve
different fields of the lesion were photographed using an
optical microscope (Olympus, Optical Co., Ltd, Tokyo,
Japan) with a digital camera attached (Sony DSCs75, Tokyo,
Japan) in an increase of X 100. The images were analyzed
using the ImageJ software, version 1.8 (National Institute
of Health in Bethesda), in which all blood vessels were con-
sidered. Quantification was performed by two experienced
evaluators; then, the results were compared, and the mean
of blood vessels was obtained.

Collagen quantification

Collagen quantification was performed using slides stained
with Masson’s trichrome. The region of the tendon transec-
tion was photographed in 6 different fields using an optical
microscope (Olympus, Optical Co., Ltd, Tokyo, Japan). The
images were obtained in a X 100 magnification with a digital
camera attached to the microscope (Sony DSCs75, Tokyo,
Japan).

First, the images were loaded into the MATLAB R2019a
software (MathWorks, Inc., Natick, MA, USA) and sepa-
rated into its three-color channels (red—R, green—G, and
blue—B). The ratios between the blue and red (B/R) and
green and red (G/R) channels are computed. Two masks
were generated from the threshold of 15% of the highest
intensity observed in the blue channel. The two masks were
then combined using the AND digital logic gate, so the
white region represents areas of collagen with black in the
background.

Next, the number of black pixels in each image was used
to calculate the percentage of the image area that corre-
sponded to the collagen. The number of pixels was deter-
mined and expressed as a total percentage of collagen. The
analysis was adapted from Quinn et al. [37].

Statistical analysis

The results obtained were subjected to the Kolmogo-
rov—Smirnov test to verify whether they had a normal
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distribution, then subjected to the two-way analysis of vari-
ance test (two-way ANOVA) to indicate possible differences
between treatments and experimental periods and the Tukey
test HSD to find the differences with a 5% significance level.
The statistical analysis was performed with the aid of the
SPSS 19 program (SPSS Inc., Chicago, IL, USA).

Results
Volume of edema

The results of the edema analysis are shown in Figs. 1 and 2.
The volume of initial edema observed 24 h after the induc-
tion of partial tendon transection was verified in all experi-
mental periods, 7, 14, and 21 days (Fig. 1).

Still, the analysis of the final edema volume, after the
experimental periods (7, 14, and 21 days), pointed out that
there was an interaction between the treatments and the
experimental periods (p=0.003), as well as a difference
between treatments (p <0.001) and experimental periods
(p<0.001). Thus, it was observed that the control group
had greater edema than the other groups in the three periods
evaluated. Furthermore, the statistical analysis revealed that
the HFB + PBM group exhibited a greater volume of edema
compared to the HFB group after 21 days (Fig. 2).

In addition, when we evaluated the different periods,
a significant difference was observed in the GC and HFB
groups. The volume of edema on the 7th and 14th days were
higher when compared to the 21st-day period. For the PBM
group, a significant decrease in the edema volume was veri-
fied only when comparing the periods 7 to 21 days. In the
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Fig.1 Volume of edema 24 h after partial tendon transection
in the subgroups of 7, 14, and 21 days. Control=no treatment;
HFB =heterologous fibrin biopolymer; PBM = photobiomodulation;
HFB + PBM =heterologous fibrin biopolymer associated with photo-
biomodulation
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Fig.2 Evaluation of the volume of edema after 7, 14, and 21 days.
Control =without treatment; HFB =heterologous fibrin biopoly-
mer; PBM =photobiomodulation; HFB +PBM =heterologous fibrin
biopolymer associated with photobiomodulation

HFB + PBM group, no statistical differences were observed
between different experimental periods (Table 2).

Histopathological analysis

The histological evaluation showed that after 7 days, the
control group presented an extracellular matrix (ECM) with
the presence of edema, containing few neoformed blood ves-
sels and a moderate inflammatory infiltrate. The fibroblasts
were grouped in bundles randomly arranged in different
orientations (Fig. 3A). The HFB group also observed ECM
swollen with a slight presence of inflammatory cells and
with fibroblasts arranged in poorly organized bundles and
few newly formed bloods vessels (Fig. 3B). The PBM group
presented ECM with edema and many newly formed blood
vessels and an intense presence of inflammatory cells and
randomly arranged fibroblasts (Fig. 3C). The HFB + PBM
group demonstrated ECM with edema and few newly formed
blood vessels, inflammatory cells, and fibroblasts arranged
in bundles parallel to the large axis of the tendon (Fig. 3D).

Table 2 Intragroup analysis of edema volume

Groups 7 days 14 days 21 days
Control 0.70 + 0.24° 0.65+0.15* 0.41 +0.04
HFB 0.17+0.07% 0.27+0.11* —0.04 +0.19
PBM 0.27+0.07% 0.12 +0.09 0.10+0.15
HFB +PBM 0.34+0.07 0.22+0.11 0.22+0.07

vs 21 days. Control, no treatment; HFB, heterologous fibrin biopoly-
mer; PBM, photobiomodulation; HFB+ PBM, heterologous fibrin
biopolymer associated with photobiomodulation. Mean =+ standard
deviation

After 14 days of partial tendon transection, the control
group showed a marked reduction in inflammatory activity;
few neoformed blood vessels and fibroblasts were arranged
in poorly organized bundles in an ECM that was still loose
and swollen (Fig. 3E). The HFB group revealed a denser
ECM with newly formed blood vessels, absence of inflam-
matory cells and intense presence of fibroblasts organized
in bundles parallel to the great axis of the tendon (Fig. 3F).
Likewise, the PBM group had a denser ECM with numerous
neoformed blood vessels and fibroblasts arranged in paral-
lel bundles (Fig. 3G). In addition, the HFB +PBM group
demonstrated a dense ECM with newly formed blood vessels
and intense proliferation of fibroblasts, arranged in bundles
parallel to the large axis of the tendon (Fig. 3H).

After 21 days of treatment, it was observed that the cal-
caneus tendon did not yet present a full repair process in all
experimental groups. In the control group, numerous fibro-
blasts were still arranged in bundles with different orienta-
tions and the ECM showed areas of edema (Fig. 31). In con-
trast, the HFB group revealed a dense ECM with fibroblastic
proliferation with better organization when compared to the
CG (Fig. 3J). Likewise, the PBM group exhibited dense
ECM with fibroblasts arranged in parallel and compact to
the groups (Fig. 3K). Also, in the HFB + PBM group, the
dense ECM had the presence of fibroblasts organized in par-
allel bundles (Fig. 3L).

According to the above, when applying the Bonar score,
it was observed that there was an interaction between treat-
ments and experimental periods (p <0.0001). On the 7th
day, there was a statistical difference between the control
group and all treated groups. It was also possible to observe
that the PBM showed a higher score when compared to the
HFB and HFB + PBM groups. After 14 days, the CG had a
higher score on the Bonar analysis compared to the other
groups. However, after 21 days, the CG had a higher score
when compared to the HFB, PBM, and HFB + PBM groups
(Fig. 4).

In addition, observing the different experimental periods,
it was noted that all groups showed statistical differences
when comparing the period of 7 and 21 days. Additionally,
the control group showed a statistical difference only when
comparing the period of 14 and 21 days. Still, the PBM and
HFB + PBM groups showed a decrease in the Bonar score,
that is, a higher score on the 7th and 14th days compared to
the 14th and 21st day, respectively (Table 3).

Quantification of blood vessels

In the analysis of blood vessels, it can be noted that there
was an interaction between treatments and experimental
periods (p=0.002). Likewise, the effect of treatments
(p <0.001) and experimental periods (p =0.043) was evi-
denced. Thus, it was detected that the control group had
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Fig. 3 Histological findings.
Extracellular matrix: (1) teno-
cytes. Control = without treat-
ment; HFB =heterologous fibrin
biopolymer; PBM = photobio-

modulation; HFB + PBM =het- Control
erologous fibrin biopolymer
associated with photobiomodu-
lation. H.E., x 100
HFB
PBM
HFB + PBM

a lower number of vessels when compared to the PBM
and HFB + PBM groups in the period of 7 days. Still, in
the same experimental period, it was shown that the PBM
group had a higher number of blood vessels compared to

e

Score

A
@B Contro @@ HFB 3 PBM

[ HFB + PBM

Fig.4 Bonar histological score. Control=no treatment; HFB =het-
erologous fibrin biopolymer; PBM = photobiomodulation;
HFB + PBM = heterologous fibrin biopolymer associated with photo-
biomodulation

@ Springer

the HFB group. After 14 and 21 days, the statistical analy-
sis showed that the PBM group had statistically higher
numbers of blood vessels than the other groups (Fig. 5).
For the comparison of the experimental periods, the
HFB and PBM groups showed statistical differences
between the 7 and 14 days, that is, with the largest exper-
imental period, the number of blood vessels increased.
Still, the HFB + PBM group had a higher number of blood
vessels on the 7th day when compared to the 21st day.

Table 3 Intragroup analysis of the Bonar score

Groups 7 days 14 days 21 days
Control 7.06 + 0.45% 7.27 + 0.40% 5.79+0.31
HFB 5.83+0.30% 5.63+0.20 4.88 +0.57
PBM 7.98 +0.59*  5.83 +0.20% 5.07+0.42
HFB + PBM 597 +0.36*  5.32+0.56* 5.00+0.31

4vs 21 days; bys 14 days. Control, no treatment; HFB, heterologous
fibrin biopolymer; PBM, photobiomodulation; HFB+PBM, het-
erologous fibrin biopolymer associated with photobiomodulation.
Mean =+ standard deviation
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*
60+ « T * Control 928+ 1.79 14.67+1.63  21.80+2.16
E HFB 10.71 + 3.77* 27.17 £5.23 14.50 +2.88
g PBM 34.33 + 4.84° 56.71 £3.03 47.00 +4.33
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biomodulation. Mean =+ standard deviation
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Fig.5 Quantification of blood vessels. Control=no treatment;
HFB =heterologous fibrin biopolymer; PBM = photobiomodulation;
HFB + PBM =heterologous fibrin biopolymer associated with photo-
biomodulation

Collagen quantification

In the collagen quantification, it was not possible to
observe the interaction between treatments and experi-
mental periods (p=0.956), as well as no difference
between treatments (p =0.254). Only differences between
the experimental periods were observed (p <0.001), as
can be seen in Fig. 6. It is possible to observe that the
increased collagen over time occurred independently of
the treatment group (p <0.001) (Tables 4 and 5).
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Fig.6 Collagen quantification. Control=no treatment; HFB =het-
erologous fibrin biopolymer; PBM = photobiomodulation;
HFB + PBM =heterologous fibrin biopolymer associated with photo-
biomodulation

Calcaneus tendon rupture is a frequent injury with increas-
ing incidence. The ideal treatment strategy for acute tendon
rupture remains controversial since surgical and non-surgical
methods have distinct advantages and disadvantages, which
has culminated doubts about what treatment is the most
appropriate or efficacious [9, 38, 39]. Thus, the present study
investigated the application of HFB associated with photo-
biomodulation, or not, in partial transection of the calcaneus
tendon. After 24 h of the partial transection of the tendon,
the edema analysis was performed. It is known that after an
injury or surgical procedures, an inflammatory response is
expected, so this process is performed in an attempt to per-
form local phagocytosis and repair damaged tissues. This
inflammatory process is most strongly manifested during
the first 4-6 h after trauma and inflammatory mediators
such as prostaglandins, leukotrienes, bradykinin, and oth-
ers are released and, consequently, there is an increase in
dilation and vascular permeability, resulting in edema [40,
41]. Thereby, the results of the edema volume evaluation
showed that there was no statistical difference between the
experimental groups 24 h after the injury induced. These
findings evidence that partial transection of the tendon used
promoted a similar inflammatory process in all experimental
groups.

Therefore, when the effect of treatments on edema
reduction was investigated, it was observed that the HFB

Table 5 Intragroup analysis of the collagen quantity

Groups 7 days 14 days 21 days

Control 278 +0.33% 3.68 +0.72° 3.82+1.01
HFB 2.79 + 0.44% 3.97+0.57° 4.04 +0.56
PBM 2.95+0.73% 4.08 +0.22° 4.43 +0.40
HFB + PBM 2.89 +0.61% 3.98 +0.26° 4.44+0.63

?vs 14 days and 21 days; bys 21 days. Control, no treatment; HFB,
heterologous  fibrin  biopolymer; PBM, photobiomodulation;
HFB+ PBM, heterologous fibrin biopolymer associated with photo-
biomodulation. Mean =+ standard deviation
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and PBM groups used alone or in combination were effec-
tive in reducing edema when compared to the control
group, regardless of the experimental period. In addition,
the HFB group showed a greater reduction in edema vol-
ume compared to the group that associated HFB + PBM
after 21 days.

Many studies have suggested the advantages of the bio-
modulatory effects of PBM on the inflammatory process
[42—44]. Albertini et al. [45] have demonstrated that PBM
with InGaAlIP (650 nm) can reduce edema caused by car-
rageenan inflammation in rat paw. Similarly, Marcos et al.
[46] found that PBM administered with an energy dose of 3J
significantly reduced edema formation compared to no treat-
ment. The effects of photobiomodulation in reducing edema
may be related to its ability to activate cells such as lym-
phocytes and stimulate lymphatic flow, as well as reduced
COX-2 gene expression and COX-2-derived PGE2 produc-
tion, and vascular permeability which could modulate the
inflammatory process [44, 47, 48]. Similarly, some studies
have demonstrated fibrin biopolymer on the inflammatory
process [49-51]. Giodano et al. [24] detected a significant
decrease in edema in patients treated with fibrin biopoly-
mer. These results could be related to the fact that fibrin
biopolymer is a hemostatic agent composed of fibrinogen
and thrombin and its interaction mimics the coagulation
cascade, forming a stable and adhesive clot [17, 52]. The
hemostatic, adhesive, and sealing properties of fibrin biopol-
ymer can reduce postoperative bleeding and ecchymosis by
sealing capillaries and reducing postoperative swelling [53].
Furthermore, the fibrin biopolymer forms a complex fibrin
network that can serve as a framework, as it has already been
shown to promote cell migration over its highly reticulated
structure, in addition to allowing cell proliferation without
structural deformation to occur [54].

In this context, several studies have shown that the fibrin
biopolymer had a positive effect on the tendon repair process
[55-57]. Using a new heterologous fibrin biopolymer, Frauz
et al. [14] demonstrated that this therapy is a good treatment
option due to its effectiveness in promoting tendon repair.
Still, Ferraro et al. [55, 58] developed two studies in 2005
which evaluated the effect of heterologous fibrin biopolymer
on the tendon of dogs. The first study assessed the strength
of the repaired tendon tissue, and the second study verified
its ability to promote repair. In both studies, the animals
were divided into three groups evaluated after 7, 15, and
30 days. Regarding the strength of the newly formed tendon
tissue, a progressive increase in resistance to obtain maxi-
mum strength and permanent traction and deformations was
allowed. In the second study, it was found that the use of
biopolymer modulates inflammation after 7 days, facilitating
the maturation stages of the tendon repair process.

These findings are in agreement with the results of the
present study, in which the histological analysis revealed
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that the HFB and HFB + PBM groups had a lower score
when compared to the control group in the three experimen-
tal periods, demonstrating a better tendon repair process.
However, when the number of blood vessels was evaluated,
the HFB group did not show a statistical difference com-
pared to the control group in any evaluated period. Such
findings are supported by the literature; unlike other highly
vascularized tissues, such as skin or bone, neovasculariza-
tion after injury is not necessarily a hallmark of functional
tissue repair. Instead, it is associated with degeneration as
healthy tendons are generally poorly vascularized with rela-
tively few cells embedded in an abundant collagen matrix
[59]. Thus, it is possible to suggest that the heterologous
fibrin biopolymer is capable of stimulating tendon repair.

Interestingly, the PBM group presented histological find-
ings compatible with a greater tendon injury when com-
pared to the other groups after 7 days of tendon transection.
However, after 14 and 21 days, the PBM group showed less
tendon injury when compared to the control group. Like-
wise, the PBM group had a higher number of blood ves-
sels when compared to the other groups in the 3 periods
evaluated. In view of these results, it is possible to suggest
that the parameters used for photobiomodulation were not
efficient to promote tendon repair after 7 days. These results
are supported by Arndt Schulz’s law where a very low dose
of light has no effect, and a slightly higher dose has a posi-
tive effect until a plateau is reached. However, if the light
dose is increased beyond that point, the benefit will progres-
sively decrease until the baseline is reached (no effect), and
further increases will begin to have inhibitory effects on the
tissue. This behavior of light in tissues is also known as the
dose-dependent effect [60, 61]. Still, for Sommer et al. [62],
the stimulating effect of photobiomodulation on biological
tissues is dependent on the wavelength, energy, irradiation
area, total irradiation time, and the energy density. Thus, it is
possible to suggest that, in the parameters used in the present
study, photobiomodulation promoted an effect dependent on
the dose and frequency of treatment, that is, the stimulatory
effect of photobiomodulation was only observed after 14
and 21 days of treatment. This effect may be related to the
low energy used in the present study, thus requiring several
treatment sessions to achieve a stimulatory effect. Simi-
larly, Martignango et al. [63] demonstrated that the effects
of photobiomodulation were dependent on the number of
days the animals received the treatment, with 5 consecutive
applications of PBM not being efficient in promoting tissue
viability, while 8 consecutive applications of PBM promoted
greater tissue viability.

Interestingly, the group that associated the treatments,
HFB + PBM, promoted a better repair process only when
compared to the control group. When the HFB + PBM group
was compared to the use of therapies alone (HFB and PBM),
there was no statistical difference between the groups. Thus,
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the present study demonstrated that HFB (associated or not
with PBM) was able to stimulate tendon repair. Interestingly,
the addition of PBM to the use of HFB in the treatment of
tendon injuries did not optimize the repair process. On the
other hand, the heterologous fibrin biopolymer has already
been associated with photobiomodulation to stimulate the
morphofunctional repair of the facial nerve [64] and during
the reconstruction of lesions in long bones [65, 66]. The
authors demonstrated the great potential of the association
of heterologous fibrin biopolymer and photobiomodulation
to assist the repair process of the peripheral nerve as well as
in bone reconstruction.

Still, it is well-known that the response to tendon injury
can be divided into three overlapping stages. In the inflam-
matory phase, a fibrin clot is formed to provide temporary
support where inflammatory cells phagocytize the lesion site
and tenocytes are recruited to the injured area. In the second
stage, known as the proliferative or repair stage, tenocytes
deposit a mechanically inferior temporary matrix composed
mainly of collagen III. Then, in the third and last stage,
known as the remodeling phase, collagen I synthesis begins
to dominate, and the extracellular matrix (ECM) becomes
more aligned. This phase starts 1-2 months after the injury
and can last for more than a year [67]. Given the above, it
is possible to suggest that the present study investigated the
inflammatory and proliferative phases of the repair process
which may be directly related to the amount of collagen
presented in the experimental groups.

Taken together, the results showed that HFB is a unique
fibrin biopolymer produced using heterologous blood
derivatives, and it is a promising treatment for acute tendon
rupture since it is a product that does not present a risk of
viral transmission, possesses a fast production process, is
low cost, and allows anatomical reconstruction with less soft
tissue involvement. PBM also has a potential therapeutic
resource in the treatment of tendon injuries. However, the
combination of both treatments did not promote an extra
significant effect on the tendon. Since the present study was
limited to investigating the inflammatory and proliferative
phases, information on the influence of therapies on the
remodeling phase has yet to be provided. In addition, other
photobiomodulation parameters should be investigated.

Conclusion

The findings suggest that the treatments of heterologous
fibrin biopolymer and photobiomodulation, isolated or asso-
ciated, were effective in reducing the volume of the edema,
preventing degenerative morphological alterations of the
tendon observed in the reduction of the Bonar score, provid-
ing positive contributions to the regenerative process. How-
ever, the use of HFB alone was most effective in promoting

the tendon repair process. These data consolidate previous
tendon repair studies with this new HFB and highlight the
potential of this therapy to be used as a promising effective
therapeutic strategy for the treatment of partial injury of the
calcaneus tendon. HFB was recently evaluated and approved
in a phase I/II clinical safety study [68]. Still, future clinical
trials will be necessary to validate this proposal.
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