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Abstract: Tendon regeneration has emerged as an area of interest due to the challenging healing
process of avascular tendon tissue. During tendon healing after injury, the formation of a fibrous scar
can limit tendon strength and lead to subsequent complications. The specific biological mechanisms
that cause fibrosis across different cellular subtypes within the tendon and across different tendons
in the body continue to remain unknown. Herein, we review the current understanding of tendon
healing, fibrosis mechanisms, and future directions for treatments. We summarize recent research
on the role of fibroblasts throughout tendon healing and describe the functional and cellular hetero-
geneity of fibroblasts and tendons. The review notes gaps in tendon fibrosis research, with a focus
on characterizing distinct fibroblast subpopulations in the tendon. We highlight new techniques
in the field that can be used to enhance our understanding of complex tendon pathologies such as
fibrosis. Finally, we explore bioengineering tools for tendon regeneration and discuss future areas
for innovation. Exploring the heterogeneity of tendon fibroblasts on the cellular level can inform
therapeutic strategies for addressing tendon fibrosis and ultimately reduce its clinical burden.
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1. Introduction

Tendons attach muscles to bone and play a crucial role in the movement of the skeleton.
They are present both in the case of synovial joints, such as the flexor tendons of the
hands and feet, and in non-synovial joints, such as the Achilles, rotator cuff, and patellar
tendons [1]. This anatomical difference allows for tendons to be classified as either synovial
or non-synovial tendons (Table 1). Structurally, tendons comprise dense connective tissue
with an extracellular matrix (ECM) predominantly made of type I collagen (collagen I).
The ECM also includes proteoglycans, elastin, and glycoproteins [2]. The primary cells in
the tendon are called tenocytes, along with the tendon stem and progenitor cells, which
reside in the tendon sheath, specifically in the epitenon layer [3]. Together, these make up
90–95% of all cells in the tendon, with the remaining cells being vascular cells, synovial
cells, chondrocytes near the insertion, and smooth muscle cells [4].

Although able to withstand significant forces, tendons are often subject to chronic
overuse or acute tear injuries. The three most commonly injured tendons include the
flexor tendons of the hand, the Achilles tendon, and the tendons of the rotator cuff [5].
Together, tendon injuries account for approximately 50% of the musculoskeletal disease
burden, thus presenting an important pathology for study [6,7]. Tendon injuries can
range from tendinopathy, which is defined as tendon degeneration often believed to be
caused by microtears, to partial or complete tears [8–10]. Moreover, the tendon is a relatively
avascular tissue and has a low cell density, leading to a decreased regenerative potential [11].
Oftentimes, tendons heal with an excess of disorganized ECM deposition, also known
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as fibrosis. Fibrotic scars can be problematic for patients, as they cause pain and restrict
joint range of motion. Fibrosis can even progress to the point of contractures, where the
tendon–muscle unit is actually shortened, not by muscle contraction, but by fibrosis [12].

Table 1. Summary of types of tendons with examples.

Type of Tendon Definition/Function Key Examples

Synovial Surrounded by synovial sheath and bathed in
synovial fluid

Flexor tendons of hands
and feet

Non-synovial Surrounded by paratenon Achilles, rotator cuff tendons

Energy-storing Provide elasticity Achilles, patellar

Positional Remain stiff to transfer force to bone Supraspinatus

There are two main classification systems for tendons: synovial or non-synovial and energy-storing or positional.
Definitions and examples are listed for each. This table was summarized from Kaya et al. [13].

Little is currently known about the specific cell subtypes and mechanisms that con-
tribute to this fibrotic phenotype, and why some tendons form fibrosis or adhesions and
others do not. However, increasing work is being conducted to understand tendon fibrosis
and the roles played by various cell types, using techniques such as next-generation se-
quencing and lineage tracing. Several bioengineering solutions are also being developed
to aid in tendon regeneration or prevent fibrosis, but continued innovation in this area is
needed. In this review, we will discuss current knowledge of tendon fibrosis through the
lens of tenocyte and fibroblast heterogeneity. We conducted this review using PubMed
with search terms “tendon fibrosis”, “tendon heterogeneity”, “skin fibrosis”, and mainly
focused on papers published in the last five years.

2. Overview of Tendon Healing: Cells and Signals

As previously discussed, tendons are a common source of musculoskeletal injury. It
has been well described that after injury, tendons undergo three overlapping stages of
healing: inflammatory, fibroblastic/proliferative, and remodeling (Figure 1) [14,15]. These
stages mirror the stages of wound healing in the skin [16]. The inflammatory phase typically
lasts from days 1 to 7 and involves the migration of immune cells, erythrocytes, platelets,
and fibroblasts into the injury (Table 2). Neutrophil phagocytosis of necrotic tissue occurs in
the first 24 h, followed by a mounting inflammatory response and continued phagocytosis
by macrophages [8,17–20]. The fibroblastic, or proliferative, phase typically occurs between
days 3 and 14 and involves the proliferation of fibroblasts and production of collagen III
to provide a scaffold for migrating cells and new tissue formation [14,21]. During the
remodeling phase, which begins around day 10 and can last for months or years post-injury,
collagen III from the proliferative phase will be replaced by collagen I. Cross-linking of
collagen fibers also occurs, increasing strength and elasticity of the tendon matrix [8].

Table 2. Key cells and growth factors involved in tendon healing.

Key Players in Tendon Healing

Cell Type Primary Phase Present Primary Function Reference

Erythrocytes Early inflammatory Can be present from broken vessels Connizzo et al. [18]

Platelets Early inflammatory Clot blood vessels broke in injury, secrete PDGF Chen et al. [22]

Neutrophils First 24 h Phagocytose necrotic tissue Marsolais et al. [20]

Macrophages Inflammatory phase, typically
after neutrophils

Phagocytosis; release of growth factors to stimulate
fibroblasts, increase ECM synthesis, and decrease
ECM degradation

Marsolais et al. [20]
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Table 2. Cont.

Key Players in Tendon Healing

Cell Type Primary Phase Present Primary Function Reference

Fibroblasts

Inflammatory Migrate into site of injury

Lomas et al. [19];
Parker et al. [16]

Proliferative Deposit collagen III

Remodeling Deposit collagen I

Tenocytes Present in tendon for all phases Contribute to intrinsic tendon healing and collagen formation Nichols et al. [21]

Tendon Stem and
Progenitor Cells Present in sheath for all phases Differentiate to form mature tenocytes for tissue regeneration Harvey et al. [3]

Growth Factor
or Enzyme Primary Phase Present Primary Function Reference

PDGF Inflammatory and remodeling
Induces synthesis of IGF-I and IGF receptors; stimulate
collagen, protein, and DNA production; stimulate
macrophage migration

Chen et al. [22]

IGF-I Inflammatory and proliferative Stimulate ECM formation; stimulates migration and
proliferation of fibroblasts and tendon stem cells Miescher et al. [23]

VEGF Proliferative and remodeling Promotes angiogenesis Lin et al. [24]

TGF-β All phases Many functions including collagen production, cell viability,
promoting Scx expression Li et al. [25]

bFGF All phases Angiogenesis, cellular migration and proliferation; Promotes
expression of other growth factors Lu et al. [26]

MMPs All phases Degradation and turnover of collagen,
glycoproteins, proteoglycans Andarawis-Puri et al. [7]

Note that many cells and growth factors are present for multiple phases of healing, but the predominant phase(s)
have been listed in this table. Abbreviations. ECM: extracellular matrix, PDGF: platelet-derived growth factor, IGF-
I: insulin-like growth factor-I, VEGF: vascular endothelial growth factor, TGF-β: transforming growth factor-beta,
Scx: scleraxis, bFGF: basic fibroblast growth factor, MMPs: matrix metalloproteinases.

Several growth factors play a role in each phase of tendon healing, and a single growth
factor’s activity often continues through multiple phases (Table 2). In the inflammatory phase,
platelets clot the blood vessel injury site immediately following injury and release platelet-
derived growth factor (PDGF) and insulin-like growth factor I and II (IGF-I and IGF-II). PDGF
plays its most significant role in this early stage by inducing the expression of additional
growth factors and recruiting macrophages [22]. Macrophages and neutrophils, which
migrate into the tissue, also release a cocktail of cytokines. Leukocytes, which migrate in,
release basic fibroblast growth factor (bFGF), promoting cellular proliferation and migration,
angiogenesis, and the excretion of other factors during all three phases [24,26,27]. During
the proliferative phase, vascular endothelial growth factor (VEGF) promotes angiogenesis,
and IGF-I promotes proliferation and migration of fibroblasts as well as the proliferation
and differentiation of tendon stem cells [23,24]. The remodeling phase sees a continuation of
VEGF expression, as well as PDGF and IGF-I to promote additional collagen production and
the replacement of collagen III with collagen I [27].

One of the most important growth factors in tendon healing is transforming growth
factor-beta (TGF-β), which plays an important role in every stage [25,27]. In the proliferative
phase specifically, TGF-β promotes the new expression of collagen III and collagen I. TGF-β
is also responsible for inducing expression of tenogenic markers such as Scleraxis (Scx) [24].
Growth and differentiation factors 5 and 6 (GDF-5 and GDF-6), which are members of the
TGF-β superfamily, have also been shown to contribute to tendon healing as well [28,29].
Despite this healing process, the tissue formed in adults often contains fibrotic tissue, which
does not have the same structural and mechanical properties as the original tendon. TGF-β
in particular promotes fibrosis by upregulating collagen expression in the proliferative
phase, as fibrous scar tissue is made up of disorganized collagen [25].
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Figure 1. Schematic of stages of tendon healing and fibrosis and the cells involved. A normal tendon 
is made up of multiple populations of tenocytes and a tendon stem and progenitor cells in a collagen 
matrix and is surrounded by the epitenon. Macrophages have also been documented to be present 
at baseline. After injury, tendon healing and fibrosis go through three overlapping phases: inflam-
matory, fibrotic/proliferative, and remodeling. In normal tendon healing, macrophages, neutro-
phils, and fibroblasts migrate into the site of the injury during the inflammatory phase. Then, intrin-
sic tenocytes and extrinsic fibroblasts begin laying down collagen III in the proliferative phase. In 
the remodeling phase, cellularity decreases, and collagen III is replaced with collagen I. All postnatal 
tendons heal with a scar, which has a compromised structure compared to normal tendons; how-
ever, some tendons go through a process of “over-healing” following the inflammatory phase (bot-
tom row). In these fibrotic tendons, fibroblasts lay down an excess of disorganized collagen and 
other matrix proteins during the proliferative phase. During the remodeling phase, the increased 
scar is maintained by replacing collagen III with collagen I. Figure created using BioRender.com 
(accessed on 8 March 2024). 
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Figure 1. Schematic of stages of tendon healing and fibrosis and the cells involved. A normal tendon
is made up of multiple populations of tenocytes and a tendon stem and progenitor cells in a collagen
matrix and is surrounded by the epitenon. Macrophages have also been documented to be present at
baseline. After injury, tendon healing and fibrosis go through three overlapping phases: inflammatory,
fibrotic/proliferative, and remodeling. In normal tendon healing, macrophages, neutrophils, and
fibroblasts migrate into the site of the injury during the inflammatory phase. Then, intrinsic tenocytes
and extrinsic fibroblasts begin laying down collagen III in the proliferative phase. In the remodeling
phase, cellularity decreases, and collagen III is replaced with collagen I. All postnatal tendons heal with
a scar, which has a compromised structure compared to normal tendons; however, some tendons go
through a process of “over-healing” following the inflammatory phase (bottom row). In these fibrotic
tendons, fibroblasts lay down an excess of disorganized collagen and other matrix proteins during the
proliferative phase. During the remodeling phase, the increased scar is maintained by replacing collagen
III with collagen I. Figure created using BioRender.com (accessed on 8 March 2024).

Matrix metalloproteinases (MMPs) are a family of enzymes which are another important
factor in all phases of tendon healing [7]. In normal tendon development and maintenance,
MMPs process and turn over collagen and promote new fibril growth and assembly. After
injury, some MMPs degrade collagens, while others degrade glycoproteins and proteogly-
cans present in the tendons [15]. This degradation creates space for new, healthy tendon
components to be produced and remodeled [15]. However, long-term activation of MMPs
can be detrimental, because MMPs can create a low level of consistent inflammation, which
can weaken tendons and contribute to tendinopathy or rupture [30,31].

3. Intrinsic and Extrinsic Cell Types in Tendon Healing

Although tendon healing is often described in terms of the fibroblast response, both ex-
trinsic fibroblasts, which migrate into the injury and intrinsic tendon cells, called tenocytes,
are believed to contribute to tendon healing [19,32,33].

Fibroblasts are generally defined as the cells which contribute to ECM production.
While they lack a unified marker which describes the cell type, markers such as platelet-
derived growth factor receptor alpha (PDGFRα), vimentin, and CD34 have become associated
with fibroblasts [34]. Activated fibroblasts, called myofibroblasts, are typically identified
by the expression of alpha smooth muscle actin (αSMA). Fibroblasts are also sometimes

BioRender.com
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defined by their lack of markers that are indicative of another cell type [35]. Anatomically,
fibroblasts, which contribute to tendon healing, are located in the synovium and sheath of
the tendon [36].

Tenocytes are also known as tendon fibroblasts and share multiple expression markers
with extrinsic fibroblasts such as collagen I, PDGFRα, and decorin [37–39]. Like fibroblasts,
there are no specific characterizing markers for tenocytes. However, Tenomodulin (Tnmd)
is considered a typical marker for the cell type, while Scx is used as a marker of some
tenocytes and tendon progenitor cell populations [38,40]. Anatomically, the tenocytes make
up the tendon itself, as well as the endotenon and epitenon, which hold the tendon fiber
bundles together and contain progenitor cells.

Flexor tendon explants cultured in vitro demonstrate intrinsic healing capacity, as
illustrated by an increase in DNA and hydroxyproline content, representing an increase
in tenocytes and collagen, respectively [41]. In the setting of tendon injury, however, this
intrinsic regenerative capacity is often outweighed by the extrinsic fibroblasts, leading to
collagen deposition and scarring [32,33,36]. The scar or adhesion that is formed prohibits
smooth movement between the tendon and its surrounding synovium and sheath, leading
to impaired motion.

4. Heterogeneity in Fibroblast Function
4.1. Fibroblast Heterogeneity in Skin

There is growing evidence that fibroblasts are not one unified cell population but that
there is much heterogeneity between different tissues and even within each tissue [34,42,43].
Because fibroblast heterogeneity has so far been best characterized in skin, skin fibroblasts
will be discussed first. There are several ways skin fibroblasts are classified, for example,
dermal fibroblasts are often defined as either reticular or papillary [44]. This classification
is determined partly by the anatomical location, as well as the cell morphology. Reticular
fibroblasts are typically more square shaped in contrast to papillary fibroblasts, which are
more spindle shaped [45]. There are also differences in cell expression: reticular cells contain
more αSMA-positive fibroblasts and express genes associated with cytoskeletal organization
and cell motility. Papillary fibroblasts, in contrast, are more associated with immune
system response genes [45]. Another recent discovery found that there are subpopulations
of fibroblasts that have distinctly different effects on wound healing; for example, in
the dorsal skin, paraxial mesoderm-derived Engrailed-1 lineage negative cells have been
showed to contribute to regenerative, scarless healing, while Engrailed-1 lineage positive
cells contribute to fibrosis [46,47].

Despite the work that has already been performed to classify fibroblast subpopula-
tions, there remains a need for further classification of subtypes. Recent single-cell RNA
sequencing (scRNA-seq) work in skin has also challenged existing classification systems
by finding that traditional markers of both dermal reticular and papillary fibroblasts were
expressed across clusters or had very low expression. Instead, dermal fibroblasts were
clustered into six groups based on gene ontology (GO)-term analysis [44]. Continued study
of fibroblast populations, including those previously defined, will bring us closer to a
complete understanding of heterogeneity in skin and other tissues.

4.2. Fibroblast Heterogeneity in Tendons

Compared to skin, there are relatively few studies which aim to identify fibroblast
subpopulations in tendons. The studies that have been conducted mostly focus on the
“tendon fibroblasts”, or tenocytes, and potential subpopulations of this cell type. Different
studies have shown different numbers of subpopulations based on how data were clustered,
tissue type (mouse or human), and whether injured or uninjured tissue was used [3,48–52].
Moreover, the terms tenocyte and tendon fibroblast were often used interchangeably in
existing studies, and extrinsic fibroblasts were not always differentiated from tendon
fibroblasts. Thus, the language used in each study will be maintained in this review.
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By performing scRNA-seq on uninjured mouse Achilles tendon tissue, Micheli et al.
identified three fibroblast populations classified by their high expression of collagen I
component Col1a1. Subpopulations were named fibroblast 1, fibroblast 2, and junctional
fibroblasts, differentiated by the expression of osteopontin, dermatopontin, and type XXII
collagen, respectively [48]. In addition to these populations, the expression of typical tendon
fibroblast markers such as Scx, Tnmd, and Mohawk (Mkx) was evaluated for each of the
subpopulations. These markers were found to be present in some, but not all, of the
fibroblasts in the fibroblast 1 and 2 populations. Further lineage tracing studies showed
that Scx was present in developing tendons up to 2 months but was not ubiquitously
expressed in adult tendon fibroblasts. This study further reinforced the lack of a unifying
tendon fibroblast marker but determined some subpopulations worth further investigation.

Kendal et al. performed scRNA-seq and cellular indexing of transcriptomes and
epitopes sequencing (CITE-seq) on human tendons from both normal and tendinopathy
sources [49]. They identified five tenocyte subpopulations (Figure 2). All subpopulations
shared a high expression of COL1A1 and COL1A2 and were defined by specific differentially
expressed genes: microfibril associated (KRT7/SCX+), pro-inflammatory (PTX3+), pro-
fibroadipogenic progenitors (APOD+), chondrogenic cells (TPPP3/PRG4+), and smooth
muscle-mesenchymal cells (ITGA7+) [49]. While the authors discuss that some of this
subclustering could be due to sample variability among male, female, injured, and uninjured
samples, all five fibroblast types are evident in all samples. However, they suggest that
conclusive evidence about the proportions of these subpopulations cannot yet be determined.

Other studies focused on identifying tendon progenitors, for example Still et al. and
Guo et al. found seven and eight progenitor populations, respectively. Still et al. sequenced
normal and tendinopathy human tendons, and specifically described mechanically respon-
sive tendon progenitor populations (mrTPCs), pro-inflammatory TPCs (piTPCs), SLC40A1+
TPCs, and highly clonogenic TPCs defined by high NESTIN expression [50]. However,
it should be noted that these populations were determined from sequencing cells which
were extracted from tendons, grown in culture, and subjected to a stimulatory mechanical
force while in the culture system. Guo et al. harvested human tendinopathy tissue and
cultured it for two passages before fluorescence activated cell sorting for tendon-derived
stem cells (TDSCs) and scRNA-seq [51]. The eight identified populations were all a part of
the tendon microenvironment and included pathways such as inflammation, migration,
fibrosis, and ECM remodeling. The authors also specifically emphasized TDSC cluster 0,
which was identified by overexpression of AKR1C1 and CFD, and was the largest cell subset
in damaged tendons. Overall, additional care should be taken when drawing conclusions
from the sequencing of cells that were previously cultured, as the process of plating and
culturing can change their gene expression [53,54].

Harvey et al. identified three tendon cell-related clusters: tenocytes, tendon fibro-
adipoengic progenitors, and Tppp3+ progenitor cells found in the tendon sheath [3]. Teno-
cytes were identified by the expression of Fibromodulin (Fmod), Tnmd, and Thrombospondin 4
(Thbs4). Tendon fibro-adipogenic progenitors were defined by Pdgfra and Ly6a expression,
and lack of CD45, CD31, and Itga7. Finally, the tendon stem cells were defined by expression
of Lubricin (Prg4) and Tppp3. Further investigation of the Tppp3+ stem cells through lineage
tracing showed that they can proliferate and differentiate into tenocytes in response to
tendon injury. These cells are also capable of self-renewal in the sheath.

As seen in these and other studies, there is not one unified classification system
for tendon cells or their progenitors [3,48–52]. Continued use of advanced sequencing
techniques such as scRNA-seq, as well as multiomics and spatial transcriptomics, will
surely elucidate further information on tenocyte and fibroblast heterogeneity.
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Figure 2. Representative image of tenocyte subpopulations from Kendal et al. [49]. (A) Uniform
Manifold Approximation and Projection (UMAP) showing diseased, or tendinopathy, and healthy
patient samples. Eight overall cell populations and five tenocyte populations were identified. All cell
populations were present in both diseased and healthy tendon tissue. Tenocytes were defined as cells
expressing COL1A1 or COL1A2. (B) Split Violin plots displaying gene expression for diseased (black)
versus healthy (blue) tenocytes in all five subpopulations. Every dot represents an individual cell’s
gene expression level. Figure adapted from Kendal et al. [49], an open access publication.

5. Tendon Heterogeneity across the Body

The size and shape of tendons can vary based on their location in the body; for example,
the Achilles tendon is fibrous and cord-like, the rotator cuff tendons are flat and broad,
and the flexor tendons of the hand are elongated and thin [55,56]. The structure of tendons
shares many similarities with that of ligaments; both exhibit a general composition of dense
connective tissue with type I and III collagen. However, there are distinct differences in
cell content between ligaments and tendons; for example, ligaments comprise a greater
proportion of collagen III and proteoglycan [57,58].

The function of a tendon also demonstrates variability, either being classified as
energy storing or positional [13]. Energy-storing tendons, such as the Achilles and patellar
tendons, can provide elasticity when they are extended (Table 1). In contrast, positional
tendons, such as the supraspinatus tendon, are less elastic and remain stiff to transfer
force to the bone [56,59,60]. These functional distinctions can be attributed to differences
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in cellular and ECM makeup. The former group of tendons has an increased proportion
of glycosaminoglycan and water content compared to the latter group, resulting in a
softer matrix and lower tissue stiffness level, enhancing its flexibility. One study proposed
the increased elasticity seen in energy-storing tendons was due to lower interfascicular
rigidity, facilitating the repeated sliding of fascicles during movement. Furthermore, the
increased elastin content and trivalent cross-linking between collagen fibrils in energy-
storing tendons appear to prevent mechanical disruption of the tendon during activities of
high strain [61,62]. These properties thereby determine the biomechanics and locomotive
capabilities of a tendon.

The diversity in protein profile and non-collagenous components is vast, even within
tendons that share similar functions, such as the Achilles and patellar tendon [63,64]. On
the transcriptional level, tendons also differ in the expression of genes involved in cell
proliferation, extracellular matrix synthesis, and limb development. For example, the
patellar and Achilles tendons have greater expression levels of collagen I synthesis gene
Col1a1 than the supraspinatus and flexor tendons [65]. Understanding the genetic and
structural heterogeneity of tendons and the mechanisms that drive their variability is
crucial to developing therapies for tendon healing.

6. Tendon Fibrosis

Tendons have a limited regenerative capacity, largely due to their low cellularity and
vascularity [11]. Thus, tendon injuries will always heal with compromised mechanical
and structural properties when compared to the original tissue [21,66]. The deposition of
weaker, less-organized fibrotic scar tissue during healing also contributes to this change in
tendon properties. As with skin fibrosis, tendon fibrosis occurs throughout the three stages of
healing, with the main deposition of disorganized collagen and other ECM proteins occurring
during the proliferative phase (Figure 1) [21]. The scar is also maintained long term in the
remodeling phase. In tendons specifically, fibrosis is believed to be due to an imbalance of
extrinsic pro-fibrotic fibroblast populations and intrinsic regenerative tenocytes [32,36].

If the fibrotic tissue forms between the tendon and surrounding tissue, it is referred to
as an adhesion. Approximately 30% of tendon injuries lead to adhesions [15]. Adhesions
are more likely to form after injury of intrasynovial tendons, such as the flexor tendons of
the hands, compared to extrasynovial tendons, such as the Achilles and rotator cuff, due
to the limited access of vasculature inside the synovium [5]. Once an adhesion forms, it
limits the sliding motion of the tendon, thus impairing the range of motion for the affected
joint [5]. Deep adhesions can cause pain in the tendon itself, as well as loss of function,
and operative treatment to release adhesions may become necessary [67]. While this can be
helpful in restoring range of motion, additional surgeries also create an increased risk for
further fibrosis.

Current strategies for reducing adhesion formation include optimizing physical reha-
bilitation protocols; because tendons are shaped by the mechanical load at baseline, the
mechanical load during healing plays a critical role [68]. Complete immobilization after
tendon repair leads to more adhesions, while partial motion or passive motion reduces
adhesions [5,69]. Other approaches have focused on suturing techniques and grafting of
healthy tendons [14]. These techniques are useful but not sufficient to reduce or eliminate
adhesions; therefore, innovative solutions are being explored, which combine existing
techniques with biomaterials and biological anti-fibrotic targets.

7. Biomaterials and Novel Solutions to Tendon Fibrosis
7.1. Overview

The pervasiveness of tendon fibrosis has created an unmet need for novel tissue
engineering techniques. Currently, there are many approaches to create tendon regeneration
strategies, such as tissue-engineered scaffolds, injectable drug-loaded hydrogels, and anti-
adhesive biomaterials (Figure 3). These tissue-engineered solutions comprise combinations
of various biomaterials, drugs, growth factors, and stem or differentiated cells [70]. Careful
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choice or exclusion of each of these components is critical to identifying an optimal solution.
For the purposes of this discussion related to tendon fibrosis, we will briefly discuss
scaffolds and hydrogels and then focus on anti-adhesive materials.
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Figure 3. Considerations for tendon tissue engineering. Tendon tissue engineering is dependent
on multiple factors and combinations of these factors: biomaterials, engineering strategies, choice
of stem cells or mature cells, growth factors, and drugs. Abbreviations. PGA: polyglycolic acids,
PLA: polylactic acids, PCL: polycaprolactones, PLGA: poly(lactic-co-glycolic) acids, PLCL: poly
(lactil-co-captolactone) acids, ESCs: embryonic stem cells, iPSCs: induced pluripotent stem cells,
AECs: amniotic epithelial stem cells, AMCs: amniotic mesenchymal stem cells, AFCs: amniotic fluid
stem cells, UB-MSCs: umbilical cord mesenchymal stem cells, BMSCs: bone marrow mesenchymal
stem cells, ADSCs: adipose derived mesenchymal stem cells, TPSCs: tendon progenitors stem cells,
TGFβ: transforming growth factor beta, BMPs: bone morphogenetic proteins, CTGF: connective
tissue growth factor, FGFs: fibroblastic growth factors, IGF-1: insulin-like growth factor-1, VEGF:
vascular endothelial growth factor, PDGFs: platelet-derived growth factor, NSAIDs: non-steroidal
anti-inflammatory drugs. Figure adapted from Citeroni et al. [70], an open access publication.
Adaptation created using BioRender.com.

The primary goal of tissue-engineered tendon repair scaffolds is to create a biocompati-
ble solution which has good mechanical properties, can be incorporated into existing tissue,
and reduces fibrosis [71]. Scaffolds can be made of natural or synthetic biomaterials and
can be loaded with growth factors or other drugs to promote tendon healing [19,72]. One
study used a poly-lactic-co-glycolic acid (PLGA) backbone layered with a heparin/fibrin-
based delivery system and contained both adipose-derived mesenchymal stem cells and
platelet-derived growth factor-BB (PDGF-BB). The study confirmed cell viability and drug
delivery in vivo and is a great example of the way biomaterials can be combined with cells
and growth factors to target tendon regeneration [73]. In terms of injectable treatments,
hydrogels are widely used because they are biodegradable and resemble the physical
properties of biological tissue, such that they do not interfere but still deliver the drug of
interest. Examples of hydrogels used include hyaluronic acid and bioactive glass/sodium
alginate, and delivery agents include fibromodulin and Mg2+ with curcumin [74–76].

7.2. Anti-Adhesive Biomaterials

Several anti-adhesive biomaterials have been developed, which can be used as a physical
barrier between tendons and the surrounding tissue after repair. These materials promote
intrinsic tendon healing, deliver drugs of interest, and allow for smooth gliding between
tendons and the surrounding tissue [77]. There are several categories of biomaterials used for
anti-adhesive strategies: hydrogels, electrospun fiber membranes, and absorbable films [78].

BioRender.com
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Hydrogels are beneficial because they are made up of polymers, which can be mod-
ulated to control mechanical properties and biochemical degradation. One example,
Seprafilm, is a sodium hyaluronic acid and carboxymethylcellulose hydrogel, which has
been shown to significantly decrease adhesion formation compared to the control, where
only sutures were placed [79,80]. However, in general, Seprafilm and other technologies
still do not fully eliminate fibrosis, and better solutions are still being explored. Hydrogels
are also immensely useful because they can be loaded with tendon growth factors or anti-
fibrotic drugs such as 5-fluorouracil or corticosteroid [81,82]. However, the dosing of these
drugs must be carefully determined, or adhesions may instead increase. Another drawback
of hydrogels is that they may be degraded or washed out more easily than other options,
resulting in lower efficacy [78].

Electrospun fiber membranes are created by spinning a polymer using electric fields
to create a nano-sized continuous fiber [83]. They can be made of materials such as poly(l-
lactic acid) (PLLA), silk, and poly(ε-caprolactone) (PCL) and provide an advantage over
hydrogels by taking longer to degrade in vivo [78]. They also demonstrate good biocom-
patibility and have limited immune reactivity. However, electrospun fiber membranes are
more difficult to place than hydrogels, can cause an increase in tendon thickness, and can
be more costly and complicated to manufacture. For example, the electric field used to
create the fibers can disrupt the therapeutic activity of associated drugs [78].

Absorbable films can be made from either natural biological tissue, such as a decellular-
ized amnion or porcine peritoneum, or synthetic polymer films [77,84,85]. Benefits include
biocompatibility and biodegradability, as well as immune reaction reduction. One draw-
back to absorbable films is that they are more technically difficult to maneuver and place,
especially in situations of complex lesions to the tendon [78]. There is also still work to be
performed regarding optimization of their degradation rate and mechanical properties [78].

There are many other examples of tissue engineering solutions for tendon regeneration
which are too numerous to discuss in detail here. Additional examples of materials, cells,
and growth factors or drugs which are used in tissue engineering are discussed in Figure 3.
Continued study of these tissue engineering therapies will lead to improvement of tendon
healing and reduction in fibrosis.

8. Future Directions

There remain ample opportunities for improving tendon regeneration and reducing
fibrosis. Some of the key gaps in the field include better identification of tenocyte markers,
understanding of the contribution of tendon progenitor populations to tendon healing, and
elucidation of therapeutic targets for reducing fibrosis. An increasing number of studies
using sequencing technologies are being published to further understand tendon cell popu-
lations. Among these are bulk RNA sequencing and scRNA-seq, which provide data on the
transcriptome of whole tissue and the increased resolution on cell diversity within tissue,
respectively [86,87]. scRNA-seq can also be paired with assay for transposase-accessible
chromatin with sequencing (ATAC-seq) to collect both epigenetic and transcriptomic in-
formation (also known as multiomics), further deepening our understanding [49]. Finally,
spatial studies such as transcriptomics allow a detailed identification of cell populations’
spatial relationships to each other [51,88]. A new spatial proteomics technique called co-
detection by indexing (CODEX) is being expanded into multiple tissues and can provide
highly multiplexed spatial transcriptomic information [89]. Combining the continued ad-
vancement of the above-mentioned sequencing techniques with other tools such as lineage
tracing and immunohistochemistry will help us better understand the key cell populations
and how to target them.

A better investigation of the immune system’s role in tendon healing would also
greatly advance the field. Current work exploring the relationship between the M1 and
M2 phenotypes of macrophages and tendon healing is one avenue of exploring the role of
the immune system. Although a simplified explanation, M1 macrophages are generally
thought to be pro-inflammatory and shown to play a role in the inflammatory phase
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of tendon healing, while M2 macrophages are pro-regenerative and promote fibroblast
proliferation to repair the tendon [90]. A better understanding of not just macrophages
but the wider role of the immune system on tendon healing may provide novel targets for
improved healing.

With regards to creating systems to study tenocytes and tendon injury more effectively,
tenocytes are known to be difficult to maintain in in vitro culture, which means that drawing
conclusions from in vitro studies alone is difficult. Advancements in tenocyte culture
methods, for example creating better 3D culture systems which replicate in vivo conditions,
would provide additional means to study cells of interest [90]. Of course, any tissue-
engineered solution would present some drawbacks, and explant culture systems that are
being developed also present a promising way to study tendons in vitro [91]. These systems
involve placing whole tissues directly into culture for a better replication of their natural
environment during experimentation [91]. Beyond in vitro studies, conducting additional
studies in both small and large animal studies will identify targets for eventual clinical
trials. Bridging the gap between in vitro, in vivo, and clinical trials will lead to the ultimate
goal of translation of these techniques to humans and prevention of tendon fibrosis.

9. Conclusions

Despite the vast clinical burden of tendon injuries, there remains a limited under-
standing of therapeutic targets for tendon fibrosis. Both intrinsic tenocytes and extrinsic
fibroblasts play a role in healing, and fibrosis is caused by an imbalance between the intrin-
sic regenerative cells and extrinsic fibrotic cells. This fibrosis can be extremely debilitating
for patients, causing pain and limited range of motion. To address these clinical concerns,
there are a growing number of studies using sequencing technologies to identify tendon
fibroblast heterogeneity. However, there is still much to be explored, including multiomics,
spatial transcriptomics, and CODEX. To implement anti-fibrotic treatments once targets are
identified, optimal scaffold, drug delivery, and anti-adhesive tissue-engineered solutions
must be developed. A better understanding of cell subpopulations which play a role in
tendon healing and fibrosis will provide novel therapeutic targets to reduce the clinical
burden of tendon fibrosis.

Author Contributions: Conceptualization, M.F.G.; Methodology, S.E.D. and M.F.G.; Data curation,
S.E.D.; Writing–original draft, S.E.D. and B.Y.; Writing–review & editing, S.E.D., B.Y., J.B.P., M.F.G.
and M.T.L. All authors have read and agreed to the published version of the manuscript.

Funding: SED was supported by Stanford University Medical Scientist Training Program grant
T32-GM007365 and T32-GM145402.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Miller, K.; Hsu, J.E.; Soslowsky, L.J. Materials in Tendon and Ligament Repair. Compr. Biomater. 2011, 6, 257–279. [CrossRef]
2. Screen, H.R.C.; Berk, D.E.; Kadler, K.E.; Ramirez, F.; Young, M.F. Tendon Functional Extracellular Matrix. J. Orthop. Res. 2015, 33,

793. [CrossRef]
3. Harvey, T.; Flamenco, S.; Fan, C.M. A Tppp3+Pdgfra+ Tendon Stem Cell Population Contributes to Regeneration and Reveals a

Shared Role for PDGF Signalling in Regeneration and Fibrosis. Nat. Cell Biol. 2019, 21, 1490–1503. [CrossRef]
4. Kannus, P. Structure of the Tendon Connective Tissue. Scand. J. Med. Sci. Sports 2000, 10, 312–320. [CrossRef] [PubMed]
5. Thomopoulos, S.; Parks, W.C.; Rifkin, D.B.; Derwin, K.A. Mechanisms of Tendon Injury and Repair. J. Orthop. Res. 2015, 33, 832.

[CrossRef]
6. Scott, A.; Ashe, M.C. Common Tendinopathies in the Upper and Lower Extremities. Curr. Sports Med. Rep. 2006, 5, 233–241.

[CrossRef] [PubMed]
7. Andarawis-Puri, N.; Flatow, E.L.; Soslowsky, L.J. Tendon Basic Science: Development, Repair, Regeneration, and Healing.

J. Orthop. Res. 2015, 33, 780–784. [CrossRef]
8. Abate, M.; Gravare Silbernagel, K.; Siljeholm, C.; Di Iorio, A.; De Amicis, D.; Salini, V.; Werner, S.; Paganelli, R. Pathogenesis of

Tendinopathies: Inflammation or Degeneration? Arthritis Res. Ther. 2009, 11, 235. [CrossRef] [PubMed]
9. Maffulli, N.; Khan, K.M.; Puddu, G. Overuse Tendon Conditions: Time to Change a Confusing Terminology. Arthrosc. J. Arthrosc.

Relat. Surg. 1998, 14, 840–843. [CrossRef]

https://doi.org/10.1016/B978-0-08-055294-1.00218-X
https://doi.org/10.1002/jor.22818
https://doi.org/10.1038/s41556-019-0417-z
https://doi.org/10.1034/j.1600-0838.2000.010006312.x
https://www.ncbi.nlm.nih.gov/pubmed/11085557
https://doi.org/10.1002/jor.22806
https://doi.org/10.1097/01.CSMR.0000306421.85919.9c
https://www.ncbi.nlm.nih.gov/pubmed/16934204
https://doi.org/10.1002/jor.22869
https://doi.org/10.1186/ar2723
https://www.ncbi.nlm.nih.gov/pubmed/19591655
https://doi.org/10.1016/S0749-8063(98)70021-0


Biomedicines 2024, 12, 859 12 of 15

10. Gibbon, W.W.; Cooper, J.R.; Radcliffe, G.S. Sonographic Incidence of Tendon Microtears in Athletes with Chronic Achilles
Tendinosis. Br. J. Sports Med. 1999, 33, 129–130. [CrossRef]

11. Bobzin, L.; Roberts, R.R.; Chen, H.J.; Crump, J.G.; Merrill, A.E. Development and Maintenance of Tendons and Ligaments.
Development 2021, 148, dev186916. [CrossRef] [PubMed]

12. Davidson, J.R.; Kerwin, S. Common Orthopedic Conditions and Their Physical Rehabilitation. In Canine Rehabilitation and Physical
Therapy, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 543–581. [CrossRef]

13. Kaya, M.; Karahan, N.; Yılmaz, B. Tendon Structure and Classification. Tendons 2019. [CrossRef]
14. Liu, S.; Kang, Q.; Zhang, R.; Li, Y.; Bao, R.; Liu, S.; Kang, Q.; Zhang, R.; Li, Y.; Bao, R. Tendon Adhesion and Novel Solutions. In

Tendons—Trauma, Inflammation, Degeneration, and Treatment; IntechOpen: London, UK, 2022. [CrossRef]
15. Titan, A.L.; Foster, D.S.; Chang, J.; Longaker, M.T. Flexor Tendon: Development, Healing, Adhesion Formation, and Contributing

Growth Factors. Plast Reconstr. Surg. 2019, 144, 639e. [CrossRef] [PubMed]
16. Parker, J.B.; Valencia, C.; Akras, D.; DiIorio, S.E.; Griffin, M.F.; Longaker, M.T.; Wan, D.C. Understanding Fibroblast Heterogeneity

in Form and Function. Biomedicines 2023, 11, 2264. [CrossRef] [PubMed]
17. Ackerman, J.E.; Best, K.T.; O’Keefe, R.J.; Loiselle, A.E. Deletion of EP4 in S100a4-Lineage Cells Reduces Scar Tissue Formation

during Early but Not Later Stages of Tendon Healing. Sci. Rep. 2017, 7, 8658. [CrossRef]
18. Connizzo, B.K.; Yannascoli, S.M.; Soslowsky, L.J. Structure-Function Relationships of Postnatal Tendon Development: A Parallel

to Healing. Matrix Biol. 2013, 32, 106. [CrossRef] [PubMed]
19. Lomas, A.J.; Ryan, C.N.M.; Sorushanova, A.; Shologu, N.; Sideri, A.I.; Tsioli, V.; Fthenakis, G.C.; Tzora, A.; Skoufos, I.; Quinlan,

L.R.; et al. The Past, Present and Future in Scaffold-Based Tendon Treatments. Adv. Drug Deliv. Rev. 2015, 84, 257–277. [CrossRef]
20. Marsolais, D.; Côté, C.H.; Frenette, J. Neutrophils and Macrophages Accumulate Sequentially Following Achilles Tendon Injury.

J. Orthop. Res. 2001, 19, 1203–1209. [CrossRef]
21. Nichols, A.E.C.; Best, K.T.; Loiselle, A.E. The Cellular Basis of Fibrotic Tendon Healing: Challenges and Opportunities. Transl. Res.

2019, 209, 156–168. [CrossRef]
22. Chen, Y.; Jiang, L.; Lyu, K.; Lu, J.; Long, L.; Wang, X.; Liu, T.; Li, S. A Promising Candidate in Tendon Healing Events—PDGF-BB.

Biomolecules 2022, 12, 1518. [CrossRef]
23. Miescher, I.; Rieber, J.; Calcagni, M.; Buschmann, J. In Vitro and In Vivo Effects of IGF-1 Delivery Strategies on Tendon Healing: A

Review. Int. J. Mol. Sci. 2023, 24, 2370. [CrossRef] [PubMed]
24. Lin, M.; Li, W.; Ni, X.; Sui, Y.; Li, H.; Chen, X.; Lu, Y.; Jiang, M.; Wang, C. Growth Factors in the Treatment of Achilles Tendon

Injury. Front. Bioeng. Biotechnol. 2023, 11, 1250533. [CrossRef] [PubMed]
25. Li, H.; Luo, S.; Wang, H.; Chen, Y.; Ding, M.Z.; Lu, J.; Jiang, L.; Lyu, K.; Huang, S.; Shi, H.; et al. The Mechanisms and Functions of

TGF-B1 in Tendon Healing. Injury 2023, 54, 111052. [CrossRef]
26. Lu, J.; Jiang, L.; Chen, Y.; Lyu, K.; Zhu, B.; Li, Y.; Liu, X.; Liu, X.; Long, L.; Wang, X.; et al. The Functions and Mechanisms of Basic

Fibroblast Growth Factor in Tendon Repair. Front. Physiol. 2022, 13, 852795. [CrossRef] [PubMed]
27. Molloy, T.; Wang, Y.; Murrell, G.A.C. The Roles of Growth Factors in Tendon and Ligament Healing. Sports Med. 2003, 33, 381–394.

[CrossRef] [PubMed]
28. Aspenberg, P.; Forslund, C. Enhanced Tendon Healing with GDF 5 and 6. Acta Orthop. Scand. 1999, 70, 51–54. [CrossRef]

[PubMed]
29. Aslan, H.; Kimelman-Bleich, N.; Pelled, G.; Gazit, D. Molecular Targets for Tendon Neoformation. J. Clin. Investg. 2008, 118, 439.

[CrossRef] [PubMed]
30. Chisari, E.; Rehak, L.; Khan, W.S.; Maffulli, N. Tendon Healing Is Adversely Affected by Low-Grade Inflammation. J. Orthop.

Surg. Res. 2021, 16, 700. [CrossRef]
31. Robertson, C.M.; Chen, C.T.; Shindle, M.K.; Cordasco, F.A.; Rodeo, S.A.; Warren, R.F. Failed Healing of Rotator Cuff Repair

Correlates with Altered Collagenase and Gelatinase in Supraspinatus and Subscapularis Tendons. Am. J. Sports Med. 2012, 40,
1993–2001. [CrossRef]

32. Zhang, Q.; Yang, Y.; Yildirimer, L.; Xu, T.; Zhao, X. Advanced Technology-Driven Therapeutic Interventions for Prevention of
Tendon Adhesion: Design, Intrinsic and Extrinsic Factor Considerations. Acta Biomater. 2021, 124, 15–32. [CrossRef]

33. Wong, J.K.F.; Lui, Y.H.; Kapacee, Z.; Kadler, K.E.; Ferguson, M.W.J.; McGrouther, D.A. The Cellular Biology of Flexor Tendon
Adhesion Formation: An Old Problem in a New Paradigm. Am. J. Pathol. 2009, 175, 1938–1951. [CrossRef] [PubMed]

34. Muhl, L.; Genové, G.; Leptidis, S.; Liu, J.; He, L.; Mocci, G.; Sun, Y.; Gustafsson, S.; Buyandelger, B.; Chivukula, I.V.; et al. Single-
Cell Analysis Uncovers Fibroblast Heterogeneity and Criteria for Fibroblast and Mural Cell Identification and Discrimination.
Nat. Commun. 2020, 11, 3953. [CrossRef] [PubMed]

35. Talbott, H.E.; Mascharak, S.; Griffin, M.; Wan, D.C.; Longaker, M.T. Wound Healing, Fibroblast Heterogeneity, and Fibrosis. Cell
Stem. Cell 2022, 29, 1161. [CrossRef] [PubMed]

36. Zhao, X.; Jiang, S.; Liu, S.; Chen, S.; Lin, Z.Y.W.; Pan, G.; He, F.; Li, F.; Fan, C.; Cui, W. Optimization of Intrinsic and Extrinsic Tendon
Healing through Controllable Water-Soluble Mitomycin-C Release from Electrospun Fibers by Mediating Adhesion-Related Gene
Expression. Biomaterials 2015, 61, 61–74. [CrossRef] [PubMed]

37. Pang, X.; Dong, N.; Zheng, Z. Small Leucine-Rich Proteoglycans in Skin Wound Healing. Front. Pharmacol. 2020, 10, 501915.
[CrossRef] [PubMed]

https://doi.org/10.1136/bjsm.33.2.129
https://doi.org/10.1242/dev.186916
https://www.ncbi.nlm.nih.gov/pubmed/33913478
https://doi.org/10.1016/B978-1-4377-0309-2.00032-6
https://doi.org/10.5772/INTECHOPEN.84622
https://doi.org/10.5772/INTECHOPEN.108019
https://doi.org/10.1097/PRS.0000000000006048
https://www.ncbi.nlm.nih.gov/pubmed/31568303
https://doi.org/10.3390/biomedicines11082264
https://www.ncbi.nlm.nih.gov/pubmed/37626760
https://doi.org/10.1038/s41598-017-09407-7
https://doi.org/10.1016/j.matbio.2013.01.007
https://www.ncbi.nlm.nih.gov/pubmed/23357642
https://doi.org/10.1016/j.addr.2014.11.022
https://doi.org/10.1016/S0736-0266(01)00031-6
https://doi.org/10.1016/j.trsl.2019.02.002
https://doi.org/10.3390/biom12101518
https://doi.org/10.3390/ijms24032370
https://www.ncbi.nlm.nih.gov/pubmed/36768692
https://doi.org/10.3389/fbioe.2023.1250533
https://www.ncbi.nlm.nih.gov/pubmed/37781529
https://doi.org/10.1016/j.injury.2023.111052
https://doi.org/10.3389/fphys.2022.852795
https://www.ncbi.nlm.nih.gov/pubmed/35770188
https://doi.org/10.2165/00007256-200333050-00004
https://www.ncbi.nlm.nih.gov/pubmed/12696985
https://doi.org/10.3109/17453679909000958
https://www.ncbi.nlm.nih.gov/pubmed/10191749
https://doi.org/10.1172/JCI33944
https://www.ncbi.nlm.nih.gov/pubmed/18246194
https://doi.org/10.1186/s13018-021-02811-w
https://doi.org/10.1177/0363546512456519
https://doi.org/10.1016/j.actbio.2021.01.027
https://doi.org/10.2353/ajpath.2009.090380
https://www.ncbi.nlm.nih.gov/pubmed/19834058
https://doi.org/10.1038/s41467-020-17740-1
https://www.ncbi.nlm.nih.gov/pubmed/32769974
https://doi.org/10.1016/j.stem.2022.07.006
https://www.ncbi.nlm.nih.gov/pubmed/35931028
https://doi.org/10.1016/j.biomaterials.2015.05.012
https://www.ncbi.nlm.nih.gov/pubmed/25996412
https://doi.org/10.3389/fphar.2019.01649
https://www.ncbi.nlm.nih.gov/pubmed/32063855


Biomedicines 2024, 12, 859 13 of 15

38. Taylor, S.E.; Vaughan-Thomas, A.; Clements, D.N.; Pinchbeck, G.; MacRory, L.C.; Smith, R.K.; Clegg, P.D. Gene Expression
Markers of Tendon Fibroblasts in Normal and Diseased Tissue Compared to Monolayer and Three Dimensional Culture Systems.
BMC Musculoskelet. Disord. 2009, 10, 27. [CrossRef] [PubMed]

39. Sugg, K.B.; Markworth, J.F.; Disser, N.P.; Rizzi, A.M.; Talarek, J.R.; Sarver, D.C.; Brooks, S.V.; Mendias, C.L. Postnatal Tendon
Growth and Remodeling Require Platelet-Derived Growth Factor Receptor Signaling. Am. J. Physiol. Cell Physiol. 2018, 314,
C389–C403. [CrossRef] [PubMed]

40. Best, K.T.; Korcari, A.; Mora, K.E.; Nichols, A.E.C.; Muscat, S.N.; Knapp, E.; Buckley, M.R.; Loiselle, A.E. Scleraxis-Lineage Cell
Depletion Improves Tendon Healing and Disrupts Adult Tendon Homeostasis. Elife 2021, 10, e62203. [CrossRef]

41. Manske, P.R.; Lesker, P.A. Biochemical Evidence of Flexor Tendon Participation in the Repair Process—An In Vitro Study. J. Hand
Surg. Br. Eur. Vol. 1984, 9, 117–120. [CrossRef]

42. Lendahl, U.; Muhl, L.; Betsholtz, C. Identification, Discrimination and Heterogeneity of Fibroblasts. Nat. Commun. 2022, 13, 3409.
[CrossRef]

43. Gauthier, V.; Kyriazi, M.; Nefla, M.; Pucino, V.; Raza, K.; Buckley, C.D.; Alsaleh, G. Fibroblast Heterogeneity: Keystone of Tissue
Homeostasis and Pathology in Inflammation and Ageing. Front. Immunol. 2023, 14, 1137659. [CrossRef] [PubMed]

44. Vorstandlechner, V.; Laggner, M.; Kalinina, P.; Haslik, W.; Radtke, C.; Shaw, L.; Lichtenberger, B.M.; Tschachler, E.; Ankersmit,
H.J.; Mildner, M. Deciphering the Functional Heterogeneity of Skin Fibroblasts Using Single-Cell RNA Sequencing. FASEB J.
2020, 34, 3677–3692. [CrossRef] [PubMed]

45. Janson, D.G.; Saintigny, G.; Van Adrichem, A.; Mahé, C.; El Ghalbzouri, A. Different Gene Expression Patterns in Human Papillary
and Reticular Fibroblasts. J. Investig. Dermatol. 2012, 132, 2565–2572. [CrossRef] [PubMed]

46. Mascharak, S.; des Jardins-Park, H.E.; Davitt, M.F.; Griffin, M.; Borrelli, M.R.; Moore, A.L.; Chen, K.; Duoto, B.; Chinta, M.; Foster,
D.S.; et al. Preventing Engrailed-1 Activation in Fibroblasts Yields Wound Regeneration without Scarring. Science 2021, 372,
eaba2374. [CrossRef] [PubMed]

47. Rinkevich, Y.; Walmsley, G.G.; Hu, M.S.; Maan, Z.N.; Newman, A.M.; Drukker, M.; Januszyk, M.; Krampitz, G.W.; Gurtner, G.C.;
Lorenz, H.P.; et al. Identification and Isolation of a Dermal Lineage with Intrinsic Fibrogenic Potential. Science 2015, 348, aaa2151.
[CrossRef] [PubMed]

48. de Micheli, A.J.; Swanson, J.B.; Disser, N.P.; Martinez, L.M.; Walker, N.R.; Oliver, D.J.; Cosgrove, B.D.; Mendias, C.L. Single-Cell
Transcriptomic Analysis Identifies Extensive Heterogeneity in the Cellular Composition of Mouse Achilles Tendons. Am. J.
Physiol. Cell Physiol. 2020, 319, C885–C894. [CrossRef] [PubMed]

49. Kendal, A.R.; Layton, T.; Al-Mossawi, H.; Appleton, L.; Dakin, S.; Brown, R.; Loizou, C.; Rogers, M.; Sharp, R.; Carr, A. Multi-Omic
Single Cell Analysis Resolves Novel Stromal Cell Populations in Healthy and Diseased Human Tendon. Sci. Rep. 2020, 10, 13939.
[CrossRef] [PubMed]

50. Still, C.; Chang, W.T.; Sherman, S.L.; Sochacki, K.R.; Dragoo, J.L.; Qi, L.S. Single-Cell Transcriptomic Profiling Reveals Distinct
Mechanical Responses between Normal and Diseased Tendon Progenitor Cells. Cell Rep. Med. 2021, 2, 100343. [CrossRef]

51. Guo, J.; Tang, H.; Huang, P.; Ye, X.; Tang, C.; Shu, Z.; Guo, J.; Kang, X.; Shi, Y.; Zhou, B.; et al. Integrative Single-Cell RNA and ATAC
Sequencing Reveals That the FOXO1-PRDX2-TNF Axis Regulates Tendinopathy. Front. Immunol. 2023, 14, 1092778. [CrossRef]

52. Korcari, A.; Nichols, A.E.C.; Buckley, M.R.; Loiselle, A.E. Scleraxis-Lineage Cells Are Required for Tendon Homeostasis and Their
Depletion Induces an Accelerated Extracellular Matrix Aging Phenotype. Elife 2023, 12, e84194. [CrossRef]

53. Masur, S.K.; Dewal, H.S.; Dinh, T.T.; Erenburg, I.; Petridou, S. Myofibroblasts Differentiate from Fibroblasts When Plated at Low
Density. Proc. Natl. Acad. Sci. USA 1996, 93, 4219. [CrossRef] [PubMed]

54. Walmsley, G.G.; Rinkevich, Y.; Hu, M.S.; Montoro, D.T.; Lo, D.D.; McArdle, A.; Maan, Z.N.; Morrison, S.D.; Duscher, D.; Whittam, A.J.;
et al. Live Fibroblast Harvest Reveals Surface Marker Shift In Vitro. Tissue Eng. Part C Methods 2015, 21, 314. [CrossRef] [PubMed]

55. Benjamin, M.; Kaiser, E.; Milz, S. Structure-Function Relationships in Tendons: A Review. J. Anat. 2008, 212, 211–228. [CrossRef]
[PubMed]

56. Michener, L.A.; Kulig, K. Not All Tendons Are Created Equal: Implications for Differing Treatment Approaches. J. Orthop. Sports
Phys. Ther. 2015, 45, 829–832. [CrossRef] [PubMed]

57. Scheffler, S.U.; Unterhauser, F.N.; Weiler, A. Graft Remodeling and Ligamentization after Cruciate Ligament Reconstruction. Knee
Surg. Sports Traumatol. Arthrosc. 2008, 16, 834–842. [CrossRef] [PubMed]

58. Claes, S.; Verdonk, P.; Forsyth, R.; Bellemans, J. The “Ligamentization” Process in Anterior Cruciate Ligament Reconstruction.
Am. J. Sports Med. 2011, 39, 2476–2483. [CrossRef]

59. Thorpe, C.T.; Birch, H.L.; Clegg, P.D.; Screen, H.R.C. Tendon Physiology and Mechanical Behavior: Structure–Function Rela-
tionships. In Tendon Regeneration: Understanding Tissue Physiology and Development to Engineer Functional Substitutes; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 3–39. [CrossRef]

60. Thorpe, C.T.; Godinho, M.S.C.; Riley, G.P.; Birch, H.L.; Clegg, P.D.; Screen, H.R.C. The Interfascicular Matrix Enables Fascicle
Sliding and Recovery in Tendon, and Behaves More Elastically in Energy Storing Tendons. J. Mech. Behav. Biomed. Mater. 2015, 52,
85–94. [CrossRef]

61. Godinho, M.S.C.; Thorpe, C.T.; Greenwald, S.E.; Screen, H.R.C. Elastin Is Localised to the Interfascicular Matrix of Energy Storing
Tendons and Becomes Increasingly Disorganised with Ageing. Sci. Rep. 2017, 7, 9713. [CrossRef]

62. Thorpe, C.T.; Udeze, C.P.; Birch, H.L.; Clegg, P.D.; Screen, H.R.C. Specialization of Tendon Mechanical Properties Results from
Interfascicular Differences. J. R. Soc. Interface 2012, 9, 3108–3117. [CrossRef]

https://doi.org/10.1186/1471-2474-10-27
https://www.ncbi.nlm.nih.gov/pubmed/19245707
https://doi.org/10.1152/ajpcell.00258.2017
https://www.ncbi.nlm.nih.gov/pubmed/29341790
https://doi.org/10.7554/eLife.62203
https://doi.org/10.1016/S0266-7681(84)80005-4
https://doi.org/10.1038/s41467-022-30633-9
https://doi.org/10.3389/fimmu.2023.1137659
https://www.ncbi.nlm.nih.gov/pubmed/36926329
https://doi.org/10.1096/fj.201902001RR
https://www.ncbi.nlm.nih.gov/pubmed/31930613
https://doi.org/10.1038/jid.2012.192
https://www.ncbi.nlm.nih.gov/pubmed/22696053
https://doi.org/10.1126/science.aba2374
https://www.ncbi.nlm.nih.gov/pubmed/33888614
https://doi.org/10.1126/science.aaa2151
https://www.ncbi.nlm.nih.gov/pubmed/25883361
https://doi.org/10.1152/ajpcell.00372.2020
https://www.ncbi.nlm.nih.gov/pubmed/32877217
https://doi.org/10.1038/s41598-020-70786-5
https://www.ncbi.nlm.nih.gov/pubmed/32883960
https://doi.org/10.1016/j.xcrm.2021.100343
https://doi.org/10.3389/fimmu.2023.1092778
https://doi.org/10.7554/eLife.84194
https://doi.org/10.1073/pnas.93.9.4219
https://www.ncbi.nlm.nih.gov/pubmed/8633044
https://doi.org/10.1089/ten.tec.2014.0118
https://www.ncbi.nlm.nih.gov/pubmed/25275778
https://doi.org/10.1111/j.1469-7580.2008.00864.x
https://www.ncbi.nlm.nih.gov/pubmed/18304204
https://doi.org/10.2519/jospt.2015.0114
https://www.ncbi.nlm.nih.gov/pubmed/27136289
https://doi.org/10.1007/s00167-008-0560-8
https://www.ncbi.nlm.nih.gov/pubmed/18516592
https://doi.org/10.1177/0363546511402662
https://doi.org/10.1016/B978-0-12-801590-2.00001-6
https://doi.org/10.1016/j.jmbbm.2015.04.009
https://doi.org/10.1038/s41598-017-09995-4
https://doi.org/10.1098/rsif.2012.0362


Biomedicines 2024, 12, 859 14 of 15

63. Ishii, Y.; Deie, M.; Adachi, N.; Hazeki, O.; Okamura, N.; Sharman, P.; Yasunaga, Y.; Ochi, M. Comparison of the Protein Profiles
between the Achilles and Patella Tendon in Rats. Mater. Sci. Eng. C 2008, 28, 1319–1321. [CrossRef]

64. Steffen, D.; Avey, A.; Mienaltowski, M.J.; Baar, K. The Rat Achilles and Patellar Tendons Have Similar Increases in Mechanical
Properties but Become Transcriptionally Divergent during Postnatal Development. J. Physiol. 2023, 601, 3869–3884. [CrossRef]
[PubMed]

65. Disser, N.P.; Ghahramani, G.C.; Swanson, J.B.; Wada, S.; Chao, M.L.; Rodeo, S.A.; Oliver, D.J.; Mendias, C.L. Widespread Diversity
in the Transcriptomes of Functionally Divergent Limb Tendons. J. Physiol. 2020, 598, 1537. [CrossRef] [PubMed]

66. Thomopoulos, S.; Genin, G.M.; Galatz, L.M. The Development and Morphogenesis of the Tendon-to-Bone Insertion What
Development Can Teach Us about Healing. J. Musculoskelet. Neuronal. Interact. 2010, 10, 35. [PubMed]

67. Carmont, M.R.; Knutsson, S.B.; Brorsson, A.; Karlsson, J.; Nilsson-Helander, K. The Release of Adhesions Improves Outcome
Following Minimally Invasive Repair of Achilles Tendon Rupture. Knee Surg. Sports Traumatol. Arthrosc. 2022, 30, 1109. [CrossRef]
[PubMed]

68. Zhang, J.; Wang, J.H.C. Mechanobiological Response of Tendon Stem Cells: Implications of Tendon Homeostasis and Pathogenesis
of Tendinopathy. J. Orthop. Res. 2010, 28, 639–643. [CrossRef] [PubMed]

69. Woo, S.L.Y.; Gelberman, R.H.; Cobb, N.G.; Amiel, D.; Lothringer, K.; Akeson, W.H. The Importance of Controlled Passive
Mobilization on Flexor Tendon Healing: A Biomechanical Study. Acta Orthop. Scand. 1981, 52, 615–622. [CrossRef]

70. Citeroni, M.R.; Ciardulli, M.C.; Russo, V.; Porta, G.D.; Mauro, A.; Khatib, M.E.; Di Mattia, M.; Galesso, D.; Barbera, C.; Forsyth,
N.R.; et al. In Vitro Innovation of Tendon Tissue Engineering Strategies. Int. J. Mol. Sci. 2020, 21, 6726. [CrossRef]

71. Müller, S.A.; Todorov, A.; Heisterbach, P.E.; Martin, I.; Majewski, M. Tendon Healing: An Overview of Physiology, Biology, and
Pathology of Tendon Healing and Systematic Review of State of the Art in Tendon Bioengineering. Knee Surg. Sports Traumatol.
Arthrosc. 2015, 23, 2097–2105. [CrossRef] [PubMed]

72. Leong, N.L.; Kator, J.L.; Clemens, T.L.; James, A.; Enamoto-Iwamoto, M.; Jiang, J. Tendon and Ligament Healing and Current
Approaches to Tendon and Ligament Regeneration. J. Orthop. Res. 2020, 38, 7–12. [CrossRef]

73. Manning, C.N.; Schwartz, A.G.; Liu, W.; Xie, J.; Havlioglu, N.; Sakiyama-Elbert, S.E.; Silva, M.J.; Xia, Y.; Gelberman, R.H.;
Thomopoulos, S. Controlled Delivery of Mesenchymal Stem Cells and Growth Factors Using a Nanofiber Scaffold for Tendon
Repair. Acta Biomater. 2013, 9, 6905. [CrossRef]

74. Xu, X.; Zhang, Y.; Ha, P.; Chen, Y.; Li, C.; Yen, E.; Bai, Y.; Chen, R.; Wu, B.M.; Da Lio, A.; et al. A Novel Injectable Fibromodulin-releasing
Granular Hydrogel for Tendon Healing and Functional Recovery. Bioeng. Transl. Med. 2023, 8, 10355. [CrossRef] [PubMed]

75. Xu, H.; Zhu, Y.; Xu, J.; Tong, W.; Hu, S.; Chen, Y.F.; Deng, S.; Yao, H.; Li, J.; Lee, C.W.; et al. Injectable Bioactive Glass/Sodium
Alginate Hydrogel with Immunomodulatory and Angiogenic Properties for Enhanced Tendon Healing. Bioeng. Transl. Med. 2022,
8, 10345. [CrossRef] [PubMed]

76. Chen, B.; Liang, Y.; Zhang, J.; Bai, L.; Xu, M.; Han, Q.; Han, X.; Xiu, J.; Li, M.; Zhou, X.; et al. Synergistic Enhancement of
Tendon-to-Bone Healing via Anti-Inflammatory and pro-Differentiation Effects Caused by Sustained Release of Mg2+/Curcumin
from Injectable Self-Healing Hydrogels. Theranostics 2021, 11, 5911. [CrossRef]

77. Liu, C.; Yu, K.; Bai, J.; Tian, D.; Liu, G. Experimental Study of Tendon Sheath Repair via Decellularized Amnion to Prevent Tendon
Adhesion. PLoS ONE 2018, 13, e0205811. [CrossRef]

78. Zhou, H.; Lu, H. Advances in the Development of Anti-Adhesive Biomaterials for Tendon Repair Treatment. Tissue Eng. Regen.
Med. 2021, 18, 1–14. [CrossRef] [PubMed]

79. Menderes, A.; Mola, F.; Tayfur, V.; Vayvada, H.; Barutçu, A. Prevention of Peritendinous Adhesions Following Flexor Tendon
Injury with Seprafilm. Ann. Plast Surg. 2004, 53, 560–564. [CrossRef]

80. Yilmaz, E.; Avci, M.; Bulut, M.; Kelestimur, H.; Karakurt, L.; Ozercan, I. The Effect of Seprafilm on Adhesion Formation and
Tendon Healing after Flexor Tendon Repair in Chicken. Orthopedics 2010, 33, 164–170. [CrossRef]

81. Karaaltin, M.V.; Ozalp, B.; Dadaci, M.; Kayikcioglu, A.; Kecik, A.; Oner, F. The Effects of 5-Fluorouracil on Flexor Tendon Healing
by Using a Biodegradable Gelatin, Slow Releasing System: Experimental Study in a Hen Model. J. Hand Surg. Eur. Vol. 2013, 38,
651–657. [CrossRef]

82. Freedman, B.R.; Kuttler, A.; Beckmann, N.; Nam, S.; Kent, D.; Schuleit, M.; Ramazani, F.; Accart, N.; Rock, A.; Li, J.; et al. Enhanced
Tendon Healing by a Tough Hydrogel with an Adhesive Side and High Drug-Loading Capacity. Nat. Biomed. Eng. 2022, 6, 1167.
[CrossRef]

83. Stojanov, S.; Berlec, A. Electrospun Nanofibers as Carriers of Microorganisms, Stem Cells, Proteins, and Nucleic Acids in
Therapeutic and Other Applications. Front. Bioeng. Biotechnol. 2020, 8, 511400. [CrossRef]

84. Turner, J.B.; Corazzini, R.L.; Butler, T.J.; Garlick, D.S.; Rinker, B.D. Evaluating Adhesion Reduction Efficacy of Type I/III Collagen
Membrane and Collagen-GAG Resorbable Matrix in Primary Flexor Tendon Repair in a Chicken Model. Hand 2015, 10, 482.
[CrossRef] [PubMed]

85. Capella-Monsonís, H.; Kelly, J.; Kearns, S.; Zeugolis, D.I. Decellularised Porcine Peritoneum as a Tendon Protector Sheet. Biomed.
Mater. 2019, 14, 044102. [CrossRef] [PubMed]

86. Huang, A.H.; Galloway, J.L. Current and Emerging Technologies for Defining and Validating Tendon Cell Fate. J. Orthop. Res.
2023, 41, 2082–2092. [CrossRef] [PubMed]

87. Chen, G.; Ning, B.; Shi, T. Single-Cell RNA-Seq Technologies and Related Computational Data Analysis. Front. Genet. 2019, 10,
317. [CrossRef] [PubMed]

https://doi.org/10.1016/j.msec.2008.02.002
https://doi.org/10.1113/JP284393
https://www.ncbi.nlm.nih.gov/pubmed/37493407
https://doi.org/10.1113/JP279646
https://www.ncbi.nlm.nih.gov/pubmed/32083717
https://www.ncbi.nlm.nih.gov/pubmed/20190378
https://doi.org/10.1007/s00167-021-06767-6
https://www.ncbi.nlm.nih.gov/pubmed/34657973
https://doi.org/10.1002/jor.21046
https://www.ncbi.nlm.nih.gov/pubmed/19918904
https://doi.org/10.3109/17453678108992156
https://doi.org/10.3390/ijms21186726
https://doi.org/10.1007/s00167-013-2680-z
https://www.ncbi.nlm.nih.gov/pubmed/24057354
https://doi.org/10.1002/jor.24475
https://doi.org/10.1016/j.actbio.2013.02.008
https://doi.org/10.1002/btm2.10355
https://www.ncbi.nlm.nih.gov/pubmed/36684085
https://doi.org/10.1002/btm2.10345
https://www.ncbi.nlm.nih.gov/pubmed/36684098
https://doi.org/10.7150/thno.56266
https://doi.org/10.1371/journal.pone.0205811
https://doi.org/10.1007/s13770-020-00300-5
https://www.ncbi.nlm.nih.gov/pubmed/33150560
https://doi.org/10.1097/01.sap.0000134507.00053.1a
https://doi.org/10.3928/01477447-20100129-16
https://doi.org/10.1177/1753193412458646
https://doi.org/10.1038/s41551-021-00810-0
https://doi.org/10.3389/fbioe.2020.00130
https://doi.org/10.1007/s11552-014-9715-x
https://www.ncbi.nlm.nih.gov/pubmed/26330782
https://doi.org/10.1088/1748-605X/ab2301
https://www.ncbi.nlm.nih.gov/pubmed/31108473
https://doi.org/10.1002/jor.25632
https://www.ncbi.nlm.nih.gov/pubmed/37211925
https://doi.org/10.3389/fgene.2019.00317
https://www.ncbi.nlm.nih.gov/pubmed/31024627


Biomedicines 2024, 12, 859 15 of 15

88. Ackerman, J.E.; Best, K.T.; Muscat, S.N.; Pritchett, E.M.; Nichols, A.E.C.; Wu, C.L.; Loiselle, A.E. Defining the Spatial-Molecular
Map of Fibrotic Tendon Healing and the Drivers of Scleraxis-Lineage Cell Fate and Function. Cell Rep. 2022, 41, 111706. [CrossRef]

89. Goltsev, Y.; Nolan, G. CODEX Multiplexed Tissue Imaging. Nat. Rev. Immunol. 2023, 23, 613. [CrossRef] [PubMed]
90. Ning, C.; Li, P.; Gao, C.; Fu, L.; Liao, Z.; Tian, G.; Yin, H.; Li, M.; Sui, X.; Yuan, Z.; et al. Recent Advances in Tendon Tissue

Engineering Strategy. Front. Bioeng. Biotechnol. 2023, 11, 1115312. [CrossRef]
91. Connizzo, B.K.; Grodzinsky, A.J. Release of Pro-Inflammatory Cytokines from Muscle and Bone Causes Tenocyte Death in a

Novel Rotator Cuff In Vitro Explant Culture Model. Connect. Tissue Res. 2018, 59, 423–436. [CrossRef]

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/10.1016/j.celrep.2022.111706
https://doi.org/10.1038/s41577-023-00936-z
https://www.ncbi.nlm.nih.gov/pubmed/37653335
https://doi.org/10.3389/fbioe.2023.1115312
https://doi.org/10.1080/03008207.2018.1439486

	Introduction 
	Overview of Tendon Healing: Cells and Signals 
	Intrinsic and Extrinsic Cell Types in Tendon Healing 
	Heterogeneity in Fibroblast Function 
	Fibroblast Heterogeneity in Skin 
	Fibroblast Heterogeneity in Tendons 

	Tendon Heterogeneity across the Body 
	Tendon Fibrosis 
	Biomaterials and Novel Solutions to Tendon Fibrosis 
	Overview 
	Anti-Adhesive Biomaterials 

	Future Directions 
	Conclusions 
	References

