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Am'C"e history: Adult tendon tissue demonstrates a limited regenerative capacity, and the natural repair process leaves
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mechanical, structural, and biochemical environment necessary to restore functional tissue. While nu-
merous strategies including biodegradable scaffolds, bioactive factor delivery, and cell-based therapies
have been investigated, most studies have focused exclusively on either suppressing inflammation or pro-

Keywords: moting tenogenesis, which includes tenocyte proliferation, ECM production, and tissue formation. New
Tendons biomaterials-based approaches represent an opportunity to more effectively balance the two processes
Tissue engineering and improve regenerative outcomes from tendon injuries. Biomaterials applications that have been ex-
Inflammation plored for tendon regeneration include formation of biodegradable scaffolds presenting topographical,

Tenogenesis

Seaffold mechanical, and/or immunomodulatory cues conducive to tendon repair; delivery of immunomodula-
carrolds

tory or tenogenic biomolecules; and delivery of therapeutic cells such as tenocytes and stem cells. In
this review, we provide the biological context for the challenges in tendon repair, discuss biomaterials
approaches to modulate the immune and regenerative environment during the healing process, and con-
sider the future development of comprehensive biomaterials-based strategies that can better restore the
function of injured tendon.

Statement of significance

Current strategies for tendon repair focus on suppressing inflammation or enhancing tenogenesis. Evi-
dence indicates that regulated inflammation is beneficial to tendon healing and that excessive tissue re-
modeling can cause fibrosis. Thus, it is necessary to adopt an approach that balances the benefits of regu-
lated inflammation and tenogenesis. By reviewing potential treatments involving biodegradable scaffolds,
biological cues, and therapeutic cells, we contrast how each strategy promotes or suppresses specific re-
pair steps to improve the healing outcome, and highlight the advantages of a comprehensive approach
that facilitates the clearance of necrotic tissue and recruitment of cells during the inflammatory stage,
followed by ECM synthesis and organization in the proliferative and remodeling stages with the goal of
restoring function to the tendon.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction range from chronic tendinopathy, the most common, to acute ten-
don rupture. Any natural repair that does occur leaves fibrotic scar

Tendons are dense connective tissue structures that transfer tissue with mechanical properties inferior to those of the origi-
mechanical loads between muscle and bone [1]. Tendon injuries nal tendon and a greater likelihood of adhesion formation [2]. Be-
cause tendon demonstrates a limited regenerative capacity on its
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lenging to minimize scar formation and undesirable inflammatory
responses. Like typical wound healing, tendon healing involves a
complex process comprised of three overlapping stages, threaded
with two interrelated and competing processes: inflammation and
tenogenesis, both of which can be influenced by various biomateri-
als approaches. As we discuss in this review, most studies have fo-
cused on one single aspect of either inflammation or tenogenesis,
leading to limited success in functional outcomes. Here, we first
discuss the three stages of tendon repair and the characteristics of
inflammation and tenogenesis in each stage. We then present the
effects of various biomaterials-based strategies to modulate inflam-
mation and tenogenesis. Finally, we lay out the key considerations
in designing an optimal strategy that can balance the profiles and
interaction of inflammation and tenogenesis that can collectively
promote functional tendon regeneration.

2. Inflammation response and tenogenesis during tendon
repair

2.1. Tendon structure

Human tendon is 70% water and 30% dry weight. 90% of the
dry weight is type I collagen (Col I) and a small amount of types
[I-V collagen and elastin, while the remaining 10% is comprised
of cellular components [3-5]. Accounting for 90% to 95% of cellu-
lar components are tendon fibroblasts and tenocytes, which appear
between collagen fibers and are distributed longitudinally along
the tendon [6]. Additional cells include chondrocytes, synoviocytes,
and vascular cells [6].

Tendons are typically divided into three structurally unique sec-
tions: the osteotendinous junction (OTJ), the tendon proper, and
the myotendinous junction (MT]). The tendon attaches to the bone
at the OTJ and to the muscle at the MT] [5]. The region between
the OTJ and MT]J is the tendon proper, a hierarchically bundled
structure with high degrees of alignment.

The tendon proper can be recognized as two parts, which are
not always physically distinct. The first part, the extrinsic com-
partment, is composed of paratenon, epitenon, and endotenon [7].
These tissues include nerve cells, immune cells, fibroblasts, and
vascular systems and are characterized by high expression levels
of fibronectin and laminin [7] (Fig. 1). The second part, the ten-
don core, is composed of dense paralleled Col I matrix and teno-
cytes that lie within it [8]. The tendon core provides the mechan-
ical strength to the tendon. Tenocytes are a group of specialized
fibroblasts that express common tendon marker genes including
the transcription factor scleraxis (Scx) and the transmembrane gly-
coprotein tenomodulin (Tnmd) [9-11]. They are the main effec-
tor cells that maintain tendon homeostasis and do so by secret-
ing soluble tropocollagen, which crosslinks to form insoluble colla-
gen molecules [12] (Fig. 1). Damage to the tendon core significantly
hampers the mechanical properties of the tendon and leaves it vul-
nerable to injury [8,13-15].

2.2. Tendon injuries and natural tendon repair

Tendon injuries occur on a spectrum from chronic tendinopa-
thy to acute tendon rupture. Chronic tendinopathy is associated
with histological changes such as increased proteoglycan (PG) and
glycosaminoglycan (GAG) content, enhanced cellularity and vas-
cularity, and collagen misalignment, but shows no visible tear-
ing at the macroscopic level. Acute tendon rupture occurs di-
rectly due to contusion or laceration or indirectly due to acute
tensile overload [16]. Acute injury can lead to a loss of motion
in the tendon and is often preceded by the same degenerative
factors seen in tendinopathy: extreme loading, aging, and oxida-
tive stress [2,17]. Following injury to the tendon, the two types
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of healing that can occur are intrinsic and extrinsic. Their rela-
tive involvement depends on tendon location, trauma severity, and
postoperative mobilization. Intrinsic healing follows mild injuries
that leave the epitenon intact and, compared to extrinsic healing,
provides superior mechanical properties with fewer complications
[2]. The cells that participate in intrinsic healing derive from the
parenchyma and endotenon [18]. Extrinsic healing is initiated fol-
lowing epitenon damage and involves cells recruited from adjacent
tissues including the epitenon and paratenon as well as circulat-
ing cells [19,20]. Because severe complications mainly result from
injuries involving extrinsic healing, we focus on this mechanism,
which occurs in three overlapping stages: inflammation, prolifera-
tion, and remodeling [2,21,22] (Fig. 2).

The inflammation stage begins immediately after the injury and
lasts about one to two weeks. Injured blood vessels in the ex-
trinsic compartment first form a hematoma that releases various
chemokines such as vasodilators and proinflammatory molecules
from the injured tendon and adjacent tissues [17,23]. Chemokines
attract inflammatory cells such as neutrophils and monocytes to
migrate to the wound site and clear necrotic substances by phago-
cytosis. Tendon-resident macrophages act as immune sentinels,
recognizing damage-associated molecular patterns (DAMPs) due to
tissue damage and becoming activated via downstream cytokine
signaling [24]. In addition, infiltrating macrophages are thought
to be recruited by activation of the stromal and resident immune
cells, which represent a homeostatic inflammatory response [24].
In this stage, M1 macrophages are predominant and clear apop-
totic tenocytes from the injured area. Tenocytes in the tendon core
around the injury site, fibroblasts from the extrinsic compartment,
and some circulating cells including progenitor cells migrate to the
injury site [19,20]. Recruited fibroblasts begin to synthesize various
components of the extracellular matrix (ECM), and angiogenic fac-
tors promote the formation of vascular networks. With the gradual
restoration of the ECM, the continuity and partial stability of the
injury site are primarily achieved during this stage.

The proliferative stage follows the inflammatory stage and oc-
curs over several weeks. During this phase, macrophages are grad-
ually polarized towards the M2 phenotype. Ablation studies of
liver, skin, and tendon have shown that M1 macrophages promote
the repair process and inflammation in the early stages after in-
jury, while M2 macrophages inhibit inflammation and eliminate
scarring in later stages [25,26]. The most prominent feature of the
proliferative stage is that tenocytes and fibroblasts synthesize and
deposit on the wound large amounts of collagen, mainly randomly
arranged type III collagen (Col III), and other ECM components [27].
In this phase, the tendon has a typical scar-like appearance and
contains abundant cellular components, water, ECM, and vascu-
lar networks. Mesenchymal stem cells (MSCs) and fibroblasts from
various sources also enter the injury site, participate in early heal-
ing of tendons, and secrete growth factors to regulate the healing
process [28,29]. Fibroblasts from the extrinsic compartment, char-
acterized by expression of fibronectin and laminin, migrate faster,
proliferate quicker, and differentiate more rapidly into myofibrob-
lasts compared to cells from the tendon proper. Some studies sug-
gest that some of these migrating fibroblasts may represent a ten-
don stem/progenitor cell (TSPC) feature [8,30,31]. The Scx+ cells
participating in the healing process are recruited from tendon core
adjacent to the injury site and exhibit enhanced synthesis of Col I
and III and TGF-8 compared to the normal tendon, although their
response is delayed compared to cells from the extrinsic compart-
ment [32]. The origin of Scx+ cells is still controversial. Dyment
et al. suggested that Scx+ cells involved in tendon healing may
also migrate from the epitenon [33]. These studies suggest that
the origins and contributions of cells involved in tendon healing
may depend on the time following injury and specific tendon be-
ing healed.
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Fig. 1. Structure of the tendon. The part between the osteotendinous junction (OTJ) and myotendinous junction (MT]J) is called the tendon proper. The tendon proper can be
roughly divided into two parts. The first part is the extrinsic compartment, which is composed of paratenon, epitenon, and endotenon. These tissues include macrophages,
mesenchymal stem cells, fibroblasts, and vascular systems. The second is the tendon core, which is a dense matrix of parallel Col I fibers and tenocytes.

The remodeling stage starts about six weeks after injury and
lasts one to two years. This stage is characterized by changes in
the composition of the ECM synthesized by tenocytes. Although
the number of cells and the total amount of ECM synthesis are
reduced, the synthesis of Col I increases while the content of Col
Il decreases [34]. Col I fibers are arranged longitudinally along the
tendon axis to enhance the mechanical strength of regenerated tis-
sues. Late in reconstruction, covalent bonding between collagen
fibers increases the stiffness and tensile strength of the tendon.
Compared with the first two phases, the metabolism of tenocytes
and tendon vessels is significantly diminished [35,36]. However,
the scar tissue formed in the proliferative stage is never completely
replaced in adult tendons, which fail to fully regenerate damaged
tissue. A possible cause for this defect is the inability of tenocytes
to effectively remodel a temporary matrix rich in Col III into a Col
I-rich matrix. The scar tissue is biomechanically inferior to native
tendon as it exhibits reduced strength and greater stiffness. Myofi-
broblasts, tenocytes that express o-smooth muscle actin (¢SMA),
play an important role in the remodeling stage [2]. They first ap-
pear in the proliferative stage to synthesize and contract the ma-
trix to close any gaps within injured tendons while forming fiber
scars to enhance the stability of the injury site [37]. Other stud-
ies have also suggested that overgrowth of myofibroblasts in the
late remodeling stage may lead to tendon fibrosis [38]. In extrin-
sic healing, their homeostasis of the ECM network contributes to
tendon adhesions between the wound site and surrounding tissue,
preventing tendon gliding [2].

2.3. Role of macrophage polarization in tendon repair

During the tendon healing process, macrophages accumulate
in the injured tissue and coordinate the various processes of tis-
sue repair and regeneration. They generally transition from the
proinflammatory M1 phenotype in the inflammation stage to the
inflammation-resolving and healing M2 phenotypes in the prolif-
erative stage [39-41]. M1-polarized macrophages demonstrate en-
hanced metabolism, levels of lysosomal proteins, phagocytosis, and
stimulation of angiogenesis, which allows them to phagocytose in-
vading bacteria and participate in the Th1 inflammatory response
as inducer or effector cells [42-44]. M2 macrophages stabilize an-
giogenesis, promote fibroblast proliferation, and coordinate ECM
assembly [45-47] (Fig. 3).

The chronological appearance of M1 and M2 macrophages in
tissue repair aligns with their sequential and complementary func-
tions, with M1 initiating the healing process and M2 promot-
ing stability and tissue maturation. We can infer from studies of
wound healing that insufficient accumulation of either M1 at the
early stage of tissue repair [48-50] or M2 at the late stage [41,48]
is related to the ineffective healing properties of pathological con-
ditions. Excessive accumulation of either phenotype is also detri-
mental, with excessive M1 behavior leading to chronic inflamma-
tion and tissue destruction [51,52] and excessive M2 behavior pro-
moting fibrosis [53,54]. These studies highlight the importance of
carefully regulated changes in macrophage phenotype for tissue re-
generation. Therapies that balance inflammation and regeneration
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Fig. 2. Overview of key players and events during the repair process for an injured tendon without biochemical treatment or tissue engineering. The three overlapping stages
of tendon repair are inflammation, proliferation, and remodeling. This figure describes the roles of the molecules and cell types that characterize each stage. Abbreviations:
TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor; PDGF, platelet-derived growth factor; FGF, fibroblast growth factor, TGF-g, transforming growth factor
beta; CTGF, connective tissue growth factor; IGF-1, insulin-like growth factor-1; RBC, red blood cell; Scx, scleraxis. Figure created with BioRender.com.

are thus preferable to those that lead to a complete inflammatory
blockade.

2.4. Macrophage and fibroblast interactions in tendon repair

During the process of tendon healing, immune cells such as
macrophages and healing effector cells like tenocytes and fibrob-
lasts interact closely [55]. In the inflammation stage, macrophages
regulate cytokine secretion by tenocytes, which in turn influence
the polarization of macrophages [56,57]. Stolk et al. found that
tenocytes derived from the human supraspinatus tendon were
stimulated by proinflammatory cytokines to secrete more proin-
flammatory cytokines such as IL-8 and MCP-1 and enhance ex-
pression of adhesion molecules such as ICAM-1 [58]. In addition
to the above responses, tenocytes increased secretion of IL-6 after
co-culture with «CD3wCD28-stimulated peripheral blood mononu-
clear cells (PBMCs). In a co-culture of tenocytes with macrophages,
pre-stimulation of the tenocytes with proinflammatory cytokines
induced an increase of the M1 marker CD80 [58]. Another study
examined the interaction of dermal-derived myofibroblasts with
macrophages. Fernando et al. used myofibroblast-derived medium
to stimulate mouse bone marrow-derived macrophages and found
that it promoted the expression of M2-related markers such as
arginase 1 (Argl) and chitinase-3-like 3 (CHI3L3, also known as
Ym1), increased the secretion of anti-inflammatory IL-10, and in-
hibited the production of nitric oxide (NO). The M2a macrophage-
derived medium also reduced the migration of myofibroblasts and

the expression of COX-2, PGE2, PGD2, and other inflammation-
related cytokines [59]. These results suggest that M2 macrophages
cultured in medium conditioned by myofibroblasts can in turn
modulate the behavior of co-cultured myofibroblasts, forming an
interaction loop.

A recent study used computational and experimental methods
to characterize the cell circuit between macrophages and fibrob-
lasts based on the exchange of growth factors [60]. The results sug-
gested that macrophages can regulate the proliferation and ECM
synthesis ability of fibroblasts. In turn, fibroblasts can regulate the
polarization of macrophages by cytokine secretion or direct con-
tact. Their interactions form a tight and delicate loop during ten-
don repair (Fig. 4). When exploring new tendon repair strategies,
we must consider their influence on fibroblast and macrophage in-
teractions.

3. Biomaterials strategies for tendon regeneration
3.1. Biomaterials-based scaffolds

Tendon engineering scaffolds provide mechanical support to the
surgical construct until the load can be retaken by the tissue as
well as relevant cues to transition cells in the injury site from an
inflammatory to regenerative microenvironment over time. Certain
scaffold materials and properties can promote a pro-healing im-
mune environment and organized tendon remodeling.
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Fig. 3. Macrophage phenotype spectrum. Subject to different inducers, macrophages can polarize to perform different combinations of immune functions; those relevant to
tendon healing are the M1, M2a, M2b, and M2c phenotypes. A polarized macrophage can convert back to a monocyte or another phenotype depending on the stimulus.
Abbreviations: LPS, lipopolysaccharide; IFN-y, interferon gamma; IL, interleukin; RA, receptor antagonist; IC, immune complex; TLR, toll-like receptor. Figure created with

BioRender.com.
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Fig. 4. Macrophage and fibroblast interactions in tendon healing. Macrophages can regulate the proliferation and ECM synthesis ability of fibroblasts, which in turn can
regulate macrophage polarization by secreting cytokines or by direct contact. Their interactions during tendon healing form a tightly interacting circuit. Abbreviations: MCP-
1, monocyte chemoattractant protein-1; CSF-1, colony stimulating factor; MMP, matrix metalloproteinase. Figure created with BioRender.com. Source: Adapted from C.E.

Witherel, et al., Adv Healthc Mater 8(4) (2019) e1801451 [61].
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3.1.1. Effect of scaffold materials choice on tendon repair

Synthetic polymer scaffolds excel at mechanical stabilization of
the repair site. While they lack cell binding ligands and biologi-
cal signals, synthetic materials are easily manufactured with pre-
cise control over properties sensed by infiltrating cells such as
microarchitecture and stiffness [62-68]. Poly-¢-caprolactone (PCL),
poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(lactic-
co-glycolic acid) (PLGA) are commonly used for tendon tissue en-
gineering scaffolds due to their biomechanical characteristics and
biodegradability. These polymers can be electrospun into nano-
and microfibrous scaffolds with a high surface area-to-volume ra-
tio, imitating aligned collagen fibrils in tendon tissue [62-69].
Weaving or knitting scaffolds from these materials forms a porous
structure that also provides superior tissue integration [62-65,68].
The low degradation rate of PCL makes it suitable for building
longer-term tendon scaffolds [64,65,67,68,70]. Scaffolds made from
PLA, PGA, and PLGA have been reported to improve tendon regen-
eration histologically and mechanically, although the faster degra-
dation rate may increase the inflammation response [60,63,68,71-
74]; therefore, they are more suitable for the repair of minor le-
sions that require smaller scaffolds.

Scaffolds prepared from natural polymers are widely used in
tendon repair due to their favorable cell adhesion and other bio-
chemical cues [75-82]. Commonly used polysaccharide materials
include alginate, hyaluronic acid (HA), and chitosan. Alginate and
HA are highly biocompatible polyanions with high charge den-
sity, hydrophilicity, and functional groups analogous to those on
GAGs. Chitosan is a series of chitin-derived cationic polymers that
can complex with polymers or therapeutic agents with net anionic
charges, be processed into solid porous scaffolds due to its tun-
able hydrophobicity, or be derivatized into more hydrophilic poly-
mers to construct hydrogels. HA and chitosan exhibit immunomod-
ulatory effects dependent on the molecular weight [83,84] and
dose [85], but their effect on immune cell activity with varia-
tion of these factors has yet to be studied in tendon repair. An-
other natural polymer with the potential to improve tendon re-
pair is chondroitin sulfate (CS), a major ECM component and GAG
with reported abilities to reduce inflammation [86] and prevent in-
flammatory cell adhesion to fibronectin and Col I [87]. Coating a
poly(hydroxyethyl methacrylate) membrane with CS reduced adhe-
sion severity and improved healing in a torn rabbit flexor tendon
[88]. Costa-Almeida et al. photo-crosslinked alginate, chitosan, and
HA or CS into hydrogel fibers mimicking the tendon. Fibers with
HA promoted ECM production and remodeling by encapsulated hu-
man tendon-derived cells in vitro more than did fibers with CS,
although the cause was unclear [79]. Protein biomaterials studied
for tendon repair include collagen, fibrin, and silk. Collagen is the
most abundant ECM component, with high degrees of biofunction-
ality. Fibrin is prepared from blood-derived fibrinogen and throm-
bin and can be processed into hydrogel or fibrous scaffolds. Both
have binding sites for cells and growth factors and thus support
cell adhesion, migration, growth, and differentiation [80,89]. Silk
as a biomaterial features high strength, toughness, and elasticity. It
can be processed into fibrous bundles, ideal for tendon repair, and
designed with a tunable degradation rate, solubility, and mechani-
cal properties.

Natural ECM-derived biomaterials have also been used for ten-
don engineering scaffolds [90-102]. Although they lack sufficient
mechanical properties and are less structurally defined than poly-
meric scaffolds, ECM-derived scaffolds provide a biomimetic envi-
ronment suited for tissue remodeling. In a rodent model of body
wall repair, several ECM-derived materials showed immunomodu-
latory effects dependent on their tissue source and processing con-
ditions [103]. The decellularization process reduces the mechan-
ical properties and may release DAMPs that instigate inflamma-
tory and chemotactic responses [104,105]. Crosslinking strategies
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can improve the mechanical properties of ECM scaffolds [106], but
the delayed degradation may hinder remodeling and increase the
immune response [107]. The ECM-derived materials from differ-
ent sources have been shown to favor different macrophage po-
larization with possible applications in tendon repair [108-110].
ECM scaffolds prepared from the small intestinal submucosa (SIS),
bladder, brain, esophagus, and colon induced M2 polarization of
macrophages in vitro in a manner similar to IL-4, while that from
the skin upregulated inducible nitric oxide synthase (iNOS), in-
ducing M1 polarization [109]. Balancing the mechanical and im-
munomodulatory properties of ECM scaffolds specifically for ten-
don repair requires additional investigation. ECM-derived biomate-
rials with immunomodulatory effects that may potentially benefit
tendon repair include tendon, SIS, dermis, and amnion (Table 1).
Decellularized, tendon-derived ECM promotes ECM deposition by
cells through the anisotropic arrangement of fibers and has en-
hanced regeneration in animal models of tendon defects [90,92].
SIS is an inherently acellular ECM consisting primarily of Col I,
fibronectin, HA, heparin, heparin sulfate, chondroitin sulfate, der-
matan sulfate, and growth factors [111]. It is considered a favorable
tendon engineering scaffold due to its low immunogenicity and
anti-inflammatory properties, although its ability to promote the
recovery of tendon mechanical properties has not been thoroughly
tested [98-100,102]. The anti-inflammatory and anti-scarring prop-
erties of the amniotic membrane make it another strong candidate
for tendon repair [91,93,95,101,112]. Porcine and human dermis-
derived matrices have been explored for their regenerative effects
on tendon cells in vitro and in vivo but demonstrated a limited
ability to promote tenogenesis [96,97]. Among these choices, the
tendon ECM offers advantages in its native ECM organization and
higher mechanical properties. Nonetheless, ECM-derived scaffolds
from SIS and amnion deserve further investigation due to their
potential to accelerate the reparative process via improved im-
munomodulatory properties.

3.1.2. Effect of scaffold structural properties on key cell types in
tendon repair

The topographical and mechanical properties of a tissue engi-
neering scaffold influence the immune phenotype of macrophages,
proliferation and ECM synthesis by tenocytes, and tenogenic dif-
ferentiation by stem cells [114-132]. Such properties include fiber
diameter, pore size, alignment, surface roughness, and matrix stiff-
ness. Fibers with larger diameters at the micron scale are reported
to enhance expression of tendon-specific genes like Scx by stem
cells compared to nanofibers [125]. Studies suggest that reduced
diameter increases ECM synthesis and deposition by tenocytes
[133], leading to the hypothesis that nanofibers similar in width to
collagen fibrils resemble damaged matrix and stimulate cells to de-
posit ECM, while microfibers similar in width to collagen fibers re-
semble healthy matrix and encourage a traditional fibroblast phe-
notype [127]. In vitro studies of the response of macrophages to
fiber diameter have found higher angiogenic cytokine release by
murine macrophages on scaffolds of increased fiber diameter but
produced contradicting results regarding their polarization, requir-
ing further testing in tendon injury models [126,130]. Larger scaf-
fold pore size generally promotes cell infiltration and proliferation
by tenocytes [131,132] and stem cells [120] while favoring anti-
inflammatory marker expression by macrophages [119,126]. How-
ever, contradictory observations of the effect of pore size on the
metabolic activity and ECM deposition of tenocytes require addi-
tional clarification [121,131].

Fiber alignment is an important tendon scaffold property be-
cause the anisotropic collagen organization in the native ten-
don provides tissue-specific biomechanical cues to adherent cells
[78,114,117,124,131]. Aligned fibers increase longitudinal alignment,
proliferation, and metabolic activity in tenocytes [117,131] and a1
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Table 1
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Selected studies on immunomodulatory and tenogenic effects of ECM-derived materials on tendon cells and tendon injuries.

Decellularized ECM Source ECM-Derived Scaffold

Evaluation Model

Reported Effects

« Porcine Achilles tendon

« Book-shaped rabbit tendon
matrix scaffold with bone
marrow MSC sheets

Tendon

defect

Small intestinal submucosa
(SIS)

« Porcine SIS patch
- Porcine SIS graft
« Porcine SIS graft

tendon defect

defect

Amniotic membrane « Collagen-GAG scaffold with
amnion matrix
« Dehydrated human

amnion/chorion membrane

« Human macrophages and
MSCs in vitro; rabbit
Achilles tendon defect

« Rabbit Achilles tendon

« Sheep infraspinatus

« Dog flexor tendon defect
« Dog Achilles tendon

- Horse tenocytes [95] and
human MSCs [93] in vitro

« Type II diabetic rat
Achilles tendon defect

« Induced anti-inflammatory M2 macrophage polarization
expressing CD200R1, CD206, CD163, and IL-10; improved
tenogenic differentiation of human MSCs; enabled tendon cell
infiltration and tissue integration [113]

Tendon scaffold alone did not significantly reduce

inflammation at weeks 6 and 12 but upregulated tenomodulin

and alpha-1 type I collagen gene expression by MSCs; and
increased failure load, ultimate strength, stiffness, and Young's

modulus with and without MSCs [90]

Caused limited inflammatory response and no foreign body

reaction; increased stiffness significantly, with final value close

to normal controls, and load-to-failure insignificantly in

tendon [99]

- Did not recruit significant levels of inflammatory cells;

exhibited fibroblast/mesenchymal cell infiltration and

neovascularization with oriented tissue, but caused adhesions
and impaired function compared to intrasynovial tendon grafts

[100]

Did not induce immune rejection, with no significant

lymphoid or plasma cell population observed; promoted

collagen deposition, organization, and vascularization of tissue
without foreign body reaction or scar tissue formation; tendon

exceeded junctions in strength [102]

« Compared to chondroitin sulfate in scaffold, amnion in
scaffold significantly increased scaffold elastic modulus,
increased tenocyte metabolic activity even in presence of
proinflammatory IL-18, and downregulated tenocyte
expression of inflammation-associated genes TNF-«, COL1, and
MMP-3 [95]; caused MSCs to down-regulate proinflammatory
cytokine expression in media with IL-18 and TNF-« [93]

- Compared to controls, membrane-treated tendons reduced IL-6
and MMP-2, increased TGF-B1 and TIMP1 at day 14; reduced
COX-2, IL-18, TGF- B1, and TIMP1 and increased Scx at day
28; increased cell density; improved tendon fiber organization
and mechanical properties; and reduced re-rupture rates [91]

.

.

Col I and Tnmd expression in stem cells [78,124] compared to
cells on randomly oriented fibers. Disorganized fiber topography
has been found to upregulate macrophage expression of M1 mark-
ers like CCR7 and inflammatory cytokines like IL-18 compared to
aligned fibers [114]. Human tendon fibroblasts responded to pro-
inflammatory cytokines in vitro by reducing tenogenic marker ex-
pression and increasing matrix-degrading enzyme expression, with
this response enhanced on randomly oriented fibers compared to
aligned fibers [120]. These studies indicate that scaffold alignment
resembling the native tendon architecture is more conducive to
pro-healing immune and regenerative signaling by macrophages
and tenocytes. The relationship between scaffold surface roughness
and macrophage behavior has not been studied in the context of
tendon repair, but in vitro studies demonstrate that macrophages
on flat surfaces exhibit a highly inflammatory phenotype com-
pared to those on rough, fibrous scaffolds [130]. This suggests
that rough surface topography should be preferred in a tendon
scaffold to promote cellular adhesion and reduce inflammation.
Given the mechanical requirements of the tendon, matrix stiff-
ness is a critical scaffold property that affects the quality of ten-
don repair. Tenocytes on stiffer scaffolds demonstrated higher pro-
liferation, increased metabolic activity, and reduced ECM contrac-
tion [121]. However, increased matrix stiffness has been shown
to induce proinflammatory cytokine release by macrophages and
prevent differentiation by tendon-derived stem cells, whereas re-
duced stiffness promoted an anti-inflammatory macrophage phe-
notype [115,123,129] and stem cell tenogenic differentiation [118].
The multifaceted effects of scaffold stiffness on the functions of cell
types involved in tendon repair underscore the need to identify a
stiffness range that optimizes cell behaviors to support effective
healing. We summarize the main tendon scaffold properties and

their effects on the behavior of key cellular players in tendon re-
pair in Table 2.

3.1.3. Effect of scaffold-mediated mechanical stimulation on tendon
repair

Scaffolds are an effective tool to transmit mechanical stress to
cells without damaging them. Mechanical stimulation has been
shown to influence tenogenic differentiation in stem cells [134-
140] and ECM synthesis in tenocytes and fibroblasts [141-143], but
biophysical scaffold stimulation to immunomodulate cells, particu-
larly macrophages and stem cells, is a recent strategy to improve
the tendon repair outcome [134,135,141]. Schoenenberger et al.
found that dynamic loading induced M1 polarization and proin-
flammatory cytokine release in vitro from human MO macrophages
seeded on an electrospun PCL scaffold, and human tendon fi-
broblasts exposed to the conditioned medium from mechani-
cally loaded macrophages downregulated expression of MMP-1,
TNF and TGF-B1. Dynamically loaded in vitro co-culture of MO
macrophages with tendon fibroblasts shifted macrophage mark-
ers from M1 to M2 [114]. These observations, combined with
the significantly reduced IL-18 expression observed in dynami-
cally loaded rat Achilles tendons implanted with the aligned scaf-
fold in vivo [114], suggest that crosstalk between fibroblasts and
macrophages in the presence of mechanical loading suppresses in-
flammation in the tendon. Studies have also observed that dy-
namic mechanical stimulation of bone marrow-derived MSCs sig-
nificantly increases their expression of tenogenic genes and anti-
inflammatory cytokines [134].

While dynamic stimulation of scaffolds traditionally relies on
cyclic stretching [138,139], biomaterials containing magnetic ele-
ments [135-137,141] have been developed to mechanically stim-
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Selected studies on immunomodulatory and tenogenic effects of scaffold topography and mechanical properties on key cell types in tendon repair.

Scaffold Property

Tendon Repair Process

Reported Effects

Fiber diameter

Immunomodulation

Tenogenesis

« Nanofibrous scaffolds reduced proinflammatory (TNF-«, IFN-y) and pro-healing (VEGF) molecule secretion by
macrophages and exhibited a smaller percentage of cells adherent compared to microfibrous scaffolds in vitro
[130]; increasing fiber size increased expression of arginase 1 and decreased expression of inducible nitric
oxide synthase, favoring M2 phenotype in vitro [126]

Nanofiber scaffolds exhibited higher tendon fibroblast infiltration and production of total collagen and
proteoglycans; microfibers induced higher tendon fibroblast marker expression (types I, III, V collagen and
tenomodulin) in vitro [127]

MSCs cultured on large-diameter fiber mats expressed more Scx and ECM genes than those on
medium-diameter fiber mats in vitro [125]

Increasing pore size increased macrophage expression of arginase 1 and decreased expression of inducible
nitric oxide synthase, favoring M2 phenotype in vitro [126]; scaffolds with smaller pores polarized

Larger pores with higher permeability enabled higher tenocyte proliferation and metabolic activity compared
to small pores in vitro [131]; increased pore size increased tenocyte infiltration and proliferation in vivo [132]
Disorganized fiber topography promoted expression of M1 marker CCR7 and IL-18 by macrophages compared

Anisotropic scaffolds exhibited greater tenocyte number, longitudinal alignment, and metabolic activity than
isotropic scaffolds in vitro [131]; tendon fibroblasts cultured on randomly oriented fiber structures assumed a

polygonal morphology, downregulated synthesis of type 1 collagen, biglycan, and decorin, and upregulated

Aligned scaffolds exhibited enhanced collagen development and expression of tenomodulin and alpha-1 type 1

collagen by seeded adipose-derived stem cells compared to nonaligned scaffolds in vitro [124]; scaffold
alignment induced tendon stem/progenitor cell elongation and tenogenic differentiation in vivo [78]

Macrophages on flat PLA film exhibited a strong inflammatory response, releasing cytokines like TNF-o and

Pore size Immunomodulation .
macrophages toward the M1 phenotype in vitro [119]
Tenogenesis .
Alignment Immunomodulation .
to aligned fibers in vitro [114]
Tenogenesis .
matrix-degrading enzyme expression in vitro [117]
Surface Immunomodulation .
roughness IFN-y, compared to those on fibrous scaffolds in vitro [130]

Tenogenesis
Immunomodulation

Matrix stiffness

Electrospun PLA mats with higher roughness induced greater fibroblast proliferation in vitro [122]
A stiffer hydrogel favored polarization of macrophages toward a proinflammatory phenotype with reduced

phagocytosis that secreted more TNF-«, IL-6, and MIP1« upon IFN and LPS treatment; in contrast, softer
hydrogels induced a phagocytic, anti-inflammatory phenotype that secreted more IL-10 upon IL-4 and IL-13

treatment in vitro [115]
Tenogenesis
expression in vitro [121]

- Stiffer scaffolds with high crosslinking densities increased tenocyte metabolic activity and tenogenic gene

« Stiffer matrices increased tendon-derived stem cell proliferation and stress fiber formation but inhibited
tenogenic differentiation, with reduced expression of thrombospondin-4, tenomodulin, and Scx in vitro [118]

ulate cells. Tomas et al. developed a scaffold of electrospun PCL
fibers containing cellulose nanocrystals covered in iron oxide mag-
netic nanoparticles (MNPs). Human adipose stem cells (hASCs) cul-
tured on the scaffold with a 300 mT magnetic field expressed ten-
don markers Scx and Tnmd more highly than did those on static
culture. Stimulation of hASCs activated the YAP/TAZ pathway and
upregulated the expression of anti-inflammatory cytokines IL-4
and IL-10 while reducing expression of proinflammatory molecules
COX-2 and IL-6 [135]. Vinhas et al. explored the inflammatory se-
cretory response of IL-18-treated human tendon cells (hTCs) ex-
posed to a pulsed electromagnetic field (PEMF) on PCL membranes
doped with iron oxide MNPs. Cells under the 4 mT PEMF decreased
expression of TNF-o, IL-6, IL-8, and COX-2 and increased expres-
sion of TIMP-1, IL-4, and IL-10. Application of the PEMF also de-
creased hTC expression of MMPs, which are thought to degrade
collagen and cause inflammatory pain. When macrophages were
cultured separately on the membrane, those subject to the PEMF
expressed the M1 marker CD68 and highly expressed M2 mark-
ers CD206 and CD163. The authors attribute this to the existence
of different macrophage populations [141], but further experiments
are required to clarify the phenotypes of stimulated macrophages
and whether they benefit tendon repair. These studies demonstrate
that the phenotypes of tendon stem cells, tenocytes, and possibly
macrophages can be modulated in vitro by mechanically stimulat-
ing the scaffolds encapsulating them. Magneto-mechanical stim-
ulation of implanted scaffolds requires no physical contact and
should be tested in vivo in tendon injury models in future stud-
ies.

3.2. Biochemical cue delivery via biomaterials

Biomaterials enable the localized and controlled delivery of
bioactive molecules that modulate the immune and reparative re-

sponses following tendon injury. Most biochemical cues delivered
into tendon injury models are growth factors (GFs) that reduce in-
flammation and induce tenocytes to proliferate or increase collagen
synthesis, increasing tensile strength in treated tendons (Table 3).
These GFs include platelet-derived growth factor (PDGF), growth
and differentiation factor-5 (GDF-5), basic fibroblast growth fac-
tor (bFGF), and insulin-related growth factor-1 (IGF-1). Two com-
mon types of delivery vehicles are micro- or nanoparticles (NPs)
[144-149] and 3D matrices [150-156]. PLGA and mesoporous sil-
ica are common materials for biochemical cue delivery into tendon
due to their biocompatibility, tunable biodegradability, and intra-
cellular delivery efficacy in NP form [144-149]. Porous PLGA mi-
crospheres decorated with PDGF [145] or loaded with simvastatin
[147] suppressed inflammation and maintained collagen organiza-
tion in animal models of collagenase-induced tendinitis, enhanc-
ing the mechanical function of the healed tendon. Lactoferrin (LF)
is an iron-binding glycoprotein with anti-inflammatory properties
that functions like an osteogenic GF [157]. The sustained delivery
of LF via immobilization to the surface of PLGA NPs reduced mRNA
levels of COX-2, IL-18, MMP-3, MMP-13, IL-6, and TNF-« and in-
creased mRNA levels of IL-4 and IL-10 in both tenocytes inflamed
by IL-18 in vitro and an in vivo rat model of collagenase-induced
Achilles tendinitis. Treatment of the rat Achilles tendinitis model
also increased collagen content; mRNA levels of Col I, decorin, and
tenascin C; and mechanical properties [144]. PLGA has also been
used to deliver genes encoding GFs to improve flexor tendon heal-
ing [146] and GF-silencing mRNA to reduce adhesion formation
[148].

Immunomodulatory and regenerative cues can be encapsu-
lated inside macroscopic biomaterial constructs for delivery to ten-
don cells. Evrova et al. coaxially electrospun tubes of polyester
urethane containing PDGF-BB for sustained delivery to a rabbit
model of Achilles tendon rupture, which exhibited increased ten-
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Selected studies on immunomodulatory and tenogenic effects of biomaterial-assisted biochemical cue delivery on tendon cells and tendon injuries.

Delivery System Type Biochemical Cues/Scaffold

Evaluation Model

Reported Effects

« Surface-immobilized PDGF on
PLGA microspheres

- Simvastatin-loaded PLGA
microspheres

« bFGF and VEGF DNA/mRNA
complexed in PLGA
nanoparticles

Locally delivered
microparticles and
nanoparticles
encapsulating
biochemical cues

tendinitis

Scaffolds/matrices
encapsulating
biochemical cues

- PDGF-BB-loaded electrospun
polyester urethane tubes

- Platelet lysate patches

« Recombinant adeno-associated
vector expressing GDF-5 gene
loaded into freeze-dried tendon
allografts

defect
« Human

in vitro

Biochemical cue-loaded
nanoparticles delivered
in scaffolds

« PDGF-containing PLGA-PEG
nanoparticles loaded into
collagen fibers

« bFGF-loaded dextran glassy
nanoparticles electrospun into
PLA fiber membrane

defect

- Rabbit rotator cuff
« Rat Achilles tendinitis

« Chicken digital flexor
tendon defect

« Rabbit Achilles tendon

tendon-derived cells

» Mouse digital flexor
tendon defect

- Rat adipose-derived
stem cells in vitro
« Rat Achilles tendon

- Upregulated anti-inflammatory (IL-4, IL-10, IL-13) and suppressed
proinflammatory cytokines (MMP-3, MMP-13, COX-2, IL-6,
TNF-«); improved tenogenic markers, collagen content, stiffness,
tensile strength [145]

- Upregulated anti-inflammatory (IL-4, IL-10, IL-13) and suppressed
proinflammatory cytokines (MMP-3, MMP-13, COX-2, IL-6,
TNF-«); increased collagen content, stiffness, tensile strength
[147]

« Increased transfection efficacy into tenocytes compared to
particle with single or no gene; increased ultimate strength and
tendon gliding [146]

« Recruited lymphocytes and macrophages, contrary to untreated
tendon; repaired tendon with double the load until failure
compared to tubes without PDGF-B; accelerated remodeling
compared to emulsion electrospun tubes [150]

« Exhibited controlled release of lysate proteins including bFGF and
PDGF-BB; upregulated tenogenic gene expression and deposition
of type I collagen and tenascin C by human tendon-derived cells
[151]

« Induced local expression of GDF-5; was surrounded by organized
tissue resembling neotendon after 14 days, compared to
hypercellular fibrotic tissue surrounding controls; reduced
adhesions to significantly improve the range of joint flexion [156]

« Increased proliferation and tenogenic differentiation (higher
tenomodulin expression) of stem cells via aligned collagen fiber
topography and sustained PDGF release [153]

« Exhibited sustained release of bFGF; membrane with bFGF loaded
in nanoparticles induced higher cell proliferation and collagen
orientation than that with directly incorporated bFGF [154]

sile strength after three weeks [150,152]. A PLA scaffold encap-
sulating GF-rich plasma significantly increased the proliferation of
tendon cells seeded in vitro and increased their collagen deposi-
tion compared to serum-enriched scaffolds [155]. Crosslinked hu-
man platelet lysate patches have been formed for the controlled
release of proteins including bFGF and PDGF, which appear dur-
ing early tendon healing [158-160], promoting tenogenic behav-
ior by human tendon-derived cells (hTDCs) in vitro [151]. ECM-
derived scaffolds can deliver bioactive factors that synergize with
their intrinsic structural or biological signals; freeze-dried tendon
allografts retain the biomechanical properties of native tendon tis-
sue, encouraging infiltrating tendon cells to deposit and organize
the ECM [156]. Finally, biochemical cue-loaded NPs can be incor-
porated into scaffold fibers to create a composite system with the
tunable cargo release profile of a particle and the 3D biomechan-
ical cues of a scaffold. This system has been observed to enhance
cell proliferation and intrinsic tendon healing compared to simple
encapsulation of a biomolecule within a scaffold [153,154].

Since inflammation is a necessary starting point for tissue
healing, it may be beneficial to explore the benefits of certain
inflammation-associated molecules in tendon repair. Studies have
investigated the repair effects of molecules including heat shock
proteins (HSPs), macrophage-activating lipopeptide-2 (MALP-2),
cytosine-phosphorothioate-guanine oligodeoxynucleotides (CpG
ODNs), and prostaglandin E2 (PGE2), but not yet in tendon in-
jury models. HSPs are produced in response to stress and bind
macrophage-surface receptors to upregulate functions including
cytokine release and phagocytosis. Kovalchin et al. found that
exogenously administered HSPs quickened the initial healing of a
mouse skin wound model through the stimulation of macrophages
and possibly other early cellular recruits [161]. The initiation of
angiogenesis is another important process during the inflamma-
tion stage. Laschke et al. demonstrated that the TLR-2/6 agonist
MALP-2 improved vascularization of a porous polyethylene im-
plant through mechanisms such as stimulation of endothelial cells
[162]. Some molecules can stimulate proliferation in addition to
their inflammatory effects. Li et al. found that treating a skin

wound with CpG ODNs in mice not only activated macrophages
and plasmacytoid dendritic cells (pDCs) but also promoted fi-
broblast proliferation [163]. A molecule that contributes to the
redness, swelling, and pain of inflammation [164], the lipid PGE2
is abundantly produced by tenocytes when the tendon undergoes
excessive mechanical loading and has been shown to promote
tendon stem cell proliferation at low concentrations [165]. Because
wound and tendon repair share similarities including the role of
fibroblasts, future studies of these inflammation-associated factors
in tendon injuries may reveal positive contributions to tendon
healing through immunomodulation.

Because macrophages play complementary roles at different
stages of healing, modulation of their phenotype by sequential de-
livery of M1- and M2-polarizing factors may help direct the tis-
sue healing process. Biphasic modulation of macrophage behav-
ior can be achieved by first delivering recruitment agents such as
monocyte chemoattractant protein-1 (MCP-1) to attract circulating
monocytes to the injury site, increasing M1 macrophage infiltra-
tion [166]. Alternatively, a cytokine like IFN-y may be adminis-
tered to induce M1 polarization of resident macrophages [167]. In
the second phase, M2-promoting stimulants such as IL-4 are de-
livered to induce phenotype switching [168]. While biomaterials-
based sequential administration strategies have successfully polar-
ized macrophages toward M1 and then M2 phenotypes in vitro
[169] and in vivo in animal models [170], even enhancing vascular-
ization of subcutaneous bone scaffold implants in a mouse model
[168], they have not been tested in tendon repair. It should be
noted that simultaneous activation of both phenotypes leads to in-
flammatory encapsulation, impairing healing [171,172]. Studies in
tendon injury models are required to determine whether biphasic
modulation of macrophage phenotype provides a better outcome
than the predominant strategy of inflammation suppression.

3.3. Therapeutic cell delivery via biomaterials

Therapeutic cells such as dermal fibroblasts and stem cells
can mediate immunomodulatory effects to improve repair when
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delivered to the injured tendon environment. Studies have pro-
posed many biomaterials-based cell delivery methods including
biodegradable tendon sutures and scaffolds [173-179]. Tenocytes
are the predominant cell type in the tendon, decrease in vol-
ume density and number per unit surface area as the tendon
ages [180,181], and have been shown to improve ECM reconstruc-
tion and tendon breaking strength when introduced to tendon de-
fects [182]. Because harvesting autologous tenocytes can cause se-
vere morbidity, dermal fibroblasts have been studied as a more
accessible tenocyte alternative. Dermal fibroblasts are adherent
cells that produce and deposit ECM, supporting angiogenesis and
wound healing [183]. They exhibit immunosuppressive properties
approaching those of MSCs, inhibiting allogeneic T cell activation
and increasing T cell production of IL-4 and IL-10 [184]. Liu et al.
compared the reparative effects of autologous dermal fibroblasts
and tenocytes seeded onto unwoven PGA scaffolds and implanted
into a porcine model of flexor digital superficial tendon defect.
Over 26 weeks, tendons with dermal fibroblasts and tendons with
tenocytes generated similar histology, parallel collagen fibers, and
tensile strength about 75% of original tendon strength, suggesting
that dermal fibroblasts are a viable replacement for tenocytes as
seeded cells in a tendon engineering scaffold [177].

Stem cells explored for augmentation of tendon repair include
bone marrow-derived MSCs, adipose-derived stem cells (ASCs),
and TSPCs. Exhibiting self-renewal and multi-lineage differenti-
ation, MSCs regulate immune cells involved in tendon repair
[185] and tenocytes [186] through the paracrine pathway. Their
immunomodulatory functions are dependent on the inflammation
state. A strong inflammatory environment, such as a high concen-
tration of TNF-o and IFN-y, activates MSCs to produce iNOS or
indoleamine 2,3-dioxygenase (IDO) and play an immunosuppres-
sive role [187], while low levels of TNF-o or IFN-y cause MSCs
to promote inflammation [188]. Biomaterial scaffolds provide a 3D
biomimetic environment for transplanted MSCs, improving their
survival and immunomodulatory capabilities [189] while guiding
their differentiation into tenogenic cells. Awad et al. observed that
higher seeding densities of bone marrow MSCs onto a collagen gel
construct in vitro quickened its contraction and diameter reduction
over 72 hours. The reorientation and elongation of the cell nuclei
due to collagen fibril anisotropy was inferred to encourage fibrob-
lastic differentiation [175]. MSCs have improved the integration of
scaffolds into in vivo skin and bone injury models [190-192] by re-
ducing the foreign body response and may mediate similar effects
in tendon injuries.

MSCs delivered on biomaterial platforms have improved ten-
don repair through suppression of chronic inflammation and dif-
ferentiation into tenogenic cells [75,173,174,178,179]. Precondition-
ing MSCs with TNF-« prior to seeding into a PLGA scaffold for re-
pair of a rat Achilles segmental defect significantly reduced IL-12
production and M1 macrophage polarization while increasing IL-
4 production and the fraction of M2 macrophages. Both primed
and non-primed MSCs increased production of IL-10 and decreased
production of proinflammatory IL-1« in the defect, but priming of
the MSCs increased the concentration of type I procollagen in the
repair site and tendon failure stress, supporting the concept that
exposure of MSCs to proinflammatory cytokines elicits their im-
munosuppressive function and improves tendon regeneration [174].
ASCs are an MSC alternative that can be harvested by liposuction
and release GFs that reduce inflammation. Co-cultures of human
ASCs with human tendon explants or hTDCs increased ASC elon-
gation and collagen deposition, suggesting a therapeutic effect of
ASCs on injured tendon [193,194]. Rat ASCs seeded on 3D PLGA
fiber scaffolds significantly upregulated Scx and Col I expression
in vitro compared to ASCs seeded on 2D PLGA film scaffolds, indi-
cating that biomimetic scaffolds that imitate collagen fiber bundles
provide critical cues for stem cell adhesion and proliferation during
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tendon restoration [176]. TPSCs are another therapeutic cell type
with stem cell characteristics similar to those of MSCs and highly
express tendon-related genes including Col I, tenascin C, Scx, and
Tnmd [9]. They exhibit immunosuppressive abilities that have been
observed to improve tendon repair outcomes [92,96]. Allogeneic
TPSCs seeded onto a knitted silk-collagen scaffold promoted rotator
cuff tendon regeneration by differentiating into tenocytes, secret-
ing anti-inflammatory cytokines, and inhibiting the proliferation of
activated lymphocytes [82]. Biomaterials-based scaffolds are an im-
portant tool to deliver and promote the immunomodulatory func-
tions of therapeutic cells to improve tendon repair.

4. Outlook

Functional tendon repair needs to restore the homeostasis at
the repair site with minimal fibrosis or scar tissue formation while
maximizing organization of the newly formed tendon tissue. Like
in many wound healing situations, during the inflammation stage,
proinflammatory M1 macrophages mediate the inflammatory re-
sponse and recruit effector cells [42,44] while clearing necrotic
cells and debris. In the proliferative stage, macrophages are grad-
ually polarized to the pro-regenerative M2 type and secrete IL-10
and other factors to promote tendon repair [45,47]. Fibroblasts and
other repair effector cells mainly synthesize Col Ill during the pro-
liferative stage. In the remodeling stage, fibroblasts in the scar tis-
sue replace Col Il with Col I [34,35]. Throughout the repair pro-
cess, macrophages and fibroblasts have close interactions. In the
inflammatory stage, fibroblasts secrete CCL2, IL-6, and other in-
flammatory factors, facilitating the response by M1 macrophages.
In the proliferative and remodeling stages, fibroblasts promote the
M2 polarization of macrophages, which in turn modulate ECM syn-
thesis by fibroblasts [55]. However, when fibrosis dominates the
repair process, the resulting scar tissue has inferior mechanical
properties and a greater likelihood of adhesion formation com-
pared to the normal tendon [2].

Biomaterials provide various approaches to modulate the
tendon repair microenvironment and restore the biophysical,
biomolecular, and cellular cues critical to regeneration and re-
modeling of tissue organization that resembles the normal ten-
don to the maximal degree. Biodegradable scaffolds temporarily
relieve the injured tendon of the mechanical load as it heals and
provide a biophysical guide to organize new collagen fibers. Syn-
thetic polymers tend to provide superior mechanical properties,
whereas natural biomaterials and ECM-derived materials gener-
ally better promote cell adhesion, proliferation, and ECM synthe-
sis and exert stronger immunomodulatory effects. Combinations of
these materials may thus better fulfill the requirements of a ten-
don tissue engineering scaffold; for instance, a composite mate-
rial of decellularized tendon and amnion could provide the ten-
sile strength and ECM synthesis-promoting cues of tendon tis-
sue while presenting the anti-inflammatory proteins of amnion
[82,108], which has some of the strongest intrinsic immunosup-
pressive abilities of current scaffold materials. During scaffold pro-
cessing processes (electrospinning, 3D printing, etc.), additional
surface and topographical features can be incorporated to influence
inflammation and tenogenesis during the three stages of tendon
repair. Tendon scaffolds with higher fiber alignment, higher pore
size, and lower stiffness may reduce inflammation by modulation
of macrophages toward the M2 phenotype. Combining scaffold op-
timization with the delivery of a variety of bioactive molecules, e.g.
inflammation-associated and anti-inflammatory molecules, and/or
cell types that modulate inflammation or tenogenesis creates ex-
citing approaches to augment functional repair. Mechanical stim-
ulation of cell-seeded, biomaterials-based scaffolds in vitro has
emerged as a possible method to induce anti-inflammatory and
tenogenic behavior in key cellular players in tendon repair.
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Fig. 5. Overview of three potential treatment strategies throughout the stages of tendon repair. Biodegradable scaffolds, biochemical cues, and therapeutic cells can be
designed and tuned to augment the processes unique to each stage and ultimately improve the mechanical function of the healed tendon compared to solely surgical

intervention. Figure created with BioRender.com.

Given the progressive nature of fibrogenesis and tenogene-
sis, biomaterials-based approaches that can control the temporal
profile of physical and biochemical cues delivered to the repair
microenvironment will likely regenerate tendon tissue that bet-
ter mimics the organization and properties of the natural ten-
don. For example, a sequential delivery system releasing M1-
promoting factors followed by M2-promoting factors [167] may of-
fer a prospective scaffold for tendon repair. Scaffold systems for
sequential delivery have reportedly produced the desired polariza-
tion of macrophages in vitro. The profiles and release kinetics of
inflammation-modulating cues need to be tested in tendon repair
models to evaluate their potential to reduce or replace scar tissue
and augment the biomechanical performance of the healed ten-
don. MSCs, ASCs, and TPSCs have shown an ability to modulate
the inflammatory response. However, the required in vivo condi-
tioning of stem cells in the repair microenvironment to differen-
tiate into tenocytes or other effector cells and enhance ECM syn-
thesis remains to be developed before their potential can be fully
realized.

An effective tendon repair strategy needs to balance inflam-
mation and tenogenesis processes. The contributions of the im-
mune infiltrate to the proliferation and remodeling stages of ten-
don repair are poorly understood but have recently attracted at-
tention. In the epitenon and superficial regions of mouse Achilles
tendon, Noah et al. observed lymphatic vasculature draining into
the popliteal lymph node. In both the tendon and lymph node, in-
nate immune cells like monocytes, neutrophils, and macrophages
peaked one week after injury; dendritic cells and CD4* T cells
accumulated at week 2; and B cells and CD8* T cells accumu-
lated over time, suggesting a role for adaptive immunity in ten-
don repair [195]. While the initial inflammation in a tendon injury
must be resolved to enable repair, the premature suppression of
inflammation may hinder the repair outcome, meaning that the
timing and duration of proposed immunomodulatory treatments
require further optimization. To guide investigation into the inter-

1

play between inflammation and tenogenesis processes, inspiration
can be taken from successes in repairing other tissue injuries. Dur-
ing fracture healing in mouse tibia, high expression of IL-1 and
TNF-o¢ was observed in the first 24 h following injury; the ex-
pression of their ligands and receptors decreased transiently but
returned on days 21 and 28 [196]. Mice deficient in both TNF-
o receptors have shown delayed bone healing, further support-
ing the concept that an appropriate level of proinflammatory cy-
tokines promotes early bone remodeling [197]. Immunomodulatory
biomaterials have been used to improve healing in other tissues
by temporarily augmenting inflammation. For example, subcuta-
neous implantation of natural latex biomembrane (NLB) increased
IL-18 expression and oxidative stress during skin repair in a mouse
model, inducing significantly higher levels of inflammatory cell in-
filtrate, angiogenesis, and proliferation compared to denatured la-
tex and control groups [198]. Biocompatible NLB has accelerated
repair in a range of animal models including dental alveolar bone
in rats [199]; it has even improved the healing of ulcers in hu-
mans [200]. By preparing the tendon microenvironment for teno-
genesis, such inflammatory cues, in addition to the incorporation
of pro-regenerative features, deserve consideration as an integral
element of an effective tendon repair strategy, perhaps in combi-
nation with a pro-regenerative component that becomes active to-
wards the end of the inflammatory stage.

In summary, an ideal strategy to promote tendon repair in-
volves a balanced regulation of inflammation and tenogenesis. It
should promote the recruitment of effector cells and clearance of
apoptotic cells by M1 macrophages during the inflammation stage,
then induce M2 polarization by macrophages and ECM synthesis
by fibroblasts during the proliferative and remodeling stages. In
parallel, it should modulate the remodeling process by encouraging
host cell integration, tenogenesis, and organization of the regener-
ated tissue (Fig. 5). Such a comprehensive approach can provide
the most effective solution to improve tendon repair outcomes, es-
pecially in conjunction with postoperative physical therapy.
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