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Abstract

Connective tissue is one of the four major types of animal tissue and plays essential roles 

throughout the human body. Genetic factors, aging, and trauma all contribute to connective tissue 

dysfunction and motivate the need for strategies to promote healing and regeneration. The goal of 

this Review is to link a fundamental understanding of connective tissues and their multiscale 

properties to better inform the design and translation of novel biomaterials to promote their 

regeneration. We discuss major clinical problems in adipose tissue, cartilage, dermis, and tendon 

that inspire the need to replace native connective tissue with biomaterials. We then detail 

multiscale structure-function relationships in native soft connective tissues that may be used to 

guide material design. Several biomaterials strategies to improve healing of these tissues that 

incorporate biologics and are biologic-free are reviewed. Finally, we highlight important guidance 

documents and standards (ASTM, FDA, EMA) that are important to consider for translating new 

biomaterials into clinical practice.
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1 Introduction

Throughout the human body, fibrous matrices, non-fibrous matrices, and cells form 

important connections to adjacent tissues (termed “connective tissues”) that provide support 

and protection to organs. The specific composition and structure of connective tissues dictate 

their mechanical properties and govern interactions with cellular components. For example, 

the primary structural load bearing component in connective tissues is the protein collagen, 

whose Greek derivative, “kola” (glue) and “gen” (producing) exemplifies its mechanical and 

structural role in the ECM. Connective tissues that experience high mechanical loads, such 
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as tendon, have dense and aligned collagen in contrast to adipose tissue. Collagen functions 

synergistically with other ECM proteins including proteoglycans, elastin, and fibronectin to 

assemble tissue structure and support its function.

Aging, genetic diseases, and trauma may result in connective tissue pathology and the need 

for regenerative or replacement therapies. Biomaterials that mimic and heal connective 

tissues represent an exciting strategy to restore native tissue properties. For example, 

materials may be used to template regeneration, replace damaged tissue, or deliver biologics 

and other therapeutics. Each approach has scientific and translational merits and pitfalls that 

depend on its target tissue. The goal of this Review is to link a fundamental understanding of 

connective tissue diseases and their multiscale properties to inform the design and 

translation of novel biomaterials. The remainder of the review first discusses the multiscale 

structure-function relationships in native soft connective tissues, with examples of adipose, 

cartilage, dermis, and tendon (Figure 1). We then examine several biomaterials strategies to 

improve healing that both incorporate biologics and are biologic-free. Finally, we highlight 

many important standards (ASTM, FDA, EMA) that may be important when considering 

translation of biomaterials for connective tissue disorders to the clinic.

1.1 Connective Tissue Structure and Composition Overview

Connective tissues are broadly classified into the connective tissues proper (loose/areolar, 

adipose, reticular, dense) and special connective tissues (cartilage, bone, blood).[1] Loose 

connective tissue (low fiber to cell ratio) such as adipose tissue fills space between muscle 

sheaths and is soft compared to dense regular connective tissues (high fiber to cell ratio), 

such as tendon (connects muscle to bone). Dense irregular connective tissue carries a more 

disorganized pattern in fiber structure and is present in tissues such as the dermis of the skin 

and fibrous sheath of bone (periosteum). Reticular connective tissue contains a network of 

fibers, fibroblasts, and macrophages that constructs tissues such as adipose tissue, liver, bone 

marrow, and spleen.

The most abundant protein in mammals is collagen, and it serves as the main structural 

component of connective tissues. Collagen is widely used for medical applications including 

cardiology, cosmetic surgery, bone grafts, tissue regeneration, reconstructive surgery, wound 

care, dietary supplements, and is also used in basic science studies.[2] Collagen protein 

(Diameter (D) =1.5nm, Molecular weight (Mw) ~300kDa)[3] is formed from a triple helix 

stabilized by hydrogen bonds rich in the amino acid hydroxyproline that enables its twisting. 

Collagen molecules aggregate through entropic, electrostatic, and hydrophobic interactions 

to form collagen fibrils (D=100–500nm), which are staggered during assembly to create 

overlap regions that repeat every 67 nm (“D-banding”). Collagen exists in fibrillar forms 

(types I, II, III, V, XI), fibril-associated collagens with interrupted triple helices (FACITs), 

and non-fibrillar forms (MACITs, MULTIPLEXINs) that vary with tissue type and function.
[2] For example, collagen type-I (fibril forming) is of the main component of tendon, fascia, 

and bone, whereas collagen type-IV constructs adipose tissue. Upon mineralization, collagen 

can form rigid tissues such as bone. Collagen crosslinking (at the molecule and fibril levels)
[4–6] further stabilizes fibrils and impacts soft tissue mechanical properties.
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Elastin is an ECM protein abundant in tissues requiring elastic recoil after mechanical 

loading, such as blood vessels, tendon, and skin. Its fibers are composed of aggregated 

tropoelastin molecules (D=10–12nm, Mw=72kDa)[7] that appear as rope-like structures at 

the nanoscale. Unlike collagen, elastin’s amino acid composition contains 75% hydrophobic 

residues that makes hydration critical for elasticity.[8, 9] Elastin-based biomaterials are 

engineered using decellularized tissue, purified insoluble elastin, synthetic mimics, and 

elastin-like polypeptides.[8]

Fibronectin (FN) is a glycoprotein (D=5–20nm, Mw=440kDa) that mediates many cell-

ECM interactions controlling cell adhesion, migration, differentiation, and growth.[10, 11] 

The arginine-glycine-aspartic acid (RGD) peptide motif of FN is primarily involved in cell 

adhesion. Beyond binding to cell surfaces through cell surface integrin receptors, FN also 

binds to other ECM molecules including collagen, fibrin, and heparan sulfate proteoglycans.
[10] FN is critical throughout development and adulthood; an inactivated FN gene results in 

embryonic lethality, and altered expression of FN is associated with disease states including 

fibrosis and cancer.

Proteoglycans (PGs) are highly glycosylated proteins that play important mechanical, 

structural, and regulatory roles in connective tissues. PGs are composed of a core protein 

covalently bonded to glycosaminoglycan (GAG) side chains that exist in many forms and 

vary across tissues and length scales. Aggrecan (Mw= 2–3MDa)[12] is an example of a large 

PG that is highly abundant in cartilage and plays important roles in tissue mechanical 

function. Smaller proteoglycans, termed small leucine-rich proteoglycans (SLRPs), are the 

largest class of PGs by gene number and function as structural components and signaling 

molecules.[13] The GAG chains extending from the core protein are highly polar linear 

unbranched polysaccharides composed of an amino sugar and uronic sugar that attract water, 

lubricate surfaces, and absorb mechanical energy. PGs play distinct roles in intracellular, cell 

surface, pericellular, and extracellular spaces.[13] At the cell and pericellular levels, heparin 

sulfate proteoglycans help modify growth factors and maintain morphogen gradients during 

development and regeneration. In tissues, chondroitin- and dermatin-sulfate proteoglycans 

contribute to structure and mechanical strength against compression through fluid retention 

and generation of osmotic pressure due to the negatively charged sulfate groups on GAG 

chains in these PGs.[13, 14] Their negative charges also promote the binding of cations and 

can impede diffusion of molecules through the ECM.

1.2 Clinical Problems Overview

Genetic, immune, traumatic, and age-induced factors all contribute to connective tissue 

pathology (Table 1), primarily affecting limbs, joints, skin, and the cardiovascular system. 

As these disease states are a challenge for modern day medicine, they motivate novel tissue 

engineering strategies, biomaterials, and therapeutics. Importantly, for successful 

implementation, it is necessary to understand not only the pathological state, but also the 

native tissue structure-function properties to provide benchmarks for engineering design 

strategies.
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1.2.1 Impact of Genetic Diseases on Connective Tissues—Many genetic 

diseases have detrimental effects on connective tissues. Understanding disease onset and 

progression is necessary to design targeted therapies and establish validated models systems 

representative of in vivo pathology to evaluate therapeutic efficacy. We next review several 

genetic diseases and discuss current clinical treatments. These present clinical opportunities 

for material strategies to improve connective tissue dysfunction in individuals with genetic 

diseases.

Marfan’s Syndrome affects 1–2 in 10 thousand people each year and is due to mutations in 

fibrillin-1, a glycoprotein in the ECM that affects elastic fiber homeostasis.[15, 16] Patients 

with Marfan’s Syndrome present with elongated limbs and digits,[17] scoliosis,[17] speech 

disorders (due to high plate and receding chin),[18] and heart complications.[19, 20] Some 

patients with Marfan’s Syndrome experience reduced range of motion in the hip and the 

presence of a protruding femoral head, which can lead to premature osteoarthritis.[17, 21] 

Similar to Marfan’s Syndrome, individuals with Ehler’s Danlos Syndrome (EDS) present 

with loose joints and abnormal scarring. However, phenotypic presentation of EDS is much 

broader, with up to eleven abnormally expressed genes that cause stretchy skin, aortic 

dissection, joint dislocation, chronic pain, and early osteoarthritis.[22–24] These features are 

tested using the Ghent or Brighton criteria, and disease subsets are commonly classified as 

hypermobile, classical, vascular, periodontal, and myopathic.[25] Osteogenesis Imperfecta is 

a collagen specific rare genetic disease (mutations in col1a1 or col1a2 genes), primarily 

resulting in brittle bones, as well as shorter height, loose joints, hearing loss, decrease in 

breathing efficiency, brittle teeth, and aortic dissection.[26] Finally, myxomatous 

degeneration, or floppy mitral valve syndrome, is caused by a thickened spongiosa layer that 

occurs in concert with calcification and excess production of dermatan sulfate, which further 

weakens the valve leaflets and adjacent tissue. Several genes and signaling pathways have 

been implicated in this disease, including collagens, elastin, GAGs, SLRPs, and Wnts.[27] 

The prevalence of myxomatous degeneration ranges from 8–15% and increases with age and 

in patients with other cardiovascular risk factors.[28] Although no optimal treatment 

currently exists, common remedies include beta-blockers (propranolol, atenolol, calcium 

channel or ACE inhibitors),[29] bisphosphonates,[30] surgical intervention, and reduced 

exercise.

1.2.2 Impact of Autoimmune Diseases on Connective Tissues—Autoimmune 

diseases such as rheumatoid arthritis (RA), lupus, and scleroderma have devastating effects 

on connective tissues. RA is a chronic inflammatory disorder affecting 0.1–1% of 

individuals worldwide.[31] RA affects several tissues including the joints, skin, eyes, lungs, 

heart, and blood vessels.[32] In RA, the immune system attacks the synovium (lining of 

membranes surrounding joints) causing it to become inflamed and thickened, which can 

result in degenerate cartilage, bone, and tendons, and altered joint biomechanics.[33] In 

Lupus, patients present with joint pain and swelling, a butterfly rash on the face, or skin 

lesions.[34] Lupus may be attributed to both genetic (HLA gene[34]) and environmental (e.g., 

vitamin D[35]) factors. There are 16,000 new cases of lupus reported each year in the US, 

and it is ~9 times more common in women.[36] Scleroderma (systemic sclerosis) affects 

75,000–100,000 people in the United States[37] and is primarily characterized by excessive 
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collagen type I and III synthesis.[38] Patients with scleroderma present with thickened and 

stiff skin,[39] and poor blood flow.[39] If symptoms are specific to skin distal to the elbows 

and knees, this is termed CREST (calcinosis, Raynaud’s phenomenon, 

esophagealdysmotility, sclerodactyly, teleangiectasia) syndrome.[34, 40] Scleroderma may be 

caused by vascular and immune abnormalities that initiate impaired angiogenesis, 

endothelial damage, and upregulation of adhesion molecules that chemoattract leukocytes, 

fibroblasts, and myofibroblasts resulting in tissue fibrosis. Additionally, scleroderma may be 

initiated by genetic mutations in the HLA gene[41] and environmental factors (e.g., exposure 

to silica[42]). Current treatments for autoimmune diseases affecting connective tissues 

include NSAIDs,[43] corticosteroids,[44] immunosuppressants,[45] vitamin D,[46] and other 

biologics.

1.2.3 Impact of Aging and Trauma on Connective Tissues—Aging and trauma 

contribute to aberrant connective tissue phenotypes. White adipose tissue (WAT) ranges 

from 2–70% of total body weight and is redistributed with aging from subcutaneous to 

visceral depots,[47] which affects metabolism,[48] accumulation of macrophages,[49, 50] and 

telomere lengths.[50] Since growth hormone is lipolytic, growth hormone deficient and 

resistant mice increase in body fat with aging.[51] Aging also causes adipose progenitor cell 

dysfunction[52] senescent cell accumulation,[53] ectopic lipid deposition,[54, 55] and adipose 

tissue miRNA processing.[56] Indeed, several interventions aimed to reduce aged-induced 

changes in WAT include caloric restriction, growth hormone reduction, and estradiol.[57, 58] 

In contrast, brown adipose tissue (BAT) activity is inversely related to body mass index 

(BMI)[59, 60] and may be protective against childhood and adult obesity.[61] At birth, BAT 

accounts for 5% of total body weight and is essential for thermoregulation since newborns 

cannot shiver to produce heat. As thermogenesis is initiated, BAT lipid stores decrease 

within days after birth and are not increased again until adolescence. During adulthood, BAT 

decreases, which may be associated with declines in growth hormone, estrogen, and 

androgen.[62–64]

Aging and traumatic injury can cause osteoarthritis (OA). Derived from the Greek terms 

“arthron” (joint) and “itis” (inflammation), OA is the continuous and slow degradation of 

cartilage, bone, and synovium and is associated with tissue avascularity, joint inflammation, 

aberrant remodeling, and reduced joint mobility.[65] The primary individuals impacted by 

OA are the elderly, females over age 45, those with prior joint injuries, as well as those with 

poor joint alignment and biomechanics, genetic factors, and obesity.[66] In the United States, 

it is estimated that OA affects over 20% of the population above age 45 and 50% of those 

over age 65.[67] Joints with OA may display an ECM with decreased collagen and PG 

content, fibrillation, increased water content, formation of bony protrusions (osteophytes), 

synovial inflammation, meniscal damage, joint capsule hypertrophy, and subchondral bone 

thickening.[65] In addition to age induced OA, excessive loading trauma can induce cartilage 

damage and subsequent OA.[68] Damage to other ligaments or tendons such as the anterior 

cruciate ligament (ACL) can also promote OA and meniscal damage.[69, 70]

In skin, the production of hormones during puberty activates sebaceous and sweat glands. 

However, over time, these glands decrease in activity together with changes in skin 

wrinkling, sagging, gray hair, and baldness.[71] Additionally, aging results in decreased skin 
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strength and elasticity, which are attributed to decreased elastin and collagen:elastin ratios 

and increased collagen crosslinking.[71] Traumatic injury to the dermis also alters its 

structure-function properties. Inferior wound healing affects millions of people worldwide,
[72] with added complications due to diabetes,[72] aging,[72] and smoking.[73] Although 

tissue regeneration occurs during development,[74] tissue repair and scar development occur 

during adult wound healing.[75]

Tendon disorders are devastating injuries that result in significant pain, lost productivity, and 

high healthcare costs. Repeated overuse, aging, and traumatic injury are major risk factors 

for tendinopathy or tendon rupture. Tendinopathy in the rotator cuff affects 4–6% of the 

population between the ages of 25–64, with increased frequency in laborers (19%)[76] and 

athletes (69%).[77, 78] Several tendons, particularly those highly load bearing[79–81] are at 

increased risk of tendinopathy. Excessive mechanical loading[76, 82–85] may result in tendon 

thickening and increased vascularization,[86] and mechanical cues can drive tenocytes and 

tendon stem/progenitor cells (TSPCs) towards non-tenogenic lineages.[87, 88] Altered 

collagen content, decreased fiber organization, and non-tendon ECM deposition 

(calcification, ossification, lipid accumulation, deposits of proteoglycans) have been 

identified in histological sections from tendinopathic human tissue.[89] Furthermore, with 

increases in age past adulthood, tendon exhibits changes in collagen structure,[90, 91] 

decreased modulus,[92, 93] increased cross sectional area,[93–95] and decreased cell density.
[93, 96] Tendon degeneration and ultimate rupture can occur throughout the tendon, and its 

muscle and bone attachments.[97]

2 Multiscale Structure-Function Relationships in Native Soft Connective 

Tissues

2.0 Quantifying Multiscale Structure-Function Relationships in Native Tissue

Knowledge of the native ECM is critical to accurately identify and understand disease 

pathology and engineer biomaterials to mimic and heal tissues. Therefore, the study of 

structure-function relationships in tissues has remained a key component to establish proper 

design benchmarks. Unfortunately, there is no one-size-fits-all approach to evaluate 

structure-function relationships as several testing methods are used depending on the length 

and mechanical scale of interest. This makes it imperative that one considers the hierarchical 

scale(s) desired to benchmark, ranges of potential expected values, and testing factors that 

may influence results. For example, many human tendons can withstand thousands of 

Newtons of loading, yet cell-ECM forces are ~12 orders of magnitude smaller (nN)[101] and 

subcellular forces between myosin and actin are less than 1 pN.[102] Additionally, many 

biological tissues are anisotropic, viscoelastic, and poroelastic, which has major implications 

for material property values derived from mechanical testing as these will depend on the 

direction of loading, stress magnitude, loading mode, and loading rate applied. Human 

tissues have various collagen compositions and a wide range of compression moduli varying 

from 0.1 kPa in brain tissue to over 1000 kPa in bone.[103, 104] Here, we provide an overview 

of methods to evaluate multiscale structure-function relationships commonly used 

throughout this Review.
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Assessment of multiscale structure-function relationships at various length scales in naïve 

tissues and engineered constructs is accomplished using a variety of techniques (Figure 2). 

In vivo macroscale mechanical properties are approximated using combinations of imaging 

based methods, such as biplane radiography,[105] MRI,[106] and cinePC MRI,[107, 108] 

ultrasonography (B-mode, elastography, shear-wave elastography),[109, 110] gait analysis,
[111] or dynamometry.[110] By combining image-based methods to quantify tissue 

deformations with external force assessment (e.g., ground reaction forces), inverse dynamics 

and finite element methods can approximate tissue and joint stresses. If tissue samples are 

available, direct mechanical assessment ex vivo is possible using mechanical testing 

equipment in tension, compression, shear, or torsion. Selection of the specific testing method 

depends on the in vivo loading environment for the tissue of interest. For example, tendons 

typically function in uniaxial tension, unlike cartilage that is compressed. Several 

mechanical properties may be evaluated including quasi-static mechanical properties 

(Young’s modulus, toe/linear modulus, transition strain, maximum stress and strain), 

viscoelastic properties (percent relaxation, relaxation half-life), dynamic properties 

(dynamic modulus and tangent of loss angle), and fatigue properties (laxity, cycle to failure).
[112] Due to the nonlinear response of stress and strain with applied loading in fibrous 

tissues, tissue properties are commonly evaluated during the toe, transition, and linear 

regions. Rheology is also used to determine the shear modulus of materials.[113]

At the microscale, increased precision is necessary to capture mechanical properties at these 

smaller length scales. Tissue and cell biomechanics is commonly evaluated using atomic 

force microscopy (AFM) whereby samples can be evaluated mechanically in native fluid 

environments, with several testing and length scale evaluations possible depending on the 

testing mode (e.g., tapping v. contact) and cantilever tip (colloid, pyramid).[114, 115] 

Functionalization of the cantilever tip can also allow local mechanical characterization of 

specific proteins such as collagen.[114] To determine the traction force generated by cells, 

traction force microscopy (TFM) is commonly used.[116] In this method, cells are embedded 

in a matrix of known mechanical properties (e.g., polyacrylamide) and gel displacements are 

tracked over time to back calculate forces. Methods to determine forces exerted by cells on 

their substrates have several strengths and limitations.[117] Finally, magnetic tweezers may 

be used to evaluate mechanical properties at the picometer level, including assessment of 

DNA.[118]

Multiscale structural property assessment is important to both design biomaterials that may 

mimic native tissue structure and evaluate whether biomaterials used as therapies restore 

native tissue architecture. Macroscale tissue structure is commonly evaluated with MRI, x-

ray, and ultrasound. Several MRI pulse sequences (T1, T2) can define anatomical features of 

body tissues that depend on water content (e.g., bone, cartilage, tendon, fat)[119] and infer 

glycosaminoglycan distributions in tissues such as cartilage (T2*, T1ρ).[120, 121] Ultrasound 

can monitor soft tissue structures with low acoustic impedance, such as fetuses, abdominal 

features, and tendons. Higher frequency ultrasound (>10MHz) imaging may provide 

increased resolution of smaller structures such as tendon fascicles that are superficial to the 

skin.[122] Tissue level structure, particularly collagen alignment, porosity and fiber size, is 

evaluated with intact tissues or histological sections imaged with polarized light imaging,
[112, 123] multiphoton confocal imaging,[124] or AFM.[125] At the nanoscale, transmission 
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electron microscopy, scanning electron microscopy,[126] and AFM[114] are used to define 

features not visible by conventional microscopes, such as the D-banding of collagen.[125]

Several testing methods evaluate aspects of tissue biology and biochemistry. Positron 

emission tomography (PET) and single photon emission computed tomography (SPECT) 

detect changes in metabolic activity in vivo. These methods commonly incorporate 

structural imaging to detect metabolically active tumors in patients with cancer, as well as to 

detect osteoarthritis. At the tissue level, histological sections stain for many tissue and cell 

markers using immunohistochemistry. If tissues are available, they may be assessed for total 

collagen content or cell viability. Cells from tissues can be isolated and evaluated for their 

expression of many cell surface markers. Proteins within tissues are evaluated quantitatively 

with ELISAs, Western blots, and mass spectrometry. Gene expression is evaluated following 

RNA isolation using quantitative real time polymerase chain reaction (qRT-PCR) as well as 

RNAseq. Further evaluation of tissue composition (e.g., crosslinking), component molecular 

weights, and particle size are evaluated with high performance liquid chromatography, gel 

permeation chromatography, and dynamic light scattering.

2.1 Adipose Tissue Structure-Function Relationships

Adipose tissue has important functions throughout the body, including energy storage, 

nutrient sensing, temperature regulation, immune modulation, wound healing, and tissue 

regeneration.[127, 128] It is present in both unilocular (white, WAT) and multilocular (brown, 

BAT) forms and is composed of adipocytes (fat cells), adipose derived stem cells (ASCs), 

and immune cells.[128, 129] Adipocytes are surrounded by a thin (100nm) basement 

membrane containing type IV collagen[130] and a sheath of fibrillar collagen (I, III, V, VI), 

laminin, and proteoglycans[131] that function to dissipate external stresses.[132] Adipose 

tissue is deposited throughout the body in the dermis, breasts, bone marrow, face, and 

adjacent to the mesentery. The mechanical modulus of adipose tissue can range substantially, 

and is approximately 2kPa in the breast[133] and 600kPa in the plantar fat pad.[134]

Throughout the body adipose tissue interacts with neighboring tissues and plays important 

roles in tissue homeostasis and function. In the dermis, hair follicles are in contact with 

WAT, and reciprocal interactions occur between WAT size and hair follicle cycling.[135–137] 

Hair follicle regeneration and dermal healing is disrupted when adipocyte differentiation is 

inhibited,[138] and the addition of adipocyte precursors can activate new hair growth.[138] 

Adipose tissue in the acetabular fossa of the hip and deep to the patellar tendon of the 

knee[139, 140] serves biomechanical roles by dissipating stress and reducing friction[141] and 

may also play a role in adipokine and paracrine signaling during osteoarthritis and joint 

inflammation.[142, 143] In mammary tissue, WAT and the mammary gland epithelium both 

remodel during pregnancy, lactation, and ovulation.[144, 145] For example, adipocyte lineage 

cells promote epithelial proliferation and branching, alveolar and ductal morphogenesis, and 

differentiation into milk protein producing cells.[146–148] During breast cancer, tumors have 

decreased adipocyte cellularity and lipid content,[149, 150] and can provide lipids and 

cytokines to regulate tumor cells and activate metabolic pathways to stimulate tumor cell 

invasion.[151, 152] Bone marrow contains adipose tissue (bmAT) that functions similar to an 

endocrine organ[128, 153] and is influenced by aging, obesity, and GH deficiency.[154, 155] 
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After caloric restriction, bone marrow tissue expands in concert with adiponectin secretion 

in serum.[156, 157] Facial adipose tissue contributes to facial features and recognition and 

consists of both superficial and deep depots[158] that vary during aging, contributing to 

wrinkling.[159] In Grave’s disease, retro-orbital white adipose tissue expands and results in 

the bulging of the eyes.[160] Cardiovascular adipose tissue covers 80% of the heart’s 

surface[161] and functions to provide mechanical cushioning during beating, thermal 

protection for the heart,[128, 162] and production of free fatty acids that diffuse to the 

myocardium for energy storage.[163] During obesity, epicardial WAT hypertrophies, leading 

to an increase in the work required for heart contraction, cardiac hypertrophy, adipose 

infiltration into the myocardium, and release of proinflammatory signals.[163, 164] Finally, 

adipose tissue in the hands and feet helps to distribute weight and reduce stress 

concentrations.[134] In these highly loaded areas, adipocytes exhibit globules encapsulated 

by collagen and elastin, presumably for mechanical support.[165]

2.2 Cartilage Structure-Function Relationships

Cartilage is found throughout the body, provides cushioning and gliding within synovial 

joints (elbow, shoulder, hip, knee), and is a key biomechanical component to many tissues 

(e.g., ear, nose, intervertebral discs, rib cage). Lessons learned from development may be 

important when tissue engineering cartilage. Cartilage formed during embryogenesis serves 

as a template for bone growth during endochondral ossification.[166] During embryogenesis, 

MSCs derived from the mesoderm form the appendicular skeleton[167] (i.e., limbs) followed 

by cell condensation and differentiation into prechondrogenic cells, persistent chondrocytes 

that form the ECM and hyaline cartilage, and proliferating chondrocytes that form the 

growth plate.[168] There are three overall types of cartilage: elastic (ear flap, larynx), hyaline 

(joints, growth plate, nose, ears, trachea, larynx, respiratory tubes), and fibrous (spine, 

menisci). Cartilage contains cells termed chondrocytes that produce a type-II collagen-rich 

ECM and ground substance rich in proteoglycans. Native uninjured cartilage lacks a blood 

supply, which limits its ability for repair following injury. Nutrients are delivered via 

diffusion and this can be enhanced through mechanical loading.[67] In the knee joint, 

articular cartilage dissipates energy as the tibia, femur, and patella experience six degrees of 

freedom motion during limb proprioception, and supports forces greater than 6 times body 

weight during running.[67] In the mandibular condyle, cartilage prevents wear to the 

temporal mandibular joint during jaw movement activities (chewing, speaking). Although all 

of these may be termed “cartilage”, each has strikingly different structure-function features.

Articular cartilage in joints experiences multiaxial compressive and shear stresses together 

with hydrostatic and osmotic pressure during loading. This two-phase material contains both 

a solid collagen-II matrix and liquid phase of water (70–80%), electrolytes, and polyanionic 

proteoglycans (e.g., aggrecan, glycosaminoglycans) that attract interstitial fluid and give rise 

to osmotic pressure.[169] The matrix contains spatially graded chondrocytes that produce 

ECM.[170] This ECM is highly heterogeneous and anisotropic throughout its thickness and 

length, due in part to mechanical loading during formation. Cartilage is biphasic and 

viscoelastic, and experiences strain stiffening under applied stress as collagen fibers 

reorganize to accommodate joint loading.[171] The pericellular matrix embedding the 

chondrocytes is composed of collagen type-VI and proteoglycans, and attenuates stress.[172] 
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During loading, the fluid movement is reduced by collagen-type II within the network, 

giving rise to mechanical stiffness and a Young’s modulus that ranges from 5 to 25MPa at 

the macroscale and 0.5–1MPa at the microscale from deep to superficial zones.[173–176] 

Mechanical loading also activates many mechanotransductive pathways that regulate 

chondrocyte anabolic and biosynthetic processes.[177] Joint gliding and mobility during 

loading is facilitated by synovial fluid in joints that contains a lubricating proteoglycan 

known as lubricin (PRG4).[178]

There are three main zones of cartilage: superficial, middle, and deep. The superficial zone 

contains type II collagen fibers parallel to the surface, low amounts of aggrecan, low 

hydraulic permeability, high amounts of lubricin, and more spindle-shaped chondrocytes.
[170, 179] This arrangement of fibers contributes to their high tensile modulus, which helps to 

reduce Poisson effects during loading, stress shields deeper regions of cartilage, and creates 

extremely low friction (lowest in nature). The middle zone of cartilage has chondrocytes 

with a more rounded morphology, disorganized type II collagen, and increased amounts of 

aggrecan. The deep zone has collagen organized perpendicular to the underlying 

subchondral bone and increases in mineralization.[179] Structurally, collagen type II fibers 

have an ordered and graded structure at the macroscale, but appear highly disorganized at 

the microscale allowing entanglement of aggrecans.[180]

2.3 Dermis Structure-Function Relationships

Skin spans the entire surface of the body and plays many roles, including being an barrier 

for environmental threats (e.g., bacterial and viral infections, UV damage), regulating 

temperature, and sensing external stimuli.[72] Skin plays major roles in both heat regulation 

and excretion via perspiration.[71] Nearly 600–900mL of water are lost daily together with 

sebum and sweat used to lubricate the skin surface.[71] Skin is comprised of two primary 

layers termed the dermis and epidermis that also contain many additional tissues, including 

sweat glands, nerves, and blood vessels.

The dermis helps support the epidermis and connect it to the hypodermis. It is composed of 

collagen type III, elastin, proteoglycans, vessels, nerves, glands, and sensory receptors,[72] 

and contains an upper (papillary) layer and a lower (reticular) layer. In the papillary layer, 

organized parallel rows of microscopic structures termed papillae create unique ridges in the 

skin that result in fingerprints.[71] The deeper reticular layer contains white fibrous tissue 

and blood vessels.[71] Superficial to the dermis is the epidermis, which contains four cells 

types (keratinocytes, melanocytes, Merkel cells, Langerhans cells) that form the stratified 

squamous keratinized epithelium.[181] This thin layer has additional separate layers termed 

the stratum basale, spinosum, granulosum, and lucidum, and corneum that form due to 

continuous differentiation and cytomorphosis of keratinocytes. The hypodermis attaches to 

the deep fascia or periosteum of bone and contains pads of adipose tissue. Together, these 

components cover many diverse tissue surfaces ranging from the conjunctiva of the eyelids, 

external eardrum, urogenital system, and respiratory system.

Similar to other connective tissues, skin’s structure and function properties vary throughout 

the body. For example, the cheek and forehead contain sebaceous glands giving an oily 

texture, whereas skin beneath the eyebrows is thicker and contains coarse hairs. There are 
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approximately 3000 sweat glands per square inch of skin.[71] Skin thickness may also vary 

throughout the body (0.07–5mm) and in disease states such as diabetes. The tensile modulus 

of naïve skin ranges from 2.5–8MPa.[182] Skin is also a stimuli responsive tissue due to 

mechanoreceptors (stretch, vibration, pressure, touch), thermoreceptors (hot, cold), and 

nociceptors (pain). Some receptors are encapsulated in layers of epineurium (e.g., Pacinian 

and Ruffini corpuscles) and some are unencapsulated (e.g., Merkel disc, peritrichial nerve).

Skin’s structure-function relationships vary drastically during the wound healing cascade, 

which consists of hemostasis, inflammation, proliferation/fibroplasia, and remodeling. 

Within the first hours after a skin injury, hemostasis occurs due to platelet aggregation and 

the assembly of a fibrin matrix[183] which promotes migration of cells to the injury site, and 

serves as a depot of growth factors.[74, 184] Chemotactic factors released by platelets initiate 

the inflammatory response[72] followed by re-epithelialization, neovascularization, and 

formation of granulation tissue (e.g., collagen III, hyaluronic acid, fibronectin).[185] Days to 

months post injury, ECM stress causes fibroblasts to produce collagen, generate a stiffer 

matrix, become more contractile, and differentiate into myofibroblasts[72, 74] that contract 

the wound and form a scar.[186]

2.4 Tendon Structure-Function Relationships

Tendons connect and transmit forces from muscle to bone,[187] and are composed of 

tenocytes (tendon fibroblasts) and tendon-derived stem/progenitor cells (TSPCs).[87] These 

cells are embedded in a heterogeneous matrix of collagens (types I, II, V, IX, and X), 

proteoglycans, elastin, fibronectin, and fluid (70% wet weight) surrounded by blood vessels.
[188–194] Together, these molecules form a hierarchical network that contributes to strain 

transfer from the macro- (“fascicle”) to nano- (“fibril”) scales.[4, 124, 195–197] Native tendon 

contains highly organized collagen fibers that surround elongated tenocytes. Unlike normal 

tendon, injured and healing tendon is more disorganized in collagen structure and type 

(greater collagen type III:I), and contains neutrophils and macrophages, and other immune 

cells at the wound site,[198] that disrupt the native tissue environment. TSPCs may play 

important roles in tendon homeostasis and healing capacity following injury, due both to 

their ability to differentiate into tenocytes and participate in paracrine signaling.[87, 199] 

TSPCs are positive for stem cell markers (e.g., CD44, 90, and 146)[87, 200] and negative for 

markers of other cell populations (e.g., endothelial cells, leukocytes, CD34, 45).[87] Several 

transcription factors (e.g., Scleraxis, Mohawk, Tenomodulin) and ECM proteins (collagen I, 

and members of the SLRP family) may be particularly important to evaluate as are expressed 

in naïve tendon. However, it is difficult to accurately identify tendon cell types due to the 

limited number of markers that have been identified through development and aging.[201]

Individual tendons exhibit enormous spatial variation in material properties, as they originate 

from muscle (compliant material) and insert into bone (stiff material) through a 

fibrocartilaginous region that dissipates stress concentrations. This fibrocartilaginous 

insertion is lower in collagen and proteoglycan content than the midsubstance, and 

transitions in composition from type I to type II collagen. Disorganized ECM becomes more 

aligned and less wavy (termed “crimp”)[202] with mechanical loading, resulting in a distinct 

“toe-region” during mechanical loading due to this strain stiffening mechanism. In addition, 
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tendons are viscoelastic and poroelastic, which results in rate- and time-dependent properties 

and fluid flow within the ECM.[203] During normal human motion, the stresses and strains 

that tendons experience vary based on anatomical position and activity level. Although many 

tendons operate in the toe-region of the tissue’s stress-strain curve (less than 5% of their 

load until rupture),[204] higher load bearing tendons, such as the Achilles, can experience 

forces nearly 70% of their maximum load and stress before rupture (~3500 N or ~55MPa).
[205, 206] The primary type of loading in tendons is tensile, yet compressive, biaxial, and 

shear stresses may be present.[207, 208] Aging[93] and sex[209] may influence native tendon 

properties and their healing capacity.[210] Additionally, loading post injury[187, 211] and 

surgical intervention[212, 213] may impact tissue healing and joint recovery.

Both pathology and strength/endurance training in humans highlights the role of mechanical 

loading in tissue homeostasis, and its potential application in the design of functional 

biomaterial-based tissue replacements. Both low and high mechanical loading of tendon can 

disrupt homeostasis[214–221] Stress deprivation flattens and elongates fibroblasts, decreases 

cell number, decreases tensile modulus,[220] produces inflammatory cytokines, causes matrix 

degradation,[222] and causes the release of pro-inflammatory cytokines and vasodilators.[223] 

Certain loading regimes may promote optimal mechanical properties[219] through alterations 

in collagen synthesis.[217, 221]

3 Biomaterial Connective Tissue Mimics, Biologics, and Therapeutics

3.0 Overview of Biomaterial Connective Tissue Mimics

Major goals for engineering new biomaterials in this field are to replace or regenerate tissue 

and deliver therapeutics locally. Biomaterials can be engineered to mimic tissue structure in 

order to provide tissue function. Local drug release may overcome current limitations of oral 

administration, including the need for high or repeated doses, poor targeting, short 

circulation times, poor patient compliance, systemic toxicity, and the short half-lives of 

many drugs.[229–232] When designing biomaterials to mimic native tissues, the role of the 

extracellular matrix in regulating cell behavior should be considered. Biophysical signals 

incorporated into biomaterials, such as matrix elasticity,[233] viscoelasticity,[234] and 

porosity[235] may help control and regulate stem and stromal cell behavior. Fiber orientation 

is also critical for various cell behaviors, including stem cell differentiation,[236] cell 

alignment,[237–239] matrix deposition,[240, 241] and migration.[242] Many natural and 

synthetic materials are used as biomaterials to mimic and heal connective tissues (Table 3), 

and these may be synthesized into different geometries using a variety of techniques, 

including injection molding, electrospinning, 3D printing, and weaving. Using natural 

polymers is advantageous because they contain physiological components and comprise cell 

adhesive sequences that support cell adhesion and differentiation. However, natural 

polymers may be limited in mechanical strength, ability to control in vivo degradation, 

variation in production quality, and risks for contamination. Synthetic polymers are 

advantageous because of their high degree of mechanical, chemical, and structural tenability, 

well controlled composition and manufacturing, and capacity to incorporate bioactive 

compounds. However, synthetic polymers are limited in their biointegration, inability to 

remodel with surrounding tissue, and risk for inflammatory responses. Taken together, the 
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chemical and biophysical features of materials may guide cell lineage specification in vitro 
and in vivo, and affect proliferation, motility, contractility, and many other cell functions by 

changing both acute signaling and transcriptional programs.[243–245]

Biomaterials can provide biochemical signals to promote healing, as well as deliver 

therapeutics and cells to tissues. Biochemical signals arising from adhesive molecules such 

as laminin and fibronectin, as well as signaling ligands such as TGFβ and BMP may affect 

MSC attachment[246] and guide differentiation.[247] Since cell survival following 

implantation is often less than 26%, and in many situations lower than 1% after 24 hours,
[248–250] biomaterials that can harbor cells in microenvironments to protect them from harsh 

conditions in vivo may have great utility. Materials can also release factors in response to 

environmental stimuli. For example, biomaterials can degrade in healing environments that 

exhibit high concentrations of proteases or non-neutral pH.

Many cell sources can be considered for connective tissue engineering, but MSCs have been 

the most widely explored. In 1999, Pittenger and colleagues isolated MSCs from bone 

marrow and demonstrated their multipotency, which has led to their application in every 

connective tissue discussed in this Review.[298] Adult MSCs are important in tissue 

homeostasis, remodeling, and regeneration due to their ability to differentiate down different 

lineages, modulate the immune system, and promote healing through paracrine signaling. 

With the right cues, MSCs can differentiate towards various mesenchymal lineages (e.g., 

bone, cartilage, fat, skin, tendon/ligament, muscle, bone marrow stroma). These cells are 

defined by the Mesenchymal and Tissue Stem Cell Committee at the International Society of 

Cellular Therapy[299] by being: (1) substrate adherent, (2) multipotent (differentiate into 

bone, fat, cartilage), and (3) express surface makers CD90/Thy-1, Cd73, and CD105. CD34 

(hematopoietic and endothelial cell), CD45 (leukocyte), CD11b (monocyte and 

macrophage), CD79a (B-cell), and CD31 (platelet, monocyte, neutrophil) are common 

negative MSC markers. Similar stem/progenitor cells may also be derived from other sites 

throughout the body, including the perivasculature near blood vessels or within connective 

tissues such as in parallel collagen fibril chains in tendon.[87]

MSC-based cell therapies have been widely used to date; however, many therapies based on 

direct cell injection have produced conflicting results in vivo, potentially due to both 

complications in local delivery of cells to the site of injury and the absence of a scaffold 

environment protecting against harsh mechanical and inflammatory microenvironments. 

Unlike embryonic stem cells that may remain in equine tendon for 3 months post injection, 

MSCs had less than 5% survival after 10-days post-injection.[300] Quantification of MSC 

homing to specific locations following injection suggests that the number of cells reaching 

their desired location is limited.[301] Systemic delivery of MSCs also suffers from 

accumulation of MSCs in the lungs and potential complications such as arterial thrombosis 

if delivered through the blood.[302] Additionally, direct injection alone does not provide 

environmental cues to control MSC response to produce functional tissues. The normal 

microenvironment, or niche, of MSCs in the body provides important cellular, structural, and 

signaling cues that help maintain stemness, number, and activation. Therefore, much 

attention has been focused on designing biomaterial systems that not only harbor and protect 
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these cells post injection/implantation, but also provide cues important for their regulation to 

regenerate functional tissues.

MSCs have limitations as cell sources given their weak definition and characterization in 

many studies. Although the term “MSC” was first introduced in 1991 to represent 

multipotent cells derived from bone marrow and periosteum, many studies use MSCs 

without investigating their multipotency. Given their ability to home to injury sites and 

secrete bioactive factors that aid in tissue healing, these cells may function more as 

“medicinal signaling cells.”[303] MSCs can suppress immune responses[304, 305] through the 

secretion of soluble factors,[306, 307] which may affect inflammatory cell infiltration post 

injury. MSCs may also promote fibroblast proliferation and ECM synthesis by releasing 

cytokines[308] important for regeneration (termed “paracrine signaling”). Additional cell 

types are also being considered for tissue regeneration. Induced pluripotent stem (iPS) cells 

are a particularly attractive cell type for regenerative medicine. These may be readily 

obtained by reprograming fibroblasts or other cells from a patient with transcription factors 

(Oct¾, Sox2, c-Myc, and KLf4) to be pluripotent, followed by differentiation down desired 

pathways.[309] Potential hurdles for iPSC translation include low reprogramming efficiency, 

low cell engraftment following transplantation, immunogenicity, and tumorigenicity.[310]

3.1 Adipose Tissue Biomaterials

Cosmetic reconstructions, congenital defects, trauma resections, and lumpectomy 

procedures to treat breast cancer have dramatically increased demand for biomaterials to 

replace adipose tissue.[311] FDA approved soft tissue fillers such as HA, collagen, and 

PMMA fill small volumes (~1–2ml) and their high costs and risk of foreign body reactions, 

inflammation, shape distortion, and resorption (40–60%+[312–314] within 6 months[315]) 

limit their application for larger volume applications (e.g., breast reconstructions) requiring 

up to 400ml. Current costs for soft tissue fillers for aesthetical surgeries have prices 

(USD/ml) ranging from $300 for collagen products (e.g., Cosmoderm©) to $1,000 for PLLA 

PMMA microspheres and collagen products (Artefill©).[311] Furthermore, many 

reconstructive procedures using prostheses, free flaps, or lipofilling cost between $2,300 and 

$23,000 in materials alone.[311] Although there are over 10 HA soft tissue fillers approved 

by the FDA (e.g., Restylane©), they are classified as temporary solutions because they 

require repeated injections and are not designed to induce regeneration. Therefore, methods 

aimed to improve degradation rates (e.g., crosslinking), and biological performance (e.g., 

factors to stimulate adipogenesis, bio-interactive signals) are being widely studied.

In the next sections, we highlight recent advances in both biologic free strategies and those 

that provide active cues to promote adipose tissue (Figure 3a).

3.1.1 Adipose Tissue Biomaterials: Biologic-Free Approaches—Work in the 

past decade to develop cell-free biomaterials for adipose tissue replacement has primarily 

focused on using decellularized adipose tissue (DAT). Biomaterials incorporating DAT have 

been able to retain native human adipose tissue mechanical properties,[316] contain similar 

ECM components (e.g., collagen type-I, IV, and laminin),[317] support adipogenic 
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differentiation,[317–319] and stimulate angiogenesis.[320] Other techniques include using DAT 

microcarriers,[321] hydrogel composites,[318] and injectable gels.[322]

Another biologic-free approach involves materials that show similar porous structures to 

native adipose tissue.[319, 323] One technique incorporated lipoaspirate into a silk protein 

matrix to create a porous sponge suitable for tissue ingrowth after placement.[282, 323] Over 

18 months, these materials led to regeneration of subcutaneous adipose tissue and 

maintained their original implanted volume.[282] In a different strategy, a zwitterionic poly 

(carboxybetaine-co-methylmethacrylate) co-polymer (CMMA) was electrospun to create 

nanofiber meshes with large interconnected pores and a low density structure to promote 

adipogenesis.[324]

3.1.2 Adipose Tissue Biomaterials: Biologic and Drug Approaches—Given the 

abundance of cells in adipose tissue, many biomaterial replacement strategies include a 

cellular component. The incorporation of ASCs in hydrogels is widely used to engineer 

adipose tissue due to the facile nature of their isolation via liposuction, expansion ability in 

culture, differentiation potential to pre-adipocytes, and opportunity for patient-specific cell 

products.[325] Matching scaffold and native tissue mechanical properties further promotes 

ASC differentiation into adipocytes,[326] which highlights the importance of evaluating 

native tissue structure function properties. From a materials perspective, use of natural 

polymers is advantageous for their biocompatibility and cell adhesion. However, bioactive 

properties can be incorporated into other materials through presentation of peptides (e.g., 

RGD to promote adhesion) from a hydrogel backbone.[327]

Injectable biomaterials and 3D porous implantable scaffolds are commonly used to deliver 

cells for adipose tissue regeneration. Injectable materials are advantageous because they 

allow minimally invasive delivery, can conform to any tissue geometry, and can gel in situ. 

Hydrogel properties may be tuned using chemical crosslinking (hyaluronic acid,[251–254] 

collagenase sensitive PEG,[294] DAT[251]) and physical and ionic crosslinking (alginate and 

O-carboxymethyl chitosan[259]), and can be made thermo-responsive (Pluronic F127,[328] 

HA-PNIPAAm-poly(amidoamine)[329]). Porous 3D scaffolds fabricated with solvent casting 

(gelatin[278]), freeze-drying (decellularized adipose tissue[319], PGS/PLLA,[330] PLGA[331]), 

cryogelation (HA and gelatin[279]), two-photon polymerization (gel-MOD[332]), and 

extrusion bioprinting (poly(D,L)-lactide,[333] DAT[334], alginate[260]) can support 

adipogenesis and angiogenesis, and possess similar mechanical properties to native tissue.
[279] A limitation of some adipose tissue surrogate materials is their non-degradability. 

Therefore, it may be advantageous to tune material degradation to balance cellular 

infiltration with chronic inflammation caused by non-resorbable implants.[335]

Promoting neovascularization is important to enable engineered adipose tissue survival in 
vivo.[336, 337] Interestingly, ASCs alone demonstrated angiogenic activity for 21 days when 

seeded on a bioresorbable alginate scaffold.[261] Coculture of ASCs with endothelial cells, 

which absorb fatty acids and promote vascularization in vivo, on a porous silk substrate 

coated with laminin helped maintain tissue size and shape.[282] Sustained release of the 

angiogenic factors VEGF and Ang-1 contained in PLA microspheres promoted 

vascularization and differentiation of ASCs to endothelial cells.[293] Local delivery of 
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dexamethasone also resulted in increased vascularization and greater retention of the initial 

tissue volume in vivo, likely due to its ability to downregulate preadipocyte factor 1 to 

prevent adipocyte differentiation.[338, 339] Taken together, this work highlights the potential 

of biomaterials approaches that incorporate biologics and drugs into scaffolds for adipose 

tissue regeneration.

3.2 Cartilage Biomaterials

Cartilage damage induced by intrinsic and extrinsic factors has motivated the design of 

biomaterials to improve or replace damaged tissue. The growth in the global orthopaedic 

device market is driven by worldwide aging and obesity, with markets exceeding $28B in 

2014 and forecasted to reach $38B by 2019.[340] Although total joint replacement to replace 

osteoarthritic cartilage has remained one of the most successful surgical procedures of the 

21st century, and represents a significant fraction of this market, there has been significant 

efforts to regenerate cartilage using biomaterial based strategies. Historically, the gold 

standard treatment to promote cartilage regeneration was microfracture, which dates back to 

the 1950s and involves debriding cartilage and exposing subchondral bone to promote a 

fibrin clot in order to promote new fibrocartilagenous tissue formation.[341, 342] Although 

biomaterials may be used to improve this technique,[343, 344] there is still a long post-op 

period during which joint loading must be minimal.[345] Importantly, a recent study has 

called into question the efficacy of microfracture in treating cartilage lesions following ACL 

rupture.[346]

Several design features may be considered when creating biomaterials to mimic and heal 

cartilage. Cartilage has minimal innervation and vascularization in adult tissue. Although 

this reduces the number of components necessary for engineering surrogate tissues, it creates 

a design challenge to maintain tissue nutrition. Furthermore, accurately recapitulating the 

mechanical, structural, and compositional changes of cartilage from development to 

maturation (18+ years) in a short time in tissue culture (1–2 months) to create replacements 

for adult patients has remained challenging.[67] Although approaches have advanced to 

clinical trials,[347] there still remains a need to more closely match native cartilage 

mechanical properties, provide improved surrounding tissue integration, and better mimic 

3D multizonal architecture to provide spatial cues guiding cell phenotype. Furthermore, 

constructs must be biocompatible. An interconnected porous structure may also be desirable 

to allow nutrient/waste diffusion. Given the load bearing requirements of cartilage, material 

properties are often a major outcome metric evaluated. Engineering materials with very low 

friction to mimic native cartilage is also an important consideration.[348] Finally, the 

degradation rate of these materials is another important design consideration. Tuning 

biomaterial degradation to coincide with tissue healing is possible with breakdown 

mechanisms involving hydrolytic degradation (polymer chemistries including esters, ureas, 

urethanes, amides)[67] or enzymatic degradation.

In the next sections, we highlight recent advances in both biologic free strategies and those 

that provide active cues to promote cartilage tissue (Figure 3b). Non-biomaterial approaches, 

including osteochondral auto and allografts and total joint replacement are not reviewed.
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3.2.1 Cartilage Biomaterials: Biologic-Free Approaches—Hydrogels, fibrous 

materials, and foams/sponges are common scaffold materials used as biologic-free cartilage 

biomaterials. 3D hydrogels are fabricated with covalent or ionic crosslinks and may contain 

interpenetrating networks[349] of other polymers or be further reinforced with fibers.[350, 351] 

Hydrogel materials offer a number of advantages, including high water content, 

chondrogenic potential, ready transduction of mechanical loads, and potential in situ 

scaffold formation. However, they also have challenges, including generally low mechanical 

properties (E ~200kPa)[350] and isotropy unless fiber reinforcement is used. Injectable 

materials that gel in situ[352] may allow filling of patient specific defects without requiring 

open surgery. Hydrogels containing an interpenetrating network of laponite nanoparticle-

associate silated hydroxypropylmethyl cellulose was capable of in situ gelation and 

cytocompatibility, and promoted chondrogenesis.[353]

Fibrous materials have also been widely explored, including those produced via 

electrospinning.[354, 355] These can provide moduli on the order of tens to hundreds of MPa,
[354, 355] and an interconnected porous structure. Electrospinning allows independent 

control[356] of fiber size, diameter, and stiffness and can be used with many materials, 

including PCL and PLGA.[357]

Foams and sponges are advantageous forms of cartilage biomaterials because they can 

possess highly interconnected porous structures with tunable mechanical properties (E ~ 

12kPa-5MPa)[358, 359] and can be fabricated using porogens,[360, 361] freeze drying,[362] or 

3D printing.[363, 364] Temperature gradients during freezing lead to unidirectional freezing, 

promoting ice crystal alignment and pores allowing improved infiltration of MSCs.[365]

Several biologic free approaches for cartilage repair are currently in clinical trials. In one 

approach, a bioceramic scaffold composed of multilayers with gradients of collagen type 1, 

HA, and magnesium enriched hydroxyapatite is being developed for osteochondral lesions 

of the knee (MaioRegen™). This biomimetic scaffold promotes differentiation of cells 

derived from the bone marrow and synovial fluid into osteocytes and chondrocytes, and 

integrates with surrounding tissues once implanted. Another gradient-based biologic-free 

approach contains gradients of aragonite (mineral) and HA to similarly mimic the 

osteochondral interface (Agili C™).[366]

3.2.2 Cartilage Biomaterials: Biologic and Drug Approaches—There are many 

challenges to engineer functional cartilage, including a source of appropriate cells and 

recapitulating native zonal heterogeneity. Due to their intrinsic low density in adult tissue, 

only 1–5% of the total tissue volume,[67] primary chondrocytes are often isolated and 

expanded in vitro prior to use. A major challenge here is that these cells are expected to 

proliferate, differentiate, and produce ECM, but chondrocytes in adult articular cartilage are 

metabolically quiescent. Many studies have explored the impact of cell culture in dynamic 

bioreactors, serum-free media conditions, added growth factors, hypoxic culture, and 3D 

culture.[367–370]

As chondrocyte expansion on 2D substrates may cause chondrocyte de-differentiation,[371] 

and cell expansion capability may be compromised by the fourth passage,[372] bone marrow 
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and adipose derived progenitor cells have been explored for their ability to differentiate into 

chondrocytes. Although these cell sources are limited by differentiation heterogeneity (cells 

may hypertrophy, ossify, and be disorganized),[372] several methods have been developed to 

help guide differentiation. This may be particularly important in achieving native zonal 

mechanical properties in engineered tissues, as this has not been achieved in previous long-

term studies.[373]

A number of cell-based strategies currently are used in the clinic for cartilage repair, are in 

clinical trials, or are in the pre-clinical stage. Autologous chondrocyte implantation was first 

introduced to repair cartilage in the early 1990s for cases where microfracture and 

debridement were unsuccessful.[374] In this procedure, a biopsy of healthy cartilage is taken, 

and isolated cells are expanded and reimplanted in a biomaterial scaffold.[375] Carticel® is 

the only FDA approved method of tissue engineering based on transplanting in vitro 

expanded autologous chondrocytes.[376] Although the efficacy of microfracture for treating 

cartilage lesions of the femoral condyle remains controversial,[346] biomaterials are now 

being used in combination with this procedure in an effort to improve outcomes. A chitosan-

based solution mixed with autologous whole blood (CARGEL™) was shown to stabilize the 

clot induced during microfracture,[265, 266] and clinical trials demonstrated a greater percent 

lesion fill and a decreased T2 relaxation time compared to microfracture alone, out to 5-

years post-surgery.[377] Additional biologic strategies for cartilage repair currently in clinical 

trials include chondrocytes mixed with fibrin (Chondron™) to treat ankle cartilage defects, 

human umbilical cord MSCs incorporated into a sodium hyaluronate solution 

(CARTISTEM®),[269] and the attachment of particulated juvenile cartilage rich in 

chondrocytes with a fibrin sealant (Denovo®).[269]

Engineering gradients in scaffold composition, structure, and mechanics can more closely 

mimic native cartilaginous tissue. Early approaches to tissue engineer zonal cartilage have 

included coculturing superficial and middle zone chondrocytes, using bone marrow and 

adipose derived progenitor cells, incorporating material mimics to promote zonal 

organization, and providing biochemical cues. Seeding superficial and middle zone 

chondrocytes in adjacent layers produced features more similar to native cartilage, including 

increased GAG and collagen in the middle zone and increased lubricin in the superficial 

zone.[378] Several material approaches, using PGA meshes and PLGA foams,[291] graded 

photocrosslinked hydrogels,[379] and 3D printing,[380] have since been developed to induce 

this organization. Providing chemical cues may also aid in promoting desirable cartilage 

phenotypes. For example, in a scaffold system consisting of decellularized bone and agarose, 

media perfusion improved cartilage to bone integration, chondrogenesis, and cartilage 

deposition.[381] Growth factor gradients formed from BMP2 and IGF1 released from PLGA-

silk fibroin microspheres in alginate gels provided spatial and temporal gradients to enhance 

cartilage tissue formation.[258] Gradients in TGFβ concentration may also be important to 

create heterogeneous tissue growth.[382]

Several new biomaterial-based techniques to deliver agents to cartilage have been 

investigated. RUNX1, a cartilage-anabolic transcription factor, was delivered using PEG-

poly(amino acid) block copolymer-based polyplex nanomicelles into mouse knee joints with 

OA.[295] OA progression was suppressed and expression of cartilage-anabolic markers and 
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cell proliferation was augmented.[295] Delivery scaffolds may also mimic native tissue 

anatomy; large hemispherical scaffolds that mimic trochanter morphology were fabricated 

from 3D woven PCL fibers, seeded with ASCs, and used for anticytokine delivery.[383] 

MSC-seeded HA constructs were fabricated with rapid prototyping and used to fill large and 

anatomically complex chondral defects.[384] Manipulation of HA chemistry has been 

utilized to slow its in vivo degradation, increase GF retention, promote chondrogenesis, 

suppress hypertrophy of encapsulated hMSCs, and reduce cartilage abrasion in animal 

joints.[385] This approach may be particularly useful if therapeutics are coupled to positively 

charged nanocarriers prior to inclusion in HA gels to promote sustained intra-tissue delivery.
[386] HA hydrogels may be further tuned to release TGFβ3, which was found to increase 

expression of collagen type II.[387] Additionally, HA and PCL scaffolds that released TGFβ3 

led to improved histological scores of engineered cartilage, increased collagen type II 

content, and improved mechanical properties.[388]

3.3 Dermis Biomaterials

Skin disease affects 50% of Americans by age 65. As a result of its prevalence and $11B 

yearly cost in lost productivity, the market for prescription dermatological products (e.g., 

antiaging, psoriasis, skin cancer dermatitis) is growing at 10%/year, and comprises a 

significant market ($23.4B in 2016).[71] In addition to skin diseases, skin wounds and 

complications with skin healing have a $4.8B market worldwide.[72]

Common design criteria for biomaterials intended to replace or heal the dermis include 

biodegradation, macroporosity to allow for vascularization and cell recruitment, and 

biocompatibility. Certain features of native skin may be useful to mimic in dermal materials 

and to stimulate drug release from these materials. For example, the pH of skin ranges from 

4 to 6[389] and is more acidic during healing to reduce infection risk and stimulate 

granulation tissue formation.[390] Lower limbs may be up to 5oC cooler than the 37oC core 

temperature,[391] and may increase in temperature during wound healing to promote 

vasodilation and increase nutrient and oxygen supply. Oxygen levels also vary during 

healing, and can modulate cell behavior.[391]

In the next sections, we review recent advances in biologic free strategies and those that 

provide active cues to engineer dermis tissue (Figure 3c). We focus on biomaterials 

strategies for non-cosmetic, more major injuries or defects, excluding strategies such as 

collagen-based fillers and Botox injection.[71]

3.3.1 Dermis Biomaterials: Biologic-Free Approaches—Several material systems 

and fabrication strategies are used to engineer dermal biomaterials. As with other connective 

tissue biomaterials, collagen, chitosan, alginate, silk, and HA are common material 

selections.[72] Decellularized scaffolds derived from animals or humans using cell removal 

procedures are also frequently used.[392] These materials are typically used with scaffold 

fabrication techniques such as electrospinning (gelatin, HA, sHA, and CS[255]; silk 

fibroin[283]), 3D printing (PLCL[393]), and photopolymerization (pectin[394]). For example, 

composite silk-collagen scaffolds were used to replace full skin and support nerve ingrowth 

and secretion of proinflammatory cytokines.[284] Additionally, decellularized human 
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amniotic membrane was combined in a 3D bilayer scaffold with nanofibrous silk fibroin to 

promote cell adhesion and proliferation with the production of angiogenic growth factors.
[283] Recombinant human-like collagen may be an alternative approach to collagen derived 

from animal tissue, but is currently limited by yield and biomimicry of native collagen.[395]

Adhesion of dermal biomaterials to surrounding tissue is important to promote biomaterial 

integration and prevent infection. In one study, gelatin methacrylate hydrogels incorporated 

tannic acid to promote tissue adhesion.[280] In another approach, tough adhesive hydrogels 

containing a dual interpenetrating network of alginate and polyacrylamide were adhered to 

skin tissue using chitosan as an adhesive bridging polymer.[396, 397] This strategy produced 

adhesion energies greater than commercially available products and showed good 

biocompatibility, highlighting its potential to promote skin healing.[396] As skin is a primary 

barrier to prevent unwanted infiltration of microorganisms into the body, dermal 

biomaterials are often designed to prevent infiltration. For example, hydrogels were 

designed to locally degrade and release iron ions to kill bacteria with exposure to 

hyaluronidase. Topical administration of the hydrogel on skin colonized with Staph Aureus 
inhibited infection and promoted tissue regeneration.[398] Silver nanoparticles can also 

reduce bacterial invasion via bacterial DNA and RNA denaturation.[399]

Several biomaterial strategies to engineer dermis have led to commercial products, including 

GraftJacket®,[400] Integra™,[401] Promogram™ ,[402] Talymed®,[403] and Algisite™.[404] 

These products utilize acellular, naturally derived ECM scaffolds from bovine, human, pig, 

and shark sources. GraftJacket® is made from decellularized human skin and consists of a 

matrix of collagen, elastin, and proteoglycans. TissueMend is derived from fetal bovine 

dermis and is similarly processed to produce an acellular dry material.[270] Additional non-

animal sources of dermal materials include cellulose, silicone, and alginate.

3.3.2 Dermis Biomaterials: Biologic and Drug Approaches—The incorporation 

of cells and therapeutics into biomaterials for dermal regeneration has been actively pursued 

for decades. The first materials approved by the FDA for this purpose incorporated 

fibroblasts into collagen (Apligraf®[405]) and absorbable polyglactin mesh scaffolds 

(Dermagraft®[406]). More recent FDA approved biomaterials have incorporated a single 

layer of epithelial cells into tissues derived from human placenta (EpiFix®[407, 408]) and 

viable fibroblasts and keratinocytes within human skin cryogenically processed 

(TheraSkin®[409]). Preclinical work has also explored stem cells for dermal regeneration. 

For example, co-delivery of ASCs and umbilical cord blood CD34+ cells accelerated wound 

healing and skin regeneration.[410] Although stem cells may differentiate into dermal 

fibroblasts and promote repair, paracrine factors secreted by MSCs may be the primary 

mechanism for repair with these cells given the low efficiencies of engraftment (2.5%).[411] 

GFs and cytokines released by MSCs mediate fibroblast and keratinocyte migration, 

proliferation, and matrix remodeling.

As an alternative to cells, many dermal biomaterials have incorporated GFs and other agents 

to promote regeneration. This strategy is advantageous because injected growth factors have 

short half-lives in vivo (commonly minutes in serum).[412] GFs used for skin healing include 

VEGF[413] bFGF,[414] and PDGF.[415] Recombinant PDGF incorporated into a sodium 
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carboxymethylcellulose gel (Regranex®) has been FDA approved and promotes granulation 

tissue formation for diabetic neuropathic ulcers.[416] Recent work inspired by scarless 

neonatal healing suggests that continuous protein kinase C inhibition and supply of growth 

factors (IGF, VEGF), Wnts, and MMPs can restore morphological transitions and rescue 

hair formation.[417] In addition to GF delivery, gene therapy approaches that deliver plasmid 

DNA encoding for growth factors via a functionalized scaffold may be used to tune local 

gene expression.[418] Finally, the release of calcium ions from materials may create tissue 

gradients that promote homeostasis, control proliferation and apoptosis, and accelerate 

wound healing.[419]

Mechanical and structural features of biomaterials can help guide the fate of embedded or 

recruited cells to promote skin healing. Mechanical stimuli such as biaxial stretching, 

vacuum, pressure relief, and passive forces can have cell, tissue, and protease targets that 

modulate tissue healing.[420–422] For example, vacuum pressure may increase ICAM-1, MIF, 

VEGF, and collagen type-I expression and stimulate angiogenesis.[423, 424] Additionally, 

high mechanical loading to fibroblasts can increase collagen formation, migration, 

proliferation, and formation of focal adhesions. Other sources of cell and tissue stimulation 

including electric fields can improve wound healing by stimulating VEGF, EGF receptors, 

integrins, and ion pumps.[425–427] In addition to mechanical loading, ECM structure also 

affects cell behavior. For example, nanogrooved matrices made of polyurethane acrylate 

increased hMSC migration.[428] Additionally, electrospun meshes of PLGA and silk fibroin 

that mimic skin’s random collagen organization were found to promote fibroblast adhesion 

and proliferation in diabetic wounds.[285] Recapitulating skin’s multiple layers in a scaffold 

has been a challenge to bioengineer. Recent advances in 3D printing, however, have enabled 

printing of skin layers and heterogeneity.[271, 429] For example, two distinct layers of 

fibroblasts and keratinocytes within collagen hydrogels were printed to create multilayered 

constructs.[271]

3.4 Tendon Biomaterials

Surgical repair is the primary treatment for tendon and ligament related injuries, with over 

300,000 rotator cuff repair surgeries performed yearly.[430] However, many individuals 

suffer from post-operative complications including re-rupture,[431] elongation,[432] muscle 

atrophy,[433] reduced function,[431] and poor reconstitution of the tendon-bone interface.[434] 

Although tissue grafts have been used clinically, a Clinical Practice Guideline by the 

American Academy of Orthopaedic Surgeons has concluded that “inconclusive” evidence 

exists for their ability to augment cuff repair.[435] This motivates the design of new 

biomaterials to restore joint function and provide instructive cues to improve healing (Figure 

3d). In addition to the multiscale structure-function relationships discussed in Section 2.4, 

additional criteria for tendon biomaterials may include delivering appropriate biological 

cues, providing mechanical augmentation for 12-weeks post-op,[432] having slow 

degradation, being biocompatible, allowing cell infiltration, and compatibility with 

arthroscopic approaches and sterilization technologies. Early work in the orthopaedic field 

highlighted the potential of demineralized bone matrix to promote bone formation.[436] As 

tendon connects muscle to bone, many similar strategies emerged, but no material has been 

engineered that fully recapitulates the human tendon or ligament.
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3.4.1 Tendon Biomaterials: Biologic-Free Approaches—Many current 

commercially available products for tendon repair use naturally derived ECM such as dermis 

(GraftJacket®) and small intestine submucosa (CuffPatch®). Small intestine submucosa-

derived ECM may be advantageous as it contains GFs that may promote healing.[270] 

Naturally derived ECMs incorporating collagen, hyaluronic acid, and silk offer excellent 

biocompatibility, but have inferior mechanical properties compared to native tissue.[270] This 

has, in part, motivated interest in synthetic scaffolds.

Several synthetic polymers are used to tissue engineer artificial tendon with increased 

mechanical material properties. This is particularly important as tendon can experience 

forces up to 3500N[206] during hopping and have Young’s moduli exceeding 800MPa.[205] 

Mimicking tendons’ aligned structure is also important to induce gene expression of tendon-

related markers.[437] Pore size, anisotropy, and mechanical gradients affect tenogenic 

differentiation.[438–440] As tendon is primarily composed of collagen type I, collagen-based 

gels[273] and those reinforced with fibrous matrices to further increase scaffold mechanical 

properties have been developed. Silk-based scaffolds[286] and synthetic materials (e.g., 

PLLA, PLGA, PCL) have tunable structures to mimic tendon alignment,[441] fiber diameter,
[442] and mechanics.[443] The most common method of scaffold construction uses 

electrospinning to create fibers of specific size (0.5–1.5 µm) and stiffness after a charged 

polymer solution is extruded from a needle onto a grounded collector. If rotated, the 

grounded collector can create materials with different fiber organization, which can have 

important effects on cell programming. Combinations of synthetic and natural ECM offer 

additional material opportunities. PLA fibers incorporated into collagen scaffolds achieved a 

modulus approaching the toe and linear moduli of native tendon.[292] Unlike many naturally 

derived ECM components such as elastin and collagen that have degradation half-lives on 

the order of decades, synthetic materials can provide superior mechanical properties and 

tunable degradation (e.g., PLGA). Another example is the Artelon® device composed of a 

bioabsorbable urethane urea for Achilles tendon repairs,[444] which can be modified to 

degrade in vivo.[445]

Given the heterogeneity and biomechanical gradients present in tendon, it is important that 

these constructs not only mimic the central midsubstance, but tendon’s insertion into bone 

(or muscle) if it is to be used as a complete replacement or serve as a template for new 

tendon tissue formation. Engineering tendon’s insertion has proven to be an immense design 

challenge as the transition from stiff bone to compliant tendon occurs over tens of microns. 

Strategies include using nanofibrous scaffolds with graded calcium phosphate[446] and 

collagen matrix submerged in simulated body fluid.[447] In another approach, a hierarchical 

scaffold was engineered with regions to guide cell ingrowth and collagen fiber alignment 

using interconnected gelatin beads infiltrated with hydroxyapatite and PLGA.[448] An array 

of channels was created to promote the formation of an aligned unmineralized scaffold prior 

to dissolving the gelatin to create a porous structure.[448] Together, this created a gradient in 

calcium content, modulus, and Scx expression, and showed that cells infiltrate with good 

viability.[448]

After devices are implanted, mechanical cues are important to promote tendon-like 

phenotypes in colonized cells. Applying physiological cyclic strain levels upregulates 
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tenocyte markers (type I collagen and tenomodulin),[449] TGF-β,[450] N-cadherin,[451] cell 

organization,[451] and mechanical properties.[452] In contrast, applying higher strain levels 

upregulates biomarkers found in cartilage[449] and bone,[453, 454] disrupts gap junctions,[455] 

and induces apoptosis.[455] Lower loading levels are also unfavorable since they can 

decrease expression of tenomodulin, Mohawk, collagens, decorin, and matrix organization.
[456] Taken together, this work highlights many biologic free ways to engineer tendon 

biomaterials that both serve as a material framework and provide tenogenic cues.

3.4.2 Tendon Biomaterials Biologic and Drug Approaches—Incorporation of 

biologics and drugs into tendon biomaterials provides an additional opportunity to control 

cell and tissue behavior. Adult tendon has relatively low cell numbers compared to other 

tissues,[457] but they play important roles in tensional homeostasis and remodeling.[458] 

Augmentation of injured tendon with tendon derived cells, tendon stem/progenitor cells, and 

other stem cells (ASCs, MSCs, bmMSCs, iPSCs) may therefore offer therapeutic approaches 

to augment diseased tendon.[199] Additionally, much work has incorporated lessons learned 

from in vitro culture experiments that have emphasized how substrate mechanics, 

mechanical stimulation, media conditions, and growth factor supplementation can affect 

tendon cell behavior. Together, these approaches offer exciting avenues to improve tendon 

healing at the expense of increased complexity and regulation, discussed in Section 4.

Many approaches have been investigated to control cell phenotype and deliver cells within 

biomaterials to tendon. Multipotent cells derived from bone marrow or adipose tissue seeded 

onto tendon biomaterials are typically differentiated towards tendon, fibrocartilage, and bone 

lineages to recapitulate the tendon-bone interface. Cell attachment, spreading, and tenogenic 

differentiation can be controlled through surface functionalization with cell adhesion ligands 

(e.g., collagen, fibronectin).[199] Cell fate may be controlled by priming cells in vitro by 

inducing transcription factor overexpression,[459] or subjecting cells to appropriate 

mechanical loading.[460] In a recent study, loading was induced by incorporating 

magnetically active components into biomaterials to promote differentiation in vivo.[461] 

Gradients in cell differentiation, to mimic interphases to bone or muscle, may be induced by 

immobilizing retroviruses encoding transcription factors to create spatial patterns of 

differentiation and tissue formation.[462] Combining chemical factors that induce epigenetic 

changes with structural cues may provide additional control over cell phenotype. 

Electrospun scaffolds loaded with histone deacetylation inhibitor promoted tenogenesis of 

stem cells.[463]

The role of GFs (e.g., bFGF,[464] TGFβ,[465] IGF1,[466] and PDGF[467]) during tendon 

healing underscore interest in their incorporation in tendon materials to control tenogenic 

differentiation of MSCs. Combining ASCs with BMP-12 altered macrophage polarization 

and improved flexor tendon healing.[468] CTGF delivered through porous sutures improved 

intrasynovial tendon healing.[469] Downregulation of miRNA29a increased expression of 

IL-33 and increased the ratio of collagen type III:I,[470] while supplementation of 

miRNA29a led to improved histological scores and decreased tendon CSA following injury.
[471] In certain tendon microenvironments not exposed to the vasculature such as the 

intrasynovial ACL, healing is very limited. However, by combining a collagen sponge and 

fibrin to restore continuity between torn ends of ACLs, tissue healing was possible.[275] This 
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promising approach is currently in clinical trials, and may lead to lower rates of adverse 

reactions and improved outcomes for ACL reconstruction.[275] Additionally, given the close 

relationships between biomechanical and chemical cues in tendon, some approaches utilize 

combined effects of biologics, mechanics, and topography. Tenogenic differentiation may be 

further promoted by combining ADSCs, PDGF-BB gradients, and nanofibers (collagen or 

PLLA).[467, 472] Aligned topography by microgrooves led to elongation of dermal fibroblasts 

and can be tuned by adding exogenous TGF-β1.[473]

There has been significant effort to deliver pharmaceutical agents, including corticosteroids 

and non-steroidal anti-inflammatory drugs (NSAIDs) via materials to injured tendon in order 

to enhance healing.[474, 475] However, the appropriate timing for delivery of anti-

inflammatories remains controversial; early delivery may result in inferior tendon 

healing[475] when compared to delayed delivery.[474] Nitric oxide (NO) delivered topically 

and with slow release patches has been suggested to improve tendinopathy by reducing pain 

and improving function.[476, 477]

4 Considerations in Translating Biomaterials

4.0 Overview in Translation of Biomaterials

Translating technology from bench to bedside presents an amazing opportunity to impact 

human health, but is also challenging from a regulatory, financial, and manufacturing 

perspective. Here, we address several challenges and considerations in the translation of 

biomaterials for connective tissues, specifically focusing on the utility and limitations of 

available guidance documents.

4.1 General Challenges and Considerations in Translating Biomaterials

Promising biomaterial-based therapies for connective tissue healing and regeneration 

typically are translated through small and large animal models before human application. 

Limitations in research funding, the desired timeline to translate a new drug or device to 

market, and expertise required beyond the infrastructure and scope of a laboratory or 

institution may hinder translation. For example, development and commercialization of a 

new hydrogel drug delivery system is estimated to cost between $50 to $800M[478] and 

taking a new drug molecule from bench to bedside may exceed $1.3B in cost.[479] The high 

cost burdens for translation are exacerbated by the long regulatory approval process timeline 

and fact that 1 in 10,000 drugs tested in pre-clinical tests succeeds in human testing.[479] The 

FDA approval process[480, 481] depends on whether the biomaterial is biologic/therapeutic 

free (typically 1–5 years) or carries a payload (typically 7–10 years).[482] Early 

consideration for whether the new biomaterial is a device, drug, or combination product 

therefore may have tremendous effects on its downstream translation and cost to develop. 

New technologies should seek guidance from the Center for Devices and Radiological 

Health (CDRH) or Center for Biologics Evaluation and Research (CBER), or the Office of 

Combinatorial Products (OCP) at the FDA early in the testing process to allow streamlined 

application submission.
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Institutions that can bridge the gap between academics and industry may be necessary to 

provide funding, regulatory guidance, and insight into device manufacturing, packaging, 

sterility, and other testing procedures. Collaborations with an advanced technology team, 

clinical investigators, and corporate alliances may be important to identify interest and 

economics in the new technology, and ultimately drive it through concept validation, 

technology refinement, and commercialization.[483]

While there is no perfect rule book for translating biomaterials, we highlight some important 

strategies for success and examples of failed products. Broadly speaking, new products must 

treat clinical needs, be safe, and be adopted by end users. To achieve these criteria, it is often 

suggested that, as innovators, we “embrace complexity, engineer versatility, and deliver 

simplicity.”[484] Products reaching market quickly may do so by demonstrating lower costs 

compared to existing products, identifying the proper regulatory pathway, and securing 

funding. Since a major challenge on commercialization today is the added complexity of 

materials combined with therapeutic agents (small molecule drugs, biologics, genes, and 

cells), translation may be facilitated by using clinically approved materials (natural 

polymers, biodegradable thermoplastics (PGA, PLA, PCL, PLGA)).[484] Despite these 

strategies, barriers to translation often remain high and can include a lack of accurate pre-

clinical models, clinical trial funding, lack of scalability to good manufacturing processes, 

intellectual property considerations, regulatory barriers, funding, and the dynamic nature of 

biomedical research environments across the globe.[485] Even the most promising academic 

discoveries may struggle to be quickly translated. For example, metal-metal hips were 

originally suggested to be beneficial for patients and provide more durability, but were later 

found to create debris particles that induced soft tissue necrosis.[484] Similarly, innovations 

in iPSCs in 2006 (2012 Nobel Prize) were expected to revolutionize regenerative medicine 

and result in rapid translation. However, safety concerns and high costs, among other issues, 

have limited translation into humans. Successfully translated products, such as 

GraftJacket™ have passed FDA trials and penetrated markets for tendon repair.[270] 

GraftJacket™ is made from decellularized human dermal collagen and its structure is 

retained during freeze drying to preserve vascular channels. Together, this approach may 

help reduce rejection, allow revascularization and cell infiltration, and minimizes 

inflammation. Alternatively, products that achieve FDA approval and reach the market may 

later encounter hurdles. In 2000, the Restore® hernia repair patch was extended for use in 

soft tissue repairs such as tendon and ligament. By proving substantial equivalence 510(k) 

extension through the FDA, the biocompatibility of the product was only required to be 

demonstrated in certain preclinical models. However, foreign body reactions were observed 

after implantation in humans and production was halted.[485] Other FDA approved products 

may receive recalls, but remain on the market. Infuse®, a combination product for bone 

grafts (collagen sponge loaded with rhBMP-2), was originally approved by the FDA in 2002 

through the PMA pathway and showed initial promising results in nearly 800 patients.[485] 

In 2011, complications with rhBMP-2 were reported in many off-label uses and it was 

revealed that the original clinical trials for Infuse® contained errors in methodology and 

reporting.[485] The FDA later issued warnings, and additional litigation and study of product 

safety has followed as Infuse continues use in spine surgery indications.
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4.2 Using Available Guidance Documents to Accelerate Translation

Several regulatory agencies provide published guidelines for important study considerations 

and endpoints. These documents are published by the American Society for Testing and 

Materials (ASTM), U.S. Food and Drug Administration (FDA), European Medicines 

Agency (EMA), and International Standards Organization (ISO), and contain several tissue-

specific recommendations that are re-reviewed regularly.[486] Guidance documents are 

particularly important because they provide a framework to validate safety and efficacy prior 

to testing in humans and highlight procedures for study standardization throughout 

disciplines. It is noted that although agencies recommend outcome metrics important for 

translation, pilot studies exploring early feasibility of a technology may not benefit from 

examining all possible endpoints. In smaller scale studies, it may still be best to focus on 

select criteria common across guidelines rather than devote excessive time and resources to a 

full comprehensive evaluation before initial safety and efficacy benchmarks are satisfied.

An important feature of biomaterials is their biocompatibility in vivo since they may induce 

a foreign body response after implantation. Foreign body responses may negatively affect 

material longevity and local tissue properties, and are most common among biomaterials 

containing nondegradable synthetic or metallic components.[487] Following implantation, 

biomaterials may interact with surrounding blood, which can lead to the formation of a 

protein film, acute and chronic inflammation, granulation tissue, foreign body reaction, and 

fibrotic capsule.[487] Histologically, a foreign body reaction will contain the presence of 

macrophages and foreign body giant cells near the interface of the biomaterial. This 

response may be due to the protein adsorption to the biomaterial, which can be caused by 

both chemical and topological factors.[487] Indeed, several guidance criteria are often 

included to emphasize that materials should not induce an immune response or cause 

infection (e.g., “biocompatible”, “histology”, “integration”, “immune response”, 

“biochemical analysis”). Biomaterial degradation, application of chemical and surface 

modifications on synthetic materials, and use of natural polymers may help avoid foreign 

body reactions.

While intended to provide useful guidance, adherence to these guidelines varies significantly 

in pre-clinical studies. For example, a recent study[488] highlighted the gap between 

recommendations and actual procedures followed by investigators in large animal studies of 

cartilage repair and regeneration. Although overall adherence increased slightly over a 

period of two decades, most studies followed only ~40% of the recommended guidelines.
[488] The National Institutes of Health (NIH) is the major funding agency for studies 

designed to investigate “fundamental knowledge about the nature and behavior of living 

systems and the application of that knowledge to enhance health, lengthen life, and reduce 

illness and disability.” As the majority of NIH grants fund basic science research, it is 

unsurprising that 80–90% of projects do not proceed to testing in humans, and a long 

timeline (up to 15 years) is typical for those that do.[489] It may be possible to shorten this 

timeline and increase human translation by better incorporating themes from guidance 

documents that shift the focus of basic researchers towards considering translational 

feasibility earlier in the study planning process. This likely will require modifications to 

funding mechanisms, as funding for basic science research typically does not support the 
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critical milestones that may be required before industry licensing.[489] It will also be 

important to appropriately coordinate the publication of guidelines with funding 

mechanisms that utilize these as criteria in study design. Variations in model 

recommendations between guidelines and tissues may also reflect the lack of predictive 

reliability for many preclinical disease models/standards, and will likely need to be 

addressed.

4.3 Comparison of Guidance Document Recommendations for Connective Tissue 
Biomaterials

We identified several general standards for connective tissue biomaterials (biomolecule 

release,[490] cell viability,[491] tissue engineered medical products,[492, 493] cell based 

products[494, 495]) and those specific to cartilage,[496–498] skin,[499, 500] and tendon.[501] Six 

guidelines for connective tissues were specifically compared for 39 study descriptors and 

outcomes included (Figure 4). To our surprise, although many guidelines contained similar 

study descriptors and outcomes, many of these were absent in guidelines for certain tissues. 

For example, ASTM and FDA guidelines for tendon and cartilage provide recommendations 

for injury models, species selection, study duration, and scaffold fixation, but these were 

absent from guidelines for skin. Depending on the study and routine outcome metrics for the 

tissue of interest, this discrepancy may solely be due to differences in field standards. 

However, some metrics including “injury model”, “species selection”, “demographics”, 

“biocompatibility”, “cell infiltration and maintenance”, and “statistical evaluation” may be 

considered a central feature of any study, yet were not consistently included. With many 

researchers conducting work in fields that may not be their original training, it may not be 

surprising that the lack of standardization in procedures across published standards 

propagates into variation in overall adherence to guidance documents. Of course, the 

maturity of a particular field may influence the timeframe that guidelines (and number of 

guidelines) are published. For example, for cartilage repair, guidelines from ASTM, FDA, 

and EMA were published in 2005, 2007, and 2008, respectively, whereas tendon repair was 

published in 2011. These findings further support the continued revision of these standards 

and importance of interdisciplinary diverse teams to tackle difficult research questions.[489]

Low adherence to published guidance documents has been attributed to infrastructure and 

expertise limitations, presence of pilot versus full studies, objectives of a study, differences 

in opinions between research teams (scientists, clinicians, engineers, translation experts) 

related to relative importance of outcome metrics, and the level of funding available.[488] 

Although many scientific journals and the National Institutes of Health require adherence of 

the ARRIVE guidelines, IACUC, and/or other checklists, adherence to larger agencies 

guidelines is not required for basic science research. Additional guidelines including 

MARIBEL (Minimum Information Reporting in Bio-Nano Experimental Literature) have 

been recently proposed for bio-nano research.[502] MARIBEL may be important within the 

biomedical field because it can be broadly applied to many biomaterials, and covers material 

characterization, biological characterization, and experimental protocol details.[502]
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5 Summary and Future Perspectives

Connective tissue diseases are common and debilitating, and knowledge gained from 

understanding their multiscale structure function properties is informing the design and 

translation of new biomaterials used as treatments. Although specific multiscale structure-

function relationships differ between adipose, cartilage, dermis, and tendon tissues, many 

biomaterials are fabricated from similar materials (some already used in FDA approved 

products), and use similar strategies to provide mechanical, structural, and biochemical cues 

to control cell behavior. Approaches that utilize cells as a component of the therapy share the 

challenge of cell engraftment and control over function in vivo. Recapitulation of the native 

cell microenvironment may enable better control over transplanted cell contributions to 

repair and regeneration but is complex given the current limited knowledge on the native 

niche and the dynamic nature of connective tissues and their crosstalk with neighboring 

tissues.

While significant strides have been made, many biomaterial mimics struggle to recapitulate 

basic structure-function criteria of native connective tissues. Although tissues are often 

classified as heterogeneous and have properties that vary based on anatomical location 

within the body, these design features are rarely discussed in outcome metrics of engineered 

biomaterials. As more specialized tissue biomaterials are engineered to function with proper 

physiology in vivo, new biomaterial monitoring strategies will be necessary to follow their 

impact. Several approaches to monitor wound healing in skin are already being developed 

which may be adapted to other connective tissues. For example, smart skin adhesive patches 

can monitor wound healing signals, including tissue temperature and thermal conductivity, 

calor or inflammation, strain, electrical impedance, glucose, and sweat.[503] Methods that 

integrate scaffolds with surrounding tissues are also critical for their long term efficacy in 

vivo, and may be achieved by designing materials with high material toughness that can 

dissipate interfacial stresses that would otherwise destabilize the interface.[396]

Our analysis of regulatory guidelines highlighted stark differences in required study 

deliverables between tissue types. This is further complicated by the varying availability of 

model systems to accurately study disease pathology across tissues. Although they are not 

perfect, the guidance documents help establish a set of best practices to improve 

standardization and straightforward comparison of biomaterial efficacy across studies.

Taken together, many studies highlighted in this review provide an outstanding platform for 

exciting innovation for new biomaterials that mimic and heal connective tissues. 

Biomaterials for tissues with fewer guidance standards may be easier to approach from a 

regulatory perspective, and may later provide important data to accelerate translation in 

other tissues. Collaborations between laboratories, institutions, industrial partners, and 

investors are ever important in biomaterial translation to clinical trials. The ongoing work 

exploring biomaterials in clinical trials and preclinical studies will ultimately improve the 

lives of many individuals.
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Figure 1: Anatomy and disease state affect connective tissue structure-function properties.
Adipose tissue, cartilage, dermis, and tendon are all examples of different types of 

connective tissues. In each panel group, the top panel depicts native tissue histology and the 

bottom panel depicts pathological conditions. Histological images were reproduced with 

permission.[98–100]
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Figure 2: Connective tissue and biomaterial assessment varies across length scales.
Methods to quantify material mechanics, structure, biology, and biochemistry vary when 

going from the whole organ (meter) to DNA (picometer) levels. The methods listed are 

representative examples for the different modes of analysis listed.
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Figure 3: Biomaterial strategies to mimic and heal connective tissues.
Several materials are engineered with varying structure and composition to recapitulate 

connective tissues, such as (a) adipose tissue, (b) cartilage, (c) dermis, and (d) tendon. In 

addition to using biologic-free approaches, methods incorporating cells, growth factors, and 

drugs are common.
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Figure 4: Guidance document recommendations vary between connective tissue type and agency.
Six guidelines for connective tissues were compared for 39 study descriptors and outcomes 

included. Although many guidelines contained similar standards, many were absent and not 

all guidelines for a given tissue were in agreement. Recommended guidelines do not imply 

adherence in basic science studies.
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Table 1:

Pathology and phenotypes of connective tissue disorders.

Pathology Tissues Affected Tissue Phenotype Mechanism Treatment

Marfan’s Syndrome 
[15–17, 19–21]

Limbs, digits, spine, 
heart, lungs, eyes, 
bone

Elongated limbs and digits, 
flexibility, scoliosis

Fibrillin-1 Beta blockers, surgery, 
avoid exercise

Ehler’s Danlos Syndrome 
[22–25]

Skin, aorta, spine, 
cartilage

Loose joints, stretchy tissues, 
abnormal scarring

Col1a1, col1a2, 
col3a1, col5a1, Tnxb

Physical therapy, pain 
relief, surgery

Osteogenesis Imperfecta [26] Bone, eye, joints, 
heart, teeth, lung, ears

Brittle bones, blue tinge in 
eye, short height, loose 
joints, hearing loss, aortic 
dissection

Col 1–3 Bisphosphonates

Myxomatous Degeneration 
[27, 28]

Mitral valve Displacement of thickened 
mitral valve leaflet into left 
atrium

Fibrosis and excess 
dermatan sulfate

Beta blockers, blood 
thinners, surgical 
replacement

Rheumatoid Arthritis [31–33] Joints, skin, eyes, 
lungs, heart, vessels

Women (40–60yo); 
Inflamed, thickened 
synovium;

Immune system 
attacks synovium, 
mTORC1

NSAIDs, DMARDS, 
biologics, JAK inhibitors

Lupus [34–36] Joints, skin, kidneys, 
blood, brain, heart, 
lungs

Women (15–45yo); flares, 
fatigue, fever, joint pain, 
swelling, rash, skin lesions, 
dry eyes, headaches

Autoimmune; 
Vitamin D HLA; 
IRF5, PTPN22, 
STAT4, CDKN1A, 
ITGAM, BLK, 
NFSF4, BANK1

NSAIDs, antimalarial 
drugs, corticosteroids, 
immunosuppresants, 
biologics

Scleroderma [34, 37–42] Skin, vessels, muscle, 
internal organs

Women (mid age) Thickened 
skin, increased tissue 
stiffness, calcium deposits

HLA; collagen 
synthesis, T 
lymphocyte 
activation

Vitamin D

Osteoarthritis [65–70] Cartilage Reduced modulus, reduced 
GAG

Chronic overuse, 
aging, trauma, IL1β, 
TNF, Cox2, MMPs

Physical therapy, NSAID, 
corticosteroid, surgery

Tendinopathy [76–85] Tendon Reduced modulus, 
hypercellularity, fiber 
disorganization

Chronic overuse, 
aging, trauma, IL1β, 
IL4, IL-17, TNF

Physical therapy, NSAID, 
corticosteroid, surgery
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Table 2:

Connective tissue structure function relationships in healthy adult tissue.

Tissue Purpose Cells Major ECM Components Young’s Modulus (kPa)

Adipose Store energy, 
cushion forces, 
heat insulation

Adipocytes Collagen (IV), PG, laminin[130, 131] Macro (C): 600[134]

Micro (S): 1–3 [133]

Cartilage Joint cushioning 
and gliding

Chondrocytes Collagen (II)[224], PG (Agg, SLRP),
[225]

Macro (T): 5k-25k[173–175]M
Macro (C): 9k-13k[226]

Micro (C): 500–1000[176]

Dermis Skin flexibility 
and strength

Fibroblasts, macrophages, adipocytes Collagen (I, III), elastin, PG, blood 
and lymphatic vessels, glands, hair 
follicles, nerves[72]

Macro (T): 2.5k-8k[182]

Micro (T): 1–10[227]

Tendon Transfer forces 
from muscle to 
bone

Tenocytes, tendon stem cells Collagen (I)[188–191], elastin,[192] PG 
(SLRP),[228] surrounding blood 
vessels[194]

Macro (T): 200k-750k[206, 209]

Micro (T): 20[124]

C: Compression; S: Shear; T: Tension
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Table 3:

Representative natural and synthetic polymers used in connective tissue biomaterials.

Type Material Description Degradation Young’s Modulus (kPa)

Natural Hyaluronic acid [251–255] Glycosaminoglycan Hyaluronidase, Hydrolysis[256] T: -
C: 4–95 [233, 253, 254]

Agarose[257] Polysaccharide containing 
galactose residues (seaweed)

Agarase T: -
C: 7–16[257]

Alginate[258–261] Polyanionic saccharide (algae, 
seaweed)

Alginate lyase, Requires 
modification (e.g., oxidation)

T: 3–25[262]

C: 0.1–160[234, 263, 264]

Chitosan[259, 265, 266] Polycationic saccharide (chitin) Lysozyme, chitosanase, 
chitinase, NAGase[267]

T: 2500k[268]

C: 2[259]

Collagen [297, 298][269–275] Main structural protein in 
connective tissues

Protease T: 6–40k[270, 276]

C: 0.02–0.5[277]

Gelatin[255, 278–280] Hydrolyzed from collagen (skin, 
tendon)

Protease T: 50–175[280]

C: 0.6–545[279, 281]

Silk[258, 282–286] Fibroin (cocoons of larvae of 
silkworm)

Protease XIV and hydrolysis[287] T: 515k-16000k[288]

C: ~40–927[289, 290]

Fibrin Fibrous, non-globular protein 
(fibrinogen)

Plasmin-mediated fibrinolysis T: -
C: 0.01–0.5[277]

Synthetic Poly(α-esters)
▪ poly(glycolic acid) 
(PGA)[291]

▪ poly(lactic acid) (PLA)
[292, 293]

▪ poly(ethylene glycol)
[294, 295]

Thermoplastics Hydrolytic (aliphatic ester 
groups)

T:1.5k-100k[285, 292]

C: 2–12[296]

S: 1.8–10.2 [294]

Polyacrylamide Polymer formed from acrylamide High temperature or pH, shear 
stress, autooxidation

T: 10[297]

C: 0.1–40[245]

*
T: Tension; C: Compression; S: Shear
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