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Abstract

We review the details of preparation and of the recently elucidated mechanism of biological 

(regenerative) activity of a collagen scaffold (dermis regeneration template, DRT) that has induced 

regeneration of skin and peripheral nerves (PN) in a variety of animal models and in the clinic. 

DRT is a 3D protein network with optimized pore size in the range 20–125 μm, degradation half-

life 14 ± 7 d and ligand densities that exceed 200 μ α1β1 or α2β1 ligands. The pore has been 

optimized to allow migration of contractile cells (myofibroblasts, MFB) into the scaffold and to 

provide sufficient specific surface for cell–scaffold interaction; the degradation half-life provides 

the required time window for satisfactory binding interaction of MFB with the scaffold surface; 

and the ligand density supplies the appropriate ligands for specific binding of MFB on the scaffold 

surface. A dramatic change in MFB phenotype takes place following MFB-scaffold binding which 

has been shown to result in blocking of wound contraction. In both skin wounds and PN wounds 

the evidence has shown clearly that contraction blocking by DRT is followed by induction of 

regeneration of nearly perfect organs. The biologically active structure of DRT is required for 

contraction blocking; well-matched collagen scaffold controls of DRT, with structures that varied 

from that of DRT, have failed to induce regeneration. Careful processing of collagen scaffolds is 

required for adequate biological activity of the scaffold surface. The newly understood mechanism 

provides a relatively complete paradigm of regenerative medicine that can be used to prepare 

scaffolds that may induce regeneration of other organs in future studies.
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Introduction

Scaffolds are widely studied in various areas of regenerative medicine and tissue 

engineering. Yet the biomaterials literature does not show many examples of scaffolds that 

possess confirmed regenerative activity, i.e. scaffolds that can induce clinically-relevant 

regeneration by inducing synthesis of nearly physiological organs in vivo. There is also a 

dearth of theoretical or mechanistic information on the regenerative activity of scaffolds. 

Without such information it is very difficult to design new biomaterials that regenerate 

tissues and organs.
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In this review article we describe a particular collagen scaffold, referred to as dermis 

regeneration template (DRT), that has induced regeneration of skin, peripheral nerves and 

the conjunctiva in various animal models, as well as inducing regeneration of skin and 

nerves in diverse clinical settings. This review includes both a summary of the processing 

steps required for its synthesis and the mechanism of its regenerative activity. Detailed 

description of the structure, including the surface chemistry, and of the regenerative activity 

of DRT leads to a paradigm in biomaterials science that we believe can be used as a guide in 

the rational design of new biomaterials.

Materials science of collagen scaffolds with specific structure

Early studies with collagen implants

Implants based on type I collagen have been reported in very early studies. With few 

exceptions these implants were typically prepared as nonporous solid-like materials, rather 

than in scaffold-like form. In most cases reported in the early literature implants were 

described simply as being made of ‘collagen’ with no detailed information provided either 

on the processing steps used in fabrication of implants nor the structural features of the 

collagen used. One of these studies showed that the level of crosslink density controlled the 

degradation rate of implanted collagen sutures (Grillo and Gross 1962, Kline and Hayes 

1964). In addition, the immune response of the host to collagen was found to be finite but 

minimal (Grillo and Gross 1962), a conclusion that was confirmed later for DRT in a clinical 

study (MacPherson and Michaeli 1990). In another very early study it was shown that the 

average pore diameter of collagen implants controlled the migration of cells into collagen 

implants (Chvapil and Holusa 1968, Chvapil et al 1969). Nonporous collagen tubes have 

been used in peripheral nerve (PN) regeneration (e.g. Kline and Hayes 1964, Mackinnon and 

Dellon 1990, Archibald et al 1991, 1995, Navarro et al 1996).

Regeneratively active collagen scaffolds

Unlike these early reports of collagen-based implants the studies with DRT reviewed below 

have marked the first time that a complex biological activity, such as the ability to induce 

tissue regeneration, could be incorporated in a collagen-based macromolecular network. 

Lengthy studies eventually showed that the unexpected regenerative activity depended on 

precisely defined physicochemical structural features, including quantitative descriptions of 

the pore structure, half-life for degradation and surface chemistry (Yannas et al 1981, 1982a, 

1982b, 1984, 1987b, 1989, Chang et al 1990, Chang and Yannas 1992, Chamberlain et al 

2000a, 2000b, Harley et al 2004, Tzeranis et al 2010, Soller et al 2012). Most implants, 

defined as ‘collagen’, that have been described in the literature lacked regenerative activity 

either in part or entirely, most probably because the structural features of the raw material 

collagen were not adjusted to the critical levels that appear to be required and are described 

below. Furthermore, scaffolds based on synthetic polymers intrinsically lack what appear to 

be essential structural features, most importantly, ligands with which collagen-binding 

integrins α1β1 and α2β1 of contractile cells can interact specifically (Tzeranis et al 2010), 

thereby blocking contraction and inducing regeneration, as reported below.

Yannas et al. Page 2

Biomed Mater. Author manuscript; available in PMC 2018 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DRT is a 3D protein network

DRT is a highly porous analog of the extracellular matrix (ECM), a graft copolymer of type 

I collagen and chondroitin 6-sulfate (a glycosaminoglycan, GAG), and has been referred to 

as a ‘scaffold’. It is synthesized as a cell-free scaffold and is, therefore, ‘nonliving’ unless 

cells are seeded into it prior to implantation. After about the year 2000, collagen scaffolds 

have been prepared in the author’s laboratory without GAG (see discussion below).

Collagen scaffolds are 3D protein networks. Being insoluble they cannot be characterized 

using the panoply of analytical tools that have been employed to study soluble polymers in 

such detail over the years. Neither the detailed configuration in space nor the detailed 

structural features of a collagen scaffold are as simply described as even those of a synthetic 

polymer with very high molecular weight. To our knowledge, the vast majority of 3D 

collagen scaffolds that have been reported have little or no regenerative activity. In contrast, 

certain structural features of the most regeneratively active collagen scaffold (DRT), 

including average pore size, degradation rate and surface chemistry (and of a few other 

structural features that are discussed below), serve to define this insoluble material to a 

reasonably clear extent. A few collagen-based scaffolds, including DRT, have been classified 

as simple analogs of the extracellular matrix (ECM) (Yannas 1990) and have been 

characterized extensively by physicochemical methods (Dagalakis et al 1980, Yannas et al 

1980, 2010, Yannas 1990, Harley et al 2008). Multiyear experience in the laboratory and in 

industrial practice with DRT have repeatedly shown that, when prepared with certain 

restrictions in processing parameters, collagen extracted from an animal source is converted 

to a well-defined protein network that has shown reproducible regenerative activity in 

several animal models as well as in the clinic.

A 3D protein network is defined here as a macromolecular substance with chemical 

composition described by a known amino acid sequence and a defined physicochemical 

structure, including the average molecular weight between crosslinks of the network (related 

to the crosslink density), as well as the pore structure of the solid (Yannas et al 1980, Yannas 

1981, 1990). The structural features of the scaffold DRT serve to define a foam-like solid 

material sufficiently well to provide for a reproducible surface chemistry and degradation 

rate. Detailed protocols for synthesizing DRT have been published (Chamberlain and Yannas 

1998, Yannas 2015) and updated (Soller et al 2012).

Preparation of active collagen scaffolds

Briefly, to prepare DRT and scaffolds with closely related structure, acid soluble collagen 

extracted from one of several animal sources is coprecipitated with GAG from dilute 

aqueous acetic acid at pH 3, the suspension is frozen and the ice is sublimated (freeze-

drying) to produce a porous material containing only 0.05% solid material (collagen and 

GAG); the highly porous solid is then treated at high temperature and vacuum to introduce 

covalent crosslinks between collagen and GAG. Solubilization of collagen by treatment in 

aqueous acetic acid (pH < 4.25 ± 0.30) melts out the collagen banding pattern in a fraction 

of the fibrils but conserves the triple helical structure. The resulting collagen preparation is 

nonthrombogenic and is associated with a significantly lower concentration of TGFβ1, a 

factor in downregulation of the myofibroblast density (see below) (Sylvester et al 1989). The 
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GAG component serves mostly to increase the resistance to degradation by collagenases 

(Yannas et al 1975a, 1975b) and does not affect significantly the contraction-blocking ability 

or the regenerative activity of collagen scaffolds (Shafritz et al 1994) (see below for a 

description of the biological/medical activity of collagen scaffolds). Later protocols have 

omitted use of GAG without apparent loss of regenerative activity (Soller et al 2012) (see 

also Discussion). DRT was originally synthesized as a graft copolymer of collagen and 

GAG, in an attempt to simulate the ECM that is present in many tissues (Yannas and Burke 

1980, Yannas 1990). The early use of the term ‘ECM analog’ or ‘artificial skin’ for this 

scaffold was mostly replaced by use of ‘DRT’ after it was confirmed, based on a number of 

studies with animals and humans (see below), that this scaffold unexpectedly induced 

regeneration of tissues, such as the dermis, that do not spontaneously regenerate in the adult 

mammal (Yannas et al 1982a, 1989).

Specific processing steps during preparation of the scaffold have been shown to control 

certain structural features of DRT that critically determine regenerative activity. The basic 

processing steps are illustrated in the simplified flowsheet shown in figures 2 and 3. The 

pore structure is controlled in the freeze dryer primarily by the shelf temperature which 

largely determines the freezing rate of the aqueous suspension; high freezing rates lead to 

smaller ice crystals which, following sublimation of ice, lead to smaller pores (Dagalakis et 

al 1980, Harley et al 2004, 2008, O’Brien et al 2004). Degradation rate in vivo depends 

primarily on the conditions of the crosslinking reaction that lead to specific levels of the 

crosslink density (Yannas et al 1975b, Huang and Yannas 1977), corresponding to 

corresponding values of the average molecular weight between crosslinks (Yannas 1981, 

1990). Finally, the identity and density of ligands for specific integrins depend on the 

presence of particular hexapeptides in the collagen molecule and is, therefore, a property of 

the basic collagen protein (Tzeranis 2013).

An example of a processing treatment that can practically eliminate the regenerative activity 

of the scaffold is the conversion of collagen to gelatin (amorphous collagen) during a 

melting transformation (Yannas 1972), which may inadvertently occur during processing. 

Because gelatin lacks the triple helical structure of collagen, ligands on its surface bind 

poorly to collagen-binding integrins (Tuckwell et al 1995, Calderwood et al 1997). α1β1 

and α2β1 integrins bind tightly to peptides that contain the GFOGER (glycine-

phenylalanine-hydroxyproline-glycine-glutamic acid-arginine) ligand as long as these 

peptides participate in the triple helical structure of the collagen molecule, which is absent in 

gelatin (Knight et al 2000, Siljander et al 2004). There is also evidence that the hexapeptide 

motif GLOGEN (glycine-leucine-hydroxyproline-glycine-glutamic acid-asparagine) is a 

high affinity binding site for α1β1 (Hamaia et al 2012).

Collagen libraries

A homologous series of collagen scaffolds can be said to comprise a collagen library. These 

libraries have been prepared using variants of the standard processing steps (figures 1 and 2) 

in order to obtain quantitative understanding of the regenerative effect of structural features 

of collagen scaffolds. These collections of collagen scaffolds are closely related in structure 

and are especially useful as probes of regenerative activity. A few of the scaffolds that have 
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been synthesized are regeneratively active but most are inactive. The basic experimental 

strategy in using these libraries is to prepare a homologous series of scaffolds, with members 

that differ from each other only with respect to the level of just one structural variable 

(reference variable) and test the ability of the individual library members to yield a specific 

medical/biological outcome that is known to correlate well with the quality of regeneration 

induced through its use.

Examples of such structural variables that can be ‘fine-tuned’ are the average pore size of 

the scaffold, which can be varied from 10 μm to more than 500 μm, the scaffold half-life for 

in vivo degradation between 1 week and more than 100 weeks, and the concentration level 

of ligands for specific cell receptors, such as the collagen-binding integrins α1β1 and α2β1 

which bind to contractile cells. These variables can be often adjusted to the desired level by 

modifying one of the processing conditions during fabrication of scaffolds while keeping 

other processing variables fixed. The value of such a library derives from the tight internal 

control of structural properties of its members, a characteristic which allows to pinpoint with 

clarity whether changes in the reference variable (e.g. pore size, degradation half-life) affect 

the outcome or not (e.g. contraction inhibition, regenerative activity). Furthermore, 

discovery of a maximal value in a given outcome along a series identifies the structural 

property of the library member that maximizes that outcome and serves to eventually define 

the scaffold structure that possesses optimal activity.

Biological and medical rationale for use of collagen scaffolds with specific 

structure

Irreversibly injured tissues

Acute injury to any organ generates a wound within a short period of time (seconds, 

minutes) and is immediately followed by a spontaneous healing process at the end of which 

(roughly 3–4 weeks) a normal wound has closed. (Chronic wounds are generated 

incrementally over a long period, often months, and usually do not heal spontaneously.) In 

the early mammalian fetus and in certain amphibians, healing is a largely reversible process, 

leading to restoration of the original organ (regeneration). However, in the adult mammal, 

injury to the stroma (connective tissues) is typically irreversible and heals by wound 

contraction and scar formation (repair). Every organ in the adult can be irreversibly injured. 

In certain organs injury is irreversible when it has damaged specific tissues whereas in other 

organs it becomes irreversible when the injury exceeds a critical size. Irreversible injury 

disease process (chronic). As examples of severe medical problems directly caused by 

irreversible injury we mention here paralysis of extremities due to severe trauma in 

peripheral nerves of hands or legs, heart failure due to formation of extensive scar in the 

heart muscle and kidney failure, requiring kidney dialysis treatment, due to severe scarring 

of tissues of the kidney (Yannas 2015). Chronic injuries include extensive focal scar 

formation in the kidney or liver; or skin wounds in extremities of diabetics, that do not close.

Several approaches have been used in attempts to restore the loss of organ function that 

results from an extensive acute or chronic repair process in the adult. They include organ 

transplantation, autografting, implantation of a permanent prosthesis, use of stem cells, in 
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vitro synthesis, and induced regeneration. The topic of this review article, induced 

regeneration, is a process in which physiological tissue, rather than scar, is deliberately 

synthesized by the investigator at the anatomical site of the adult host that has been 

irreversibly injured. This approach is embodied in the collagen scaffold regeneration 

paradigm, described below.

Antagonistic relation between wound contraction and regeneration

A number of theories have been proposed in the medical literature to explain the inability of 

the adult to regenerate its organs (Yannas 2015). Among these, scar formation has been 

frequently cited as the cause for inhibition of regeneration. Nevertheless, we have compiled 

from independent studies and from our own studies a large body of data in different species 

strongly suggesting that scar formation is not the primary reason for inability of the adult 

mammal to regenerate organs. The evidence from these diverse sources supports instead the 

conclusion that an antagonistic relation exists between wound contraction and regeneration 

during normal healing of severe injuries both in skin and peripheral nerve injuries; and that 

wound contraction, rather than scar, is the process likely associated with the failure to obtain 

spontaneous regeneration in the adult mammal.

Spontaneously healing skin wounds in different species provide the first set of data that 

support the hypothesis of an antagonistic relation between contraction and regeneration. It is 

important to cite the detailed evidence in order to support a theoretical position that appears 

to have been neglected in the literature. The evidence includes the well-known example of 

skin wounds in the perforated rabbit ear where wound contraction is practically excluded 

due to tight binding between skin and cartilage, and where regeneration, or scarless healing, 

of skin is observed (Joseph and Dyson 1966, Goss and Grimes 1972, 1975 Goss 1980, 

Mustoe et al 1991, Goss 1992), data from a study of the developing tadpole, where 

contraction and scarless healing appear to be mutually exclusive processes of skin wound 

closure (Yannas et al 1996), studies of regeneration of the injured oral mucosa in mice 

showing greatly reduced scar formation or even scarless healing (Schrementi et al 2008, 

Mak et al 2009, Wong et al 2009, Larjava et al 2011, Glim et al 2013) while studies with 

swine showed that oral mucosal wounds contracted significantly less than skin wounds (Mak 

et al 2009) or else showed lower levels of TGFβ1 (cytokine that induces differentiation of 

fibroblasts to contractile cells) than in control skin wounds (Schrementi et al 2008), studies 

with full-thickness excisional skin wounds in the axolotl which led to regeneration of the 

skin (Seifert et al 2012), while study of similar skin wounds in the axolotl showed that alpha 

smooth muscle actin (αSMA), a protein characteristic of contractile cells, was absent and 

TGFβ1, which is required for expression of the αSMA phenotype in fibroblasts, was only 

transiently expressed during wound healing (Lévesque et al 2007, 2010). Each of these 

studies in various species with skin wounds that heal spontaneously have led us to the 

conclusion that scarless healing (regeneration) of these wounds was persistently observed in 

association with inhibition of wound contraction (Yannas 2015).

A second set of data that supports an antagonistic relation between wound contraction and 

regeneration includes several studies of induced (rather than spontaneous) regeneration using 

a collagen scaffold (DRT). This scaffold has been shown to block contraction in the guinea 
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pig, rat, rabbit, swine, and (with limited quantitative data) in the human; and in three organs, 

skin, peripheral nerves and the conjunctiva. For brevity, we focus here on studies of an active 

porous sheet-like collagen scaffold (DRT), either unseeded or seeded with keratinocytes, 

which delayed contraction (Yannas 1981) or arrested contraction (Yannas et al 1982, 1989) 

while inducing regeneration, in skin wounds of the guinea pig. We also include a report of 

studies with a porous tube, fabricated from a scaffold similar to DRT, which was used to 

show that the quality of rat sciatic nerve regeneration decreased monotonically with 

increasing thickness of the contractile cell capsule surrounding healing nerve stumps and 

with increasing diameter shrinkage of the healing nerve (Soller et al 2012). Finally, we refer 

to a study of the fully excised stroma in the rabbit conjunctiva, which regenerated when 

grafted with DRT while contraction of neighboring tissues was simultaneously reduced (Hsu 

et al 2000).

In a separate series of studies, skin wounds that were characterized by impaired healing, 

failed to contract but also failed to regenerate (Billingham and Russell 1956, Fiddes et al 

1991, Hayward et al 1992). These results showed that a hypothetical relation between 

contraction blocking and induction of regeneration may be necessary but is not sufficient for 

regeneration in every type of wound.

Deformation theory of scar formation

Studies of scar formation in guinea pig skin wounds (Ferdman and Yannas 1993) and 

peripheral nerve wounds in the rat sciatic nerve (Chamberlain et al 2000a) showed that scar 

was virtually abolished in the presence of scaffolds that were associated with significant 

reduction of contraction (while also inducing regeneration). This evidence is consistent with 

the deformation field theory of scar formation which states that scar, rather than 

physiological stroma, is synthesized by fibroblasts that have become oriented in a tensile 

stress field generated along the major deformation axis of wound contraction (Ferdman and 

Yannas 1993, Yannas 2001, 2015). According to the deformation theory, scar formation 

originates in the contractile mechanical field that closes wounds and is therefore derivative 

to wound contraction. If so, regeneration in the adult mammal must be principally inhibited 

by wound contraction rather than by scar formation.

Other evidence shows that skin wounds and peripheral nerve wounds undergo spontaneous 

contraction along axes that seem to be determined by the symmetry of their respective 

anatomical site (Yannas 2015). Accordingly, scar formation in these two organs results in 

collagen fiber orientation that is planar in contracting excisional skin wounds and 

circumferential around contracting peripheral nerve stumps following transection 

(Chamberlain et al 2000a, Soller et al 2012).

The simplest explanation of the diverse evidence summarized above is an inverse relation 

between contraction and regeneration. This relation has been directly observed during 

peripheral nerve regeneration using tubular implants that were members of a collagen 

scaffold library (Soller et al 2012). Studies of regeneration of skin wounds using a different 

collagen scaffold library also showed that contracting wounds failed to regenerate while 

wounds where contraction was strongly inhibited (using DRT grafts) closed by regeneration 

(Yannas et al 1989).
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Surface biological events that account for contraction blocking by an active 

scaffold

Cellular origin of wound contraction

It follows from the preceding section that collagen scaffolds that are capable to induce 

regeneration must block contraction of the injured site; and to do that, collagen scaffolds 

must possess certain critical structural features which dramatically modify the healing 

behavior of severe wounds, converting the healing outcome from repair to regeneration. 

However, it is first necessary to identify the specific biological process that is associated 

with a regeneratively active scaffold at the cell scale. A description of such activity at the 

cell scale will help to explain much more informatively how an active scaffold blocks 

contraction.

Contraction can be measured either as force or as deformation, the result of application of a 

balanced force. Measurements of contractile forces in wounds have appeared very rarely in 

the literature, a testament to the inherent difficulty in making such measurements with 

animal models. The contraction force required to close a skin wound in the rabbit thorax was 

measured to be about 0.1 N (Higton and James 1964). In contrast to the contractile force, 

measurement of the resulting tissue deformation is much more readily available and is based 

on microscopic observation of tissues in contracting wounds.

Contractile fibroblasts, often referred to as myofibroblasts (MFB), have been credited with 

generating most of the contractile forces and tissue deformations in skin wounds (Gabbiani 

et al 1971, Rudolph et al 1977, Rudolph et al 1992, Desmoulière and Gabbiani 1996, 

Gabbiani 1998, Desmoulière et al 2005, Hinz et al 2012, Daimon et al 2013). The α-smooth 

muscle actin isoform is currently considered to be the most useful marker of the 

myofibroblastic phenotype (Hinz et al 2012). These cells are highly elongated and display 

densely bundled actin microfilaments at their perimeter. Perhaps the most widely known 

phenotype of myofibroblasts are ‘stress fibers’, prominent filaments containing α-smooth 

muscle actin (Gabbiani et al 1971, Desmoulière et al 2005). The differentiation of the 

fibroblast to the contractile fibroblast requires transforming growth factor beta1 (TGFβ1), 

the ED-A splice variant of cellular fibronectin, and the presence of mechanical tension 

(Desmoulière et al 2005). Following wound closure, myofibroblasts disappear by apoptosis 

(Desmoulière et al 1995, 1997).

Physiological role of myofibroblasts in wound closure

Myofibroblasts close a full-thickness skin wound by deforming the tissues of the wound in 

the plane of the epidermis until wound edges from opposite sides move close to each other. 

Scar tissue also forms between the wound edges during the healing process. At least three 

structural features appear to be required for wound closure. First, these cells must have been 

differentiated to the specialized contractile cell phenotype and be available during healing in 

large enough number. Considering that a macroscopic force of about 0.1 N is required for 

skin wound closure in the rabbit (Higton and James 1964) and that the force generated by an 

individual cell is about 1–10 nN (Freyman et al 2001, Harley et al 2008), it appears 

necessary to apply forces from as many as 108–109 cells during wound contraction to close a 
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skin wound in the rodent. Second, contractile cells need to form assemblies that are known 

to be held together by stress fibers in neighboring myofibroblasts, joined at sites of cadherin-

type intercellular adherens junctions (AJs) (Hinz et al 2004). The required macroscopic 

force appears to be generated by assemblies of myofibroblasts, organized to apply 

cooperative forces, and providing thereby conditions for a ‘mechanically coherent’ wound 

which closes efficiently (Yannas 1998). There is evidence that local contractile events are 

mechanically coordinated by AJs, via synchronization of periodic intracellular Ca2 + 

oscillations between physically contacting myofibroblasts (Follonier et al 2010). Third, the 

long axes of MFB have to be oriented along the major deformation axis, the main direction 

along which wound tissues deform until the wound closes (Troxel and Yannas 1991).

In the transected peripheral nerve, myofibroblasts, in the form of a thick cylindrical sheet 

(capsule), spontaneously surround each nerve stump following injury and apparently apply 

compressive forces along the radial direction of the stump. It has been observed that the 

diameter of the healing nerve is inversely related to the quality of regeneration (Soller et al 

2012), and, in most cases, the wound in the healing nerve stump closes by capping with scar 

(neuroma) (Chamberlain et al 2000a).

Effect of DRT grafting on myofibroblast morphology

Grafting of skin wounds or peripheral nerve wounds with DRT changes the morphology of 

myofibroblast assemblies to a remarkable extent. All three of the processes that appear to be 

required for mounting the macroscopic contractile force that suffices to close a wound (see 

above) are interfered with dramatically. In the presence of DRT there was a significant 

decrease in the number of myofibroblasts (Murphy et al 1990), dispersion of the MFB state 

of assembly (Troxel 1994) and loss of the axial orientation of the long axes of MFB. These 

morphological changes (figures 4–6) appear to explain the observation that wounds treated 

with DRT in skin, peripheral nerves and the conjunctiva either failed to contract entirely or 

else contracted poorly prior to showing clear evidence of regeneration of tissues at the 

injured site.

The decrease in myofibroblast density in the presence of DRT was measured in guinea pig 

skin wounds by direct cell count using immmunoelectron microscopy (Murphy et al 1990). 

By 14 d, in the ungrafted site (no DRT), a fraction greater than 50% of dermal fibroblasts 

were identified as myofibroblasts, whereas a fibroblast fraction less than 10% exhibited 

features of myofibroblasts in the DRT-grafted site, a reduction in myofibroblast density 

down to one-fifth of normal level in the presence of DRT (Murphy et al 1990). A large 

decrease in density of myofibroblasts is also qualitatively evident in the longitudinal section 

of a skin wound that was grafted with DRT (noncontracting wound), compared with the 

ungrafted control (contracting wound) (figures 6 and 7).

In the transected rat sciatic nerve the thickness of the capsule that comprised myofibroblasts 

(as well as connective tissue) was sharply reduced from 73 ± 18 μm in the presence of an 

inactive collagen scaffold tube down to 31 ± 5 μm in the presence of a closely matched 

active DRT tube (Soller et al 2012) (figure 4). The drop in MFB density appears to be 

associated with the finding that the TGFβ1 concentration drops significantly in nerve 

wounds, probably following extensive nonspecific binding of TGFβ1 that has been observed 
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to take place on the DRT surface (Thies 2010, Soller et al 2012, Yannas 2015). This finding 

raises the question whether the surface-bound TGFβ1 is an equally active contributor to 

differentiation of myofibroblasts as is the free growth factor. We recall that TGFβ1 is 

required for MFB differentiation; its putative absence in a free (unbound) form in a wound 

would be expected to lead to reduced MFB differentiation (Desmoulière et al 1993, 2005).

Dispersion of contractile cell assemblies by DRT accounts for further reduction of the 

macroscopic contractile force. Independent studies of the forces that maintain contractile 

cells assembled during normal contraction suggest that cell–cell contact and consequent 

coordination between myofibroblasts are required for generation of mechanical forces 

between cells in normally contracting wounds (Follonier et al 2008, 2010). These specific 

cell–cell contacts appear to be cancelled in the presence of DRT (figures 6 and 7).

Finally, disorientation of long axes of contractile cells present inside the pores of the DRT 

scaffold is clearly evident in photographs of myofibroblasts in skin wounds and nerve 

wounds (figures 7 and 8). Such disorientation stands in contrast to the high orientation 

observed in the absence of DRT, where the long axes of cells were oriented in the plane of 

the epidermis in skin wounds (figure 6) or circumferentially oriented around the stumps of 

transected nerves (figure 8) (Troxel and Yannas 1991, Chamberlain et al 2000a). The 

resulting randomization of force vectors contributed by individual cells is expected to lead to 

extensive mutual cancellation of vectors, leading to reduction in the resultant macroscopic 

force.

Donwregulation of all three of these normal morphological features of myofibroblasts in 

contracting wounds (high cell density, tight cell assembly, high axial orientation) appears 

likely to be responsible for the cancellation of healing tissue deformation that has been 

observed in the presence of DRT, both in skin wounds and peripheral nerve wounds.

Adhesive binding of contractile cells on the DRT surface is the simplest explanation for 

dispersion of cell assemblies and disorientation of long axes of cells in the presence of DRT. 

These morphological changes in contractile cells are not observed in the absence of DRT or 

in the presence of very similar collagen scaffolds used as inactive controls, suggesting that 

DRT possesses molecular features that are required for binding on the scaffold surface. 

Direct evidence of contact of contractile cells to the scaffold surface, suggestive of adhesive 

binding of cells on the scaffold surface, has been obtained by transmission electron 

microscopy (Murphy et al 1990).

What is the molecular evidence that binding between cells and DRT actually takes place? 

This question will be answered below.

Specific cell adhesion on the surface of collagen scaffolds

Binding of cells on surface of collagen

The most abundant isoform of collagen is type I, organized into supramolecular structures 

(fibrils, fibers) in a manner that is specific to the tissue type (e.g. tendons, dermis, 

endoneurium, cornea) and regulated by other components of the extracellular matrix (ECM) 
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(Gelse et al 2003, Canty et al 2005). Collagen adhesion receptors of cells participate in 

binding various types of mammalian cells on the surface of collagen fibers. The most 

prominent of adhesion receptors are members of the integrin family; those that bind to 

collagen are known as collagen-binding integrins (CBI) (Barczyk et al 2010, Leitinger 

2011). Integrins consist of two subunits, referred to as α and β, each subunit comprising four 

parts: head, leg, transmembrane section, and cytoplasmic domain. α subunits of CBI include 

an additional domain close to their N terminus, usually called ‘I domain’ (occasionally 

referred to as ‘A domain’). Binding of an integrin on a ligand appears to be mediated 

entirely by the I domain of the integrin (Hynes 2002, Luo et al 2007). I domains, isolated 

using protocols that have been published (Tzeranis et al 2010), have been used as markers 

for adhesion ligands of the parent integrin, providing means for assay of ligands on DRT; see 

below (Tzeranis 2013).

Ligands on the surface of several collagens have been identified. The I domains of CBI bind 

to small peptide motifs (‘adhesion ligands’) on the collagen surface. The affinity and 

specificity of binding depends on the molecular details of the particular I domain-ligand 

interaction. Molecular details of the interaction have been clarified from study of crystal 

structures of I domains bound to the triple helical peptide that contains a given ligand, as 

well as from related studies (Emsley et al 1997, Symersky et al 1997, Emsley et al 2000) 

(figure 9). The hexapeptide motif GFOGER (glycine-phenylalanine-hydroxyproline-glycine-

glutamic acid-arginine), corresponding to residues 502–516 of the alpha(1)(I) chain of 

collagen, was identified as a high affinity binding site both for α1β1 and α2β1 integrins in 

collagen I (Knight et al 2000, Siljander et al 2004). The hexapeptide motif GLOGEN 

(glycine-leucine-hydroxyproline-glycine-glutamic acid-asparagine) was identified as a high 

affinity binding site for α1β1 (Hamaia et al 2012). The triple helical conformation is 

required for effective binding; the α1 I and α2 I domains bind collagen with approximately 

10 times higher affinity than heat-denatured collagen (gelatin) (Tuckwell et al 1995, 

Calderwood et al 1997). The affinity of α1 I and α2 I domains for collagen depends on the 

presence of divalent cations (Tuckwell et al 1995, Calderwood et al 1997). Binding of Mg 

+ 2 or Mn + 2 to the I domain is a prerequisite for I domain binding to its ligand (Rich et al 

1999, Knight et al 2000, Zhang et al 2003, Hamaia et al 2012), its presence confirms the 

bond between cell and scaffold. Although the available evidence appears to implicate 

integrins α1β1 and α2β1 in myofibroblast-collagen binding events, there are other 

receptors, less well-studied in wound healing phenomena, which could conceivably be 

involved in the binding process. In future studies of regenerative phenomena it would be 

useful to examine the potential role of other integrins, e.g., integrin α11β1 (Helary et al 

2012), and well as the role of discoidin domain receptors (Leitinger 2014).

The contractile cell phenotype is cancelled following binding on the scaffold surface. 

Changes in cell phenotype are mediated by binding of cells to collagen via their integrins. 

As examples, α1β1-mediated adhesion to collagen has been reported to promote cell 

proliferation and to impede collagen synthesis as well as suppress remodeling (Riikonen et 

al 1995, Heino 2000, Shi et al 2012). α2β1-mediated adhesion was shown to inhibit growth 

of a number of cell types as well as stimulate ECM synthesis and remodeling (Riikonen et al 

1995, Heino 2000, Tulla et al 2001, Jokinen et al 2004, Shi et al 2012). Wound contraction 

processes mediated by adhesion of α1β1 and α2β1 to collagen have been widely reported. 

Yannas et al. Page 11

Biomed Mater. Author manuscript; available in PMC 2018 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Myofibroblast differentiation, identified by expression of alpha smooth muscle actin 

(αSMA), was induced by α1β1 (Ng et al 2005, Rodriguez et al 2009). α1β1 (Znoyko et al 

2006, Rodriguez et al 2009) and α2β1 were reported to play contrasting roles in 

myofibroblast differentiation (Znoyko et al 2006).

The surface chemistry of a matrix is defined here as the density of ligands for particular 

adhesion receptors available to cells. It is a quantity that can be measured meaningfully only 

with the intact, insoluble matrix. It identifies which adhesion receptors can be utilized by 

cells, defines the perception of the cell about its insoluble environment, and affects 

intracellular signaling downstream (Schiller et al 2011). Despite its importance, the vast 

majority of published studies on cell–matrix interactions have not quantified the surface 

chemistry of the matrix used in these studies due to lack of appropriate methods. A few 

studies have reported the mass of adsorbed matrix biomolecules on a flat cell culture dish 

(Maheshwari et al 2000, Engler et al 2004, Valenick et al 2006). Other methods measure 

quantities related to the density of RGD (arginine-glycine-aspartic acid) ligands in artificial 

biomaterials that contain a single ligand type (Barber et al 2005, Harbers et al 2005, Kong et 

al 2006, Huebsch and Mooney 2007, Hsiong et al 2008). Certain spectroscopic techniques 

quantify chemical groups on the surface of biomaterials (Ma et al 2007, Kingshott et al 

2011). However, data from such measurements cannot be converted straightforwardly to 

density of ligands recognized by particular adhesion receptors. Although the density of 

ligands is a very useful metric, a complete description of the surface chemistry of the 

substrate eludes us at this time. A more advanced description of the surface would likely 

include measurements leading to the steric arrangement of ligands (clustering) (Upla et al 

2004).

Quantitative description of the scaffold surface

A novel methodology has been described for quantifying the density of ligands of a 

particular adhesion receptor on the surface of a 3D matrix in situ (Tzeranis et al 2010, 2014, 

Tzeranis 2013). It consists of: (i) developing soluble fluorescently-labeled markers whose 

binding properties mimic those of particular adhesion receptors, (ii) using a binding assay of 

the markers, based on 3D microscopy to detect the fluorescent markers bound on the matrix, 

and (iii) assaying the density of adhesion ligands using a novel model that describes binding 

of soluble receptors on ligands present on an insoluble surface. Confirmation of cell receptor 

binding onto the scaffold surface was provided by observing that binding of Mg + 2 to the I 

domain had taken place.

The methodology has been used to measure the adhesion ligand density for the two major 

collagen-binding integrins (α1β1, α2β1) in two kinds of porous collagen scaffolds, named 

here ‘active’ and ‘inactive’ (Tzeranis et al 2010, Tzeranis 2013). The active scaffold had 

previously shown strong regenerative activity in a peripheral nerve study while the inactive 

control was minimally active (Soller et al 2012). The two scaffolds had identical pore 

geometry and chemical composition (having been fabricated by freeze-drying microfibrillar 

type I collagen using the same protocol) but differed in the cross-linking treatment used to 

introduce intermolecular bonds. The active scaffold was crosslinked by dehydrothermal 

treatment (DHT), a physicochemical treatment that forms peptide bonds between chains 
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without use of a crosslinking agent (Yannas and Tobolsky 1967). The inactive scaffold was 

crosslinked chemically using the reagents EDAC and NHS (Hermanson 2008, Tzeranis 

2013). EDAC-NHS crosslinking agents are known to react with carboxylic groups, identified 

in key acidic residues in all major ligands of α1β1 and α2β1 (Leitinger 2011). This type of 

crosslinking amounts to masking of ligands. Used as baseline in this study, a scaffold was 

prepared by the same freeze-drying process but had not been crosslinked; this scaffold had 

previously shown negligible regenerative activity. The two nearly identically structured, 

crosslinked scaffolds were selected for comparison after showing remarkably different 

ability to induce peripheral nerve regeneration in the transected rat sciatic nerve model 

(Soller et al 2012). The density of adhesion ligands in each of the two scaffolds for each 

receptor of interest was estimated based on a series of binding experiments described in 

detail elsewhere (Tzeranis 2013, Tzeranis et al 2014) using quantitative multiphoton 

microscopy (Buehler et al 2005).

Difference in ligand density between active and inactive scaffold

The results from use of multiphoton microscopy showed that the active scaffold (lightly 

crosslinked, high regenerative activity) had ligand density levels of 204.9 ± 41 μM α1β1 

ligands and 248.3 ± 61 μM α2β1 ligands. The inactive scaffold (heavily crosslinked, poor 

regenerative activity) had levels of 29.4 ± 7.2 μM α1β1 ligands and 75.6 ± 11.0 μM α2β1 

ligands. The baseline control scaffold (uncrosslinked control, poor regenerative activity) 

showed levels of 148.2 ± 26.3 μM α1β1 ligands and 214.3 ± 50.1 μM α2β1 ligands. It is 

likely that the baseline control scaffold lacked regenerative activity because it has been 

shown to degrade with a half-life < 1.5 week, shorter than the half-life associated with 

optimal regenerative activity (see discussion below). The finding that the inactive scaffold 

was associated with a reduced ligand density is consistent with the known effect of DHT and 

EDAC-NHS crosslinking on collagen. Both of these reagents have been shown to react with 

carboxylic groups present in α1β1 and α2β1 ligands, thereby eliminating their activity as 

ligands for these integrins. Because of expected differences in steric specificity between the 

two treatments, it is not clear whether identical amino acid residues were involved in these 

two crosslinking treatments.

These results are preliminary and cannot be used to conclude that the difference in 

regenerative activity between the two scaffolds described here is explained entirely by the 

observed difference in ligand density. Although the crosslinking process does affect the 

ligand density (by reacting with functional groups that appear in collagen ligands, such as 

the carboxylic group), it also affects the half-life of degradation (half-life becomes longer 

with crosslinking) as well as the stiffness of the scaffolds (stiffness increases with 

crosslinking). The half-life is known to affect regenerative activity (Soller et al 2012), as 

noted above. The effect of scaffold stiffness on regenerative activity is not known.

In summary, measurements of the density of ligands for integrins α1β1 and α2β1 on the two 

collagen scaffolds with identical pore structure (and differing also in half life for 

degradation) but quite different levels of regenerative activity showed that the scaffolds 

differed sharply in their respective surface chemistry. A scaffold which had been shown to 

block contraction in peripheral nerve wounds and to induce regeneration of nerves of high 
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quality (active scaffold) (Soller et al 2012) had a much higher ligand density for α1β1, α2β1 

integrins than the inactive scaffold which blocked contraction poorly and also resulted in 

regenerated nerves of poor quality. These results are currently limited to very few scaffolds; 

they must be extended. There are also questions associated with the half-life and the 

stiffness, both of which change with crosslinking treatment, as discussed above. The data are 

nevertheless consistent with a mechanism of scaffold activity that depends strongly on cell 

adhesion on the surface, mediated by high levels of ligand densities for the two integrins 

which appear to control much of the molecular biology of wound contraction in injured 

nerves. Additional evidence is required before a clearer association between ligand density 

and phenotype changes in contractile cells can be confirmed.

Critical structural features of a collagen scaffold that blocks contraction 

and induces regeneration

Critical structural features of DRT

The evidence collected in the previous sections can be used to identify specific structural 

features of the dermis regeneration template (DRT), a collagen scaffold that blocks wound 

contraction in skin and peripheral nerves and induces regeneration of high, though 

imperfect, quality. These structural features of a collagen scaffold define an insoluble 

material in terms of its average pore size, degradation rate and surface chemistry.

Maximum blocking of wound contraction and highest quality of regeneration coincided with 

DRT but not with a large number of other collagen-based scaffolds with closely matched 

structure. The optimal pore size for DRT was in the range 20–125 μm (Yannas et al 1989) 

while the optimal degradation half-life for this scaffold was 14 ± 7 d (Soller et al 2012). 

Insufficient data are available to identify optimal values for ligand densities for integrins 

α1β1 and α2β1. The limited evidence suggests a guideline for ligand densities that exceed 

200 μM α1β1 or α2β1 ligands (Tzeranis et al 2014). Modification of any of the first two 

structural features, and possibly of the third as well, deactivates DRT almost completely.

Although it is clear that these structural criteria are necessary there is little evidence that 

they are also sufficient. For example, there is little information on which to decide the 

optimal level of pore volume fraction (currently set at 0.995) (Chen 1982) or the optimal 

fraction of collagen fibers that carry the native D-banding of collagen (quaternary structure) 

that has been retained following treatment in acetic acid during preparation of DRT 

(Sylvester et al 1989). Changes in activity from the presence of GAG are discussed below.

To confirm the specificity of structural features that define the regenerative activity of DRT 

we provide below a brief list of collagen scaffolds that, even though very similar in structure 

to DRT, were shown incapable of blocking contraction or inducing regeneration. The 

requirement for porosity in a scaffold was confirmed in this early study by comparing a 

highly porous implant with pore size 50 ± 20 μm and a scaffold that had been prepared 

identically except that, following all preparation steps, the porous structure was virtually 

eliminated by simple evaporative drying at atmospheric pressure, a process that yielded a 

nonporous collagen film. When implanted subcutaneously, the nonporous film became 
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surrounded with scar rather than a small mass of dermis, as observed with the porous film 

(Yannas 1981). A later study made use of a library of collagen scaffolds with variable pore 

size and otherwise identical structure and showed that scaffolds fabricated with pore sizes of 

5 ± 2.5 μm, 450 ± 100 μm, or 850 ± 200 μm, failed to block contraction and lacked 

regenerative activity (Yannas et al 1989). In a related study (Troxel 1994), a scaffold with a 

pore size of 400 μm was compared by microscopy with a DRT-like scaffold having a pore 

size of 40 μm. This comparison showed fibroblasts clustered very tightly inside the large 

pores of the first scaffold (which was inactive) while fibroblasts in the second (active) 

scaffold were present instead as isolated cells inside individual pores (Yannas 2015). In a 

later study with a different collagen library comprising members that differed in degradation 

rate (Harley et al 2004, Soller et al 2012), the baseline uncrosslinked control (half-life <1.5 

week) and the inactive scaffold (highly crosslinked; half life >100 weeks) did not inhibit 

contraction nor did they show any significant regenerative activity. These examples indicate 

the high degree of structural specificity of the DRT scaffold.

Optimization of scaffold structure

Optimal values of structural parameters of DRT are required for maximum blocking of 

wound contraction. A mechanistic analysis of these optimal values provides an explanation 

for their existence.

The average pore size is required to have a lower limit of approximately 20 μm, as shown in 

measurements of contraction delay (Yannas et al 1989), in order to allow cells to migrate 

inside the scaffold and bind on the surface (figure 10). In the literature, cells have not been 

generally observed to migrate in any significant number inside scaffolds with much smaller 

average pore size. Migration inside the scaffold is a requirement for activity: once inside the 

scaffold, cell binding occurs via integrins for specific ligands on the collagen surface, 

leading to loss of the contractile phenotype. A sufficient number of cells from the healing 

wound must be bound on the scaffold surface in order to remove themselves from the pool 

of actively contracting cells and reduce contraction sufficiently. This requires a sufficiently 

large specific surface, σ (measured in mm2 scaffold surface per mm3 scaffold volume) for 

adhesion of a large enough number of cells (Yannas 1997). The specific surface of porous 

materials is known to decrease monotonously with increasing pore diameter. Estimated 

values of σ range from about 40 000 at an average pore diameter of 20 μm down to 4,000 

mm2 mm−3 at a pore diameter of 200 μm (Chang 1988). Contraction was inhibited poorly 

above a pore size level of about 120 μm (Yannas et al 1989), corresponding to a minimum 

specific surface of about 6,000 mm2 mm−, The data can be simply explained by assuming 

that above this limiting value of the pore size there was insufficient specific surface to bind 

most of the contractile cells in the wound.

The degradation rate is optimized on a different basis. As mentioned above, the proposed 

mechanism of contraction blocking requires adhesive contact between integrins of 

contractile cells and ligands on the scaffold surface. Contractile cells have been observed to 

bind on the surface of the randomly oriented scaffold struts, thereby losing their axial 

orientation and cell–cells contacts (Murphy et al 1990), and becoming mechanically 

incompetent to apply an axially directed contraction force. The details of cell-scaffold 
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binding are not clear at this time. However, to achieve specific binding on the scaffold 

surface, it appears necessary for a large enough surface to be present in an undissolved state 

at the same time that contractile cells are available for binding on it. Following binding on 

such a solid-like surface it is expected that the cells are temporarily ‘fixed’ in a randomized 

spatial orientation. It is hypothesized that a dissolved (highly degraded) scaffold would be 

diffusible and would be unsuitable for stable fixation of cells on the surface. Myofibroblasts 

appear in a full-thickness skin wound at about 1 week following injury and disappear in 

about 3–4 weeks (probably due to apoptosis; see above). A scaffold that degrades with a 

half-life less than about 7 d would therefore be excessively degraded by the time it makes 

contact with the relatively few contractile cells available in the wound at that time; very little 

blocking of wound contraction would take place under these conditions. At the other 

extreme, a scaffold with a half-life much longer than 3–4 weeks would likely prompt 

prolonged recruitment of macrophages, required to remain in situ in order to complete 

dismantling of the intractable implant; such an outcome would be expected to lead to a 

lengthy inflammatory response that might negate the myofibroblast-inhibiting activity 

observed with DRT. In contrast, when grafted with DRT (half-life, 14 ± 7 d) (Soller et al 

2012), macrophages have been observed to engulf scaffold fragments by day 14 and to 

solubilize these fragments entirely by day 21 (Murphy et al 1990). An alternative 

explanation for the upper limit in scaffold half-life is suggested by the observed paucity of 

ligands on the surface of the inactive scaffold that has been extensively crosslinked with 

agents (EDAC and NHS; see Soller et al 2012, Tzeranis 2013). These crosslinking agents are 

known to react with carboxylic groups present in the ligands GFOGER and GLOGEN (see 

above), thereby masking these functional groups, leading to loss of most available ligands on 

the surface and eventually inhibiting cell-scaffold adhesion. Possibly both mechanisms may 

contribute to setting up the upper limit of scaffold half-life. Whatever the detailed 

mechanism, the evidence shows that the adhesive cell-scaffold contact that contributes to 

contraction blockade appears to require a critical window of opportunity between 1 and 3–4 

weeks. Additional studies, especially with slowly degrading scaffolds, are needed to 

understand the diminished regenerative activity of such scaffolds. Another open question 

focuses on the minimal size of a partly degraded scaffold fragment that is required to ensure 

firm adhesive contact of contractile cells with the scaffold surface.

A requirement for finite density of ligands for integrins α1β1 and α2β1 is consistent with the 

requirement for adhesive contact of contractile cells with the scaffold, itself a prerequisite 

for contraction blockade. Although it seems plausible to hypothesize that the active scaffold 

which blocks contraction efficiently (see above) owes its activity to its superior ligand 

density, the data are limited to very few scaffolds and do not provide basis for such a 

conclusion. The available data are also limited and preclude a quantitative optimization of 

the ligand density. It is possible to make the qualitative case for existence of a minimal 

ligand density, below which binding would practically disappear; and of a maximal ligand 

density, limited by availability on the collagens structure. The incomplete evidence supports 

a requirement for a finite ligand density on the scaffold surface but provides no more 

information that could be used to set an optimal value. In the absence of such information it 

is suggested that a temporary guideline for ligand densities of active scaffolds that exceeds 
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approximately 200 μM α1β1 or α2β1 ligands could be used until further information 

becomes available.

Discussion

Missing information on specificity of DRT structure

The structure of the active scaffold (DRT) is not as narrowly defined as many synthetic 

macromolecular substances (e.g. polylactic acid) or as a protein crystallized from solution 

(e.g. serum albumin). Nevertheless, its structure is not mutable to an unlimited extent since 

regenerative activity is lost following small, finite modifications to it. In general terms the 

physicochemical structure of the active scaffold is relatively well-defined and can be 

reproduced by following the standardized processing steps outlined above. When pursued 

carefully, the processing steps (figures 2 and 3) have led to reproducible levels of 

regenerative activity in the laboratory and the clinic.

The critical features of an active collagen scaffold that have been described above appear to 

have a significance similar to the structural determinants of biological activity for enzymes: 

they are required for regenerative activity. Although it appears clear that these structural 

criteria are necessary, they are most probably not sufficient. For example, there is little 

information on which to decide the optimal level of pore volume fraction (currently set at 

0.995) (Chen 1982), or the optimal fraction of collagen fibers that carry the native D-

banding, retained following standardized treatment in acetic acid during scaffold preparation 

which partly melts the quaternary (but not the tertiary) structure (Sylvester et al 1989). 

Although, for several years, reports of DRT activity described a chemical composition based 

on the original graft copolymer of collagen and chondroitin 6-sulfate (glycosaminoglycan, 

GAG), the GAG component was omitted in experimental scaffold preparations in our MIT 

laboratory approximately after year 2000 (however, GAG was not omitted from the 

industrial version of the scaffold, Integra™). Omission of GAG in our laboratory was 

implemented in deference to reported inhibition of peripheral nerve regeneration in the 

presence of certain glycosaminoglycans (Carbonetto 1991, Carbonetto et al 1983, 

Carbonetto and Cochard 1987). It has been reported that reaction of collagen with GAG 

increases the half-life for degradation of collagen (Yannas et al 1975a) and has a moderate 

delaying effect on wound contraction (Shafritz et al 1994) but it does not appear to affect the 

overall regenerative outcome. Quantitative limits for optimal values of ligand densities for 

integrins α1β1 and α2β1 in DRT are not available at this time. Since the crosslinking 

treatment used (Tzeranis 2013) affects not only the ligand density but also the half-life for 

degradation, as well as the stiffness, future studies are required in order to separate these 

effects on the regenerative activity of DRT clearly from each other.

A biologically active surface

The combined data from skin and nerve studies support the somewhat unusual view of 

biological activity that resides not in a soluble substance, e.g. an enzyme, but on a 

(temporarily) insoluble surface. A paradigm of surface biology explains the available 

evidence which shows that cell binding on the insoluble collagen surface dramatically 

modifies the phenotype of cells that control the incidence of repair versus regeneration. In 

Yannas et al. Page 17

Biomed Mater. Author manuscript; available in PMC 2018 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the presence of the active surface, to which they adhere, contractile cells lose their normal 

states of assembly and high orientation along a deformation axis, resulting thereby in almost 

complete cancellation of the macroscopic contractile force that normally closes wounds in 

skin and peripheral nerves of the adult mammal. A premature onset of scaffold degradation 

destroys this biological activity, as evidenced by inactive scaffolds that degrade earlier than 

the optimal level of 2–3 weeks (Soller et al 2012).

A structural feature on the scaffold surface that might be responsible for the observed 

significant reduction in TGFβ1 concentration in DRT-treated nerve wounds (presumably by 

binding of the cytokine on the DRT surface, as described above) is not apparent at this time.

Synthesis of new tissue: Limitations of DRT

A contraction blockade, and the secondary process of scar formation, do not suffice to 

induce synthesis of new stroma. Organ regeneration also requires the synthesis of normal 

organ tissue, comprising stroma and tissues formed by differentiated cells. Since the 

evidence shows that an active scaffold, with optional epithelial cells, suffices for both steps 

in the regenerative process, it appears that the scaffold further provides the required 

information for stroma synthesis. An active scaffold hypothetically facilitates the formation 

of physiologic new stroma by acting as a topographic template for its synthesis. We have 

provided evidence above that the active scaffold cancels the tensile field in the wound. We 

now suggest further that the synthesis of stroma, instead of scar, makes use of the scaffold 

architecture as a topographic template (Yannas 2015).

The most serious regenerative limitation of cell-free DRT is inability to induce synthesis of 

an epidermis. To account for this limitation in the clinical setting, following synthesis of the 

dermis a thin autoepidermal graft is usually harvested from a donor site and was applied on 

the neodermis (Burke et al 1981, Heimbach et al 1988). However, this limitation is lifted 

when keratinocytes are seeded into DRT prior to grafting on the wound, as shown with 

animal models; the result is simultaneous regeneration both of a dermis and an epidermis. 

(Yannas et al 1989). Small-area wounds can also be treated comprehensively by DRT alone, 

since epidermal cells migrate from the wound perimeter within an acceptable time period to 

cover the entire wound area.

Skin synthesized using DRT seeded with autologous keratinocytes, as practiced in early 

studies (Yannas et al 1982a, 1982b, 1989), has also lacked skin adenexa (hair follicles, sweat 

glands, etc). Such deficiencies can become limiting for patients who have been treated with 

DRT over a very large fraction of their body surface area. Sweat glands contribute strongly 

to the thermoregulatory function of normal skin. It follows that lack of normal 

thermoregulation over a large area of the skin, e.g. 70% total skin area free of sweat glands 

in the case of a severely burned patient, can have serious consequences. The risk of 

morbidity or even death may become overwhelming when the treated person works many 

hours daily in the sun, as documented in the story of such a patient who was a farmer 

(McCarthy 2007). However, these limitations have been lifted in principle following the 

discovery by Boyce and coworkers that DRT seeded with keratinocytes from the dermal 

papillae can produce hair follicles and sweat glands (Sriwiriyanont et al 2012, 2013).
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When used in clinical settings, DRT (commercial name Integra™, manufactured by Integra 

Life-Sciences) has shown considerable versatility. It has been successfully used to treat 

patients with extensive skin loss, such as those with massive burns, those requiring 

resurfacing of large scars and in the treatment of chronic skin wounds, among others. 

Abstracts of over 300 diverse clinical studies of Integra™ can be accessed on the following 

website: (www.ncbi.nlm.nih.gov/pubmed/?term=Integra+substitute++skin).

Empirical rules for induced organ regeneration in adults

The approach outlined above is based on use of a collagen scaffold with highly specific 

structure but is rooted in five empirical rules that have been described in detail (Yannas 

2013). The rules appear to govern induced regeneration of skin and peripheral nerves in 

animal models and in the clinic. Extension of the rules to organs other than skin and 

peripheral nerves is a likely contingency but is not presumed; instead the term organ is 

assumed to apply to skin and peripheral nerves. Detailed references that justify these rules 

can be found in a monograph (Yannas 2015). These rules crystallize guidelines on: (1) the 

identification of spontaneously regenerative and nonregenerative tissues, guiding the 

investigators to focus on the minimal objectives of their regeneration experiments; (2) the 

simplest set of reactants (a scaffold and, optionally, autologous epithelial cells), added 

exogenously at the injured site, that can induce regeneration, allowing investigators to 

exclude use of exogenous reactants that complicate experiments without being useful; (3) 

the requirement for a scaffold that inhibits wound contraction and scar formation at the 

injured site, providing a theoretical foundation for the recommended protocols as well as a 

methodology for assaying experimental biomaterials for regenerative activity; (4) three 

quantitatively defined structural features that are required in a scaffold with confirmed 

regenerative activity, pointing at processing changes that can be made in other types of 

scaffolds in order to optimize their structure; (5) identification of the scaffold as a 

topographic template for synthesis of the new stroma. The first three rules appear to be 

necessary conditions for inducing regeneration and are independent of the specific reactant 

used to achieve regeneration. The last two rules are specific to the collagen scaffold that has 

been successfully used in experimental animal models and in the clinic. Other scaffolds or 

pharmacological agents that satisfy these rules could be used to repeat or exceed the quality 

of regeneration achieved.

Decellularized matrices

During the past 20 years there has been increasing experimental and clinical use of 

decellularized (acellular) matrices by several investigators as treatments of organ failure. To 

overcome the problem of immunogenicity of transplanted organs, decellularized matrices 

were prepared using tissues that had been processed to remove cells and their antigenic 

epitopes (decellularization, including perfusion decellularization) (Ott et al 2008, Guyette et 

al 2014). The extracellular matrix, mostly collagen, that forms most of the DCM implant is 

of much less concern with respect to antigenicity since the constituent molecules are 

conserved across species and are therefore tolerated immunologically. In these studies the 

tissues used were frequently derived either from the small intestinal submucosa or the 

bladder submucosa. An early approach was the use of decellularized human skin to graft 

burned patients (Wainright 1995, Wainwright et al 1996). Significant regenerative results 
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were reported since then with organs as diverse as the urethra (Chen et al 1999), large 

defects in the abdominal wall (Badylak et al 2002), the bladder (Atala et al 2006), Achilles 

tendon (Gilbert et al 2007), the lung (Ott et al 2010), the larynx (Birchall et al 2012), and 

other organs.

Decellularized matrices (DCM) mostly consist of extracellular matrix, and the latter consists 

primarily of collagen. At least one analytical study determined over 90% wt. collagen, 

mostly type I, in small intestinal submucosa, the most commonly used acellular matrix 

(Badylak et al 2009). Collagens of other types were also detected in this study, together with 

a variety of GAGs, such as chondroitin sulfate, heparin sulfate and hyaluronic acid. 

Although collagen is the most prominent insoluble component in acellular matrices, there 

appears to be no report from studies with decellularized matrices that collagen may be 

involved directly in the regeneration processes. We suggest that decellularized matrices 

possess regenerative activity by virtue of their consisting primarily of tissues that are largely 

collagen-based and that their activity is largely explained by the structural features described 

above for DRT.

Conclusions

The theme of this review article is the intimate connection between the materials science 

aspects of collagen scaffolds and the incidence or absence of induced regeneration. Slight 

variations in key structural features of these materials have powerful consequences on 

regenerative activity, and on a clinical outcome that affects the lives of individuals who have 

sustained severe organ losses. Requiring in most cases no externally supplied cells or growth 

factors, an active scaffold can induce almost perfect regeneration of skin and peripheral 

nerves, clinical outcomes of major importance. Occasionally, the regenerative task requires 

seeding of the scaffold with autologous epithelial cells. But synthesis of the stroma, the key 

step in induction of organ regeneration, is accomplished by the scaffold without any external 

assistance, as has been described previously (Yannas 2015, ch. 7)

An active collagen scaffold, such as DRT, is a material that, in spite of being a complex 3D 

protein network, can be described in great detail by well-known physicochemical methods. 

These methods suffice to determine its key structural features, that are essentially similar to 

the structural determinants of enzymes.

A singularly important feature is the surface of the scaffold which, acting as if it were an 

enzyme, modifies the phenotype of contractile fibroblasts in a definitive manner that has 

dramatic consequences in the clinic. The cell-surface binding interaction opens up 

considerations that have been labelled by the authors as surface biology. Surfaces have 

traditionally been studied by physicists, chemists and materials scientists, not by biologists. 

In the study of regeneration phenomena it appears essential to recruit the cooperative 

services both of biologists and materials scientists.
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Figure 1. 
A scaffold with regenerative activity was initially synthesized as a highly porous graft 

copolymer of type I collagen and chondroitin 6-sulfate (GAG). It was modified later by 

omitting the GAG (see text). Regenerative activity depends on optimization of pore diameter 

and half-life for degradation; a minimal density of ligands for integrins α1β1 and α2β1 is 

also required on the collagen surface. When the structure has been appropriately optimized 

to yield a so-called dermis regeneration template (DRT), the scaffold induces regeneration of 

skin (guinea pig, swine, human) peripheral nerves (rat) and of the conjunctiva (rabbit). 

(Photo by Alexandra Kourgiantaki.)
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Figure 2. 
Flowsheet for preparation of a suspension of collagen or collagen-GAG for use in 

preparation of sheets (skin grafts). Sterile conditions must apply during manufacture. 

(Graphic by Tzeranis.)
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Figure 3. 
Flowsheet for preparation of porous sheets of collagen scaffold for use in skin grafts. Sterile 

conditions must apply during manufacture.(Graphic by Tzeranis 2012.)
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Figure 4. 
Relation between the thickness of the contractile cell capsule surrounding a transected 

peripheral nerve and the quality of nerve regeneration at 9 weeks. The rat sciatic nerve was 

transected and the stumps were inserted inside collagen tubes with closely matched but 

nonidentical structures differing in half-life for degradation. The stumps were originally 

separated by a gap length of 15 ± 1 mm. Representative quarter cross sections of transected 

nerves tubulated with collagen scaffolds of increasing degradation half-life, stained with 

osmium tetroxide. Top row: contractile capsule, shown bounded by broken lines, around the 

regenerate. Data obtained at nerve gap midpoint at 9 weeks following transection of the rat 

sciatic nerve. Bottom row: newly-formed myelinated nerve tissue in animals that formed the 

capsule shown in the photos directly above. Broken line: capsule border. Scale bars: 50 μm 

(top); 25 μm (bottom). (Quantitative data from the same study are shown in figure 6) (Soller 

et al 2012).
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Figure 5. 
Quantitative relation between the thickness of the contractile cell capsule and two markers of 

quality of peripheral nerve regeneration at 9 weeks (Soller et al 2012). (The data in figure 4 

were obtained in the same study.) The rat sciatic nerve was transected and the stumps were 

inserted inside collagen tubes with closely matched but nonidentical structures differing in 

half-life for degradation. The stumps were originally separated by a gap length of 15 ± 1 

mm. Data obtained on the regenerated nerve formed at the midpoint of original stump 

separation, 9 weeks post-injury. Left: the number of myelinated axons decreased sharply 

with increase in thickness of the contractile cell capsule (between broken lines) surrounding 

the rat sciatic nerve regenerating nerve. Scatter plot of myelinated fibers number (r = −0.601, 

N = 18, p = 0.0084) against capsule thickness. Right: an inverse relationship was observed 

between the thickness of the contractile cell capsule and the diameter of the regenerated rat 

sciatic nerve. Scatter plot of nerve tissue diameter (square root of total myelinated area, r = 

−0.669, N = 18, p = 0.0024) as a function of capsule thickness. The resulting linear 

regression y = 0.6022–0.0032x (R2 = 0.552) is superposed (Soller et al 2012).

Yannas et al. Page 32

Biomed Mater. Author manuscript; available in PMC 2018 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Two full-thickness skin wounds in the guinea pig, showing sharply contrasting behavior 

during healing. Immunohistochemical localization of αSMA, indicative of myofibroblasts 

(red brown). Top: ungrafted wound is vigorously contracting on day 10. It shows dense 

assemblies of contractile cells (myofibroblasts), all across the wound, with long axes 

oriented in the plane of the wound. Bottom: wound grafted with dermis regeneration 

template (DRT) is not contracting on day 11. It shows fewer myofibroblsts, with random 

orientation of long cell axes, and dispersed myofibroblast assemblies. Arrows: Scaffold 

struts. Scale bar: 0.5 mm. (Troxel 1994.)
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Figure 7. 
Immunohistochemical localization of αSMA (indicative of myofibroblast phenotype) in the 

contractile cell capsule in skin wounds (top row, red, 10 d post-injury) and peripheral nerve 

wounds (bottom row, brown, gap midpoint of transected rat sciatic nerve, 7 d post-injury). 

Left column: control wounds (top left: ungrafted skin; bottom left: nerve grafted with 

silicone tube). Right column: wounds grafted with active collagen scaffolds (DRT). Arrows: 

scaffold struts. Scale bars: 100 μm. MFB, myofibroblasts. (Soller et al 2012.)
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Figure 8. 
Myofibroblast layers formed around mature regenerated peripheral nerves. The two groups 

of regenerated rat sciatic nerves were formed following transection, tubulation with different 

tubes and were examined at 60 weeks following injury. Left: use of silicone tube yielded 

poorly regenerated nerves that were surrounded by 15–20 layers of myofibroblasts. Right: 

use of tube based on a porous collagen scaffold with high regenerative activity (DRT) led to 

nerves surrounded with only 1 layer of myofibroblasts. Bar: 25 μm (Chamberlain et al 

2000a).
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Figure 9. 
Structure of integrin-ligand complex at the surface of collagen fibers. The cell receptor is the 

α2β1 integrin (blue). It adheres to the collagen (green) hexapeptide ligand GFOGER 

(purple). (Emsley et al 2000, Knight et al 2000.)
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Figure 10. 
Partial identification of the dermis regeneration template (DRT). The average pore diameter 

of a collagen scaffold profoundly affects its ability to block wound contraction and its 

regenerative activity. Full-thickness excisional skin defects in the guinea pig were treated 

with several scaffolds, differing in pore diameter but otherwise identical in structure, that 

were members of a collagen library. The delay in onset of wound contraction is shown on 

the vertical axis. The horizontal axis is logarithmic to accommodate the wide range in pore 

sizes in this study. DRT is defined within the range 20 μm to 125 μm where contraction 

delay is maximized and regeneration occurs. (Yannas et al 1989.)
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