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Biosystem–surface interactions play an important role in various biological events and
determine the ultimate functionality of implanted devices. Endothelialization or mimicking
of endothelium on the surface of cardiovascular materials is a promising way to solve the pro-
blems of material-induced thrombosis and restenosis. Meanwhile, a multifunctional surface
design is needed as antithrombotic properties should be considered in the period when the
implants are not yet completely endothelialized. In this article, we summarize some successful
approaches used in our laboratory for constructing multifunctional endothelium-like surfaces
on metallic cardiovascular biomaterials through chemical modification of the surface or by
the introduction of specific biological molecules to induce self-endothelialization in vivo.
Some directions on future research in these areas are also presented.
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1. INTRODUCTION

Metallic biomaterials, e.g. stainless steel, Ti alloys and Ni–
Ti alloy, are commonly used in cardiovascular therapy.
While such materials are favoured for their inertness and
mechanical strength, negative clinic consequences often
arise from limited biocompatibility [1–3]. Thrombosis
and intimal hyperplasia are two main failure modes of car-
diovascular devices. When a metallic biomaterial is
implanted in vivo, the surface immediately contacts the
surrounding biosystem, such as proteins, blood cells and
the lining cells of the vessel wall, which will initiate cas-
caded reactions of thrombosis. Intimal hyperplasia is
another issue caused by excessive growth of the tissues sur-
rounding the device, which reduces the diameter of the
vessels. For vascular stents, the proliferation of smooth
muscle cells (SMCs) is thought to be the main reason of
intimal hyperplasia during healing [4,5].

A healthy endothelium provides an anticoagulant
and anti-proliferative surface through the expression of
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thrombomodulin, tissue factor pathway inhibitor, heparan
sulphate proteoglycan, and through the release of prosta-
cyclin and nitric oxide (NO). Among them, NO is of
particular interest for endothelial cell (EC) function as
NO produces multiple effects on the vessel wall. NO med-
iates a variety of physiological functions in vivo including
regulation of blood vessel tone (vessel wall tension), vascu-
lar permeability and inhibition of leucocyte adhesion,
platelet activation and SMC proliferation [6,7]. Inspired
by the superb functionality of the endothelium, numerous
studies in recent years have been focused on construction
of the endothelium-mimicking surfaces on cardiovascular
materials [8–12]. The strategies can be divided into two
types—one is the mimicking function or composition of
ECs by surface modification, and the other is aimed at
the endothelialization of the material surface.

Although considerable progress has been made in the
biomimetic modification of cardiovascular materials by
both strategies, several challenges remain, especially for
metallic cardiovascular materials. Firstly, long-term
antithrombotic performance is of critical importance
for implanted devices such as vascular stents, but it
may be a great challenge [13]. Although surface
This journal is q 2012 The Royal Society
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heparinization has been widely studied since the 1960s,
there are still no truly antithrombotic surfaces for long-
term use today. The immobilized biomacromolecule
will undergo rapid biological degradation in vivo, which
leads to loss of antithrombotic activity in long-term
usage. Secondly, covalent immobilization of organic or
biological molecules on inorganic or metallic surface
which is absent in reactive groups is also a challenge.
Thirdly, multiple functions of antithrombogenicity, anti-
proliferation and rapid endothelialization are always
simultaneously needed for cardiovascular devices. How-
ever, realization of rapid surface endothelialization
and preservation of normal EC function are other chal-
lenges. In recent years, we have studied the long-term
use of metallic cardiovascular biomaterials to surface
modification, and some approaches are summarized
below.
2. MIMICKING FUNCTION OF
ENDOTHELIAL CELL BY INDUCING NO
RELEASE IN VIVO

Apart from other antithrombotic molecules, NO
secreted by ECs has been shown to possess multiple
vasoprotective activities [6,7]. In 1998, Murad and co-
workers were awarded the Nobel Prize in Physiology
for their discoveries regarding the important effects of
NO on the cardiovascular system. Hence, NO is a
more attractive agent to embody EC function for
adapting into biomaterials.

NO-releasing polymers have been widely studied
and proven to exhibit improved blood compatibility
[14–16]. However, when such NO-releasing polymers
were coated on the metallic stents, they cannot work
effectively because of the rapid depletion of NO froma rela-
tively thin coating of polymeric NO-donor reservoir [17].
For permanent devices fabricated with metal biomaterials,
such as heart valve prosthesis and vascular stents, the
long-term maintenance of haemocompatibility is required.
In addition, NO generated from normal ECs has been
estimated to be approximately 0.5–1 � 10–10 mol cm–2

min–1 [18,19], while the initial NO flux from NO-releasing
polymers is always far greater than that of the normal EC
owing to the initial burst [20]. Notably, some adverse
effects are associated with the cytotoxicity of a high
NO level caused by the formation of peroxynitrite
(ONOO2), which will lead to tyrosine nitration, DNA
damage and cell apoptosis [21,22]. Hence, NO release
oriented at the physiological levels is mandatory.

A promising way of continuous NO release was devel-
oped by Oh & Meyerhoff [23]. Catalytic sites on the
surface of polymer biomaterials are created, which con-
tinuously generate NO locally upon contact with blood
from endogenous NO precursors and reducing agents
already present in blood. For inorganic biomaterial of
TiO2, a universal and convenient method of polydopa-
mine was used in our study with full oxidation when
compared with that of Lee et al. [24]. Simple immersion
of substrates in a dilute aqueous solution of dopamine
buffered to a pH typical of marine environments
(2 mg ml21 dopamine, 10 mM Tris, pH 8.5) with full oxi-
dation, resulted in spontaneous deposition of a thin
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adherent polymer film [25]. It has been demonstrated
that a compact and well-bonding polydopamine can be
grafted on inorganic or metallic surfaces which can with-
stand powerful ultrasound treatment. The polydopamine
coating worked out as an amazingly versatile platform for
secondary reactions to immobilize bioactive molecules.
Two kinds of low molecular weight (LMW) chemicals,
cystamine and selenocystamine instead of biomacromole-
cules, were immobilized on the TiO2 surface as catalysts
[25,26]. This approach reduced the inactivation by degra-
dation, which typically occurs at grafting of a complete
enzyme. S-nitrosothiols (RSNOs) present in the blood
acts as the source of NO. Levels of RSNOs are constant
at 7 mM [27] under normal physiological conditions
which ensures steady and physiological levels of NO
generation on the catalytically active surface.

ECs continuously generate NO and the generated
NO diffuses into platelets and the surrounding vascular
SMCs and binds to soluble guanylate cyclase (sGC). Bind-
ing of NO to the haem-iron of sGC results in the formation
of a pentacoordinate nitrosyl–haem complex,which breaks
the bond to the axial histidine and activates the enzyme,
leading to an increase in cyclic guanosine-30,50-monophos-
phate (cGMP). The NO/cGMP pathway regulates
platelet activationandaggregation, aswell asSMCprolifer-
ation and migration (figure 1) [28]. The initial evaluation of
inducing NO release from vascular stents was performed in
vitro and in vivo. NO generating catalytically active
surfaces did show greatly reduced collagen-induced platelet
activation with an elevated cGMP level, and this is
beneficial for the application in vascular stents, as implan-
tation of stents always causes endothelium injury and
collagen exposure. The in vitro study also showed that
the catalytic activity is preserved after incubation in PBS
for three months. Selenocystamine-immobilized stents
were implanted onto canine femoral arteries for two
months and the intimal hyperplasia is significantly reduced
(figure 2). These encouraging results suggest the potential
application of this method in the modification of metallic
stents. However, attention should be paid to the fact that
when the surface is covered by protein, fibrin or cells
owing to non-specific surface adsorption, the catalytic
sitesmaybehidden.What is very interesting is that the sur-
face of the selenocystamine-immobilized stent was covered
with endothelial-like cells after two months of implantation
(figure 3). The result indicates that NO release by this
method shows no negative effects on endothelium healing.
It is more beneficial than drug-eluting stents that
significantly inhibit SMC proliferation simultaneously
impeding endothelium healing.

This approach is highly simplified, as NO formation
is not regulated, whereas EC physiologically regulates
NO generation upon mechanical or chemical disturb-
ances. Nevertheless, the continuous NO generation for
a comparably long term on the surface of metallic bio-
materials may produce a healthy environment and
support regeneration of the damaged implantation
site. But it is not clear how long this LMW organic mol-
ecule-immobilized surface can be present in vivo, maybe
endothelialization of the surface is the ultimate sol-
ution. Therefore, ‘repair instead of replace’ has
become another topic for inducing endothelialization
in vivo.
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Figure 1. Schematic figure of NO–cGMP pathway in the inhibition of platelet activation and SMC proliferation.

0.50

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

intimal thickness neointimal thickness
0

(m
m

)

Figure 2. Intimal and neointimal thickness analysis showing
selenocystamine-immobilized stents (Se, striped bars) reduces
the incidence of neointimal hyperplasia compared with that of
stainless steel stents (SS, open bars).
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3. INDUCING ENDOTHELIALIZATION
IN VIVO

Ideally, when a metallic cardiovascular biomaterial is
covered by a layer of healthy EC, problems such as throm-
bosis and intimal hyperplasia will not exist. But there are
still two issues. Firstly, in the extracellular matrix (ECM),
chemical cues that are present control all aspects of cell
biology. ECM not only plays a mechanical role in support-
ing and maintaining tissue architecture but also acts as a
dynamic meshwork in actively regulating critical cellular
functions such as migration, survival, proliferation and
differentiation [29,30]. Several in vitro studies have
indicated that most of the metallic materials do not sup-
port cell growth owing to the lack of biorecognition and/
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or specific interaction [31,32]. When ECs are grown on
bare material, they lose their normal phenotype and
become more prothrombotic than they should be to
prevent any thrombotic tendency of the device [32].
Secondly, endothelialization in vitro has two surgical
procedures—one for obtaining the cells, and the other for
implantation. This is inconvenient for the patient and it
is not suitable for emergency cases at all. In addition, it
requires a long cell culture time in vitro, which brings in
concerns for potential phenotypic and genotypic changes,
as well as bacterial contamination. An alternative
approach to endothelialization in vitrowould be to develop
materials that better initiate a healing response in vivo.

3.1. Construction of extracellular matrix on
metallic biomaterials

ECM surrounding mature ECs is organized into two
distinct compartments—the basement membrane and
the interstitial matrix. The basement membrane con-
sists of a network of molecules composed primarily of
type IV collagen, laminin (Ln) and heparan sulphate
proteoglycan (HSPG), whereas typical components of
the interstitial matrix include fibrillar collagens and gly-
coproteins such as fibronectin (Fn) and vitronectin
(Vn). An effective method of promoting integration
and adhesion of the cells onto the metallic devices is
to immobilize agents such as ECM proteins or other
compositions directly onto the device surface, and
then the presence of integrin-binding site will mediate
EC adhesion and migration.

Numerous studies were carried out in the immobiliz-
ation of a single adhesive molecule to mimick ECM,
e.g. Fn, collagen or Ln [33–36]. But most of the adhesive
molecules not only accelerate adherence of ECs, but
platelet adhesion and proliferation of SMCs are also
simultaneously enhanced [37,38]. As blood compatibility
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Figure 3. Representative scanning electron photomicrographs showing endothelial cell-like cells covered the surface of the seleno-
cystamine stents. (a) Lower magnification of 100�; (b) higher magnification of the region showing cobblestone-shaped cells on
the surface of stent.
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is the first consideration of cardiovascular devices,
especially in the initial implantation, a simplified ECM
mode of adhesive protein combined with an antithrombo-
tic moleculewas co-immobilized in our study. Immobilized
proteins sometimes lose their activity on the surface by
a conformational change. In physiological conditions,
proteins always form supramolecular structures to keep
activity or preserve conformation via ‘key and lock’ recog-
nition or electrostatic interaction. Thus, construction of a
supramolecular structure on metallic biomaterials by
various methods was attempted in our study.

A technique of combining electrostatic interaction
and covalent immobilization was developed to form
heparin and fibronectin (Hep/Fn) films on aminosila-
nized Ti surfaces by Li et al. [39]. In this method,
heparin and fibronectin were first blended to form a
supramolecular complex by electrostatic interaction,
and silane-based strategies were used for further covalent
immobilization of the complex. Initial work shows that
both the activity of heparin to bind with antithrombin-
III and the activity of fibronectin on RGD exposure are
preserved, and the Hep/Fn co-immobilized film keeps
excellent bioactivity after immersion in PBS for 5 days.
However, a longer time should be under consideration
in future study to ensure synergistic effects of heparin
on Fn preventing platelet adhesion and enhancing
blood compatibility in the period when the implants
are not yet completely covered by ECs. Collagen is one
of the main components of ECM, and has been widely
used in scaffold construction in tissue engineering
[40,41], but it activates the extrinsic coagulation system
when it is in contact blood. A combined immobilization
of collagen and sulphated chitosan (SCS) as a supramole-
cular film was studied by Li et al. using a layer-by-layer
(LBL) self-assembly technique based on electrostatic
interaction [42]. LBL technique allows films with layer
thickness and interlayer separation to be controlled on
the nanometre scale, with controlled surface structure
and charge, which in turn govern the biological responses.
Collagens, adhesive proteins and proteoglycans—the
three major constituents of ECM—usually form a
three-dimensional nanoscale hydrogel in vivo. In our
study, an ECM-like hydrogel coating of collagen and
SCS was also obtained, which is beneficial for improved
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biocompatibility. A collagen and heparin LBL supramole-
cular film was also prepared by Chen et al. [43]. It shows
that the modified surface reduces platelet adhesion
under dynamic conditions and possesses the ability to
maintain cell viability.

Although there are some disadvantages of over-
simplification of ECM while mimicking real ECM by
this method, it has two definite advantages: (i) as the
composition is simple, it provides a clean background
to interpret the results; (ii) it is much more convenient
for fabrication and control the composition.

Decellularized ECMs with a more complex compo-
sition on metallic biomaterial were studied by Tu et al.
[44]. In their study, titanium (Ti) discs were coated
with ECM secreted by ECs (EC–ECM) or SMCs
(SMC–ECM), so as to help ECs proliferate and migrate
and to improve their endothelialization in vivo. It was
found that a smooth surface of Ti does not support
ECM adhesion, and the constructed ECM can be easily
pulled off during incubation. A porous surface of Ti
with enhanced hydrophilicity was obtained by NaOH
treatment, which supported the initial cell adhesion
and the anchorage of the ECM. It was found that ECM
from EC (EC–ECM) was more bioactive and ECs grow-
ing on EC–ECM can secrete more NO than ECM
secreted by SMCs (SMC–ECM; figure 4). ECM depo-
sition not only stimulated EC proliferation, increased
EC migration speed and re-cellularization speed, but
also inhibited platelet adhesion. The exposure of ECM
after removal of ECs is generally regarded as the reason
for thrombi formation at an injured blood vessel in vivo,
but in this study, both types of ECM coating resulted in
significantly lower platelet adhesion than that on Ti
discs. The reason is not completely clear now, but some
factors, including the decellularized ECM, cannot release
tissue factor, which induces activation of the clotting
cascade and may play an important role. In vivo results
show that ECM derived from ECs was superior to those
derived from SMCs in accelerating endothelialization
and inhibition of neointima hyperplasia (figure 5),
which is in agreement with the in vitro study as more
production of NO will inhibit SMC proliferation.

There are three mechanisms of EC ingrowth into a
vascular graft in vivo. (i) The first is pannus ingrowth,
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i.e. the migration of ECs inward across the anastomosis
from the native vessel. (ii) The second is transmural
endothelialization. In this mode, EC is derived from
the ingrowth of capillaries through porous grafts.
(iii) The third is EC fallout deposition on the surface,
which is based on capturing endothelial progenitor cells
(EPCs) from circulating blood onto the luminal surface
of the implants. All the above studies show that construc-
tion of ECM on Ti materials provides cues to direct
cellular activity through integrin interactions that
control an assortment of biological processes. Integrin-
induced EC adhesion and growth mainly determine
pannus ingrowth and transmural endothelialization.
The degree of endothelialization there is limited because
ECs are terminally differentiated cells with low ability
for migration and proliferation (table 1).

3.2. Endothelialization in vivo by capturing
endothelial progenitor cells

As it is circulating EPCs, instead of mature ECs, that
play the central role in endothelialization of longer
grafts, we also focused on surface modification of cardio-
vascular devices using CD34 antibodies or aptamers for
rapid EPC-induced endothelialization in vivo.

Circulating EPCs have been identified by the
expression of cell surface antigen CD34; therefore,
some studies attempted to accelerate the endothelializa-
tion of vascular stents by capturing circulating EPCs
from the bloodstream onto a specially designed surface.
The immobilization of CD34 antibodies on a material
surface notably leads to capturing of EPCs from circu-
lation. It has been reported that random immobilization
generally leads to significant denaturation of the anti-
body [45]. Butler et al. [46] have reported that more
than 90 per cent of monoclonal and 75 per cent of poly-
clonal anti-fluorescyl capture antibodies (CAbs) were
denatured by passive adsorption in the immunochem-
istry of sandwich ELISAs. To improve the bioactivity
of immobilized antibodies, anti-CD34 was immobilized
onto titanium surfaces in upside orientation, such that
the antigen-binding sites are oriented towards the
medium in the study of Li et al. [47] (figure 6). The
results suggest that the anti-CD34 antibody orderly
Interface Focus (2012)
immobilized surfaces could increase EPC attachment
and capture, and induce rapid endothelialization of
the luminal surface of the implant in vivo (figure 7).
However, the specificity and selectivity of CD34 anti-
body to EPCs is controversial in clinical application
[48,49]. It is well accepted that poly(ethylene glycol)
(PEG) as spacer for surface immobilization of biomole-
cules is able to reduce non-specific interaction and
potentiate specific bioactive interactions. Chen et al.
[50] developed another method by covalently bonding
PEG, and then bonding CD34 antibody on titanium
surfaces. The final modified surface allows cell recog-
nition which could promote EPC attachment and
inhibit SMC attachment.

EPCs are not sufficiently characterized by their
CD34þ marker. Because of the heterogeneity of the
CD34þ population and insufficient definition of further
EPC surface antigens, it was reported that a population
of CD34þ cells may also differentiate into SMCs [51,52].
So the success of rapid endothelialization by capturing
EPCs depends on a better characterization and under-
standing of EPC biology. However, it is an exciting
development towards endothelialization which mimics
the repair potential of vascular wall regeneration.

In contrast with EPCs or early EPCs, late EPCs will
differentiate into ECs directly but never differentiate
into SMCs. We have also pursued a new method for
the design of rapid endothelialization of titanium sur-
face using peptide aptamer evolved from late EPCs.
Aptamers are a relatively new group of nucleic acid or
peptide species that can bind with high affinity and
specificity to a wide range of target molecules such as
peptides, proteins, drugs, organic and inorganic mol-
ecules or even whole cells. Owing to degradation by
nuclease, DNA aptamers will soon lose their activity
in vivo. In this strategy, biotinylated peptide aptamer
with a high affinity and specificity to late EPC was
immobilized on the surface via the avidin–biotin
system, and in addition, bovine serum albumin (BSA)
was co-immobilized on the surface for reducing non-
specific interaction and increasing specific bioactive
interactions (figure 8). In vitro study shows that
the surface leads to a remarkable enhancement in
EPC adhesion and proliferation, as well as better
haemocompatibility. The potential of such a multi-
functional aptamer and BSA-co-immobilized surface
for application in vascular stents is under study.
4. DISCUSSIONS AND FUTURE
DIRECTIONS

4.1. In vivo derivation of biomimetic surfaces
and its influence on remodelled
extracellular matrix

ECM or other components of cells are under a balance
of generation and degradation to maintain normal
functions in vivo. When an artificially constructed bio-
mimetic surface is implanted in vivo, various proteases,
lipases or amylases will still mediate the ultimate
degradation of the immobilized protein, heparin or
other active molecules. On the other hand, the immobi-
lized biological molecule will initiate several biological
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Table 1. Cues used in the study to induce or enhance the formation of an endothelial layer.

cues
mechanism of enhancing
endothelialization effect of endothelialization

Fn, collagen or decellularized ECMs integrin-induced endothelial
cell adhesion

slow (for days) and limited endothelialization

CD34 antibody capturing of EPCs (containing
early EPCs)

rapid (for hours) endothelialization but the captured
EPCs may differentiate into SMCs

peptide aptamer capturing of late EPCs rapid, pure but limited endothelialization due to small
amount of late EPCs
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reactions of protein adsorption, cell adhesion and tissue
growth on the surface. However, the process of deri-
vation of biomimetic surfaces in vivo is a ‘black box’
Interface Focus (2012)
and we do not know how it influences tissue regener-
ation and remodelling; we do not know the change of
interlayer between the substrate materials and the
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Figure 7. Representative scanning electron photomicrographs showing EPCs captured in vivo at 2 h after implantation (a) and
(b) untreated Ti (bare Ti); (c,d) anti-CD34-coated Ti; (a,c) SEM photograph (the inset is the high magnification). (b,d) FITC-
fluorescent stain for EPCs/ECs marker of VEGFR-2 showing anti-CD34 antibody-coated surface was almost fully covered with
EPCs/CEs marker positive cells.
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tissue when the immobilized biomolecule is cleaved by
proteolysis; we even do not know if it is possible that
there is only a single layer of EC without an underlayer
of SMCs on the biomimetic surface. Detailed investi-
gations should be carried out to look into the facts.
For ECs or EPCs, the biomimetic surface provides
chemical cues as stimuli for adhesion, proliferation
or differentiation, which act as an artificial micro-
environment. The artificial microenvironment will be
eventually replaced by a remodelled microenvironment,
namely of ECM. Simultaneously, the artificial microen-
vironment ultimately determines the remodelled ECM.
The interaction between cells and ECM components
finally determines the cellular behaviour on biomaterials.
Appropriate ECM formation, turnover and remodelling
on endothelialized surfaces are crucial for long-term
function preservation of normal ECs. Then the main
factors influencing the artificial microenvironment on
ECM remodelling should be evaluated in the future.
4.2. The influence of metallic or inorganic
substrate on endothelialization

In the study of Prasad & Krishnan, when ECs are
grown on bare Ti material, they lose their normal
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phenotype and become prothrombotic in vitro [32]. In
our previous study, two kinds of materials, Ti-O film-
coated stainless steel (Ti-O) and stainless steel (SS),
were implanted in canine femoral arteries for five
months. The results show that the surface of Ti-O
was covered by a thin layer of EC, while the surface of
SS was covered with a thick fibrous texture which was
prothrombotic (figure 9). Nevertheless, it is noteworthy
that after oral anticoagulation with warfarin for the
first 3 days, no further anticoagulating measures were
adopted. In this case, endothelialization of Ti-O surface
was mainly owing to migration of the surrounding EC
from the vessel. There was no thrombosis and tissue
proliferation on the surface of Ti-O indicating that
normal EC phenotype or function was preserved.
Thus, the substrates have different influences on
endothelialization. Since the constructed biomimetic
layer will be digested in vivo ultimately, the substrate
may also influence the long-term function of the
endothelialized surface, and yet we do not know to
which extent. Although the mechanism of cell–material
interactions on Ti-O is not known, a specific prohealing
response should be initiated, e.g. a certain key protein
or factor is preferentially adsorbed on the surface and
then initiates the process. Future study should aim to
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Figure 9. (a,b) Digital images and (c,d) SEM images of (a,c)
Ti-O and (b,d) SS at five months post implantation. It shows
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shows typical cobblestone-shaped endothelial cells on the
surface of Ti-O (c) and fibrous tissue on the surface of SS (d).
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look into the mechanisms and thus to direct the con-
struction of more desirable surfaces to control the
biological activation processes.
4.3. Special challenge of endothelialization on
heart valve prosthesis

Endothelialization of vascular stents is comparably
easy. The bare metallic stent will be endothelialized
one month after implantation although it may be
over-healed owing to SMC proliferation. But when it
comes to heart valve prosthesis, realization of surface
endothelialization is quite difficult, especially for the
valve leaflets. Since valve leaflets do not contact the sur-
rounding tissue and keep on opening and closing, ECs
cannot migrate to the surfaces. In addition, the surface
areas of valve leaflets are large and there is high shear
stress, and complete endothelialization is considered
to be quite difficult. However, a ventricular assist
device with textured surface design studied by Menconi
et al. [53] was implanted for 324 days. In their study, the
textured surface encouraged the formation of a tightly
adherent, haemocompatible, viable pseudointima lining
which never exceeded 150 mm in thickness, and remained
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free of pathological calcification. No clinical throm-
boembolic events or pump-related thromboembolism
occurred. It provides us with a valuable reference and
so we propose the hypothesis that maybe the surface of
the heart valve prosthesis can be endothelialized.
Surely, the amount of EPCs is too scarce to cover the
heart valve prosthesis, and more stem cells other than
EPCs should be mobilized to fulfil this dream. Moreover,
natural processes of blood vessel healing should
be referenced as a guide, to give the surface certain
defined functional properties required to activate
the prohealing response and appropriately direct cellular
activity.
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