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Wound healing remains a challenging
clinical problem and correct, efficient
wound management is essential. Much
effort has been focused on wound care
with an emphasis on new therapeutic
approaches and the development of
technologies for acute and chronic wound
management. Wound healing involves
multiple cell populations, the
extracellular matrix and the action of
soluble mediators such as growth factors
and cytokines. Although the process of

healing is continuous, it may be
arbitrarily divided into four phases: (i)
coagulation and haemostasis; (ii)
inflammation; (iii) proliferation; and (iv)
wound remodelling with scar tissue
formation. The correct approach to
wound management may effectively
influence the clinical outcome. This
review discusses wound classification, the
physiology of the wound healing process
and the methods used in wound
management.
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Introduction
In everyday pathology, wounds remain a
challenging clinical problem, with early and
late complications presenting a frequent
cause of morbidity and mortality.1,2 In an
attempt to reduce the wound burden, much
effort has focused on understanding the
physiology of healing and wound care with
an emphasis on new therapeutic approaches
and the continuing development of
technologies for acute and long-term wound
management.3,4

The immense social and economic impact
of wounds worldwide is a consequence of

their high rate of occurrence in general and
their increasing frequency in the ageing
population. In addition to a high number of
acute wounds, there are also a large number
of chronic, hard-to-heal wounds associated
with diseases and abnormalities that directly
or indirectly culminate in damage of the
cutaneous coverage, including arterial,
venous, diabetic and pressure ulcers. The
prevalence of these chronic wounds increases
with age. For example, it has been estimated
that chronic wounds affect 120 per 100 000
people aged between 45 and 65 years and
rises to 800 per 100 000 people > 75 years of
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age.1,3 Furthermore, due to the complications
that accompany acute wounds, when their
healing does not progress in a timely and
orderly manner, they can convert into
chronic wounds, which are more difficult to
manage.1

Wounds and wound types
A wound is defined as damage or disruption
to the normal anatomical structure and
function.3 This can range from a simple
break in the epithelial integrity of the skin or
it can be deeper, extending into
subcutaneous tissue with damage to other
structures such as tendons, muscles, vessels,
nerves, parenchymal organs and even
bone.2

Wounds can arise from pathological
processes that begin externally or internally
within the involved organ. They can have an
accidental or intentional aetiology or they
can be the result of a disease process.
Wounding, irrespective of the cause and
whatever the form, damages the tissue and
disrupts the local environment within it. A
physiological response to the noxious factor
results in bleeding, vessel contraction with
coagulation, activation of complement and
an inflammatory response.5 – 7 Normal
wound healing is a dynamic and complex
process involving a series of co-ordinated
events, including bleeding, coagulation,
initiation of an acute inflammatory response
to the initial injury, regeneration, migration
and proliferation of connective tissue and
parenchyma cells, as well as synthesis of
extracellular matrix proteins, remodelling of
new parenchyma and connective tissue and
collagen deposition.8,9 Finally, increasing the
wound strength takes place in an ordered
manner and culminates in the repair of
severed tissues.8 – 10

Wound healing begins at the moment of
injury and involves both resident and

migratory cell populations, extracellular
matrix and the action of soluble mediators.
The mechanisms underlying the processes
described above involve: (i) inflammatory
mediators and growth factors; (ii) cell–cell
and cell–extracellular matrix interactions
that govern cell proliferation, migration and
differentiation; (iii) events involved with
epithelialization, fibroplasia and
angiogenesis; (iv) wound contraction; and
(v) remodelling. These mechanisms are
initiated at the time of physical injury and
proceed continuously throughout the repair
process.3,8,11 – 14

Despite the fact that the processes of
repair begin immediately after an injury in
all tissues and that all wounds go through
similar phases of healing, specialized tissues
such as liver, skeletal tissue and the eye have
distinctive forms of regeneration and repair
and follow separate pathways.14 – 17

Additionally, there are differences between
tissues in terms of the time required to
complete regeneration. Wound healing time
can be diverse and some wounds may take
up to a year or more to heal completely.18 – 20

A completely healed wound is defined as one
that has been returned to a normal
anatomical structure, function and
appearance of the tissue within a reasonable
period of time. Most wounds are usually the
result of simple injuries; however, some
wounds do not heal in a timely and orderly
manner. Multiple systemic and local factors
may slow the course of wound healing by
causing disturbances in the finely balanced
repair processes, resulting in chronic, non-
healing wounds.3,10

Classification of wounds
Wounds can be classified according to
various criteria.3 Time is an important factor
in injury management and wound repair.
Thus, wounds can be clinically categorized
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as acute and chronic according to their time
frame of healing.3,5,6

ACUTE WOUNDS
Wounds that repair themselves and that
proceed normally by following a timely and
orderly healing pathway, with the end result
of both functional and anatomical
restoration, are classified as acute wounds.
The time course of healing usually ranges
from 5 to 10 days, or within 30 days. Acute
wounds can be acquired as a result of
traumatic loss of tissue or a surgical
procedure.3,5 For example, an operation to
remove a soft tissue tumour located in the
skin and underlying parenchyma can
sometimes result in a large albeit non-
contaminated wound that cannot be healed
by primary intention, due to the large defect
within the tissue. Traumatic wounds are also
frequently encountered. They may involve
only the soft tissue or they might be
associated with bone fractures. These
combined injuries have been classified by
the classification system of the AO
Foundation (Arbeitsgemeinschaft fuer
Osteosynthesefragen/Association for the
Study of Internal Fixation),21 which is one of
the most comprehensive and widely used.
Included within this classification system are
closed and open fractures with the
assessment of skin, muscle, tendon and
neurovascular injuries.21 A benefit of the AO
Foundation’s classification system is that the
extent of damage to muscles and tendons is
taken into account, as it determines the
prognosis of the injured limb.6 – 8

CHRONIC WOUNDS
Chronic wounds are those that fail to
progress through the normal stages of
healing and they cannot be repaired in an
orderly and timely manner.3,4 The healing
process is incomplete and disturbed by

various factors, which prolong one or more
stages in the phases of haemostasis,
inflammation, proliferation or remodelling.
These factors include infection, tissue
hypoxia, necrosis, exudate and excess levels
of inflammatory cytokines.22 A continuous
state of inflammation in the wound creates a
cascade of tissue responses that together
perpetuate a non-healing state. Because the
healing then proceeds in an unco-ordinated
manner, functional and anatomical
outcomes are poor and these wounds
frequently relapse.3,23 Chronic wounds may
result from various causes, including
naturopathic, pressure, arterial and venous
insufficiency, burns and vasculitis.20,23

COMPLICATED WOUNDS
A complicated wound is a special entity and
is defined as a combination of an infection
and a tissue defect.6 Infection poses a
constant threat to the wound. The cause of
the defect, in contrast, evolves due to the
traumatic or post-infectious aetiology, or a
wide tissue resection (e.g. in tumour
management). Every wound is
contaminated irrespective of the cause, size,
location and management. Whether or not a
manifest infection develops depends on the
virulence, number and type of micro-
organisms, as well as on the local blood
supply and the patient’s inherent resistance.
Typical characteristics of infection are the
five signs and symptoms that have been well
documented: redness, heat, pain, oedema
and loss or limited function in the affected
part. The frequency of wound infections
depends on the type or surgical technique
and the location of the wound.6,23,24

Other criteria taken into account during
wound classification include aetiology,
degree of contamination, morphological
characteristics and communication with
hollow or solid organs.3,6,20 Aetiology
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classifies wounds according to the trigger
factor into contusions, abrasions, avulsions,
lacerations, cuts, stab wounds, crush
wounds, shot wounds and burns.3,5,6,11

According to the degree of contamination,
wounds are classified into three groups as
follows: (i) aseptic wounds (bone and joint
operations); (ii) contaminated wounds
(abdominal and lung operations); and (iii)
septic wounds (abscesses, bowel operations,
etc).11,20,22 Wounds may also be referred to as
closed, where the underlying tissue has been
traumatized but the skin has not been
severed, or as open, where the skin layer has
been damaged with the underlying tissue
exposed.6,20,23,24

The wound healing process
Wounding and wound healing take place in
all tissues and organs of the body. Many of
these repair processes are common to all
tissues. Although the process of healing is
continuous, it is arbitrarily divided into
different phases in order to aid
understanding of the physiological processes
that are taking place in the wound and
surrounding tissue.19 Healing is a complex
process involving co-ordinated interactions
between diverse immunological and
biological systems. It involves a cascade of
carefully and precisely regulated steps and
events that correlate with the appearance of
various cell types in the wound bed during
distinct phases of the healing process.24 – 27

Separate parts of a wound may be at
different stages of healing at any one
time.6,19,20,25 Timing and interactions
between the components taking part in the
wound healing process differ for acute and
chronic wounds, although the main phases
remain the same.3,27,28 The various processes
of acute tissue repair, which are triggered by
tissue injury, may be united into a sequence
of four time-dependent phases: (i)

coagulation and haemostasis, beginning
immediately after injury; (ii) inflammation,
which begins shortly thereafter; (iii)
proliferation, which starts within days of the
injury and encompasses the major healing
processes; and (iv) wound remodelling, in
which scar tissue formation takes place, and
which may last up to a year or more.22 – 26

COAGULATION AND HAEMOSTASIS
PHASE
Immediately after injury, coagulation and
haemostasis take place in the wound.11 – 13

The principal aim of these mechanisms is to
prevent exsanguination. It is a way to
protect the vascular system, keeping it intact,
so that the function of the vital organs
remains unharmed despite the injury. A
second aim is a long-term one, which is to
provide a matrix for invading cells that are
needed in the later phases of healing.3,12 – 14

A dynamic balance between endothelial
cells, thrombocytes, coagulation, and
fibrinolysis regulates haemostasis and
determines the amount of fibrin deposited at
the wound site, thereby influencing the
progress of the reparative processes.13,14

Noxious insult causes microvascular
injury and extravasation of blood into the
wound.10,11,13 Owing to the neuronal reflex
mechanism, injured vessels constrict rapidly
due to contraction of vascular smooth
muscle cells in the circular muscle layer. The
contraction is strong enough to prevent
bleeding from an arteriole with a diameter of
0.5 cm. The process is, however, only
effective in transversally interrupted vessels
and may cause complete cessation of blood
leakage. In contrast, in longitudinally
severed arterioles it increases the gap.13,14

Reflex vasoconstriction can temporarily
reduce or even stop the amount of bleeding.
The vascular smooth muscle tone is,
however, only useful for a few minutes until
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hypoxia and acidosis in the wound wall
cause their passive relaxation, and bleeding
resumes. Were it not for the formation of an
insoluble fibrin plug, the haemostatic
mechanisms alone would be ineffective over
the longer term.3,10

Together with haemostatic events, the
coagulation cascade is activated through
extrinsic and intrinsic pathways, leading to
platelet aggregation and clot formation in
order to limit blood loss.12,13 As blood spills
into the site of injury, the blood components
and platelets come in contact with exposed
collagen and other extracellular matrix
components. This contact triggers the release
of clotting factors from the platelets and the
formation of a blood clot, composed of
fibronectin, fibrin, vitronectin and
thrombospondin.3,13,14,17 The blood clot and
platelets trapped within it are not only
important for haemostasis, as the clot also
provides a provisional matrix for cell
migration in the subsequent phases of the
haemostatic and inflammatory phases. The
cytoplasm of platelets contains α-granules
filled with growth factors and cytokines, such
as platelet derived growth factor (PDGF),
transforming growth factor-β (TGF-β),
epidermal growth factor and insulin-like
growth factors.14 These molecules act as
promoters in the wound healing cascade by
activating and attracting neutrophils and,
later, macrophages, endothelial cells and
fibroblasts.11,14 Platelets also contain
vasoactive amines, such as serotonin, that
are stored in dense bodies and cause
vasodilation and increased vascular
permeability, leading to fluid extravasation
in the tissue that results in oedema which, in
turn, potentiates itself during the following
inflammatory phase.14,19 Eicosanoids and
other products of arachidonic acid
metabolism are released after injury to cell
membranes and have potent biological

functions in the immediate inflammatory
response.3,10,14,15

INFLAMMATORY PHASE
The humoral and cellular inflammatory
phase follows next, with the aim of
establishing an immune barrier against
invading micro-organisms. It is divided into
two separate phases, an early inflammatory
phase and a late inflammatory phase.16

Early inflammatory phase
Starting during the late phase of coagulation
and shortly thereafter, the early
inflammatory response has many functions.
It activates the complement cascade and
initiates molecular events, leading to
infiltration of the wound site by neutrophils,
whose main function is to prevent
infection.11 The neutrophils start with the
critical task of phagocytosis in order to
destroy and remove bacteria, foreign
particles and damaged tissue. Phagocytotic
activity is crucial for the subsequent
processes, because acute wounds that have a
bacterial imbalance will not heal.3,7,16

The neutrophils begin to be attracted to
the wound site within 24 – 36 h of injury by
various chemoattractive agents, including
TGF-β, complement components such as C3a
and C5a, and formylmethionyl peptides
produced by bacteria and platelet products.3

Due to alterations in the regulation of surface
adhesion molecules, neutrophils become
sticky and, through a process of margination,
begin to adhere to the endothelial cells in the
post-capillary venules surrounding the
wound.14,16 Then, the neutrophils roll along
the surface of the endothelium being pushed
forward by the blood flow. These adhesions
and rolling mechanisms are mediated by
selectin-dependent interactions and are
classified as weak attachments.16,17

Chemokines secreted by endothelial cells
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rapidly activate a stronger adhesion system,
which is mediated by integrins.17,18 Cells stop
rolling and migrate out of the venules,
squeezing between the endothelial cells by a
process known as diapedesis.16 – 18 The
subsequent migration now depends on
chemokines and other chemotactic agents.
Once in the wound environment, neutrophils
phagocytose foreign material and bacteria,
destroying them by releasing proteolytic
enzymes and oxygen-derived free radical
species.17 – 19,25

Neutrophil activity gradually changes
within a few days of wounding, once all the
contaminating bacteria have been
removed.16,17 Upon completing the task, the
neutrophils must be eliminated from the
wound prior to progression to the next phase
of healing. Redundant cells are disposed of
by extrusion to the wound surface as slough
and by apoptosis, allowing elimination of
the entire neutrophil population without
tissue damage or potentiating the
inflammatory response.16,26 The cell
remnants and apoptotic bodies are then
phagocytosed by macrophages.3,25 – 28

Late inflammatory phase
As part of the late inflammatory phase, 48 –
72 h after injury, macrophages appear in the
wound and continue the process of
phagocytosis.16,29 – 34 These cells are
originally blood monocytes that undergo
phenotypic changes on arrival into the
wound to become tissue macrophages.
Attracted to the wound site by a myriad of
chemoattractive agents, including clotting
factors, complement components, cytokines
such as PDGF, TGF-β, leukotriene B4 and
platelet factor IV, as well as elastin and
collagen breakdown products, macrophages
have a longer lifespan than neutrophils and
continue to work at a lower pH.35,36 These
cells are fundamental for the late stages of

the inflammatory response, acting as key
regulatory cells and providing an abundant
reservoir of potent tissue growth factors,
particularly TGF-β, as well as other
mediators (TGF-α, heparin binding
epidermal growth factor, fibroblast growth
factor [FGF], collagenase), activating
keratinocytes, fibroblasts and endothelial
cells.25 – 28,33 – 35 Clearly the depletion of
monocytes and macrophages from the
wound causes severe healing disturbances
due to poor wound debridement, delayed
fibroblast proliferation and maturation, as
well as delayed angiogenesis, resulting in
inadequate fibrosis and a more weakly
repaired wound.17,31 – 33

The last cells to enter the wound site in the
late inflammatory phase are lymphocytes,
attracted 72 h after injury by the action of
interleukin-1 (IL-1), complement components
and immunoglobulin G (IgG) breakdown
products.16,25,26 The IL-1 plays an important
role in collagenase regulation, which is later
needed for collagen remodelling, production
of extracellular matrix components and
their degradation.16,29,30

PROLIFERATIVE PHASE
When ongoing injury has ceased,
haemostasis has been achieved and an
immune response successfully set in place, the
acute wound shifts toward tissue repair.16 – 19

The proliferative phase starts on the third
day after wounding and lasts for about 2
weeks thereafter. It is characterized by
fibroblast migration and deposition of newly
synthesized extracellular matrix, acting as a
replacement for the provisional network
composed of fibrin and fibronectin. At the
macroscopic level, this phase of wound
healing can be seen as an abundant
formation of granulation tissue. The diverse
processes that take place in the proliferative
phase are briefly discussed below.27 – 29
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Fibroblast migration

Following injury, fibroblasts and
myofibroblasts in the surrounding tissue are
stimulated to proliferate for the first 3 days.33

They then migrate into the wound, being
attracted by factors such as TGF-β and PDGF,
that are released by inflammatory cells and
platelets.37 Fibroblasts first appear in the
wound on the third day after injury and their
accumulation requires phenotypic
modulation. Once in the wound, they
proliferate profusely and produce the matrix
proteins hyaluronan, fibronectin,
proteoglycans and type 1 and type 3
procollagen. All of their products are
deposited in the local milieu.3,33,35

By the end of the first week, abundant
extracellular matrix accumulates, which
further supports cell migration and is
essential for the repair process.30,35 Now,
fibroblasts change to their myofibroblast
phenotype. At this stage, they contain thick
actin bundles below the plasma membrane
and actively extend pseudopodia, attaching
to fibronectin and collagen in the
extracellular matrix.35,37 Wound contraction,
which is an important event in the
reparative process that helps to approximate
the wound edges, then takes place as these
cell extensions retract. Having accomplished
this task, redundant fibroblasts are
eliminated by apoptosis.38 – 40

Collagen synthesis
Collagens are an important component in
all phases of wound healing. Synthesized by
fibroblasts, they impart integrity and
strength to all tissues and play a key role,
especially in the proliferative and
remodelling phases of repair.39 – 41 Collagens
act as a foundation for the intracellular
matrix formation within the wound.
Unwounded dermis contains 80% type 1 and
25% type 3 collagen, whereas wound

granulation tissue expresses 40% type 3
collagen.3

Angiogenesis and granulation tissue
formation
Modelling and establishment of new blood
vessels is critical in wound healing and takes
place concurrently during all phases of the
reparative process. In addition to attracting
neutrophils and macrophages, numerous
angiogenic factors secreted during the
haemostatic phase promote angio-
genesis.38,42,43

Resident endothelial cells are responsive
to a number of angiogenic factors, including
FGF, vascular endothelial growth factor
(VEGF), PDGF, angiogenin, TGF-α and TGF-β.
A fine balance is kept by the action of
inhibitory factors, such as angiostatin and
steroids.44 – 48 Inhibitory and stimulatory
agents act on proliferating endothelial cells
directly as well as indirectly, by activating
mitosis, promoting locomotion and by
stimulating the host cells to release
endothelial growth factors.49,50 Under
hypoxic conditions, molecules are secreted
from the surrounding tissue, promoting
proliferation and growth of endothelial cells.
In response, a four-step process takes place:
(i) production of proteases by endothelial
cells for degradation of the basal lamina in
the parent vessel in order to crawl through
the extracellular matrix; (ii) chemotaxis; (iii)
proliferation; and (iv) remodelling and
differentiation. FGF and VEGF play central
regulatory roles in all of the
processes.43,45,46,49 – 51 Initially, there is no
vascular supply in the wound centre, so
viable tissue, which is limited to the wound
margins, is perfused by uninjured vessels
and by diffusion through undamaged
interstitium.3,26,52 Capillary sprouts from the
surrounding edges invade the wound clot
and, within a few days, a microvascular
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network composed of many new capillaries
is formed.

Chemotaxis is the ability of cells to move
along a chemical gradient.53 This biochemical
mechanism enables cells to reply properly to
environmental stimuli that determine
proliferation, differentiation and migration.
Chemotactic agents act on cell surface
receptors to direct the cell migration that is
involved in angiogenesis during wound
healing.54,55 The contributing factors act as
mediators for neovascularization and vessel
repair at the injury site. They are also
important modulators of cell growth and
differentiation, and they include endothelial
cell growth factor, TGF-α, VEGF, angiopoietin-
1, fibrin and lipid growth factors.56 – 58

Migration is the consequence of chemotactic
activity and is necessary for angiogenesis.59,60

As a complex process that involves co-
ordinated changes in cytoskeletal
organization, signal transduction and cell
adhesion, migration is dependent on the
actin-rich network beneath the plasma
membrane and is regulated by physical and
chemical factors in the vascular system.59

Regulation is achieved by three mechanisms:
(i) chemotaxis (migration towards the
concentration gradient of the chemoattractive
substance); (ii) mechanotaxis (migration
induced by mechanical forces); and (iii)
haptotaxis (migration in response to a
gradient of immobilized ligands).59,60

Cellular motility requires three distinct
actions: protrusion at the cell front; adhesion,
to attach the actin cytoskeleton to the
substratum; and finally traction, propelling
the trailing cytoplasm forward.61 – 63

Protrusion
With three types of interconnected filaments,
the cytoskeleton is anchored at cell–cell
junctions and cell–extracellular matrix
adhesions, providing mechanical support for

the cell.59 The actin network is well known for
its dynamic reorganization, it acts as a
mechano-effector and it is important for co-
ordinating cell migration. During the first step
of locomotion, actin polymerization takes
place at the leading edge, determined by the
highest concentration of chemoattractive
substance, pushing the plasma membrane
outward. A protruding structure forms, in the
case of the endothelial cell these are known as
filopodia, and they are filled with filamentous
actin.64 Unidirectional movement of the cell is
maintained through the action of a cyclic
assembly and disassembly of actin filaments
in front of and well behind the leading edge,
respectively.63,65 Multiple signalling pathways
and regulatory proteins control actin
dynamics and the changes of cell
morphology.59,62,66

Adhesion
Adhesion to a solid substratum is a
particularly important step in cell
migration.14,65,67 It is mediated by integrins,
which act as the primary receptors for
extracellular matrix proteins and are
consequently required for cell motility.61,68 In
addition, these molecules are also involved
in signal transduction, and in regulating
and stimulating migration.68,69

Adhesion and migration are inversely
proportional; an optimal rate of migration is
achieved with increasing adhesion, but
mobility is reduced with further
attachment.61,68 Endothelial cells can adjust
their adhesion intensity, with weakly
adhesive cells moving faster than highly
adhesive ones. After attachment to the
extracellular matrix, the cell changes its
morphology from an oval- or spindle-shape
to an irregular, flattened one. These
alterations in shape are governed by integrin
signalling and depend on integrin contacts
with the extracellular matrix in focal
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complexes, forming initially at the ends of
the filopodia.61,67,68 Endothelial cells migrate
fastest immediately after injury, then they
enter a slower migration rate, which is
maintained during the healing process.66,70

Traction
Contractile forces, transmitted through the
integrin–cytoskeletal connections, allow the
cell to pull the cytoplasm forward by
generating traction to the substratum.59 The
force for movement is provided by myosin
motor proteins, linked to contractile actin
bundles along the cell. Interactions between
myosin and actin fibres pull the cell body
forwards. At the same time, the extracellular
matrix-binding proteins on the trailing edge
of the moving cell must release their
connections.67,68

The degree of strength of the integrin
coupling to the cytoskeleton is influenced by
the rigidity of the substratum. With stronger
couplings to a firm surface, force can be
transmitted through the migrating cell more
efficiently.68 During locomotion, the traction
forces generated at the sites of contact can be
high enough to deform the extracellular
matrix and to rearrange it significantly.53 – 58

The direction of migration requires initial
polarization of the cell and both physical
and chemical stimuli influence it, as has
been discussed above.44,71 – 75

Macrophages, proliferating fibroblasts
and vascularized stroma, together with
collagen matrix, fibrinogen, fibronectin and
hyaluronic acid, constitute the acute
granulation tissue that replaces the fibrin-
based provisional matrix.33,39 With collagen
accumulation, the density of the blood
vessels diminishes and the granulation tissue
gradually matures to produce a scar.51,64,76

Epithelialization
Migration of epithelial cells starts from the

wound edges within a few hours of
wounding. A single layer of cells initially
forms over the defect, accompanied by a
marked increase in epithelial cell mitotic
activity around the wound edges. Cells
migrating across them attach to the
provisional matrix below. When the
advancing epithelial cells meet, migration
stops and the basement membrane starts to
form.26,28,39

REMODELLING PHASE
As the final phase of wound healing, the
remodelling phase is responsible for the
development of new epithelium and final
scar tissue formation. Synthesis of the
extracellular matrix in the proliferative and
remodelling phases is initiated
contemporarily with granulation tissue
development. This phase may last up to 1 or
2 years, or sometimes for an even more
prolonged period of time.33,35 The
remodelling of an acute wound is tightly
controlled by regulatory mechanisms with
the aim of maintaining a delicate balance
between degradation and synthesis, leading
to normal healing. Along with intracellular
matrix maturation, collagen bundles
increase in diameter and hyaluronic acid
and fibronectin are degraded.29,39 The tensile
strength of the wound increases progressively
in parallel with collagen collection.39,41

Collagen fibres may regain approximately
80% of the original strength compared with
unwounded tissue. The acquired final
strength depends on the localization of the
repair and its duration, but the original
strength of the tissue can never be
regained.3,41

Synthesis and breakdown of collagen as
well as extracellular matrix remodelling take
place continuously and both tend to
equilibrate to a steady state about 3 weeks
after injury.30,41 Matrix metalloproteinase
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enzymes, produced by neutrophils,
macrophages and fibroblasts in the wound,
are responsible for the degradation of
collagen. Their activity is tightly regulated
and synchronized by inhibitory factors.
Gradually, the activity of tissue inhibitors of
metalloproteinases increases, culminating in
a drop in activity of metalloproteinase
enzymes, thereby promoting new matrix
accumulation.15,41,77

Although the initial deposition of
collagen bundles is highly disorganized, the
new collagen matrix becomes more oriented
and cross-linked over time. Its subsequent
organization is achieved during the final
stages of the remodelling phase, to a greater
extent by the wound contraction that has
already begun in the proliferative phase. The
underlying connective tissue shrinks in size
and brings the wound margins closer
together, owing to fibroblast interactions
with the extracellular matrix. The process is
regulated by a number of factors, with PDGF,
TGF-β and FGF being the most important.41,42

As the wound heals, the density of fibroblasts
and macrophages is further reduced by
apoptosis.40,76 With time, the growth of
capillaries stops, blood flow to the area
declines and metabolic activity at the wound
site decreases.39,41,78 The end result is a fully
matured scar with a decreased number of
cells and blood vessels and a high tensile
strength.78 – 80

HEALING BY PRIMARY AND
SECONDARY INTENTION
Successful wound healing depends on the
timely and optimal functioning of many
diverse processes, cell types, molecular
mediators and structural elements. Different
cells dominate various phases of the repair,
and cellular patterns vary according to the
different types of injury and the extent of
tissue damage.3,81 – 85 During normal wound

healing, closed incisions and open wounds
with tissue defects progress through a series
of co-ordinated molecular and cellular
events, resulting either in regeneration or
tissue repair. The least complicated example
of wound repair is the healing of clean
wounds without loss of tissue and uninfected
surgical incisions approximated by sutures.
This is referred to as healing by primary
intention.8,24,40 Death of a limited number of
epithelial and connective tissue cells occurs
because of small disruptions in basement
membrane continuity. It is a fast process and
contrasts markedly with the healing of an
open wound with extensive loss of tissue.8,10

Here, the reparative process is more
complicated because large tissue losses have
to be filled, which occurs during healing by
secondary intention. In comparison to
healing by first intention, this process takes
longer and large amounts of granulation
tissue are formed in order to fill the tissue
defect.3,9,33,52,84

Numerous pathophysiological and
metabolic factors can affect wound healing
and result in a poor outcome.26 They include
local causes, such as oedema, ischaemia,
tissue hypoxia, infection, necrosis and
growth factor imbalance, as well as systemic
causes including metabolic disease,
nutritional status and general perfusion
disturbances or pre-existing illness. These
factors act by altering the wound repair
environment, impeding healing and turning
the acute wound into a chronic one. All
processes, from wound closure time,
inflammatory cell influx and fibroblast
migration, to collagen and extracellular
matrix deposition are delayed in this
situation.22,26,29 – 31,84

Management of wounds
The correct approach to treating wounds
should effectively assist the healing process
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and it can have an important impact on the
final clinical outcome. Physiological,
endocrine and nutritional support at a
clinical level significantly influence repair
and, without them, wound healing often
fails completely.6,24,29

The first stage of wound management
should be a thorough assessment of the
wound and the patient. The process begins
with a diagnosis of the wound’s aetiology and
continues with optimizing the patient’s
medical condition, particularly blood flow to
the wound area.26,85,86 An acute wound in a
stable patient with normal blood flow should
heal successfully if appropriate care is given.
Guidelines of the medical procedures to use
during wound management have been
extensively described elsewhere.6,10,20,23,25,28 – 30

The wound will need to be debrided and
dressed correctly.29,33,46 Sufficient debride-
ment, defined as the removal of non-viable,
infected and hyperkeratotic tissue, forms the
basis of non-delayed as well as delayed
wound healing. Debridement is essential as
it accelerates wound healing and different
techniques exist.26,86 In chronic wounds, the
measures used to reverse medical
abnormalities are complex and the aetiology
of the wound is not easy to identify. Correct
debridement helps to convert a chronic
wound into an acute one, which can then
progress through the normal stages of
healing.40,77,86,87

The accumulation of devitalized tissue in
the wound promotes bacterial colonization
and impairs the body’s ability to fight
infection, thereby preventing complete
repair of the wound.3 The aim of
debridement is to remove ischaemic and
necrotic tissue, which presents potential for
infection and contamination of the tissue by
bacteria and foreign bodies. During the
operation, necrotic and vital tissues are
distinguished by a lack of capillary refill,

colour and clear demarcation.84 – 86 Dead
muscle fibres do not contract on stimulation
and are poorly perfused. Special tissues, such
as tendons and fascia, are not removed
despite not being vital because they promote
the healing process in the wound; a surgeon
does so only in case of severe
contamination.88,89

The next important step is the lavage of
micro-organisms, dead tissue and foreign
bodies, which can further decrease tissue
bacterial counts. Commonly, a bacitracin
solution is used. In contrast, Patzakis89

recommends irrigation with large quantities
of saline. Low pressure irrigation only
removes contamination on the surface.
Although high pressure irrigation reduces
bacterial colonization of the wound and the
frequency of infections, a high pressure jet
can damage fine tissues and push dirt
particles deeper into the wound or even into
the bone. High pressure irrigation also causes
the soaking of wound margins with liquid,
reducing the ability of the wound to resist
infection. High pressure irrigation must be
employed cautiously and is only
recommended for very contaminated
wounds.88 Necrectomy and irrigation tend to
complement each other. When it is not
possible to irrigate all of the bacteria and dirt
from the wound or the infection has spread,
necrectomy removes contaminated and
devitalized tissue, which would otherwise
weaken the wound defence mechanisms.88 – 90

Novel management options
for wounds
Various medical approaches and therapeutic
interventions can affect the different
processes involved in the wound healing
cascade. Following wounding, the healing
time may be shorter when there is less injured
tissue, for example during minimally
invasive surgery, which reduces the amount

 by guest on February 8, 2016imr.sagepub.comDownloaded from 

http://imr.sagepub.com/


References
1 Natarajan S, Williamson D, Stiltz AJ, et al:

Advances in wound care and healing
technology. Am J Clin Dermatol 2000; 1: 269 –
275.

2 Alonso JE, Lee J, Burgess AR, et al: The
management of complex orthopaedic injuries.
Surg Clin North Am 1996; 76: 879 – 903.

3 Robson MC, Steed DL, Franz MG: Wound
healing: biologic features and approaches to
maximize healing trajectories. Curr Probl Surg
2001; 38: 72 – 140.

4 Szycher M, Lee SJ: Modern wound dressings: a
systematic approach to wound healing. J
Biomater Appl 1992; 7: 142 – 213.

5 Lazurus GS, Cooper DM, Knighton DR, et al:
Definitions and guidelines for assessment of
wounds and evaluation of healing. Arch
Dermatol 1994; 130: 489 – 493.

6 Bischoff M, Kinzl L, Schmelz A: The complicated
wound. Unfallchirurg 1999; 102: 797 – 804 [in
German].

7 Robson MC: Wound infection: a failure of
wound healing caused by an imbalance of
bacteria. Surg Clin North Am 1997; 77: 637 –
650.

8 Labler L, Mica L, Härter L, et al: Influence of
V.A.C.-therapy on cytokines and growth factors
in traumatic wounds. Zentralbl Chir 2006;
131(suppl 1): S62 – S67 [in German].

9 Rivera AE, Spencer JM: Clinical aspects of full-
thickness wound healing. Clin Dermatol 2007;
25: 39 – 48.

10 Strecker-McGraw MK, Jones TR, Baer DG: Soft
tissue wounds and principles of healing. Emerg
Med Clin North Am 2007; 25: 1 – 22.

11 Broughton G, Janis JE, Attinger CE: The basic
science of wound healing. Plast Reconstr Surg
2006; 117(7 suppl): 12S – 34S.

12 Jespersen J: Pathophysiology and clinical
aspects of fibrinolysis and inhibition of
coagulation. Experimental and clinical studies
with special reference to women on oral
contraceptives and selected groups of
thrombosis prone patients. Dan Med Bul 1988;
35: 1 – 33.

13 Pool JG: Normal hemostatic mechanisms: a
review. Am J Med Technol 1977; 43: 776 – 780.

14 Lawrence WT: Physiology of the acute wound.
Clin Plast Surg 1998; 25: 321 – 340.

15 Toy LW: Matrix metalloproteinases: their
function in tissue repair. J Wound Care 2005; 14:
20 – 22.

16 Hart J: Inflammation. 1: its role in the healing
of acute wounds. J Wound Care 2002; 11: 205 –
209.

17 Skover GR: Cellular and biochemical dynamics
of wound repair. Wound environment in
collagen regeneration. Clin Podiatr Med Surg
1991; 8: 723 – 756.

• Received for publication 14 April 2009 • Accepted subject to revision 30 April 2009
• Revised accepted 24 August 2009

Copyright © 2009 Field House Publishing LLP

of soft tissue damage and post-operative
morbidity. Novel techniques of topical growth
factor application and incisional priming
with PDGF or IL-1 can optimize both the
cellular and molecular environment, thus
decreasing healing time by modifying
inflammation and accelerating the
proliferative phase.91,92 Electrical field
stimulation may optimize the remodelling
phase by promoting more efficient fibroblast
recruitment and collagen deposition,93 – 96

prosthetic materials can favour tissue
repair,4,97 and gene therapy,98 which is
currently in pre-clinical development, may be
able to provide a way for selective healing.

Conclusion
Wounds occupy a remarkable place in

everyday pathology. They are of diverse
aetiology and different classification criteria
exist. Any wounding damages the tissue and
affects the local environment. The host’s
response to wounding involves various
processes of tissue healing that are triggered
by tissue injury, and encompasses four
continuous phases including coagulation
and haemostasis, inflammation,
proliferation and wound remodelling with
scar tissue deposition. Correct clinical
management may positively influence the
wound healing course and reduce potential
complications.

Conflicts of interest
The authors had no conflicts of interest to
declare in relation to this article.

1539

T Velnar, T Bailey, V Smrkolj
An overview of the wound healing process

 by guest on February 8, 2016imr.sagepub.comDownloaded from 

http://imr.sagepub.com/


18 Flangan M: The physiology of wound healing. J
Wound Care 2000; 9: 299 – 300.

19 Richardson M: Acute wounds: an overview of
the physiological healing process. Nurs Times
2004; 100: 50 – 53.

20 Komarcevic A: The modern approach to wound
treatment. Med Pregl 2000; 53: 363 – 368 [in
Croatian].

21 AO Foundation (Arbeitsgemeinschaft fuer
Osteosynthesefragen/Association for the Study
of Internal Fixation). Available at:
http://www.aofoundation.org/wps/portal/.

22 Vanwijck R: Surgical biology of wound healing.
Bull Mem Acad R Med Belg 2001; 115: 175 – 184.

23 Degreef H: How to heal a wound fast. Dermatol
Clin 1998; 16: 365 – 375.

24 Attinger CE, Janis JE, Steinberg J, et al: Clinical
approach to wounds: debridement and wound
bed preparation including the use of dressings
and wound-healing adjuvants. Plast Reconstr
Surg 2006: 117(7 suppl): 72S – 109S.

25 Broughton G 2nd, Janis JE, Attinger CE: Wound
healing: an overview. Plast Reconstr Surg 2006;
117(7 suppl): 1e-S – 32e-S.

26 Hunt TK, Hopf H, Hussain Z: Physiology of
wound healing. Adv Skin Wound Care 2000; 13:
6 – 11.

27 Glat PM, Longaker MT: Wound healing. In:
Grabb and Smith’s Plastic Surgery, 5th edn (Aston
SJ, Beasley RW, Thorne CH, eds). Philadelphia:
Lippincott–Raven, 1997; pp 3 – 12.

28 Diegelmann RF, Evans MC: Wound healing: an
overview of acute, fibrotic and delayed healing.
Front Biosci 2004; 1: 283 – 289.

29 Hunt TK: The physiology of wound healing.
Ann Emerg Med 1998; 17: 1265 – 1273.

30 Sieggreen MY: Healing of physical wounds.
Nurs Clin North Am 1987; 22: 439 – 447.

31 Ennis WJ, Meneses P: Wound healing at the
local level: the stunned wound. Ostomy Wound
Manage 2000; 46(1A suppl): 39S – 48S.

32 Hess CT: Skin care basics. Adv Skin Wound Care
2000; 13(3 pt 1): 127 – 128.

33 Witte MB, Barbul A: General principles of
wound healing. Surg Clin North Am 1997; 77:
509 – 528.

34 Samuels P, Tan AK: Fetal scarless wound
healing. J Otolaryngol 1999; 28: 296 – 302.

35 Ramasastry SS: Acute wounds. Clin Plast Surg
2005; 32: 195 – 208.

36 Pierce GF, Mustoe TA, Altrock BW, et al: Role of
platelet-derived growth factor in wound
healing. J Cell Biochem 1991; 45: 319 – 326.

37 Goldman R: Growth factors and chronic wound
healing: past, present and future. Adv Skin
Wound Care 2004; 17: 24 – 35.

38 Servold SA: Growth factor impact on wound
healing. Clin Podiatr Med Surg 1991; 8: 937 –
953.

39 Baum CL, Arpey CJ: Normal cutaneous wound
healing: clinical correlation with cellular and
molecular events. Dermatol Surg 2005; 31: 674 –

686.
40 Greenhalgh DG: The role of apoptosis in wound

healing. Int J Biochem Cell Biol 1998; 30: 1019 –
1030.

41 Clark RA: Regulation of fibroplasia in
cutaneous wound repair. Am J Med Sci 1993;
306: 42 – 48.

42 Pierce GF, Vande Berg J, Rudolph R, et al:
Platelet-derived growth factor-BB and
transforming growth factor beta 1 selectively
modulate glycosaminoglycans, collagen, and
myofibroblasts in excisional wounds. Am J
Pathol 1991; 138: 629 – 646.

43 Takeshita S, Zheng LP, Brogi E, et al:
Therapeutic angiogenesis. A single intraarterial
bolus of vascular endothelial growth factor
augments revascularization in a rabbit
ischemic hind limb model. J Clin Invest 1994;
93: 662 – 670.

44 Ribatti D, Vacca A, Roncali L, et al:
Angiogenesis under normal and pathological
conditions. Haematologica 1991; 76: 311 – 320.

45 Zhang QX, Magovern CJ, Mack CA, et al:
Vascular endothelial growth factor is the major
angiogenetic factor in omentum: mechanism
of the omentum mediated angiogenesis. J Surg
Res 1997; 67: 147 – 154.

46 Risau W: Angiogenic growth factors. Prog
Growth Factor Res 1990; 2: 71 – 79.

47 Joseph-Silverstein J, Rifkin DB: Endothelial cell
growth factors and the vessel wall. Semin
Thromb Hemost 1987; 13: 504 – 513.

48 Oike Y, Ito Y, Maekawa H, et al: Angiopoietin-
related growth factor (AGF) promotes
angiogenesis. Blood 2004; 103: 3760 – 3765.

49 Folkman J, Klagsbrun M: Angiogenic factors.
Science 1987; 235: 442 – 447.

50 Ferrara N: Vascular endothelial growth factor
and the regulation of angiogenesis. Recent Prog
Horm Res 2000; 55: 15 – 35.

51 English D, Kovala AT, Welch Z, et al: Induction
of endothelial cell chemotaxis by sphinosine 1-
phosphate and stabilization of endothelial
monolayer barrier function by
lysophosphatidic acid, potential mediators of
hematopoietic angiogenesis. J Hematother Stem
Cell Res 1999; 8: 627 – 634.

52 Phillips SJ: Physiology of wound healing and
surgical wound care. ASAIO J 2000; 46: S2 – S5.

53 Mañes S, Mira E, Gómez-Moutón C, et al: Cells
on the move: a dialogue between polarization
and motility. IUBMB Life 2000; 49: 89 – 96.

54 Hsu S, Thakar R, Li S: Haptotaxis of endothelial
cell migration under flow. Methods Mol Med
2007; 139: 237 – 250.

55 Augustin HG, Kozian DH, Johnson RC:
Differentiation of endothelial cells: analysis of
the constitutive and activated endothelial cell
phenotypes. Bioassays 1994; 16: 901 – 906.

56 Grotendorst GR, Soma Y, Takehara K, et al: EGF
and TGF-alpha are potent chemoattractants for
endothelial cells and IGF-like peptides are

1540

T Velnar, T Bailey, V Smrkolj
An overview of the wound healing process

 by guest on February 8, 2016imr.sagepub.comDownloaded from 

http://imr.sagepub.com/


present at sites of tissue regeneration. J Cell
Physiol 1989; 139: 617 – 623.

57 Terranova VP, DiFlorio R, Lyall RM, et al:
Human endothelial cells are chemotactic to
endothelial cell growth factor and heparin. J
Cell Biol 1985; 101: 2330 – 2334.

58 Dejana E, Languino LR, Polentarutti N, et al:
Interaction between fibrinogen and cultured
endothelial cells. J Clin Invest 1985; 75: 11 – 18.

59 Li S, Huang NF, Hsu S: Mechanotransduction in
endothelial cell migration. J Cell Biochem 2005;
96: 1110 – 1126.

60 Krizbai IA, Bauer H, Amberger A, et al: Growth
factor-induced morphological, physiological
and molecular characteristics in cerebral
endothelial cells. Eur J Cell Biol 2000; 79: 594 –
600.

61 Holly SP, Larson MK, Parise LV: Multiple roles of
integrins in cell motility. Exp Cell Res 2000; 261:
69 – 74.

62 Giannone G, Dubin-Thaler BJ, Dobereiner HG,
et al: Periodic lamellipodial contractions
correlate with rearward actin waves. Cell 2004;
116: 431 – 443.

63 Wolgemuth CW: Lamellipodial contractions
during crawling and spreading. Biophys J 2005;
89: 1643 – 1649.

64 Moon JJ, Matsumoto M, Patel S, et al: Role of
cell surface heparin sulphate proteoglycans in
endothelial cell migration and
mechanotransduction. J Cell Physiol 2005; 203:
166 – 167.

65 Giannone G, Dubin-Thaler BJ, Rossier O, et al:
Lamellipodial actin mechanically links myosin
activity with adhesion-site formation. Cell
2007; 128: 561 – 575.

66 Herman IM: Molecular mechanisms regulating
the vascular endothelial cell motile response to
injury. J Cardiovasc Pharmacol 1993; 22(suppl
4): 25S – 36S.

67 Young WC, Herman IM: Extracellular matrix
modulation of endothelial cell shape and
motility following injury in vitro. J Cell Sci 1985;
73: 19 – 32.

68 Bokel C, Brown NH: Integrins in development:
moving on, responding to, and sticking to the
extracellular matrix. Dev Cell 2002; 3: 311 –
321.

69 Matsumoto K, Ziober BL, Yao CC, et al: Growth
factor regulation of integrin-mediated cell
motility. Cancer Metastasis Rev 1995; 14: 205 –
217.

70 Gotlieb AI, Spector W: Migration into an in vitro
experimental wound: a comparison of porcine
aortic endothelial and smooth muscle cells and
the effect of culture irradiation. Am J Pathol
1981; 103: 271 – 282.

71 Thorne CH: Gunshot wounds to the face.
Current concepts. Clin Plast Surg 1992; 19: 233 –
244.

72 Dowsett C, Claxton K: Reviewing the evidence
for wound bed preparation. J Wound Care 2006;

15: 439 – 442.
73 Chang RR, Mehrara BJ, Hu QY, et al:

Reconstruction of complex oncologic chest wall
defects: a 10-year experience. Ann Plast Surg
2004; 52: 471 – 479.

74 Barwick WJ, Goldberg JA, Scully SP, et al:
Vascularized tissue transfer for closure of
irradiated wounds after soft tissue sarcoma
resection. Ann Surg 1992; 216: 591 – 595.

75 Motamedi MH: Primary management of
maxillofacial hard and soft tissue gunshot and
shrapnel injuries. J Oral Maxillofac Surg 2003;
61: 1390 – 1398.

76 Ganz T: Macrophage function. New Horiz 1993;
1: 23 – 27.

77 Mulder GD, Vande Berg JS: Cellular senescence
and matrix metalloproteinase activity in
chronic wounds. Relevance to debridement and
new technologies. J Am Podiatr Med Assoc 2002;
92: 34 – 37.

78 Falanga V: Wound healing and chronic
wounds. J Cutan Med Surg 1998; 3(suppl 1): 1S
– 5S.

79 Hart J: Inflammation. 2: Its role in the healing
of chronic wounds. J Wound Care 2002; 11: 245
– 249.

80 O’Kane S: Wound remodelling and scarring. J
Wound Care 2002; 11: 296 – 299.

81 Izadi K, Ganchi P: Chronic wounds. Clin Plast
Surg 2005; 32: 209 – 222.

82 Amalsadvala T, Swaim SF: Management of
hard-to-heal wounds. Vet Clin North Am Small
Anim Pract 2006; 36: 693 – 711.

83 Monaco JL, Lawrence WT: Acute wound
healing: an overview. Clin Plast Surg 2003; 30: 1
– 12.

84 Rice J: Secondary intention wound healing-
pathophysiology and management. Collegian
2000; 7: 40 – 41.

85 Attinger CE, Bulan EJ: Débridement. The key
initial first step in wound healing. Foot Ankle
Clin 2001; 6: 627 – 660.

86 Dissemond J, Goos M: Options for debridement
in the therapy of chronic wounds. J Dtsch
Dermatol Ges 2004; 2: 743 – 751 [in German].

87 Feliciano DV: Heroic procedures in vascular
injury management: the role of extra anatomic
bypasses. Surg Clin North Am 2002; 82: 115 –
124.

88 Fildes J, Bannon MP, Barrett J: Soft tissue
infection after trauma. Surg Clin North Am 1991;
71: 371 – 384.

89 Patzakis MJ: The use of antibiotics in open
fractures. Surg Clin North Am 1975; 55: 1439 –
1444.

90 Burkhalter WE: Open injuries of the lower
extremity. Surg Clin North Am 1973; 53: 1439 –
1457.

91 Braund R, Hook SM, Greenhill N, et al:
Distribution of fibroblast growth factor-2 (FGF-
2) within model excisional wounds following
topical application. J Pharm Pharmacol 2009;

1541

T Velnar, T Bailey, V Smrkolj
An overview of the wound healing process

 by guest on February 8, 2016imr.sagepub.comDownloaded from 

http://imr.sagepub.com/


1542

T Velnar, T Bailey, V Smrkolj
An overview of the wound healing process

61: 193 – 200.
92 Chen JD, Lapiere JC, Sauder DN, et al:

Interleukin-1 alpha stimulates keratinocyte
migration through an epidermal growth
factor/transforming growth factor-alpha-
independent pathway. J Invest Dermatol 1995;
104: 729 – 733.

93 Lin F, Baldessari F, Gyenge CC, et al:
Lymphocyte electrotaxis in vitro and in vivo. J
Immunol 2008; 181: 2465 – 2471.

94 Sosa IJ, Reyes O, Kuffler DP: Elimination of a
pressure ulcer with electrical stimulation – a
case study. P R Health Sci J 2008; 27: 175 – 179.

95 Goldman R, Pollack S: Electric fields and

proliferation in a chronic wound model.
Bioelectromagnetics 1996; 17: 450 – 457.

96 Alvarez OM, Pertz PM, Smerbeck RV, et al: The
healing of superficial skin wounds is stimulated
by external electrical current. J Invest Dermatol
1983; 81: 144 – 148.

97 Hodde J: Extracellular matrix as a bioactive
material for soft tissue reconstruction. ANZ J
Surg 2006; 76: 1096 – 1100.

98 Ramelet AA, Hirt-Burri N, Raffoul W, et al:
Chronic wound healing by fetal cell therapy
may be explained by differential gene profiling
observed in fetal versus old skin cells. Exp
Gerontol 2009; 44: 208 – 218.

Author’s address for correspondence
Dr Tomaz Velnar

Department of Neurosurgery, University Medical Centre Maribor, Ljubljanska ulica 5,
2000 Maribor, Slovenia.

E-mail: t.velnar.s06@cranfield.ac.uk

 by guest on February 8, 2016imr.sagepub.comDownloaded from 

http://imr.sagepub.com/

