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tion of granulation tissue and the restoration of the vascular 
network. Therefore, next to the immigration of local fibro-
blasts along the fibrin network and the beginning of reepi-
thelialization from the wound edges, neovascularization 
and angiogenesis get activated by capillary sprouting. The 
formation of granulation tissue stops through apoptosis of 
the cells, characterizing a mature wound as avascular as well 
as acellular. During the maturation of the wound the compo-
nents of the extracellular matrix undergo certain changes. 
The physiological endpoint of mammalian wound repair dis-
plays the formation of a scar, which is directly linked to the 
extent of the inflammatory process throughout wound
healing.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 An intact outer sheath is one of the most important 
features from simple bacteria to complex multicellular 
organisms. Furthermore, the ability of organisms to re-
pair or regenerate tissues in order to restore organ func-
tions has been and still is a selective advantage and a 
survival factor in nature. As most of the organisms are 
subject to a continuous renewal process throughout life, 
the ability to heal is developed differently throughout di-
verse species from simple tissue repair to the regenera-
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 Abstract 

 The skin is the biggest organ of the human being and has 
many functions. Therefore, the healing of a skin wound dis-
plays an extraordinary mechanism of cascading cellular 
functions which is unique in nature. As healing and regen-
eration processes take place in all parts of the human body, 
this review focuses on the healing processes of the skin and 
highlights the classical wound healing phases. While regen-
eration describes the specific substitution of the tissue, i.e. 
the superficial epidermis, mucosa or fetal skin, skin repair 
displays an unspecific form of healing in which the wound 
heals by fibrosis and scar formation. The first stage of acute 
wound healing is dedicated to hemostasis and the formation 
of a provisional wound matrix, which occurs immediately af-
ter injury and is completed after some hours. Furthermore, 
this phase initiates the inflammatory process. The inflamma-
tory phase of the wound healing cascade gets activated dur-
ing the coagulation phase and can roughly be divided into 
an early phase with neutrophil recruitment and a late phase 
with the appearance and transformation of monocytes. In 
the phase of proliferation the main focus of the healing pro-
cess lies in the recovering of the wound surface, the forma-

 Received: March 22, 2012 
 Accepted after revision: April 28, 2012 
 Published online: July 11, 2012 

 Heiko Sorg, MD 
 Department of Plastic, Hand and Reconstructive Surgery, Hannover Medical School 
 Carl-Neuberg-Strasse 1 
 DE–30625 Hannover (Germany) 
 Tel. +49 511 5320, E-Mail sorg.heiko   @   mh-hannover.de 

 © 2012 S. Karger AG, Basel
0014–312X/12/0491–0035$38.00/0 

 Accessible online at:
www.karger.com/esr 

http://dx.doi.org/10.1159%2F000339613


 Reinke/Sorg

 

 Eur Surg Res 2012;49:35–43 36

tion of complete organs as shown in axolotls  (Ambysto-
ma mexicanum) . Wound healing, mostly meaning the 
healing of the skin, has been recognized as important to 
health since the beginning of mankind. Papyrus scrolls 
from old Egypt (3,200–300 BC) already describe wound 
care procedures with the use of compression for hemo-
stasis. They also describe wound dressing techniques by 
Hippocrates, indicating the importance of pus drainage 
from the wound (‘Ubi pus, ibi evacua’), and Galen, de-
picting the principles of wound healing by primary and 
secondary intention. Much of this knowledge, however, 
got lost over time and has been newly or rediscovered in 
the modern era by Brunschwig, von Gersdorff and Para-
celsus. In the late 19th century the development of anti-
sepsis by Lister and Semmelweis, the detection of patho-
genic microorganisms by Koch, and most notably the 
discovery of penicillin by Fleming and of sulfonamides 
by Domagk  [1]  had an enormous impact on the under-
standing, therapy and outcome of wound healing. Now-
adays, research highlights a deeper understanding of the 
complex interplay of cells and the distinct influence of 
the different cytokines and growth factors, and unfolds 
the molecular biology of skin wound healing. But after 
5,000 years of wound therapy the goals have not changed. 
The patient still deserves a fast, uncomplicated and anti-
septic wound closure, but also claims an aesthetic out-
come with unimposing scar formation. As healing and 
regeneration processes take place in all parts of the hu-
man body, this review will focus on the healing process-
es of the skin and will highlight the classical wound heal-
ing phases. 

  Physiology of Adult Skin Wound Healing 

 Skin wound healing is a dynamic and highly regulated 
process of cellular, humoral and molecular mechanisms 
which begins directly after wounding and might last for 
years. Every tissue disruption of normal anatomic struc-
ture with consecutive loss of function can be described as 
a wound  [2] . Integumental injuries are defined as open or 
outer wounds, whereas inner or closed wounds describe 
injuries or ruptures of inner organs and tissues with a still 
intact skin. The closure of a skin wound can be realized 
by regeneration or repair. While regeneration describes 
the specific substitution of the tissue, i.e. the superficial 
epidermis, mucosa or fetal skin, skin repair displays an 
unspecific form of healing in which the wound heals by 
fibrosis and scar formation. The latter, unfortunately, 
presents the main form in adult skin wound healing. The 

process of skin wound healing is often described as a 
playing orchestra or as the acts of a drama  [3, 4] , whose 
interplay of cells, growth factors and cytokines ends up 
in a closure of the skin. However, even when this sensitive 
balance between cells and mediators might be disrupted, 
recent data suggest that the deficiency of a cell type or the 
absence of a mediator can be compensated by others that 
are involved in wound healing so that the repair can still 
occur  [5] . The process of wound healing can artificially 
be divided into three to five phases which overlap in time 
and space  [6] . The purpose of this review is to highlight 
in detail the actual distinct processes during skin wound 
healing.

  The Vascular Response: Hemostasis and Coagulation 

 The first stage of physiological or acute wound healing 
is dedicated to hemostasis and the formation of a provi-
sional wound matrix, which occurs immediately after in-
jury and is completed after some hours ( fig. 1 ). Further-
more, this phase initiates the inflammatory process. 
Sometimes this phase is also described as the ‘lag-phase’, 
in which the organism has to manage the recruitment of 
the many cells and factors for the healing process in the 
absence of the mechanical strength of the wound  [1] . 
With a skin injury outreaching the epidermal layer, blood 
and lymphatic vessels are traumatized, flushing the 
wound to remove microorganisms and antigens  [7] . The 
different clotting cascades are then initiated by clotting 
factors from the injured skin (extrinsic system), and 
thrombocytes get activated for aggregation by exposed 
collagen (intrinsic system). At the same time the injured 
vessels follow a 5- to 10-min vasoconstriction, triggered 
by the platelets, to reduce blood loss and fill the tissue gap 
with a blood clot comprised of cytokines and growth fac-
tors  [8] . Furthermore, the blood clot contains fibrin mol-
ecules, fibronectin, vitronectin and thrombospondins, 
forming the provisional matrix as a scaffold structure for 
the migration of leukocytes, keratinocytes, fibroblasts 
and endothelial cells and as a reservoir of growth factors. 
The life-saving vasoconstriction with clot formation ac-
counts for a local perfusion failure with a consecutive lack 
of oxygen, increased glycolysis and pH-changes  [9] . The 
vasoconstriction is then followed by a vasodilation in 
which thrombocytes invade the provisional wound ma-
trix  [1] . In addition, platelets influence the infiltration of 
leukocytes by the release of chemotactic factors. Both 
platelets and leukocytes release cytokines and growth 
factors to activate the inflammatory process (IL-1 � , IL-
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1 � , IL-6 and TNF- � ), stimulate the collagen synthesis 
(FGF-2, IGF-1, TGF- � ), activate the transformation of fi-
broblasts to myofibroblasts (TGF- � ), start the angiogen-
esis (FGF-2, VEGF-A, HIF-1 � , TGF- � ) and already sup-
port the reepithelialization process (EGF, FGF-2, IGF-1, 
TGF- � )  [10] . The vasodilation can also be recognized by 
a local redness (hyperemia) and by an edema of the 
wound. 

  The Cellular Response: Inflammation 

 The inflammatory phase of the wound healing cas-
cade gets activated during the hemostasis and coagula-
tion phase and can roughly be divided into an early phase 
with neutrophil recruitment and a late phase with the ap-
pearance and transformation of monocytes ( fig. 1 ). Due 
to the response of the activated complement pathway, de-
granulated platelets and by-products of bacterial degra-
dation, neutrophils are recruited to the site of the skin 
injury and are present for 2–5 days unless the wound gets 
infected. The work of the neutrophils is crucial within the 
first days after injury because their ability in phagocyto-
sis and protease secretion kills local bacteria and helps to 
degrade necrotic tissue. Furthermore, they act as che-
moattractants for other cells that are involved in the in-
flammatory phase  [5] . 

  Neutrophils release mediators such as TNF- � , IL-1 �  
and IL-6, which amplify the inflammatory response and 
stimulate VEGF and IL-8 for an adequate repair response. 
Furthermore, they start their debridement by releasing 
highly active antimicrobial substances (cationic peptides 
and eicosanoids) and proteinases (elastase, cathepsin G, 
proteinase 3 and a urokinase-type plasminogen activa-
tor)  [5] . In vitro studies further showed that neutrophils 
could change the phenotype and cytokine profile expres-
sion of macrophages, which leads to an innate immune 
response during healing  [11] . 

  Approximately 3 days after injury macrophages enter 
the zone of injury and support the ongoing process by 
performing phagocytosis of pathogens and cell debris 
 [12, 13]  as well as by the secretion of growth factors, che-
mokines and cytokines. Apart from their actual support 
in wound healing, these molecules keep the healing pro-
cess intact, as some of them are able to activate the next 
phase of wound healing (proliferative phase)  [14] . The in-
flammatory response to injury is essential for supplying 
growth factor and cytokine signals that are responsible 
for cell and tissue movements, which are crucial for the 
subsequent repair mechanisms in adult mammalians  [5, 
15] . There is evidence that the amount of inflammation 
determines the extent of scar formation. The lack of in-
trauterine inflammation is mentioned as evidence for the 
theory of scarless wound healing in fetuses  [16, 17] .
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  Fig. 1.  Inflammatory phase after a cutane-
ous cut; hemostasis and invasion of in-
flammatory cells. 
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  Macrophages have many functions including host de-
fense, the promotion and resolution of inflammation, the 
removal of apoptotic cells and the support of cell prolif-
eration and tissue restoration following injury  [18] . Be-
side their immunological functions as antigen-present-
ing cells and phagocytes during wound repair, macro-
phages supposedly play an integral role in a successful 
healing response through the synthesis of numerous po-
tent growth factors such as TGF- � , TGF- � , basic FGF, 
PDGF and VEGF, which promote cell proliferation and 
the synthesis of extracellular matrix (ECM) molecules by 
resident skin cells  [19] . 

  Proliferation and Repair 

 Reepithelialization/Resurfacing 
 In the phase of proliferation (approx. 3–10 days after 

wounding) the main focus of the healing process lies in 
covering the wound surface, the formation of granulation 
tissue and restoring the vascular network. Therefore, 
next to the immigration of local fibroblasts along the fi-
brin network and the beginning of reepithelialization 
from the wound edges, neovascularization and angiogen-
esis get activated by capillary sprouting  [1, 7, 20–22] . Un-
der the control of regulating cytokines like IFN- �  and 
TGF- � , the synthesis of collagen, fibronectin and other 
basic substances needed for wound healing by fibroblasts 
represents the basis for the new matrix of connective tis-
sue, serving for the closure of tissue gaps and the restora-
tion of the mechanical strength of the wound. Subse-
quently, the synthesis of collagen increases throughout 
the wound, while the proliferation of fibroblasts declines 
successively, adjusting a balance between synthesis and 
degradation of the ECM  [23] . 

  The reepithelialization process is ensured by local ke-
ratinocytes at the wound edges and by epithelial stem 
cells from hair follicles or sweat glands  [8, 24–26] . This 
process is activated by signaling pathways of epithelial 
and nonepithelial cells at the wound edges, which release 
a myriad of different cytokines and growth factors, e.g. 
EGF, KGF, IGF-1, and NGF  [10] . Furthermore, the aboli-
tion of the contact inhibition and physical tension at des-
mosomes and hemidesmosomes produces lipid media-
tors and activates membrane-associated kinases (SRC
kinases) resulting in an increased permeability of the 
membranes for ions, e.g. calcium. This displays an initiat-
ing signal to the cells at the wound edges with a retraction 
and reorganization of their intracellular tonofilaments in 
the direction of migration. By the enzymatic loosening of 

the intercellular desmosomes via collagenase and elas-
tase, activated keratinocytes migrate along the preformed 
fibrin blood clot in the higher layers of the granulation 
tissue. This process is called the ‘shuffling’ of keratino-
cytes  [27]  and describes the ability of these cells to mi-
grate competitively along a chemotactic gradient estab-
lished by mediators such as IL-1, and over a fibronectin-
rich matrix into the center of the wound  [28, 29] . 
Lamellipodial crawling performs the migration itself and 
is directed into the defect site via the polymerization of 
cytoskeletal actin fibers in the excrescence and the for-
mation of a new focal adhesion at the ECM which is me-
diated by integrins. These cytoskeletal mechanisms are 
regulated by RhoGTPases (Rho, Rac, Cdc42)  [30, 31] . 
Small GTPases are the shifters of the intracellular orga-
nization of fibers and are essential for an orchestrated 
epithelialization process as well as the termination of mi-
gration. This process proceeds until the migrating cells 
touch each other. Then, the GTPases will probably be 
turned off leading to a reorganization of the cytoskeleton 
 [27] . The fusion of the opposing epithelia is realized by a 
degradation of the actin fibers in filopodia, which are re-
placed by intercellular adherence contacts to finally close 
the wound like a zipper  [27] .

  Neovascularization/Angiogenesis 
 The restoration of the vascular system of the skin is a 

complex cascade of cellular, humoral and molecular 
events in the wound bed to reconnect to the nutritive per-
fusion. Initiators are growth factors, e.g. VEGF, PDGF, 
bFGF and the serine protease thrombin. The first step in 
new vessel formation is the binding of growth factors to 
their receptors on the endothelial cells of existing vessels, 
thereby activating intracellular signaling cascades. The 
activated endothelial cells secrete proteolytic enzymes 
which dissolve the basal lamina. Thus, the endothelial 
cells are now able to proliferate and migrate into the 
wound, a process also known as ‘sprouting’. The endothe-
lial cells orientate themselves at superficial adhesion mol-
ecules, e.g. integrins ( � v � 3,  � v � 5,  � 5 � 1). Furthermore, 
they release matrix metalloproteinases at the front of pro-
liferation, lysing the surrounding tissue for the ongoing 
endothelial proliferation. The newly built sprouts form 
small tubular canals which interconnect to others form-
ing a vessel loop. Thereafter, the new vessels differentiate 
into arteries and venules and mature by a further stabili-
zation of their vessel wall via the recruitment of pericytes 
and smooth muscle cells. Finally, the initial blood flow 
completes the angiogenic process. Within full dermal 
thickness wounds the neovascularization process follows 
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a distinct pattern in time and shape. At the beginning the 
vessels form an inner ring of circularly arranged vessels 
at the wound margin followed by outer radially arranged 
vessels supplying the inner ones. Because the design of 
the vessels is similar to the sun, this has also been called 
‘sola cutis se reficientis’  [32] . As the wound closure pro-
ceeds, the inner vascular ring shrinks, resulting in the 
complete disappearance of the vessel ring. The radially 
arranged vessels, however, interconnect with each other 
in time, forming a new dermal vascular network  [32] . 

  Granulation Tissue Formation 
 The last step in the proliferation phase is the develop-

ment of the acute granulation tissue ( fig. 2 ). At the same 
time the remodeling phase is already initiated. As a tran-
sitional tissue it replaces the fibrin-/fibronectin-based 
provisional wound matrix and might produce a scar by 
maturation  [1, 3, 4, 7, 8, 14, 33] . Furthermore, it is charac-
terized by a high density of fibroblasts, granulocytes, 
macrophages, capillaries and loosely organized collagen 
bundles ( fig. 2 ). Due to this high amount of cellular com-
pounds it is called granulation tissue. Also, as the angio-
genesis is not completely finished yet, this tissue is highly 
vascular. As a result it appears with a classic redness and 
might be traumatized easily. However, the dominating 
cell in this phase is the fibroblast, which fulfils different 
functions such as the production of collagen and ECM 
substances (i.e. fibronectin, glycosaminoglycans, proteo-

glycans and hyaluronic acid). The formation of the ECM 
represents another important step as it provides a scaffold 
for cell adhesion and critically regulates and organizes 
the growth, movement and differentiation of the cells 
within it  [34, 35] . The fibroblast is, therefore, the precur-
sor of the provisional wound matrix on and in which the 
respective cell migration and organization takes place 
 [27] . At the end of this phase the number of maturing fi-
broblasts is reduced by myofibroblast differentiation and 
terminated by consecutive apoptosis  [36] . 

  Remodeling 

 Remodeling is the last phase of wound healing and oc-
curs from day 21 to up to 1 year after injury. The forma-
tion of granulation tissue stops through apoptosis of the 
cells. A mature wound is, therefore, characterized as 
avascular as well as acellular  [37] . During the maturation 
of the wound the components of the ECM undergo cer-
tain changes. Collagen III, which was produced in the 
proliferative phase, is now replaced by the stronger col-
lagen I ( fig. 3 ). This type of collagen is oriented in small 
parallel bundles and is, therefore, different from the bas-
ket-weave collagen in healthy dermis  [38] . Later on the 
myofibroblasts cause wound contractions by their mul-
tiple attachment to collagen and help to decrease the sur-
face of the developing scar  [12, 13, 38] . Furthermore, the 

Phase 2: proliferative phase (days 4–21)
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  Fig. 2.  Proliferative phase; organization of 
the thrombus, secretion of growth factors, 
synthesis of collagen III and the beginning 
of angiogenesis. 
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angiogenic processes diminish, the wound blood flow de-
clines, and the acute wound metabolic activity slows 
down and finally stops. 

  Contrary to fetal wound healing, there are certain skin 
components that will never fully recover after wound clo-
sure. Subepidermal appendages such as hair follicles or 
sweat glands have no potential to heal or grow back after 
serious injury. The epidermis of the resultant scar differs 
from uninjured skin after wound healing due to the lack 
of rete pegs that are normally anchored into the underly-
ing connective tissue matrix and are responsible for the 
tight connection of the epidermis to the dermis  [1] .

  Fetal Wound Healing 

 In contrast to the adult human tissue reaction to in-
jury the early gestation fetus has the ability to heal with-
out scarring. This unique healing process was first dis-
covered in 1979  [39]  and was confirmed in many animal 
and human trials  [40, 41] . Scarless wound healing was 
observed in the fetuses of rats, mice, pigs, monkeys and 
humans  [42]  and is age-dependent in the different species 
 [43, 44] . In humans, scarless wound healing stops at ap-
proximately 24 weeks of gestation, whereas in mice it 
stops at day 18.5 (gestation period of mice: 20 days)  [42, 

45, 46] . The exact day is determined by the wound size; 
bigger injuries might leave a scar earlier than small 
scratches  [44] . Fetal skin structure and histology change 
rapidly during pregnancy. Within the first 20 days the 
fetus is only covered in a primitive epidermis, which de-
velops into a two-layered periderm and a basal cell layer 
within 4–8 weeks. At week 9 the stratification of the fetal 
epidermis begins and keratinization begins at week 14. By 
the time the fetus reaches week 16 the fetal epidermis al-
ready has many of the components of the adult epidermis: 
a basal layer, an intermediate layer, hair follicles, sweat 
glands and follicular keratinization. After 24 weeks of 
gestation rapid growth and maturation start to dominate 
the process and by the time of birth the neonatal skin is 
indistinguishable from adult skin  [47, 48] . In response to 
tissue injury, the fetal dermis has the ability to regenerate 
a nondisrupted collagen matrix that is identical to the 
original tissue  [49, 50] . Interestingly, even dermal ap-
pendages such as sebaceous glands and hair follicles heal 
normally after fetal injury  [51] . There is evidence that the 
reasons for scarless wound healing in fetal tissue is due to 
the differences in the ECM, inflammatory response, cel-
lular mediators, differential gene expression and stem cell 
function  [52–55] . The inflammatory response in an em-
bryonic wound consists of a lower number of less-differ-
entiated cells (neutrophils, monocytes and macrophages), 

Phase 3: remodeling phase (day 21 to 1 year)

Collagen III
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Angiogenesis
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Hair follicles or sweat glands have
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decreasing scar surface

Myofibroblast

  Fig. 3.  Remodeling phase; regenerative 
processes fade and are followed by reorga-
nization of the connective tissue and con-
tractile response. 
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which in combination with a very different profile of 
growth factors contributes to the much better wound 
healing in fetal tissue. Furthermore, the length of presen-
tation of an inflammatory cell is reduced compared to 
adult wounds  [56] . Molecular changes involve low levels 
of TGF- � 1, TGF- � 2 and PDGF and high levels of TGF- � 3 
 [41] . Due to the rapidly developing and growing skin vol-
ume, the fetal tissue consists of high levels of morphoge-
netic factors which are involved in skin growth, remodel-
ing and morphogenesis. These two principals – reduced 
inflammatory response and altered skin morphogene-
sis – lead to a qualitatively, quantitatively and temporally 
different growth factor profile compared to adult wound 
healing  [41, 49, 56, 57] .

  Scarring 

 Scar formation is the physiological endpoint of mam-
malian wound repair. There are different situations which 
provide evidence that inflammation during the process 
of wound healing is directly linked to the extent of scar 
formation  [5] . First, there is the fact that fetal wound heal-
ing, which shows a lack of the typical inflammatory re-
sponse, is scarless up to a certain age  [16, 17] . In addition, 
scar formation seems to be extended when inflammation 
in fetal wounds is induced  [49] . A second example indi-
cating the role of inflammation on the formation of scars 
is the influence of reproductive hormones on this pro-
cess. Studies showed that low estrogen levels in mice re-
sulted in an impaired rate of healing including excessive 
inflammation and scarring  [5, 58, 59] . 

  Most nonhealing wounds fail to progress through the 
normal phases of wound repair, but remain in a chronic 
inflammatory state  [60]  which leads to abnormal wound 
repair, e.g. to hypertrophic or keloid scars. Keloids con-
tain thick collagen fibers, whereas hypertrophic scars 
contain thin fibers which are organized into nodules  [61, 
62] . Changes in collagen maturation are fundamental 
changes in excessive scar formation. The granulation tis-
sue continues to grow due to the excessive secretion of 
growth factors and the lack of molecules required for 
apoptosis or ECM remodeling. Hypertrophic scars con-
tain excessive microvessels, which are mostly occluded 
due to the overproliferation and functional regression of 
endothelial cells induced by myofibroblast hyperactivity 
and excessive collagen production  [63] . 

  Focal upregulation of p53 expression, which seems to 
play an important role in the inhibition of apoptosis, has 
been reported in situations of excessive scarring. Further-

more, mechanical irritation in the early proliferative phase 
leads to hypertrophic scars by inhibiting apoptosis  [64] . 

  Changes in the ECM and the epithelium seem to be 
involved in excessive scarring also  [65–67] . A neurogenic 
inflammation hypothesis has been suggested  [68] : me-
chanical stress stimulates mechanosensitive nociceptors 
in skin sensory fibers that release neuropeptides involved 
in vessel modifications and fibroblast activation. Exces-
sive scarring is a fibrotic disorder resulting from the dis-
ruption of the normal wound healing process  [69] .

  Conclusion and Outlook 

 The regulation of cellular functions during skin repair 
following injury is complex and critically dependent on 
the interaction of cells with the ECM, which can be im-
paired at every step and time point of the wound healing 
process. Many cellular or cytokine actions can be adopt-
ed by others without severe interference with the healing 
process. However, some singular actions might be crucial 
or the sum of many healing insufficiencies might lead to 
chronic or nonhealing wounds. Research in this special-
ized field is still ongoing and many questions are still un-
answered. However, a better understanding of this com-
plex interplay provides the basis for designing new and 
effective wound healing therapies. Knowledge gained 
from studying the genetic and molecular pathways and 
from cytokine interactions and influences, as well as the 
enormous development of functional new wound dress-
ings for the conservative wound therapy, might further 
help to decrease the incidence of nonhealing wounds and 
support the healing process under poor conditions. Fur-
thermore, the auspicious options in stem cell therapy as 
well as in tissue engineering offer new therapy possibili-
ties in skin wound healing.
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