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 Abstract 
  Background:  The integrity of healthy skin plays a crucial role in maintaining physiological 
homeostasis of the human body. The skin is the largest organ system of the body. As such, it 
plays pivotal roles in the protection against mechanical forces and infections, fluid imbalance, 
and thermal dysregulation. At the same time, it allows for flexibility to enable joint function 
in some areas of the body and more rigid fixation to hinder shifting of the palm or foot sole. 
Many instances lead to inadequate wound healing which necessitates medical intervention. 
Chronic conditions such as diabetes mellitus or peripheral vascular disease can lead to im-
paired wound healing. Acute trauma such as degloving or large-scale thermal injuries are fol-
lowed by a loss of skin organ function rendering the organism vulnerable to infections, ther-
mal dysregulation, and fluid loss.  Methods:  For this update article, we have reviewed the 
actual literature on skin wound healing purposes focusing on the main phases of wound heal-
ing, i.e., inflammation, proliferation, epithelialization, angiogenesis, remodeling, and scarring. 
 Results:  The reader will get briefed on new insights and up-to-date concepts in skin wound 
healing. The macrophage as a key player in the inflammatory phase will be highlighted. Dur-
ing the epithelialization process, we will present the different concepts of how the wound will 
get closed, e.g., leapfrogging, lamellipodial crawling, shuffling, and the stem cell niche. The 
neovascularization represents an essential component in wound healing due to its fundamen-
tal impact from the very beginning after skin injury until the end of the wound remodeling. 
Here, the distinct pattern of the neovascularization process and the special new functions of 
the pericyte will be underscored. At the end, this update will present 3 topics of high interest 
in skin wound healing issues, dealing with scarring, tissue engineering, and plasma applica-
tion.  Conclusion:  Although wound healing mechanisms and specific cell functions in wound 

 Received: December 3, 2016 
 Accept after revision: December 5, 2016 
 Published online: December 15, 2016 

 Heiko Sorg, MD, PhD, MHBA 
 Department of Plastic, Reconstructive and Aesthetic Surgery, Hand Surgery 
 Alfried Krupp Krankenhaus Essen, Hellweg 100 
 DE–45273 Essen (Germany) 
 E-Mail heiko.sorg   @   t-online.de 

www.karger.com/esr
 DOI: 10.1159/000454919 



82Eur Surg Res 2017;58:81–94

 DOI: 10.1159/000454919 

 Sorg et al.: Skin Wound Healing: An Update on the Current Knowledge and Concepts 

www.karger.com/esr
© 2016 S. Karger AG, Basel

repair have been delineated in part, many underlying pathophysiological processes are still 
unknown. The purpose of the following update on skin wound healing is to focus on the dif-
ferent phases and to brief the reader on the current knowledge and new insights. Skin wound 
healing is a complex process, which is dependent on many cell types and mediators interact-
ing in a highly sophisticated temporal sequence. Although some interactions during the heal-
ing process are crucial, redundancy is high and other cells or mediators can adopt functions 
or signaling without major complications.  © 2016 S. Karger AG, Basel 

 Introduction 

 Skin wound healing is a fascinating mechanism and represents an evolutionary advantage 
not only for mammals. Due to its vital functions as a physical, chemical and bacterial barrier, 
skin wound healing is an important step for survival finalizing in wound closure. Despite a 
great body of literature with regard to wound healing mechanisms, there are still many ques-
tions. Physiological regulation of skin wound healing is a complex process, which is dependent 
on many cell types and mediators interacting in a highly sophisticated temporal sequence. 
Although some interactions during the healing process are crucial, redundancy is high and 
other cells or mediators can adopt functions or signaling without major complications. The 
purpose of the following update on skin wound healing is to focus on the different phases 
briefing the reader on actual knowledge and new insights. At the end, this update will briefly 
focus on 3 topics of high interest, i.e., scarring, tissue engineering in skin wound repair, and 
plasma application in skin wound healing. 

  From Inflammation to Proliferation 

 One of the main reasons for skin wound healing seems to be the restoration of the barrier 
function in order to prevent further damage or infection. This requires the distinct interplay 
and crosstalk of a multitude of cells and mediators from the very onset. However, prolonged 
wound healing phases or excessive responses of the organism to the injury impede normal 
wound healing and might be associated with scarring. In this context, the transition from the 
inflammatory to the proliferative stage of wound repair is a topic of intensive current research 
 [1] . First of all, skin cells are exposed to acute phase signals such as damage-associated 
molecular patterns or pathogen-specific molecular patterns, which are recognized on their 
parts by toll-like receptors initiating and perpetuating inflammation  [2, 3] . Leukocytes, espe-
cially neutrophil granulocytes, transmigrate alongside an increasing gradient of chemokines 
until arrival at the site of injury  [4, 5] . In addition, neutrophils secrete many pro-inflam-
matory cytokines and thereby amplify the inflammatory response  [6] . The influence of cyto-
kines and chemokines in wound repair has been extensively reviewed elsewhere  [7, 8] . Acti-
vated regulatory T cells are part of the adaptive immune system. Aside from leukocytes, regu-
latory T cells are able to regulate tissue inflammation via the attenuation of the interferon-γ 
production and the accumulation of pro-inflammatory macrophages. It is assumed that this 
effect is mediated by the epidermal growth factor receptor pathway, which is coopted for the 
facilitation of skin wound repair  [9] . 

  One of the key players in the transition from inflammation to proliferation is, however, 
the macrophage  [1, 10] . Depletion studies showed that the absence of macrophages in the 
inflammatory or the proliferation phase of wound healing resulted in reduced tissue formation 
or hemorrhage. Furthermore, the progression into the next scheduled phase failed  [11] . Skin-
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resident macrophages as well as those differentiated from infiltrating monocytes get acti-
vated by pathogen-specific molecular patterns and damage-associated molecular patterns 
 [2] . In early stages of wound repair, this results in the differentiation into the M1 subset of 
macrophages. M1 macrophages are associated with phagocytic activity, scavenging as well as 
the production of pro-inflammatory mediators  [10, 12, 13] . Later on, M1 transform into the 
M2 subset, revealing a reparative phenotype of macrophages. M2 macrophages are involved 
in the synthesis of anti-inflammatory mediators and the production of extracellular matrix 
(ECM), in the initiation of fibroblast proliferation as well as in angiogenic processes  [10, 14] . 
M2 macrophages constitute a kind of cleanup crew as they phagocytose neutrophils (i.e., effe-
rocytosis), bacteria, and cell debris in order to prevent further damage to the wound site in 
later healing phases. This supports the current paradigm of the M1-M2 switch  [1, 15] . If the 
M1-M2 transition does not occur, nonhealing or chronic wounds such as venous ulcers and 
diabetic wounds are the result  [16–18] . These observations underpin the intimate and 
important role of macrophages throughout the process of skin wound healing. In contrast to 
the above-mentioned, however, many cellular or cytokine actions might get adopted by other 
cells as Martin et al.  [19]  could demonstrate that even macrophage-deficient PU.1 null mice 
were able to repair skin wounds with a similar time course to wild-type mice. Furthermore, 
these PU.1 null mice showed almost scar-free healing, questioning the impact of the inflam-
matory response for the skin wound healing process  [19] . 

  Epithelialization in Skin Wound Healing  

 Cutaneous wounds close by epithelial resurfacing and wound contraction. Dependent on 
the species, one or the other process dominates the progress of wound repair. For example, 
rodents heal mainly by contraction, whereas in humans, reepithelialization accounts for up 
to 80% of wound closure  [20] . Skin wound epithelialization is reliant on the wound specifics 
such as the location, the depth, the size, microbial contamination as well as patient-related 
health conditions, genetics and epigenetics. 

  Partial thickness wounds that involve the epidermis and partially the dermis usually heal 
by primary intention with intact skin appendages, i.e., hair, nails, and sebaceous and sweat 
glands. In contrast, full-thickness wounds are characterized by complete destruction of the 
epidermis and dermis as well as deeper structures. Repair of tissue loss is initiated by the 
formation of granulation tissue that replaces the defect before epithelial covering can occur. 
This form of wound repair is called healing by secondary intention. 

  Healing by third intention is related to complex cases, e.g., septic conditions when wounds 
are left intentionally but temporarily open in order to be closed after regression of the highly 
inflammatory and often life-threatening situation. When the patient is stable and wounds are 
well-conditioned, wound closure is accomplished by sutures or by plastic surgical recon-
struction  [21] . This comprehensible classification of wound healing gives an estimate on the 
duration and course of wound healing phases and, thus, a prediction of later outcomes, e.g., 
complete skin regeneration or defective tissue repair by scarring. 

  Superficial, small and clean wounds are usually associated with a short duration of hemo-
static and inflammatory phase because blood clot formation is limited to seal the wound with 
clearing of minor amounts of cell debris. Deep, large and contaminated/infected wounds, 
however, will need more time to heal as the initial phases of wound healing include longer 
time for hemostasis and removal of cell debris and necrotic tissue before the start of granu-
lation tissue formation. Reepithelialization already starts some hours after injury by 
conversion of cobblestone-shaped stationary keratinocytes into flat migratory keratinocytes 
 [22] . In pigs, the epidermis regenerates from hair follicles, apocrine gland ducts, and the 
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wound margin, while in humans, this process seems to originate from pilosebaceous units, 
eccrine sweat glands  [22, 23] , and the outer root sheath of the hair follicle  [24] . Interestingly, 
the anatomical positioning of skin adnexa seems to be specifically configured for the purpose 
of highly efficient wound repair. Rittié  [22]  described this phenomenon by the fact that “no 
outgrowth has to migrate farther than half the distance that separates two adnexal structures 
before meeting another outgrowth moving in the opposite direction.” With regard to human 
partial thickness wounds, cells have to cover approximately 500 μm of distance and complete 
epithelialization normally within 8–10 days  [23] . The resurfacing of an epidermal wound by 
migrating keratinocytes was initially described by the term of leapfrogging cells that progres-
sively fall over each other and onto the wound bed without certain migrational activity  [25, 
26] . Other authors depicted leader cells or even entire cell rows that drag others with them 
to crawl over the wound  [27–30] . Additionally, 3 other mechanisms might also be involved 
such as extension membrane or epidermal tongue, lamellipodial crawling and shuffling  [31, 
32] . The epidermal tongue is formed by the front row of keratinocytes adjacent to the wound 
site. Activated keratinocytes reorganize their cytoskeleton. This is followed by a succeeding 
advance over the tongue to spread across the wound (leapfrog-like)  [22] . The leading row of 
activated keratinocytes drags them out of blood clot-derived fibrin, fibronectin, and vitro-
nectin (lamellipodial crawling) and forward over the wound matrix. Interestingly, the leading 
row cells do not migrate centripetally into the wound center but change their shape, loosen 
their cell-cell contacts, rearrange themselves and leave the front edge (shuffling)  [31] . Arrived 
in the middle of the wound, contact inhibition stops the migratory process of keratinocytes 
and the wound covering is finished  [33] . Firm cell-cell contacts are reestablished and kerati-
nocytes acquire their quiescent cobblestone-shaped phenotype followed by epidermal strat-
ification. Of note, this repair process is performed from top to bottom with the purpose of fast 
and sufficient wound closure and to prevent further fluid loss or infection. The prerequisite 
for effective epithelialization is an appropriate ECM that facilitates keratinocyte migration. 
While adipose tissue, even in thin layers, counteracts wound coverage, tissues such as dermis, 
fascia or muscle represent optimal wound beds. Except for dermis as underlying substrate, 
other connective tissues require the formation of granulation tissue for unimpaired epithelial 
migration. Granulation tissue is constituted of macrophages, fibroblasts, blood vessels and a 
loose matrix out of type I collagen, glycoprotein, fibronectin, and hyaluronic acid. 

  After skin injury, the reconstitution of the resulting cellular defect is usually achieved by 
invading adult stem cells. In the context of epidermal regeneration, stem cells deriving from 
the hair follicle bulge and the interfollicular epidermis niche replace missing cells  [34–36] . A 
deregulation of the epidermal stem cell niche is present in chronic wounds, i.e., nonhealing 
ulcers  [37] , where the cell pool is limited caused by continuous inflammation due to infection, 
hypoxia, ischemia and/or excessive exudates  [38] . The use of stem cells, however, is propa-
gated to overcome the problem of nonhealing wounds with extensive on-going research. 
Stem cells play an important role in many wound healing phases enabling the resolution of 
inflammation, cell migration, proliferation and differentiation, although their intriguing role 
is not yet fully understood  [38–40] .

  Angiogenesis in Skin Wound Healing  

 Neovascularization represents an essential component in uncompromised wound 
healing due to its fundamental impact from the very beginning after skin injury until the end 
of the wound remodeling  [41, 42] . The (micro)vasculature contributes to the initial hemo-
stasis, reduces blood loss and establishes a provisional wound matrix. Blood clot-derived 
cytokines and growth factors drive the recruitment of pivotal cells that are crucial for the 
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healing process. This provisional wound microenvironment depicts the starting point for 
new vessel formation and regeneration thereby ensuring the nutritive perfusion of the wound 
and the delivery of immune cells that remove the cell debris. At first sight, the neovascular-
ization process seems very disordered as the healing wound generates a high density of func-
tional as well as dysfunctional new capillaries. Nonfunctional vessels will regress by time via 
maturation or apoptotic processes. However, a distinct pattern of the neovascularization 
process ( Fig. 1 ) can be described forming a circle with an inner ring of circularly organized 
vessels directly at the wound border followed by radially shaped vessels supplying the inner 
ones and connecting to the normal, uninjured skin  [43] . Disruption in the neovascularization 
process consecutively leads to wound healing disturbances or chronic ulcers, typically seen 
in venous insufficiency, arteriosclerotic disease or diabetic foot sores. This pathophysio-
logical phenomenon deserves further attention. Recent research projects focus on blood 
vessel neoformation and/or delivery to the injury site in order to restore the perfusion and 
support the healing process. A prerequisite for these approaches is a profound understanding 
and acknowledgement of the underlying pathophysiological processes that lead to disturbed 
wound repair.

  With regard to chronic, nonhealing wounds, a plethora of causes are present that fuel and 
feed the unfavorable microenvironment that impedes cutaneous repair. Amongst others, 
hyperglycemia, persistent inflammation, and growth factor and cytokine deficiencies lead to 
impaired stem cell recruitment for sufficient angiogenesis  [41] . In this context, the beneficial 
impact of stem cells on skin wound healing is evident, especially for the regeneration of blood 
vessels  [41] . Stem cells or progenitor cells seem to support this process by multiple paracrine 
effects especially by high levels of pro-angiogenic molecules (i.e., VEGF, HGF, bFGF, EGF, 
TGF-β, IGF-1)  [44–47] . These effects could be demonstrated in rodent diabetic wounding 
models, further underscoring the significant activity of stem cells and their potential in repair-
resistant chronic wounds  [45, 46, 48, 49] . 

  Recently, the pericyte received more attention in wound healing issues  [50] . First of all, 
the pericyte is well characterized for its function in vascular development and stabilization 
of the endothelium in newly formed blood vessels. The pericyte provides blood barriers and 
regulates capillary flow-through. Furthermore, it acts in a paracrine way and regulates 
immune responses as well as processes that are associated with scarring or fibrosis. Pericytes 
provide adhesive substrates, i.e., VCAM-1 and E-selectin but mainly ICAM-1, to initiate 
neutrophil crawling at the endothelium in search for gates to migrate into the extravascular 

  Fig. 1.  Schematic cartoon of new-
ly formed microvascular net-
works of a regenerating skin 
wound. It depicts the typical ar-
rangement of neovascularization 
as given by circular vessels (or-
ange) around the wound margins, 
radial vascular networks (green) 
building the bridge between the 
physiological vascular network 
and the newly formed microvas-
culature, and the physiological 
microcirculation running like a 
net around the hair follicles 
(blue). 
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tissue  [5, 51–53] . The anti-inflammatory effect of pericytes manifests in their ability to inhibit 
antigen-specific activation of chemokine-recruited T cells  [54] . Interestingly, pericytes can 
exert pro-fibrotic activity in that they dedifferentiate into activated fibroblasts producing 
collagen  [55] . Fibroproliferation during hypertrophic scarring might be due to the high sensi-
tivity of pericytes or transdifferentiated myofibroblasts to hypoxic states, resulting in 
occluded or even partially occluded (micro)vessels  [50, 56] . 

  In contrast to previous reports, mounting evidence points to the recognition that the 
physiological capillary burst after skin injury might be dispensable. Recent research demon-
strated that skin wounds healed normally despite reduced angiogenesis  [57, 58] . This obser-
vation is further supported by the fact that wounds in fetal skin and the oral mucosa heal 
without scarring despite less angiogenesis compared with adult skin  [57, 59] . Less scar 
formation in fetal skin and oral mucosa might be related to an inferior inflammatory response 
and a much faster maturation of newly formed capillary networks  [57] . New therapies for 
hypertrophic scars or even keloids have therefore been suggested using anti-angiogenic 
treatments, although the distinct underlying mechanism is still unclear  [57, 60, 61] . DiPietro 
 [57]  concluded in her review article that at first, it might seem odd to diminish angiogenesis 
during skin wound repair. However, as long as nutritive perfusion is provided, a reduced 
number of capillaries might be sufficient to promote normal skin regeneration. 

  Remodeling in Skin Wound Healing and Scarring 

 Scar formation demarcates the end of the last wound healing phase, e.g., the remodeling 
phase. In contrast to fetal wound repair, normal adult wound healing ultimately results in 
wound closure and replacement of the original tissue with a collagenous scar. The miracle of 
perfect, scarless embryonic wound repair is currently poorly understood.

  The early-gestation fetus can heal skin wounds with regenerative-type repair and without 
scar formation  [62, 63] . In scarless fetal wounds, the epidermis and dermis are restored to a 
normal architecture. The collagen dermal matrix pattern is reticular and unchanged from 
unwounded dermis. The wound hair follicle and sweat gland patterns are normal as well. 
Previous studies on fetal wound repair in sheep showed that wounds healed with complete 
skin restoration until the end of the second trimenon. In humans, however, scarring occurs 
earlier in fetal wound repair  [64] . This might be due to the specific response of fetal fibro-
blasts to the pro-fibrotic mediator TGF-β  [65] . 

  Scar formation is the ultimate outcome of wound repair in children and adults. Cutaneous 
scars have no epidermal appendages (hair follicles and sebaceous glands) and a collagen 
pattern that is distinctly different from unwounded skin. New collagen fibers secreted by 
fibroblasts are present as early as 3 days after wounding. As the collagen matrix forms, 
densely packed fibers fill the wound site. The ultimate pattern of collagen in scar is one of 
densely packed fibers and not the reticular pattern found in unwounded dermis.

  To understand the physiology of normal scarring and the pathophysiology of hyper-
trophic scarring ( Fig. 2 ), one has to be familiar with the role of fibroblasts and myofibroblasts 
in skin wound healing. It has become accepted that myofibroblasts play a key role in wound 
contraction. After wounding, dermal fibroblasts at wound margins are activated by growth 
factors released into the wound. Stimulated by mechanical tension and platelet-derived 
growth factor (PDGF), they turn into stress fiber-expressing protomyofibroblasts. Protomyo-
fibroblasts are found in early granulation tissue and in normal connective tissue with high 
mechanical load. Approximately 4 days after wounding, myofibroblasts appear in the wound 
 [66] . Mechanical tension, activated TGF-β  [67]  and the splice variant EDA fibronectin trigger 
protofibroblast differentiation into α-smooth muscle actin-expressing myofibroblasts  [68] . 
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Myofibroblasts exert their contractile forces by focal adhesion contacts that link the intracel-
lular cytoskeleton to the ECM. Wound contraction must be distinguished from contracture. 
Clinically, contracture is defined as tissue shortening or distortion that causes decreased joint 
mobility and function. Scar contracture commonly refers to decreased function in the area, 
whereas scar contraction refers to shortening of the scar length compared with the original 
wound ( Fig. 2 b). Wound scar remodeling occurs during months to years to form a mature 
scar. The early scar appearance is red due to its dense capillary network induced at the injury 
site. When closure is complete, capillaries regress until relatively few remain. As the scar 
redness dissipates during a period of months, the true scar pigmentation becomes evident. 
Scars are usually hypopigmented after full maturation. However, scars can become hyperpig-
mented in darker-pigmented patients and in those lighter-pigmented patients whose scars 
receive excessive sun exposure. For this reason, sun protection measures are recommended 
for patients with early scars on sun-exposed areas such as the scalp, face, and neck. During 
remodeling, wounds gradually become stronger with time. 

  Growth factors are the focal regulatory points of the repair process. They are polypep-
tides that are released by a variety of activated cells at the wound site. In general, they stim-
ulate cellular proliferation and chemoattract new cells to the wound. Myriad growth factors 
are present in wounds and many have overlapping biologic functions. PDGF is released from 
platelet α-granules immediately after injury. It attracts neutrophils, macrophages, and fibro-
blasts to the wound and serves as a powerful mitogen. Moreover, it stimulates fibroblasts to 
synthesize new ECM and strongly induces granulation tissue production. TGF-β 1  predomi-
nates in adult wound healing and is a pro-migratory and pro-fibrotic growth factor that 
directly stimulates collagen synthesis and decreases ECM degradation by fibroblasts. It is 
released from all cells at the wound site, including platelets, macrophages, fibroblasts, and 
keratinocytes. TGF-β accelerates wound repair when it is applied experimentally to wounds 
that have no deficiency in repair. However, the increase in the repair rate is at the expense of 
increased fibrosis, which could be a detriment during normal skin healing.

  Normal wounds have “stop” signals that halt the repair process when the dermal defect 
is closed and epithelialization is complete. When these signals are absent or ineffective, the 
repair process may continue unabated and cause excessive scar. The underlying molecular 
mechanisms leading to excessive repair are still a topic of intensive research. Pro-fibrotic 
cytokine overexpression and reduction of collagenase activity were found in skin tissue of 
burn patients  [69].  A lack of programmed cell death, i.e., apoptosis, at the conclusion of repair 
with the continued presence of activated fibroblasts secreting ECM components has also been 
implicated  [70] .

a b c

  Fig. 2.  Examples for different scar types.  a  Linear hypertrophic scar after midline sternotomy.  b  Wide-spread 
hypertrophic scars after burn injury with scar contractures impairing movement of fingers and the hand.
 c  Keloid scar after presternal folliculitis. 
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  Notwithstanding the molecular regulation of excessive scar formation, there are clinical 
factors that affect it. To minimize a visible cutaneous scar, elective incisions are least noticeable 
when they are placed parallel to the natural lines of skin tension (Langer’s lines). This 
placement has 2 advantages: the scar is parallel or within a natural skin crease, which camou-
flages the scar, and this location places the least amount of tension on the wound. Wound 
tension widens the scar. Sharply defined and well-aligned wound edges that are approxi-
mated without tension heal with the least amount of scar. Infection or separation of the 
wound edges with subsequent secondary intention healing also results in more scar formation. 
Hyperpigmentation and hypopigmentation of the scar increase its contrast with the 
surrounding skin, making the scar more visible. Sun protection of all wounds is recommended 
to prevent scar hyperpigmentation.

  Hypertrophic scars and keloids ( Fig. 2 a–c) are unique to humans and very rarely occur 
in animals, e.g., on horses’ legs or after severe burns  [71] . Pathologic scar types are distin-
guished on the basis of their clinical characteristics. Hypertrophic scars are defined as scars 
that have not overgrown the original wound boundaries but are instead raised, reddish and 
itchy ( Fig. 2 a). They usually form secondary to excessive tensile forces across the wound and 
are most common in wounds across joint surfaces on the extremities but also commonly 
occur on the sternum and neck. Physical therapy with range-of-motion exercises is helpful in 
minimizing hypertrophic scar as well as joint contracture in the extremities. Hypertrophic 
scar is a self-limited type of overhealing that can regress with time. These scars generally fade 
as well as flatten to the surrounding skin level. 

  The first step toward treatment of excessive scarring is early recognition and institution 
of therapy after surgery or trauma. Meticulous tissue handling, suturing, and wound 
management with efforts to prevent infection are mandatory  [72] . Sun protection to reduce 
scar hyperpigmentation is essential. Patients who are at increased risk of excessive scarring 
benefit from preventive techniques, which include silicone gel sheeting or ointments, hypoal-
lergenic microporous tape, and concurrent intralesional steroid injection  [72, 73] . Silicone gel 
sheeting is widely used for hypertrophic scar treatment and the only remedy with high 
evidence  [74] . Silicone gel sheeting has a 20-plus-year history with several randomized 
controlled trials that support its safe and effective use  [73, 75] . Proposed mechanisms of 
action for scar reduction include improved hydration and occlusion, increased temperature 
and change in scar mechanical tension. 

  A great deal of research is focused on the development of treatment strategies to reduce 
or prevent scarring. Prompted by fetal wound-healing observations, investigators initially 
analyzed the anti-scarring effect of anti-TGF-β strategies. The complexity of scar formation 
and remodeling is underpinned by the fact that simple addition of anti-fibrotic TGF-β 3  was 
insufficient to prevent scarring  [76] . Clearly, more studies are needed, and because of the 
redundancy of action among growth factors, TGF-β is likely not to be the only growth factor 
targeted to reduce human scar formation and fibrosis. Lately, tissue mechanics, duration of 
wound closure and intensity of the inflammatory reaction have come more into focus to 
address excessive scarring. 

  Clinical phase II and III trials are currently performed using several novel drugs to tackle 
fibrotic diseases  [77] . Amongst others, the effect of antibodies against TGF-β, the integrin 
αvβ6, interleukin-13, connective tissue growth factor CTGF/CCN2 and many more is investi-
gated in lung or liver fibrosis or in keloids. Surprisingly, systemic treatment with leukotriene 
receptor antagonists, angiotensin-converting enzyme, calcium antagonists or statins for 
asthma, hypertension or hypercholesterinemia, respectively, coincided with reduced scarring 
 [78] . These incidental effects could be, in part, reproduced in animal models  [79] . Hopefully, 
on-going clinical studies will yield sufficient and convincing results for future treatment of 
excessive scarring.
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  Tissue Engineering and Cell-Based Therapy for Wound Healing  

 Currently, the surgical state of the art for the covering of wounds displays autologous 
skin grafting, which is, however, limited by the availability of autologous skin. Even though 
the plastic surgical armamentarium comprises a diverse spectrum for tissue transfer, the 
efforts do not resemble true tissue regeneration or replacements yet. Tissue engineering 
seeks to create replacement tissues to restore or maintain organ function and to repair tissue 
defects  [40] . Recreating an environment that promotes fundamental homeostatic mecha-
nisms is a significant challenge in tissue engineering  [80] . Optimizing cell survival, prolifer-
ation, differentiation, apoptosis and angiogenesis and provide suitable stromal support and 
signaling clues are the key to successfully generating clinically useful tissue  [81] . The 
increasing knowledge of molecular and cellular mechanisms and lessons learned through 
frustrated attempts enables us to better define future directions, taking into account the 
various underlying pathophysiological conditions and differing wound types and their 
specific requirements. Independent of the tissue engineering product, a meticulous wound 
bed preparation, minimizing bacterial burden, thorough debridement of nonviable tissue, 
control of edema, optimizing the vascular status to allow for optimal nutrient supply, prevent 
additional trauma and reduction of mechanical stress are fundamental prerequisites for 
successful wound healing. Various tissue engineering approaches ranging from temporary 
wound dressings to improve wound milieu to acellular scaffolds to cell transplants and 
dermal substitutes are being investigated focusing on many different growth factors, as 
already mentioned above. Yet the orchestra of growth factors is numerous and the timely 
interaction is not completely explored, hence further research is needed to provide the appro-
priate cell signaling clues to promote true wound regeneration.

  Another widely studied aspect is the field of matrix materials and scaffolds to provide 
structural support and promote cell migration. A variety of different components for skin 
substitutes are being examined each with their unique physical (pore size, elasticity) and 
biological (cell adhesion, cell migration) characteristics, such as collagens, fibrin/fibronectin, 
chitosan, elastin, gelatin and glycosaminoglycans  [82–86] . Furthermore, decellularization of 
allogenic or xenogenic skin, 3D printing and currently genetic modifications of the wound bed 
offer new perspectives  [40, 87] . In addition, cell transplantation either incorporated in the 
matrix material or implanted in the wound bed has gained recent interest. Stem and progenitor 
cells originally thought to replace organ-specific cells have recently been discovered to also 
deploy their potential for wound healing through chemotaxis of host cells and as a source for 
cell signaling molecules. However, none of the above-mentioned research work has found its 
way to standardized clinical application yet  [40] . In summary, an optimal dermal substitute 
or skin replacement therapy has not been found yet by means of tissue engineering. With 
increasing knowledge about cellular interaction and cell signaling as well as the pathophysi-
ological requirements of specific wound conditions, tissue engineering holds great perspec-
tives for the future to enhance wound healing. 

  Plasma 

 Plasma is a well-known phenomenon in daily life. Almost 99% of all materials, based on 
the whole universe, consist of plasma. In physics, plasma is a particle mixture at the atomic-
molecular level, the components of which are partially charged components, ions, and elec-
trons. This means that plasma contains free charge carriers. In addition to the 3 classical 
aggregate states (solid, liquid, gaseous), plasma is considered a further state of matter. A char-
acteristic of plasma, which is essential for its behavior, but also for technical use, is, therefore, 
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its electrical conductivity. On earth, there are natural plasmas in the ionosphere and lightning. 
In the biosphere, there are no practically usable natural plasmas. Therefore, plasma must be 
generated in order to be able to apply it technically. This is usually done by gas discharge. 
Neon tubes, plasma TVs and nuclear fusion are examples of regular application of plasma 
technique. In medical engineering, plasma already has a wide spectrum of use, e.g., in surface 
treatments and meanwhile plasma application is used in cauterization and operative 
debridement. After years of technological progress, plasma is now ready for medical appli-
cation. That means, electric currents and temperature are now tolerable for medical appli-
cation in vivo ( Fig. 3 ). The functional principle is the electric stimulation of argon gas that 
produces a plasma flame with tolerable temperatures and currencies ( Fig. 3 ). Different 
studies gave evidence of the successful decontamination of multidrug-resistant, contami-
nated wounds through nonthermal plasma (NTP) or cold atmospheric plasma (CAP)  [88–90] . 
A secondary beneficial feature of plasma derives from its genomic effects  [91] . To examine 
wound healing activity of an atmospheric pressure plasma jet in vivo aside from decontami-
nation effects, Schmidt et al.  [92]  examined the efficacy of CAP on dermal regeneration in a 
model of dermal full-thickness ear wounds in mice. Herein, the study could show significantly 
accelerated wound reepithelialization from day 3 to 9 compared to untreated controls. This 
was further underscored by in vitro studies, showing enhanced migratory behavior of kera-
tinocytes and fibroblasts. Gap closure in wound scratch assays was significantly accelerated 
in CAP-treated cells  [92] . Keratinocytes mainly regenerate the epidermis and play an 
important role in wound closure. Daily short plasma applications (up to 40 s) to murine 
superficial skin wounds showed significantly increased epidermal cell regeneration, granu-
lation tissue hyperplasia, and collagen deposition  [93] . This was also confirmed by plasma 
application on human skin biopsies where short CAP exposure (1–3 min) was already able to 
induce the proliferation of keratinocytes  [94] . Concomitantly, longer exposures might lead to 
overdosing of the plasma application inducing apoptotic cell death with a further disturbed 
wound healing process  [93, 94] . Chernets et al.  [95]  examined appendage regeneration stim-
ulated by NTP dependent on reactive oxidative species. Single treatment of in vitro organ 
culture systems with NTP was already able to enhance the survival, growth, and elongation 
of mouse limb autopods. Perceptible transformations comprised an improved development 
of the digit length as well as the definition of digit separation  [95] . In our own group, we have 
treated cultivated fibrocytes with NTP for different periods [unpublished data]. Like the 
effects of plasma on keratinocytes, only short-term treatments with NTP showed expression 
of macrophage migration inhibitory factor. This cytokine plays an important role in wound 
healing processes by significantly influencing the expression of anti-microbial peptides from 
the β-defensin family, important actors for the cellular pathogen defense.

a b

  Fig. 3.   a  Argon plasma applica-
tion to blood agar plates.  b  Treat-
ment of burn wounds by 3 argon 
plasma applicators. 
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  Conclusion 

 The integrity of healthy skin plays an important role in maintaining physiological homeo-
stasis of the human body. Many instances are described which lead to insufficient healing 
necessitating further intervention. Although wound healing mechanisms and specific cell 
functions in wound repair have been delineated in part, many underlying pathophysiological 
processes are still unknown and we are only able to design new and effective wound healing 
therapies if we better understand this complex interplay. The here presented new perspec-
tives further support the enormous importance of research in this field in order to reduce the 
incidence of nonhealing wounds and to facilitate the healing process in general.
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