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Abstract: Over time, we have come to recognize a very complex network of physiological changes 

enabling wound healing. An immunological process enables the body to distinguish damaged cells 

and begin a cleaning mechanism by separating damaged proteins and cells with matrix metallopro-

teinases, a complement reaction, and free radicals. A wide variety of cell functions help to rebuild 

new tissue, dependent on energy provision and oxygen supply. Like in an optimized "biorector," 

disturbance can lead to prolonged healing. One of the earliest investigated local factors is the pH of 

wounds, studied in close relation to the local perfusion, oxygen tension, and lactate concentration. 

Granulation tissue with the wrong pH can hinder fibroblast and keratinocyte division and prolifer-

ation, as well as skin graft takes. Methods for influencing the pH have been tested, such as occlusion 

and acidification by the topical application of acidic media. In most trials, this has not changed the 

wound's pH to an acidic one, but it has reduced the strong alkalinity of deeper or chronic wound. 

Energy provision is essential for all repair processes. New insights into the metabolism of cells have 

changed the definition of lactate from a waste product to an indispensable energy provider in 

normoxic and hypoxic conditions. Neovascularization depends on oxygen provision and lactate, 

signaling hypoxic conditions even under normoxic conditions. An appropriate pH is necessary for 

successful skin grafting; hypoxia can change the pH of wounds. This review describes the close 

interconnections between the local lactate levels, metabolism, healing mechanisms, and pH. Fur-

thermore, it analyzes and evaluates the different possible ways to support metabolism, such as lac-

tate enhancement and pH adjustment. 

The aim of wound treatment must be the optimization of all these components. Therefore, the role 

of lactate and its influence on wound healing in acute and chronic wounds will be assessed. 

Keywords: Wound; chronic wound; hypoxia; acidosis, alkalosis, Lactate;  neoangiogenesis; ECM;  

Polylactide  

 

Introduction 

The prolonged healing of wounds remains an unresolved challenge in modern medicine. 

Although wounds exhibiting prolonged healing are primarily minor, they have a substan-

tial social impact and influence the patient's social status, daily living, and professional 

outcomes. Las Heras et al. [1] estimated 40 million chronic wounds worldwide, and the 
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global wound market is predicted to reach USD 27.8 billion in 2026. The reasons given are 

the growing prevalence of chronic and surgical wounds as well as burn wounds. Cost-

driving components include the increasing use of advanced wound care products, often 

as first-line therapies, where the advantages of these products over conventional treat-

ment are the driving forces in the market [2]. The advantages may range from greater 

patient comfort to easier usability. However, the effectiveness of many methods is still 

questionable, as there may be underlying conditions for the chronification of wounds. Di-

abetes, frailty, or vascular or immunological diseases even may affect burn wounds [3]. 

Chronicity in burn wounds is a neglected topic, but Saaiq reported the incidence of Ma-

jolins ulcers as between 0.77 and 2%, primarily deriving from the healing per second in-

tention [4]. 

Furthermore, the mortality of patients with chronic wounds rivals that of cancer patients 

[1], and the projected outpatient costs range from USD 9.9 to 35.8 billion, as outpatient 

treatment is a favored modality [5]. In their paper "Publicly Reported Wound Healing 

Rates: The Fantasy and the Reality," Fife et al. reported real-world data from randomized 

controlled trials and from the US Wound Registry that are prone to several risk-stratified 

quality measures. The conclusion was that RCTs and US Wound Registry data provided 

convincing evidence that most wounds did not heal at all, but providers reported online 

healing rates over healing times that could only be qualified as impossible [6]. Thus, the 

costs are rising, but the treatment success is stalling.  

This article presents the principles of wound physiology and preconditions for successful 

treatment and healing options to resolve this dilemma with a pragmatic approach. Finally, 

the possible positive effects of polylactide membranes on pH and wound healing in the 

neoformation of granulation tissue and graft takes will be demonstrated. 

 pH of the intact skin  

Skin is composed of the well-known epidermis and dermis layers.  

An "acidic mantle" protects the epidermal layer. Many components influence the secre-

tion of hydrogen ions from the sebaceous glands, and lipids and broad variations in the 

pH measured have been described [7]. Topical differences might play a role; inconsistent 

results exist regarding the influence of gender differences, and different ages result in dif-

ferent values along with the influence of hygienic habits and cosmetics. The pH values 

measured were between 4 and 6 [8]. 

The acidic mantle pH refers to an intact stratum corneum, where the pH rises towards 

the basal layers by approximately 2 to 3 pH units [8], and the environment changes to 

alkaline, with values identical to those for the blood and serum pH in the dermis.  

 

Wound healing  

Inflammation  

In the initial phase of an injury, the damage must be detected, and dead tissue must be 

resolved and replaced. This starts with an inflammatory phase, where the peripheral 

nervous system mediates the first reaction to a skin injury, causing "cutaneous neurogenic 

inflammation” [9,10][11]. From primary sensor neurons, endings from keratinocytes, 

mast cells, and dendritic cells, the transient receptor channels TRPV1 (transient receptor 

potential cation channel, subfamily V, member 1) and TRPA1 (transient receptor potential 

cation channel, subfamily A, member 1) are activated, sending action potentials over the 

spinal cord, causing pain. In addition, substance P and calcitonin gene-related peptides 

promote vasodilatation and increased blood flow.  

Hemostasis and Coagulation: 

Platelets interact with the exposed basement membrane upon damage to the glycocalyx, 

such as by binding to collagen and activating the coagulation cascade [8,12]. The binding 
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of prothrombin to platelet integrins creates fibrin. Fibrin monomers are formed into pro-

tofibrils, which Factor XIIIa stabilizes. Fibrin and the interstitial collagen trap neutrophils 

and erythrocytes, forming a clot, and collagen I fibers are created under the influence of 

integrins [13], expressed in fibroblasts, and promote attachment but not multiplica-

tionProvisional matrix and the proliferative phase  

The provisional matrix composed of fibrin, plasma FN (fibronectin), vitronectin, and 

platelets is in contact with migrating keratinocytes of the basal layer on the basal mem-

brane[14]. Initially, migrating epidermal cells find their way between the fibrin clot and 

the collagen-rich dermis. Thus, the matrix enables cell migration and promotes Proto my-

ofibroblast contraction.  

Provisional matrix and the proliferative phase  

The provisional matrix, composed of fibrin, plasma FN (fibronectin), vitronectin, and 

platelets, is in contact with migrating keratinocytes of the basal layer on the basal mem-

brane [14]. Initially, migrating epidermal cells find their way between the fibrin clot and 

the collagen-rich dermis. Thus, the matrix enables cell migration and promotes proto-my-

ofibroblast contraction.  

The proliferative and regenerative phase  

The proliferative and regenerative phase is characterized by fibroblast migration, 

collagen synthesis, angiogenesis, granulation tissue formation, re-epithelialization, pro-

trusions developing cell–cell junctions, adhesion by integrins, and traction to the substra-

tum [10,15]. Different cytokines and growth factors such as PDGF, IGF-1, IL- 1β, IL-8, in-

terferon-gamma (IFN-γ), SDF-1, and TNF-α are chemotactic for BMSCs (bone marrow-

derived stem cells) and HFSCs (hair-follicle-derived stem cells ). MSCs (mesenchymal 

stem cells) develop immunosuppressive and anti-inflammatory effects, remodel the 

ECM, and increase angiogenesis and cell differentiation.  

Fibroblasts 

Fibroblasts under the influence of PDGF, FGF, EGF, TNFα/β, CTGF (connective tissue 

growth factor), and IL-1 close wound gaps by producing large amounts of ECM, releasing 

cytokines such as FGFs, IFNs, TGFβ, VEGF, IGFs, and even hepatocyte growth factor 

(HGF). The collagen and proteoglycan synthesis is characterized by extracellular matrix 

formation, structured collagen, bundle regeneration, the degradation of hyaluronic acid, 

and fibronectin degradation [15]. Promotor-binding sites for corticoids, TGF-β, and retin-

oids mediate collagen gene expression. 

Lactate or a hypoxic environment contributes to gene transcription. It depletes NAD+, 

which is needed for the production of adenosine diphosphate ribose (ADPR), in which it 

is converted to NADH.  

ADPR is an inhibitor of collagen mRNA’s translation, so the reduction of ADPR increases 

collagen production. Under the influence of oxygen and iron, ketoglutarate and ascorbic 

acid protocollagen are hydroxylated to procollagen, forming a helix, and exported from 

the Golgi apparatus into the extracellular matrix. Further cross-linking and polymeriza-

tion take place. Together with proteoglycans, they replace the fibrin clot, where the pro-

teoglycan might play a role in assembling collagen fibrils [12,15] with increasing tensile 

strength. 

Keratinocytes  

Wound healing also requires closure of the skin defect by keratinocytes.  

Keratinocytes are mainly stimulated by EGF, KGF, FGF, Il-6, GMCSF (granulocyte-mac-

rophage colony-stimulating factor), MMPs, or activated protein C. They only proliferate 

in the basal layer, characterized by K5 and K14 intermediate keratin filaments. Cells move 

through the layers, differentiating by switching the synthesis of K5 and K14 to that of K1 

and K10 in the suprabasal layers. Hemidesmosomes and focal adhesions attach the basal 

layer to the basal membrane, and the suprabasal cells attach by desmosomes, discon-

nected during the dedifferentiation process to enable the transfer into the upper layers 

[16].  
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The lamellar granules in the stratum granulosum contain lipids and proteins, which are 

transferred to the interstices and formed into high-molecular-weight polymers by cross-

linking to envelope proteins, forming a protective barrier. 

Later, keratinocytes are dehydrated and flattened, differentiating to terminal corneocytes, 

interconnected by corneodesmosomes and a lipid layer, which maintains the fluid balance 

of the epidermis [17]. Epidermal keratinocytes also express protein C and its receptor and 

activated form, inhibiting apoptosis and upregulating proliferation and migration and 

MMP-2. In addition, they increase tight junction proteins, inhibit inflammation, and en-

hance the barrier function [18]. 

The healing cycle is initiated by the activation of keratinocytes induced by the release of 

interleukin-1, upregulating the release of K6, K16, and K17 keratins, which might increase 

the viscoelastic properties and enable cell migration [19], making the keratinocytes con-

tractile, and cause shrinkage of the provisional basement membrane. Activation starts 

within 24 hours upon the change of the keratinocytes to an activated status. Interferon-γ 

from lymphocytes induces the expression of K17, enabling contractility [17]. According to 

Safferling et al. [20], keratinocytes move in a shield extension mechanism for a multi-

layered epithelium, where suprabasal cells never come into contact with the ECM. In the 

coordination and overlapping of proliferation and migration, epithelium extends and 

closes the wounds. Basal keratinocytes are deactivated, dermal–epidermal junctions reap-

pear, and hemidesmosomes anchor. 

Growth factors, integrins, and the ECM regulate the keratinocyte proliferation in a very 

complex system during re-epithelialization [19], where EGF, HB-EGF, TGF-α, TGF-β, 

FGF-10, BMP-6, GM-CSF, IL-1, and TNF-α, and the modulation of microRNAs are in-

volved [21]. MMPs may degrade growth factors and hamper re-epithelialization. 

Keratinocytes increase growth factors in fibroblasts, which stimulate keratinocyte prolif-

eration retroactively [22]. Fibroblast-derived TGF-β causes the release of K5 and K14, end-

ing the activation of keratinocytes and reverting them to their initial form and function 

[19].  

The regeneration of keratinocytes in human partial-thickness wounds occurs mainly 

through stem or progenitor cells from the eccrine sweat glands and pilosebaceous units, 

and through basal stem cells and progenitor cells of the interfollicular dermis, to a lesser 

extent. On the other hand, regeneration in full-thickness wounds must originate from in-

terfollicular dermal cells from the wound margins.  

The remodeling (maturation) phase 

During the remodeling phase, circulation is reestablished over the filled gaps, and inflam-

mation stops after a more extended phase of an active metabolic scar. The regeneration of 

the intact skin depends on local conditions such as delayed wound healing, the wound 

depth, the tension of the scar, and systemic factors such as hormones or hypertension. 

Tension in the healing skin results in endothelial dysfunction, promoting ongoing inflam-

mation in the reticular dermis [23], causing pathological scar healing [24] as keloids or 

hypertrophic scars, persistent pigmentation changes, and fibrosis. Wound contracture is 

an important part of wound healing [25]. 

Collagen maturation during the remodeling phase can take 6 to 24 months [26]. The 

initial collagen matrix comprises 30% collagen type 3, while intact tissue contains 10–20% 

collagen type 3 and 80–90% collagen 1 [27]. Collagenases and proteases degrade these 

early fibrils, and this process is paralleled by collagen deposition. Crosslinking mediated 

by lysyl oxidase increases the thickness and stiffness, and the ratio of collagen 1 and col-

lagen 2 is nearly the same as that for intact connective tissue. Twenty-eight different col-

lagens have been identified in vertebrates; collagens II, III, V, and XI are fibril-forming 

collagens, while collagen I is the prevalent form in fibrotic conditions. 

As an essential part of normal wound healing, shrinking is mediated by myofibroblasts, 

which are generated under the influence of TGF-β. The differentiation into myofibroblasts 

largely depends on LDH and lactic acid, seems to be pH-dependent, and can be inhibited 

by gossypol, which inhibits LDH activity [28]. 
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The quality of the regenerated skin is also dependent on the patient's health conditions, 

metabolic state, and wound care. 

Aspects of the Pathophysiology of the skin injury 

Injuries from lacerations of the skin have multiple aspects, including the partial or com-

plete loss of the epidermis, the destruction of the basal membranes as an anchor for the 

epidermal cells, the corruption of the vascular network and both the superficial and the 

deep plexus, increased fluid loss as well as temperature and energy loss, and lacerations 

in deep subdermal tissues[8]. 

Through the destruction of the local network of vessels, potentially both the superficial 

and the deep, a hypoxic gradient between the vascularized wound margins and the avas-

cular center of the wound is created [29]. Furthermore, this is linked to increased lactate 

production, transfer, and local availability [44], inducing angiogenesis, extracellular ma-

trix generation, fibroblast-induced collagen deposition, and TGF-β synthesis even without 

acidosis. 

In addition, the loss of carbon dioxide over the open wound changes the pH locally. Thus, 

the oxygen tension is diminished because of the vascular lesion, and the presence of ne-

crotic tissue creates a perfect ground for bacteria and infection.  

Chronic wounds  

Chronic wounds do not undergo the typical healing path and may stall in one of the heal-

ing phases, not closing the skin cover. Not regarding an ongoing discussion over the lim-

itation of the duration of wound healing, wounds with a not healing time over more than 

three months are considered "chronic wounds." [1]The inability of the host to clear the 

direct incitement and/or to generate a response to the self-sustaining inflammation pro-

gram are the two general reasons for chronification.  

Persistent inflammation, an MMP and TIMP disbalance,  

The impairment of angiogenesis and dysregulated cytokine and ECM proteins character-

ize chronic wounds. TGF-β is a controller and modulator of the ECM; it is activated from 

latent forms, binds to receptors, and releases the ECM components collagen, fibrin, and 

hyaluronic acid, primarily from fibroblasts [8]. A balanced relationship between free rad-

icals and MMPs enables fighting pathogens and limits tissue destruction. Matrix metallo-

proteinases together with TIMPs are the main components in wound healing. They coop-

erate with cells, growth factors, enzymes, and cytokines, and imbalances result in disease 

[30]. Vasculogenesis, angiogenesis, and other cells form the immature granulation tissue 

[8].  

What is the difference between chronic wounds and acute wounds  

Different growth factors and cytokines distinguish each type of wound [31]. The EGF, 

FGF-2, TGF-β, PDGF, and VEGF levels are increased in acute wounds and decreased in 

chronic ones. IL-1, IL-6, and TNF-α are increased in acute but also increased in chronic 

wounds, according to Rayment et al. [32]. The lowest mitogenic activity is attributed to 

chronic wounds; fibroblasts show signs of premature senescence, MMPs are in excess, and 

TIMPs are reduced in chronic wounds. With increased ECM degradation and uncon-

trolled inflammation, the healing time is prolonged. 

Keratinocyte behavior in chronic wounds is described as hyperproliferative with im-

paired migratory potential causing keratosis, or with reduced differentiation or reduced 

proliferation, and reduced migratory activity [16,33]. 

Oxygen tension:  

Thus, one of the significant features of chronic wound healing is the local oxygen tension, 

correlating with a pH increase. Oxygen supply is critical for all aspects of wound healing 

and biochemical energy supply [34–36]. Thus, there is an increased energy demand in all 

regenerative biological processes. In addition, the loss of parts of the vascular network 

and some necrotic tissue affect the oxygen tension in the center of the wound to the mar-

gin, where the center is more hypoxic than the margins. Activated leukocytes in this area 
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show high metabolic demands, so the pH falls as a result of the reduced oxygen tension 

and lactate accumulates. Hypoxia itself reduces angiogenesis, and angiogenesis rises with 

increased oxygen tension [35]. Lactate accumulation is independent of the oxygen concen-

tration [37,38].  

Accumulation of Lactate:   

Lactate accumulation to the 5–10 mM level and, indispensably, oxygen can initiate a heal-

ing reaction, potentially via stem cell homing [39]. In addition, lactate accumulation is an 

indicator of increased metabolic demands, as it is in wounds.  

Alkalinity of wounds 

Wound alkalinity, caused by CO2, a reduction in oxygen tension, and, possibly, by anion 

accumulation from bacterial metabolism, is accompanied by lactate accumulation through 

a Warburg-like effect [40,41]. Lactate at least partially reduces the pH from the alkalotic 

range to a more physiological range in wounds, enabling cell proliferation and differenti-

ation at a more optimized pH and undisturbed wound healing. Furthermore, the optimal 

pH range for metalloproteinases for their action is slightly alkaline. 

In chronic wounds, this compensation mechanism turns out to be insufficient.  

Lactate as fuel for the cells 

Lactate in this situation serves as the "link between glycolytic and aerobic pathway" [42]. 

Cells with a high energy demand that cannot be fulfilled by oxygen delivery via the cir-

culation turn to lactate metabolism and obtain lactate locally via the lactate pyruvate shut-

tle. Wounds remain alkaline when the lactate accumulation or the perfusion and oxygen 

tension cannot reach the physiological ranges. 

Essential components of acute and chronic wound healing 

Lactate 

Lactate was long seen as a waste product of anaerobic metabolism under low oxygen [42].  

However, the work of Gertz et al. in 1981 [43] and others revealed that the working heart 

and muscle simultaneously consume glucose and take up and oxidize lactate in large 

quantities [44]. 

Brooks attributed this to at least three crucial functions [45,46].  

Lactate as an energy source  

First, lactate acts as a highly effective essential energy source. It acts as the critical pre-

cursor for gluconeogenesis and has a hormone-like function with autocrine, paracrine, 

and endocrine effects. Because of this, it is referred to as a "lactormon" [42].  

Lactate as the preferred energy source  

Second, lactate is preferred as a fuel over glucose and fatty acids in brain preparations 

and humans. Third, intracellular and extracellular lactate shuttles have been described, 

such as the lactate–peroxisome shuttle or the cytosol mitochondrial shuttle, as enabling 

lactate exchange between muscles and muscle beds, working skeletal muscles, the brain, 

the liver, the kidneys, astrocytes, and neurons [47], where lactate might interfere with li-

pid transfer. This function seems to be disrupted in Alzheimer's disease [48].  

Lactate pretending pseudohypoxia 

Third, thus, lactate acts as a signal molecule imitating "pseudo-hypoxia" [11]. Hypoxia is 

a strong signal to cells, mediating HIF induction and vasculogenesis. Even in a normoxic 

environment, lactate activates responses, but this usually occurs in a hypoxic environment 

[38].  

It is now seen as the link between glycolytic and aerobic pathways, glycolysis, and mito-

chondrial respiration and is one of the essential energy-providing and transportation re-

sources. In addition, the Lactate Shuttle Theory establishes its role in cell signaling and 

the delivery of energy-rich substrates. Lactate can pass cell membranes via the monocar-

boxylate transporter [49–51], and it can enter the mitochondrial reticulum and, in a wide 
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range of cells and components, can additionally lactylate histone–lysine residuals to mod-

ify and stimulate gene transcription from chromatin [52], as demonstrated in M1 macro-

phage polarization 

Lactate incites angiogenesis 

Lactate also influences cytokines and enzymes with broad metabolic effects. Lactate oxi-

dation into pyruvate depletes the NAD+ pool for ADP-ribosyl transferase, which inhibits 

the activation of vascular endothelial growth factors. Substrate competition between 

LDH1 and nuclear poly-ADP ribose polymerase increases procollagen and VEGF tran-

scription in fibroblasts [38]. Studies have demonstrated the effect of lactate on neoangi-

ogenesis and vascularization [53–55], even under normoxic conditions. 

Lactate stimulates collagen synthesis and the synthesis of ECM 

 Lactate stimulates collagen production in fibroblasts [56]. Liu demonstrated that the 

products of glycolysis increased HIF-1α, a transcriptional factor modulating the genetic 

reaction to hypoxia [57]. Vural [58] demonstrated that HIF increases the healing of 

wounds, stimulates VEGF, and promotes angiogenesis. Furthermore, myeloid HIF-knock-

out mice showed significantly impaired take rates for skin grafts.  

Trabold postulated that lactate might be a surrogate for hypoxia, initiating the healing 

mechanism [38].  

Lactate is a radical scavenger  

Free radicals diminish LDH. 

Relatively recently, the role of lactate as a radical scavenger was discovered to be effective 

in reducing oxidative stress and in the early control of inflammation [59,60]. A close rela-

tionship with redox reactions occurs in the endoplasmic reticulum, where Fe+++,++ forms 

chelates with lactate, which enhances OH- in the presence of H2O2.  

Lactate toxicity :  

Hunt et al. described the toxicity of lactate at higher levels with a decrease in VEGF pro-

duction, and Beckert stated that a 15 mM lactate concentration in HUVECs did not reveal 

visible evidence of toxicity, while VEGF production increased for more than 24 hours [61].  

The Role of TGF-β 

TGF-β is one of the most potent cytokines in wound healing. However, there is general 

agreement on the lack of all the TGF-β isoforms [62] in chronic wounds. Nevertheless, 

controversial observations on different isoform amounts in ulcers of different origins and 

epithelial cells in different locations have been published. There is agreement on an over-

all decreased TGF-β levels in chronic wounds, but the TGF-β levels are high in the 

keratinocytes [62]. Thus, although TGF-β function is critical for undisturbed wound heal-

ing, it seems as though the absolute levels of isoforms are not crucial. The temporal coor-

dination and the different cell targets did not allow us, until now, to define the exact role 

of TGF-β in skin healing; furthermore, different effects on different compartments and cell 

types must be addressed. 

Liarte [62] pointed out some fundamental aspects of the complex TGF-β network. The 

continuous exposure of keratinocytes to TGF-β influences the evolution and alterations of 

the cell cycle response in keratinocytes, influencing changes in keratin expression by mod-

ulating gene expression and the induction of the mechanism related to epithelial  mesen-

chymal transition. 

However, many relevant challenges, including keratinocyte transdifferentiation, a lack of 

scientific reasoning, a possible sensitization to TGF-β during the healing process, and the 

autocrine potential of epidermal cells, necessitate ongoing research.  

In addition, long-term elevated TGF-β might contribute to a closed feedback loop in the 

context of stagnated re-epithelialization. However, TGF-β levels show controversial re-

sults in acute and chronic wounds. They are elevated in acute wounds and reduced in 

chronic wounds, with elevated levels in the epidermis [62], where the persistence of re-

ceptor expression might result in a "feedback loop," resulting in a fibrotic phenotype of 
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fibroblasts. Furthermore, TGF-β is closely linked to fibrosis [10,63]. 

Moreover, it is involved in wound healing, angiogenesis, inflammatory processes, col-

lagen synthesis and deposition, and the modeling of the extracellular matrix [33]. Three 

isoforms are secreted in inactive forms as an LLC (large latent complex) to the ECM. They 

can be activated by an integrin-dependent pathway, including proteases and metallopro-

teases, changes in pH, the denaturation of LAP, reactive oxygen species, and thrombos-

pondin-1 [64–66], where TGF-β can be activated. 

TGF-β directs leukocyte migration in the wound together with PDGF, IL-1, and other cy-

tokine complexes that are translocated into the nucleus, by activating the SMAD pathway, 

by which the expression of various genes is regulated [67].  

In addition, it initiates the transformation of monocytes into macrophages, together with 

ECM and complement fragments, clearing the debris and initiating the formation of gran-

ulation tissue [68]. TGF-α stimulates keratinocyte migration and proliferation, neoepi-

thelial formation and differentiation, and the basement membranes' neoformation, while 

macrophage-released TGF-β and VEGF are active in angiogenesis [19].  

6. Methods to improve wound healing: 

Effects of topically applied Lactate:  

Several authors have tested the topical application of Lactate.  

Trabold et al.  

Trabold et al. [38] performed experiments on rats with polyglactin 910 (Vicryl). Lactate 

increased the VEGF level on Day 7, with statistical significance on Days 14, 18, and 21. In 

addition, TGF-β was elevated twofold in the treated group. IGF-1 (insulin-like growth 

factor) was equal to the controls on Day 7 but declined rapidly at Days 14, 28, and 21 . IL-

1β was significantly elevated on Day 7 but did not show a difference from control on all 

the other days. 

Rendl et al.  

Rendl et al. [69] tested a topical cream containing lactic acid on epidermal equivalents. 

They found differentially modulated vascular endothelial growth factor (VEGF), angiog-

enin (ANG), and interleukin (IL)-8 secretion by human epidermal equivalents. VEGF ex-

cretion was increased with creams having concentrations of 1.5 and 3% but not with a 

cream containing 5%. IL-8 was not significantly changed, and ANG (angiogenin) de-

creased with increasing concentrations. Increasing concentrations led to increased apop-

tosis and cell death.  

Porporato et al.  

Porporato et al. [70]  tested lactate delivered from Matrigel, polylactide (poly-L-lactide), 

and poly-D, L-lactide-co-glycolide lactide in mice in an ischemia–reperfusion model. They 

demonstrated that lactate–glycolide combinations could be used for a rate-controlled lac-

tate release, and they envisioned a future for lactate treatment for the improvement of 

wound healing in the development of a formulation with sustained lactate release in 

adapted amounts. In addition, the angiogenesis inhibitor SU5416 prevented the stimula-

tion of PLGA-stimulated wound healing [71].  

.  

Hunt et al.  

Hunt et al.[35] tested topically applied lactate in Matrigel. In a first experiment, they tested 

whether lactated Matrigel induced angiogenesis, and in a second, whether there existed a 

quantitative relationship between lactate monomers and VEGF. In a third experiment, 

they tested the inhibition of lactate’s effects by oxamate, an inhibitor of LDH and ADP 

ribosylation. Their first experiment proved angiogenesis in the lactate-containing Matrigel 

probes, whereas no angiogenesis in lactate-lacking or insoluble lactate preparations oc-

curred. The second experiment demonstrated a direct relationship between VEGF and 
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lactate in a range below that of lactate toxicity. In the toxic range, VEGF fell significantly. 

In the third experiment, oxamate reduced angiogenesis 

Ring et al.  

 In mice, Ring et al. [55] used a dorsal skinfold chamber to analyze the angiogenic re-

sponse to a porous lacto-capromer terpolymer dermis substitute. Quantitative analysis 

showed a significantly increased vessel density on Days 5 and 10 at the margin of the 

implant, and intravital microscopy showed a perfused microvessel network at the bor-

ders, while the surrounding tissue did not change. In another trial, they compared an ε-

caprolactone terpolymer matrix with a pore size of 50–400 µm to a PEGT/PBT (polyeth-

ylene glycol terephthalate/polybutylene terephthalate) block copolymer with a pore size 

of 250–300 µm. Both polymers induced a solid angiogenic response, but the functional 

vessel density was 1.3 times higher for the ε-caprolactone terpolymer on Day 10 [53,55]. 

Gürünlüoglu et al  

Gürünlüoglu et al. from the research team of Prof. Demircan, applied a topical lactate ap-

plication using a polylactide membrane (Suprathel) on partial-thickness burn wounds in 

children and tested the systemic and local effects. In a wet environment, the polylactides 

degraded to monolactides, releasing lactic acid and salts in physiological buffers. 

They tested the effects of polylactide membranes, Hydrofiber Ag, and a control on the 

telomerase expression and skin quality in partial-thickness burns [72]. They found an in-

crease in telomerase expression after PLM treatment. In addition, the absolute cell count 

in the healed epidermis was higher after PLM treatment. Both effects were hypothesized 

to be attributable to lactate and its radical-scavenging effects. 

In a prospective and randomized study, they compared the parameters of systemic oxi-

dative stress to those with a hydrofiber-silver dressing and a control [73]. They tested the 

TOC (total oxidant capacity), TAC (total antioxidant capacity), MDA (serum malonalde-

hyde), and GSH (glutathione) levels. PLM use reduced the TOC values to normal levels, 

the TAC levels were increased, and the drop in TOC was faster in the PLM group than in 

the comparison group. 

In a third prospective and randomized study, [74] evaluated the levels of different bi-

omarkers in children with partial-thickness burns, comparing PLM to hydrofiber Ag and 

a control. They found an early decrease in IL-6 and TNF-α in both serum and tissue sam-

ples in the PLM-treated group during the first days, compared to the HF-Ag group, while 

TGF-β was increased in this group for three weeks. Thus, they concluded that PLM con-

trolled inflammation earlier, both systemically and in burnt tissue, and the early and time-

limited increase in TGF-β might prevent hypertrophic scarring. 

Topical acidification:  

Leveen et al.  

"Acidification" was tested by Leveen et al. [75] with 7% Carbopol, 20% polyacrylic acid, 

and 1% acetic acid to determine the ammonium-binding capacity and oxygen tension un-

der changing pH conditions in 154 wounds and 27 split-thickness skin grafts, where the 

pH of healing wounds was compared to that of non-healing wounds, and the presence of 

liberated ammonia was determined. Their studies revealed that the failure of wound heal-

ing was correlated to an alkaline pH in the wound. In addition, wounds exposed to open 

air lost CO2 rapidly and established local metabolic alkalosis. The pH of open wounds was 

7.6 or higher. Only 19 out of 137 wounds showed a pH of 7.4 or below. In addition, 27 skin 

grafts failed at pH levels created by active ammonia production, which was determined 

in 137 wounds. 

The potential for changing the pH was tested in 1% acetic acid, Aserbine, 4% Carbapol (a 

polymer from acrylic acid), 15% acrylic acid, and 20% acrylic acid. Acrylic acid reduced 

the pH to around 5, and it reverted to the initial level after approximately 1.5 hours. Aserb-

ine resulted in the same initial pH drop, but it was reversed to the initial value after 2 to 3 

hours, and the polyacrylic solutions caused more significant pH drops and recurrence to 
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the initial pH values after 4 hours, from pH 8 to 7 in the 15% solution and from pH 5 to 6 

after the same time. No information on the healing rates under the topical treatment with 

either substance was provided. In another study, Aserbine did not improve the healing 

time compared to SSD (silver sulfadiazine) or Daromide, a mercurochrome-containing 

ointment, and the infection rate was the lowest for SSD [76].  

Kaufman et al.[77]  

They performed a randomized controlled animal study with guinea pigs on the topical 

application of three buffered solutions of pH 3.5 (citric acid), 7.42 (tris base), and 8.5 (tris 

base) in partial-thickness burns. They used irrigation disks with 0.15 ml/cm2 for irrigation 

once in 24 hours and one control without irrigation of the disk. The dressings were 

changed every seven days, and the wounds were assessed. The wounds treated with pH 

3.5 solution epithelialized the fastest and epithelialized faster at pH 3.5 and 7.42 than at 

8.5 and the non-irrigated wounds. On Day 21, 62.5% of the pH-3.5-treated wounds were 

healed, while only 12.5% were healed in the other groups. The contraction rate did not 

differ between the groups, nor did the scar thickness, except in the alkalinity group com-

pared to the neutral pH group. This study evaluated the pH of the irrigation fluid imme-

diately after application and not at the end of the 24 hours before further irrigation, so the 

final pH of the wounds remains unclear.  

Strohal et al. [78] 

They treated 30 patients with critically infected chronic leg ulcers with an acid-oxidizing 

solution. They reduced the highly alkalotic pH to a less alkalotic one. In their study, the 

mean pH of 9.25 ± 0.61 of the chronic wounds on Day 0 was reduced to 7.28 ± 0.71. Thus, 

a highly significant decrease in wound size was observed at the end of the study period.   

Smith et al. [79] 

Different organic and inorganic acids such as acetic acid or hypochlorite can act effectively 

as antimicrobial agents, acidifying wounds during and after application. Smith used hy-

pochlorite solution with a pH of 8.6, which decreased the bacteria/cm2 by 1 or 2 log 10. 

However, acidic tap water with a pH of 5.7 showed mixed effects. NaOCl concentrations 

higher than 0.01 were cytotoxic to fibroblasts [80].  

Reducing the bioburden  

Reducing the bioburden might promote wound healing if the pH does not affect keratino-

cytes and fibroblasts in a cytotoxic range. In addition, the more acidic pH might support 

oxygen release in the wound and improve wound healing by activating neovasculariza-

tion and collagen synthesis in cooperation with lactate and HIF-α. Angiogenesis and col-

lagen deposition tend to be diminished by hypoxia [81]. Lactate signals simulate hypoxia 

even under normoxic conditions. When initiated under hypoxic conditions, the signal re-

mains until the newly created vascularization fulfils metabolic needs. Kaufman concluded 

that a strongly acidic pH did not reduce the migratory speed of epidermal cells [77].  

 

Gethin et al.  

Gethin et al. [82] used topical manuka honey because of its acidity for the treatment of 20 

chronic ulcers. After two weeks, they found a statistically significant decrease in pH. 

Wounds with a pH >8 did not decrease in size, while wounds with a pH <=7.6 showed a 

30% decrease in size.   

Silvetti et al.  

Silvetti [83], cited by Kaufman, treated 58 chronic wounds of various origins lasting from 

several months to several years with a balanced solution of salts, amino acids, a high-

molecular-weight D-glucose polysaccharide, and ascorbic acid, and reported, in small and 

medium-sized wounds with ages of 5 to 20 years, a healing time of four to eight weeks. 

Larger lesions were managed with autografts. 
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The paper of Bergman et al. [84], cited by Kaufman and only available as an abstract, did 

not reveal information on the pH of the wounds successfully treated with honey.  

General questions  

What is the optimal pH for optimized wound healing from the cell perspective?  

According to Kruse et al., keratinocytes were demonstrated to have optimum vitality at a 

pH of around 7.5 [85], while fibroblasts' best viability was observed at pH 7.5 to 11.  

Sharpe et al. [86] found that the optimal pH for keratinocyte and fibroblast proliferation 

migration was 8.55, and that for cell proliferation, between 7.2 and 8.3, where the expres-

sion of cytokeratin K1, which is significant for differentiated keratinocytes, and K5, sig-

nificant for basal keratinocytes, was studied. The optimal pH for keratinocyte migration 

from explants was 8.55, while optimal active proliferation was observed between pH 7.58 

and 8.55. There was no difference between fibroblasts and keratinocytes in proliferation. 

The pH range that was tolerated by keratinocytes was wider than that for fibroblasts. No 

difference between the cells expressing K1 or K5 could be found. The optimal pH for fi-

broblast attachment to tissue culture plastic was 8.06, and that for keratinocytes was 8.3, 

after 24 hours.  

Lönnqvist et al. describe that at pH-5, there is no, with pH 6, there is moderate, and with 

pH 7, there is normal re-epithelization in vitro[87].  

What is the optimal take-rate of skin grafts with respect to the pH? 

Chai et al. [88] investigated the pH of granulation tissue concerning skin grafts and stated 

that pH values of 7.2 to 7.5 resulted in the best take rates. Wounds with a pH lower than 

6.5 had <107 Staph. aureus or Escherichia coli CFUs. Wounds with a pH of 8.0 showed Pseu-

domonas aeruginosa at more than 108 CFUs. 

Sayegh described the correlation of pH with graft take in 24 ulcers of different origins, 

with a table describing the take rates according to pH (Sayegh et al., 1988b).  

Cesny described the maximal skin graft take as occurring at pH 6.8 to 7.4 (Congress report, 

animal studies). 

 

In 1956, Richard [89] described the take rate for 90 granulating wounds. In 12 cases trans-

planted at a pH of 6.8 to 7, the average take rate for the skin grafts was 0.1%; in 14 with a 

pH of 7.0 to 7.2, it was 6%; in 10 with pH 7.2 to 7.4, it was 47%. In 18 with a pH of 7.4, it 

was 91.4%, and in 36 with a pH above 7.4, it was 99%. 

What about the killing ability of leukocytes dependent on pH? 

In 1997, Allen et al. [90] investigated the respiratory burst activity, i.e., oxygen consump-

tion and superoxide production, over ranges of 30 to 300 mm of PO2, 0 to 40 mmol/l of 

glucose, and pH 6 to 8. The oxygen consumption and production and oxidant generation 

correlated with the oxygen tension of the incubation fluid.  

They stated that the leukocyte killing capacity was substantially impaired at low oxygen 

concentrations, including at lower pH although to a lesser extent. Increased oxygen ten-

sion at the wound site also augmented the bacterial killing capacity of leukocytes in the 

wound. The reason for this is that peroxide production is dependent on the NADPH-

linked oxidase. The oxidant generation was also dependent on pH, temperature, and glu-

cose concentration, but less so. 

What is the relationship of matrix metalloproteinases and pH? 

Matrix metalloproteinases are classified according to their function as collagenases, gelati-

nases, stromelysins, matrilysins, enamelysins, membrane-type MMPs, and others.  

Matrix metalloproteinases are pH- and temperature-dependent for their efficacy and sta-

bility. MMP1, classified as Collagenase is one of the first acting MMPs in wound repair 

and has the highest efficacy at a pH between 6 and 7 [91]. Gelatinases have maximal ac-

tivity at a pH of 8.6 [92] against marine psychrophile Vibrio and 7.2 against Streptococcus 

faecalis [93]. Matrilysin (MMP7) has a broad optimum pH range of 5.0–9.0 [94].  
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Results:  

Topical lactate application: 

Lactate was applied in different forms, as a polyglactin [38], as a cream applied topically 

[69], as a Matrigel delivering lactate [35,70], as an implant in lactide polymers [95], and by 

the external application of polylactide membranes [74,96,97]. 

The implantation of polyglactin resulted in a statistically significant increase in VEGF and 

a doubling of TGF-β levels; IL-1β was significantly elevated on Day 7, but on the other 

days, it showed no significant difference from controls. The topical application of creams 

showed effects in the range of 1.5 to 3% but not at 5%, at which apoptosis and cell death 

occurred. Delivery by Matrigel demonstrated that different lactate–glycolide preparations 

could be used for controlled lactate release. The context of lactate-dependent angiogenesis 

exhibited a direct relationship between VEGF and lactate in a non-toxic range, and ox-

amate could antagonize lactate’s effect. Implants of lactate polymers resulted in an increase 

in angiogenesis and functional vessel density. Delivery using polylactic membranes resulted 

in an increase in telomerase activity and the absolute skin cell count, a reduction in sys-

temic oxidative stress, an early decrease in IL-6 and TNF-α, and a time-limited increase in 

TGF-β. 

The topical application of lactate resulted in an increase in VEGF and angiogenesis in a 

dose-dependent manner within a non-toxic range, a reduced systemic inflammatory re-

sponse, and reduced oxidative stress, with positive effects on wound healing. 

. 

Topical acidification: 

Wounds have a lower oxygen saturation owing to the damage to vessels. When exposed 

to air, they lose CO2 and become alkalotic. Bacterial contamination may increase ammonia 

production. "Acidification" was tested regarding the ammonium-binding capacity of 

acidic applications and their effects on wound healing under different pH conditions by 

Leveen et al. [75] with Carbopol, Aserbine, acetic acid, and different concentrations of 

polyacrylic solutions. All the applications showed an initial drop in pH for a limited time. 

The release of the acids seemed to be the influencing component, which was the shortest 

in acetic acid and Aserbine, while the polymeric acids seemed to exhibit concentration-

dependent effectivity. Wound healing failure was attributed to an alkaline pH in the 

wound. 

By the continuous irrigation of partial-thickness burns with buffered solutions at different 

pH levels using irrigation disks over a week, they found that the acidic- and normal-pH-

treated wounds healed faster, and after three weeks, they exhibited a higher healing rate 

than the controls, which still showed incomplete healing. The scar thickness was increased 

in the alkalinity group [77]. The addition of amino acids and ascorbic acid to balanced 

solutions was described as successful [83].  

Topical acidification showed positive healing effects, which could be mainly attributed to 

the reduction of the strongly alkaline pH to a more physiological one, avoiding levels that 

are cytotoxic to keratinocytes and fibroblasts and inhibiting the activity of MMPs.  

The optimum pH for wound healing: 

The optimum pH for cells to enable wound healing results from in vitro testing. The val-

ues seem to be essential for spontaneous wound healing without grafting.   

Table 1: optimal pH for cells 

Literature   

(first author) 

Fibroblasts  Keratinocytes Function tested  

Kruse  7.5–11 7.5 Vitality In vitro 

Sharpe   8.55 Migration Explants in tis-

sue cultures 

Sharpe 7.58–8.55 7.58-8.55 Proliferation   

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 September 2021                   doi:10.20944/preprints202109.0511.v1

https://doi.org/10.20944/preprints202109.0511.v1


 

 

 8.5 8.3 Attachment   

Lönnqvist  5 No epithelialization  In vitro  

  6 Moderate epitheli-

alization  

 

  7 Normal epitheliali-

zation   

 

 

Fibroblasts showed optimal vitality, proliferation, and attachment at pH 7.5 to 8.55, re-

maining vital up to a pH of 11, while keratinocytes showed the best results for vitality, 

proliferation, migration, and epithelialization at a pH of 7 to 8.55. Thus, the optimal pH 

for wound healing seems to be in the range of 7.5 to 8.5.  

The optimum wound pH for grafting 

The effect of pH on grafted wounds was determined by registering the take rates for grafts 

at different pH values. In addition, the kind and severity of the bacterial contamination of 

wounds might influence the pH, as described by Chai, who found a pH lower than 6.7 in 

patients with high counts of Staph. albus or Escherichia coli and pH >8 in patients with Pseu-

domonas aeruginosa.  

Table 2: Optimum wound pH for grafting from literature 

Study (first au-

thor) 

Optimal take rate at pH Method  Remarks  

Chai 7.2–7.5  Human  

Sayegh 7.2 (n=2) Animal study, n=15  

 7.2 (Take rate 90%), n=2 Human, n=25 deep sec-

ond or 3rd degree burns 

 

 >7.4 (n=18) Chronic ulcers n = 24  Total loss in pH < 7.4 

Cesny 6.8 to 7.4    

Richard  >7.4 Take rate: 99%)  No takes between 6.8 to 

7 

 

What is the optimum pH for the bacterial killing capacity of leukocytes? 

When measuring the peroxide production of neutrophils, a lower oxygen concentration 

and a lower pH reduced the superoxide production in leukocytes. As Allen demonstrated 

in his Figure 6, the peroxide production at a pH of 7 was about five times higher than that 

at pH 6. The optimal killing capacity was demonstrated to occur between pH 7 and 7.5 

[90].  

  

 

Discussion:  

MMPs and Biofilms: 

The literature on different approaches to improving wound healing was reviewed with 

an emphasis on the pH of the wound, oxygen saturation improvement, and improvement 

of the metabolic situation. However, the authors are aware that, recently, components in-

fluencing wound healing such as MMPs and biofilms have increasingly been topics of 

research. The growing knowledge has brought about a better understanding of the im-

mensely complex network of MMPs and TIMPs. Unfortunately, initial studies on the bind-

ing of the Zn++ necessary for enzyme action did not result in therapeutic applications [98]. 

Nevertheless, this and other approaches are expected to be evaluated in the future [99], 

although most research is devoted to cancer.  
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Interestingly and independently from MMPs and biofilms, papers from earlier years de-

scribed success in treating chronic wounds. For example, clinical applications of acidic 

dressings [77–79,83] and the application of topical lactate [35,38,69,70], as well as measures 

to increase the local oxygen saturation, such as occlusive dressings or HBO treatment [1], 

resulted in shorter healing times. Fortunately, most of these methods remain feasible but 

became lost from the therapeutic toolbox. In this paper, several approaches were dis-

cussed. 

Correcting the pH:  

When evaluating the effect of acidic dressings, the main mechanism might be the conver-

sion of a highly alkalotic pH in chronic wounds to a less alkalotic one, possibly reducing 

MMP activity [100], making the oxygen delivery to the wound higher than that in a 

strongly alkalotic one. The higher oxygen delivery and lactate result in increased vascu-

logenesis and enhance the bacterial killing capacity of leukocytes in a neutral environ-

ment.  

Chronic wounds are marked by excessive activity of MMPs breaking down the extracel-

lular matrix. According to Trengove et al. and Schultz et al., protease activity decreases 

during healing. Therefore, decreasing the pH might curb protease hyperactivity and con-

tribute to healing. Adjusting the pH from 8 to 4 was associated with an 80% reduction in 

protease activity [101,102]. According to their table, when reducing the pH from 8 to 7.5, 

the reduction in protease activity might be about 25%. It was shown that the application 

of nanocrystalline silver could reduce MMP-9 levels to a greater extent than silver nitrate 

[103].  

Nevertheless, it was shown that applying acidifying dressings can correct or at least re-

duce an alkalotic pH. However, the short duration of the pH adjustment, owing to the 

short acidity-neutralizing time, may limit the effects of dressings. However, even short-

term pH drops may be effective in restoring the capability of fibroblasts and keratinocytes 

to proliferate and migrate and improve wound healing. Polymeric dressings with con-

trolled degradation to active monomers had the most extended effects on pH [75]. The 

speed of degradation to the active form determines the concentration of the active com-

ponent and the duration reservoir of the bioactive polymer. In addition, the composition 

of the polymers influences the kind of acidic anions released. The application of physio-

logical NaHCO3 can correct acidosis. The effect can be monitored easily with a pH probe 

or litmus paper.  

Acidifying can be done by wet dressings soaked with acidic components like lactic acetic 

acid, citric acid, or others in a not cytotoxic solution[104,105] or polymeric membranes 

from the lactic acid[106], which has the advantage of a controlled release and antioxidant 

activity, where it is hypothesized that it might contribute to a reduced grafting rate in 

partial-thickness burns[73,106]. Controlling the pH before grafting might be highly rele-

vant in healing per the second intention with delayed grafting and dermal templates used 

in a two-step procedure.  

Improving Hypoxia and Lactate accumulation: 

Local hypoxia is the consequence of a disturbed vascular network. Depending on the 

depth of a wound, the intradermal capillary plexus is damaged along with papillary arte-

rioles and venules or the intradermal plexus [107]. Hypoxia is the most extensive in the 

center of the wound and shows a gradient from the margin to the center [29]. Hypoxia can 

be reduced by external oxygen or by increasing neovascularization, which can be used 

therapeutically. In addition, the body itself accumulates lactate, indicating increased met-

abolic demand and action in the inflammatory repair process, fueling the cells necessary 

to initiate revascularization [81].  

This lactate accumulation in and around cells lowers the pH, working against the alkalin-

ity derived from the reduced O2 partial pressure and CO2 loss. Lactate is needed to trigger 

neovascularization [38,42,108]. Hypoxia by itself is not sufficient. 

In addition, lactate levels from 5 to 10 mM induce a hypoxia-like response in fibroblasts 

and other cells dependent on and independent of HIF [109].  
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With the local vascular network disturbed and the local oxygen tension reduced but still 

not zero, VEGF increases and initiates angiogenesis and cell growth, and vascular in-

growth. In addition, the low oxygen tension stimulates collagen synthesis through TGF-

β1 and procollagen [110] and supports the healing process. With a better vascularization 

of the wound, the oxygen tension rises, the CO2 loss is reduced, and healing is accelerated. 

Capillary sprouting takes place from Day 3 to Day 10 after injury [111]. It is initiated by 

growth factors binding to their receptors on endothelial cells and dissolving the basal lam-

ina. Activated endothelia are enabled to proliferate and form sprouts. Integrins, as super-

ficial adhesion molecules, help to organize the endothelial cells, which produce matrix 

metalloproteinases that lyse the surrounding tissue, facilitating endothelial progress. 

  

This process can be supported by topical lactate application.  

 

However, as demonstrated by Trabold, additional topical and implanted lactate signifi-

cantly increased VEGF and TGF-β levels. Rendl demonstrated the effectiveness of creams 

containing lactate with VEGF at 1.5 and 3% concentrations, while the effect was dimin-

ished at higher concentrations, indicating toxicity, with higher apoptosis and cell death. 

The composition of the lactate–glycolide application as a powder with external and intra-

peritoneal application can control the release of the lactate [70]. Lactate from Matrigel in-

duced angiogenesis in a dose-dependent manner. Lactate subcutaneously implanted as 

polymers induced an angiogenic response with increased vessel density; topically applied 

lactate as a lactide polymer improved telomerase activity and skin quality in human par-

tial-thickness burn wounds. Lactate reduced systemic oxidative stress parameters and re-

sulted in a shorter healing time under reduced oxidative stress. It also decreased IL-6 and 

TNF-α early and increased TGF-β for a limited period. 

Thus, internal and external lactate can support wound healing by supplying energy to 

cells in fresh and chronic wounds [112] and act as an antioxidant, reducing oxidative 

stress, which increases MMP1 production in the presence of LPS and H2O2 [113]. Thus, we 

can learn from all these studies that topical lactate application improves wound healing 

and reduces oxidative stress systemically. However, the lactate effect must be stopped in 

time, to avoid stiffness and contracted scars being produced by myofibroblasts [114].  

When there is granulation tissue, the wound can either heal spontaneously or need to be 

grafted. In spontaneous wound healing, the pH must be between 7.5 and 8.5 to enable cell 

proliferation and differentiation, and the closure of the wounds. An alkalotic pH can be 

improved by applying lactate using the most feasible method as a membrane.  

If the wound must be grafted, the optimum take rate occurs between pH 6.8 and 7.2 or at 

pH >=7.4. 

The optimum pH for enabling bacterial killing by leukocytes is between 7 and 7.5. There-

fore, treatment aims to create a pH that supports skin and fibrous cell proliferation and 

healing.  

Conclusion:  

There are simple components in wound treatment that determine its success. First, the 

metabolic situation for undisturbed wound healing must be established. Lactate fuels cells 

by imitating hypoxia under normoxic conditions and encourages metabolic processes 

such as vasculogenesis and angiogenesis, improving the vascularization and local oxygen 

tension.   

Lactate is the key to normalizing the oxygen tension, the acceleration of wound healing, 

and initiating metabolic processes in fresh wounds and "dead" ulcers, as demonstrated in 

chronic wounds by Nischwitz et al.[115]. A normally vascularized wound after lactate 

treatment is less prone to infections, which has been demonstrated for pigskin [116].  

The control and regulation of the wound pH with adequate dressings or topical measures 

can improve wound healing,  prevent the chronification of wounds of all etiologies, and 

restart the healing process. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 September 2021                   doi:10.20944/preprints202109.0511.v1

https://doi.org/10.20944/preprints202109.0511.v1


 

 

 

 
Author Contributions: Conceptualization, H.L.H,S. F., R.M., and K. L.P.; methodology and valida-

tion H.B., N.S.P., D.P., F.S., R.M., D.M, and K.L.P.; writing—original draft preparation, writing—

review and editing H.L.H, S.F, R.M., N.S.P, D.P. K.L.P. All authors have read and agreed to the 

published version of the manuscript." All authors have substantially contributed to the work re-

ported. 

Funding: Publication costs were paid by Polymedics GmbH, Denkendorf, Germany  

Institutional Review Board Statement: No Institutional Review Board Statement was necessary, as 

this publication only uses previously published and publicly available papers. 

Informed Consent Statement: The study did not involve humans. 

Acknowledgments: The article was edited by MDPI editing service.  

Conflicts of Interest:  

Herbert Leopold Haller and Matthias Rapp are consultants for training and teaching end research 

for Polymedics GmbH. The other authors did not have any conflicts of interests. The companies had 

no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing 

of the manuscript, or in the decision to publish the results". 

References 

 

1. [1] Las Heras K, Igartua M, Santos-Vizcaino E, Hernandez RM. Chronic wounds: Current status, available strategies and 

emerging therapeutic solutions. J Control Release 2020;328:532–50. https://doi.org/10.1016/j.jconrel.2020.09.039. 

2. [2] The global wound care market is projected to reach USD 27.8 n.d. https://www.globenewswire.com/en/news-

release/2021/04/29/2219343/0/en/The-global-wound-care-market-is-projected-to-reach-USD-27-8-billion-by-2026-from-USD-19-

3-billion-in-2021-at-a-CAGR-of-7-6.html (accessed July 30, 2021). 

3. [3] Burn wound chronicity myth or reality - Wounds International. Jacky Edwards  n.d. 

https://www.woundsinternational.com/resources/details/burn-wound-chronicity-myth-reality (accessed August 18, 2021). 

4. [4] Saaiq M. Marjolin’s ulcers in the post-burned lesions and scars. World J Clin Cases 2014;2:507. 

https://doi.org/10.12998/wjcc.v2.i10.507. 

5. [5] Sen CK. Human Wounds and Its Burden: An Updated Compendium of Estimates. Adv Wound Care 2019;8:39–48. 

https://doi.org/10.1089/wound.2019.0946. 

6. [6] Fife CE, Eckert KA, Carter MJ. Publicly Reported Wound Healing Rates: The Fantasy and the Reality. Adv Wound Care 

2018;7:77–94. https://doi.org/10.1089/wound.2017.0743. 

7. [7] Fluhr JW, Elias PM. Stratum corneum pH: Formation and function of the “acid mantle.” Exog Dermatology 2002;1:163–

75. https://doi.org/10.1159/000066140. 

8. [8] Wallace LA, Gwynne L, Jenkins T. Challenges and opportunities of pH in chronic wounds. Ther Deliv 2019;10:719–35. 

https://doi.org/10.4155/tde-2019-0066. 

9. [9] Cañedo-Dorantes L, Cañedo-Ayala M. Skin acute wound healing: A comprehensive review. Int J Inflam 2019;2019. 

https://doi.org/10.1155/2019/3706315. 

10. [10] Pakyari M, Farrokhi A, Maharlooei MK, Ghahary A. Critical Role of Transforming Growth Factor Beta in Different 

Phases of Wound Healing. Adv Wound Care 2013;2:215–24. https://doi.org/10.1089/wound.2012.0406. 

11. [11] Hunt TK, Aslam RS, Beckert S, Wagner S, Ghani QP, Hussain MZ, et al. Aerobically derived lactate stimulates 

revascularization and tissue repair via redox mechanisms. Antioxidants Redox Signal 2007;9:1115–24. 

https://doi.org/10.1089/ars.2007.1674. 

12. [12] Teller P, White TK. The Physiology of Wound Healing: Injury Through Maturation. Surg Clin North Am 2009;89:599–

610. https://doi.org/10.1016/j.suc.2009.03.006. 

13. [13] Reyhani V, Seddigh P, Guss B, Gustafsson R, Rask L, Rubin K. Fibrin binds to collagen and provides a bridge for αVβ3 

integrin-dependent contraction of collagen gels. Biochem J 2014;462:113–23. https://doi.org/10.1042/BJ20140201. 

14. [14] Clark RAF, Lanigan JM, DellaPelle P, Manseau E, Dvorak HF, Colvin RB. Fibronectin and Fibrin Provide a Provisional 

Matrix for Epidermal Cell Migration During Wound Reepithelialization. J Invest Dermatol 1982;79:264–9. 

https://doi.org/10.1111/1523-1747.ep12500075. 

15. [15] Velnar T, Bailey T, Smrkolj V. The wound healing process: An overview of the cellular and molecular mechanisms. J Int 

Med Res 2009;37:1528–42. https://doi.org/10.1177/147323000903700531. 

16. [16] Kalinin AE, Kajava A V., Steinert PM. Epithelial barrier function: Assembly and structural features of the cornified cell 

envelope. BioEssays 2002;24:789–800. https://doi.org/10.1002/bies.10144. 

17. [17] Freedberg IM, Tomic-Canic M, Komine M, Blumenberg M. Keratins and the keratinocyte activation cycle. J Invest 

Dermatol 2001;116:633–40. https://doi.org/10.1046/j.1523-1747.2001.01327.x. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 September 2021                   doi:10.20944/preprints202109.0511.v1

https://doi.org/10.20944/preprints202109.0511.v1


 

 

18. [18] McKelvey K, Jackson CJ, Xue M. Activated protein C: A regulator of human skin epidermal keratinocyte function. World 

J Biol Chem 2014;5:169–79. https://doi.org/10.4331/wjbc.v5.i2.169. 

19. [19] Rousselle P, Braye F, Dayan G. Re-epithelialization of adult skin wounds: Cellular mechanisms and therapeutic 

strategies. Adv Drug Deliv Rev 2019;146:344–65. https://doi.org/10.1016/j.addr.2018.06.019. 

20. [20] Safferling K, Sütterlin T, Westphal K, Ernst C, Breuhahn K, James M, et al. Wound healing revised: A novel 

reepithelialization mechanism revealed by in vitro and in silico models. J Cell Biol 2013;203:691–709. 

https://doi.org/10.1083/jcb.201212020. 

21. [21] Pastar I, Stojadinovic O, Yin NC, Ramirez H, Nusbaum AG, Sawaya A, et al. Epithelialization in Wound Healing: A 

Comprehensive Review. Adv Wound Care 2014;3:445–64. https://doi.org/10.1089/wound.2013.0473. 

22. [22] Werner S, Krieg T, Smola H. Keratinocyte-fibroblast interactions in wound healing. J Invest Dermatol 2007;127:998–1008. 

https://doi.org/10.1038/sj.jid.5700786. 

23. [23] Ogawa R, Akaishi S. Endothelial dysfunction may play a key role in keloid and hypertrophic scar pathogenesis – Keloids 

and hypertrophic scars may be vascular disorders. Med Hypotheses 2016;96:51–60. https://doi.org/10.1016/j.mehy.2016.09.024. 

24. [24] Ogawa R. Keloid and hypertrophic scars are the result of chronic inflammation in the reticular dermis. Int J Mol Sci 

2017;18. https://doi.org/10.3390/ijms18030606. 

25. [25] Ezio Nicola Gangemi, MD; Dario Gregori, MA, PhD; Paola Berchialla, PhD; Enrico Zingarelli, MD; Monica Cairo, MD; 

Daniele Bollero, MD; Jamal Ganem, MD; Roberto Capocelli, MD; Franca Cuccuru, MD; Pompeo Cassano, MD; Daniela Risso, 

MD; Maurizio Stella M, Gangemi EN, Gregori D, Berchialla P, Zingarelli E, Cairo M, et al. Epidemiology and Risk Factors for 

Pathologic Scarring After Burn Wounds. Arch Facial Plast Surg 2008;12:205–17. https://doi.org/10.1001/archfaci.10.2.93. 

26. [26] Saunders R, Astifidis RP, McClinton MA. Hand and Upper Extremity Rehabilitation. 4th Editio. Elsevier; 2016. 

https://doi.org/10.1016/C2012-0-00728-4. 

27. [27] Broughton G, Janis JE, Attinger CE, Broughton, II G, Janis JE, Attinger CE, et al. The basic science of wound healing. 

Plast Reconstr Surg 2006;117:12S-34S. https://doi.org/10.1097/01.prs.0000225430.42531.c2. 

28. [28] Jennifer L. Judge; Shannon H. Lacy; Wei-Yao Kub; Kristina M. Owensb; Eric Hernadya; Thomas H. Thatcher; Jacqueline 

P. Williams; Richard P. Phipps; Patricia J. Sime; R. Matthew Kottmann. The Lactate Dehydrogenase Inhibitor Gossypol Inhibits 

Radiation-Induced Pulmonary Fibrosis. RadiatRes 2017;188:35–43. https://doi.org/10.1038/nm.2451.A. 

29. [29] Knighton DR, Silver IA, Hunt TK. Regulation of wound-healing angiogenesis - Effect of oxygen gradients and inspired 

oxygen concentration. Surgery 1981;90:262–70. 

30. [30] Nguyen TT, Mobashery S, Chang M. Roles of Matrix Metalloproteinases in Cutaneous Wound Healing. Wound Heal. - 

New insights into Anc. Challenges, 2016. https://doi.org/10.5772/64611. 

31. [31] Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M. Growth factors and cytokines in wound healing. 

Wound Repair Regen 2008;16:585–601. https://doi.org/10.1111/j.1524-475X.2008.00410.x. 

32. [32] Rayment EA, Upton Z. Review: Finding the culprit: A review of the influences of proteases on the chronic wound 

environment. Int J Low Extrem Wounds 2009;8:19–27. https://doi.org/10.1177/1534734609331596. 

33. [33] Stojadinovic O, Pastar I, Vukelic S, Mahoney MG, Brennan D, Krzyzanowska A, et al. Deregulation of keratinocyte 

differentiation and activation: A hallmark of venous ulcers. J Cell Mol Med 2008;12:2675–90. https://doi.org/10.1111/j.1582-

4934.2008.00321.x. 

34. [34] Schreml S, Szeimies RM, Prantl L, Karrer S, Landthaler M, Babilas P. Oxygen in acute and chronic wound healing. Br J 

Dermatol 2010;163:257–68. https://doi.org/10.1111/j.1365-2133.2010.09804.x. 

35. [35] Hunt TK, Aslam R, Hussain Z, Beckert S. Lactate, with oxygen, incites angiogenesis. Adv. Exp. Med. Biol., vol. 614, 2008, 

p. 73–80. https://doi.org/10.1007/978-0-387-74911-2_9. 

36. [36] LaVan FB, Hunt TK. Oxygen and Wound Healing. Clin Plast Surg 1990;17:463–72. https://doi.org/10.1016/S0094-

1298(20)30621-0. 

37. [37] Marcinek DJ, Kushmerick MJ, Conley KE. Lactic acidosis in vivo: Testing the link between lactate generation and H+ 

accumulation in ischemic mouse muscle. J Appl Physiol 2010;108:1479–86. https://doi.org/10.1152/japplphysiol.01189.2009. 

38. [38] Trabold O, Wagner S, Wicke C, Scheuenstuhl H, Hussain MZ, Rosen N, et al. Lactate and oxygen constitute a 

fundamental regulatory mechanism in wound healing. Wound Repair Regen 2003;11:504–9. https://doi.org/10.1046/j.1524-

475X.2003.11621.x. 

39. [39] Rummana S Aslam MD, Stefan Beckert MD, Heinz Scheuenstuhl BS, Zamirul Hussain PhD THM. High lactate in 

wounds may initiate vasculogenesis via stem cell homing. Am Coll Surg 2005:58. 

40. [40] Stern R, Shuster S, Neudecker BA, Formby B. Lactate stimulates fibroblast expression of hyaluronan and CD44: The 

Warburg effect revisited. Exp Cell Res 2002;276:24–31. https://doi.org/10.1006/excr.2002.5508. 

41. [41] DeBerardinis RJ, Chandel NS. We need to talk about the Warburg effect. Nat Metab 2020;2:127–9. 

https://doi.org/10.1038/s42255-020-0172-2. 

42. [42] Gladden LB. Lactate metabolism: A new paradigm for the third millennium. J Physiol 2004;558:5–30. 

https://doi.org/10.1113/jphysiol.2003.058701. 

43. [43] Gertz EW, Wisneski JA, Stanley WC, Neese RA. Myocardial substrate utilization during exercise in humans. Dual 

carbon-labeled carbohydrate isotope experiments. J Clin Invest 1988;82:2017–25. https://doi.org/10.1172/JCI113822. 

44. [44] Stanley WC, Gertz EW, Wisneski JA, Morris DL, Neese RA, Brooks GA. Systemic lactate kinetics during graded exercise 

in man. Am J Physiol Metab 1985;249:E595–602. https://doi.org/10.1152/ajpendo.1985.249.6.E595. 

45. [45] Brooks GA. Lactate as a fulcrum of metabolism. Redox Biol 2020;35:101454. https://doi.org/10.1016/j.redox.2020.101454. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 September 2021                   doi:10.20944/preprints202109.0511.v1

https://doi.org/10.20944/preprints202109.0511.v1


 

 

46. [46] Brooks GA. The Science and Translation of Lactate Shuttle Theory. Cell Metab 2018;27:757–85. 

https://doi.org/10.1016/j.cmet.2018.03.008. 

47. [47] Rabinowitz JD, Enerbäck S. Lactate: the ugly duckling of energy metabolism. Nat Metab 2020;2:566–71. 

https://doi.org/10.1038/s42255-020-0243-4. 

48. [48] Liguori C, Stefani A, Sancesario G, Sancesario GM, Marciani MG, Pierantozzi M. CSF lactate levels, τ proteins, cognitive 

decline: a dynamic relationship in Alzheimer’s disease. J Neurol Neurosurg Psychiatry 2015;86:655–9. 

https://doi.org/10.1136/jnnp-2014-308577. 

49. [49] Draoui N, Feron O. Lactate shuttles at a glance: From physiological paradigms to anti-cancer treatments. DMM Dis 

Model Mech 2011;4:727–32. https://doi.org/10.1242/dmm.007724. 

50. [50] Juel G, Halestrap AP. Lactate transport in skeletal muscle - Role and regulation of the monocarboxylate transporter. J 

Physiol 1999;517:633–42. https://doi.org/10.1111/j.1469-7793.1999.0633s.x. 

51. [51] Glancy B, Kane DA, Kavazis AN, Goodwin ML, Willis WT, Gladden LB. Mitochondrial lactate metabolism: history and 

implications for exercise and disease. J Physiol 2021;599:863–88. https://doi.org/10.1113/JP278930. 

52. [52] Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al. Metabolic regulation of gene expression by histone lactylation. 

Nature 2019;574:575–80. https://doi.org/10.1038/s41586-019-1678-1. 

53. [53] Ring A, Goertz O, Al-Benna S, Ottomann C, Langer S, Steinstraesser L, et al. Accelerated angiogenic induction and 

vascular integration in a novel synthetic scaffolding matrix for tissue replacement. Int J Artif Organs 2010;33:877–84. 

54. [54] Ring A, Langer S, Homann HH, Kuhnen C, Schmitz I, Steinau HU, et al. Analysis of neovascularization of PEGT/PBT-

copolymer dermis substitutes in balb/c-mice. Burns 2006;32:35–41. https://doi.org/10.1016/j.burns.2005.07.009. 

55. [55] Ring A, Steinstraesser L, Muhr G, Steinau HU, Hauser J, Langer S. Improved neovascularization of PEGT/PBT 

copolymer matrices in response to surface modification by biomimetic coating. Eur Surg Res 2007;39:75–81. 

https://doi.org/10.1159/000099146. 

56. [56] Hunt TK, Conolly WB, Aronson SB, Goldstein P. Anaerobic metabolism and wound healing: an hypothesis for the 

initiation and cessation of collagen synthesis in wounds. Am J Surg 1978;135:328–32. https://doi.org/10.1016/0002-9610(78)90061-

2. 

57. [57] Liu Q, Berchner-Pfannschmidt U, Möller U, Brecht M, Wotzlaw C, Acker H, et al. A Fenton reaction at the endoplasmic 

reticulum is involved in the redox control of hypoxia-inducible gene expression. Proc Natl Acad Sci U S A 2004;101:4302–7. 

https://doi.org/10.1073/pnas.0400265101. 

58. [58] Vural E, Berbée M, Acott A, Blagg R, Fan CY, Hauer-Jensen M. Skin graft take rates, granulation, and epithelialization: 

Dependence on myeloid cell hypoxia-inducible factor 1α. Arch Otolaryngol - Head Neck Surg 2010;136:720–3. 

https://doi.org/10.1001/archoto.2010.103. 

59. [59] Groussard C, Morel I, Chevanne M, Monnier M, Cillard J, Delamarche A. Free radical scavenging and antioxidant effects 

of lactate ion: an in vitro study. J Appl Physiol 2000;89:169–75. https://doi.org/10.1152/jappl.2000.89.1.169. 

60. [60] Herz H, Blake DR, Grootveld M. Multicomponent investigations of the hydrogen peroxide- and hydroxyl radical-

scavenging antioxidant capacities of biofluids: The roles of endogenous pyruvate and lactate. Free Radic Res 1997;26:19–35. 

https://doi.org/10.3109/10715769709097781. 

61. [61] Beckert S, Farrahi F, Aslam RS, Scheuenstuhl H, Königsrainer A, Hussain MZ, et al. Lactate stimulates endothelial cell 

migration. Wound Repair Regen 2006;14:321–4. https://doi.org/10.1111/j.1743-6109.2006.00127.x. 

62. [62] Liarte S, Bernabé-García Á, Nicolás FJ. Role of TGF-β in Skin Chronic Wounds: A Keratinocyte Perspective. Cells 2020;9. 

https://doi.org/10.3390/cells9020306. 

63. [63] Dalton SJ, Whiting CV, Bailey JR, Mitchell DC, Tarlton JF. Mechanisms of chronic skin ulceration linking lactate, 

transforming growth factor-beta, vascular endothelial growth factor, collagen remodeling, collagen stability, and defective 

angiogenesis. J Invest Dermatol 2007;127:958–68. https://doi.org/10.1038/sj.jid.5700651. 

64. [64] Lyons RM, Keski-Oja J, Moses HL. Proteolytic activation of latent transforming growth factor-beta from fibroblast-

conditioned medium. J Cell Biol 1988;106:1659–65. https://doi.org/10.1083/jcb.106.5.1659. 

65. [65] Barcellos-Hoff MH, Dix TA. Redox-mediated activation of latent transforming growth factor-β1. Mol Endocrinol 

1996;10:1077–83. https://doi.org/10.1210/me.10.9.1077. 

66. [66] Murphy-Ullrich JE, Suto MJ. Thrombospondin-1 regulation of latent TGF-β activation: A therapeutic target for fibrotic 

disease. Matrix Biol 2018;68–69:28–43. https://doi.org/10.1016/j.matbio.2017.12.009. 

67. [67] Roberts AB. TGF-β signaling from receptors to the nucleus. Microbes Infect 1999;1:1265–73. 

https://doi.org/10.1016/S1286-4579(99)00258-0. 

68. [68] Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev Immunol 2005;5:953–64. 

https://doi.org/10.1038/nri1733. 

69. [69] Rendl M, Mayer C, Weninger W, Tschachler E. Topically applied lactic acid increases spontaneous secretion of vascular 

endothelial growth factor by human reconstructed epidermis. Br J Dermatol 2001;145:3–9. https://doi.org/10.1046/j.1365-

2133.2001.04274.x. 

70. [70] Porporato PE, Payen VL, De Saedeleer CJ, Préat V, Thissen J-P, Feron O, et al. Lactate stimulates angiogenesis and 

accelerates the healing of superficial and ischemic wounds in mice. Angiogenesis 2012;15:581–92. 

https://doi.org/10.1007/s10456-012-9282-0. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 September 2021                   doi:10.20944/preprints202109.0511.v1

https://doi.org/10.20944/preprints202109.0511.v1


 

 

71. [71] Fong TAT, Shawver LK, Sun L, Tang C, App H, Powell TJ, et al. SU5416 is a potent and selective inhibitor of the vascular 

endothelial growth factor receptor (Flk-1/KDR) that inhibits tyrosine kinase catalysis, tumor vascularization, and growth of 

multiple tumor types. Cancer Res 1999;59:99–106. 

72. [72] Gürünlüoğlu K, Demircan M, Taşçi A, Üremiş MM, Türköz Y, Bağ HG, et al. The effects of different burn dressings on 

length of telomere and expression of telomerase in children with thermal burns. J Burn Care Res 2019;40:302–11. 

https://doi.org/10.1093/jbcr/irz019. 

73. [73] Gürünlüoğlu K, Demircan M, Taşçı A, Üremiş MM, Türköz Y, Bağ HG, et al. The Effects of Two Different Burn Dressings 

on Serum Oxidative Stress Indicators in Children with Partial Burn. J Burn Care Res 2019;40:444–50. 

https://doi.org/10.1093/jbcr/irz037. 

74. [74] Demircan M, Gürünlüoğlu K, Gözükara Bağ HG, Koçbıyık A, Gül M, Üremiş N, et al. Impaction of the polylactic 

membrane or hydrofiber factor-α, transforming growth factor-b3 with silver dressings on the interleukin-6, tumor necrosis and 

tissues of pediatric patients with burns. Ulus Travma Acil Cerrahi Derg 2020;27:122–31. 

https://doi.org/10.14744/tjtes.2020.30483. 

75. [75] LEVEEN HH, FALK G, Borek B, Diaz C, LYNFIELD Y, Wynkoop BJ, et al. Chemical acidification of wounds. An 

adjuvant to healing and the unfavorable action of alkalinity and ammonia. Ann Surg 1973;178:745–53. 

https://doi.org/10.1097/00000658-197312000-00011. 

76. [76] Lloyd DA, Mickel RE, Kritzinger NA. Topical treatment of burns using Aserbine. Burns 1989;15:125–8. 

https://doi.org/10.1016/0305-4179(89)90144-7. 

77. [77] Kaufman T, Eichenlaub EHH, Angel MFF, Levin M., Futrell JWW, Angel, M.F. F.Futrell JWW, et al. Topical acidification 

promotes healing of experimental deep partial thickness skin burns: a randomized double-blind preliminary study. Burns 

1985;12:84–90. https://doi.org/10.1016/0305-4179(85)90032-4. 

78. [78] Strohal R, Mittlböck M, Hämmerle G. The Management of Critically Colonized and Locally Infected Leg Ulcers with an 

Acid-Oxidizing Solution: A Pilot Study. Adv Ski Wound Care 2018;31:163–71. 

https://doi.org/10.1097/01.ASW.0000530687.23867.bd. 

79. [79] Smith RF, Blasi D, Dayton SL, Chipps DD. Effects of sodium hypochlorite on the microbial flora of burns and normal 

skin. J Trauma - Inj Infect Crit Care 1974;14:938–44. https://doi.org/10.1097/00005373-197411000-00005. 

80. [80] Heling I, Rotstein I, Dinur T, Szwec-Levine Y, Steinberg D. Bactericidal and cytotoxic effects of sodium hypochlorite and 

sodium dichloroisocyanurate solutions in vitro. J Endod 2001;27:278–80. https://doi.org/10.1097/00004770-200104000-00009. 

81. [81] Hunt TK, Gimbel M, Sen CK. Revascularization of wounds: The oxygen-hypoxia paradox. Angiogenes An Integr 

Approach From Sci to Med 2008:541–59. https://doi.org/10.1007/978-0-387-71518-6_46. 

82. [82] Gethin GT, Cowman S, Conroy RM. The impact of Manuka honey dressings on the surface pH of chronic wounds. Int 

Wound J 2008;5:185–94. https://doi.org/10.1111/j.1742-481X.2007.00424.x. 

83. [83] Silvetti AN. An Effective Method of Treating Long-Enduring Wounds and Ulcers by Topical Applications of Solutions 

of Nutrients. J Dermatol Surg Oncol 1981;7:501–8. https://doi.org/10.1111/j.1524-4725.1981.tb00685.x. 

84. [84] Bergman A, Yanai J, Weiss J, Bell D, David MP. Acceleration of wound healing by topical application of honey. An 

animal model. Am J Surg 1983;145:374–6. https://doi.org/10.1016/0002-9610(83)90204-0. 

85. [85] Kruse CR, Singh M, Targosinski S, Sinha I, Sørensen JA, Eriksson E, et al. The effect of pH on cell viability, cell migration, 

cell proliferation, wound closure, and wound reepithelialization: In vitro and in vivo study. Wound Repair Regen 2017;25:260–

9. https://doi.org/10.1111/wrr.12526. 

86. [86] Sharpe JR, Harris KL, Jubin K, Bainbridge NJ, Jordan NR. The effect of pH in modulating skin cell behaviour. Br J 

Dermatol 2009;161:671–3. https://doi.org/10.1111/j.1365-2133.2009.09168.x. 

87. [87] Lönnqvist S, Emanuelsson P, Kratz G. Influence of acidic pH on keratinocyte function and re-epithelialisation of human 

in vitro wounds. J Plast Surg Hand Surg 2015;49:346–52. https://doi.org/10.3109/2000656X.2015.1053397. 

88. [88] Chai JK. The pH value of granulating wound and skin graft in burn patients. Zhonghua Zheng Xing Shao Shang Wai 

Ke Za Zhi 1992;8. 

89. [89] Richard CY. The relationship of ph of the granulation tissue and the take of the skin graft. Plast Reconstr Surg 

1957;19:213–7. https://doi.org/10.1097/00006534-195703000-00004. 

90. [90] Allen DB. Wound Hypoxia and Acidosis Limit Neutrophil Bacterial Killing Mechanisms. Arch Surg 1997;132:991. 

https://doi.org/10.1001/archsurg.1997.01430330057009. 

91. [91] Jain R, Jain PC. Production and partial characterization of collagenase of Streptomyces exfoliatus CFS 1068 using poultry 

feather. Indian J Exp Biol 2010;48:174–8. 

92. [92] Weimer MS. PURIFICATION AND KINETICS OF GELATINASE OBTAINED FROM AN OBLIGATELY 

PSYCHROPHILIC MARINE VIBRIO. 1967. 

93. [93] Makinen PL, Clewell DB, An F, Makinen KK. Purification and substrate specificity of a strongly hydrophobic 

extracellular metalloendopeptidase ('gelatinase’) from Streptococcus faecalis (strain 0G1-10). J Biol Chem 1989;264:3325–34. 

https://doi.org/10.1016/s0021-9258(18)94069-x. 

94. [94] Cha J, Pedersen M V., Auld DS. Metal and pH dependence of heptapeptide catalysis by human matrilysin. Biochemistry 

1996;35:15831–8. https://doi.org/10.1021/bi962085f. 

95. [95] Ring A, Tilkorn D, Ottomann C, Geomelas M, Steinstraesser L, Langer S, et al. Intravital monitoring of microcirculatory 

and angiogenic response to lactocapromer terpolymer matrix in a wound model. Int Wound J 2011;8:112–7. 

https://doi.org/10.1111/j.1742-481X.2010.00742.x. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 September 2021                   doi:10.20944/preprints202109.0511.v1

https://doi.org/10.20944/preprints202109.0511.v1


 

 

96. [96] Gürünlüoğlu K, Demircan M, Koç A, Koçbıyık A, Taşçı A, Durmuş K, et al. The Effects of Different Burn Dressings on 

Length of Telomere and Expression of Telomerase in Children With Thermal Burns. J Burn Care Res 2019;40:302–11. 

https://doi.org/10.1093/jbcr/irz019. 

97. [97] Demircan M, Gürünluoglu K. The IL-6, TNF-alpha, and TGF beta levels in Serum and Tissue in children with treated 

by different Burn Dresssings. vol. 6. n.d. 

98. [98] Jacobsen JA, Major Jourden JL, Miller MT, Cohen SM. To bind zinc or not to bind zinc: An examination of innovative 

approaches to improved metalloproteinase inhibition. Biochim Biophys Acta - Mol Cell Res 2010;1803:72–94. 

https://doi.org/10.1016/j.bbamcr.2009.08.006. 

99. [99] Fields GB. The Rebirth of Matrix Metalloproteinase Inhibitors: Moving Beyond the Dogma. Cells 2019;8:20–3. 

https://doi.org/10.3390/cells8090984. 

100. [100] Greener B, Hughes AA, Bannister NP, Douglass J. Proteases and pH in chronic wounds. J Wound Care 2005;14:59–61. 

https://doi.org/10.12968/jowc.2005.14.2.26739. 

101. [101] Trengove NJ, Stacey MC, Macauley S, Bennett N, Gibson J, Burslem F, et al. Analysis of the acute and chronic wound 

environments: The role of proteases and their inhibitors. Wound Repair Regen 1999;7:442–52. https://doi.org/10.1046/j.1524-

475X.1999.00442.x. 

102. [102] Schultz G, Mozingo D, Romanelli M, Claxton K. Wound healing and TIME; new concepts and scientific applications. 

Wound Repair Regen 2005;13:S1-11. https://doi.org/10.1111/j.1067-1927.2005.1304S1.x. 

103. [103] Dunn K, Edwards-Jones V. The role of ActicoatTM with nanocrystalline silver in the management of burns. Burns 2004;30. 

https://doi.org/10.1016/S0305-4179(04)90000-9. 

104. [104] Ryssel H, Kloeters O, Germann G, Schäfer T, Wiedemann G, Oehlbauer M. The antimicrobial effect of acetic acid-An 

alternative to common local antiseptics? Burns 2009;35:695–700. https://doi.org/10.1016/j.burns.2008.11.009. 

105. [105] Ryssel H, Andreas Radu C, Germann G, Kloeters O, Riedel K, Otte M, et al. Suprathel-antiseptic matrix: in vitro model 

for local antiseptic treatment? Adv Skin Wound Care 2011;24:64–7. https://doi.org/10.1097/01.ASW.0000394029.72400.b0. 

106. [106] Blome-Eberwein SA, Amani H, Lozano DD, Gogal C, Boorse D, Pagella P. A bio-degradable synthetic membrane to treat 

superficial and deep second degree burn wounds in adults and children – 4 year experience. Burns 2021;47:838–46. 

https://doi.org/10.1016/j.burns.2020.08.008. 

107. [107] Braverman IM. The cutaneous microcirculation. J Investig Dermatology Symp Proc 2000;5:3–9. 

https://doi.org/10.1046/j.1087-0024.2000.00010.x. 

108. [108] Gladden LBLB. Current Trends in Lactate Metabolism: Introduction. Med Sci Sports Exerc 2008;40:475–6. 

https://doi.org/10.1249/MSS.0b013e31816154c9. 

109. [109] Lee DC, Sohn HA, Park ZY, Oh S, Kang YK, Lee KM, et al. A lactate-induced response to hypoxia. Cell 2015;161:595–

609. https://doi.org/10.1016/j.cell.2015.03.011. 

110. [110] Falanga V, Zhou L, Yufit T. Low oxygen tension stimulates collagen synthesis and COL1A1 transcription through the 

action of TGF-β1. J Cell Physiol 2002;191:42–50. https://doi.org/10.1002/jcp.10065. 

111. [111] Reinke JM, Sorg H. Wound repair and regeneration. Eur Surg Res 2012;49:35–43. https://doi.org/10.1159/000339613. 

112. [112] Chatham JC. Lactate - The forgotten fuel! J Physiol 2002;542:333. https://doi.org/10.1113/jphysiol.2002.020974. 

113. [113] Lu Y, Wahl LM.  Oxidative Stress Augments the Production of Matrix Metalloproteinase-1, Cyclooxygenase-2, and 

Prostaglandin E 2 through Enhancement of NF-κB Activity in Lipopolysaccharide-Activated Human Primary Monocytes . J 

Immunol 2005;175:5423–9. https://doi.org/10.4049/jimmunol.175.8.5423. 

114. [114] Marty P, Chatelain B, Lihoreau T, Tissot M, Dirand Z, Humbert P, et al. Halofuginone regulates keloid fibroblast fibrotic 

response to TGF-β induction. Biomed Pharmacother 2021;135. https://doi.org/10.1016/j.biopha.2020.111182. 

115. [115] Nischwitz S, Popp D, Shubitidze D, Luze H, Haller H, Kamolz L. The successful use of polylactide wound dressings for 

chronic lower leg wounds – a retrospective analysis n.d. 

116. [116] Haller HL, Blome-Eberwein SE, Branski LK, Carson JS, Crombie RE, Hickerson WL, et al. Porcine xenograft and 

epidermal fully synthetic skin substitutes in the treatment of partial-thickness burns: A literature review. Med 2021;57. 

https://doi.org/10.3390/medicina57050432. 

117.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 September 2021                   doi:10.20944/preprints202109.0511.v1

https://doi.org/10.20944/preprints202109.0511.v1

