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ABSTRACT

It is known that pH has a role to play in wound healing. In particular, pH has been
shown to affect matrix metalloproteinase activity, tissue inhibitors of matrix
metalloproteinases activity, fibroblast activity, keratinocyte proliferation, microbial
proliferation, and also immunological responses in a wound; the patient’s defense
mechanisms change the local pH of a wound to effect microorganism invasion and
proliferation; this pH change has been found to affect the performance of antimicro-
bials, and therefore the efficacy in biological environments directly relevant to wound
healing. Based on the available body of scientific evidence to date, it is clear that pH
has a role to play in both the healing of and treatment of chronic and acute wounds.
It is the purpose of this review to evaluate the published knowledge base that concerns
the effect of pH changes, the role it plays in wound healing and biofilm formation,
and how it can affect treatment efficacy and wound management strategies.

Cutaneous wound healing involves complex independent and
dependent pathways which employ numerous cell lineages,
tissues, and intrinsic and extrinsic mediators.1,2 If wound
healing continues through the “normal” series of biological
events, then effective healing occurs, and homeostasis is
restored. This normal series of biological events includes
hemostasis, inflammation, proliferation, and remodeling.2,3

However, any interruption or interference to these pathways
results in a nonhealing or “stalled” wound, rendering the
wound chronic. Conditions within a chronic wound are in a
chaotic biological flux that will inevitably increase the
wound’s propensity to infection. Infection itself may halt the
healing process, holding the wound in the inflammatory phase
of healing.4

Many factors are known to have an effect on wound
healing, and one area of particular importance is intracellular
and extracellular pH. Cellular processes including enzyme
activity, macromolecular synthesis, transport of metabolites,
and cell cycle progression are dependent on both intracellular
and extracellular pH.5 Schneider and colleagues6 provided a
detailed overview of the relationship between pH and wound
healing and noted the complexity of pH changes in wound
healing. They demonstrated that pH is an important contrib-
uting factor in the healing process, and in particular, different
pH ranges are required for the various phases of healing.
Kaufman and Berger7 also highlighted the links between
wound healing and topical pH and concluded that wound
healing could be controlled, in part, by changing pH levels. In
terms of pH as a therapeutic target, it has been demonstrated
that wound healing occurs most effectively at low pH,

whereas alkaline wound environments have been linked pre-
dominately to chronic wounds.2

Many healing processes are affected by changes in pH
including angiogenesis, collagen formation, and macrophage
activity.2 A change in pH has also been shown to influence the
toxicity of bacterial end products and affect enzyme activity.2

In particular, the matrix metalloproteinases (MMPs), which
are important for wound healing and extracellular matrix
remodeling, have been shown to be sensitive to small fluctua-
tions in pH.2,8–10 Studies have also reported that variations in
pH may affect wound closure, graft take, microbial infection
rates, bacterial virulence, and biofilm formation.11,12

In light of the importance of pH to wound healing, it has
been proposed that monitoring the surface pH of wounds may

ATR Acid tolerance response
IL Interleukin
MDT Maggot debridement therapy
MIC Minimal inhibitory concentration
MMP Matrix metalloproteinase
pHi Intracellular pH
PMN Polymorphonuclearcyte
SC Stratum corneum
SP Serine protease
SpeB Streptococcal pyrogenic exotoxin B
TEWL Transepidermal water loss
TNF-α Tumor necrosis factor-α
ZOI Zone of inhibition
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be helpful in guiding management practices and determining
the most effective treatment strategies.2 However, in order to
ensure treatment strategies are more effective, monitoring of
the wound status on a weekly basis would be required.13

Given that current wound management involves mainly sub-
jective assessment of wound progression, objective measure-
ments of healing states may provide a more accurate way of
assessing the condition of the wound throughout treatment
and may prove useful in routine clinical wound care settings.2

In addition, a number of topical preparations and dressings
have been developed with an aim to control or alter wound
surface pH. Some examples of pH-modulating products
include occlusive dressings (which prevent the loss of carbon
dioxide from the tissue, thus preventing respiratory alkalo-
sis),2,14 honey,15 and acidified nitrate creams.16,17 Acidification
of the wound bed has been found to both aid in the healing of
the wound and also help control polymicrobial infections.2 In
the case of honey, studies have documented several therapeu-
tic effects which improve wound healing including antimicro-
bial activity and ability to stimulate tissue growth.18 Evidence
suggests that a key factor in the efficacy of honey is its low pH
(honey typically has a pH from 3 to 4).19 Likewise, nitric
oxide has antimicrobial effects; it is continually released from
normal skin and protects the skin from infection.20 Indeed,
acidified nitrite creams have been shown to be effective both
in in vitro investigations and in clinical trials in a range of
wound types.16,17,20 Experimental studies have shown that the
microbiocidal effects of nitrite are dependent on its acidifica-
tion.16 Acidification of the wound bed has been shown to
promote healing by causing more oxygen to be released from
hemoglobin which in turn reduces the hydrostatic pressure in
the interstitial fluid, thus allowing improved circulation in the
tissues.19

Although pH is known to affect many of the fundamental
physiological and biochemical processes involved in wound
remodeling, other factors may moderate these effects. For
example, it is well known that oxygen tension can affect tissue
repair given its requirement in fibroblast growth and collagen
synthesis21,22 with ischemic wounds notably having poor
healing qualities.23 As oxygen can alter pH, oxygen tension is
also a confounding factor and an important consideration
when assessing the role of pH in wound healing.2,24 Other
factors can also influence tissue pH, for instance, bacterial
by-products including ammonia which raise tissue pH, result-
ing in an ideal environment for further bacterial prolifera-
tion,21 causing a positive feedback mechanism.

It is the purpose of this review to evaluate the available
literature to determine the role of pH in wound healing,
biofilm formation, microbial virulence, immune response,
and the effect it can therefore have on the treatment and
management strategies presently being employed for effective
wound healing.

pH AND WOUND HEALING
Wound healing is a complex process which can affect or be
affected by changes in pH at every phase.8,21,25,26 Early studies
have reported that the pH of a chronic wound exists in the
range of 7.15–8.9.8,27,28 Roberts and colleagues29 demonstrated
that wounds with a high alkaline pH had a lower healing rate
when compared with wounds with a pH closer to neutral.
Further work by Hoffman and colleagues reported that within
alkaline conditions, wound healing progression decreased.30

More recent reviews by Gethin2 reported further on the role
pH plays in wound healing and provided more evidence that
the acute and chronic wound environment progresses from an
alkaline state to a neutral and then acidic state during healing.
As such, numerous researchers have suggested that pH could
be used as an indicator of wound healing, providing a useful
diagnostic tool.8,21,25,29

CLINICAL EVIDENCE FOR THE ROLE OF pH
IN WOUND HEALING
Dissemond and colleagues25 described variations in pH values
measured in 39 different patients with chronic wounds over a
12-month period. The study measured a total of 247 pH
values of chronic wounds with varying etiology and found
that chronic wound pH values ranged from 5.45 to 8.65 with
the mean at 7.42. The authors emphasized how fluctuations in
pH directly or indirectly influenced the outcome of chronic
wound healing. Greener and colleagues31 observed that, in
order to test their hypothesis that pH had an effect on wound
protease activity, a suitable model was needed which could
accurately assess protease activity and corresponding pH
levels in undiluted, unbuffered wound fluid samples. The
group developed an in vitro test using a film consisting of a
7-μm thick cross-linked gelatin coating mounted on polyester
film and used this to quantitatively determine the volume of
protease degradation and thus level of activity in wound fluid
sample. Following this study, it was concluded that decreas-
ing the pH level of wounds could be an effective way of
reducing protease activity as a mechanism to promote
healing.

Studies that have focused on the evaluation of topical
agents that modify wound pH have provided evidence for the
benefits in terms of wound management. A blinded study by
Kaufman et al.32 assessed the effects of three buffered solu-
tions with pH values of 3.5, 7.42, and 8.5 on the healing rates
of deep partial thickness burns for 21 days in guinea pigs. The
topical acidification of these wounds promoted epithelializa-
tion and increased healing rates; the rate of epithelialization of
the wounded area was significantly greater (p < 0.001) in
those wounds treated with the pH 3.5 solution. Cadesorb
(Smith & Nephew, Hull, United Kingdom) is a commercially
available ointment which modulates protease activity by con-
trolling local wound pH. The use of this product was shown to
have a positive effect on the healing of 10 cases of leg and foot
ulcers and was shown to effectively reduce the pH of the
wound surface and also minimize patient pain.33

Roberts et al.34 investigated the significance of surface pH
and temperature in venous ulcers. This randomized study of
25 patients revealed that the mean wound surface pH of the
healing wounds was 6.91 compared with a mean pH value of
7.42 for the nonhealing wounds. It was concluded that low pH
and higher wound temperature were conducive to healing.
Similarly, Shukla et al.35 assessed the relationship between
wound pH and the state of wound healing in 50 patients with
acute or chronic wounds. Wound pH (using litmus paper
strips) together with other parameters including wound con-
dition, exudate, and microbiology was measured and recorded
weekly. Overall, results showed that at baseline, the pH of the
majority of wounds studied was greater than 8.5, yet as the
wounds showed signs of healing, the pH reduced to less than
8.0. The authors concluded that measurements of wound pH
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can be performed efficiently and are noninvasive, causing no
discomfort to the patient, and the change in pH can help
predict prognosis.

Leveen et al.21 suggested that oxyhemaglobin releases
more oxygen in an acid environment and noted that bacteria
that produced ammonia impaired oxygenation of the wound
because of an increase in pH. They also reported that the pH
of the solution was a significant and critical factor in the
toxicity of ammonia. In addition, Wilson et al.27 supported the
prolonged chemical acidification of varicose ulcer surfaces
and proposed that the positive effect on healing was brought
about by an influence on oxygen levels.

Work carried out by Shi et al.36 addressed two key roles of
wound pH. Firstly, the study sought to understand the influ-
ence of pH on Clostridium collagenase activity via a collagen-
based artificial wound eschar in vitro model in terms of
debridement efficacy of bacterial collagenase under varying
pH values. Secondly, the influence of bacterial contamination
on pH in vivo was investigated. Wound fluid of a contaminated
pig wound model was used to examine pH during healing.
This wound model was challenged with a bacterial load
including Pseudomonas aeruginosa, coagulase-negative
Staphylococci, and Fusobacterium sp. to track the pH of
wounds in relation to bacterial load. Results indicated that pH
levels in the wound fluid were all above neutral, and collage-
nase activity reached its peak at a pH value around 8.5.
Although variations were seen in terms of bacterial load
between bacterial species, it was found that no significant
change in the level of bacterial bioburden occurred. Although
the wounds were alkaline during the first 10 days of healing,
pH ultimately increased during healing, demonstrating the
resistance of these bacteria and collagenase activity to the
changing wound environment.

Clearance of necrotic tissue, exudates, foreign material,
and microorganisms by applying sterile fly larvae, typically of
Lucilia sericata, is known as maggot debridement therapy
(MDT) and has been shown to provide rapid and effective
wound debridement. An early study carried out by Robinson
in 194037 observed that ammonium bicarbonate was secreted
as a metabolic product by surgical maggots. This was con-
cluded to be a factor affecting the pH of MDT-treated wounds
and was considered to contribute toward their clinical effec-
tiveness. A more recent study showed that the enzyme-rich
secretions of maggots function optimally at around pH 8–8.5;
therefore, any changes in pH because of the wound environ-
ment could impact the activity of larval secretions as well as
native enzymes.38

EFFECT OF pH ON SKIN CELLS
IN WOUND HEALING
Sharpe et al.39 reported on the effect of pH on cell behavior
and wound healing. The study investigated the effect of pH on
the attachment, proliferation, and migration of keratinocytes
and fibroblasts using in vitro and ex vivo skin cell models.
Additionally, the effect of pH on keratinocyte differentiation
was measured by the expression of cytokeratins, the proteins
of keratin intermediate filaments found between epithelial
cells, in particular cytokeratins 1 and 5. It was concluded that
a differentiated keratinocyte phenotype is promoted at low pH
values. Furthermore, an optimal pH for both keratinocyte and
fibroblast proliferation was proposed to be between pH 7.2

and 8.3, whereas the optimal pH for growth from ex vivo skin
explants was 8.4, demonstrating that skin cells and explants
proliferate and migrate at pH values higher than physiological
pH.

Rubin40 described how pH influences cell migration and
how cell density creates changes in pH suited to healing. It
was found that sparse chick embryo cell cultures were much
less sensitive to pH reduction in terms of cellular multiplica-
tion when compared with dense cultures. Wounding experi-
ments revealed similar results, with low pH inhibiting cell
migration. However, those cells which migrated into the
wounded area multiplied as rapidly at low pH as at high pH,
demonstrating the combined effects of pH and cell density.
Interestingly, Rous sarcoma cells were also less sensitive to
pH changes at high densities compared with normal cells at
the same density, but they were more sensitive as compared
with sparse normal cultures. Similarly, Taylor and Hodson41

presented data suggesting a role for pH in cell regulation; in
this case, normal growth of human tumor cells occurred at pH
values between 7.2 and 6.8.

Liu and colleagues42 highlighted the indirect effects of
pH on fibroblast proliferation. The authors investigated the
influence of platelet-rich plasma lysates on fibroblast prolif-
eration as a function of pH in vitro. Fibroblasts were exposed
to platelet lysates following preincubation at different pH
values (5.0, 7.1, and 7.6), reporting that platelets preincubated
at low pH (pH 5.0) induced the highest degree of fibroblast
proliferation.

O’Toole et al.43 reported findings associated with hypoxia
and increased human keratinocyte motility. The authors uti-
lized two independent migration assays to compare the motil-
ity of keratinocytes on connective tissue components under
both hypoxic and normoxic conditions.

Results showed that human keratinocytes grown on a
matrix of collagen or fibronectin exhibited increased motility
when subjected to hypoxic (0.2 or 2% oxygen) conditions
reflective of the wound environment (often modified by occlu-
sive wound dressings) as compared with normoxic (9 or
20% oxygen) conditions. Furthermore, hypoxic keratinocytes
showed increased lamellipodia-associated protein expression
and distribution and decreased expression of laminin-5, which
inhibits keratinocyte motility. Given that hypoxia is associ-
ated with a reduced pH, the study incorporated an experiment
to determine the effect of pH as a factor independent of
hypoxia. This investigation revealed that progressively lower
pH conditions led to a decrease in keratinocyte migration on
type 1 collagen, independent of oxygen tension. However,
keratinocytes incubated in a buffered system (pH 7.5) under
hypoxic conditions retained their elevated migration capacity.
The authors concluded that, although hypoxia may not be
beneficial for overall wound healing, reepithelialization
caused by an increase in cellular motility could well be initi-
ated by these environmental changes.

Although the independent effect of pH was not high-
lighted, similar early work by Horikoshi et al.44 demonstrated
that keratinocytes seeded under low oxygen tensions prolif-
erate at a faster rate than those cells seeded at high oxygen
tension. Indeed, cells grew best at 18% oxygen with a mean
population doubling time of 2.8 days compared with 98%
inhibition of growth at 52% oxygen reflected by a mean cell
doubling time of 58 days. No growth occurred at an oxygen
tension of 89%. However, growth was retarded
at both 5 and 1% oxygen. The results revealed that
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keratinocytes grow better when the cells were seeded under
low oxygen tension, which provided optimum attachment to
the culture surface, and then maintained at an ambient
oxygen tension.

Acidification of the stratum corneum (SC) is also an impor-
tant factor in the activity of β-glucocerebrosidase, an enzyme
which plays a role in the membrane structural maturation
in mammalian SC.45,46 Mauro and colleagues46 examined
the effect of pH on barrier recovery following an acute injury.
It was found that recovery, as assessed by changes in
transepidermal water loss (TEWL), proceeded normally when
acetone-treated skin was exposed to solutions buffered to an
acidic pH. In contrast, the initiation of barrier recovery was
slowed when treated skin was exposed to neutral or alkaline
pH.

EFFECT OF pH ON THE IMMUNOLOGICAL
RESPONSE

Effect of pH on macrophages

An early study completed by Mraz and colleagues47 demon-
strated that tissue acidosis is important for the recruitment of
macrophages to the wound site. Crowther et al.48 noted a
reduction in vascular perfusion in tissues resulted in ischemia
with a consequent reduction in local oxygen and glucose.
In turn, cells use anaerobic metabolism, with increases in
lactate production and a reduction in extracellular pH. These
changes in the microenvironment stimulated cells to produce
proangiogenic cytokines and enzymes in order to restore the
local vascular supply.

Bidani et al.49 suggested that a diminished extracellular pH
may result in suppressed cytokine production and cytotoxic
effects which impair the immune response to infection.
Heming et al.50 also investigated the role of an acid–base
environment on the activity of macrophages. The group used
alveolar macrophages to study the effect of extracellular
pH on the production of tumor necrosis factor-α (TNF-α),
as measured by mRNA levels. Cells were activated by lipo-
polysaccharide and cultured at increasing pH values (pH 5.5,
6.5, or 7.4). The results indicated a pretranscription, post-
transcription, and post-translational effect on TNF-α secre-
tion. Overall, at low pH, TNF-α secretion was decreased. An
earlier study by Jensen and colleagues51 showed that the pro-
duction of factors by macrophages which stimulate angiogen-
esis and mitogenesis can be influenced by changes in
environmental pH. It was found that those cells cultured at
pH 6.2 failed to produce angiogenic factors. In contrast,
similar changes in the cellular environment did not influence
the production of macrophage mitogens.

Effect of pH on polymorphonuclearcytes (PMNs)

Interestingly, a large amount of research has been conducted
on leukocyte activity in the acidic pH environment. The first
documented study investigating the effect of pH on leuko-
cytes was carried out by Nahas and colleagues in 197152 who
investigated the rate of random leukocyte motility. When pH
was decreased from 7.4 to 6.5, adverse effects such as a
loss of leukocyte locomotion were showed. When pH was
increased above 7.6, a significant decrease in locomotion was

also reported. At pH 7.9, irreversible inhibition of motility
was observed. Further to these findings, Rabinovitch and col-
leagues53 found that an acidic pH inhibited chemotaxis of
leukocytes, but at pH 6, random neutrophil movements were
observed. Later, a study by Rotstein and colleagues54 demon-
strated impairment of chemotactic function when pH was
reduced to pH 5.5. However, a more recent study by
Leblebicioglu and colleagues55 reported that chemotaxis in
PMNs was impaired at pH 7.7 and 8.2 (p < 0.05). At a pH of
6.7, no affect on chemotaxis was found. Furthermore, phago-
cytosis of opsonized bacteria was decreased at pH 7.2 com-
pared with pH 7.7. The authors concluded that collectively,
these data suggest that environmental pH may selectively
influence PMN activation and the balance between bacteria
and host response. Further work by this research group con-
firmed that alkaline conditions increase apoptosis of PMNs.56

PMNs were cultured under increasing pH conditions, and
cells were stained for florescence microscopy for analysis of
apoptosis over an 8-hour study period. After 3 hours of
culture, 9% of PMNs cultured at pH 6.7 underwent apoptosis
compared with 12% at pH 7.2, 38% at pH 7.7, and 60% at
pH 8.2. It was also found, via the introduction of inhibitors to
the culture medium, that serine proteases (SPs), caspase-1,
and caspase-3 had a role in apoptosis caused by a rise in pH.54

Thus, based on data currently available, chemotaxis and
random migration of PMNs are impaired when extracellular
pH becomes too acidic.

Craven and colleagues57 investigated the influence of pH on
neutrophil function by assessing phagocytosis of Staphylo-
coccus aureus. Intracellular killing of S. aureus was not gen-
erally affected by extracellular acidification until pH was
reduced to pH 5.0. Rotstein et al.58 studied Bacteroides sp.
and the effect of succinic acid on respiratory bursts in neu-
trophils. The researchers found that an inhibitory effect
occurred at pH 5.5 but not at pH 7.4, suggesting succinic acid
may induce an effect by reducing intracellular pH (pHi).
Further study by this research group demonstrated how a
reduction in the pH of the microenvironment of human neu-
trophils impairs migration.54 A reduction in the pH value
affected both random and chemotactic migration, as demon-
strated in two experimental models: the agarose and Boyden
chamber techniques. At a pH of 5.5, a significant reduction in
PMN migration was noted (p < 0.01) as compared with a pH
value of 7.5. Furthermore, a reduction in oxygen tension
heightened this effect.54

Leblebicioglu and colleagues55 found that the activation
of the respiratory bursts in neutrophils was optimal at
pH 7.2. They reported that these respiratory bursts decreased
at pH 6.7 and 8.2. Furthermore, Lactoferrin release and
phacocytosis of opsonized bacteria were shown to be inhib-
ited at pH 7.2. Trevani and colleagues59 found that neutrophil
apoptosis was delayed at an acidic pH. Nakagawara et al.60

reported that an increased rate of apoptosis in neutrophils
occurred when the external pH increased. Similarly, Gabig
et al. in 197961 revealed that at low oxygen tension and pH,
representative of the physiological state of sites of infection,
respiratory burst activity of neutrophils was reduced. Like-
wise, Allen et al.62 found that the respiratory burst capacity
of human blood and wound neutrophils, as measured by the
production of superoxide and the consumption of oxygen,
was impaired by a reduction in oxygen tension, representa-
tive of the wound milieu. To a lesser extent, it was also
demonstrated that pH, temperature, and glucose concentra-
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tion had a role to play in the regulation of neutrophil bacte-
rial killing. Collectively, these findings suggest a role for
these environmental factors in susceptibility of wounds to
infection. It was shown by Gargan et al.63 that neutrophil
phagocytosis in urine was dependent on both osmolality and
pH. Results revealed that phagocytosis by neutrophils was as
good in urine as in Hanks balanced salt solution at both 485
and 200 mOsm at pH values between 6 and 8, whereas as at
pH 5, phagocytosis of three bacterial strains was virtually
abolished.

Coakley and colleagues64 demonstrated how the physi-
ologic environment of neutrophils can influence their activa-
tion and activity both in health and disease. Although
neutrophils are a key component of the inflammatory
process, there is a paradoxical implication for neutrophils in
the pathogenesis of disease, where they are poorly regulated.
The authors investigated the effects of altered pCO2 on neu-
trophil activity and function. Given that alterations in carbon
dioxide levels simultaneously affected pHi, the contribution
of both of these factors in biological processes was investi-
gated in terms of the cells’ capacity for intracellular oxidant
generation and interleukin (IL)-8 release. Alterations in
pCO2 of the culture medium caused changes in pHi and sub-
sequent changes in oxidant production, such that neutrophils
present at sites of low pCO2 initiated or exaggerated the
inflammatory response in comparison with intracellular
acidification caused by high pCO2, which may impair the
inflammatory response. As elevation of pCO2 and thus low
pH values can occur in enclosed, perfused spaces particu-
larly in the interstitial fluid in comparison with normal
tissues, for example, in abscess cavities and tumors,64–66 con-
current acidification of the neutrophil environment may
affect healing, with chronic inflammation delaying healing
progression. Acidification of the wound bed, therefore, may
enhance healing by impounding the immune response. The
extent to which this change in environment may aid healing
remains unclear, and so, a clearer understanding of how
direct and indirect immune function might be affected by
changes in pH is required.66

Effect of pH on lymphocytes

Studies relating to the effects of external pH on lymphocytes
are few and far between. One interesting study, however, by
Ratner67 investigated the effects of pH on the adherence and
migration of lymphocytes through the extracellular matrix in
an in vitro model, replicating the in vivo milieu. Murine
splenic lymphocytes were activated by IL-2 then cultured in
a three-dimensional gel composed of type I collagen. The
effect of changing pH was monitored in terms of cellular
motility through the three-dimensional matrix. In both gels,
the results suggested that the acidification of the collagen
matrix (pH 6.7 compared with pH 7.1) increased locomotory
activity of motile lymphocytes, yet these changes did not
overtly affect the recruitment of nonmotile cells. Interest-
ingly, preincubation of these cells at pH 6.7 did not influ-
ence subsequent motility at pH 7.1. Although the author
attempted to replicate the in vivo situation, collagen matrix
models may not be truly indicative of the pathological envi-
ronment where continuous fluctuations of a number of cel-
lular mediators occurs, particularly in terms of acute and
chronic wounds.

Effect of pH on complement activation and

antibody production

In reference to complement activation, there are many publi-
cations that suggest that an acidic pH has a positive effect on
its activation. Fishelson and colleagues68 demonstrated that at
pH 6.4, compared with 7.4, the alternative complement
pathway increased lysis in sheep erythrocytes. It was con-
cluded that a pH of 6.4 was optimal for both the initiation and
amplification of the pathway and may also prove to be optimal
for the activation of the membrane attack complex, a crucial
part of the alternative pathway leading to cell lysis and death.
In another early study by Hammer et al. in 1983,69 it was
shown that activation of C5 and C6 complement components
is achieved in an acid environment, and that a high Histone H1
concentration causes a change in their tertiary structure result-
ing in the formation of a C5, 6a complex with subsequent
cleavage and lytic capacity. Furthermore, Miyazawa and
Inoue70 found that C-reactive protein activates the complement
activation system in slightly acidic conditions, even in the
absence of their specific ligands. Raghavan and colleagues71

demonstrated that immunoglobulin G binds to an Fc receptor,
which aids in the delivery of the antibody to the bloodstream,
more efficiently at pH 6–6.5 compared with pH 7.5. Further-
more, in a study completed by Udaykumar and Saxena,72

acid-treated tuberculosis sera (as low as pH 2.8) were found to
result in greater titers of antibodies to Mycobacterium tuber-
culosis, and acid-treated antibodies retained their specificity.72

Overall findings regarding the effect of pH on

immunological functions

It is evident from the literature to date that pH has an effect on
immunological responses in the human host, specifically on
cell-mediated immunity. Many studies have found that both
complement activation and antibody synthesis are enhanced
at an acidic pH. However, cell-mediated immunity studies
have, in general, only been undertaken in nonphysiological
buffered in vitro models, therefore affecting clear findings
relevant to the in vivo environment. Nevertheless, based on
early work, it has been shown that an environment that is too
acidic will result in a reduction in phagocytosis and dimin-
ished migration and chemotaxis of neutrophils. In conjunc-
tion with this, research by Trevani and colleagues59 has
suggested that an acidic pH can impair neutrophil function.
Although it has been demonstrated in some studies that
lymphocyte activity can be affected in an acidic microenvi-
ronment, only a small number of studies have been under-
taken, particularly in models which mimic an in vivo wound
environment.

Further studies are warranted in this area to assist with
enhancing understanding of how pH may affect immunologi-
cal function. It is interesting to consider that an acidic pH has
an effect on neutrophils by suppressing their activity, particu-
larly in terms of wound healing in chronic wounds which
remain in a state of chronic inflammation and where neutro-
phil concentrations are generally high. Furthermore, the
release of excessive amounts of elastase from these neutro-
phils can have detrimental effects on healing. Therefore, a
more acidic pH would aid to dampen this excessive and
destructive effect. It is important to note, however, that such
an effect would be beneficial in chronic rather than acute
wounds.
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A review by Lardner in 200166 concluded that there was a
shortage of data concerning the effects of pH on the immune
response, in particular opsonization of bacteria, antibody
synthesis and activation, hypersensitivity, and cytokine pro-
duction. The author went on to suggest that the effect of
environmental pH “will encourage more research in what is
undoubtedly a field for future research.”

EFFECT OF pH ON TISSUE
ENZYME ACTIVITY
As emphasized by Schmid-Wendtner and Korting,73 the skin
displays a pH gradient across the SC which is likely to be
important in the control of enzymatic activities and skin
renewal. A number of studies (discussed below) have high-
lighted the effects of various contributing environmental
factors, including pH, on the activities of enzymes and the
resulting effects on tissue healing. It is also possible that
changes in wound pH affect healing because of inhibition of
endogenous and therapeutically applied enzymes given that
the conformational structure and thus function are altered
under the changing environmental conditions seen during the
phases of healing.74

Matrix metalloproteinases (MMPs) and

other enzymes

MMPs have an important role to play in remodeling the extra-
cellular matrix for effective wound healing. However, when
they are present in high, uncontrolled amounts, as evident in
chronic wounds, their actions can have a detrimental effect on
“normal” wound healing. The overabundance of enzymes in a
chronic wound will lead to the degradation of many vital
components necessary for the remodeling of the extracellular
matrix.10,75

Enzymatic activity is known to be affected by various
factors, in particular pH. For example, at a pH of 8, elastase,
MMP-2, and plasmin activity is optimized, whereas neutrophil
elastase has an optimum activity at pH 8.3.2,31 However, hyal-
uronidase, a protease with high activity in chronic wounds as
compared with acute wounds,75 shows optimal activity at a low
pH.76,77 Similarly, SC thiol protease, an epidermal specific
protease secreted by keratinocytes, has an acidic pH
optimum.78 The optimum pH range for the collagenase
enzymes is pH 6–8, in contrast to fibrolysin which has a pH
optimum of 7–8 and pH 4.5–5.5 for DNAase.79 These varia-
tions in enzyme pH optima further highlight that various stages
in the wound repair process require different pH milieus.

Serine proteases (SPs)

Hachem and colleagues80 used TEWL analysis to investigate
the effects of long-term neutralization of the SC on skin
barrier function in relation to changes in SP activity. In a
previous study, the authors found that deleterious effects
occurred as a result of an elevated pH which was linked to
high SP activity during short-term neutralization; SP inhibi-
tors were shown to normalize SC integrity and cohesion even
when pH was elevated.81 In the later study, a sustained eleva-
tion in pH was applied without introducing confounding vari-
ables because of buffer use, inhibitor treatment, or knockout

animal models. The results demonstrated that a sustained
neutralization of the SC caused abnormalities in SC integrity
and cohesion which were attributable to the sustained SP
activity, which in turn accelerated corneodesmosome (the
structures which hold the corneocytes together) degradation.

Lipid processing enzymes

Hachem et al.81 went on to investigate the role of β-
glucocerebrosidase and acidic sphingomyyelinase (lipid-
processing enzymes with known acidic pH optima) in skin
barrier function using in situ zymography. It was found that
during sustained neutralization of the skin, both of these
enzymes showed reduced activity, and their activity did not
return to normal levels following the reintroduction of an
acidic pH environment. The degradation of these enzymes
was suggested as a mechanism for abnormal lipid processing
and thus barrier abnormalities during sustained periods of
raised pH.81

Bacterial proteases

As well as human enzymes, microbial proteases are known to
have an effect on wound healing and are highly prevalent in
chronic wounds. The activity of bacterial enzymes can often
lead to an increase in the alkalinity of the wound and skin
environment increasing the wounds propensity to infection.10

Proteus mirabilis, Klebsiella sp., and P. aeruginosa are
known to produce the enzyme urease.10 Urease is important to
bacteria as it is used to liberate ammonia from urea to reduce
the detrimental effects of an acidic environment found on the
skin surface, and therefore, it aids in microbial attachment and
proliferation.14,21 Consequently, a change in a wound’s pH
will help to enhance the conditions of the bacteria’s microen-
vironment which will aid growth, therefore increasing the
wounds microbial bioburden and heightening the risk of
infection9,14 resulting in a positive feedback mechanism
causing yet more bacterial enzymes to be produced.

An enhancement of bacterial protease activity has also
been indicated in the heightened activity of host enzymes. For
example, Twining et al.82 sought to study the effects of prote-
ases released from P. aeruginosa on corneal proteinase activ-
ity and found that P. aeruginosa elastase cleaved host corneal
pro-MMPs into their active forms, and both elastase and alka-
line protease derived from this pathogen acted in the degra-
dation of caseinase. Similarly, a stimulatory effect on collagen
degradation by proteases secreted by keratinocytes has been,
in part, attributed to the excess of P. aeruginosa elastase. This
bacterial enzyme was capable of directly degrading type I
collagen in an in vitro collagen matrix model, and elastase
was also able to activate host pro-MMPs (MMP-1, -2, -3, and
-9).83 Other bacterial proteinases important in the augmenta-
tion of tissue degradation include LasA protease and protease
IV derived from P. aeruginosa and cysteine protease and
metalloproteases produced by Serratia marcescens. These
bacterial enzymes can affect the degradation of tissue con-
stituents and host-defense proteins alongside the activation of
zymogens.84

Enzymatic activity and pH can have an effect on oxygen
availability, a factor considered significant to wound healing.85

For example, a lowering of the pH by just 0.6 units is reported
to enhance the release of almost 50% more oxygen into the
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wound to aid healing.21,86 Therefore, in a chronic wound, the
likelihood of healing is high if tissue oxygen tension is
>40 mmHg, but it is unlikely at levels <20 mmHg.2,87

EFFECT OF pH ON MICROBIAL VIRULENCE
AND PATHOGENICITY
Although it is difficult to investigate the environmental factors
involved in the pathogenesis of disease relating to bacterial
gene expression, a number of studies have identified possible
factors which may lead to changes in bacterial virulence,
including the local pH. In 2004, Weinrick and colleagues88

sought to examine the effects of nutrient supply and other
chemicals on the expression of virulence genes during the
growth of S. aureus in vitro. Through transcriptome profiling
via microarray analysis, the authors found that under acidic
conditions (pH 5.5 vs. pH 7.5), the transcript level of
S. aureus genes differed by at least twofold. Rippke et al.89

also noted how bacterial growth and virulence of S. aureus
alongside defensive host mechanisms may, in part, be influ-
enced by the changes in the skin’s pH in atopic dermatitis.
Harjai and colleagues90 studied the effects of pH on the viru-
lence of P. aeruginosa, a common wound pathogen, in the
biofilm mode of growth. The researchers found that at an
elevated pH value of 8, alginate and proteinase production
was increased, whereas at lower pH (pH 5), an increase in the
production of siderophores (high-affinity iron-chelating com-
pounds) was noted. The attachment rate of flagellated bacteria
is also greatly dependent on temperature and pH as shown by
the attachment of various bacterial strains to the skin of
broiler chickens.91

It has been shown that an acidic environment can stimulate
group A Streptococcus (a Gram-positive bacteria implicated
in many human diseases including skin infections) to express
streptococcal pyrogenic exotoxin B (SpeB).92 SpeB is a cys-
teine protease that has important roles in group A Streptococ-
cus pathogenesis. The exotoxin is regulated by the
autoinducer-2/LuxS signaling pathway which participates in
quorum sensing. The caseinolytic activity of SpeB, however,
was shown to be optimal at pH 8.93

As pathogenic fungi can adapt to changing environments
and attack a range of hosts, they display ambient adaptation
including adaptation to changes in pH.94 Prusky and Yakoby94

described the pH sensing-response system which allows fungi
to adapt its virulence to suit its changing environment. These
pathogens are also able to actively increase or decrease their
environmental pH in order to adapt virulence to suit a par-
ticular host.95

BIOFILMS AND THE EFFECT OF pH
Biofilm formation is a key virulence factor in the survival of
pathogens in diverse milieus. The biofilm represents a pro-
tected mode of growth for these microorganisms, allowing
cells to survive in hostile environments and disperse them-
selves in order to form new colonies in other areas of the host
environment.95 Although many bacteria have a narrow pH
range for growth, when they are present in biofilm communi-
ties, they display the ability to survive within a pH range that
would normally be inhibitory to their growth under planktonic
conditions.96 Biofilms consist of microorganisms which are
entrenched within a matrix of extracellular polymeric sub-

stances and attached to each other, or to a nonbiological or
biological surface/support. Phenotypically, the microorgan-
isms in this state differ significantly from their planktonic
counterparts. This has included characteristics such as growth
rate, gene transcription, antimicrobial sensitivity, and enzy-
matic activity.97 The effect of pH (5.5, 7.5, 8.5) on biofilm
production has been compared in P. aeruginosa, Klebsiella
pneumoniae, and Vibrio cholerae non-O1 and O1 using a
crystal violet test.12 The researchers found that an increased
pH led to a higher biofilm production. P. aeruginosa biofilm
production was reported at 139–244% and 136–164% higher
at pH levels of 8.5 and 7.5, respectively, when compared with
biofilm production at pH 5.5. For K. pneumoniae, biofilm
production increased to 151–319% at pH 8.5, whereas at
pH 7.5, the biofilm production was 113–177% higher when
compared with pH 5.5. For V. cholerae, non-O1 and O1 the
biofilm production reached 204–329% higher at pH 8.5, and
123–316% higher at pH 7.5 when compared with production
at pH 5.5. The increased biofilm capacity represented an
average of 169% when pH was increased from 5.5 to 7.5,
whereas the rise in pH from 5.5 to 8.5 caused an average
difference of 229%.

Studies which have been carried out on the effects of pH
changes on shifts in bacterial load in the biofilm state have
revealed that under these changing environments, the growth
rate of different bacteria changes within the local microbial
community. One of the main areas of focus in terms of these
biofilm growth changes in mixed cultures is within oral
microbial communities. Although such studies may also be
reflective of the situation in wound tissues, more research in
this area is needed to make more conclusive judgments. Brad-
shaw et al.98 investigated the influence of both glucose avail-
ability and pH in combination (given that a reduction in pH
is consequential of glucose metabolism) or as independent
factors on the proportions of various bacteria within the
biofilm community. Using chemostats for biofilm growth
under standardized conditions, the authors noted that when
glucose was administered under a stabilized neutral pH, little
effect was seen in terms of microflora composition. In con-
trast, in the biofilm mode of growth where the pH was allowed
to decrease following glucose administration, a remarkable
difference was observed in the microflora composition, with
some organisms increasing in both absolute numbers and as a
proportion of the total count of the microbial community and
others decreasing. A later study by Bradshaw and Marsh99

confirmed their previous findings, with the decrease in some
of the bacterial counts being linked to the magnitude of the pH
fall. Li et al.100 examined the acid tolerance response (ATR) of
S. mutans in the biofilm mode of growth in order to determine
the effect of cell density on the induction of adaptation to an
acid environment and to differentiate between biofilm pheno-
type and cell density in terms of acid tolerance. Overall, they
found that cell density and the biofilm state affected the adap-
tation of this bacterium to a decrease in pH, with cells at a
higher density or those grown in a dense biofilm showing
significantly greater acid resistance in the chemostat-based
biofilm fermenter and broth culture models. Interestingly, a
more recent study by Welin et al. in 2003101 demonstrated that
although planktonic S. mutans cells induced a strong ATR at
low pH, biofilm cells displayed a stronger inherent acid resis-
tance despite a minimal induction of an ATR system, as dem-
onstrated by protein analysis using pulse labeling with [14C]-
amino acids and two-dimensional gel electrophoresis
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followed by autoradiography and computer analysis, follow-
ing a change in culture condition from pH 7.5 to 5.5.

Similarly, nine oral bacteria were grown in a glucose-
limited chemostat to evaluate the effect of lowered pH on
bacterial composition and metabolism in the biofilm commu-
nity, in a study conducted by McDermid and colleagues.102

The group found that a decrease in pH (pH 4.1) led to
increased bacterial aggregation and altered flora composition
and metabolism. Specifically, Streptococcus mitior,
Veillonella alcalescens, and Streptococcus sanguis were the
predominant bacteria at pH 7.0, whereas at pH 4.1, all bacte-
rial counts were decreased apart from Lactobacillus casei and
S. mutans. Bacteroides intermedius was not recovered below
a pH value of 4.6. However, when normal pH levels were
restored, the majority of bacterial species returned to normal
in terms of growth and metabolism.

In a study by Stoodley et al.,103 mixed species of bacteria
were grown, including Klebsiella pneumoniae, Pseudomonas
fluorescens, and P. aeruginosa in a flow cell fitted with wire
electrodes to study the influence of electric fields and pH on
biofilm structure. Following an initial growth phase in this
model, a voltage was applied which caused the biofilm to
expand and contract. This effect was also seen when media
adjusted to either pH 3 or 10 was alternately introduced to the
biofilm model without the electric current. Although the
pH 10 media had no effect on biofilm formation, the biofilm
contracted to 69% of its original depth upon administration of
the pH 3 media. The authors concluded that the changes seen
in biofilm conformation under acidic conditions were reflec-
tive of the molecular interactions between charged acidic
groups in the biofilm slime and bacterial cell walls. The nature
of these effects, however, requires further investigation in
terms of the true in vivo environment.

EFFECT OF pH CHANGES ON
QUORUM SENSING
Horswill and colleagues104 reviewed the effects of the micro-
bial environment on quorum sensing in the biofilm mode of
growth, highlighting the imperative assertion that optimizing
experimental models to mimic the natural or clinical environ-
ment could be essential in terms of identifying when and
where quorum sensing occurs in vivo. The authors noted an
important critique of traditional quorum-sensing models in
terms of producing reliable data representative of the “true” in
vivo milieu; liquid-batch cultures represent a closed system
which does not parallel the open, flowing system of the in
vivo environment where the concentration of signal mol-
ecules varies depending on a number of factors.

As quorum-sensing systems affect bacterial virulence,
biofilm formation, and antibiotic sensitivity,105 it is therefore
reasonable to allude that alterations in pH, whether these may
be natural environmental changes or deliberate therapeutic
changes, can have a considerable indirect effect on various
aspects of bacterial virulence. One example of how quorum
sensing affects virulence is the las and rhl quorum-sensing
systems in P. aeruginosa which regulate virulence gene
expression, including elastase and rhamnolipid production.106

Furthermore, the quorum-sensing molecule 3O-C12-HSL is a
potent stimulator of a number of eukaryotic cells, indicating
that host response to infection by P. aeruginosa may be
affected by the stimulation of quorum-sensing systems.107

Indeed, in the absence of one or more quorum-sensing
components, virulence is hampered.107 Microarray analysis
has shown that environmental factors including oxygen
tension and medium composition affect quorum sensing in
P. aeruginosa, with the elimination of transcripts of a number
of genes regulated by quorum sensing under varying environ-
mental conditions.105

EFFECT OF pH ON THE PERFORMANCE
OF ANTIBIOTICS
Antibiotics are employed in medicine for killing harmful
pathogens at local or systemic levels. They are administered
at therapeutic dosages for treating bacterial and fungal infec-
tions in wounds. Worldwide, there is an overuse and misuse of
antibiotics which has led to increasing failures of antibiotic
therapies because of emerging increased resistance to antibi-
otics in many strains of microorganisms, inappropriate pre-
scribing, and poor regulation in many countries.108–111

All antibiotic susceptibility testings of bacteria isolated
from wounds are assessed by the disk diffusion assay utilizing
commercially available antibiotic disks. However, there are
recognized limitations of the zone of inhibition (ZOI) test for
accurately evaluating the antibiotic sensitivity of bacteria,
particularly when bacteria are residing in the biofilm pheno-
typic state.112 Clutterbuck and colleagues112 employed the use
of a biofilm poloxamer ZOI assay to compare the antibiotic
sensitivity testing of bacteria both in the planktonic and
biofilm phenotypic states. Poloxamer is a di-block copolymer
of polyoxyethylene and polyoxypropylene and has been
reported as an agent that can be used to grow biofilms and
study the antimicrobial performance of biocides.112–118

pH has been known to affect the performance of antibiot-
ics.119 It is probable that pH affects antibiotic efficacy by
modulating the binding and/or target sites for certain antibi-
otics and possibly not by making bacteria more or less toler-
ant to antibiotics. It has been found that antibiotics such as
gentamicin are prevented from being transported into bacteria
specifically in an acidic environment.120 The hypothesis pro-
posed was that this impairment was because of a larger ion-
ization of the antibiotic at a more acidic pH compared with a
neutral pH. However, increased tolerance to antimicrobials at
certain pH ranges may be because of alterations of the meta-
bolic state of bacteria, in particular the generation of small
colony variants.121 Small colony variants are known to be
intrinsically more tolerant to antibiotics.122

Lamp and colleagues123 found that as pH increases, the
activity of antibiotic activity against S. aureus also increases.
Furthermore, the fluoroquinolones, in particular finafloxacin,
has been shown to have enhanced activity under slightly
acidic conditions (pH 5.0–6.5).124 Other antibiotics that
include streptomycin and erythromycin have also been
reported to be affected by pH.125,126

The minimal inhibitory concentrations (MIC) of certain
bacteria to antibiotics have been found to be lower at high pH
compared with neutral or low pH. Such a pH effect on anti-
biotic performance has been demonstrated in Staphylo-
cocci.127 For erythromycin, however, it has been found that at
alkaline pH Gram-negative bacteria are more susceptible.128

The increased efficacy of erythromycin in alkaline conditions
has also been reported by Lorian et al.125 when compared with
efficacy in a neutral or acid environment. Baudoux and col-
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leagues129 evaluated the efficacy of gentamicin and oxacillin
and the effects of pH toward S. aureus. The researchers found
that MICs and minimum bactericidal concentrations
increased 72-fold for gentamicin and decreased eightfold for
oxacillin between pH 7.4 and 5.0. pH has also been shown to
have an effect on macrolides and aminoglycosides.130 Further-
more, studies have also reported that lowering pH can lead to
higher MICs for other ranges of antibiotics.131,132 It has been
found that both macrolides and quinolones, particularly
ciprofloxacin, demonstrate a loss of activity at acid pH.133

Consideration of the effect of pH on drug efficacy would
therefore seem warranted when choosing an antibiotic for
clinical use. An acidic environment has been shown to cause
a decrease in MICs of beta-lactams when compared with
activity at a neutral pH.134

EFFECT OF pH ON THE PERFORMANCE
OF ANTISEPTICS
The effect pH may have on antiseptic efficacy, including
popular wound antiseptics such as iodine and silver, has been
poorly documented. This is despite some early research
reporting that pH is known to affect the chemical speciation
and bioavailability of metal ions.135 The bioavailability of
active free metal ions specifically in a wound will be affected
by numerous factors including cationic exchange, ability to
form complexes, precipitation, and adsorption.136 All these
factors are affected by pH with metal ion solubility known to
increase when pH decreases.137

As mentioned previously, a nonhealing wound generally
resides in a slightly alkaline environment. This will affect the
availability of free, reactive, and active metal ions, including
ionic silver at this pH as metal ions will be limited in solution
by precipitation at alkaline pH values.138 Collins and Stotzky138

have shown that many metal ions precipitate between pH 3.0
and 6.0, and at a pH above 6.0, the microbial toxicity of a metal
ion will be reduced.

Other antiseptics such as chlorhexidine and quaternary
ammonium compounds have been found to be more active at
an alkaline pH.139 Contrary to this, antimicrobials such as
hypochlorites are more active at an acid pH.139

As the pH of a wound is reported to have a role to play in
affecting wound healing,140 it is important to determine
whether pH has an effect on the antimicrobial efficacy of
antimicrobials, particularly ionic silver. The availability of
ionic silver can be severely reduced in a chronic wound,
particularly in those that contain large amounts of ions such as
Cl−, HCO3

−, CO3
−, as well as those containing high amounts of

proteins and polysaccharides.141 As silver ions interact with
many ions within the wound, the production of insoluble
silver salts will be high. This will lead to a reduction in the
availability of ionic silver to kill microorganisms. The
bioavailability of active ionic silver in a wound dressing needs
to be high and sustained for long enough to maintain an
effective microbial kill. However, as different pH ranges exist
within a wound, this will affect biochemical stability and
bioavailability of ionic compounds.142

EFFECTIVE OF pH ON OTHER
ANTIMICROBIALS
Lee and colleagues143 reported that antimicrobial peptides
were more effective at a pH of 5.5 than at a pH of 7.5.143 In

addition to this, Minahk and colleagues have reported that the
activity of enterocin CRL35 is higher at an acidic pH com-
pared with that of a neutral or basic environment.144 Honey
has also been shown to have a positive effect on wound
healing by effectively lowering pH.15

CONCLUSION
Chronic wounds have frequently been shown to contain
elevated levels of both host and bacterial-derived proteases
which can delay the healing process. These proteases, includ-
ing MMPs and neutrophil elastase, augment tissue and
cytokine destruction. Products which lower the levels of these
proteases in the wound environment help to prevent the break-
down of extracellular matrix proteins and growth factors that
are crucial for wound repair.145 In a study by Edwards and
Howley in 2007,145 phosphorylated cotton dressings were
tested for their ability to sequester elastase and collagenase
activity in vitro. Results showed that under an acidic environ-
ment, alongside phosphorylation because of protonated phos-
phate at the dressing surface led to an increase in the efficiency
of the dressing in terms of protease activity depletion.

Thorough investigation into the role pH plays in wound
healing is urgently required. A number of wound-related pro-
cesses have been shown to be affected in some way to changes
in pH, and changes in pH may have either positive or negative
effects on wound healing. Thomas14 concluded that it would
appear that dressings that directly or indirectly reduce the pH
of wound fluid may help to prevent infection and will be
likely to produce conditions that are more conducive to rapid
healing than other materials which produce a more alkaline
local environment. Furthermore, Greener and colleagues31

suggested that proteolytic activity at the wound bed is
sensitive to changes in pH, and modulating the pH to a more
acidic environment may be another useful intervention for
nonhealing wounds. However, eliminating all proteolytic
activity from the wound is undesirable as this is essential for
effective wound healing, but rebalancing the MMP/tissue
inhibitors of metalloproteinase relationship would help rees-
tablish the normal healing cascade. Leveen et al.21 made the
comment that oxyhemoglobin releases its oxygen more
readily in an acid environment. As pH decreases, the standard
oxyhemoglobin dissociation curve is moved to the right. A
shift of the pH by 0.6 (down) almost doubles the quantity of
oxygen released.

The pH value within the wound has been shown to influ-
ence indirectly and directly all biochemical processes which
are important for healing. In particular, pH has been shown to
have a critical role to play in the healing of wounds as pH is
known to have an effect on underlying pathophysiology, bio-
chemistry, immunology, and microbiology. Historically, it has
been assumed that a low pH value, such as is found on normal
skin, is more favorable for wound healing. pH also has been
shown to have a role to play in determining antimicrobial
activity and performance and therefore the effective treatment
when a wound infection occurs. However, pH has only been
relatively recently considered as an explanation as to why
many treatment approaches fail to eradicate infections in
chronic wounds.126 In general, lowering pH has shown to
result in an improvement in the antimicrobial activity of some
antimicrobials, in particular those that contain silver.146 It is
therefore possible to suggest that there may be benefits to
maintaining or “pushing” an infected wound to a slightly acid
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environment. This could potentially lead to an enhanced anti-
microbial effect of silver, a quicker reduction in the wound
microbial bioburden, and therefore a reduction in the need for
prolonged antimicrobial usage. However, further in vitro and
in vivo studies would be warranted to further substantiate
these claims.

This review paper has summarized the existing literature
which has dealt with pH within the wound and the role it plays
in healing, biofilm formation, and antimicrobial performance
for effective management of wounds. It is clear that pH has a
role to play in wound healing, influencing the phases of
wound healing, microbial proliferation, enzymatic activity,
immunology, biofilm virulence (including biofilm formation),
and performance of treatment regimes presently employed in
wound care. A lot of further work on pH in both healing and
nonhealing wounds is required so that future technologies can
be developed that are pH specific with the aim to achieve
quicker and effective wound healing.

ACKNOWLEDGMENTS
No financial support was received for this publication.

Conflict of Interest: All authors had no conflict of interest
related to this publication. SLP and EW are employees of
Scapa Group Plc.

REFERENCES
1. Martin P. Wound healing—aiming for perfect skin regenera-

tion. Science 1997; 276: 75–81.
2. Gethin G. The significance of surface pH in chronic wounds.

Wounds UK 2007; 3: 52–6.
3. Singer AJ, Clark RA. Cutaneous wound healing. N Engl J Med

1999; 341: 738–46.
4. Gilmore MA. Phases of wound healing. Dimens Oncol’ Nurse

1991; 5: 32–4.
5. Wahl ML, Owen JA, Burd R, Herlands RA, Nogami SS,

Rodeck U, et al. Regulation of intracellular pH in human mela-
noma: potential therapeutic implications. Mol Cancer Ther
2002; 1: 617–28.

6. Schneider LA, Korber A, Grabbe S, Dissemond J. Influence of
pH on wound-healing: a new perspective for wound-therapy?
Arch Dermatol Res 2002; 298: 413–20.

7. Kaufman T, Berger J. Topical pH and burn wound healing: a
review. Beyond occlusion: wound care proceedings. 1988
Royal Society of Medicine Services Limited Israel: 55–9.

8. Tsukada K, Tokunaga K, Iwama T, Mishima Y. The pH
changes of pressure ulcers related to the healing process of
wounds. Wounds 1992; 4: 16–20.

9. Rodgers A, Watret L. The role of pH modulation in wound bed
preparation. Diabetic Foot 2005; 8: 154–7.

10. Percival S, Cochrane C. Wounds, enzymes, and proteases. In:
Percival SL, Cutting K, editors. Microbiology of Wounds. Boca
Raton, FL: Taylor & Francis Group, 2010: 249–70.

11. Olson E. Influence of pH on bacterial gene expression. Mol
Microbiol 1993; 8: 5–14.

12. Hostacka A, Ciznar I, Stefkovicova M. Temperature and pH
affect the production of bacterial biofilm. Folia Microbiol
(Praha) 2010; 55: 75–8.

13. Attinger CE, Janis JE, Steinberg J, Schwartz J, Al-Attar A,
Couch K. Clinical approach to wounds: debridement and
wound bed preparation including the use of dressings and

wound-healing adjuvants. Plast Reconstr Surg 2006; 117 (7S):
72S.

14. Thomas S. Wound management and dressings. London: Phar-
maceutical Press, 1990.

15. Gethin G, Cowman TS, Conroy RM. The impact of Manuka
honey dressings on the surface pH of chronic wounds. Int
Wound J 2008; 5: 185–94.

16. Weller R, Price R, Ormerod A, Benjamin N, Leifert C. Anti-
microbial effect of acidified nitrite on dermatophyte fungi,
Candida and bacterial skin pathogens. J Appl Microbiol 2001;
90: 648–52.

17. Weller R, Finnen MJ. The effects of topical treatment with
acidified nitrite on wound healing in normal and diabetic mice.
Nitic Oxide-Biol Chem 2006; 15: 395–9.

18. Lusby PE, Coombes A, Wilkinson JM. Honey: a potent agent
for wound healing? J Wound Ostomy Continence Nurs 2002;
29: 295–300.

19. Molan PC. The role of honey in the management of wounds. J
Wound Care 1999; 8: 415–8.

20. Weller R, Ormerod A, Hobson R, Benjamin N. A randomized
trial of acidified nitrite cream in the treatment of tinea pedis. J
Am Acad Dermatol 1998; 38: 559–63.

21. Leveen H, Falk G, Borek B, Diaz C, Lynfield Y, Wynkoop B,
et al. Chemical acidification of wounds—adjuvant to healing
and unfavorable action of alkalinity and ammonia. Ann Surg
1973; 178: 745–53.

22. Hunt TK, Zederfeldt B, Goldstick TK. Oxygen and healing. Am
J Surg 1969; 118: 521–5.

23. Ahn S, Mustoe T. Effects of ischemia on ulcer wound
healing—a new model in the rabbit ear. Ann Plast Surg 1990;
24: 17–23.

24. Stephens F, Hunt T. Effect of changes in inspired oxygen and
carbon dioxide tensions on wound tensile strength: an experi-
mental study. Ann Surg 1971; 173: 515–9.

25. Dissemond J, Witthoff M, Brauns T, Haberer D, Goos M. pH
values in chronic wounds. Evaluation during modern wound
therapy. Hautarzt 2003; 54: 959–65.

26. Parks W. Matrix metalloproteinases in repair. Wound Repair
Regen 1999; 7: 423–32.

27. Wilson IA, Henry M, Quill RD, Byrne PJ. The pH of varicose
ulcer surfaces and its relationship to healing. VASA 1979; 8:
339–42.

28. Romanelli M, Schipani E, Piaggesi A, Barachini P. Evaluation
of surface ph on venous leg ulcers under Allevyn Dressings.
London: Royal Society of Medicine Press, 1997.

29. Roberts G, Hammad L, Creevy J, Shearman C, Mani R. Physi-
cal changes in dermal tissues around chornic venous ulcers. 7th
European Conference on Advances in Wound Management
1997 Harrogate, UK: 104–5.

30. Hoffman R, Noble J, Eagle M. The use of proteases as prog-
nostic markers for the healing of venous leg ulcers. J Wound
Care 1999; 8: 273–6.

31. Greener B, Hughes AA, Bannister NP, Douglass J. Proteases
and pH in chronic wounds. J Wound Care 2005; 14: 59–
61.

32. Kaufman T Eichenlaub E, Angel M, Levin M, Futrell J. Topical
acidification promotes healing of experimental deep partial
burns—a randonized double-blind preliminary study. Burns
1985; 12: 84–90.

33. Korber A, Freise J, Grabbe S, Dissemond J. The lowering of
pH values in chronic wounds by the application of Cadesorb.
European Wound Management Association conference, 2005
Stuttgart.

Percival et al. pH and wound repair

Wound Rep Reg (2014) 22 174–186 © 2014 by the Wound Healing Society 183



34. Roberts G, Chumley A, Mani R. The wound milieu in venous
ulcers—further observations. European Wound Management
Association conference, 2005 Stuttgart.

35. Shukla VK, Shukla D, Tiwary SK, Agrawal S, Rastogi A.
Evaluation of pH measurement as a method of wound assess-
ment. J Wound Care 2007; 16: 291–4.

36. Shi L, Ramsay S, Ermis R, Carson D. pH in the bacteria-
contaminated wound and its impact on Clostridium
histolyticum collagenase activity implications for the use of
collagenase wound debridement agents. J Wound Ostomy Con-
tinence Nurs 2011; 38: 514–21.

37. Robinson W. Ammonium bicarbonate secreted by surgical
maggots stimulates healing in purulent wounds. Am J Surg
1940; 47: 111–55.

38. Thomas S, Andrews AM, Hay NP, Bourgoise S. The anti-
microbial activity of maggot secretions: results of a preliminary
study. J Tissue Viability 1999; 9: 127–32.

39. Sharpe JR, Harris KL, Jubin K, Bainbridge NJ, Jordan NR. The
effect of pH in modulating skin cell behaviour. Br J Dermatoly
2009; 161: 671–3.

40. Rubin H. pH and population density in rehulation of animal cell
manipulation. J Cell Biol 1971; 51: 686–702.

41. Taylor I, Hodson P. Cell-cycle regulation by environmental pH.
J Cell Physiol 1984; 121: 517–25.

42. Liu Y, Kalen A, Risto O, Wahlstrom O. Fibroblast proliferation
due to exposure to a platelet concentrate in vitro is pH depen-
dent. Wound Repair Regen 2002; 10: 336–40.

43. O’Toole E, Marinkovich M, Peavey C, Amieva M, Furthmayr
H, Mustoe T, et al. Hypoxia increases human keratinocyte
motility on connective tissue. J Clin Invest 1997; 100: 2881–91.

44. Horikoshi T, Balin A, Carter D. Effect of oxygen on the growth
of human epidermal keratinocytes. J Invest Dermatol 1986; 86:
424–7.

45. Takagi Y, Kriehuber E, Imokawa G, Elias P, Holleran W.
Beta-Glucocerebrosidase activity in mammalian stratum
corneum. J Lipid Res 1999; 40: 861–9.

46. Mauro T, Holleran W, Grayson S, Gao W, Man M, Kriehuber
E, et al. Barrier recovery is impeded at neutral pH, independent
of ionic effects: implications for extracellular lipid processing.
Arch Dermatol Res 1998; 290: 215–22.

47. Mraz J, Sedlacek J, Berka V, Zdansky P. Acidosis as one of
delivering factors of alveolar macrophages during suffocation.
Br J Exp Pathol 1969; 50: 340–2.

48. Crowther M, Brown N, Bishop E, Lewis C. Microenvironmen-
tal influence on macrophage regulation of angiogenesis in
wounds and malignant tumors. J Leukoc Biol 2001; 70: 478–
90.

49. Bidani A, Wang C, Saggi S, Heming T. Evidence for pH sen-
sitivity of tumor necrosis factor-alpha release by alveolar mac-
rophages. Lung 1998; 176: 111–21.

50. Heming T, Dave S, Tuazon D, Chopra A, Peterson J, Bidani A.
Effects of extracellular pH on tumour necrosis factor-alpha
production by resident alveolar macrophages. Clin Sci 2001;
101: 267–74.

51. Jensen J, Hunt T, Scheuenstuhl H, Banda M. Effect of lactat
pryruvate and pH on secretion of angiogenesis and mitogenesis
factors by macrophages. Lab Invest 1986; 54: 574–8.

52. Nahas G, Tanniere ML, Lennon J. Direct measurement of leu-
kocyte motility: effects of pH and temperature. Proc Socr Exp
Biol Med 1971; 138: 350–2.

53. Rabinovitch M, Destefano M, Dziezanowski M. Neutrophil
migration under agarose—stimulation by lowered pH and
osmolality. J Reticuloend Soc 1980; 27: 189–200.

54. Rotstein O, Fiegel V, Simmons R, Knighton D. The deletorious
effect of reduced pH and hypoxia on neutrophil migration in
vitro. J Surg Res 1988; 45: 298–303.

55. Leblebicioglu B, Lim J, Cario A, Beck F, Walters J. pH changes
observed in the inflamed gingival crevice modulate human
polymorphonuclear leukocyte activation in vitro. J Peridontol
1996; 67: 472–7.

56. Leblebicioglu B, Walters J. Alkaline conditions accelerate
polymorphonuclear leukocyte apoptosis in vitro. Infect Immun
1999; 67: 2019–21.

57. Craven N, Williams M, Field T, Bunch K, Mayer S, Bourne F.
The infleunce of extracellualr and phagolysozymal pH changes
on the bacterial activity of bovine neutrophils against Staphy-
lococcus aureus. Vet Immunol Immunopathol 1986; 13:
97–110.

58. Rotstein O, Nasmith P, Grinstein S. The bacteroides by-product
succinic acid inhibits neutrophil respiratory burst by reducing
intracellular pH. Infect Immun 1987; 55: 864–70.

59. Trevani A, Andonegui G, Giordano M, Lopez D, Gamberale M,
Minucci F, et al. Extracellular acidification induces human neu-
trophil activation. J Immunol 1999; 162: 4849–57.

60. Nakagawara A, Natahn C, Cohn Z. Hydrogen peroxide metabo-
lism in human monocytes during differentiation in vitro. J Clin
Invest 1981; 68: 1243–52.

61. Gabig T, Bearman S, Babior B. Effects of oxygen tension and
pH on the respiratory burst of human neutrophils. Blood 1979;
53: 1133–9.

62. Allen D, Maguire J, Mahdavian M, Wicke C, Marcocci L,
Scheuenstuhl H, et al. Wound hypoxia and acidosis limit neu-
trophil bacterial killing mechanisms. Arch Surg 1997; 132:
991–6.

63. Gargan R, Hamilton-Miller J, Brumfitt W. Effects of pH and
osmolality on in vitro phagocytosis and killing by neutrophils
in urine. Infect Immun 1993; 61: 8–12.

64. Coakley R, Taggart C, Greene C, McElvaney N, O’Neill S.
Ambient pCO(2) modulates intracellular pH, intracellular
oxidant generation, and interleukin-8 secretion in human neu-
trophils. J Leukoc Biol 2002; 71: 603–10.

65. Simmen H, Battaglia H, Giovanoli P, Blaser J. Analysis of pH,
pO2 and pCO2 in drainage fluid allows for rapid detection of
infectious complications during the follow-up period after
abdominal surgery. Infection 1994; 22: 386–9.

66. Lardner A. The effects of extracellular pH on immune function.
J Leukoc Biol 2001; 69: 522–30.

67. Ratner S. Motility of IL-2-stimulated lymphocytes and acidi-
fied extracellular matrix. Cell Immunol 1992; 139: 399–410.

68. Fishelson Z, Horstmann R, Mullereberhard H. Regulation of
the alternative pathway of complement by pH. J Immunol 1987;
138: 3392–5.

69. Hammer C, Hansch G, Gresham H, Shin M. Activation of the
5th and 6th componenets of the human complement system—
C6-dependent cleavage of C5 in acid and the fromation of a
mimolecular lytic complex, C5B,6A. J Immunol 1983; 131:
892–8.

70. Miyazawa K, Inoue K. Complement activation induced by
human C-reactive protein in mildly acidic conditions. J
Immunol 1990; 145: 650–4.

71. Ragahavan M, Bonagura V, Morrison S, Bjorkman P. Analysis
of the pH-dependence of the neonatal Fc receptor
immunoglobulin-G interaction using antibody and receptor
variant. Biochemistry 1995; 34: 14649–57.

72. Udaykumar HS, Saxena RK. Acid pH-induced changes in
the immunoreactivity of specific antigen and antibody in

pH and wound repair Percival et al.

Wound Rep Reg (2014) 22 174–186 © 2014 by the Wound Healing Society184



circulating immune complexes from tuberculosis sera. J Clin
Lab Anal 1992; 6: 194–200.

73. Schmid-Wendtner MH, Korting HC. The pH of the skin surface
and its impact on the barrier function. Skin Pharmocol Physiol
2006; 19: 296–302.

74. Schreml S, Szeimies RM, Karrer S, Heinlin J, Landthaler M,
Babilas P. The impact of the pH value on skin integrity and
cutaneous wound healing. J Eur Acad Dermatol Venereol 2010;
24: 373–8.

75. McCarty SM, Cochrane CA, Clegg PD, Percival SL. The role
of endogenous and exogenous enzymes in chronic wounds: a
focus on the implications of aberrant levels of both host and
bacterial proteases in wound healing. Wound Repair Regen
2012; 20: 125–36.

76. Dechert TA, Ducale AE, Ward SI, Yager DR. Hyaluronan in
human acute and chronic dermal wounds. Wound Repair Regen
2006; 14: 252–8.

77. Cashman D, Laryea J, Weissman B. Hyaluronidase of rat skin.
Arch Biochem Biophys 1969; 135: 387–95.

78. Watkinson A. Stratum corneum thiol protease (SCTP): a novel
cysteine protease of late epidermal differentiation. Arch
Dermatol Res 1999; 291: 260–8.

79. Dissemond J, Witthoff M, Grabbe S. Investigations on
pH-values in milieus of chronic wounds during modern wound
therapy. 2nd World Union of Wound Healing Societies
meeting, 2004 Paris.

80. Hachem JP, Crumrine D, Fluhr JW, Brown BE, Feingold KR,
Elias PM. pH directly regulates epidermal permeability barrier
homeostasis and stratum corneum integrity/cohesion. J Inves
Dermatol 2003; 121: 345–53.

81. Hachem J, Man M, Crumrine D, Uchida Y, Brown B, Rogiers
V, et al. Sustained serine proteases activity by prolonged
increase in pH leads to degradation of lipid processing enzymes
and profound alterations of barrier function and stratum
corneum integrity. J Invest Dermatol 2005; 125: 510–20.

82. Twining A, Kirschner S, Mahnke L, Frank D. Effect of Pseu-
domonas aeruginosa elastase, alkaline protease, and exotoxin A
on corneal proteinases and proteins. Invest Opthalmol Vis Sci
1993; 34: 2699–712.

83. Nagano T, Hao J, Nakamura M, Kumagai N, Abe M, Nakazawa
T, et al. Stimulatory effect of pseudomonal elastase on collagen
degradation by cultured keratocytes. Invest Opthalmol Vis Sci
2001; 42: 1247–53.

84. Matsumoto K. Role of bacterial proteases in pseudomonal and
serratial keratitis. Biol Chem 2004; 385: 1007–16.

85. Chambers AG, Leaper DJ. Role of oxygen in wound healing: a
review of evidence. J Wound Care 2011; 20: 160–4.

86. Hunt T, Beckert S. Theoretical and practical aspects of oxygen
in wound healing. In: Lee B, editor. The wound management
manual. New York: McGraw-Hill Medical, 2005: 44–54.

87. Hunt T, Hopt H. Wound healing and wound infection—what
surgeons and anesthesiologists can do. Surg Clin North Am
1997; 77: 587–606.

88. Weinrick B, Dunman P, McAleese F, Murphy E, Projan S,
Fang Y, et al. Effect of mild acid on gene expression in Staphy-
lococcus aureus. J Bacteriol 2004; 186: 8407–23.

89. Rippke F, Schreiner V, Doering T, Maibach H. Stratum
corneum pH in atopic dermatitis. Am J Clin Dermatol 2004; 5:
217–23.

90. Harjai K, Khandwaha R, Mittal R, Yadav V, Gupta V, Sharma
S. Effect of pH on production of virulence factors by biofilm
cells of Pseudomonas aeruginosa. Folia Microbiol 2005; 50:
99–102.

91. Noterman S, Kampelma EH. Attachment of some bacterial
strains to skin of broiler chickens. Br Poultry Sci 1974; 15:
573–85.

92. Musser J. Streptococcal superantigen, mitogenic factor, and
pyrogenic exotoxin B expressed by Streptococcus pyogenes.
Preparative Biochem Biotechnol 1997; 27: 143–72.

93. Oharanemoto Y, Sasaki M, Kanako M, Nemoto T, Ota M.
Cysteine protease activity of Streptococcal pyrogenic exotoxin
B. Can J Microbiol 1994; 40: 930–6.

94. Prusky D, Yakoby N. Pathogenic fungi: leading or led by
ambient pH? Mol Plant Pathol 2003; 4: 509–16.

95. Hall-Stoodley L, Costerton J, Stoodley P. Bacterial biofilms:
from the natural environment to infectious diseases. Nat Rev
Microbiol 2004; 2: 95–108.

96. Percival S, Bowler P. Biofilms and. their potential role in
wound healing. Wounds 2004; 16: 234–40.

97. Donlan R, Costerton J. Biofilms: survival mechanisms of clini-
cally relevant microorganisms. Clin Microbiol Rev 2002; 15:
167–93.

98. Bradshaw D, McKee A, Marsh P. Population shifts in oral
microbial cummunities in response to carbohydrate pulses and
pH. J Dent Res 1988; 67: 658.

99. Bradshaw D, Marsh P. Analysis of pH-driven disruption of oral
microbial communities in vitro. Caries Res 1998; 32: 456–62.

100. Li Y, Hanna M, Svensater G, Ellen R, Cvitkovitch D. Cell
density modulates acid adaptation in Streptococcus mutans:
implications for survival in biofilms. J Bacteriol 2001; 183:
6875–84.

101. Welin J, Wilkins J, Beighton D, Wrzesinski K, Fey S,
Mose-Larsen P, et al. Effect of acid shock on protein expres-
sion by biofilm cells of Streptococcus mutans. Fems Microbiol
Lett 2003; 227: 287–93.

102. McDermid A, McKee A, Ellwood D, Marsh P. The effect of
lowering the pH on the composition and metabolism of a com-
munity of 9 oral bacteria grown in a chemostat. J Gen
Microbiol 1986; 132: 1205–14.

103. Stoodley P, deBeer D, LappinScott H. Influence of electric
fields and pH on biofilm structure as related to the bioelectric
effect. Antimicrob Agents Chemother 1997; 41: 1876–9.

104. Horswill AR, Stoodley P, Stewart PS, Parsek MR. The effect of
the chemical, biological and physical environment on quorum
sensing in structured microbial communities. Anal Bioanal
Chem 2007; 387: 371–80.

105. Wagner V, Bushnell D, Passador L, Brooks A, Iglewski B.
Microarray analysis of Pseudomonas aeruginosa quorum-
sensing regulons: effects of growth phase and environment. J
Bacteriol 2003; 185: 2080–95.

106. Pearson J, Pesci E, Iglewski B. Roles of Pseudomonas
aeruginosa las and rhl quorum-sensing systems in control of
elastase and rhamnolipid biosynthesis genes. J Bacteriol 1997;
179: 5756–67.

107. Smith R, Iglewski B. P. aeruginosa quorum-sensing systems
and virulence. Curr Opin Microbiol 2003; 6: 56–60.

108. Gorbach S. Antimicrobial use in animal feed—time to stop. N
Engl J Med 2001; 345: 1202–3.

109. Levy S. Factors impacting on the problem of antibiotic resis-
tance. J Antimicrob Chemother 2002; 49: 25–30.

110. White D, Zhao S, Sudler R, Ayers S, Friedman S, Chen S, et al.
The isolation of antibiotic-resistant Salmonella from retail
ground meats. N Engl J Med 2001; 345: 1147–54.

111. Nelson R. Antibiotic treatment for Clostridium difficile-
associated diarrhea in adults. Cochrane Database Syst Rev
2007; (3): CD004610.

Percival et al. pH and wound repair

Wound Rep Reg (2014) 22 174–186 © 2014 by the Wound Healing Society 185



112. Clutterbuck AL, Cochrane CA, Dolman J, Percival SL. Evalu-
ating antibiotics for use in medicine using a poloxamer biofilm
model. Ann Clin Microbiol Antimicrob 2007; 6: 2.

113. Gilbert P, Jones M, Allison D, Heys S, Maira T, Wood P. The
use of poloxamer hydrogels for the assessment of biofilm sus-
ceptibility towards biocide treatments. J Appl Microbiol 1988;
85: 985–90.

114. Wirtanen G, Salo S, Allison D, Mattila-Sandholm T, Gilbert P.
Performance evaluation of disinfectant formulations using
poloxamer-hydrogel biofilm-constructs. J Appl Microbiol
1998; 85: 965–71.

115. Sincock SA, Robinson JP, Rajwa B. Characteristics and
dynamics of bacterial populations within poloxamer-hydrogel
biofilm-constructs. Cytometry Suppl 2000; 10: 59–60.

116. Kim T, Feng Q, Kim J, Wu J, Wang H, Chen G, et al. Antimi-
crobial effects of metal ions (Ag+, Cu2+, Zn2+) in hydroxy-
apatite. J Mater Sci Mater Med 1998; 9: 129–34.

117. MacLehose H, Gilbert P, Allison D. Biofilms, homoserine lac-
tones and biocide susceptibility. J Antimicrob Chemother 2004;
53: 180–4.

118. Rickard A, Gilbert P, Handley P. Influence of growth environ-
ment on coaggregation between freshwater biofilm bacteria. J
Appl Microbiol 2004; 96: 1367–73.

119. McDonnell G, Russell A. Antiseptics and disinfectants: activ-
ity, action, and resistance. Clin Microbiol Rev 1999; 12: 147–
79.

120. Eisenberg EL, Mandel L, Kaback H, Miller M. Quantitative
association between electrical potential across the cytoplasmic
membrane and early gentamicin uptake and killing in Staphy-
lococcus aureus. J Bacteriol 1984; 157: 863–7.

121. Vesga O, Groeschel M, Otten M, Brar D, Vann J, Proctor R.
Staphylococcus aureus small colony variants are induced by the
endothelial cell intracellular milieu. J Infect Dis 1996; 173:
739–42.

122. Proctor R, Kahl B, von Eiff C, Vaudaux P, Lew D, Peters G.
Staphylococcal small colony variants have novel mechanisms
for antibiotic resistance. Clin Infect Dis 1998; 27: S68–S74.

123. Lamp K, Rybak K, Bailey E, Kaatz G. In vitro pharmacody-
namic effects of concentration, pH and growth phase on serum
bactericidal activities of daptomycin and vancomycin.
Antimicrob Agents Chemother 1992; 36: 2709–14.

124. Emrich NC, Heisig A, Stubbings W, Labischinski H, Heisig P.
Antibacterial activity of finafloxacin under different pH condi-
tions against isogenic strains of Escherichia coli expressing
combinations of defined mechanisms of fluoroquinolone resis-
tance. J Antimicrob Chemother 2010; 65: 2530–3.

125. Lorian V, Sabath L. Effect of pH on activity of erythromycin
against 500 isolate of Gram-nagative bacilli. Appl Microbiol
1970; 20: 754–6.

126. Simmen HP, Battaglia H, Kossmann T, Blaser J. Effect of
peritoneal fluid pH on outcome of aminoglycoside treatment of
intraabdominal infections. World J Surg 1993; 17: 393–7.

127. Garrod L, Waterworth P. Behaviour in vitro of some new
antistaphylococcal antibiotics. Br Med J 1956; 2: 61–5.

128. Zagar Z. Sensitivity of E. coli, Ps. aeruginosa and B. proteus to
erythromycin in various pH culture media. Chemotherapy
1963; 6: 82.

129. Baudoux P, Bles N, Lemaire S, Mingeot-Leclercq M-P,
Tulkens PM, Van Bambeke F. Combined effect of pH and
concentration on the activities of gentamicin and oxacillin
against Staphylococcus aureus in pharmacodynamic models

of extracellular and intracellular infections. J Antimicrob
Chemother 2007; 59: 246–53.

130. Tulkens P, Trouet A. The uptake and intracellular accumulation
of aminoglycoside antibiotics in lysosomes of cultured rat
fibroblasts. Biochem Pharmocol 1978; 27: 415–24.

131. Debets-Ossenkopp Y, Namavar F, Maclaren D. Effect of an
acidic environment on the susceptibility of Helicobacter pylori
to trospectomycin and other antimicromicrobial agents. Eur J
Clin Microbiol Infect Dis 1995; 14: 353–5.

132. Falagas ME, McDermott L, Snydman DR. Effect of pH on in
vitro antimicrobial susceptibility of the Bacteroides fragilis
group. Antimicrob Agents Chemother 1997; 41: 2047–9.

133. Hardy D, Hanson C, Hensey D, Beyer J, Fernandes P.
Suscepibility of Campylorbacter pylori to macrolides and
fluoroquinolones. J Antimicrob Chemother 1988; 22: 631–
6.

134. Barcia-Macay M, Seral C, Mingeot-Leclercq M, Tulkens P,
Van Bambeke F. Pharmacodynamic evaluation of the intracel-
lular activities of antibiotics against Staphylococcus aureus in a
model of THP-1 macrophages. Antimicrob Agents Chemother
2006; 50: 841–51.

135. Babich H, Stotzky G. Temperature, pH, salinity, hardness and
particulates mediate nickel toxicity to eubacteria, an actinomy-
cete, and yeasts in lake, simulated estuarine, and sea waters.
Aquatic Toxicol 1983; 3: 195–208.

136. Gupta CK. Chemical metallurgy: principles and practice.
Frankfurt, Germany: Wiley-VCH, 2003.

137. Antoniadis V, Tsadilas CD, Samaras V, Sgouras J. Availability
of heavy metal applied to soil through sewage sludge. In:
Narasimha M, Prasad V, Sajawan K, Naidu R, editors. Trace
elements in the environment. New York: Taylor Francis, 2006:
39–57.

138. Collins Y, Stotzky G. Factors affecting the toxicity of heavy
metals to microbes. In: Beveridge T, editor. Metal ions and
bacteria. New York: John Wiley & Sons, 1989: 31–90.

139. Russell A. Similarities and differences in the responses of
microorganisms to biocides. J Antimicrob Chemother 2003; 52:
750–63.

140. Yager D, Nwomeh B. The proteolytic environment of chronic
wounds. Wound Repair Regen 1999; 7: 433–41.

141. Klasen H. A historical review of the use of silver in the treat-
ment of burns. II. Renewed interest for silver. Burns 2000; 26:
131–8.

142. Lin YE, Vidic RD, Stout JE, Yu VL. Negative effect of high pH
on biocidal efficacy of copper and silver ions in controlling
Legionella pneumophila. J Appl Environ Microbiol 2002; 68:
2711–5.

143. Lee I, Cho Y, Lehrer R. Effects of pH and salinity on the
antimicrobial properties of clavanins. Infect Immun 1997; 65:
2898–903.

144. Minahk C, Morero R. Inhibition of enterocin CRL35 antibiotic
activity by mono- and divalent ions. Lett Appl Microbioy 2002;
37: 374–9.

145. Edwards JV, Howley PS. Human neutrophil elastase and col-
lagenase sequestration with phosphorylated cotton wound
dressings. J Biomed Mater Res Part A 2007; 83A: 446–54.

146. Thomas S, McCubbin P. An in vitro analysis of the antimicro-
bial properties of 10 silver-containing dressings. J Wound Care
2003; 12: 305–8.

pH and wound repair Percival et al.

Wound Rep Reg (2014) 22 174–186 © 2014 by the Wound Healing Society186


