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Recovered from Diabetic Foot Ulcer Fluid
An In Vitro Study

Carla D. McArdle, PhD*
Katie M. Lagan, PhD†

David A. McDowell, PhD†

Background: This study investigated the resistance of bacteria isolated from diabetic
foot ulcers (DFUs) to antibiotics frequently used in the management of the diabetic foot
infections, at a range of pH values (pH 6.5, 7.5, and 8.5) known to exist in DFU wound
fluid. This study aimed to determine whether changes (or atypical stasis) in wound fluid
pH modulate the antibiotic resistance of DFU isolates, with potential implications in
relation to the suppression/eradication of bacterial infections in DFUs.

Methods: Thirty bacterial isolates were recovered from DFU wound fluid, including
Staphylococcus spp, Staphylococcus aureus, Escherichia coli, Streptococcus spp,
Pseudomonas spp, and Pseudomonas aeruginosa. The resistances of these isolates to
a panel of antibiotics currently used in the treatment of infected or potentially infected
DFUs, ie, ciprofloxacin, amoxicillin-clavulanate, doxycycline, and piperacillin-tazobac-
tam, at the previously mentioned pH values were determined by a modification of the
Kirby-Bauer assay.

Results: The resistance of DFU isolates to clinically relevant antibiotics was significantly
affected by the pH levels in DFU wound fluid.

Conclusions: These findings highlight the importance of a more comprehensive
understanding of the conditions in DFUs to inform clinical decision making in the
selection and application of antibiotics in treating these difficult-to-heal wounds. The
scale of the differences in the efficacies of antibiotics at the different pH values examined
is likely to be sufficient to suggest reconsideration of the antibiotics of choice in the
treatment of DFU infection. (J Am Podiatr Med Assoc 108(1): 6-11, 2018)

Antibiotics are widely used to kill harmful bacteria

at the local and systemic levels. Such extensive use

of antibiotics, and their selective effect on bacterial

resistance to antibiotics, means that many impor-

tant pathogens are becoming increasingly resistant

to antibiotics, which is a major public health

concern.1-3 This situation has relevant implications

for the effective treatment of DFUs because

unresolved infection in these wounds can often

lead to major amputation.4 Infection in DFUs is

different from infection in acute wounds. Acute

wounds display a range of signs and symptoms,

including the presence of friable granulation tissue

with a tendency to bleed, inflammation, redness,

heat, unexpected pain, or increased exudate. How-

ever, the identification and diagnosis of infection in

DFUs is more difficult because, due to neuropathy,

these patients lack pain/sensation and have a

diminished response to infection and a reduced

inflammatory response. Thus, inflammation may be

observed only when infection spreads to bone or

more widely throughout the body.5-7 The elimina-

tion of infection is well known to be a complex

process and an integral factor in the healing of

DFUs. Thus, when a DFU is classified as infected,

immediate topical or systemic antibiotic therapy is

recommended,8 despite the absence of adequate

evidence of the efficacy of antibiotic therapy in the

treatment and management of DFUs.

pH is believed to affect the efficacy of antibiotics,

although the exact mechanism(s) of such inhibition
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is not yet fully understood.9 A variety of studies

have related pH and antibiotic efficacy. For exam-

ple, several studies have suggested that real-time

monitoring of wound pH has the potential to detect

wound infection.10,11 Percival et al12 reported that

lowering the pH from 8.5 to 5.5 enhanced the

bactericidal activity of silver dressings. However,

less is known about the efficacy of antibiotics under

the atypical conditions that exist in DFUs. Current-

ly, suspected infections in DFUs are treated with

oral or intravenous antibiotics, but no consideration

is given to the pH of the DFU wound environment in

which they are intended to act, probably because

wound pH measurement is not part of routine

wound assessment.

Standard laboratory procedures for establishing

antibiotic efficacy are performed using media at or

near pH 7,13 despite the fact that pH values in

chronic ulcers (including DFUs) are known to be

very different from those in acute wounds.2,12,14

Such differences, and the much longer-term persis-

tence of these conditions in chronic wounds,

increase uncertainties in relation to the efficacy of

antibiotics in these often infected and frequently

difficult-to-resolve wounds. Such effects may con-

tribute to the frequently reported difficulties in

eradicating infections from DFUs.7,15

Clinically Relevant Antibiotics and DFU
Bacteria

Potentially infecting bacteria commonly found on

the surface of DFUs include gram-positive (Staph-

ylococcus spp and Streptococcus spp) and gram-

negative (Escherichia coli and Pseudomonas spp)

bacteria. Pseudomonas aeruginosa is of particular

increasing concern owing to its ability to become

multidrug resistant.16 Efforts to eliminate infections

involving such pathogens include oral or intrave-

nous antibiotic therapies using a range of agents, as

discussed by Peters et al.17 Commonly prescribed

antibiotics used to treat suspected infected DFUs

include amoxicillin-clavulanate, doxycycline, and

ciprofloxacin.18 When Pseudomonas spp, including

P aeruginosa, infection is suspected, oral cipro-

floxacin or intravenous piperacillin-tazobactam is

prescribed.

This study explored the susceptibility of clinically

isolated DFU bacteria to antibiotics frequently used

in podiatric medical practice at a range of acid and

alkaline pH values (pH 6.5, 7.5, and 8.5). In doing so,

it aimed to provide a greater understanding of the

effects (if any) of such pH conditions on the efficacy

of antibiotics routinely used in the management of
DFU infection.

Methods

A representative sample of 30 clinically isolated
DFU bacteria was used in this study. The microbi-
ological isolates examined in this study were
recovered during a collaborative research project
between Ulster University (Newtownabbey, County
Antrim, Ireland) and the High Risk Foot Clinic at
Belfast City Hospital (Belfast, Ireland). These
clinical DFU isolates, including Staphylococcus

aureus, other Staphylococcus spp, Escherichia coli,

Streptococcus spp, P aeruginosa, and other Pseu-

domonas spp, were recovered, characterized, and
studied in the Ulster University microbiology
laboratories using standard UK clinical microbio-
logical protocols.

Isolates of DFU were cultured in tryptone soya
broth (CM0129; Oxoid Ltd, Basingstoke, England)
and incubated overnight at 378C. Lawns of the
resultant cultures (13107 cfu/mL) were spread on
the surfaces of simple gel models consisting of
Mueller-Hinton agar (MHA) plates adjusted to mean
6 SD pH values of 6.5 6 0.2, 7.5 6 0.2, or 8.5 6 0.2.
The pH values chosen for this study are in line with
pH values known to exist in the fluid of chronic
wounds, including DFUs.11,19,20 pH adjustment was
accomplished as follows: briefly, the necessary
range of buffered MHA was achieved by preparing
and sterilizing MHA and filter sterilizing double-
strength phosphate-diphosphate and citric acid pair
buffer solutions. These solutions were aseptically
mixed to form a range of single-strength MHA
plates. The pH of the MHA was confirmed using a
pH/millivolt/temperature meter (model 6250; Jenco
Instruments Inc, San Diego, California) and a micro-
combination pH electrode (model PHR-146; Lazar
Research Laboratories Inc, Los Angeles, California).

Antibiotic discs (Oxoid Ltd) (Table 1) were
placed on the surface of inoculated MHA plates
(in triplicate) using sterile forceps and were
incubated for 24 hours. Isolates of S aureus (n ¼
8), Staphylococcus spp (n ¼ 6), and E coli (n ¼ 4)
were exposed to ciprofloxacin, amoxicillin-clavula-
nate (AM30), and doxycycline (DO30). Streptococ-

cus spp (n¼ 7) isolates were exposed to AM30 and
DO30, and P aeruginosa (n¼ 2) and Pseudomonas

spp (n ¼ 3) isolates were exposed to ciprofloxacin
(CIP5) and piperacillin-tazobactam (PIP36).

The antibiotics and the concentrations of their
use against target bacterial species or groups are
presented in Table 1. These agents and their
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concentrations were in line with Clinical and

Laboratory Standards Institute protocols and repre-

sent concentrations used in clinical practice.13 The

Kirby-Bauer assay21 was used to determine the

antibiotic resistance profiles of the bacteria at pH

6.5, 7.5, and 8.5. In this assay, the diameter of the

clear area surrounding the antibiotic disc after

incubation, known as the zone of inhibition (ZOI),

was measured twice using a transparent plastic

ruler calibrated in millimeters. The mean ZOI was

recorded. The edge of the ZOI is where the

concentration of antibiotic that has diffused into

the agar during incubation is sufficient to inhibit

bacterial growth, thus the larger the ZOI the less

resistant the bacteria is to the antibiotic in question.

Each ZOI around the antibiotic disc was measured

after 24-hour incubation at 378C.13

One-way analysis of variance (P � .05) was used

to establish whether there were any statistically

significant differences in ZOIs among the three pH

values (6.5, 7.5, and 8.5) for each set of bacteria and

challenge antibiotics. The Student t test was also

used to determine whether there were any statisti-

cally significant differences in ZOIs between the

three groups of pH values, ie, pH 6.5 and 7.5, pH 6.5

and 8.5, or pH 7.5 and 8.5. All of the data were

analyzed using Microsoft Excel software, version

2010 (Microsoft Corp, Redmond, Washington), in

which P � .05 was reported as being statistically

significant.

Results

The resultant ZOIs are presented in Table 2.

Resistance of Gram-Positive Bacteria

No statistically significant differences were ob-

served among mean ZOIs of Staphylococcus spp,

including S aureus, after exposure to CIP5 at pH 7.5

and 8.5 (24.69 and 23.87 mm, respectively). Howev-

er, the mean ZOIs at these pH values were

significantly larger than the CIP5-associated ZOIs

at pH 6.5 (12.75 mm; P , .05). All of the

Staphylococcus spp exposed to AM30 and DO30

displayed larger ZOIs at pH 6.5 than at pH 7.5 and

8.5 (P , .05) (Table 2). Streptococcus spp displayed

similar patterns as Staphylococcus spp, but the only

significant differences (P¼ .004) between staphylo-

coccal and streptococcal ZOIs were observed on

DO30 plates.

Table 1. Antibiotics and Target Bacterial Species/Groups

Diabetic Foot Ulcer Bacteria Used
Ciprofloxacin,

5 lg
Amoxicillin-Clavulanate,

30 lg
Doxycycline,

30 lg
Piperacillin-Tazobactam,

36 lg

Staphylococcus aureus X X X

Staphylococcus spp (not S aureus) X X X

Escherichia coli X X X

Streptococcus spp X X

Pseudomonas aeruginosa X X

Pseudomonas spp (not P aeruginosa) X X

Table 2. Mean ZOIs of DFU Bacteria When Exposed to Antibiotics at DFU-Observed pH Values

DFU Isolate
No. of

Isolates

ZOI (Mean 6 SD [mm])

Ciprofloxacin Amoxicillin-Clavulanate

pH 6.5 pH 7.5 pH 8.5 pH 6.5 pH 7.5 pH 8.5

Staphylococcus aureus 6 12.75 6 1.8 23.87 6 1.6 24.7 6 1.3 34.6 6 3.3 20.6 6 4.7 23 6 5.3

Staphylococcus spp (not S aureus) 8 16.67 6 2.7 24.58 6 5.1 25.8 6 3.4 32.5 6 8.9 22.4 6 4.8 25.5 6 7.6

Streptococcus spp 6 34.1 6 5.0 30.6 6 5.7 27.1 6 4.7

Escherichia coli 4 25.25 6 15.3 30.6 6 1.4 29.0 6 3.4 28.4 6 3.4 14.8 6 3.0 19.8 6 3.5

Ciprofloxacin Piperacillin-Tazobactam

Pseudomonas spp (not P aeruginosa) 4 43.5 6 8.5 28.33 6 6.5 24.67 6 2.0 24.0 6 2.8 18.2 6 2.3 25.33 6 2.1

P aeruginosa 2 38.75 6 0.4 31.25 6 3.9 27 6 0.7 22.0 6 1.4 16.5 6 5.0 13.0 6 4.2

Abbreviations: DFU, diabetic foot ulcer; ZOI, zone of inhibition.
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Resistance of Gram-Negative Bacteria

Some nonsignificant differences (P ¼ .95) were

observed among E coli isolates exposed to CIP5
across the examined pH range. This observation

may be related to the atypically large standard
deviation (15.3 mm) among E coli isolates exposed

to CIP5 at pH 6.5. In contrast, the ZOIs observed

when E coli was exposed to AM30 or DO30 at pH 6.5
were larger (P¼ .014 and .007, respectively) than at

pH 7.5 and 8.5. Larger ZOIs were observed among

Pseudomonas spp (not including P aeruginosa)
isolates in pH 6.5 CIP5 plates than in pH 7.5 or 8.5

plates. Significant differences were observed be-

tween Pseudomonas. spp (not including P aerugi-

nosa) isolates exposed to PIP36 at pH 6.5 and 7.5 (P

¼ .023) and between these isolates exposed to PIP36

at pH 7.5 and 8.5 (P¼ .007). Because only two DFU
P aeruginosa isolates were examined, it was not

possible to perform any analysis of the data; the
results, however, displayed an overall trend of

larger ZOIs at lower pH values.

Discussion

The study noted that the resistance of DFU isolates

to clinically relevant antibiotics was affected by the
pH levels in DFU wound fluid. A variety of isolates

in this study displayed increased resistance at a
lower pH (6.5); for example, all Staphylococcus and

E coli isolates recovered were more resistant to

CIP5 at pH 6.5 than at pH 7.5 and 8.5. Such greater
resistance to CIP5 under acidic conditions concurs

with findings from Emrich et al,22 who observed

bacteria to have greater resistance to CIP5 at pH 5.8
than at pH 7.2. It is important to note that the panels

of bacteria examined in the study by Emrich et al22

were isolated from sources other than DFUs.

In contrast, several gram-negative and gram-

positive isolates displayed less resistance to AM30,
DO30, and PIP36 at pH 6.5. This is in agreement
with findings from Falagas et al,23 who demonstrat-
ed that clinical isolates of Bacteroides fragilis are
less resistant under acidic conditions. It is also in
agreement with a more recent study24 that investi-
gated the effects of pH on antibiotic efficacy against
a range of uropathogens (E coli, Klebsiella pneu-

monia, Proteus mirabilis, Enterococcus faecalis,

and Staphylococcus spp). These authors24 noted
that some of the uropathogens were less resistant
under acidic conditions. They did, however, also
note some antibiotic/bacterial interactions that
were largely unaffected by pH. For example, pH
had little effect on uropathogen resistance to
amoxicillin-clavulanate, which differs from the
findings of the present study. Comparison of these
studies suggests that there may be differences
between the pH responses of some uropathogens
and the pH responses of DFU-sourced isolates.

Some of the results obtained in this study suggest
greater diversity in the group of E coli isolates from
DFUs. For example, the observed range of resistanc-
es (as demonstrated by the much larger standard
deviation value calculated) when the isolates were
subjected to CIP5 at pH 6.5 was much larger than in
any other bacterial/antibiotic combination. Such
diversity may signal the presence of a wide range
of E coli biotypes contaminating/colonizing the
sampled DFUs. Irrespective of the sources of such
organisms, their presence in DFUs is a matter of
concern because the increasing incidence of unde-
sirable multidrug resistance characteristics, such as
the expression of extended b-lactamase activity, in
this group of organisms poses substantial challenges
in relation to infections in DFUs.25

Potential Clinical Implications and
Further Work

It is well known that DFU infections delay wound
healing,26-28 which means that patients with DFUs
may receive long-term antibiotic therapy aiming to
limit or resolve their wound infections. However,
such longer-term antibiotic therapy may present
increased opportunities for the emergence and
persistence of antibiotic resistance among DFU
wound-colonizing or wound-infecting bacteria.29

The present study is also in agreement with earlier
findings9,30 that recognized the increasingly urgent
need for new strategies to improve antibiotic
efficacy in an effort to effectively resolve infection
in recalcitrant wounds.

Previous research11,14,20,31-33 has highlighted the

Table 2. extended

ZOI (Mean 6 SD [mm])

Doxycycline

pH 6.5 pH 7.5 pH 8.5

38.3 6 4.2 21.7 6 2.2 29.4 6 5.0

34 6 7.2 25.0 6 5.2 26.3 6 5.7

36.6 6 2.6 26.7 6 3.7 20.3 6 6.5

29.7 6 4.1 15.8 6 1.0 23.6 6 4.6
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potential effects of pH on wound condition and
healing/nonhealing status. Alkaline conditions seem
to favor the growth and survival of most DFU
isolates. It could, therefore, be the case that
reductions in pH may impede bacterial survival
and growth, with the same overall outcome as an
increase in antibiotic efficacy. Nevertheless, the
findings from this study suggest that in ‘‘alkaline’’-
infected wounds,9,24 a shift to weakly acidic
conditions might impede the growth of the bacteria
or change their antibiotic resistance profile. Such
shifts could substantially influence the competitive
balance between attacking bacteria and wound
defense systems in wounds, with major positive
implications in terms of the management and
eradication of infection.

In some cases in this study, the differences
among the ZOIs seem to be sufficient to change
the agreed resistance/sensitivity classification of
some of the examined antibiotics, a classification
that is of considerable significance in their clinical
selection and application in treating infection. For
example, comparisons of the mean ZOIs of S aureus

DFU isolates in the presence of CIP5 at the
examined pH values with the Zone Diameter
Interpretive Standard for this species13 classifies
these organisms as sensitive at pH 7.5 and 8.5 but
resistant at pH 6.5. A similar comparison of ZOIs
obtained for P aeruginosa in the presence of PIP36
at the three pH values with the Zone Diameter
Interpretive Standard for this species13 rates these
organisms as sensitive at pH 6.5 but resistant at pH
8.5. Bearing in mind the importance of such
classifications in the selection and application of
antibiotic therapies, pH-related effects may be
worthy of further investigation, particularly in
relation to the treatment of infections and suspect-
ed infections in the management of DFUs and other
atypical chronic wounds.

This study examined the DFU isolates in a
semiplanktonic state. Future studies could usefully
compare planktonic and biofilm-embedded DFU
isolates in relation to their pH-modulated resistanc-
e(s). Such studies are likely to underpin improve-
ments in clinical outcomes of DFU infections and
contribute to progress toward more rapid eradica-
tion of infection, acceleration in wound healing, and
reductions in the risks of amputation(s) associated
with DFU infections.

Conclusions

The environmental conditions achieved using the
simple gel model in this in vitro study differ in a

variety of respects from the in vivo conditions

occurring in DFUs. Nevertheless, the data presented

demonstrate that the pH values occurring in DFUs

can adversely modulate the efficacy of antibiotics

currently being used in the treatment of infected or

potentially infected DFUs. These findings highlight

the importance of a more comprehensive under-

standing of the conditions in DFUs to inform

clinical decision making in the selection and

application of antibiotics in treating these difficult-

to-heal wounds.
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