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Bacterial infections are a costly sequela in any wound. The corrosion properties of 0.15, 0.30, 0.45 and
0.60 g of Mg metal were determined in Mueller-Hinton broth by serially measuring the Mg?* concentra-
tions and pH over 72 h. In addition, the effect of Mg metal, increased Mg?* concentration and alkaline pH
on the in vitro growth of Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus were evalu-
ated in three separate experiments. The primary outcome measure for culture studies was colony-
forming units/ml compared to appropriate positive and/or negative controls. Regardless of the mass of

ff/lei’"‘r’l‘;rs‘fjm Mg added, there was a predictable increase in pH and Mg?* concentration. The addition of Mg and an
Antgimicrobial increase of pH resulted in antibacterial effects similar to the fluoroquinolone antibiotic; however, a sim-
Infection ple increase in Mg?* concentration alone had no effect. The results demonstrate an antibacterial effect of

Metal Mg on three common aerobic bacterial organisms, the mechanism of which appears to be an alkaline pH.

© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Regardless of the source or location, bacterial infections repre-
sent significant hurdles in the management of both surgical and
traumatic wounds and contribute considerably to increased mor-
bidity and mortality. The continued advancement of the field of
medicine has emphasized these problems and underscores why
the development of biomaterials that prevent and/or treat infec-
tion remains a major unsolved medical problem [1,2]. The signifi-
cance of this problem is underscored when one considers that
orthopaedic implant-related infections occur in nearly 112,000 hu-
man patients annually and create a $2 billion burden for the US
healthcare industry [1]. Historically, preventative and therapeutic
management of wound-related infections has utilized antimicrobi-
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als and adherence to aseptic technique; however, this approach is
fraught with problems and has had incomplete success [3,4].

Bacterial-host interactions are complex and multifactorial.
Although host defense mechanisms (i.e. a competent immune re-
sponse) are important, the virulence characteristics of the bacterial
organisms must also be considered. Together these determine
whether an organism is merely a contaminant or is able to estab-
lish an infection [3,4]. When attempting to develop biomaterials
aimed at preventing/treating infection, it is prudent to understand
that the bacterial population of a wound is not static; instead, the
complex and dynamic interactions between different species of
microorganisms and the physiological changes occurring in the
host result in alterations in the population as healing progresses
[3]. Thus, some important characteristics of a bioabsorbable anti-
fouling device are: (i) it should have a broad spectrum of antibac-
terial activity in the prevention/treatment of an infection; (ii) it
should be nontoxic to the host; and (iii) it should not be suscepti-
ble to the development of microbial resistance.

Current biomaterial research in the area of device-associated
infection has focused on many diverse areas including polymers
[5-7] and metals [8-13]. Thus the concept of a metal possessing
antibacterial properties is not new. The antibacterial activity of sil-
ver was first demonstrated in the 19th century and the use of var-
ious forms of silver as a topical agent is commonplace [8]. Silver
has also been evaluated as an antimicrobial coating on both ortho-
paedic and vascular devices with some success [9,14,15]. One sig-
nificant problem with the use of silver is that it is nonessential to
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the host and can be toxic [9,16,17]. Zinc [10,11,18] and copper
[12,13] have reported antibacterial activity; however, while con-
sidered essential to normal homeostasis, both have the potential
for toxic sequelae.

Magnesium (Mg) is (i) an inexpensive and readily available me-
tal; (ii) an abundant cation (Mg?*) in mammals, most of which is in
bone; and (iii) essential to many processes in eukaryotic cells [19-
21]. Since its first use in orthopaedic surgery in the early part of the
20th century [20], Mg and Mg alloys have been evaluated for both
orthopaedic and cardiovascular applications [20,22,23]. When one
considers the material properties of orthopaedic implants com-
monly used, none have physical and mechanical properties that
closely resemble those of cortical bone, whereas Mg does [20].
Clinical investigations utilizing Mg and Mg?* have included alloys
for cardiovascular stenting [22,24-26], orthopaedic applications
[20,23,27], and as an oral therapy in treating disorders such as aut-
ism [28], attention deficit hyperactivity disorders [29] and multiple
sclerosis [30].

The first objective of this study was to characterize the effects of
the corrosion products of Mg on pH and Mg?* concentrations in a
microbial culture broth. The second objective was to evaluate the
effects of the corrosion products on the in vitro growth of Esche-
richia coli (Gram-negative), Pseudomonas aeruginosa (Gram-nega-
tive) and Staphylococcus aureus (Gram-positive). Finally, in an
effort to identify a mechanism of action for the antibacterial prop-
erties of Mg, we evaluated the effects of Mg?* alone and pH on bac-
terial growth. Our hypotheses were: (i) as Mg metal corrodes in
culture broth the increase in Mg?* concentration will parallel that
of the pH; (ii) when added to the growth media, Mg corrosion
products will inhibit the growth of E. coli, P. aeruginosa and S. aur-
eus; (iii) the addition of Mg?* alone will not inhibit bacterial
growth; and (iv) increasing the alkalinity (i.e. higher pH) will inhi-
bit bacterial growth.

2. Materials and methods
2.1. Magnesium corrosion

To determine the corrosion properties of Mg metal in bacterial
growth media 0.15, 0.30, 0.45 and 0.60 g of Mg metal turnings
(Fisher Scientific, NJ, USA) with an approximate surface area of
816, 1728, 2544 and 3300 mm?, respectively, were placed into
8.0 ml of sterile Mueller-Hinton (MH) broth (Beckton Dickinson
Diagnostic Systems, MD, USA) in duplicate. The concentration of
Mg?* and the pH of the broth were serially measured over a 72 h
period. The Mg?* concentrations were measured using an auto-
mated serum chemistry analyzer (Hitachi 912 Automatic Analyzer,
Boehringer Mannheim Roche, IN, USA) and converted to mmol 1.
The measurement of Mg in this automated analyzer is accom-
plished using a reaction with xylidyl blue. Xylidyl blue forms a pur-
ple complex with Mg and the concentration of Mg is then
measured by the decrease in absorbance. This test principle is
based on the methodology published by Mann and Yoe [31]. The
pH was measured using a portable pH meter (Horiba Instruments
Inc., CA, USA).

2.2. Test materials

Magnesium turnings (0.30 g) (Fisher Scientific) were used as the
source of Mg metal and served as an implant test group. 316L
stainless steel intramedullary pins (316LSS) (Imex Veterinary Inc,
TX, USA), 25 mm long and 6.4 mm in diameter, were used as an im-
plant-negative control material. All test materials were sterilized
prior to use in the experiments.

Enrofloxacin (Baytril Injectable, Bayer Animal Health, KS, USA)
was used as a treatment positive control for a bactericidal agent.

A final concentration of enrofloxacin of 10 pg ml~! was used in
the culture vials.

To increase the Mg?* ion concentration MgCl, salt (1.7 mg ml ')
(Fisher Scientific) was added to the MH broth in an attempt to
achieve a final concentration of 6.58 mmol 1! (16.0 mg dI~!) prior
to sterilization. To evaluate the effect of adding an ionic salt to the
culture broth, the same amount of NaCl (1.7 mg ml~') (Fisher Sci-
entific) was added prior to sterilization. After sterilization, a sam-
ple of each was collected, the pH was measured and the Mg?*
concentration determined.

To adjust the pH of the MH broth, 1 N NaOH (Fisher Scientific)
was added to achieve a pH of 8.0, 9.0 or 10.0. The pH was verified
prior to and after sterilization.

Finally, all bacteria were cultured with no additive to serve as a
treatment negative control.

2.3. Bacterial cultures

The bacterial inoculum consisted of one of the following organ-
isms: E. coli (ATCC 25922), P. aeruginosa (ATCC 27853) (both of
which are Gram-negative organisms) and S. aureus (ATCC 25923)
(which is a Gram-positive organism) (American Type Culture Col-
lection, VA, USA). These bacterial strains were chosen to represent
a spectrum of organisms encountered and because they are used as
control strains in quality-control susceptibility testing, for media
testing and for susceptibility disc testing. Thus they are well-estab-
lished cultures and strains in the in vitro setting. Pure cultures of
E. coli, P. aeruginosa and S. aureus were aerobically cultured for
24 h at 37 °C on bovine blood agar plates. Samples of each of the
pure cultures were collected and suspended in 10.0 ml of sterile
MH broth. The cultures were incubated in a waterbath at 37 °C
with agitation for approximately 10 min and then in a dry incuba-
tor at 37°C with agitation at 220rpm for 1h. 4.67 x 10°,
5.75 x 10° and 1.95 x 10° colony-forming units (CFU) of E. coli, P.
aeruginosa and S. aureus, respectively, were used to inoculate the
culture vials.

2.4. Incubation of bacteria with test materials

Culture vials were prepared for each experiment as outlined be-
low. After the addition of bacteria, the optical density was moni-
tored using a control culture vial for each organism starting at
approximately 90 min post-inoculation. The optical density (OD)
at 590 nm was used to monitor bacterial growth and to determine
when samples would be collected for analysis. The goal was to
start sampling when the OD was approximately 0.2 and continue
until it was >0.6. The number of samples collected was dependent
on bacterial growth but sampling was performed a minimum of
three separate times.

2.4.1. Magnesium turnings

Culture vials were prepared such that each contained 8.0 ml of
sterile MH broth. Mg turnings, 316LSS or antibiotic (10.0 pg ml™!
of enrofloxacin) were added to the culture vials. Culture vials with
a 316LSS coupon only were used to monitor the sterilization pro-
cess. The culture vials were incubated aerobically in a waterbath
at 37 °C with agitation at 220 rpm for 3.0 h after the addition of
test materials. At this time the vials were inoculated with bacterial
suspension and returned to the incubator.

2.4.2. Addition of Mg**

Culture vials were prepared such that each contained 8.0 ml of
sterile MH broth, MH + MgCl, broth or MH + NaCl broth. The cul-
ture vials were incubated aerobically at 37 °C for 3.0 h prior to
inoculation with bacterial suspension.
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2.4.3. Adjustment of pH

Culture vials were prepared such that each contained 8.0 ml of
sterile MH broth with a pH of 7.4 (control), 8.0, 9.0 or 10.0. When
mixed for normal use, the MH broth has a pH of approximately 7.4.
For this experiment the broth was mixed as per the manufacturer’s
instructions and 1.0 N NaOH was added to increase the broth pH.
The culture vials were incubated aerobically at 37 °C for 3.0 h prior
to inoculation with bacterial suspension.

2.5. Microtiter dilution and viable bacterial counts

Microtiter dilutions were performed using a modification of a
previously described technique [32,33]. The number of CFUs in
each tube was determined in quadruplicate by aseptically collect-
ing a sample from each tube at the desired time point. Tenfold dilu-
tions were made (107 '-1077) using phosphate-buffered saline in
96-well round-bottomed microtiter plates. 20 pl was collected
from each well and streaked across a tryptic soy agar (Beckton
Dickinson Diagnostic Systems, MD, USA) plate in a uniform man-
ner. The plates were incubated aerobically at 37 °C for 24 h, at
which time the number of colonies was counted.

2.6. Statistical analysis

Dilutions with up to 30 colonies present were used to calculate
the median CFU ml~!. Summary statistics were calculated and are
presented as the median CFU ml~'. The error bars in the figures
represent the 25th and 75th percentile. At each time point the dis-

tributions of CFU m1~' were compared for each pair of groups using
the least-significant difference method to protect against Type I er-
ror inflation [34], followed by pairwise Wilcoxon rank sums test for
nonparametric data. Statistical significance was set at P < 0.05.

3. Results
3.1. Magnesium corrosion

The concentration of Mg?* rapidly increased within the first 3 h
to an average of 6.64 mmol 1! (16.14 mg dl!) regardless of the
mass of Mg turnings added. At 24, 48 and 72 h, the average Mg?*
concentration was 6.60 mmol1~! (16.05 mgdl~'), 6.60 mmol 1!
(16.05 mgdl~!) and 6.96 mmol 1! (16.91 mgdl~!), respectively
(Fig. 1). The pH of the broth rapidly increased over the first 3 h
to an average of 9.49 regardless of the mass of Mg turnings added
and there was no apparent dose response. At 24, 48 and 72 h the
average pH was 9.94, 10.10 and 10.15, respectively (Fig. 1).

3.2. Incubation of bacteria with magnesium turnings

All three organisms grew as expected under the experimental
growth conditions as indicated by the CFU ml~! recovered from
the control culture vials. At all time points and for all three organ-
isms no CFUs were recovered from any of the culture vials where
only 316LSS was added. In addition, no CFUs were recovered from
any culture where enrofloxacin was added. The median CFU ml~!
recovered from the control culture vials and those with enrofloxa-
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Fig. 1. Results of (a) pH measurement and (b) Mg?* concentration (mmol 1-!) following the addition of Mg metal turnings to bacterial culture broth.
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cin, 316LSS and Mg turnings at all sampling points are reported in
Fig. 2. There was a statistically significant difference in the
CFU ml ™! recovered across all treatment groups at all time points.
When the CFU ml~! in the Mg group was compared independently
to the control and 316LSS groups, a statistically significant differ-
ence was found at all time points for all three organisms (with
the exception of P. aeruginosa at the first time point). Similarly,
there was an overall trend (P = 0.05-1.0) towards no significant dif-
ference between the Mg and Enrofloxacin groups or between the
316LSS and control groups (Fig. 2).

Overall, the addition of Mg turnings to the culture broth re-
sulted in a lower number of CFU ml~! recovered at all time points
for E. coli, P. aeruginosa and S. aureus as compared to the stainless
steel and control (no additive) groups.

3.3. Incubation of bacteria with MgCl, and NaCl

The pH of the MgCl, and NaCl solutions after sterilization was
7.35 and 7.43, respectively. The Mg?* concentration of the MgCl,
and NaCl solutions was 5.95mmoll~! (14.45mgdl~!) and
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0.16 mmol 1! (0.38 mgdl~!), respectively. As indicated by the
CFUmI™! recovered from the control vials, all three organisms
grew as expected. The median CFU ml~! recovered from the con-
trol, MgCl, and NaCl vials at all sampling points are reported in
Fig. 3. With the exception of the third time point for E. coli and
the second time point for S. aureus there was no statistically signif-

1873

icant difference across all three treatment groups at the various
time points. The overall trend was that the increase in Mg?* con-
centration, via the addition of MgCl,, did not result in an apprecia-
ble effect on the CFU ml~! for E. coli, P. aeruginosa or S. aureus.
Similarly, there was no statistically significant difference between
the MgCl, and NaCl groups for all three bacteria at all time points
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(with the exception of the second time point for S. aureus). In gen-
eral, the addition of an ionic salt, in the form of NaCl, also did not
have a measurable effect on the CFU ml~! (Fig. 3).

3.4. Incubation of bacteria at various pH

The pH of the four MH groups after sterilization was 7.4, 8.0, 9.0
and 10.0, respectively. All three bacteria grew as expected as indi-
cated by the CFU ml~! recovered from the pH 7.4 group (consid-
ered the control). The median CFU ml~! recovered from all four
treatment groups at all time points is reported in Fig. 4. There
was a statistically significant difference in the CFU ml~' recovered
across all treatment groups at all time points. When the CFU ml~!

from the pH 7.4 group was compared to the pH 9.0 and 10.0 groups
there was a statistically significant difference at all time points for
all three bacteria (Fig. 4). Thus an increase in pH to >9 resulted in a
measurable effect on the CFU ml~! recovered in this in vitro model.

4. Discussion

The results of this study have demonstrated two important
characteristics of Mg metal. First, when added to bacterial culture
media Mg metal corrodes in a predictable fashion, resulting in both
an increase in pH and Mg?* concentrations, a finding that supports
our first hypothesis. In a pure aqueous environment, Mg undergoes
an electrochemical reaction with water, producing hydrogen gas
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(a) Mg = Mg?* +2e- (1

2H,0 +2e” = H,+2(0H") (2)

(b) Mg +2C1- = MgCl, (1)

Fig. 5. Corrosion reactions for Mg metal (a) in a pure aqueous environment [20,35]
and (b) in the presence of an activating ion (i.e. CI7) [20].

and magnesium hydroxide (Fig. 5a). In the presence of an activat-
ing anion (i.e. chloride) both magnesium and magnesium hydrox-
ide can react further, producing a magnesium salt (Fig. 5b) [20,35].
Almost immediately after placing the Mg in the broth, gas forma-
tion could be observed on the surface of the metal, and by the
end of the incubation period a precipitate could be observed in
the bottom of the vials. While we did not analyze either of these
reaction products, the equations in Fig. 5 would estimate their
occurrence. In general, Mg corrodes very quickly in the normal
physiologic environment (i.e. high chloride concentration and pH
of 7.4-7.6) [20], resulting in a rapid increase in pH and Mg?* con-
centration. This susceptibility of Mg to rapid corrosion is not sur-
prising and can be predicted in part by its low position in the
galvanic series for seawater [36,37]. The specific corrosion rate of
a Mg implant, however, will also depend on the surface area, tem-
perature, anatomical location and composition of the implant
[20,23,27]. Within the first 24 h both the pH and Mg?* concentra-
tion reached a plateau. Passivity of Mg is believed to occur via for-
mation of a Mg(OH), film which is thought to be stable at a
pH > 11.[23,35,36] With this in mind, the plateau observed in
pH and Mg?* concentration is also predictable, especially since this
was a closed environment. As the pH of the broth increased further
corrosion was prevented by stabilization of the protective Mg(OH),
film. Although many of the contributing factors to Mg corrosion
have been described, any Mg biomaterial should be evaluated by
in vivo testing as predicted corrosion behavior cannot be based
on in vitro testing alone. [27].

The second characteristic observed was that when added to a
closed in vitro culture system, Mg metal has an effect on the CFUs
of both Gram-negative and Gram-positive bacteria recovered that
is similar to those of a bactericidal fluoroquinolone antibiotic
(enrofloxacin). Our hypothesis was that when added to the growth
media, Mg corrosion products would inhibit the growth of E. coli, P.
aeruginosa and S. aureus. The results reported here do not provide
sufficient data to confirm this hypothesis; however, we would sug-
gest that there is adequate data to support an overall trend to-
wards an inhibitory effect of Mg corrosion products on the
growth of these three bacteria.

While the antimicrobial properties of other metals have been
reported previously [8-18], to the best of our knowledge this is
the first publication to describe and evaluate the antimicrobial
properties of Mg.

In an attempt to characterize the mechanism responsible for the
effect of Mg on bacterial growth, we undertook two additional
experiments. In the first we increased the concentration of Mg?*
and did not detect a measurable effect, which supports our hypoth-
esis that the addition of Mg?* alone would not inhibit bacterial
growth. It is well known that Mg is important in the normal
homeostatic mechanisms of eukaryotic cells [20,21] and was first
identified as an essential requirement for growth of E. coli in
1968 [38]. Since that time the importance of Mg in prokaryotic
metabolism and the molecular mechanisms of Mg regulation have
been further characterized [39,40]. Although it has been reported
that the Mg?" concentration affects the virulence of Salmonella
typhimurium [39] and the susceptibility of some Gram-negative

and Gram-positive aerobic bacteria to fluoroquinolone antibiotics
[41], it does not appear to have an appreciable effect in our plank-
tonic model.

In the second experiment we increased the alkalinity of the cul-
ture broth prior to inoculation with the bacteria. We hypothesized
that increasing the alkalinity (i.e. higher pH) would inhibit bacte-
rial growth, which is supported by the finding that there was a de-
crease in CFUml ! recovered when the pH was >9 for all three
organisms. pH and charge gradients are important in prokaryotic
physiology in terms or generating a proton motive force that is
then used to do useful work [42]. Nonetheless, most organisms
have a pH range in which preferential growth occurs and several
sophisticated systems operate that can affect both the intra- and
extracellular environment [42]. The ability of a biomaterial to pro-
duce an alkaline pH as an antibacterial mechanism has been sug-
gested in previous studies [43-45]. In one study the antibacterial
effects of a bioactive glass paste was evaluated. The bioactive glass
resulted in a pH of 10.8 and loss of bacterial viability by 60 min
post-inoculation [43]. In another series of experiments Allan
et al. exposed a range of oral bacteria to particulate Bioglass®.
The presence of the Bioglass® in the culture media resulted in a
pH of 10.0 or greater after 3 h and a kill rate of 94% or greater for
the majority of bacterial evaluated [44]. Finally, Hu et al. demon-
strated that increasing concentrations of 45S5 Bioglass® resulted
in an increase in aqueous pH (pH of 9.8 and 10.3 at 50 and
100 mg ml~! of 45S5 Bioglass®, respectively) and accompanying
increase in bactericidal percentage against three pathogenic bacte-
rial species (S. aureus, S. epidermidis and E. coli) [45]. Given the re-
sults of these and the study reported here it would seem plausible
that an alkaline pH as generated by a biomaterial could be respon-
sible for the antibacterial effect observed.

Based on the overall results of our study we would suggest that
the alkaline pH, and not the increased Mg?* concentration, is
responsible for the effect on CFUmI™! found in this closed
in vitro model.

In considering Mg as an implant, one must also address the pos-
sibility of Mg toxicity and the issue of biocompatibility. Although
toxicity can occur, hypermagnesiumia is rare. The daily require-
ments for an adult are between 300 and 400 mg day~' [46], and
unlike other antimicrobial metals, Mg is efficiently managed by
the normal mammalian kidney and gastrointestinal tract [20,21].
Another determinant with respect to Mg toxicity is the rate of cor-
rosion. As discussed above, the mechanism and determinants of
Mg corrosion are multifactorial and require in vivo evaluation
when being considered for use in an implant [27]. With respect
to biocompatibility, some would suggest that the alkaline pH pro-
duced by an Mg-based implant would be detrimental to host cells
and tissues. While not evaluated in the study presented here, there
are a number of both in vitro and in vivo studies in the literature
that contradict this assumption. For example, L. Li et al. found that
there was no evidence of morphological changes or inhibition of
cell growth by alkali-heat-treated Mg on mouse marrow cells
[47] and Z. Li et al. found that L929 cells demonstrated better
growth in extraction media from an Mg-Ca alloy than in the con-
trol media [48]. During in vivo evaluation of Mg alloys, Witte
et al. found that when compared to a polymeric implant, a Mg alloy
resulted in enhanced bone formation around an implant that had
been placed in a guinea-pig femur [23]. Similarly, Zhang et al. eval-
uated an Mg-Zn-Mn alloy that was implanted in the femur of a rat
and found that these implants were associated with new bone pro-
duction [49]. While the data reported here is intriguing it is pru-
dent to remember that this was an in vitro model and the
performance of Mg in an in vivo model is required before any con-
clusions can be made regarding the behavior in a biological system.
The next step would undoubtedly be in vivo analysis whereby the
buffering capacity of biological systems is addressed.



1876 D.A. Robinson et al./Acta Biomaterialia 6 (2010) 1869-1877

Bacterial wound infections represent a substantial burden to
the healthcare system in terms of financial costs and effects on pa-
tient morbidity and mortality [3]. In 2004 the projected number of
infections associated with cardiovascular, orthopaedic, neurosurgi-
cal, urological and plastic implants was 149,130 cases with average
infection rates ranging from 2% to 40% [1]. These numbers are
impressive but become even more so when one considers the re-
cent rise in antimicrobial-resistant infections associated with
methacillin/oxacillin-resistant organisms that respond poorly to
traditional therapies. Our results demonstrate that in this in vitro
model, Mg, an inexpensive metal, can reduce the growth of three
common aerobic bacteria. Given that the mechanism of action of
Mg metal is related to changing local pH, we would argue that
Mg could represent an antibacterial agent that is not susceptible
to the traditional mechanisms of microbial resistance (i.e. enzy-
matic inactivation of the antibacterial agent, modification of the
antibacterial target, failure to activate the antibiotic).

5. Conclusions

In this in vitro study Mg metal was shown to have a predictable
corrosion reaction and had an activity that was comparable to a
fluoroquinolone antibiotic against E. coli, P. aeruginosa and S. aur-
eus. The growth-limiting property of Mg metal described here is
not typical of conventional antibacterial agents and we would sug-
gest that these results add to the body of knowledge in support of
the use of Mg as a biomaterial.
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