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Property
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Abstract

Magnesium (Mg) alloys attract the focus of leading industries such as telecom, computer etc, and medical and
household appliances due to their strength and weightlessness. However, magnesium is one of the major cell
components of bacteria, which predisposes it to microbial attachment and growth. To understand its
vulnerability to bacterial attachment that leads to microbiologically influenced corrosion (MIC), laboratory
exposure studies using a magnesium alloy AZ31 B were carried out with a biofilm forming bacteria
Pseudomonas sp. A high rate of bacterial attachment (calculated using image processing software) viz.
14.33+6.72% and 33.69+10.25%, was observed for one and two days of exposure, respectively. However, the
area of bacterial adhesion reduced to 2.71+1.36% by the sixth day. The total viable count (TVC) on the surface
of the experimental coupons also showed the maximum value on the first day, and reduced to a very low
number by the sixth day. Mg ion concentration in the experimental medium showed a gradual increase over the
time period. This was true with the control as well. The maximum concentrations were 25.5 and 23.5 mg/ml for
control and experimental samples respectively by the sixth day. Consequently, the medium pH also increased to
9.7 and 9.8 in the control and experimental media respectively. The coupon surface pH also rose to more than
11 by the third day. Magnesium reacts with-water producing magnesium hydroxide, which forms a protective
Sfilm over the coupon surface in addition to the dissolution into the medium. The formation of such a film and
the dissolution of Mg elevated the pH of the coupon surface and the medium to the alkaline range. The
combined effect of high pH and high concentration of magnesium ion adversely affected the growth and
survival of Pseudomonas sp. both in the medium and on the coupon surface resulting in a modest attachment
and very low TVC by the sixth day. Thus, Magnesium alloys exhibited antibacterial property that prevented
bacterial attachment and formation of biofilm.

KEY WORDS: (Bacterial adhesion) (Magnesium alloy) (pH) (Magnesium ions) (Antibacterial effect)
(Pseudomonas sp.)

and the ways to improve their corrosion resistance’ **7.

While magnesium and its alloys attracted the
attention of electrochemists, microbiologists and
nutritionists had a different side of the story to tell ie
about its essentiality for life. = Magnesium is the
molecular key that activates many important enzymes

1. Introduction

Magnesium (Mg) and its alloys are widely used in
modern industries especially to manufacture light
cellular telephones, computer parts, medical and

paramedical devices etc. Its relative abundance in
seawater and the low density and high strength/weight
ratio of its alloys are the promising properties reckoning
them as alternative material for aluminum alloysl’2’3).
However, corrosion susceptibility restricts their
application”. On that account, contemporary research is
largely focused on the electrochemistry of magnesium
and its alloys while in contact with an aqueous medium

responsible for many biochemical reactions in a living
cell®. Mg is regarded as one of the intracellular bulk
elements'® and is involved in enzyme catalysis, which
performs a variety of roles such as structure stabilization,
charge neutralization, and control of osmotic pressure.
Attachment of bacteria on material surface may
lead to microbiologically influenced corrosion''?. This
has been the focus of major research activities in the
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recent past'*'?, Mg is used as sacrificial anodes to
protect the underlying metal from corrosion and is thus
significant in the field of corrosion protection. In
addition, as this metal corrodes easily while in contact
with water, it might act as an additional nutrient released
into the environment. While acting as sacrificial anodes
or in use for other applications, bacterial attachment and
MIC could be a possible threat for Mg deterioration. In
spite of this significance, reports addressing the bacterial
colonization of Mg alloys are lacking. Therefore, it was
thought appropriate to study the metal microbe
interaction occurring at the surface of magnesium alloys,
which would enable us to formulate a suitable strategy
for their better utilization especially in aquatic and
humid environments.

2. Materials and Methods
2.1 Material tested

The clemental composition of AZ31B, the magnesium
alloy used in the experiment is given in Table 1.

Table 1 Chemical element composition (%) of Magnesium
alloy used in the study (Rem. = remaining portion)

Alloy AZ31B
Al 3.0
Mn 0.46
Zn 1.0

Si <0.01
Cu <0.01
Ni 0.001
Fe 0.003
Ca <0.01
Mg Rem.
Others | 0.30
total

Coupons of size 30x10x1.5 mm were cut and polished
with emery papers to a surface finish of 1200-grit.
They were degreased, washed, dried and stored in a
desiccator until the experiment,

2.2 Bacteria tested

A biofilm forming bacteria Pseudomonas sp. isolated
from a corrosive ground water environment in Japan was
used as the test strain, This strain was reported to be a
prolific colonizer on stainless steel surfaces causing
severe pitting corrosion'®'?. . The bacteria were
sub-cultured twice repeatedly in Nutrient Broth (Difco:
Bacto peptone 5 g 1! and Bacto beef extract 3 g 17,
distilled water 1 1) and the log phase (14-16h) culture
was used for the experiment.

2.3Experimental procedure

Bacterial adhesion on these coupons was observed for
six days. The medium used was a dilute Nutrient Broth
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(0.1% v/v in micro filtered distilled water, CI
concentration < 0.1 ppm). Twelve flasks with 200 ml of
the experimental medium and four flasks with 200 ml of
distilled water were taken and sterilized. One ml each of
inoculums was added to 8 flasks containing 0.1%v/v
nutrient broth. The rest were kept as sterile controls to
study the effect of medium (medium control) and
distilled water (distilled water control) on Mg coupons.
Coupons were degreased, sterilized and were dried under
UV inside a laminar flow chamber before introducing
them aseptically into the experimental flaks. The flasks
were Kept in an incubator shaker at 28°C with a shaking
rate of 90 rpm. Coupons were retrieved after 1,2,3 and 6
days of incubation. The experiment was not continued
further because, the number of bacteria in the medium
with coupons reduced considerably by this time that the
experiment could not be continued. The whole
experiment was repeated three times.

2.3.1Coupon analysis

One set of the coupons retrieved from the experimental
flasks were lightly rinsed with sterile distilled water, air
dried inside a sterile chamber and were stained with
acridine orange, a fluorescent nucleic acid dye (0.01%
w/v in sterile distilled water). The coupons were
observed under an Epifluorescence microscope
(excitation 490nm and emission 530nm). Fifteen fields
on each coupon were observed and the images were
recorded using a CCD camera. These images were
analyzed for the area of bacterial adhesion using
image-processing software. Area of adhesion is
expressed as percentage of the area of field of
observation. _

Another set of coupons (both experimental and controls)
was observed under a Scanning Electron Microscope
(SEM). Experimental coupons were kept overnight in
gluteraldehyde at 4°C for fixation of biofilm. They were
dehydrated using gradient concentrations of ethyl
alcohol, freeze-dried and kept in a dessicator until
observation. The surface preparation was done by gold
palladium coating. Control coupons were observed as
such without any surface preparation.

2.3.2 Total viable count (TVC) in the medium

The TVC in the medium was determined by standard
plate count method. This was simultaneously done with
the coupon retrieval.

2.3.4 Estimation of biofilm TVC and surface pH

A separate set of experiment was conducted to determine
the total viable count of biofilm formed on the Mg
coupons over the period of time viz. 1,2,3 and 6days.
Eight flasks with 200ml of 0.1% (v/v) nutrient broth
each were inoculated with Pseudomonas sp. Mg coupons
were introduced and two coupons each were retrieved



after the intervals mentioned above. The biofilm formed
on the coupon surfaces was scrapped out with a sterile
nylon brush using 5ml sterile distilled water. The TVC
was estimated by standard plate count method. The
coupon surface pH was estimated using pH papers.
Sterile medium with coupons served as'the control.

2.3.5 Estimation of total Mg>* concentration -

Total magnesium jon concentration in the experimental
medium, medium control and distilled water control
were estimated during each sampling. 50 ml of the liquid
medium from the test flasks was drawn and the
concentration of Mg %* was estimated using Inductively
Coupled Plasma Mass Spectrometry (ICPMS). The total
magnesium ion concentration was expressed as ppm.
2.3.6. Variation of medium pH

The pH of the medium was measured using a portable
pH meter (accuracy + 0.1, Horiba, Japan). The pH of
distilled water control and medium control was
measured along with the experimental samples during
1,2,3, and 6 days of samplings. The pH of the medium
inoculated with Pseudomonas sp. devoid of Mg coupons
also was measured for comparison.

2.3.7 Effect of pH on growth of Pseudomonas sp.

In another set of experiments, media with different pH
varying from 7-10 were prepared and the growth of
Pseudomonas sp. was monitored for six days. The pH of
the culture medium was adjusted using 0.IN NaOH
(controlling the quantity of HCI for fine adjustment to
traces so as the chloride ions do not interfere with the
bacterial growth). The total viable count in the medium
was determined by plating on nutrient agar plates after 1,
2, 3 and 6 days.

2.3.8 Statistical analysis

The results were analyzed using simple regression
analysis and one-way ANOVA. The area of adhesion
data was arcsine transformed prior to the analysis of
variance and the homogeneity of the variance was tested
using Cocheran’s test for homogeneity””. The hypothesis
tested for the ANOVA was that the bacterial attachment
did not vary over the study period.

3 Results
3.1 Bacterial adhesion and total viable count

The adhesion of bacteria increased distinctly during the
initial period of the experiment. By the second day,
the % area of adhesion reached 33.69+10.25, henceforth
the attachment rapidly reduced to reach a minimum
value of 2.71+1.36 by the 6™ day (Figures 1 & 2). This
however showed similarity with the fluctuation of the
total viable count of bacteria in the experimental medium
(Figure 3). The TVC in the medium without coupons
fluctuated between 107%/ml during the experimental
period. The results of the analysis of variance showed a
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significant variation in the % area cover with time
(ANOVA, F=11.624, p=0.0002)
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Fig.1 Variation in % area cover of bacterial adhesion on
experimental coupons during the study period,
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Fig.2 Epifluorescence images of magnesium alloy coupons
with attached Pseudomonas sp. during the experiment.
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Fig.8 Variation in the TVC of Pseudomonas sp. in the
experimental medium with magnesium alloy coupons during
the period of study.
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The biofilm TVC showed a rapid decline from the 2™
day. It varied from 2.6x10° cells/cm® to 8.3 cells/cm?
from day 1 to day 6 following a more or less similar
pattern as that of the medium TVC (Figure 4).
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Fig 4 Variation in the medium and biofilm TVC observed on
coupon surface during the study period

3.2 Magnesium ion concentration in the medium

The total magnesium ion concentration in the
experimental medium with and with out Pseudomonas
sp. is shown in the Figure 5.
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Fig.5 Variation in total magnesium ion concentration in the
medium containing coupon but with and without bacteria
during the study period.

The total magnesium ion concentration increased with
time to reach a maximum value of 23.5 and 25.5 pg/ml
in the experimental medium and the control, respectively.
The result of t-test showed no significant difference
between the final concentrations of Mg ions in the
medium with and without bacteria (p=0.15), thus
showing no influence of bacteria in the release of Mg
ions from the coupons.

3.3 Variation in pH

Variation of medium pH in the experimental and control
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flasks is given in Figure 6. The medium pH turned
alkaline within a period of one day in flasks with
coupons. It varied from an initial value of 6.9 to 9.7 and
9.8 on the 6 day in flasks without and with bacteria,
respectively. However, the pH of medium alone, medium
with bacteria and that of distilled water did not vary
during this period (Figure 6).

10
- -t Distilled water
9 —f— Medium (0.1%) alone
—— 0.1% medium+Pseudomonas sp.
—— Distilled water+Magnesium coupon
8 ~ e 0.1% medium+Magnesium coupon
19 jum-+! i 0
% 8 9»1; .sém diur mh/g%@esxum coupon
7
6
1 ] l I l | |
5

0 1 2 3 4 5 6 7

Exposure duration (days)
Fig.6 pH variation in the medium with bacteria and coupon,
medium and coupon, medium with bacteria, medium alone,

distilled water, and distilled water and coupon during the
experiment.

The measurement of coupon surface pH showed a rapid
increase with in a day of exposure. The coupon surface
pH was 8 and 11.6 immediately after immersion and
after a period of 6days, respectively (Figure 7).
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Fig.7 Variation in Coupon surface pH observed during the
period of study.



3.4 Effect of pH on bacterial viability

The experiment on the viability of bacteria vis-a-vis pH
showed a negative impact. The number of bacteria
reduced with the increase in medium pH. As compared
to pH 7 and 8, the TVC showed a slight reduction in

medium with pH 9 while the impact was severe at pH 10.

At pH 10, the bacteria showed nearly 100% mortality by
the 6™ day (Figure 8).

’-—-Q-—pH7 —=— pH8 —A— pHY —o—pH10|

TVC (log10)
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Fig.8 Variation in total viable count of Pseudomonas sp.
inoculated to medium with different pH during the period of
study.

4 Discussion

Magnesium and its alloys are reported to be highly
unstable while in contact with water. On contact with
water, magnesium starts reacting with it forming Mg
(OH), and H,. The overall corrosion reaction of pure Mg
as given in Song et al (1997) could be represented as:

Mg + 2H,0 — Mg (OH) ; + Hj ---------—-- 1)
The anodic and cathodic reactions could be written as:
Mg > Mg* +2 e (2) and,
2H,0 +2e > Hy +20H  —mmeemeememeeeee (3)

The protective film of magnesium hydroxide is formed
according to the following reaction:
Mg** + 20H" — Mg (OH),

As the metal corrodes, the evolved Mg (OH) , (also
MgO) start depositing over the surface to form a passive
film. However, a part of it also dissolves into the liquid
there by increasing the concentration of magnesium ions
and the pH of the medium. In the present study, the total
Mg** concentration of the medium increased from near
zero in the initial day to about 25ppm by the 6 day.
According to the literature, the corrosion processes of
Mg and its alloys in contact with water are highly
complex?.

As far as bacteria are concerned, Mg?* is one of the
major elements of their cellular composition. The
intracellular requirement of microorgainsms for Mg ** is
about 10-20uM. It is bound to ATP, ADP and nucleic
acids while a substantial amount is bound to ribosome.
They are involved in stabilizing the structures of nucleic
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acids and also to activate enzymes that are concerned
with the synthesis of DNA, RNA, and proteins®. Its
weight percentage in bacterial cell is about 0.5 and is
present as inorganic magnesium salts®. It is highly
significant for all living cells as it acts as cofactors for
various enzymatic reactions'?. Although magnesium
salts have to be supplied externally, too much
concentration of it would adversely affect the survival of
bacterial cells because it is one of the major cell
components that help in regulating the osmotic
pressure'®. In the present study, the concentration of
magnesium ion was above 12-13 ppm by the second day,
which went up to 25 ppm by the 6™ day. Also the pH of
the medium increased to above 9 by the second day.
Consequently, TVC in the medium as well as the area of
bacterial adhesion on coupons suffered a reduction from
the 2™ day.

The Pseudomonas sp. tested in this experiment showed a
high rate of settlement in stainless steel (SS) coupons®".
A comparison of the area of bacterial adhesion between
SS 304 L and magnesium alloys showed that these
bacteria settled on magnesium alloy more rapidly than
on SS 304 L during the initial period of coupon
exposure’”. This species was reported to colonize about
10% area of the field of observation on stainless steel in
two days of exposure while on magnesium coupons
during the period it showed nearly 34% coverage’”. In
both the experiments, TVC in the medium was in the
similar range that is varying between 10’-10%/ml during

" the initial period of coupon exposure®’. However, the

areca cover constantly increased in case of SS 304 L
coupons, while a reduction of the same could be seen on
magnesium alloys. On Mg coupons, the initially attached
bacteria got detached probably due to the high level of
pH acting at the liquid-substratum interface and H,
evolution. This is evident from the biofilm TVC data as
weli, which also showed a reduction from the day 2. In
spite of the necessity of magnesium for bacterial growth,
which is evident from the sudden spurt in attachment
during the initial stage, they could not sustain their
growth on the coupon surface for long. Bacterial death
might have occurred due to two major reasons. One,
excess magnesium ion concentration in the medium,
which would have crossed the tolerance limit of these
bacteria thereby causing damage to the enzymes and
cellular metabolism and crossed the osmotic barrier
resulting in their death. As the second possibility, as the
concentration of magnesium increased in the medium,
the pH also increased and crossed the threshold limit of
Pseudomonas sp. resulting in their death. In order to find
out the effect of pH on the bacterial viability, another set
of experiment was carried out.

The experiment on the variation of medium pH showed
these bacteria could survive very well up to pH around 8
while the growth reduced at pH 9 and at around pH 10 it
showed 100% mortality by the 6™ day (Figure 8). This
suggests that the bacterial mortality be mainly due to the
increase in pH. The tolerance limit of Pseudomonas sp.
with respect to pH is reported to be around 9%. As for the
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possibility of Cl” ions influencing the bacterial mortality
in the medium, it is thought to be minimum. This is
because the Cl” ion concentration was very low in the
experimental medium (<0.1ppm) and the volume of HCI
(0.1N) used for the fine adjustment of pH was controlled
to traces so that it did not interfere with the bacterial
growth.

Magnesium and Zinc are widely used as sacrificial
anodes for corrosion protection of metallic structures®.
The vulnerability of magnesium and their alloys to
corrosion while in contact with water is utilized here to
preserve the underlying structures®. The use of
magnesium as sacrificial anode is promoted since the
dissolved magnesium ion in water is not toxic and the
Mg ions are considered as an important cell constituent
essential for the microbial growth”. However, the
present study showed that, since the pH of the surface of
magnesium is highly alkaline, reaching around 11 by the
6™ day due to the formation of passive Mg(OH), film
(equations from 1-4), its surface would be protected
from the biofilm build up for a longer period than most
of the other metallic surfaces do. This property at the
boundary layer between metal surface and water makes
Mg antibacterial. With this property, the surfaces of its
alloys would be bacteria free even when it is used in a
highly humid environment, a good sign for many
industries that use Mg alloys for making components
such as mobile cell phones, computer parts or medical
and paramedical devices. However, our experiment is
only a laboratory test, but proves a point that this alloy
has the property to resist bacterial build up. A more
realistic picture could be obtained and the present pattern
could be verified by exposing coupons in the real field to
study the biofilm buildup on their surfaces.

S Conclusions

The bacterial adhesion studies on Magnesium alloy
AZ31B using Pseudomonas sp. showed an increase in
adhesion area up to two days with a sharp reduction
thereafter. The TVC in the experimental medium with
coupons and TVC in the biofilm showed a similar
pattern over the period of time. However, the magnesium
concentration in the medium increased gradually during
the study period. This was followed by the increase in
medium pH, which reached nearly 10 by the third day.
The coupon surface pH also showed a sudden increase
from 8 to 11.6 during this period. Magnesium reacts with
water in the medium to form magnesium hydroxide,
which dissolves in water thus increasing the pH. The
increase in pH resulted in bacterial mortality and reduced
the area cover of bacteria on the coupon surface. This
property makes magnesium alloys antibacterial and in
real filed conditions it is expected that this property
would decrease the bacterial attachment on their surfaces
thus preventing the formation of bacterial biofilm.
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