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Microbial adhesion to zirconium alloys
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Abstract

We present data and analyses concerning the adhesion of clinically relevant Staphylococcus aureus, Staphylococcus epidermidis, and Pseu-
domonas aeruginosa (bacteria) and Candida albicans (yeast) to Zircaloy-2 (Zry-2) and Zircadyne-705 (Zr705) surfaces. These zirconium-based
materials are similar to those now being used in total hip and knee replacements. Here we study clinical strains of microbes under shaken and sta-
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ionary exposure conditions, and their ability to adhere to Zr surfaces having different oxide thicknesses. We use X-ray photoelectron spectroscopy
XPS), scanning electron microscopy (SEM), viable counts, endotoxin assays, and statistical analysis methods, and demonstrate a predictive model
or microbial adhesion based on XPS data.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Zirconium-based materials, similar to those now being used
n total hip replacements (THR) and total knee replacements
TKR) [1–4], are the focus of this study. The oxide layer that
orms on the surface of zirconium and its alloys is known to be
hemically stable in many environments, with good mechani-
al strength and excellent wear and corrosion resistance. The
uestion is whether the chemical properties of this oxide layer
ake these materials compatible for use in biomedical appli-

ations. Zirconia (ZrO2, zirconium oxide) ceramic ball heads
re commonly found in THR device designs because of good
ear and biocompatibility properties [5], and it might be pre-

umed that oxidized Zr would behave similarly. However, these
eramic materials are stabilized into the tetragonal phase by the
ddition of other oxides such as yttria, but the oxides grown on
irconium alloys are predominantly in the monoclinic phase and
re substoichiometric (ZrOx, x < 2).

Although it appears that oxidized Zr alloys exhibit superior
wear behavior [1–4], there is little direct evidence that their oxide
layers are biocompatible. For example, Olmedo et al. [6] studied
the dissemination of zirconium in rats and detected intracellu-
lar aggregates of zirconium particles in peritoneum, liver, lung
and spleen. They reported that zirconium dissemination is active
throughout the body and particles target vital organs. Thus, it is
vitally important that we investigate the biocompatibility of Zr-
based materials that are being introduced into the human body
in the form of prosthetics. Our findings to date [7,8] indicate that
understanding and controlling the adhesion of microbial species
on these surfaces is not straightforward, and that synergistic
effects dominate.

The present study builds on and expands our growing body
of knowledge and experience with microbial adhesion on zirco-
nium alloy surfaces. We present data and analyses concerning the
propensity of clinically relevant Staphylococcus aureus, Staphy-
lococcus epidermidis, and Pseudomonas aeruginosa (bacteria)
and Candida albicans (yeast) to adhere to Zircaloy-2 (Zry-2) and
Zircadyne-705 (Zr705) surfaces. Here we study clinical strains
of microbes under shaken and stationary exposure conditions,
∗ Corresponding author. Tel.: +1 330 972 4936; fax: +1 330 972 6918.
E-mail address: rex@uakron.edu (R.D. Ramsier).

and different surface oxide thicknesses. The choice of microbes
includes those found in hospitals and both Gram-positive and
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-negative genera. We use X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), viable counts,
endotoxin assays, and statistical analysis methods, and discuss
trends that are both experimentally and statistically significant.

2. Experimental details

The alloys Zr705 (nominally 2.5% Nb, balance Zr + Hf)
and Zry-2 (nominally 1.4% Sn, Hf depleted, balance Zr) were
received from Wah Chang (Albany, OR) in the form of sheet
stock (approximately 1.0 mm thick) and cut into nominally
rectangular coupons. For viable counts and endotoxin assay
experiments the coupons were approximately 20 mm × 48 mm,
whereas those for XPS and SEM were smaller (approximately
5 mm × 20 mm). Each substrate was polished on one side using
diamond pastes followed by a 0.05 �m alumina suspension.
The samples were then ultrasonically cleaned, degreased with
acetone, and placed in Petri dishes until needed. These sam-
ples, that were not deliberately oxidized, are referred to as
metallic.

For the deliberately oxidized samples, a convection furnace
was used. Polished and cleaned samples from the Petri dishes
were placed in the pre-heated furnace. Then, after pre-specified
lengths of time, the samples were removed from the hot furnace
and allowed to cool in air at a relative humidity of approximately
50%. Annealing temperatures were in the range 500–600 ◦C, and
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37 ◦C overnight. Viable counts were reported as the number of
microbes per ml.

The XPS analysis was performed in fixed analyzer trans-
mission mode under high vacuum conditions (pressures often
below 8 × 10−9 Torr) using a Kratos ES-300 electron spectrom-
eter with a dual anode X-ray source. For all measurements, the
aluminum source was used for the primary survey and detail
scans, however the magnesium anode was sometimes used to
verify the identity of some Auger features. The X-ray source was
operated at 12 kV with emission currents in the range 7–10 mA,
and the samples were approximately 1 cm away from the source.
Samples were mounted onto the end of a probe inserted through a
load-lock sample transfer flange. Focused and rastered argon ion
sputtering (2.5 keV) was performed to remove surface contami-
nation and to depth profile. Ultra-high purity argon at a pressure
of 2 × 10−5 Torr was used, which corresponds to a sputtering
rate of a gold standard of approximately 0.63 nm/min. Micro-
scopic imaging of some of the surfaces was performed with
optical and SEM techniques.

The Limulus Amebocyte Lysate (LAL) gel clot assay
(BioWhittaker, Walkersville, MD) was used to detect Gram neg-
ative bacterial endotoxin. The endotoxin is a portion of the
lipopolysaccharide of the outer membrane of the Gram nega-
tive cell wall. In most Gram negative bacteria, the endotoxin is
exposed upon cell lysis. The lysate contains amebocytes (leuko-
cytes) from the horseshoe crab (Limulus polyphenus). Bacte-
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ore details about this oxidation procedure are available else-
here [7–10]. Standard X-ray diffraction (XRD) measurements
ere performed on oxidized substrates, to verify that our oxi-
ation procedure predominantly yields the expected monoclinic
orm of zirconium oxide on the surfaces [8]. All of the oxide
ayers that we use are in the thickness range before the transi-
ion region in the growth kinetics, where the oxides turn from
lack to beige and white [10].

Clinical strains of S. aureus, S. epidermidis, P. aeruginosa
nd C. albicans were incubated overnight at 37 ◦C in tryp-
ic soy broth (TSB). The four microbes were tested separately
nd as a mixture in eight-flask sets. The eight flasks each con-
ained 250 ml of TSB, 0.5 ml of microbes (or 0.13 ml of each in
he mixture), and two sample coupons. A stationary four-flask
et and a separate shaken (175 rpm) four-flask set were incu-
ated at 37 ◦C for 3 days and then the broths were carefully
emoved.

A metal coupon was aseptically removed from each flask and
insed for one min in separate 250 ml beakers of sterile saline
0.85 wt.%/vol.) solution. Each rinsed coupon was then put into
tube of sterile saline and vortexed for one min, allowed to sit

or approximately five min, and then vortexed for an additional
in. The second coupon in each flask was aseptically rinsed

n a corresponding beaker of sterile water and placed on sterile
ibulous paper in a sterile glass Petri dish for surface analy-
is. The latter procedure avoided the use of saline solution as a
insing agent, since this would contaminate the surfaces stud-
ed by XPS and microscopy. The microbes in the saline tubes
ere diluted and plated using the spread plate technique. Total
ilutions of 2 × 101 to 2 × 107 in sterile saline were used and
lated on tryptic soy agar (TSA). The plates were incubated at
ial endotoxin catalyzes a reaction that produces coagulase, an
nzyme which hydrolyzes coagulogen (a protein in the amebo-
yte lysate) resulting in a detectable clot [11]. The LAL gel clot
ssay is validated by the FDA as an end product endotoxin test
12].

For LAL studies, clinical microbes were incubated with the
etal coupons under stationary or shaken conditions and the
etal coupons were washed in saline as previously described.
he microbes were removed from the saline by five min cen-

rifugation in a microfuge, and the supernatants were stored
t 5 ◦C. All extraneous endotoxin on the glassware was pre-
umably destroyed by autoclaving and baking the glassware at
80 ◦C for four hr. The water, lysate and plastic-ware used in
he assays were endotoxin-free. The test amebocyte lysate was
repared by adding 1.8 ml of endotoxin-free water to the 16-
est vial of lyophilized lysate. The endotoxin positive control
as 10 ng of E. coli endotoxin standard hydrated with 5.0 ml of

ndotoxin-free water. This standard had a potency of 20 EU/ml
nd was diluted with endotoxin-free water to 1 EU/ml for use
s a positive control. The negative control was endotoxin-free
ater.
An endotoxin test assay tube contained 0.1 ml of test sample

positive control, negative control or experimental) and 0.1 ml
f lysate, and was incubated for one hr in a 37 ◦C heating block.
he positive controls were the 1 EU/ml endotoxin diluted with
ndotoxin-free water by a series of five 1:2 dilutions to 1:32
nd lysate was added to each dilution tube. The experimental
amples were diluted to 1:32 by five series of 1:2 dilutions using
ndotoxin-free water. Lysate was added to each diluted sample.
positive reaction was a clot with the endpoint being the positive

ube containing the most dilute sample.
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3. Results and discussion

3.1. XPS

Although XPS must be done in vacuum, it is a very powerful
tool for the study of biological systems and their interaction with
other materials [13–16]. It offers surface chemical information,
and can be used to quantify the presence of biological species on
surfaces. Adventitious carbon is always present, but adsorbed
species containing nitrogen moieties can be detected. Sputter
depth profiling can also be performed through biofilms to assess
their propensity to form heterogeneous layers. XPS survey scans
are shown in Fig. 1. The top panel (A) is from metallic Zr705,
and the bottom panel (B) is from Zr705 with a two micron thick
oxide layer. Both samples were exposed to S. epidermidis in
TSB for three days under shaken conditions. The main features
present are from zirconium, oxygen, nitrogen and carbon, as
expected. Traces of sodium are also evident.

Bacterial adhesion results in a decrease in the Zr features due
to electron scattering by adsorbates and is a consistent trend that
we have observed, which is similar to the study by Rubio et al.
[17]. This is quantified by the insets in the panels of Fig. 1. The
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photoelectron spectral features were integrated and corrected for
element-specific sensitivity factors. The resulting signal ratios
(O:Zr, N:Zr, and C:Zr) for Fig. 1(A) are about five times larger
than those determined from Fig. 1(B). A simple interpretation
of these data is that more bacteria are adsorbed on the metal-
lic surface than on the oxidized sample, consistent with what
we have reported previously based on viable counts data [7].
However, such observations based on XPS data do not discrim-
inate between different microbes, so a more robust analysis was
performed.

The XPS signal ratio data were further analyzed using logistic
regression to assess whether the presence of particular organisms
could be identified by their elemental signatures derived from
XPS. First, a model was constructed in which the outcome vari-
able was organism (C. albicans, P. aeruginosa, S. epidermidis,
and a mixture of the organisms). The predictors were the inte-
grated areas for carbon, nitrogen, zirconium, and sodium from
the XPS data. For each sample, the model produced, for each
organism, probabilities that the sample contained that organism
(or the mixture). For example, one sample produced the proba-
bilites: P(C. albicans) = 0.045; P(P. aeruginosa) = 0.952; P(S.
epidermidis) = 0.003; P(mixture) = 1.26 × 10−12. The model
predicts, or classifies, the sample as containing the organism
(or mixture) with the highest probability. The sample in this
example, therefore, would be classified as P. aeruginosa, and
in fact this sample did contain P. aeruginosa. Thus, the model
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ig. 1. XPS survey scans following three-day exposures to Staphylococcus epi-
ermidis under shaken conditions. Panel A is from a metallic Zr705 substrate,
nd panel B is from Zr705 with a two-micron thick oxide layer.

A

orrectly classified this sample. Of the 34 samples classified by
his model, 27 (79.4%) were correctly classified. Table 1 shows
he classification results.

The correctly classified samples lie on the main diagonal of
able 1, while misclassified samples lie off the diagonal. Most
f the misclassifications involved the mixture, and it is not sur-
rising that the model would have the most difficulty classifying
hese samples. To investigate this issue, a second logistic regres-
ion model was constructed without the mixture. In this model,
he outcome variable was organism (C. albicans, P. aerugi-
osa, and S. epidermidis). The predictors were the integrated
reas for carbon, nitrogen, and zirconium from the XPS data.
f the 26 samples classified by this model, 24 (92.3%) were

orrectly classified. Thus we are confident that models of this

able 1
lassification results for model concerning C, N, Zr, and Na XPS data

redicted organism

o. of samples
of total

S. epidermidis P. aeruginosa C. albicans Mixture

ctual organism
S. epidermidis 8 0 0 0

23.53 0.00 0.00 0.00

P. aeruginosa 0 8 1 1
0.00 23.53 2.94 2.94

C. albicans 0 0 6 2
0.00 0.00 17.65 5.88

Mixture 0 2 1 5
0.00 5.88 2.94 14.71
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Fig. 2. SEM image of an oxidized Zr705 surface exposed to Pseudomonas
aeruginosa for three days while shaking.

type based on XPS data can provide useful information once
fully-developed.

3.2. SEM

Bacterial adhesion has also been investigated by SEM imag-
ing, as shown in Fig. 2. This is from an oxidized Zr705 surface
exposed to P. aeruginosa for three days while shaking. As
expected, the bacteria have a rod-like appearance [18]. Most
of our images show sparsely populated regions of bacteria sep-
arated by large regions of essentially no bacteria. This is con-
sistent with the work of Scarano et al. [19], who showed that
zirconium oxide disks attracted fewer bacteria than commer-
cially available titanium in a human in vivo study, with only
about 12% of the surface attracting bacteria.

The image of Fig. 2 and others like it indicate that these bac-
teria do not preferentially adsorb in regions of surface defects.
From the standpoint of the effects of surface preparation on bac-
teriological adhesion, this must be investigated in greater detail.
For example, one study demonstrated that highly-polished zir-
conia ceramics do not offer an advantage over as-fired materials
in terms of bacterial colony growth [20]. On the other hand,
the role of surface morphology at the micro- and nano-scales
on the attachment of cells is frequently being discussed in the
literature [21–29]. Surfaces for prosthetics need to be smooth at
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Fig. 3. Results of endotoxin assays from samples exposed to Pseudomonas
aeruginosa for three days.

of S. aureus, S. epidermidis or C. albicans, as these are Gram
positive bacteria and a Gram positive yeast, respectively. Gram
positive bacteria and yeasts do not contain endotoxin. Fig. 3
shows that for unoxidized and oxidized Zr705, the amount of
detected endotoxin was lower for the shaken samples. These
results correlate well with our earlier study [7] where biofilms
were formed more readily under stationary (versus shaken) con-
ditions. The uncertainties are from the averaging of two inde-
pendent runs of each condition.

Note that the detection of P. aeruginosa adhesion by these
assays requires lysis of the bacterium. This implies there were
more dead and lysed P. aeruginosa cells in the stationary sit-
uation. Whether the stationary conditions actually promoted
adhesion, or the shaken conditions removed dead bacteria more
readily, is not known at present. Interpretation of the XPS ratios
under these two conditions may also depend on such details.
Combining the results of various measurement techniques into
a self-consistent model of Zr-alloy/biological-species systems
will allow us to elucidate the importance of such possible mech-
anisms.

3.4. Viable counts

Using several different analysis methods permits us to inves-
tigate the complementary nature of the data and what they
represent. Tables 3 and 4 provide all of the viable counts data
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rticulating regions, and effort has been put into this [30], but the
ttachment of bone tissue may depend on roughness and defects
n the order of one micron in size [31]. The question remains as
o whether surface morphology can influence the attachment of

icrobes to zirconium alloys.

.3. Endotoxin assays

We are also interested in endotoxin adsorption [32–35] on
irconium alloy surfaces, and the use of endotoxin assays for
etecting bacterial adhesion. Fig. 3 shows a plot of results from
ur assay studies, with the full data set presented in Table 2. As
xpected, there was no or only 1:2 endotoxin detected in samples
ollected in this study. These data were analyzed using a three-
actor ANOVA. The factors were Organism (C. albicans, S.
ureus, S. epidermidis, P. aeruginosa, and Mixture), Condition
shaking, stationary), and Material (Zry-2: 4 �m, Zr705: 4 �m,
r705: 2 �m and unoxidized Zr705). The response variable was
icrobial growth measured as ln(microbe/ml). The natural log-

rithm transformation of growth was used to satisfy the ANOVA
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Table 2
LAL gel clot assay endpoints with each cell containing data from two independent runs

Metallic Zr705 2 �m Zr705 4 �m Zr705 4 �m Zry-2

Stationary Shaken Stationary Shaken Stationary Shaken Stationary Shaken

S. aureus
1:2 1:2 1:2 1:2 1:2 1:2 1:2 1:2
1:2 0 1:2 1:2 0 0 1:2 0

S. epidermidis
1:2 1:2 1:2 0 0 0 0 0
0 0 1:2 0 0 0 0 0

P. aeruginosa
1:32 1:4 1:16 1:4 1:32 1:4 1:4 1:2
1:16 1:4 1:16 1:4 1:32 1:2 1:4 1:2

C. albicans
0 0 0 0 0 1:2 1:2 1:2
0 0 0 0 0 0 1:2 0

Mixture
1:16 1:2 1:16 1:4 1:8 0 1:8 0
1:16 1:4 1:16 1:4 1:8 0 1:8 0

requirements of normally distributed data with equal variability
across factor levels.

First, a model including main effects for each factor, all two-
factor interactions, and the three-factor interaction was tested.
In this model (mean square error = 0.404, error d.f. = 40), all
interactions and main effects were significant (P < 0.008). The
three-way interaction is graphed in Fig. 4. We observed overall
greater growth under stationary conditions versus shaken con-
ditions, especially of S. epidermidis and C. albicans.

P. aeruginosa and S. aureus exhibited less difference in
growth between shaken and stationary conditions, except on
Zr705: 2 �m samples, where there was considerably greater
growth under stationary conditions. Growth of the yeast, C. albi-
cans, showed little difference among the material surfaces. The
mixture of organisms displayed greater growth overall than the
single-organism cultures. In addition, the mixture exhibited little

Table 3
Viable counts (# microbes/ml) from stationary conditions

Run Metallic Zr705 2 �m Zr705 4 �m Zr705 4 �m Zry-2

S. aureus
1 1.60 × 103 2.02 × 105 4.60 × 103 6.20 × 102

2 1.16 × 103 9.16 × 104 7.60 × 103 6.04 × 102

S. epidermidis
1 6.48 × 104 7.50 × 104 9.80 × 103 1.52 × 105

P

C

M

difference in growth between the shaken and stationary condi-
tions, except for Zr705: 4 �m surfaces, on which growth was
considerably less under shaken conditions.

Fig. 5 demonstrates that overall, averaging over the differ-
ent microbes and the mixture, stationary exposures resulted in
much higher growth (P < 0.05; Tukey’s HSD test) than shaken
conditions for all surfaces. This analysis therefore supports the
findings of the previous section based on endotoxin assays alone,
and also our previous work [7]. In addition, we see from Fig. 5
that under stationary conditions, microbial attachment is most
pronounced on Zr705 with a 2 �m thick oxide layer (this is
especially true of P. aeruginosa and S. aureus; see Fig. 4), and
is least effective on Zr705 with a 4 �m thick oxide under shaken
conditions (most notably for the mixture; see Fig. 4).

Further results from the ANOVA analyses are presented
in Fig. 6. It is apparent that all microbes and the mixture

Table 4
Viable counts (# microbes/ml) from shaken conditions

Run Metallic Zr705 2 �m Zr705 4 �m Zr705 4 �m Zry-2

S. aureus
1 2.74 × 103 2.00 × 103 6.00 × 103 1.30 × 103

2 2.05 × 103 9.20 × 103 2.75 × 103 4.50 × 102

S. epidermidis
1 <6.00 × 102 <6.00 × 102 <6.00 × 102 <6.00 × 102

P

C

M

2 6.65 × 105 1.22 × 105 1.24 × 104 9.45 × 104

. aeruginosa
1 2.75 × 104 5.10 × 105 2.97 × 104 4.10 × 104

2 5.91 × 104 5.15 × 105 1.90 × 104 4.85 × 104

. albicans
1 6.08 × 103 5.44 × 103 6.28 × 103 6.86 × 103

2 1.54 × 104 1.10 × 104 9.80 × 103 6.80 × 103

ixture
1 3.93 × 104 3.06 × 105 1.64 × 105 3.64 × 104

2 7.00 × 104 5.60 × 104 2.39 × 105 1.33 × 105
2 6.20 × 102 1.75 × 103 <6.00 × 102 2.60 × 103

. aeruginosa
1 1.24 × 104 9.20 × 103 8.30 × 103 8.60 × 103

2 1.16 × 104 8.20 × 103 7.75 × 103 9.45 × 103

. albicans
1 <6.00 × 102 <6.00 × 102 6.20 × 102 6.00 × 102

2 3.78 × 103 2.00 × 103 8.40 × 102 1.96 × 103

ixture
1 9.55 × 104 1.75 × 105 1.40 × 103 5.94 × 104

2 1.45 × 105 9.60 × 104 9.25 × 103 7.66 × 104
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Fig. 4. ANOVA interaction plots for each organism, comparing mean growth under shaken and stationary conditions for different surfaces.

of species adhere more readily during stationary rather than
shaken exposures, averaging over the different adherent sur-
faces. Growth from the mixture is much greater than for all
individual species under shaken conditions (P < 0.05; Tukey’s
HSD test), but under stationary conditions the differences tend
to be smaller. It is interesting that the growth trends under station-
ary conditions (mixture ∼ P. aeruginosa ∼ S. epidermidis � C.
albicans ∼ S. aureus) differ from those under shaken condi-
tions (mixture > P. aeruginosa > S. aureus > C. albicans ∼ S. epi-

dermidis). This indicates that synergistic effects concerning
the adsorption/desorption of microbes from these surfaces are
present.

In addition to total hip and knee replacement applications
of zirconium alloys, there are recent literature reports which
indicate that Zr-based coatings are also being investigated for
biomedical uses [36–38]. This makes our studies even more
relevant and timely, and necessarily requires that we investigate
the adhesion and growth of fungi and endotoxins as well as
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Fig. 5. ANOVA results indicating that microbial adhesion under stationary con-
ditions dominates (over shaken) for all surfaces studied here.

clinically relevant bacteria. It is also important to realize that all
of the relevant Zr alloys are predominantly in the alpha phase,
e.g., the metal crystal structure is hexagonal close packed. What
this means is that there is an anisotropy that will be exhibited in
extruded or rolled materials. The rolling or extruding direction
will align the long axis of the metal grains, which will still play
a role once the material is oxidized to provide the protective
coating.

F
t
s

4. Summary

In this study we presented a model that has the ability to
predict the identity of microbial species adsorbed on Zr alloy
surfaces based on XPS signal ratio data. We have also shown that
we can discriminate between the adsorption of Gram negative
and Gram positive species on Zr alloy surfaces using endotoxin
assays. Finally, ANOVA and viable counts methods were used
to demonstrate that stationary exposures result in significantly
larger quantities of microbes adhered to Zr alloy surfaces than
do shaken exposure conditions.
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