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Abstract

We tested the suitability of two spectroscopic methods,
x-ray photoelectron spectroscopy (XPS) and time of flight
secondary ion mass spectrometry (ToF-SIMS), in the
recognition of bacterial and eukaryotic cell footprints on
implant surfaces. Human mesenchymal stem cells (MSCs)
and Staphylococcus aureus were cultured on sample
surfaces and detached using trypsin. Scanning electron
microscopy confirmed that the processed surfaces did not
contain any human or microbial cells. The footprints were
then analysed using XPS and ToF-SIMS. XPS results
showed no significant differences between the footprints,
but principal component analysis of the ToF-SIMS data
enabled clear separation of MSC-footprints from the S.
aureus and co-culture footprints (p < 0.03). ToF-SIMS
also demonstrated ‘race for the surface’ between proteins,
which suggest surface charge (zeta-potential) dependent
protein adsorption. ToF-SIMS differentiated eukaryotic
and bacterial footprints and has potential for post-hoc
detection of implant-related infections based on the typical
ToF-SIMS spectra.
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Introduction

Bacterial infections remain an important cause of failure
of many types of implants (Darouiche, 2001; Darouiche,
2004). Infected abiotic and immune-compromised implant
surfaces and materials act as bacterial growth substrates
and reservoirs, impairing implant function, propagating
local spreading of the infection into surrounding tissues
and haematogenic “metastatic” infections into distant
sites. Recognition of the colonisation of the implant
surface by bacteria remains an important clinical and
academic issue.

Reliable recognition of bacterial infection in implant-
related infections is challenging. The classical diagnostic
method is bacterial culture of the periprostetic tissues
and fluids. However, recognition of the differences
between planktonic and biofilm bacteria has disclosed
many important differences of relevance in this context
between these two microbial states. Biofilm bacteria
are not easily accessible to naive and immune host
defence cells or soluble factors, such as complement
or antibiotics (Costerton et al., 1999). Further, dormant
pathogens embedded in the biofilm and adhering to the
implant surface can be difficult to detach and grow in
bacterial culture (Gristina and Costerton, 1985; Tunney
et al., 1999). Therefore, different approaches have been
developed to diminish false negative culture results,
e.g. multiple sampling from the surface of the implant
(direct swabs) and sonication of the implant to detach and
disperse bacteria from implant surface to culture (Neut e?
al., 2003; Marculescu et al., 2005; Panousis et al., 2005;
Trampuz and Widmer, 2006; Trampuz and Zimmerli,
2006; Zimmerli, 2006). None of these methods is perfect
and the frequent use of antibiotics before sample collection
further increases the risk for false-negative culture results
(Darouiche, 2001; Berbari et al., 2007; Malekzadeh et al.,
2010), but false-positive culture results are also possible,
usually as a result of contamination during sample
processing and culture.

Eukaryotic cells and bacteria produce various
molecular components destined for extracellular
deposition, which they excrete outside the cell. Eukaryotic
cells synthesise components of extracellular matrix
in their cytoplasm and secrete them via exocytosis.
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Furthermore, adherent cells produce special adhesion
organs known as focal adhesions (Konttinen et al., 2011).
Also, bacteria excrete polymeric compounds, which form
their extracellular polymeric substance (EPS), so called
bacterial “slime” (Donlan, 2002). EPS is a polymeric
conglomerate composed of extracellular DNA, proteins,
and polysaccharides. We hypothesise that the molecular
composition of the mammalian ECM and bacterial
EPS differ to such an extent that modern and sensitive
spectroscopic methods would enable their specific
identification from cell-free footprints left on an implant
surface after an effective removal of whole live and dead
eukaryotic and bacterial cells. Because the cells, which
produced them, are already gone, these acellular remnants
left on their former growth substrate surface are hereafter
referred to as “footprints”. The aim of the work was to
test two spectroscopic methods that might be useful for
demonstration of previous bacterial colonisation, but in
the absence of bacteria, and enable its differentiation from
footprints left by human cells. Due to their role in implant-
related infections (Cunningham et al., 2004; Trampuz
and Zimmerli, 2006; Sohail et al., 2007), Staphylococcus
aureus was selected as the model bacterium, and due to
the role of mesenchymal stromal cells in healing of peri-
implant tissue and implant integration (Chatterjea ef al.,
2010), MSC was selected as the model eukaryotic cell for
these first “proof of the principle” studies. Titanium is a
commonly used biomaterial and was therefore included
in the study. Diamond like carbon (DLC) was selected in
the study because of its anti-fouling properties (Page et al.,
2009; Goto and Brunette, 2010). Based on our previous
experiments, relatively weak footprints were expected
because S. aureus and MSCs did not attach and spread on
DLC surfaces as well as e.g. on cytocompatible Ti surface;
for S. aureus 23 % coverage was reached on Ti vs. 0.4 %
coverage on DLC (Levon ef al., 2010). For MSCs 83%
coverage was reached on Ti vs. 73 % coverage on DLC
(Myllymaa et al., 2010). If it is possible to see differences
in the bacterial, eukaryotic and joint (co-culture) footprints
on DLC, it is very likely that the footprint analysis is
rather sensitive and easily discloses differences in the
footprints in other materials as well. Patterned materials
were included to have a type of internal control (in the
background material) and as a preliminary pilot to check
if this study design could be used to demonstrate the ‘race
for the surface’ phenomenon of bacterial and host cells
(Gristina, 1987).

In recent years, ToF-SIMS has been employed for
studying the surface of protein-based materials. Adsorbed
protein films have been characterised (Lhoest et al., 2001;
Wagner et al., 2001; Wagner et al., 2002a; Wagner et
al., 2002b; Wagner et al., 2003a; Wagner et al., 2003b;
Bernsmann et al., 2008; Tyler et al., 2011) and even
conformational changes (Xia et al., 2002) and denaturation
of proteins (Killian et al., 2011) can be detected with ToF-
SIMS. Surface characterisations of extracellular matrix
scaffolds (Canavan et al., 2007, Brown et al.,2010; Barnes
etal.,2011) and insulin and albumin coated surfaces have
been published (Henry and Bertrand, 2009). In the field
of microbiology, ToF-SIMS has been applied to imaging
colonies of microbes (Tyler ef al., 2006, Esquenazi et al.,
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2009), to characterise intact, individual bacterial spores in
3D (Ghosal et al., 2008) and to detect antibiotics within
intact bacterial colony biofilms (Gasper et al., 2008).
Some previous experiments have applied TOF-SIMS
to cellular material and have successfully discriminated
between different yeast strains (Jungnickel et al., 2005)
and different breast cancer cell types (Kulp et al., 2006).
Here, we extend these earlier findings further, attempting
to distinguish between two different cell types based on
their footprints, following detachment of the cells from
their matrix, rather than trying to distinguish the cells
themselves. Although it has been shown before that after
cell sheet detachment, traces of amino acids are found on
the culture substrate (Canavan et al., 2005a; Canavan et
al., 20006), identification of different cells based only on
these cellular footprints on biomaterial has never been
attempted before by ToF-SIMS experiments.

Materials and Methods

Sample fabrication

DLC and titanium were deposited on silicon surfaces,
both as planar coating and patterned coating. The samples
contained regularly spaced 75 um x 75 pm squares covered
with titanium or DLC squares with the distance of 100 um.
Patterning was produced using photolithography and lift-
off techniques.

Thin films of titanium were magnetron sputtered
(Stiletto Serie ST20, AJA International Inc., North Scituate,
MA, USA) in argon plasma with high purity (99.9 % or
better) target materials (Goodfellow Metals, Huntingdon,
UK). An acceleration voltage of 400-500 V, a chamber
pressure of 3-4x10* mbar and a deposition time of 5 min
were used to deposit approximately 200 nm thick films.

DLC coatings were deposited using ultra-short
pulsed laser deposition (USPLD) technique. Just before
deposition, the sample surfaces were gently cleaned
using Ar' ion sputtering (SAM-7KV, Minsk, Belarus).
For deposition, we used a new type of mode-locked fibre
laser (Corelase, Tampere, Finland) and Coldab™ deposition
technology developed by Picodeon (Helsinki, Finland) to
achieve optimal laser parameters in USPLD (Myllymaa
et al., 2009). The maximum average power was 20 W at
4 MHz which results in a 5 pJ pulse energy. The pulse
length was 20 ps. High purity graphite was used as the
target for DLC deposition. The deposition parameters
were adjusted to obtain stable plasma and to deposit about
a 150 nm thick layer.

After deposition, the patterns on wafers were revealed
by immersion in a mr-Rem 660 resist remover (Microresist
Technology, Berlin, Germany) in an ultrasonic bath for a
few minutes. Wafers were finally cut to 10 mm x 10 mm
samples before sonication for a few minutes in 7x detergent
(OneMed, Vantaa, Finland), ethanol and deionised water
to remove organic residues and silicon dust from dicing.

Sample sterilisation

Samples were immersed in Petri dishes for 30 min in 70 %
ethanol, which was removed by pouring and evaporation
before packaging in sterile bags and sterilisation using
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26 +3 kGy gamma irradiation. The source was calibrated
according to ASTM 1026-95 Standard Method for
Absorbed Gamma Radiation Dose in the Fricke Dosimeter.

Measurement of zeta-potential

Zeta-potentials were measured using an electrokinetic
analyser (SurPASS, Anton Paar, Graz, Austria) in
pH 7.1 £0.1 in 1 mM KCI. The samples were measured in
duplicates (i.e., two pairs) using an adjustable gap cell on
which the samples were mounted and the measurements
were repeated three times for each pair. The zeta-potential
was evaluated from streaming current measurements
according to the Helmholtz-Smoluchowski equation:

dl n L

=—X X
dP eXxX¢g, A

¢

Where { is the zeta-potential; dl/dP is the slope of streaming
current vs. different pressure; 1 is the electrolyte viscosity;
¢ is the permittivity; ¢ is the dielectric coefficient of
electrolyte; and L is the length of streaming channel and
A is its cross-section. Error estimation was based on the
standard error of the mean.

Cell cultures

Human bone marrow-derived passage-5 MSC (PoieticsTM,
Lonza, Basel, Switzerland) were cultured on 10 cm
Petri dishes (Corning, Corning, NY, USA) using Lonza
Mesenchymal Stem Growth Medium (MSCGM) containing
Mesenchymal Cell Growth Supplement, L-Glutamine
and GA-1000 (Gentamicin/Amphotericin-B). The cells
were cultured at 37 °C in humid 5 % CO,-in-air. The cell
monolayer was washed with phosphate buffered 140 mM
saline (PBS, pH 7.4) and the cells were detached using
2.5 mg/mL trypsin in PBS-EDTA (0.05 mL/cm?) at room
temperature for 5 min. An equal volume of temperature
equilibrated MSCGM was added. The suspension was
transferred to a Falcon tube and trypsin was removed
by centrifuging the cells at 600 g for 5 min. Cells were
resuspended in culture medium and seeded onto the pre
wetted biomaterial surfaces at 6000 cells per cm?density.
The cells were cultured for 6 days (near confluence). TC-
treated polystyrene 12-well microplates (Corning) were
used in all experiments. A similar protocol was followed
when the control samples without cells were prepared.

Bacterial cultures

A biofilm producing strain of S. aureus S-15981, kindly
provided by Dr. Lasa (Valle et al., 2003), was cultured
on blood agar for 24 h at 37 °C under aerobic conditions.
Twenty colony forming units (CFU) were suspended
into 10 mL tryptic soy broth (TSB) and cultured for 24 h
at 37 °C in a 15 mL tube (with static agitation). This
suspension was re-suspended and 1 mL was inoculated into
9 mL of TSB and incubated for 18 h at 37 °C. Thereafter,
the concentration was adjusted to 6 x 10® CFU/mL using a
McFarland standard and verified by serial dilution plating.
Biomaterial samples placed in the wells of pre-sterilised,
polystyrene, flat-bottomed, 12-well microplates (Corning)
were pre-wetted with TSB and covered with 1 mL of the
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microbial solution and incubated for 24 h at 37 °C. Then,
medium was aspirated and non-adherent cells removed
by thoroughly washing the biofilms three times in sterile
PBS, covered with 1 mL of TSB and incubated for another
24 hat 37 °C. During the incubation samples were agitated
gently using a GrantBioPMS 100 microplate shaker. Non-
infected wells (TSB alone) were also included to serve as
negative controls.

Co-cultures

Two types of co-cultures were prepared in MSCGM
without antibiotics. In the first set-up, MSCs were
suspended in MSCGM and seeded on the biomaterial
surfaces placed in 12-well microplates at 6000 cells per
cm? density and cultured for 48 h at 37 °C in humid 5 %
CO,-in-air. After 48 h, the surfaces were covered with
S-15981 Staphylococcus solution at concentration of 6
x 108 CFU/mL in MSCGM and incubated for 48 hours
at 37 °C. After 24 h the suspension was refreshed with
500 pL of MSCGM.

In the second set-up, both MSCs and S-15981 were
suspended in MSCGM using similar seeding densities
(6000 MSCs per cm?) and concentration (6 x 108 CFU/
mL) as above. Biomaterial surfaces were placed in 12-well
microplates, followed by addition of 1 mL of the mixed
Staphylococcus and MSC solution. These co-cultures were
incubated for 96 h at 37 °C. Refreshing was done every
24 h, by replacing 500 puL of the culture solution with fresh
MSCGM.

Viability in co-cutures

Bacterial viability in MSCGM was confirmed with staining
using Live/Dead BacLight™ kit (Molecular Probes/Life
Technologies, Gaithersburg, MD, USA), which was
applied according to manufacturer’s instructions and
analysed using fluorescence microscopy.

To assess the amount of biomass in a biofilm, S. aureus
was cultured in MSCGM and in TSB on 24-well plates
for 96 h, washed with PBS, dried for 30 min at room
temperature and stained in 200 pL of 0.3 % crystal violet
(Reagena Ltd., Toivala, Finland) for 5 min. Samples were
washed gently in running water and destained in 200 pL
of absolute ethanol, which was transferred to a clean 96-
well plate. Absorbance at 544 was measured with Plate
CHAMELEON V (Chameleon Systems, Ruislip, UK)
plate reader.

To test the viability of MSCs in co-cultures, samples
were prepared on coverslips using the same experimental
settings as described above. After the co-culture incubation,
Live & Dead staining was performed using the Live/
Dead Viability/Cytotoxicity Kit for mammalian cells
(Molecular Probes). Samples were washed with PBS,
stained with MSC-optimised staining solution (8 uM
calcein acetomethoxy and 2 uM Ethidium Homodimer-1)
for 40 min, washed with PBS and mounted in Vectashield
(Vector Laboratories, Peterborough, UK).

Live & Dead staining was observed using Leica
DM6000 B/M Research Microscope equipped with
a DFC365FX camera (Leica Microsystems, Wetzlar,
Germany).
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Surface cleaning

The seeding density and culture times for both MSCs
and S. aureus were selected so that the culture was near
confluence before surface cleaning. Surfaces were washed
three times in PBS. Cells and bacteria were trypsinised
(1:10 trypsin in PBS-EDTA) 5 min at 37 °C, after which
the trypsin was neutralised with equal amount of trypsin
neutralisation solution (PromoCell, Heidelberg, Germany).
Samples were washed three times with dH,O and sterilised
in abs. ethanol. The samples were soaked in dH,O for at
least 24 h to reduce free ions remaining from the buffer
after which the liquid on the sample was removed using
the N, gas.

Scanning electron microscopy (SEM)

To ensure that the surfaces were well cleaned from cells and
bacteria the samples were imaged with a Hitachi (Tokyo,
Japan) SEM FE 4800 field emission scanning electron
microscope (FE-SEM) without any additional surface
treatments at an accelerating voltage of 10 kV.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were conducted on X-ray photoelectron
spectrometer (PHI 5600) using monochromated Al Ka
radiation (1486.6 eV, 300 W) for excitation. The spectra of
the elements were determined at a pass energy of 23.5 eV
and a total energy resolution of < 0.4 eV, and values were
recorded every 0.1 eV and at a takeoff angle of 45° with
respect to the surface normal. XPS was performed only for
planar titanium and DLC surfaces. To interpret XPS data,
linear least square fit of Gaussian functions were fitted to
the high-resolution oxygen, nitrogen and carbon spectra
(Matlab, Mathworks, Natick, MA, USA).

Time of flight secondary ion mass spectrometry (ToF-
SIMS)

Positive and negative static ToF-SIMS measurements were
performed using a ToF-SIMS V spectrometer (ION TOF,
Miinster, Germany). The samples were irradiated with a
pulsed 25 keV Bi* liquid-metal ion beam. The beam was
electrodynamically bunched down to 25 ns to increase the
mass resolution and rastered over a 500 x 500 um? area.
For patterned samples measurements were carried out
separately from pattern and background, from an area of
approx. 70 x 70 um?. The primary ion dose density (PIDD)
was kept at approximately 5 x 10! ions x cm?, ensuring
static conditions. Signals were identified using the accurate
mass as well as their isotopic pattern. In this article, only
the positive ToF-SIMS spectra are presented because they
contain a greater amount of information regarding our area
of interest.

Based on the preliminary analysis of the ToF-SIMS
spectra, 11 components that showed difference between
MSC and S. aureus samples were selected for ToF-SIMS
imaging. The components were m/z 39 K, 70 C,H.N, 73
CH, N, 74 C.HNO, 86 C,H N, 91 C.H,, 101 C,HN,O,
110 CHN,, 120 CH N, 130 CHN and 136 C.H, N.
Principal component analysis (PCA)

First, all spectra were mean-centred prior to principal
component analysis. A limited peak set was constructed

“G.U& MACETiAL

Spectroscopy in the analysis of footprints

Table 1: List of characteristic secondary ions fragments
cleaved off from amino acids for mass spectrometric

analysis.

30 0*
42 *
43 *

44 *

45
47
54
55
58

59
60
61
68
69
70 *

71
72

73
74
81
82
83
84

85

86

87

88

91

95

98

100

101 *

102
104
107
110
113
115
120
121
127
129
130
131
132
136
159
170

Formula
CHN
CHN
CH\N,
CH,
CHN,
CHN
CHS
CH,S
CHN
CHO
C,H,NO
C,H,N
CN,H,
CHNO
CHS
CHN
CHO
CHNO
C,HN
CH,0,
CHNO
CH N

47710

CHN

27773
C,HNO
CHN,
CHN,
CH,0
C,HNO
CH,N

57710
CHN,0
CHN

5712

CHN,O

372
C,HNO,
CH,
CHN

55772
C,H,NO,
CH,N

477107 '3

CH N

4771103

C,HN.,O

477972

CH, N

557120 2
C,H,NO,
C,H, NS

47710
CHO
CSHXN3
CHN,0

47757272

C,HN.,O

4777272

CH N

8710

CHN,0

6752

CH N

577117 4

CH N

577137 4
C,HN
C,H,0
C,H,0

CH NO

8710

C H N

107711 72

¢, HNO

Amino acids

Gly, Lys

Ala, Gly, His, Leu, Ser

Arg
Leu, Ile
Arg

Ala, Lys, Asp, Leu

Cys
Cys
His
Tyr
Gly
Glu
Arg
Ser
Met
Pro
Thr
Asn
Arg
Ser
Gly
Val
Arg
Thr
His:
His
Val
Gln, Glu
Lys
Gly
Ile, Leu
Asn
Asn
Phe, Tyr
His
Asn
Arg
Arg
Gln
Lys
Glu
Met
Tyr
His
Gly
Gly
Phe
His
Arg
Gln
Trp
Phe
Phe
Tyr
Trp
Trp

* not included in the analysis.

63
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to compare the positive ToF-SIMS spectra from all sample
types. This limited peak set was constructed using unique
amino acid fragmentation patterns of ToF-SIMS data
previously identified for characterising proteins. Table 1
shows the selected peaks together with the amino acid they
are characteristic for and the proportion of that amino acid
(Samuel et al., 2001; Wagner and Castner, 2001; Canavan
et al., 2006; Henry and Bertrand, 2009). Peaks that can
originate from several different amino acids (marked with
a star in Table 1) were not included in the analysis. The
peak areas for each spectrum were then normalised to
the intensity of the sum of the selected peaks to account
for fluctuations in secondary ion yield between different
spectra. Then, the data of MSCGM was subtracted from
MSC-data and co-culture data and the data of tryptic soy
broth was subtracted from S. aureus data. PCA was used
to analyse the ToF-SIMS spectra (Matlab, MathWorks)
of MSC and bacteria footprint. Coefficients obtained
from PCA were applied then also to the co-culture data.
To further elucidate differences between the groups, the
data were analysed with Mann-Whitney U-test (SPSS,
Chicago, IL, USA).

Patterned DLC-samples were not included in the PCA
analysis as our previous study showed that after 90 min
long adhesion experiment only 0.38 % of the patterns and
0.40 % of the background was covered with S. aureus and
thus hardly any footprint can be expected (Levon ef al.,
2010).

Results

Zeta-potential

DLC has the lowest zeta-potential (-54.5 £0.6 mV) and
Ti the highest (-40.9 +0.9 mV) and Si an intermediate
(-46.7 £0.5 mV) zeta-potential.

SEM
SEM images showed that surfaces were well cleaned from
cells and bacteria (Fig. 1).

Viability

As a control, it was important to show that S-15981
Staphylococci grow effectively and produce EPS, both in
this MSCGM medium and with this culture time. This was
confirmed by Live & Dead staining (not shown), which
showed that Staphylococci grew effectively. The volume of
EPS produced was measured by using absorbance of crystal
violet to the biofilm formed. These experiments indicated
that the amount of biomass of the biofilm produced in
MSCGM during this culture time was similar to that
produced in the TSB culture medium (absorbance at 544
was 1.4 £0.3 in TSB, 1.3 £0.3 in MSCGM and 0.3 +0.02
for negative controls).

In co-culture type 1, where S. aureus and MSCs were
added simultaneously, almost all MSCs were detached
from the surface after 96 h of co-culture. In co-culture type
2 some MSCs were still viable (not shown).
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Fig. 1. Scanning electron microscopy image of the
surface showing that after the procedure used for the
detachment of the bacterial and mammalian cells from
the implant surface, no bacterial and eukaryotic cells
remain attached to surface. Scale bar is 10 pm.

XPS

The quantitative results from XPS analysis are shown in
Table 2. In general, the XPS spectra exhibited peaks from
oxygen, carbon and nitrogen. In addition, the Ti-samples
naturally had the spectra of Ti2p.

The hydrocarbon (C-C and C-H; Fig. 2) peak is located
at 284.2 eV, the ether and alcohol contributions (C—O-C
and C—O-H) at 286.0 eV, acetal carbon (O-C-0) at
288.3 eV and the ester group at 288.8 eV (C—O—C=0 and
0-C=0).

The spectra of Nls exhibited a peak with a binding
energy of about 400 eV, indicating that nitrogen was
present in the organic matrix, probably as amino groups,
most likely originating from amino acids.

The high oxygen peak originates from oxidation of the
surface and the shoulder appearing at a binding energy
1.4-1.6 eV higher than the main O 1s peak originates from
ether (C-O-C), alcohol (C-O-H) and ketone oxygen (C=0).
The small shoulder at 533.7 eV indicates carbonyl- and
ether-type oxygen in ester (O=C-O-C).

Only a few differences were observed between Ti-
samples. MSC samples have relatively higher amount

Table 2: The relative atomic concentrations of carbon,
nitrogen, oxygen, and titanium are presented from x-ray
photoelectron spectroscopy measurement.
Mesenchymal stem cell (MSC), growth media (GM),
tryptic soy broth (TSB).

Sample Cls N1s Ols Ti2p
Ti MSC 48.03 435 3545 1217
Ti MSC-GM 44,64 742 3635 11.59
Ti S. aureus 5124 692 3293 8.90
Ti TSB 4329 631 37.41  13.00
DLC MSC 74.63 8.81 16.55
DLC MSC-GM 7592  8.39 15.70
DLC S. aureus 74.57 9.19 16.24
DLC TSB 73.78  7.19 19.03
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S. aureus Tryptic soy broth Mesenchymal stem cells Cell culture medium
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Fig. 2. X-ray photoelectron spectroscopy of carbon, oxygen and nitrogen on Ti surfaces subjected to Staphylococcus
aureus and mesenchymal stem cell cultures and their media.

of hydrocarbon (68.5 % of C1 peak while others have
<56.5 %), lower amount of carbon in ester groups (1.4 %
of C1 compared to > 4.0 % of other samples) and higher
amount of energy at 397 eV compared other samples
(16.2 % of N1s compared to > 8.6 % of other samples).
On S. aureus samples the second O1 peak is a little shifted
being 1.6 eV higher than the main O 1s peak (532.1 eV
compared to 531.9 eV of the other samples). This indicates
that S. aureus sample surface contains more ether and
alcohol oxygens than ketone oxygens when compared to
other samples. However, these differences are not sufficient
for separating S. aureus samples from MSC samples.

ToF-SIMS

The PCA of the ToF-SIMS data allowed clear overall
separation (p < 0.03) of S. aureus samples and co-culture
samples from MSC-samples (Fig. 3A; representative
samples). The differences were predominantly observed in
principal component (PC) 1, which accounted for 66 % of
the statistical separation of the total variance between all
samples. Logically, the PCA values of co-cultures locate

CcaLLy
&mﬂ.ﬁqiﬂu
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between the values of pure MSC-samples and pure S.
aureus samples. Furthermore, the co-culture type 1 (started
with MSC culture) was further away from S. aureus than
the co-culture type 2 (to which MSC and Staphylococci
were added simultaneously), with one exception. Titanium
patterns showed a much stronger S. aureus footprint in
co-cultures than in pure S. aureus culture.

It was observed that the peaks at m/z 72 (C,HNO
glycine, C H N valine), 84 (C,H N lysine, C,HNO
glutamine / glutamic acid) and 86 (C,H,N, leucine /
isoleucine) accounted for most of the loading on the S.
aureus site of the PC 1 axis while peaks at m/z 45, 47 (CHS,
CH,S cysteine) and 81 (C,H,N, histidine) accounted for
most of the loading on the side of the PC 1 axis attributed
to the MSC-samples (Fig. 3B). The MSCs expressed more
histidine than S. aureus and culture on the patterned Ti
surfaces showed a clear structure of the main histidine
component (110; Fig. 4A).

In PC 2, which accounted for 19 % of the statistical
separation of the total variance between all samples, the
only component accounting over 20 % weight was m/z 45
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Fig. 3. Results of principal component analysis (PCA). (A) Scores of PCA. The Staphylococcus aureus and co-culture
footprint are clearly separated from the mesenchymal stem cell footprint. In co-culture 1, MSCs were cultured on
the surfaces 48 h prior to seeding of S. aureus. In co-culture 2, MSCs and S. aureus were seeded at the same time.
Measurements were performed on patterned titanium on silicon background and on pure titanium and diamond like
carbon (DLC) surfaces. (B) Loads of PCA. Components counting over 20 % loads are named. It was observed that
the peaks at m/z 72 (C,HNO, C,H, N), 84 (C.H N, C,HNO) and 86 (C,H,,N) accounted for most of the loading
on the S. aureus site of the PCI axis while peaks at m/z 45 (CHS), 47 (CH,S) and 81 (C,HN, histidine) accounted
for most of the loading on the side of the PC 1 axis attributed to the MSC-samples.

Fig. 4. Adsorption visualised with a time of flight secondary ion mass spectrometer. (A) After mesenchymal stem cell
culture component 110 (histidine) shows a clear structure on titanium. (B) Titanium patterns adsorbs more molecules
than silicon background (total ion count) but (C) DLC patterns adsorb less molecules than silicon background (total
ion count).
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Fig. 5. Adsorption of tryptic soy broth and mesenchymal stem cell culture medium on patterned titanium sample
visualised with a time of flight secondary ion mass spectrometer. Differences between the two media are circled.

(CHS, 93 %) and it was predominantly associated with
differences between MSC sample and S. aureus sample
on silicon background, accounting for most of the m/z 45
(CHS) loading to the MSC site of the PC 2 axis (not
shown).

ToF-SIMS results demonstrated interesting ‘race for
the surface’ (Gristina, 1987) phenomenon on patterned
Ti-samples. The cell culture media mass components
70 (C,HNO, CH.N), 72 (C,HNO, C,H N), 86
(C,H N), 110 (C.HN,) and 120 (C,H,N,O) preferred
the Si-background over the Ti-patterns. The same mass
components of bacterial culture medium TSB showed the
opposite preference, preferring the Ti-patterns over the Si-
background (Fig. 5). On the patterned DLC-samples the
selected components of TSB showed similar adsorption as
on the patterned Ti-samples except for the mass component
91, which showed the opposite preference; it clearly
preferred the Si-background over the DLC-patterns (Fig.
6). However, the cell culture medium showed different
adsorption preference on the patterned DLC-samples from
that on the patterned Ti-samples. From the components
that were imaged this opposite preference can be seen
for components 70, 72, 86, 91 (C.H.), 110, 120 and 130

“G.L'!& MACETiAL

(Fig. 6). Intriguingly, the total ion preference on patterned
Ti-samples was on the Ti-patterns but on the patterned
DLC-samples the ions preferred the Si-background (Fig.
4B, O).

The surfaces exposed to cell and bacteria showed
similar but more blurred preferences as their culture
media. The exception was that on patterned Ti-samples
the preference of potassium (39) changed and histidine
(the histidine-derived mass component m/z 110 C_H.N,)
showed a clear structure (Fig. 4A).

Discussion

We hypothesised that XPS spectra, obtained by focused
x-ray irradiation of the footprints on the implant surface
and analysis of the number and kinetic energy of the
detached (emitted) photoelectrons, could be used in the
recognition of cellular footprints. XPS has been earlier
used to detect differences in the amounts of calcium and
phosphorous as a sign of mineralisation on the culture
substrate before and after osteoblast culture (Mustafa et
al.,2002). XPS is also suitable for recognition of different
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Fig. 6. Adsorption of tryptic soy broth and mesenchymal stem cell culture medium on patterned diamond like carbon
sample visualised with a time of flight secondary ion mass spectrometer. The differences of adsorption, compared

to patterned titanium sample, are circled.

monosaccharides, disaccharides, and polysaccharide
(Stevens and Schroeder, 2009). However, in our study, with
a much more complex ECM and EPS as the study objects,
only minor differences were observed between MSC- and
S. aureus-culture samples so that a reliable separation of
them was impossible. This could be expected due to the
relatively non-descript nature of XPS compared to SIMS
analysis of protein-adhered surfaces, as has been well-
described in the literature (Wagner and Castner, 2001;
Canavan et al., 2005b).

ToF-SIMS is obtained by focusing a pulsed primary
ion beam onto the footprints on the implant surface and
analysis of the number and mass of the detached secondary
ions, as well as for a reconstruction of a topographical
map on their localisation on the surface of the target of the
ion beam, that is, of the implant and footprint surface. In
contrast to XPS, this method seems to have potential for
separation of mammalian and bacterial footprints. Some
previous experiments have applied TOF-SIMS for cellular
material and have successfully discriminated, for example,

m& MAL=TEAL

between different yeast strains (Jungnickel et al., 2005),
different breast cancer cell types (Kulp et al., 2006) and
living and dead bacterial cells (Tyler ef al., 2006). These
studies, however, are significantly different from ours as
they studied the actual cellular materials whereas we used
TOF-SIMS to discriminate the infected surfaces from the
non-infected surfaces after careful cleaning and removal
of the cellular material (cells) from these surfaces. Not
quite surprisingly, the footprints produced were affected
by the substrate material used for culture. This might have
contributed to the difference observed between MSC- and
S. aureus-produced ECM and ESP remnants, respectively.

It has been earlier shown that both MSCs and S. aureus
spread better on Ti surfaces than on DLC surfaces. In 5-day
MSC cultures on patterned surfaces, 82.7 % of Ti- and
72.7 % of DLC-patterns were covered by MSCs (Myllymaa
etal.,2010).In 16 h S. aureus cultures, 100 % of the planar
Tibut only 81.05 % of the planar DLC surface was covered
by bacteria (p <0.001) (Levon et al,. unpublished results).
This better adherence and growth of both types of cells on
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the “sticky” titanium may in part explain why the MSC
and S. aureus footprints were more easily differentiated
on Ti than on DLC samples.

Another potential explanation for the differences in the
TOF-SIMS footprints between Ti and DLC surfaces is that
the Ti surface binds more proteins and amino acids than the
Si-background and that the DLC surface binds less of these
components than the Si-background (Fig. 4). This was
demonstrated by the ToF-SIMS images of patterned Ti and
DLC samples, where the total ion count was significantly
higher on the Ti-patterns than on the Si-background,
whereas on the DLC-patterns the total ion count was lower
than on the Si-background. The differential binding of
proteins and amino acid on these two surfaces may, for
some compounds, result in part from the differences of the
zeta-potential values of these samples. It has been earlier
demonstrated that the lower the absolute value of the zeta-
potential (measured in 0.001 M KCl) of the surface is, the
lower is the adsorption of serum proteins on it (Cai et al.,
2006). However, these studies were conducted on surfaces,
which had zeta-potentials within a relatively narrow range
of only -12 to 0 mV. Indeed, typically the streaming current
measurements are performed in KCl because use of culture
media would contaminate the electrokinetic analyser used
to measure zeta potential. Zeta-potential of the samples
would certainly be different e.g. in the cell culture media.
Therefore, correlation between protein adsorption and zeta-
potential value measured in KCl is disputed and, according
to the above mentioned work, zeta potentials measured in
1 mM KCl only reflect the protein binding capacity of the
test surfaces. Evidence has been recently presented that a
parabolic relationship exists between the protein adsorption
and zeta-potential when a much wider zeta-potential range
is taken into consideration (Shin ef al., 2008; Kaivosoja et
al.,2011).

In co-culture type 1, where S. aureus and MSCs were
added simultaneously, there were no longer MSCs present
after 96 h incubation. In co-culture type 2, where MSCs
were first allowed to adhered and grow for 48 h before the
addition of S. aureus, there were some viable and adherent
cells left on the culture substrate. Although the conditions
were not optimal for co-habiting the sample surface, they
simulate the situation in implant-related infections well.
Presence of adhering bacteria, which produce biofilm
and exotoxins, diminishes the substrate area covered by
eukaryotic cells (Saldarriaga Fernandez et al., 2011a;
Saldarriaga Fernandez et al., 2011b). Even though most of
the MSCs had detached from the surface at 48 h, they had
left their footprint on the surface on which they had ‘raced
for the surface’ with bacteria, and this was what we aimed
for with these co-culture experiments. Non-optimised
conditions may lead to stressed phenotypes causing
deposition of stressed matrix proteins on surfaces, so it is
possible that the differential in adhesion observed is a result
caused by the stressed conditions. This does not undermine
the hypothesis, but it may modify the outcome observed.
In patients the situation is somewhat different, because
new cells can be continuously recruited to the implant
surface. Bacterial growth on implant surface starts with low
colony forming unit numbers and, because many implant-
related infections are haematogenous, the host cells have
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had time to establish themselves on the implant surface.
More importantly, it was possible to find evidence for a
previous growth of bacteria in form of clearly detectable
bacterial footprints on these samples, which no longer
contained any bacterial cells, only remnants of their EPS.
The topographical ToF-SIMS maps show that the S. aureus
footprints express more valine, lysine, glutamine, glutamic
acid, leucine, isoleucine, tyrosine and tryptophan as well
as less cysteine and histidine than the MSC footprints.
However, care must be taken when assigning ToF-SIMS
mass peaks exclusively to particular amino acids. This is
particularly true for the small molecular mass components,
such as CH,N (m/z 30) mass peaks, which can produce a
very high signal from every amino acid. C;H,N (m/z 130)
suggests the presence of tryptophan in the footprint,
but forms also the 3™ most abundant peak produced by
glutamine (Kulp et al., 2006). Furthermore, the influence of
the closest neighbouring molecules in the protein structures
on the ion beam induced fragmentation of the amino acids
is difficult to predict. In spite of some such difficulties in
the exclusive identification of the molecular mass peaks
produced, the main point is that the footprints of MSC
and S. aureus samples can be separated from each other
using these ToF-SIMS spectra. This separation was clear
on sticky titanium surfaces, but was possible even on DLC
surfaces that are considered to be antifouling.

The reason that ToF-SIMS shows much higher signals
attributed to S. aureus on most surfaces is logically
associated with the S. aureus dominance likely to be
found in co-cultures and rapid killing of mammalian cells
in these cultures, as well as consistent surface dominance
of bacteria in such cultures. However, the question is
not about the signal intensity but about the differential
signals (marks, footprint) left by bacterial and eukaryotic
cells, which could provide evidence of previous bacterial
colonisation and biofilm formation of bacteria-free implant
surfaces.

ToF-SIMS images demonstrated an interesting ‘race
for the surface’ (Gristina, 1987; Santavirta et al., 1992)
type of phenomenon on patterned Ti-samples for proteins.
Binding of certain ToF-SIMS components, e¢.g. m/z 70,
110, of the MSCGM and TSB were different on similarly
patterned Ti-samples. Pattern contrast observed with
ToF-SIMS is a function of the types and thicknesses of
proteins adsorbed from the different culture milieu (or
locally produced by the cells attached to the surface),
which is influenced by the substrate. The total (secondary)
ion preference of both media was on the Ti-patterns on the
patterned Ti-samples. Nonetheless, individual components
show different preferences. Figure 5 demonstrated that
components m/z 70, 72, 86, 110 and 120 of TSB preferred
Ti-patterns over Si-background, but the same components
of MSCGM preferred Si-background. In conclusion, the
MSC growth medium contains some components that
occupy the more favourable Ti on patterned surfaces,
so that no space remains for the competing components.
These other components lost the ‘race for the surface’
(e.g.,m/z 70, 72, 86, 110 and 120) and were not found on
the Ti on the patterned surfaces. This theory is supported
by the finding that on the patterned DLC-samples (where
the total ion preference was on Si-background) these very
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same components were again forced to attach on the less
favourable surface, namely on the DLC on the patterned
surfaces.

The ‘race for the surface’ phenomenon can partly
explain why the S. aureus footprint produced in co-
cultures on titanium-patterns was in fact stronger than the
footprint of pure S. aureus on titanium-patterns. Previous
experiments have shown that S. aureus favours binding to
Ti-patterns over the Si-background (22.7 % coverage on the
Ti-patterns vs. only 0.7 % coverage on the Si-background
(Levon et al.,2010)) whereas the difference for the MSCs
is much lower (31 % coverage on Ti-patterns vs. 24 %
coverage on Si-background (Myllymaa et al., 2010)).

The change in the preference for topological binding
sites of potassium (39), on patterned Ti-samples, on a Si-
background before MSC-culture and on Ti-patterns after
the MSC-culture indicates that MSCs prefer the Ti-patterns
over the Si-background and leave a potassium-enriched
footprint. Potassium is possibly derived from intracellular
sources, where it is present at 135-150 mmol/L (Girgis,
2003), compared to only 3.5-5.5 mmol/L in often used
washing buffers or normal plasma. This preference of
MSC:s for the Ti-patterns over the Si-background has also
been demonstrated in our previous study, using SEM for
tracing of the cells (Myllymaa et al., 2010). In the current
study ToF-SIMS was used to trace the cellular footprints,
which first become visible after the removal of the cells.
Metal ions (K") are not a quantitative indicator, since
they could, in part, represent residuals from washing
steps. However, they indicate a qualitative shift in their
preferential binding after MSC culture and dominate the
positive ion spectrum signal-noise when compared to the
larger m/z cations.

Use of trypsin to remove cells and bacteria from
the model surfaces could remove certain protein-based
and trypsin-sensitive adherent fragments that were not
analysed using the surface methods employed. This pre-
treatment was anyway necessary, because in contrast to
many previous cellular studies (which have focused on the
cellular material on substrates), we focused on the ECM
and EPS footprints left behind by eukaryotic and bacterial
cells, respectively. The main point is that the footprints
left by eukaryotic cells and bacterial cells were different,
even though removal of cells by trypsin had caused some
artefactual loss of the trypsin sensitive structures.

The substrate heavily influences the ion yields and
fragmentation patterns detected by ToF-SIMS and
therefore, fragment yields, ratios and efficiencies are likely
to differ between DLC, titanium and various polymers or
glasses. In spite of this, the footprint left by the eukaryotic
cells and Staphylococci was different on all tested materials,
suggesting that the footprints produced by the cells were
specific to the type of cell which produced it. However,
when the footprint produced by e.g., eukaryotic cells is
compared between two or several different biomaterial
substrates, the differences might be due to differences
in the composition of the footprints, but might also in
part reflect the dependence of the fragment yields on the
different substrates, such as DLC or titanium.

Photolithography can leave residues on the surface,
which cannot be detected by XPS but are detected by ToF-

".'G.U& MAL=TEAL

Spectroscopy in the analysis of footprints

SIMS (Dubey et al., 2009), which may act as a confounding
factor. Therefore, the results are not quantitative, but should
be considered as a comparison between different systems.
For example, in the present work different cells were tested
using similarly treated cell culture substrate materials.
Cell exposed samples were compared to media exposed
samples, in which experiments both of the media used were
studied. It was found that the footprints of S. aureus were
rather similar on all the studied substrates and different
from the footprints left by MSCs. This emphasises the
potential of ToF-SIMS for the detection of implant-related
infections caused by bacteria, even in cases that are already
culture negative.

These results are preliminary and the study needs to be
continued by comparing actual implants, which have been
removed from patients. This research provides a new option
for retrospective studies, even in bacterial culture negative
cases, if the surface of clinical implants eventually shows
footprints of bacteria or eukaryotic cells, a new approach
worth examining.

Conclusions

In contrast to XPS, ToF-SIMS is a potential tool for the
differentiation of bacterial from eukaryotic acellular
footprints and may have potential in the post-hoc diagnosis
of colonisation, biofilm formation and implant-related
infections even in culture negative cases. Furthermore,
ToF-SIMS analysis seems to be suitable for analysis of
biocompatibility of different growth substrates, because
the type and extent of the footprint indicates how the
cells adhered and thrived on the implant surface provided
for growth. ToF-SIMS can even be used to study protein
adsorption indirectly, because the ToF-SIMS experiments
also showed the ‘race for the surface’ phenomenon in
protein binding. This was clearly influenced by the zeta-
potential, both overall as well as exclusively for some
components.
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Discussion with Reviewers

Reviewer I: Can you give some ideas how to solve/treat
this problems/diagnosis which are more present today than
for 30 years ago?

Authors: To be able to create better implants and
biomaterials it is critical to understand the reasons for
failure. ToF-SIMS may provide less false negative and
false positive results than currently used methods to detect
implant-related deep infections and could thus provide
accurate information even in antibiotic treated cases.
Secondly, this approach could be used for in vitro testing
of new implant coatings to indicate how well they are able
to resist bacterial adhesion and production of extracellular
polymeric matrix (biofilm, bacterial slime).

Reviewer I1: What is your opinion about the practicality
of doing such an analysis routinely, i.e. are these expensive
pieces of equipment requiring specialists to use them?
Authors: When the differences between footprints of
the host cells and bacteria have been clarified, specific
components of the footprint might be identified with other
less expensive methods, even in routine clinical use. We
believe that, at present, this technique is most relevant for
research and development of new biomaterials and coatings
and is too expensive for routine clinical use.

At least some cases of failed orthopaedic implants that
were considered aseptic loosening, based on the absence
of clinical signs of infection and the failure to isolate
bacteria, may actually have an infectious etiology (Nelson
et al., 2005, additional reference). The footprint analysis,
done after the removal of the implant and demonstrating
bacterial footprints, could then suggest septic loosening in
retrospect, even in culture negative cases. This could have
also clinical relevance for the follow-up of the revision
operated patient, because a full clearance of the infection
is considered to be important in the prevention of recurrent
infections and such patients might have an increased risk
of such a recurrence (Engelsman et al., 2010, additional
reference). In particular, the exact reason for the implant
failure is crucial for researchers and developers, who try to
evaluate the true incidence of infections and to develop new
biomaterials and coatings able to resist bacterial adherence
and biofilm formation. Only by understanding the reasons
of implant failures will we be able to create better implants
in the future.

In addition, the analysis is relatively fast to perform.
Of course, this technique, due to the relatively small size
of the sample chamber, is not at present suitable for large-
size implants, such as hip implants, but would be perfect
for small implants, such as middle ear implants.

Reviewer II: Do you expect that this same technique
will be able to detect other microorganisms, such as
Staphylococcus epidermidis, Pseudomonas aeruginosa
etc? Furthermore, do you expect that it would work in
the presence of different types of eukaryotic cells such as
osteoblasts, fibroblasts etc.?

Authors: We would expect that by using similar amino
acid based segmentation, biofilm producing bacteria can be
separated from eukaryotic cells, even if there are multiple
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different types of eukaryotic cells present. It could be even
possible to detect the type of the micro-organism and cells,
although that can be challenging from the footprint only.

Reviewer II: Why not select secreted protein peaks known
to be unique to prokaryotes versus eukaryotes and use these
as a basis for imaging contrast?

Authors: This could be an interesting approach. However,
proteins that are adsorbed on the surface do not represent
exactly the composition of proteins in the bulk solution.
Generally speaking, the proteins that have the greatest
mobility are adsorbed first and are later replaced by
proteins that have a higher affinity for surface. Protein-
surface interactions result in high local concentrations
of the protein, reaching concentrations up to 1000 times
higher than in the bulk solution. Respectively, some
proteins strongly expressed in the bulk solution, might
not be present at the surface at all. Therefore, components,
which in the preliminary analysis of the ToF-SIMS spectra
showed difference between MSC and S. aureus samples,
were selected for imaging.

Reviewer II: What influence does co-culture medium have
on the matrix production of each cell type?

Authors: The co-culture media did not influence the
amount of EPS production by S. aureus. However, co-
culture stress could lead to stressed phenotypes of the
cultured cells and deposition of stress-related matrix
proteins on the surface of the culture substrate, which could
affect cellular adhesion.

Reviewer II: Is linear subtraction of ToF-SIMS peak sets
appropriate, given their non-linear intensity correlations
from many different matrix effects specific to each ion
fragment?

Authors: With the background subtraction we used, it was
possible to reduce the effect of the different media used
(MSCGM or TSB). Peaks that can originate from several
different amino acids (marked with a star in Table 1) were
not included in the analysis and therefore, linear subtraction
is a relatively good approximation. However, in general,
the relationship of the background to the ToF-SIMS peaks
is far from simple and some more sophisticated method
could give a better approximation for the background.
Nonetheless, even when we tested the separation of MSC
samples and co-culture samples (both cultured in MSCGM)
without any subtraction, it was possible to separate the
samples.
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