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Correlation between Fundamental Binding Forces and Clinical
Prognosis ofStaphylococcus aureumnfections of Medical Implants
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Atomic force microscopy was used to “fish” for binding
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reactions between a fibronectin-coated probe (i.e., substrate

simulating an implant device) and each of 15 different isolat&taphylococcus aurewbtained from either patients

with an infected cardiac prosthesis (invasive group) or healthy human subjects (control group). There is a strong
distinction o= 0.01) in the binding-force signature observed for the invasive versus control populations. This observation
suggests that a microorganism'’s “force taxonomy” may provide a fundamental and practical indicator of the pathogen-
related risk that infections pose to patients with implanted medical devices.

1. Introduction

One way to preven$®. aureusrelated device infections is to

Surgicalimplants (e.g., prosthetic heart valves or pacemakers)Prohibit the initial binding reaction between an MSCRAMM on

significantly improve the quality of life for many humans but

a bacterium and the surface of an implant. To this end, a few

paradoxically place these same patients at risk for life-threatening9roups have used atomic force microscopy (AFM) or optical
infection by bacteria. In the United States, for example, about tweezers to probe the fundamental binding forces associated

half of the 2 million annual cases of nosocomial infection are
associated with indwelling devicésStaphylococcus aureus

with a few type-strains or laboratory-derived strainSo&ureus
(e.g., see refs 2424). To the best of our knowledge, the work

one of the most frequently isolated microorganisms from infected presented herein represents the first time that force measurements

medical implantd:3

S. aureuss a common commensal microorganism of humans
typically found inthe anterior narés® If it enters the bloodstream,

S. aureuscan be one of the most lethal human pathodeims.
the case of indwelling device§. aureusmay adhere to the
surface of an implant where it forms a biofilm that is difficult
to combat with host defenses or antibiotfca!

S. aureusolonizes the surface of an implant by forming bonds
with host ligands, such as fibronectin (Fn), which commonly coat
a prosthetic devic& 13 This type of bond is mediated by Fn-
binding protein (FNBP), one of several microbial surface compo-
nents that recognize adhesive matrix molecules (MSCRAMMS)
located on the cell wall o8. aureug?14-20
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have been applied to a relatively large collectiorSofaureus
isolated from a real-world, clinical setting.

We used AFM to measure forces between an Fn-coated probe
and each of 15 different clinical isolates 8f aureuswhich
were obtained from either patients with an infected dewvice (

7) or healthy subject(= 8). A unique sawtooth-shaped force
signature was observed when putative FnBPS.@ureugormed

a specific bond with the Fn-coated substrate. When grouped by
the frequency of this force signature, the invasive and control
isolates of5. aureusormed two statistically distinct populations.
These results suggest that the activity or mechanism of binding
may differ for different populations &. aureusFurther, these
results suggest a novel way to identify potentially harmful bacteria
in clinical settings through the measurement of an intrinsic force
attribute that goes to the heart®faureubiofiims on implanted
medical devices.

2. Materials and Methods

2.1. Collection of Clinical S. aureusIsolates. Methicillin-
susceptibleS. aureusisolates were collected at Duke University
Medical Center from subjects who were not injection drug users.
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Invasive isolatesn(= 7) were obtained from the bloodstream of Table 1. Description of Staphylococcus aureutsolates and AFM
patients with confirmed infection of a cardiac prosthesis (e.g., Experiments

permanent pacemaker, implantable cardioverter defibrillator, or D fnbA  #culture8 #cells # spectrd
prosthetic cardiac valve). The control isolates{8) were isolated

from the anterior nares of asymptomatic colonized subjects. To controlisolates ~ C52  + 1 6 1033
account for isolate variation, the control isolates were obtained from ggg I i 1§ 1;328
Esslstmé Iir;gll\;lt(iials in the same geographic area as the disease C57 4 1 5 1042
o . C58 + 1 4 793

2.2. Characterization and Growth of Clinical S. aureudsolates. c59  + 1 4 668
S. aureusspeciation was confirmed by subculturing on sheep blood C67 + 1 3 446
agar, Gram staining, and performing the Staphaurex test (Murex Cc68 + 1 3 881
Diagnostics, Norcross, GA), a latex agglutination assay that detects invasive isolates 141  + 2 5 746
S. aureusspecific proteins. Isolates were stored using the Protect 221 + 2 7 1434
Bacterial Preservers system (Key Scientific, Round Rock, TX) 306+ 1 6 901
immediately after they were confirmed to k& aureus This 386  + 2 9 1396
preservative system uses a sterile vial containing chemically treated 399+ 2 8 1744
porous beads in a cryopreservative fluid consisting of tryptic soy 1988 i 1 :2>, ggé

broth (TSB) and glycerol with a hypertonic additive. The porous
beads were inoculated with an isolate, briefly exposed to the 2Presencef)or absence (-) of thiabAgene as determined by PCR
cryopreservative, and then stored-&0°C until culturing for AFM analysis? Number of growth cultures that were used in the AFM
analysis (see below). experiments® Number of different bacteria on a cover slip that were

A polymerase chain reaction was used according to Peacock etProbed with an Fn-coated tip (radius20 nm). In most instances, the
al?s to provide independent confirmation of the presence of the tip was positioned over on a single isolated cell or a pais ohureus
gene coding for FnBP AfitbA accession number J04151) in &ll cells._ I_n some mstances, a small cluster ef84cells was observed_ln
aureussolates used in this study. Western blot analj&igrformed the vicinity of the AFM tipYA total of 15106 force spectra (retraction
on two of the control isolates and two of the invasive isolates, curves) were analyzed for the presence or absence of a sawtooth-shaped
confirmed that FnBP was localized to the cell wall of Bieaureus force signature.

All growth cultures for AFM analysis were started from . )
cryogenically preserved samples of the clinical isolates. Each isolate@"d 399), the relative trigger was also set to 50 nm. There was no
was cultured to early exponential stage (@3- 0.51+ 0.01; ODsso st_atlstlcally significant difference in the force curves for a r(_elatlve
=0.54+ 0.01) at 37°C in TSB containing 0.25% dextro&&Under trigger of 50 nm versus that of 1200 nm. The ve_rtlcal travel distance
such conditionsS. aureuss known to express MSCRAMMSs such of the z-piezoelectric scanner was 2um. A single approach
as EnBP retraction cycle tok 1 s (i.e., 1 Hz scan rate).

Approximately 1 mL of cell suspension was harvested using a _0rcé measurements commenced withini38 minutes of the
centrifuge (5009 for 3 min). Cells were then washed three times initial harvesting of a particular isolate (i.e., when a cell culture

in saline solution€0.1 M NaCl). A small volume of washed cells ~ réached early exponential stage). To mitigate the possible effects of
was dropped onto a glass cover slip and allowed to sit (without cell senescence, we confined the data acquisition to a time window

drying) for 5 min. Loose cells were washed off with phosphate- of a just ove 1 h (75 18 min) of the initial harvesting of cells.
buffered saline (PBS; 0.01 M containing 0.85% NaCl at pH 7.2), The general viability of cells was confirmed after force measurements
which was also the solution used in the AFM experiments. This PY replacing the PBS medium with TSB and observing subsequent
sample preparation may inadvertently select for a subpopulation of division of cells across a glass cover slip.

each isolate that “firmly” attaches to the glass cover slips. However, . .

any potential bias is the same for &llaureussolates analyzed with 3. Results and Discussion

AFM. ) . . 3.1. Using the AFM to “Fish” for Binding Reactions. The
Aéi\i' Fgrcg Measurdemerkl)ts with the g\tomm Forcef Mlcro_scolpe 4 AFMwas, in essence, used to “fish” for binding reactions between
( )- An Fn-coated probe was used as a proxy for an implanted probe that was baited with Fn, and putative FnBPS.@ureus

medical device. Silicon nitride AFM cantilevers were cleaned in Table 1 shows the number of bacterial cells for each isolate that
piranha solutioérinsed with MilliQ water (18.2 M2 cm), immersed SNows u r ! S IS

in a 100ug/mL Fn (Sigma-Aldrich) PBS solution for 45 min, and Were analyzed with the AFM, and the number of force curves
then rinsed four times in PBS. A total of four Fn-coated probes were collected for each of the eight control isolates and seveninvasive
used in these experiments. The same tip was used across as manigolates ofS. aureusA total of 7479 force profiles were analyzed
cell isolates as possible with intermittent testing to detect tip for 40 different cells from the control population, and 7627 force
degradation (e.g., probing a clean glass slide with the Fn-coated tip). profiles were analyzed for 40 different cells from the invasive
Force measurements were performed with an AFM (Veeco/Digital population (see Table 1).

Instruments Bioscope AFM and NanoScope IV controller) as  The approach curves (not shown) for all isolates exhibited
described in the work of Yongsunthon and Low&Briefly, an repulsive forces consistent with electrostatic and/or steric forces
inverted optical microscope (Axiovert 200M, Zeiss) was used to betweerS. aureusnd an Fn-coated substrate (see, for example
position an Fn-coated probe (nominal tip radius 20 nm; spring constantref 23) THe retraction curves. on the other hand ’often showea

0.02 nN nntl) over a single bacterium that was isolated on the .

coverslip, part of a binary fission pair, or part of a small cluster of & Strong attractive force as an Fn-coated probe was pulled from
4—8 cells. The probe was brought into contact with a bacterium, contact with a bacterium'’s cell wall. This attraction manifested
pushed against the cell wall until the cantilever flexed 100 nm, and itself as one or more discrete sawtooth-shaped force signatures
then pulled away from the bacterium. For two of the isolates (141 in the retraction profiles (Figure 1). The invasive isolates tended
to yield multiple sawteeth in a single force trajectory, whereas

(25) Peacock, S. J.; Moore, C. E.; Justice, A.; Kantzanou, M.; Story, L.; Mackie, the controlisolates tended to exhibit only a single sawtooth binding
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C. Antimicrob. Agents Chemothet997, 41, 906-913. The sawtooth’s nonlinear forealistance profile is distinctly
345%3)34(3;233’ M.; Cramton, S. E.; Gotz, F.; Peschelnfect. Inmun2001, 69, different from the generalized, nonspecific adhesion that is often
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T. P.Langmuir1999 15, 6522-6526. Supporting Information). The trajectory of the sawtooth has been
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an Fn-coated probe was pulled from contact with the cell wall of 25 ] I
S. aureusShown are randomly selected curves from the eight control B - white: control isolates
isolates (blue) and seven invasive isolates (red). The light red curve JNAE 51 (R black: invasive isolates
was collected on a mutant strain 8f aureusthat overproduces g
FnBP onits cell wall. The phenotype of this mutant strain is described 9 —
in Greene et al2 bl
8
shown to reflect a profile consistent with the unfolding of a ® 10
protein and suggests a specific binding ev@nEor the g
measurements shown in Figure 1, this nonlinear force signature € 05 f
reflects a specific binding event between Fn on a substrate (i.e.,
the probe) and putative FnBPs 8naureusindeed, these force 0.0
signatures were noted in retraction profiles collected on a mutant 0 0.25 0.50 0.75 1

strain ofS. aureughat overproduces FnBP (see light red curve !
in Figure 1). frequency of force-signature

For each of the 80 cells that were probed with an Fn tip, the Figure 2. (A) Average incidence of observing a specific binding
frequency of observing a specific binding event was determined event (i.e., sawtooth force signature) for each isolate. Error bars
by counting the number of curves that exhibited the sawtooth 'epresent Poisson uncertainty. The invasive isolates are labeled with
force signature and normalizing by the total number of curves a numeric identification. Control isolates are labeled with an

. . .~ alphanumeric identification beginning with the letter “C". (B)
for that cell. As noted above, the retraction curves for invasive pjgyibytions of specific binding events for the invasive (solid black)

isolates tended to yield multiple sawteeth in a single profile. ys control (open white) populations. The distributions include force
Such curves that exhibited two or more sawteeth were only spectra for every cell probed and are normalized so that each of the
counted as a single event to determine the occurrence of specificl5 S. aureusisolates contributes a count of one. For example,
b|nd|ng between the substrate and a cell (See Supportingsumming the“normalize_d count” of each barinthe Controldistribution
Information). We then grouped the resuilts for all cells from a equals a value of 8. This corresponds to the number of isolates that
given isolate (Table 1) to determine an average frequency of were analyzed from the control group.

specific binding for each of the clinical isolates $f aureus
(Figure 2A).

While parameters such as loading force or contact area may
have animpact on binding forces, the specific-binding frequencies
for all 15 isolates are normalized relative to one another, by
virtue of the consistent methodology and materials used
throughout the experiment. Relative to the control isolates, the
invasive isolates exhibited higher frequencies of specific binding
to the Fn-coated substrate (see Figure 2A).

3.2. Correlation between Fundamental Binding Force and
Population of S. aureus Figure 2A shows the incidence of
specific binding for each of the 15 isolates. However, we are
more interested in comparing force spectra for populations of
the invasive versus contr@. aureus Figure 2B shows the
distribution of observing a specific binding event foraureus
isolated from either the control or invasive populations. The
mean values for specific binding (i.e., the presence of a sawtooth
force signature) are 0.5# 0.05 and 0.2% 0.05 for the invasive
and control populations, respectively. A Student’s t-test shows
that these two means are statistically different at the 99%
confidence levelt{aculated= 4.16 relative tderiicas = 3.01 forp
= 0.01).

To avoid bias, the pooled data shown in Figure 2B were
normalized such that each invasive isolate< 7) and each
controlisolateil= 8) contributed a single value to their respective
population distribution. For example, force spectra were collected
onsix different cells of isolate C52 (see Table 1). We determined
the incidence of specific binding for each of the six cells of C52.
In calculating the overall distribution shown in Figure 2B, a
value of 1/6 was used to represent each incidence in which a cell
of C52 exhibited a particular frequency of specific binding. In
this fashion, the results from all cells for all isolates were normal-
ized in the construction of the distributions shown in Figure 2B.

A careful examination of Figure 2B reveals that the distribution
of the invasive population does not trail off with very low
frequency of specific binding (see sharp cutoff at 0.25). Perhaps
this suggests that isolates that exhibit low specific-binding
frequencies are unable to cause medical complications by
attaching to implants and forming biofilms. On the other hand,
a small portion of the control distribution exhibited a high
frequency of specific binding (see0.5 in Figure 2B). This
overlap between the two populations suggests that some portion
of the healthy human population is already colonized by
potentially invasive bacteria.

Plans are currently underway to measure binding forces on a
third group ofS. aureussolated from “uncomplicated” implant
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patients. That isS. aureusisolated from patients who have patients whose infecting or colonizing isolates exhibit low force-
prosthetic implants that amot infected with a biofilm. On the signature spectrum binding attributes may be less likely to develop
basis of the measurements shown in Figure 2B, we expect thatan infected implant, reducing the clinician’s index of suspicion
the uncomplicated isolates will exhibit a specific-binding fordevice involvementand potentially avoiding prolonged courses
distribution that is skewed toward low specific-binding frequency of antibiotic therapy. This too is important, as the overuse of
and does not trail off to high specific-binding frequency. antimicrobial drugs leads to antibiotic resistanc8iaureus?32
3.3. Proof of Principle. Three double-blind tests were For implant patients whose natural flora fall into the midrange
performed to further assess the accuracy and reproducibility of of the “force taxonomy” spectra, host- as opposed to pathogen-
the AFM analyses. Briefly, one researcher cultured and preparedrelated risk factors may play a more prominent role in determining
an unlabeled isolate &. aureusAnother researcher performed the patient outcome.
an AFM analysis and assigned that particular isolate to either the It is important to stress that these are only suggestions based
invasive or control population, depending on the incidence of on the force data presented herein. Additional measurements
the sawtooth force signature (Figure 2B) and whether the retractionand blind-tests with more isolates are clearly necessary before
curves tended to exhibit a single sawtooth or multiple sawteeth. these suggestions should be put into practice. Nonetheless, this
In all three tests, the “unknown” isolate (C53, C67, 386) was work indicates that fundamental force measurements may provide
assigned to the appropriate population. health care professionals with a probabilistic basis for assessing
3.4. Implications for Health Care. In summary, this study  pathogen-related risk and caring for patients with implanted
presents an intriguing correlation between the phenomenamedical devices.
observed at the length scale of a bond and the clinical outcome
of patients with medical device implants. Our force data suggest Acknowledgment. Pat McPhail and Mike Newell at Veeco
that microorganisms of the exact same phylogeny (i.e., genusMetrology provided valuable technical support. T. Foster kindly
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