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Abstract Methicillin Resistant Staphylococcus pseu-
dintermedius (MRSP) biofilm-related infections are
currently a leading concern for veterinary hospitals, as
these types of infections are highly resistant to assaults
by both the immune system and antimicrobial thera-
pies, impeding their clearance. Research suggests that
fosfomycin, a low molecular weight bactericidal anti-
biotic, has the potential to effectively penetrate and
subsequently disrupt/destroy biofilm layers. Our study
utilized a fabricated microfluidic gradient generator
platform as an assay to perform a quantitative assess-
ment of varying concentrations of a selected antimi-
crobial agent against MRSP biofilm formed under phy-
siologically relevant conditions. Our results verified
the feasibility of using a microfluidic device for rapid
antimicrobial testing against biofilms, which was suc-
cessful in demonstrating that fosfomycin is an effec-
tive agent that can disrupt established MRSP biofilms.
Additionally, Atomic Force Microscopy (AFM) analy-
sis revealed that the cell walls of MRSP cells within
the biofilms were disrupted by fosfomycin treatment,
which speaks to the mechanism of action and the anti-
microbial efficacy of this agent. This study provides
compelling evident that microfluidic device and nano-
scale AFM imaging-based investigations of biofilms
can aid in the study of biofilm-related infectious dis-
eases.
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Introduction

One of the most prevalent adverse postoperative con-
ditions accompanying veterinary surgery is a surgical
site infection (SSI)!. SSIs represent a prominent portion
of nosocomial infections that can lead to further com-
plications; roughly 18% of the operations performed
in cattle and companion animals results in SSIs**. In
addition to the increased length of stay at the hospital
after surgery, treatment and monitoring of SSIs result
in a substantial economic burden on veterinary hospi-
tals. An essential factor, which helps to both initiate
and propel the infection process, is the ability of organ-
isms associated with SSIs to form biofilms. Biofilms
can protect constituent bacteria from shear and other
inimical forces around the SSI by facilitating strong
adhesion to biological surfaces, while simultaneously
enhancing antimicrobial resistance>®?*. As the adhe-
sion of biofilm on surfaces increases, the elimination
of biofilms by antimicrobials becomes more challeng-
ing due to the physiological changes that occur within
these structures that ultimately enhance their resistance.

The widespread use of antibiotics over the last 50
years has helped to enhance the inherent resistance of
several obligate and opportunistic pathogens, such as
methicillin-resistant Staphylococcus pseudintermedius
(MRSP), an opportunistic pathogen that is highly resis-
tance to immune and antimicrobial assaults’. MRSP is
considered to be the leading cause of hospital-acquired
infections in companion animals, specifically canines® .
Currently, no effective methods exist that can efficient-
ly and completely eradicate MRSP-related biofilm in-
fections. However, there are a few studies that suggest
that fosfomycin, a broad spectrum antibiotic, may effec-
tively penetrate and act upon SSI biofilms to effecti-
vely kill/eliminate both Gram-positive and Gram-nega-
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tive bacteria (e.g. MRSP)'*4,

One advantage offered by microfluidic platforms is
the ability to precisely control the environment in
which the sample under investigation is maintained.
Microfluidics platforms can be used to analyze and
subsequently characterize certain features of biofilm-
forming microorganisms and non-biofilm formers alike
by creating physiologically relevant microenviron-
ments that are representative of the fluid composition
and dynamics that might be found in vivo'>?'. The
primary virulence factor attributed to MRSP is its abil-
ity to form biofilms that are highly recalcitrant to re-
moval/clearance?’. Hence, the analysis of MRSP bio-
film formation using such microfluidic platforms could
provide insights into biofilm formation and its struc-
ture and potential remediation therapies. Here we eval-
uate the in vitro activity of fosfomycin against estab-
lished MRSP biofilms within a microfluidic gradient-
forming device, which we use to determine the mini-
mum biofilm eradication concentration (MBEC). We
subsequently contend that our microfluidic device is
facile and can be used to conduct rapid drug toxicity
assays, which could be used by other groups as our
chamber can be readily fabricated, and although sim-
ple, it is highly effective compared to conventional
microbiological assays.

Results and Discussion

Generation of the antimicrobial gradient

To visualize and correlate the concentration of fos-
fomycin that is applied to the biofilm across the obser-
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vation module, we characterized the concentration gra-
dient formed by the mixing module. Fluorescein solu-
tions (50 mM, Sigma Aldrich, St. Louis, MO) in dou-
ble-deionized water and phosphate buffered saline
(PBS) were added to the device at a flow rate of 10
uL/h and imaged by an inverted epi-fluorescence mi-
croscope (LumaScope 500; Etaluma Inc., Carlsbad,
CA). The microscope allowed for imaging at a single
excitation/emission of 488 nm, which matches that of
the fluorescence of the staining agent. The acquired
fluorescent intensity profiles across the length of the
observation module can be used to delineate any poten-
tial differences caused by diffusive mixing. The stabil-
ity of the linear gradient was assessed by acquiring
images at the connection point (0 mm) of the mixing
module and then at increasing distances of 3, 6, and 9
mm from the connection point. We determined that
the microfluidic platform was able to generate steady
gradients along the observation module. The microflu-
idic device characteristic linear intensity was normal-
ized to represent 16 ug/mL of fosfomycin (Figure 1a
and 1b).

Quantification of MBEC against fosfomycin

To quantify the MBEC of MRSP biofilms, a suspend-
ed MRSP A12 strain was stained with Syto 9 (Mole-
cular Probes, Invitrogen Corp, Carlsbad, CA) and then
introduced inside the microfluidic device, thus allow-
ing for the analysis of the antibacterial efficacy and
the effect of dispersion of fosfomycin on the MRSP
(Figure 2). The respective MBEC is determined by the
borderline between the normalized fluorescence inten-
sity, which is emitted by the biofilm and that of the
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Figure 1. (a) Linear characterization of the microfluidic device-Fluorescein gradient across the channel width. (b). Relationship
of normalized fluorescence intensity and fosfomycin (FOS) concentration (ug/mL) across the channel. The device’s character-
istic linear intensity was normalized to represent 16 ug/mL fosfomycin.
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background across the width of the channel of process-
ed images. Hence, the value of MBEC can be interpo-
lated by plotting the normalized fluorescence intensity
against the potential antimicrobial concentration across
the width of the channel.

Three different concentrations of fosfomycin were
used (16, 32, and 64 ug/mL) to investigate the remedia-
tion of the biofilm. The subsequent interpolations de-
fined the MBEC value as 8.6 2.1 ug/mL of fosfomy-
cin. In the microfluidic observation main channel (Fig-
ure 2), thicker biofilms were observed along the zone
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Figure 2. Microfluidic assay completed with 16 ug/mL fos-
fomycin applied after a 24 h growth period.
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of low fosfomycin concentration. However, once the
fosfomycin concentration began to increase, the respec-
tive cells started to detach and be washed away. To
further validate our findings, we evaluated the repro-
ducibility of the reduction in surface coverage of MRSP
biofilms using a single concentration of fosfomycin
(16 ug/mL). MIC serves as a standard assay for testing
the antibiotic susceptibility of bacteria by testing bac-
teria’s sensitivity in planktonic phase and is of limited
value in determining the true antibiotic susceptibility,
while MBEC provides direct determination of the bac-
teria in the biofilm phase of development™.

Figure 3 depicts the corresponding changes in sur-
face coverage across three devices. The respective
value of MBEC was interpolated as 8.1+0.9 ug/mL,
thus indicating lower variation than tests comparing a
range of inlet concentrations (8.6 2.1 ug/mL). It needs
to be mentioned that our acquired results were in total
agreement with a study that determined the minimum
inhibition concentration (MIC) of a high biofilm-form-
ing strain, MRSP A12, through a crystal violet micro-
titre plate assay (MPA); this helps to validate the results
of the current study'®. The former study provides clear
evidence that a fosfomycin concentration of 0.8 ug/mL
effectively reduces the amount of biofilm produced in
an MPA by MRSP A12 to levels that are less than the
corresponding negative control. The obtained results
presented here support the efficacy of this microfluidic
assay in the analysis of antimicrobial susceptibility of
biofilm-embedded cells and the subsequent rapid
assessment of multiple concentrations of therapy on
MRSP biofilms.
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Figure 3. Validation of results at across three subsequent experiments. Results indicate that the concentration of fosfomycin to
remediate biofilm-embedded cells of MRSP A12 is 8.1 £0.9 ug/mL.
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Utility of microfluidic assay

The utility of this microfluidic assay could be adjust-
ed to evaluate the effectiveness of therapies over time
as a function of biofilm accumulation. Using the MPA
protocols, preliminary experiments passed 100 pug/mL
of fosfomycin through the inlets of the mixing module,
and observational images were taken over 4 hours. In
relating the change in surface coverage area (by func-
tion of average fluorescence intensity across the chan-
nel) over time, it was noted that appreciable differences
in biofilm adherence were observed by 4 hours of incu-
bation in comparison to a control test (double-deion-
ized water added to the inlets for 4 hours with images
taken at similar time points). This measure adds another
level to the assessment of the chosen therapy. However,
it cannot be directly related to that of pharmacokinetic
and pharmacodynamic studies, as the antimicrobial is
applied directly to the source in consistent concentra-
tions.

Limitations

Adopting microfluidic assays for antimicrobial testing
over current methodologies would necessitate that a
few issues are considered. One of the major aspects
that need to be more carefully examined involves the
differences in the adherence capabilities of specific
biofilm-producing isolates of MRSP, especially when
they are examined in such a dynamic environment.
Differences in adherence strength would consequently
affect the relative surface coverage in our device; more
adherent strains would provide better coverage and
density!”. We also need to take into account that the
biofilm must be clearly distinguished from the back-
ground fluorescence intensity. Otherwise it may be
difficult to discern true biofilm formation from back-
ground. Our experiments are performed at a flow speed
that is generally accepted as representative of the actu-
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al shear forces that act upon biofilm cells during SSIs.
Fluid flow rates would directly influence the stability
of the gradient over the length of the micro-channel
and likely the ability of MRSP to form biofilms and
the subsequent structure of the resultant biofilms'-°,
It is generally accepted that an increase in flow rate
strengthens the adherence and the biomechanical pro-
perties of cells that remain attached under higher shear
stress®*. The state of the art of convective type of gra-
dient generator and the underlying mass transfer prin-
ciples has been summarized by Toh et al*. Hydrody-
namic Shear stress and mass transport significantly
influence the quality of the biofilm grown in flowing
liquid systems such as the developed gradient genera-
tor microfluidic platform'>*. Flow rate of 200 uL per
hour produced a maximum shear stress of 0.27 dyne
cm ™2 on fibroblast cell surface?®, while a flow rate of
100 nL per minute produced a shear stress of 0.055
dyne cm™? on dermal fibroblast cells*’. The physiolog-
ical shear stress conditions experienced by pathogenic
bacterial biofilms during the course of infection typi-
cally range between 4 to 50 dyne cm ™2, while critical
shear stress for biofilm to survive along blood ves-
sels®% are usually less than 1 dyne cm 2. Hence, the
selected flow rate for our experiments provided con-
ditions for the biofilm to survive in a wound like set-
ting. Increased flow rate at a factor of 10 significantly
altered the MRSP biofilm clusters (data not shown)
possibly due to cellular responses due to shear. Further
investigations on the mechanics of detachment and
debridement of biofilms under various flow rates due
to hydrodynamic shear are warranted.

MRSP biofilm infections are often detected in veteri-
nary out-patients, and hence this delayed detection
may allow the biofilm to reach a more mature stage
characterized by stronger levels of adherence among
the bacterial cells and between the bacterial cells and
the tissue. Therefore, experiments examining the effect
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Figure 4. Atomic force microscopy images of MRSP A 12 strain (a) control and (b) fosfomycin-treated biofilms.
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of fosfomycin on more mature biofilm populations are
warranted, potentially also examining other strains of
MRSP that may be more or less adherent and/or exam-
ining the effects of multi-species infection. Overall,
such investigations may aid in the assessment of the
clinical relevance regarding the impact of fosfomycin
in the remediation of MRSP biofilms in a more realistic
setting than other currently implemented models.

AFM analysis

The ability of fosfomycin to kill or inhibit MRSP bio-
film was assessed using atomic force microscopy ex-
periments®. As characterized by AFM, the sizes of
the MRSP cells were in the range of 800 nm to 1000
nm (Figure 4a). MRSP cell surface was found to shrink
upon exposure to fosfomycin until the bacteria disap-
peared from the mica substrate. The external stress
caused by the low molecular weight fosfomycin dis-
rupted the cell wall of MRSP (Figure 4b) through mem-
brane damage, followed by the complete disappearance
of the substrate surface. The untreated control sample
staphylococci remained adherent longer on the surface,
suggesting that fosfomycin is an effective antibacteri-
cidal candidate.

Conclusions

This study developed and demonstrated the potential
application of an assay for evaluating varying concen-
trations of antimicrobial therapy on established MRSP
biofilms along a micro-channel. Thus, our technique
allows for the rapid analysis of potential remediation
therapies directed towards immune and antimicrobial
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resistant SSIs. Our real time observations of the reduc-
tion in the surface coverage area of biofilms inside the
microfluidic channel confirmed that fosfomycin is an
effective antibacterial agent against MRSP in SSIs.
Furthermore, we demonstrated that the microfluidic
based investigation of biofilms is an efficient way to
study these infectious diseases, although further inves-
tigations need to be initiated.

Materials and Methods

Microfluidic passive flow devices

The aim of the experimental procedure is to apply mul-
tiple concentrations of antibacterial therapy (fosfomy-
cin) to an established MRSP biofilm along a micro-
channel. Therefore, we make use of the principles of
passive mixing in order to create a gradient-forming
device. The key feature in our microfluidic platform is
to ensure the presence of laminar flow using syringe
pumps. This allows for the generation of spatio-tem-
poral steady gradients between two or more solutions
in straight channels, where molecular diffusion-based
mixing is dominant. Hence, by combining a gradient
generator and a straight main channel (where MRSP
biofilms are present), we are able to produce a predic-
table steady gradient of 2 solutions. Figure 5 schema-
tically depicts our microfluidic device, which consists
of a gradient mixing module (20 wm depth X 100 um
width X 18750 pum total length) and the observation
module (20 wum depth X 1000 um width X 12000 um
length). The width of the bacteria inlet channel is 50
um. The main channel is washed, and a gradient is
formed with fosfomycin (red) and PBS (blue) added

Inoculation into Tryptic Soy Broth &
Cell stained with Syto 9

Bacterial inoculum

Main channel l

Outlet

Figure 5. Schematic diagram of the experimental set up of the microfluidic gradient generator device for antimicrobial testing of

fosfomycin against MRSP biofilms.
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at the inlets to treat the biofilm in the main channel.

Device design and fabrication

The microfluidic template was fabricated and ultimate-
ly etched onto a thick photoresist wafer by using e-
beam photolithography. This process involves the re-
moval of selected parts of a polymer on a substratum
through UV radiation, which allows for minimum fea-
ture sizes ranging from a few to hundreds of microns
with high-aspect ratios. Consequently, a negative copy
of the device was created by pouring an organic sili-
cone polymer, PDMS, over the top of the SU-8 (50).
The compound was then solidified by introducing a
curing agent that catalyzes the formation of long poly-
mer chains. Finally, the PDMS devices were cut and
bonded to a glass cover slip in order to form 0.75 mm
diameter inlet and outlet holes.

MRSP inoculum preparation

A MRSP clinical isolate was sub-cultured on Columbia
agar plates with 5% sheep blood for 24 h at 35°C. Cul-
tured bacteria were then used to inoculate 5 mL trypic
soy broth plus glucose (TSB-G) tubes at a 0.5 McFar-
land standard (~10% CFU/mL) (Sigma-Aldrich Ltd,
Canada) and cultured again at 35°C and 140 rpm for
4 h to reach mid-log phase (ODg,,=0.3). This second
growth period was used to encourage cellular adhesion
in the main channel of the microfluidic device upon
application. The bacterial suspension was then concen-
trated into 1 mL by centrifugation at 5000 rpm for 5
minutes and washing with PBS for a total 3 wash/spin
steps; after the final wash, the cells were suspended in
1 mL PBS. Before application into the main channel
of the device, the cells were stained with SYTO 9 dye
from a LIVE/DEAD® BacLight™ bacterial viability
kit (Molecular Probes, Invitrogen Corp., Carlbad, CA)
based on the manufacturer’s recommendations.

Biofilm production

Epidemiologically unrelated MRSP isolates from dogs
in Canada were obtained from clinical samples sub-
mitted to the University of Guelph, Ontario Veterinary
College. A biofilm-forming strain of MRSP (A12) that
is highly adherent was chosen'®* and sub-cultured
on blood-agar plates prior to inoculation into TSB-G.
Consequently, to facilitate the growth of the biofilm,
the inoculated media was pumped with a Harvard
Apparatus pump 11 (Harvard Apparatus, Harvard, MA)
into the microfluidic device at a rate of 10 uL/h over
24 h and were grown in the dark prior to microscopy
to prevent photo-bleaching.
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AFM imaging

MRSP A12 cells were imaged in air with a tapping
mode Agilent AFM System Model 5500 microscopy
(Agilent Technologies, Chandler, AZ) before and after
being treated with fosfomycin. AFM height, amplitude,
and phase images were obtained in AC mode (tapping
mode) on the air-dried mica substrates. A triangular
Si cantilever tip (Bruker AFM Probes, Camarilla, CA)
with a spring constant of 0.35 N/m and a resonance
frequency of 18 kHz was used. A scan speed of 0.7-1.5
Hz was set and resulted in a final resolution of 512 by
512 pixels.

Acknowledgements The authors thank the Centre for
Public Health and Zoonoses of the Ontario Veterinary Col-
lege, University of Guelph for providing MRSP strains.
This study is supported by funding from the Natural Sci-
ences and Engineering Research Council of Canada, the
Ontario Ministry of Research and Innovation, the Canadi-
an Institutes for Health Research, and the Canada Founda-
tion for Innovation.

References

1. Weese, J.S. A review of multidrug resistant surgical
site infections. Vet. Comp. Orthop. Traumatol. 21, 1-
7(2008).

2. Vasseur, P.B., Levy, J., Dowd, E. & Eliot, J. Surgical
wound infection rates in dogs and cats data from a
teaching hospital. Vet. Surg. 17, 60-64 (1988).

3. Nicholson, M., Beal, M., Shofer, F. & Brown, D.C.
Epidemiologic evaluation of postoperative wound in-
fection in clean-contaminated wounds: A retrospective
study of 239 dogs and cats. Vet. Surg. 31, 577-581
(2002).

4. Eugster, S., Schawalder, P., Gaschen, F. & Boerlin, P.
A prospective study of postoperative surgical site in-
fections in dogs and cats. Ver. Surg. 33, 542-550 (2004).

5. Parra-Ruiz, J., Vidaillac, C., Rose, W.E. & Rybak,
M.J. Activities of high-dose daptomycin, vancomycin,
and moxifloxacin alone or in combination with clari-
thromycin or rifampin in a novel in vitro model of
Staphylococcus aureus biofilm. Antimicrob. Agents
Chemother. 54, 4329-4334 (2010).

6. Klapper, 1., Rupp, C.J., Cargo, R., Purvedorj, B. &
Stoodley, P. Viscoelastic fluid description of bacterial
biofilm material properties. Biotechnol. Bioeng. 80,
289-296 (2002).

7. Fujimura, S. et al. Combined efficacy of clarithromy-
cin plus cefazolin or vancomycin against Staphyloco-
ccus aureus biofilms formed on titanium medical de-
vices. Int. J. Antimicrob. Agents 32, 481-484 (2008).

8. Gortel, K. ef al. Methicillin resistance among staphy-
lococci isolated from dogs. Am. J. Vet. Res. 60, 1526-
1530 (1999).



288

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Vengust, M., Anderson, M.E., Rousseau, J. & Weese,
J.S. Methicillin-resistant staphylococcal colonization
in clinically normal dogs and horses in the community.
Lett. Appl. Microbiol. 43, 602-606 (2006).

Weese, J.S. A review of post-operative infections in
veterinary orthopaedic surgery. Vet. Comp. Orthop.
Traumatol. 21, 99-105 (2008).

Chrobak, D. et al. Molecular characterization of Sta-
phylococcus pseudintermedius strains isolated from
clinical samples of animal origin. Folia Microbiol.
(Praha) 56, 415-422 (2011).

Mikuniya, T. et al. Treatment of Pseudomonas aeru-
ginosa biofilms with a combination of fluoroquinol-
ones and fosfomycin in a rat urinary tract infection
model. J. Infect. Chemother. 13, 285-290 (2007).
Kusachi, S., Nagao, J., Yoshihisa, S. & Watanabe, M.
Antibiotic time-lag combination therapy with fosfo-
mycin for postoperative intra-abdominal abcesses. J.
Infect. Chemother. 17, 91-96 (2011).

Kumon, H., Ono, N., Iida, M. & Nickel, J.C. Combina-
tion effect of fosfoymcin and ofloxacin against Pseu-
domonas aeruginosa growing in a biofilm. Antimicrob.
Agents Chemother. 39, 1038-1044 (1995).

Kumar, A. et al. Microscale confinement features can
affect biofilm formation. Microfluid Nanofluidi. 14,
895-902 (2013).

Dicicco, M., Neethirajan, S., Weese, J.S. & Singh, A.
In vitro synergism of fosfomycin and clarithromycin
antimicrobials against methicillin-resistant Staphylo-
coccus pseudintermedius. BMC Microbiol. 16473671
91113294 (2014).

Purevdorj, B., Costerton, J.W. & Stoodley, P. Influence
of hydrodynamics and cell signaling on the structure
and behavior of Pseudomonas aeruginosa biofilms.
Appl. Environ. Microbiol. 68, 4457-4464 (2002).
Weaver, W.M., Dharmaraja, S., Milisavljevic, V. &
Di Carlo, D. The effects of shear stress on isolated
receptor-ligand interactions of Staphylococcus epider-
midis and human plasma fibrinogen using molecularly
patterned microfluidics. Lab Chip 11, 883-889 (2011).
Lin, F. & Saadi, W. Generation of dynamic temporal

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

BioChip J. (2014) 8(4): 282-288

and spatial concentration gradient using microfluidic
devices. Lab Chip 4, 164-167 (2004).

Neethirajan, S. & DiCicco, M. Atomic force micros-
copy study of the antibacterial effect of fosfomycin on
methicillin-resistant Staphylococcus pseudintermedius.
App. Nanosci. doi:10.1007/s13204-013-0256-3 (2013).
Kim, S.P. et al. In situ monitoring of antibiotic suscep-
tibility of bacterial biofilms in a microfluidic device.
Lab Chip 10, 3296-3299 (2010).

Osland, A.M., Vestby, LK., Fanuelsen, H., Slettemeas,
J.S. & Sunde, M. Clonal diversity and biofilm-forming
ability of methicillin-resistant Staphylococcus pseudi-
ntermedius. J. Antimicrob. Chemother. 67, 841-848
(2012).

Jenks, P.S., Laurent, M., Mcquarry, S. & Watkins, R.
Clinical and economic burden of surgical site infection
(SSI) and predicted financial consequences of elimi-
nation of SSI from an English hospital. J. Hospital.
Infection. 86, 24-33 (2014).

Stewart, P.S. Convection around biofilms. Biofouling:
J. Bioadhe. Biofilm Res. 28, 187-198 (2012).

Toh, A.G.G., Wang, Z.P., Yang, C. & Nguyen, N. En-
gineering microfluidic concentration gradient genera-
tors for biological applications. Microfluid. Nanofluid.
16, 1018 (2014).

Selimovic, S. et al. Generating nonlinear concentration
gradients in microfluidic devices for cell studies. Anal.
Chem. 83, 2020-2028 (2011).

Richter, L. et al. Monitoring cellular stress repsonses
to nanoparticles using a lab-on-a-chip. Lab Chip. 11,
2551-2560 (2011).

Nauman, E.A. et al. Novel quantitative biosystem for
modeling physiological fluid shear stress on cells. Appl.
Environ. Microbiol. 73, 699-705 (2007).

Beeson, J.G. et al. Adhesion of plasmodium falcipar-
um-infected erythrocytes to hyaluronic acid in placen-
tal malaria. Nat. Med. 6, 86-90 (2000).

Ceri, H. et al. The Calgary Biofilm Device: new tech-
nology for rapid determination of antibiotic suscepti-
bilities of bacterial biofilms. J. Clin. Microbiol. 37,
1771-1776 (1999).



