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Eric T. Pathe, Shravanthi T. Reddy, Lauren Sullivan, Albert E. Parker, Donald H. Maul, 

Anthony B. Brennan, and Ethan E. Mann

Purpose. Surface microtopography offers a promising approach for infection control. The goal of this study was to 

provide evidence that micropatterned surfaces significantly reduce the potential risk of medical device-associated 

infections.

Methodology. Micropatterned and smooth surfaces were challenged in vitro against the colonization and 

transference of two representative bacterial pathogens – Staphylococcus aureus and Pseudomonas aeruginosa. A 

percutaneous rat model was used to assess the effectiveness of the micropattern against device-associated S. aureus 

infections. After the percutaneous insertion of silicone rods into (healthy or immunocompromised) rats, their 

backs were inoculated with S. aureus. The bacterial burdens were determined in tissues under the rods and in the 

spleens.

Results. The micropatterns reduced adherence by S. aureus (92.3 and 90.5 % reduction for flat and 

cylindrical surfaces, respectively), while P. aeruginosa colonization was limited by 99.9 % (flat) and 95.5 % 

(cylindrical). The micropatterned surfaces restricted transference by 95.1 % for S. aureus and 94.9 % for P. 

aeruginosa, compared to smooth surfaces. Rats with micropatterned devices had substantially fewer S. aureus in 

subcutaneous tissues (91 %) and spleens (88 %) compared to those with smooth ones. In a follow-up study, 

immunocompromised rats with micropatterned devices had significantly lower bacterial burdens on devices 

(99.5 and 99.9 % reduction on external and internal segments, respectively), as well as in subcutaneous 

tissues (97.8 %) and spleens (90.7 %) compared to those with smooth devices.

Conclusion. Micropatterned surfaces exhibited significantly reduced colonization and transference in vitro, as 

well as lower bacterial burdens in animal models. These results indicate that introducing this micropattern 

onto surfaces has high potential to reduce medical device-associated infections.

Indwelling of medical devices is associated with high risk of infection, given the abundance 
of bacterial flora on human skin and the risk of contamination from other sources [1–4]. In 
a study at a Pakistani paediatric intensive care unit, the inci-dence of device-associated 
infections reached a staggering 2.1 % [5]. Device-associated infections may lead to 
device removal and replacement, thus resulting in prolonged hospital stays, excessive 
medical costs, and higher morbidity and mortality [6, 7]. It was estimated that in the United 
States alone a total of 82 000 deaths annually were caused by device-associated infections, with 
direct costs of $18 billion, an eco-nomic impact on a par with those of other major diseases such 
as breast cancer ($16.5 billion in 2010) [7]. The fact that many of the pathogens responsible for 
these infections are multi-drug-resistant, or even panresistant, has become partic-ularly 
problematic, with few treatment options being available [8, 9].



Healthcareworkersandtheindustryareseekingsafeand
effective meansto prevent device-associatedinfections.
Hospitalsandregulatoryagenciesperiodicallypublishevi-
dence-basedguidelinesforhealthcarepersonneltoimprove
practiceandreduceinfectionrisksforpatients[5,10].For
instance, hospital preventative measuresfor catheter-
indwellingpatients,suchasimprovedcare,handhygiene
and directobservation duringtheinsertion procedure,
greatlyreducedinfectionrates[11].The medicaldevice
industrycurrentlyreliesheavilyontheuseofantiseptics,
antibioticsandotherantimicrobialagents[12–14].Dueto
emergingdrugresistanceanddecliningefficacy,thesecom-
poundsareoftenusedwithhigherdosesandincombina-
tion,e.g.chlorhexidineandsilversulfadiazine[15–17].The
efficacyoftheseantimicrobialagentson medicaldevices
wascontroversialinvariousclinicaltrialresults,withsome
resultssupporting[16,18]useandotherscontradictingthis
[15,19,20].Antimicrobialagentscanbeverypotentagainst
sensitive micro-organisms,butalsoareassociated with
problemssuchastoxicity,decreasedefficacyovertimeand
emergingresistance[21–23]. Therecentemergence of
numerous multi-drug-resistant(MDR)pathogensischal-
lengingtheefficacyofantibioticsandotherantimicrobial
chemicalsagainstinfections.

TheSharklet micropattern offersa novelapproachto
restrictingdevice-associatedinfectionssafelyandeffectively.
TheSharklet micropattern,inspiredbythe microtopogra-
phyonsharkskin,isadiamond-shapedrepeatingpatternof
sevenfeatures(Fig.1).Sharkletmicropatternscanbeincor-
poratedontothesurfacesofavarietyof medicaldevices
duringthe manufacturingprocess.Inthisstudy,thewidth
ofthefeaturesis2µm,athespacingbetweenthemisalso
2µmandthelengthsrangefrom4to16µm,inincrements
of4µm(Fig.1).This micropatterniseffectiveagainstbio-
foulingand microbialattachment[24–26].Percutaneous
medicaldevices,includingbloodandskinaccessdevices,
surgicaldrainsandthedrivelinesofleftventricularassist

devices(LVADs),arewidelyusedinhealthcare. Herewe
presentnewinvitroandinvivodatasupportingtheuseof
thismicropatterntopreventinfectionsassociatedwithper-
cutaneousmedicaldevices.

METHODS

Strainsandreagents

Tworepresentative microbialspecieswereselectedforin
vitrostudiesbasedonthefollowingtwocriteria:(1)theyare
amongthemostcommonlyfoundandhazardouspathogens
responsibleforhospital-associatedinfectionsinpercutane-
ousdevices[27];(2)theyrepresentbothGram-positiveand
Gram-negativebacteria.

S.aureus(ATCC6538)andP.aeruginosa(ATCC10197)
wereusedincolonizationassays. S.aureus(ATCC6538)
andP.aeruginosa(ATCC15442)wereusedintransference
experiments.Bacteriaweregrownintrypticsoybroth(TSB)
(HardyDiagnostics)orTSBwithagar(TSA)(HardyDiag-
nostics),unlessotherwisestated.Phosphate-bufferedsaline
(PBS)(HyClone,FisherScientific)wasusedduringtherins-
ingandresuspensionofbacterialpellets.Dey–Engleybroth
(Sigma-Aldrich)withproteaseK(Sigma-Aldrich)wasused
duringsampleprocessingintheratstudy.Replicateorgan-
ismdetectionandcounting(RODAC)(BD Diagnostics)
plateswereusedtosurveybacterialtransferencefromcon-
taminatedtestsurfaces.

Colonizationassays

Flatorcylindricalsiliconesurfaces(smoothor micropat-
terned)wereplacedonto100mmPetridishesandsterilized.
Theywerethenimmersedin25ml1 107colony-forming
unitsper millilitre(c.f.u.ml1)S.aureusorP.aeruginosa.
Plateswereincubatedstaticallyat37Cfor1h(exception:
4hforP.aeruginosacolonizationtestsonrods).Unattached
micro-organisms wererinsedawaybythreewasheswith
25mlPBSandrockingat~80r.p.m.for10sonahorizontal
rocker.Afterairdrying,coupons(F8mmforflatsurfaces,
F4 mmforcylindricalsamples) werepunchedoutby
biopsypunches(Integra)andtheneachonewasplacedinto
a15mlconicaltubecontaining2mlDey–Engleybroth.The
tubeswerevortexedat maximumspeedfor30s,sonicated
for2minandvortexedagainfor30s.Bacterialresuspen-
sionswereserial-dilutedupto104-foldand50µlofeach
dilutionwaspipettedontoTSAplates.Theplateswereincu-
batedat 37C overnightandthenthecolonies were
counted.Foreachsurface,atleastthreeindependentexperi-
ments wereperformed, witheachexperimentcontaining
threesmoothandthreemicropatternedsamples.

Transferenceassays

Thistest wasperformedusingasimilar methodtothat
describedin[28].Briefly,half-circlesofsmoothandmicro-
patternedacrylicfilms(FLEXcon,Spencer, MA,USA)were
adheredtoPetridishesandsterilizedvia15minUVradia-
tion.Approximately5(±4)105c.f.u.ml1log-phasebac-
teria(S.aureusorP.aeruginosa)wereusedforinoculation.
Sterilevelveteencloths(#1)(Bel-ArtProducts, Wayne,NJ,

Fig. 1.Microscopicimagesofsmoothandmicropatternedsurfaces.A

confocallaser microscope(OlympusLEXT OLS4000) wasusedto

examinethesurfacetopographyofthesiliconesurfaces.Eachrepeat-
ing micropatterncomprisessevenfeatures.The micropatterniscom-

posedoffeatureswithadepthof3µm,afeaturewidthof2µmand

inter-featurespacingof2µm.Scalebar,20µm.



USA)weresoakedinthisinoculumandtheneachwas
stampedbyasteriledryvelveteencloth(#2).‘Inoculated’
cloth#2wasthenusedtopressontoaPetridishcontaining
twohalf-circles(smoothandmicropatterned,seeFig.3a),
withthepurposeofinoculatingthesameamountsofbacter-
iaontotwotestacrylicsurfaces.Theeffectivenessofmicro-
patternsinreducingtransferenceoffcontaminatedtest
surfaceswasthenevaluatedusingRODACplates.Theinoc-
ulaconcentrationsweredeterminedbydilutionplating.
RODACandinoculumplateswereincubatedat37Cover-
nightandthenthecolonieswerecounted.Thisassaywas
performedindependentlythreetimes.

Percutaneousdeviceratstudy

ThisstudywasconductedatPreClinicalResearchServices,
Inc.(PCRS),FtCollins,CO,USA. MaleSprague–Dawley
rats(JacksonLaboratories)wereusedtostudydevice-asso-
ciatedinfections.Theratswere69daysoldonthedayof
deviceimplantation.

Forratsreceivingnochemotherapytreatment(n=48),the
in-lifephasebeganonday 3withclinicalobservations
andendedwithfinalnecropsiesonday3(n=24,12with
smoothand12with micropatterneddevices)andday6
(n=24,12withsmoothand12withmicropatterneddevi-
ces).Thedatapresentedinthisstudywerecombinedfrom
theday3andday6resultsbecause(1)thereisnostatistical
differencebetweenthedataforthetwodays;(2)thecombi-
nationincreasedthestatisticalpowersubstantially.Inasep-
aratestudy,thechemotherapydrugcyclophosphamidewas
usedtocompromiseinnateimmunity(n=24),withtheani-
malsbeingsacrificedonday2(n=12foreachdevicetype,
smoothormicropatterned).Cyclophosphamidewasadmin-
isteredtwice(150mgkg1onday 4and100mgkg1on
day0)andthein-lifephaseendedwithfinalnecropsieson
day2duetoconcernsabouttherapidlydeclininghealthof
theanimals.Thedevicesweresurgicallyimplantedonday
0.Thetechniquethatwasusedtoimplanta20mmsilicone
rod(micropatternedandsmooth)transcutaneouslyintothe
backofeachrat’sneckwasmodifiedfromthosedescribed
inthepreviouslypublishedliterature[29].Approximately
15mmofeach20mmdevicewasimplantedandanchored
intotheskinwithpre-positionedsuturematerialatthedis-
cretionofthesurgeon.Carprofen(5mgkg1SC)was
administeredforpost-operativeanalgesiaandeachratwas
monitoredwhilerecoveringfromanaesthesia.Theanimals
werethenplacedincleancagesandmonitoredintermit-
tentlyduringfullrecoveryfromanaesthesia.Eachrat
remainedsinglyhousedafterdeviceimplantationtoavoid
cage matesdislodgingorremovingeachother’sdevice
implantsduringnormalrodentsocialbehaviours.

Onday0,eachofthedeviceexitsiteswasinoculatedwith
50µlsterilePBSorPBScontaining250c.f.u.(untreated)or
1104c.f.u. (cyclophosphamide-treated) of S. aureus
ATCC6538.Afterinoculation,theanimalswerereturnedto
theirindividualcagesandmonitored.

Onstudytermination(day3orday6foruntreatedanimals,
andday2forcyclophosphamide-treatedrats),euthanasiawas
performedbyCO2inhalationperPCRSstandardoperating
procedures(SOPs),andinaccordancewithacceptedAmeri-
canVeterinaryMedicalAssociation(AVMA)guidelines[30].
Followingeuthanasia,aphotographwastakenofeachratwith
theimplanteddevice.Duringdeviceexplantation,carewas
takennottodisruptthetissuesurroundingtheimplantedrod.
Foreachrat,asampleoftheunderlyingmuscletissuethatwas
previouslyincontactwiththemostrostraledgeofthesilicone
rodwasharvestedusingthepreviouslycleanedmetalforceps
andscalpelblade,andplacedinapre-weighedtubeforproc-
essing.Spleenswerealsoharvestedandplacedintopre-
weighedtubes.Inthegroupofcyclophosphamide-treatedrats,
implantedrodswerealsoharvestedandcutintoexternaland
internalsegments,andthesewerethenplacedinto15mlconi-
caltubescontaining2mlDey–Engleybrothwith15mgml1

proteaseK(SigmaAldrich).Allofthesampletubesunder-
wentserialdilutionsupto103-fold.Onemillilitreofeachdilu-
tionwasplatedontoaTSAplate,whichwasincubatedat
37Cfor24h.

Statisticalanalyses

Weanalysedtheresultsfromthecolonizationandtransfer-
enceassaysfromthreeindependentexperiments,eachwith
threereplicatesofsmoothandmicropatternedsamples.The
bacterialc.f.u.countswereconvertedtologcelldensities(LD),
logreductions(LR)werecalculatedbysubtractingthemean
LDforthetestgroupfromthemeanLDforthecontrolgroup
andpercentagereductions(PR)werecalculatedbyPR=1–
10LR.One-sidedone-sampleStudentt-testsassessedthe
meanLR.Intheratstudywithoutcyclophosphamidetreat-
ment,theLDswereanalysedusingatwo-wayANOVAwith
factorsfordayandtreatmentgroup.Tukey’sfollow-uptests
werethenperformedtomaintainafamily-wiseerrorrateof
5%foreachofthefoursamplesseparately.Intheratstudy
withcyclophosphamidetreatment,one-sidedone-sampleStu-
dentt-testswereperformedontheLRs.

RESULTS

Micropatternedsurfacesrestrictbacterial
colonizationonflatandcylindricalsurfaces

Inhibitionofmicrobialcolonizationbythemicropatternwas
evaluatedinvitrointwogeometries–flatandcylindrical,
mimickingdifferentdeviceshapes.Comparedtothesmooth
control,flatmicropatternedsurfacessubstantiallyreducedthe
colonizationofthetestedmicro-organisms.Specificallythere
wasa92.3%reductionforS.aureus(P<0.01,n=3)anda
99.9%reductionforP.aeruginosa(P<0.05,n=3)(Fig.2a).

Smoothandmicropatternedsiliconerods,mimickingthe
externalsurfaceoftubes, werealsotestedtoevaluate
theimpactofcurvedgeometryonmicrobialcolonization.
ThecolonizationofS.aureusandP.aeruginosawassignifi-
cantly(P<0.05,n=3)reduced,by90.5and95.5%,respec-
tively,onmicropatternedcomparedtosmoothrodsurfaces
(Fig.2b).



Micropatternedsurfacesreducethetransferenceof
bacteria

Tofurtherexaminethe mechanismofdevice-associated
infections, micropatterned and smooth surfaces were
contaminatedwithbacteriaandassessedforbacterialtrans-
ferenceoffcontaminatedsurfacesontoRODACsampling
plates. Micropatterned surfaces significantly restricted
S. aureus and P. aeruginosa transference, by 95.1%
(P<0.001,n=3)and94.9%(P<0.001,n=3),respectively,
comparedtosmoothsurfaces(Fig.3).

Themicropatternlimitsinvivobacterialburdens

Withthe micropatternrestrictingsurfaceadherenceand
transferenceoffcontaminatedsurfaces,wesoughttoevaluate
whetherthe micropatternreducestheinfectionriskinvivo.
Hereweusedapreviouslydescribedrodentinfection model
withpercutaneousdevices[31].Siliconerods(smoothor
micropatterned)wereeachimplantedpercutaneouslyintothe
backofarat,followedbyS.aureusinoculationonexposed
rodsurfaces.Ratswithmicropatternedrodshadsignificantly
lowerbacterialloads, with91%(P<0.05,n=24)and88%

Fig. 3.The micropatternreducestheriskoftransference.(a)Smoothand micropatternedhalf-circleswereadheredintothesame

Petridish.A microbiologyreplica-platingtoolstampedasterilevelveteenclothontoasecondcontaminatedvelveteencloth.Petri
dishescontainingtestsurfaceswerethenstampedbythisreplicaplatingdevice.Afterairdrying,theplateswereusedtodetermine

thec.f.u.sthatweretransferredfromthecontaminatedsamplesurfaces.RODACplateswereincubatedovernightat37Candthen

thecolonieswerecounted.(b)Testresultsfromthreeindependentexperiments.

Fig. 2.Themicropatternlimitssurfacecontaminationbymicrobialpathogens.Flat(a)orcylindrical(b)siliconesurfaces(smoothinblack
andmicropatternedingrey)wereimmersedinmicro-organisms(S.aureusandP.aeruginosa),followedbytherinsingawayofunattached

cells.Attachedcellswerethenelutedoffsiliconesurfacesandenumeratedbydilutionplating.Colony-formingunits(c.f.u.)werecounted,

log-transformedandnormalizedbysurfaceareasasthey-axis.



(P<0.05,n=24)reductionsinsubcutaneoustissuesand
spleens,respectively,comparedtothosewithsmoothdevices
(Table1).Inthefollowingtrial,ratsweretreatedwiththeche-
motherapydrugcyclophosphamidetosuppressinnateimmu-
nity.Theeffectofcyclophosphamidewasconfirmedaswhite
bloodcellsweredepletedinanimalsreceivingthedrug
(TableS1,availableintheonlineSupplementary Material).
Incorporationofmicropatternsdramaticallyreducedthebac-
terialburdensinsubcutaneoustissues(98%reduction,
P<0.01,n=12)andspleensamples(91%reduction,P<0.05,
n=12)(Fig.4).Inaddition,inthestudyofcyclophosphamide-
treatedrats, wealsoevaluatedbacterialcolonizationon
implanteddevices.Bacterialcolonizationonexternaland
internalsegmentswasreducedby99.5%(P<0.05,n=12)and
99.9%(P<0.001,n=12)respectively,onmicropatternedcom-
paredtosmoothdevices(Fig.4).

DISCUSSION

TheinvitroresultsinthisstudydemonstratethattheShark-
let micropattern,anon-toxicsurface microtopography,
reducedthecolonizationofS.aureusandP.aeruginosabac-
terialpathogenseffectively(Fig.2).Micropatterneddevices
alsominimizedtheriskofpathogentransferencefromcon-
taminatedsurfaces(Fig.3).However, modelling medical
device-associatedinfectionsinvitroisoftenchallenging.
Onlyspecificmicrobialmechanismscontributingtodevice-
relatedinfectionscanbeevaluatedinvitro[32–34].Invitro
modelswereusedinthisstudytospecificallyisolatethe
microbialcolonizationandtransferencemechanisms.These
microbial mechanisms weresignificantlyinhibitedon

micropatternedcomparedtosmoothsurfaces.Theapplica-
tionofsurfacemicropatternsthereforehashighpotentialto
revolutionizeinfectioncontrolonmedicaldevicessuchas
percutaneousdevices.However,thecomplexitiesofmedical
deviceimplantation,includinginnateimmunityengage-
ment,canonlybeevaluatedwithinvivomodels.

Translationalpre-clinicalinvivotrialsfurthervalidatedthe
capacityofmicropatterneddevicestolimitdevice-associ-
atedinfections. Afterbeingintroducedtotheexternal
exposedendsofdevicesplacedinthebacksofrats,S.aureus
wasallowedtotranslocateandestablishinfectioninsubcu-
taneoustissuesforseveraldaysbeforerateuthanasia.This
wasintendedtomimicclinicalscenarioswheredevicespass
throughtheskinintodeepertissues.Ratswithmicropat-
terneddeviceshadsignificantlylowerS.aureusloadsinsub-
cutaneoustissuesandspleenscomparedtothosewith
smoothdevices(Table1).

Thesuperiorityofmicropatternedsurfaceswasfurthercon-
firmedinanimalswithdepletedinnateimmunity,thefirst
lineofdefenceagainstinfections,byachemotherapyagent,
cyclophosphamide.Cyclophosphamideisacommonthera-
peuticagentthateliminatesinnateimmunecells,including
neutrophilsandmonocytes,effectively[35].Themicropat-
terneddevicesstillshowedsignificantlylowerbacterialbur-
denscomparedtocontroldevicesintheabsenceofinnate
immuneeffectorcells(Fig.4).Inthissetofinvivoexperi-
ments,thebacterialcolonizationonimplantedrodswas
alsoevaluatedtodeterminewhethercolonizationpreven-
tionisimportant.Bothexternalandinternalsegmentsof

Table1.Themicropatternminimizedbacterialburdensinapercutaneousratinfectionmodel

Tissue Device Mean±SD(logc.f.u.pergramoftissue) Percentagereduction Pvalue

Subcutaneoustissue Smooth 4.47±1.46 91% 0.025

Micropatterned 3.41±2.13

Spleen Smooth 3.19±1.03 88% 0.012

Micropatterned 2.26±1.65

Fig.4.Micropatternedsurfacesrestrictedbacterialcolonizationondevicesandloweredbacterialburdensinthetissuesofanimals

treatedwithcyclophosphamide.Deviceswereexplantedandcutintoexternalandinternalsegments,whichwerethenprocessedin
Dey–EngleybrothandplatedontoTSA.TissuesampleswerehomogenizedinPBSandplatedontoTSA.Theplateswereincubated

overnightandthenthecolonieswerecounted.



implantedrodswereevaluatedforbacterialcolonization,
whichwassubstantiallyreducedinratswithmicropatterned
devices(Fig.4).Therefore,micropatterningislikelyoneof
themostcriticalfactorsforinhibitingdevice-associatedbac-
terialtranslocation.

The micropatternrepresentsaparadigmshiftasan
approachtomicrobialcontrolandinfectionprevention[24,
36].Microbialattachmentandtranslocationarecriticalfac-
torspotentiatingdevice-associatedinfections[37–40].The
bioinspiredmicropatternedsurfaceprovidesadeviceinter-
facethatcontrolsbacterialcolonizationandtransference
throughanorderedarrangementofmicroscopicfeatures
[25].Thephysicalarrangementenhancesthehydrophobic-
ityofthedevicesurfacesuchthatthebacteriaattachment
energyisinsufficientforadherenceand/orcolonization
[25].Adherencepreventionandtranslocationrestriction
havebeendemonstratedhere,andarebelievedtocontribute
significantlytorestrictingtheriskofdevice-associatedinfec-
tions.Importantly,thisinfectioncontrolwasachievedwith-
outtheaidofantimicrobialagents.Further,theresultsfrom
thisstudyareconsistentwithpreviousinvitrostudiesof
otherpotential micropatterned medicaldeviceproducts,
whichshowedtheefficacyofthemicropatternagainstbac-
terialadherenceandtranslocationon medicalpolymeric
materials[28,41–43].

Theresultsinthisstudydemonstratethat micropattern
technologyoffersaneffectivemeanstofightagainstmedical
device-associatedinfections.However,theeffectivenessof
themicropatterntechnologywasonlytestedinvitroandin
animal modelsusinglaboratory methods.Ithasnotyet
beentestedclinicallyinhumanpatients,andthereforehas
notbeenproventoperformeffectivelyinaclinicalsetting.
Futurehumanclinicaltrialsareneededtofurthervalidate
theeffectivenessofthismicropatterntechnology.Theinter-
actionofmicropatternswiththehumanbodywillalsoneed
tobebetterunderstoodtodemonstratetheirbiocompatibil-
itywhenusedaspercutaneousdevicesinhumans.
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