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4.8 BiofiLms, BIOMATERIALS, AND

Bill Cosgerton, Gory Cook, Mark Shirdiff,
Pand Stoodley, and Mark Pasmoee

Tens of millions of medical devices are nsed each year amd,
im spiee of many advances in biomarerials, a significanr pro.
poction of gach tepe of device becomes colonaeed by bacteria
and becomes the focns of o device-relared infection. Topical
devices [e.g.. conmct lenses) are colonized as soon as they are
plased o vhasue surfaces, tramscutancond dovices (g, vasco-
bar catheters) ame progressnvely colomeed by sk arganisims,
and gven surgically implanted devices regalarly become foci of
wfacion. Lmplanted devices may b colonized by baceeria m
the tume of sorgerey, or they way be eolomieed by orgamsms
that gain access o their surfaces by a hematopeceas rowte,
froim a discame sousge, The most significany facgor m the devel-
apsent of deviee-relaed wlectonms appeass to be the sl of
the surgical team, with prosthetic hips being infected in less
tham 0,2% of cases in large specialiesd clindes, and 25 many
an 4% dn best procent Bactlicies. Ceemerally, Large and cous-
plex medicn] devices that require long and complscated surgery
for their placement are ar high nsk of bacerial infeaien, and
trafiscatatieons devioes b ths Guepory (o.ga the famnk beart)
automatically become infected. In many areas of medicine, the
rigk of mfecoon limis the use of devices thar comsimre the
epltodms of the enpineees skill and smaginaon aod incorpo-
rate the Anest and most sophdisticated biomaterials available in
this Basr-moving field,

As medical devices came imo modg eegulac use, the s
geons who placed them used their well-developed ohservarion
skills ror define the “classic™ device-relared infecion, These
ifections weee often very slow 1o develop, with overt svenp-
toms sometimes being seen almost smomediately and some-
rimes being seen months or even years after the deviee was
utstalled, Inflammanian and pos formanon were aften logal,
especially in rronscutaneous devices, bot 3 certain propor-
visw of patienes with devicearelaced infecsions suddenly devel-
aped acore dissertinated infecrions caussd by the sme species
that had calonized the device. These aeure exacerbations of
device-relared infections responded well ro antibionc therapy.
Hivaever, this reearment almost neves reversed the local symp-
vonms, il colomieed deviees often gave rise b a2 predicrable
series of acure exacerhations, se that good medical neanage-
ot megally dicvared rheir removal, The bacreria char caused
device-related mfections were comsnom skin bieta fe. g, Stapde-
Incocous epideroidis] and common environmental onganisms
e, Paradomonas arrgingsay, and cemain species predonm-
mated in infectons of certalt devices. Becausse the mbecting
bacteria, and aceasional fungi (e, Condida altscams), were
s¢ mhiquirpas in the modern human eavitonment, devies
rechphents abways bad good bmmuaaley againes thess lonw-level
pathmgens, but these antibodies faided o prevens infection.
It was the “frontling” medical specialists (e.g, orchopedic
susgeons] who gradually persuaded medical micoobiolegise
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and infectious disease specialists char device-relaved infections
differed from acure Bacrecal infecrions in several impomane

rEspic,

The biotlm  comcept was  developed  and  artcolared
[Cesrernon of ai., 1978] in envirenmenral microbiology, and i
was ivbrosluced aer s ical sacrobiodogy when Tom Marne
e ol (1952} examined the surfaces of devices char had tailed
because of bacrerial infection. This concepr stares char bacreria,
i all bt eber st sutriene-deprived ecospsienms, grow prefer-
entially in matriz-enclosed commumities attached oo surfaces
[Cosrenon sal., 1987}, Elecrron microscapy preved 1o be nse-
ful 4 the exanidadon of the sarfaces af faled meedial deviess,
beconse both scaoming (SEM) and tronsmission (TEM) ehe-
from microscopy invalve dozens of wadhing steps that remove
floatng of bosely adherein bacteria, Therefore any bacsral
or foogal cells that rensined on the sorhces of thie device,
nfter processing, were boaa Bde biofilm organisms. With med-
ical colleagues leading the wanch (Khoury of all, 19593 Masiie
and Cesterten, 19%4; Mackel er ., 1985}, aur morphologi-
cal team examined hundreds of types of filed medical devices
andd foand Bioditms an all of their surfaces, Blokilms were seen
o el surfaots of comtact ketses that had Been worn by val-
unteers {slcLacghlinBorlace o @l 1998, and very extensive
sessale communites wore seen on the surbeces of lenses ghar
heid b staeedd owermght in storage cases (Gray of ok, 1995;
McLanphlin-Borlace of al., 19%8]. Scone of the most extensive
badilms we ever saw om 2 medical devies were foand oo the
sutfaces of intraubecine contraceptive devices |Marefle & ail,
19824, and teeth and dental devices were sgqnally heavily col-
onized, It was in rhis area of topical medical devices thar the
distiscton was made berween colonization, which is the simple
presence of microbial binhlns on a surface, and the infections
thar eeeir when this presence of 2 biofln elicies a pathogenic

e

The surface of skin is colonized by o wide variety of bacte-
ris arnd Fungs, moseaf which are removed or killed by surgical
progarations, bor the deeper lavers are alao colonized by bac-
teria {mostly 5. epfdermnidis) that escape skin sterilanes. This
curanesas biota capidly colonizes the sarfaces of any ranso-
taneoiss devics, and the boflm moves along any devics thar
is placed in 2 sabeotanesns “tunmel.” onbl the entire sor-
Face of the deviee i colenized, In shis manner a micrahial
il i ineradisced inma the normally seerile environment of
the peritenseurn, by the Techkhoff catbeter |Dasgupes o af.,
1#ET), or ot the noroally stezile enviremmenr of the hearr,
by devices like the Hickman (Tenney o al, 1986} and the
Swan-Game | Mermiel et al, 19910 catheters. The inevitable
colonization of imansonmneans devices, which is nsoally com-
plete i d=d weeks, does nor auremaricslly lead oo infection,
AdEof the Fhickaan catheters in our Manonal Canees istitute
sty | Tenney et al,, 1986] were seen to be colonized, and one
weas ever partially Bocked by o very exuherant hiohlom, bar
oaly Four of the 81 patlents esperiemoed aviert mifscton and
bacteremia, Chromie ambulatory perivomeal dialyss (CAPN
patienes All have well-developed biokilng on cheir Tenckhaodd
catheters, bur many do nor deselop peddteniss i ther bumaral
and cellalar inamume mechaniams can “keep up™ {Daggupta
et al, 1990 with the plankiomic (Featmg) cells thar ane releasec
froom these sessile communinies.

‘When implanted medical devices beeome colonized, the
presenee of these miceobial bioGlme always riggers pathogenic
chamges in the sorromoding tissoe, bor symptoms ane often
slvw to develop, Mechanical heart valves and voscular grabes
can fail becauss bofilms on sticches thar hold them i place
canse mflammation, weaken thee tssoes invalved, and bead o
their detachment and displacement (Hycle e ol 19981, Ortho-
pedic devices may develep “asepric looseming™ m vhar the
diwiee 1g lansened by bove dusolwtion, et ehere are nosigns of
imflammation. The biofilms of the cansarive pathogens are so
coherent thar rourine cubmres of the device and the fssnes are
almosr alvaya negative. Blofilms elicte few ssmpionis, hecase
their matris-enelosed colls produoce few toxing and stmulace
only cursory mmune resparses and méflammatsen, boc local
aymproms will be produced when plankeoni cells are rolimsed
frovemn these eessile communities.

The examination of Eaiked medical devices frequently reveal
imderobial wfilms, Thesefors, the ungue charactenistos of
device-related afections ¢an be explamed w0 weems of the
charaectenstics of bicfibo (Costerton et al, 1999, The slow
develapment and asrmpromatic sanees of many device-relaged
infectioms cam b explaimed by the abservaton thae Baodila bac-
teria prodwce bew toxins and elicit e inflammarory response.
Moy device-relans] infecnoms are negative in rounne micro-
Inleoggaal cultute e biofling rekase a bmited namber
of planktonic cells, large bichin fragments grow up as a dngle
colony on plares, and sessile cells do oor groa well on agar sor-
fages, Comtrmat bactertal spocles predamibate n deviee-related
infectioms becawse they furm bishines very effectively in their
namaral environments (e, skinf, and rhig biofilm mode of
growth protects thee foom the imemoees respoises that occir
inall potensial hoses. The bichlng mode of growth protects the
cansitive agente of device-related imfections from hoah hamoral
angl cellmediated moniry (e Chaprer 430 Lekd o al,
20012], ser these infections ocour in healthy imdividuals, and they
are never resolved by even the most acrive hose defense mech-
anisme, Exacertanons of dewice-relared infecnions ore capeed
by the relense of plankeonic cells, ond antibiotics can kill these
foating cells and reverse e symprons of acure infection, bar
rhe Sfecnon persism beoause the causative Bofilm s remstant
to these antibaoterial agems. Maost, if not all, of the charac-
teristics of device-relared imfections can be explained in terms
of the characrerisnices of hiofilme, =0 i may be wseful o ecm-
ine the bongeaning Geld of biofilm macrobiology, as an ey
step in the march for new biomaterials thar will control these
infecrioms,

Many of the conceprs and sechnigques shar have served
imderabeokegist: well, i the sertual conguess of epddenmac bac-
terial dissases caused by plankianic orgganisms, now serve us
ouly poorly in the sty of device-related and ether chronic
bacterial diseases, This saction an hiokln meorebiolopy will
facus em the central face chat biokls Gactena differ froam their
plankoemic coneerparts in o many ways chat ey are ns differ-
eaE a8 spores e foom vegetative bacterta, and it s imperative
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that special biohlm methods be used in studies of the baceerial
colonizarion of bicmarerials,

Bacterfal Adbesion fo Sorfaces

Ottpen, the LY theory s applicd to the study of baceerial
abhesson o surthees (van Loosdrecht of al., 1990}, This classic
comcep of collawd behavior visualizes a planktome bacrerial
cell as o smooth colleid particle that imbezacts with the sar-
face i a maomer bassd on the charges on boah sarfaces, which
aviereame the baslc repulson of mdividual parpcles, Exani-
matioms of the sorfaces of planktonic bactera, wsing special
prepasstions and electron micrascopy, kave dearly shown tha
these aurbioes are pat amooth, Inoadditon o proncinacenns
appendages flagella and pili) chat project 2-6 wm from the
cell, the enzire surfaces of planktanic cells of natoral srains of
Pagrerts o covered by a marrs of hydrophobic exopalysac-
charide (EPS] fbers, and sometimes by o highly structored
praeein “coat.” The excermal EPS layer of planktonic cells s
anchiored o rhe polysaccharide O annigen Ghers thar projec
Fromy the lipopolysaccharcide [LPSY of ehe onter menbeane of
gram-negative cells, and oo the polysaccharde teichoic acid
filers thar project fram the cell walls of pram-positve cells, Ele-
gant freesr-substitunon mcrascopy pregarations have shown
that the actual surface of planktonic hacterial cells that would
b capabie of interacting wirth the surface e be colonized s 2
(b ve i d-pume-thick forest of proven asd polyeaccharsde Phers
The planktenic bacterial cell is mot a smooth-surfaced colloid
particle, aod the acrual inperacrion of these cells wirk surfaces is
Teased on the bewdging of bacrerial Gbers with bers adearhed o
the surtace bemg colonized. Thas, DLYO theory is of limited
applicarion in the snidy of bacrenal adhesion,

Anather convennanal micrabiology method, the reliance on
pare cubtures of bucteria isolated from the syseem of interest,
bar subculirsd huadreds of nmes v sich media, also dos
sl ervy me wellin kel anigics selevant re medical devioes,
‘This methad, which daves fram Robert Koch in the 18505, pro-
dncss kab-adapeed scramms of baoeris thar ane selected in favor
of plaskanic grosth, becaisse the simple ace of subculiuring
leaves adherent cells behind in the old coltare and transfbers
aaly freedloating cells. These Lab-adapeed strains lack many
surfane srnscmores thar would be necessary for their survival in
2 hosnile =wild™ enviroament, bat they are not challenged by
anfibacierial agents, so deey survive i ohe sese tuhe, but per-
i 0F they are seleased o narieal ecosvarems, When rhese
Tab-adapted seraies are wsed w stodies of hacterial adhesaom
beomavterials, they come clese to the smoth-surfaced colloidal
parricles visualized in the DLV theory, and dara et are
misleading for the anderstamding, of medical-device-centered
inbection are generated Several companies bave spent millions
of dollars on nevel bismarerials mowhich lak-adapred seraims of
baceer would adheee to anly very posacy, only o bave these
Teomaterials heavily colomzed by =wild™ nazaral bagzeria, and
o find shar they performed unsatisfacrorily in clinial tess.
Mlost milceabdologies whe locus on baaehilms never dis adheshon
cxperiments 40 straims that ane more than ome ransfer fram an
infected patient, if their ohjective is ro assess the propensity of 2
Beomarerial for colonization by o putarive pathogen, Scentses

at the FI'A and EPA are aware of this necessity bo wse =wild”
hacreria im biomarerials wessmg,

When plankienie cells adhere v a surface, which they do
with considerable avidity, they exhibit behaviors that have been
divided inre “reversible™ and “irreversible™ parems [(Marshall
el 197 1), The micse actively motile ongamsms te.g, P denrg-
amasat may wse their Hagella as landing mechamisms, and then
may wse theis wope TV pili to produce a mwicching moilin
chat allows them 1o pale op mto chabaraie srociures, some of
which resemble the Bruiting bodies of the oy cobacteria, Other
less mahile organisms produce “windrows™ of cells (Korker
i al, 19950 felloowing, adhesion, while cells thae bave -
ther Bagella nor pili simply sty in place if the kcotion is
favorable, and demch if it s not, Movies showing these pest-
adbesion behaviors of bactera are avallable on the Conter foe
Baohilny Engineering, (CBE) Wb siee twrww . ercomontass, edul.
BRiofiln: engineers have generated surpeising data {Sooodley
ot ai., 2Mkla, b showing thar many cells thar adhece pe qur-
Faces also detach and Jeave the area, before they make e
genetic switch m amach irreversibly and initiate the process
of beofilm fosmarion. Many peopls 0 the bomaersals ficld
have specolated, isitvely, that ey sorface characeristcs
s faver (or inhibit] bacrerial adbesion, and almost evecy
poseible combinanon of these clhatacgrisncs bas been tred in
the swrarch for colonization-resistane bomaterla, Wild bacte-
rin adhere equally well o very hydrophobic e.g.. Teflon) and
to very edrophilic (e, PYC) surfaces, they colonizs smaath
stirfaces as well as they adbere o rongh swrfaces (Marebe and
Caostertom, 1984; Sorrile ef al, 19861, ond they colonize smoath
surfaces in very high shear fow spsrems (Characklis, 20003).
Thus, we bave no periect blomaerial surface thar resisn bacte-
rial enloniation by vintee of its inherent sucfice properties, but
nonfouling susfaces show limirsd porenmial for this applicarion
{Chaprer 2,131

Biofilm Formation on Surfaces

When a bacrerial cell bas “made the dedsion™ m colonize
A surface i seTE i motion & parern of gene expression that
profoundly alvers its previous planktonic phenotype, to pro-
duce a nrigue biohln phesaeype thas may differ by as mach
as TS o he protems expressed (Sauee and Camper, 20001,
Some iof the Rrst genes that are up-regulated o adhecent cells
are thiwe imveldved in the prodoction of the EIS magerial thar
will frsrm the marris of the baefitm and will also anchor the cell
arrieversibly to the sarface, In % ddragimoss the np-regulation of
alg, which is a pant of dhe alginate sywthesis pathway, nooors
withim | § mineres of inigal cell adbesion (Davies and Geesey,
159950, and we see the seeretion of matas material by these
cells within 30 minuees of adhesion. The genes thas are up-
regulared o the biofilm phenoype of many bacerial species ane
being analvzed by proteondes | 8iller and Daaz-Toeres, 1559;
Crosthiizen ef @i, 2002; Saver and Coamper, 2000 Saver o al.,
2002; Svensiter o ai, 20601 Trensler of ok, 20023, B) and
by miroatiay analyads (Schembel or al., 20003; Schoolnlk e al.,
20001 Seewielley e at, 20H02: Sy et utll, 20003 Wharedey et .,
20011, and individoal genes invelved in this profound pheon-
prpir shift are Bebng adennified dally, Saver and her calleagues



348 4 HOST REACTIONS TO MOMATERIALY AND THEIR EVALUATION

have repored thar the phenarype of plankronic cells of both
P aerugiecsa and P, peoda differ from thar of their biofilm
comarberparts mone than they differ from that of planktonic cells
wf other species i the same genes. The inherent resisance of
bindilm bacreria to antibiorics, all of which were selecred on
the basis of their ability to kil plankeonse oclls, 5 niow langely
attributed to the altered gene expression pattern of the bioflm
phenaoype, Scienrists ar Microbia Led |Beaeston) have ielenrified
v spedfc pene [fme O that i responaible for thes inherent
anfibiotic resistance in biohlms formed by all staphylscocal
species, amdl the delerion or blockage of this gene produces
icdibing har ane suscepeible 1o conventional anfibatss,
Cince attached cells have wmiggered the conversion o the
binhim phenacype, che multicetlular communiny on the colo-
e surEace bigiog o acerete larger numbers of cells by bmary
fession and by further recruiement of planktonse cefls from the
bulk warer phase. As they increase in numbers and produce
large amounis of EPS marrix materal, the arcached cells farm
microcohmies in which they constituee approsmmately 15% of
the volume and che marrix occupees approximarely 85% af the
volunse, The microcolonses asame tower-like and musheoom-
like shapes (Fig. B} momost nateral and coliured biofibms, boe
miany aither morphologies may be dictared by species charac-
reristics and by notrenr availability, The microcalonics may
veupy the colomieed surface, as discrete entities separated by
wpen water channels {Fig. 1), or they may pile op in several
lawers ro form thick sessile commisnirics, bug they always main-
Lain thar structeral inegriey and move independently under
shiear stress. As the biohilm mamres and andergoes more phe-
norypic chamges (Seoadley e @l 20020, the processes of ocll
diwision amd recrustment come uso balance with programnsd
detachmsent of plankvonic cells from che sessibe communisy and
sloaghing, Mesr namiral hioflms reach a mamare rthickness and

MG 1. Duagrammaric  eepresennation. of e mowerlbhe  and
mushroom-lke micraoslomies thar are the bazic serocoaral anire of ke
hinfilens on cobomized sarfeces. Mare thar the parnis marerial ooospies
+RE% of the mess of thess siruchenss [while the ool comprise
=158%], thar the mroccdonies can be deformed inmo ceodlazing
sirvamars by shear |'|:'|,:.-51 arxd ehat watir menis thraugh thess
comphex communities in a ooeecone partarm. br was e complex

differeni | al thes kg, and the manngerance
of e apen warer channels, that simufared speoalazion than soen
formn of “hoemonelike™ cellecell sgpabog musr be mvalved o e
Formarion of microbial biohlms,

a stable community seracture within a week or vwo of their ini-
rearion of colorizarion, and many remaim relanvely srable for
vears, Stoodley er al (20021 bave concladed that the boflm
phenarype would faver bacerial sarvival i the harsh environ-
ment of the primitive earth, and they have suggeseed thar the
planktons phesotype may have developed considerably later,

as a mechanism for dissemination.

Natwral Control of Bioflm Formation on Surfaces

The complex srructure of binhlm communiries [Fig. 1) srim-
ulated a lvely discussion of what signals (e, honmones or
pheromanes) must be aperative o allow the development of
shaped microcodonies and sustained warer channels. In 1998
the first demonstration ehat bodilm development i P aerwge-
i 38 contralied by an acyl homoserme laceone (AHL)
quorumesensing signal was pablished [Davies er af., 1998},
and it has subsequently been reponed thar age, sar, and RAP
{Balaban er al, 1998) sgnals control this saime process in
gram-paositive organisms. Additionally, it was shown char the
avgolndocer [ signal (furanonss) conerals bioflem feemarion,
and many other prooesses, movirwally all bacterial specses
{Schander et af., 2001; Xavier and Bassler, 2003). Bdass hinhim
spevialists agree that these signaks are amply the op of the
weber, thar many wore signals will be discovered, and thar
specific blockage of many of these simple chemical signals
offers o pracrical way o congrol virmeally any bacrerial "hehav-
st ™ 1t has alrcady been shown thar specific signal inhibsors
can block toxin production in 5. awrens, and can even render
spewific hacreria essennially nonpathogenss in animal medels
{Balabar e al,, 2000,

The manipulation of biohlm frmation is a very anractive
Targer for new agents te prevent device-relaged infecens. IF
baceeria thar nsake contaer wirth bomarceals were “locked™
in the planktonic phenotype and were unable to assume the
pratected biohilm phenarype, they woibd be readily killed by
hose defense mechansims andfor by annbionse therapy. Several
chenical analogs that block signal activity by interfering with
the hinding of the signal 1o ite cognare recepror have been
shawn 1o be effecrive in inhibaring biohilm formation in spe-
cific pathogens {Balaban & all, 1998). One such analeg (K1)
prevents the binding of a biofilm contral signal (RAP) o s
revepror (TRAPE This signal blacker has heen shoown e pre-
vent lofilm formation in an amimal model of a device-relased
infecricm, and o allow complete eradicarion of the bacreria
wirh convenngnal ancibionic therapy (Balaban et al, 20034, b
The researchers invalved i the search for Bioklm-control signal
inhibitars are acutely aware of the subtle nature of the signal
nerwark in bacrerial cells. v i highly unlikely thar we will find
a ainphe OMIOFF switch for baofilm formation, and blockers
that prevent biofilm formation may up-regulate invidiows bac-
terizl behaviors [eg.., toxin producrion |, b we are encouraged
Iy several observations made o natural ceoaystems. Marine
plants and animals contral hiohlm femation on their surfaces,
presumahly hecause hinhlmdsil accretion wonlkd bary chem and
prechude phaotosyntlesis in the plancs, and at leass one of the
compounds that they ose for this parpose s a sipnal inhibier
{cde Mys aral, 1995). In these namaral systems, plant and animal

sutbaoes ane ideal bocatens for biofilm formation and geoseth,
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bat mo Bacrerial macant capable ot dhrwarring the soton of these
taraeal binfilm conrol AN hian 1._'I|I.'I_:|_4.'I.I in millions of YEars
of evolueion,

Novel Engineering Approaches to Blofiim Comtrol

The currens therapy tor devioesrelated inbecrions consises of
[rvirigL Tar kall a |'\l||-|||:|-;;|_ al CITTY rhe |'H.Ix||_'|'3:- awith a |_|||_'| all
Itk angibeotic], with the anly varlable paranseters belog con-
centration and mme of contact. Engineers have sappested that
& i ber |||'|'|||!.'~|;|.'i'|| flll’:ﬁl_‘ b ke lenrmsessed codeliver hagher
R HIRGEE LE3 T IHOS of ||||_' ,-.|||'|-||'\-1|.., [{E] |_II|_' ||||'1;b.,|_|'||1 ORI SIS,
o comipromse the hacteria moways thar make them more
susceptible to the agents concerned. Twao rechnologies dhar
'H-rr.l.'l I.I"'II‘\.II.I"T.\_II"II.' |!"{H’II'1I.' II'Il.'III'i [ lll{' = Ilr IIIII“‘\.III'III. I.'Ill.'r!_'d.
{Nelson ef ai., 2002; Rediske & ol 1998), and the imposi-
tien of a very weak sustained D feld (Costerton e ail, 15994
ELSS R !|'||,' |'|||||i|||'I :|1'||_‘| |'r::{|'| |'|.'|'\. (4 |'||_'\r|'| whaven b r|_'|'||,|.,— '|I_"|l-\.lll.'
microbial populations susceptible 1o conventional antibiotics.
Practical research = curremtly underway in the medthearion

of |'\-||:-|'|I.II|.'r|;'||'~|I Jll-\.l f |,|..-\. e I.:.-\.—\-\.i"_l'll 15 hhrmeesa ||'||_' |'|||I4.-|'|ri:||
of these physical bichlm control technologies in our general
strategies bor the cantrod of device-nelared infections.

BIOFILM -RESISTANT BIOMATERIALS

Biofilm-related complications have cost many lives in clin-
ical -.u-rriu;.':-.. This unforrunare gursome ey be redncad i the
conpepid aned methods of madern baodilin mauceabaology can be
inculeated into the development process bor antibioflm bicoa-
erials, We will discuss same of the new agents thatr mar give
ug effectmve comtral ower the colommtion of homagerals and
the incidence of device-related indectioms, and thee we will dis-
ongs new mathieds for the releaseidelivery of dese sgens arthe

aurbaces of Bomarerials,

Testing for Antibacterdal and Aniibiofilm Propenies
of Biomaterials

There are seriows comcerns with the uriliny and mioronaricon
comrent of zome of rhe merbods aeed 10 agsess the biofilm ress-
tamee of bomatenials, IF 3 bomaiernial s a positive some
of mhibition cest, what does i mean? It means char the bia
marerial conramed an anmbacrerel agent, which i redeased in
the monst enviromaent oF the surfaee of an agar plaee, and the
agent killed the plankronic baoeria char bad been depasoed
o this same surface o pradsce a “lawn,” The major params
etier operanve 1w Che vzt 3g the diffusion of the annbacerial
agent through the agar, or o the fuid on the agar sorface, more
than the shiecivensss of the agent, A very effeove ageng would
have @ very enall Fome, of dr aeovies alawly threuph apar, and
3 weak agemt wanld kave an enormoos zone o it diffosed
well throngh agar, or if ir ditfused well throngh warer and the
plare wan wel, The release kipetics of the agent From gl blo-
material ane those of 3 biomatenal on a monse agar serface,
which is not & commaon wse targer tor biomaterials, Flask ess,
1 W |||h.'| candidaee |'\-||'\.|||.,,||h—|;||'\-. AN AL -.|\.,—||_1-;;\.J iy 41 r|||_'|_‘|||_||||

that is simultaneously moculared with plankionic bacena, ar
|'||||.I||! maive, IF the Biomarerials release |'|I-c:n|.||l_|'| of an &
bacterial apent 0 the frst few minotes of the est, all of dhe
plankrenic oclls will be killed, the mediunz will be swerile, and
there will ke s organsme ro eolone the biomarerial, 5o an
antthioee-releasing hiomateral thar “dumps™ all of 5 ant-
hacrerial agents in a few momutes will emerge froon thiis Test
with fving colars! TF the bacteria ased in rhese relanvely crode
st are lab-adapaed by repeated subcaluimg, and thus defec-
tive in both antibaotenial resistamce and adhesion o socfaces,
thie haomarenials will be sren a5 promising. Yer both rhese e
are mapprapriate and end m lesd to Blomarerials chat Bal an
biofilm resistance i animal and choical triaks.

The mosr appraprigte tests ane ones that mimic the coan
digbons i the avatenss i which the Romsarerial @5 argensd o
mz 1F the Faemarerial will be subyected to flow, or ever to flud
exchange, the test shoald inchide these parnmerers. If ehe bio
'||;,|||_'r|;|| il |'\: (SR
aceurane somolkation of thas Aud shaomled b osed i the e, amd
the bacterin supplying the challenge should be adapred o the
1||_|||_‘|I |'|;'||_|.,-||;| ||'H.-q,\| |.|.\,||:||||_'||;;-q,'l|u,' Pk '.\,I.I-;,'||;|| l\.'|'|||||||,|
e =wwiled = arrams, recmitly solared from chimcal sooeees, amd
the challenpe should come tram fasegrowing exponenrial
'|'||'|.?|I-|_'“'||I- ‘\.I.Il'||"'|il.'lll .!'I:h H] |_|||,'|'||||l.l::'|l:.\,:||||_‘| il fireem 1:||i:||'|||,' |_-q,'||'-\.
fromm a “batch™ culture. Al of these parinseters are besy deliv-
ered wsing a Bow cell, bed by o chemestat, and one of the most
'|'||||'-|||.I|' |_‘||'-i|l_||'\. e sisch a STRICTIL 15 |l_i'\. [H]S in Sooesdler of al,
{2 AY, The Aow cell alse allows dires abservation of linge
areas of the surface of the biomarterial, especially it the flow cell
ed l\.||'|'.|'||'x'!:l?:-:'|||':'|-c-cu'|f|:|.':||'~n.llll'|i"|

[iF ] |\||_|5.' Mitad, asch a5 Blood o urine, an

laser imi FOECTHH:
Il_l'hll_'b;_l CARNELF -
enmsly {Conk of af., 20000 Becanse the conboca ] microscope can
reslve acneriy on PG =i |':'||.'|'l..\, anmd because this o
B .J"-cm.'- Uis B A |l'\-l'"|L 'I'l:\. |_||:|||_'|_‘| [PrEpsarat

i3 TR

S, amd giidFace oolodization can be B

A, T
can watmally see the hirst microbial cells that adhere to bisma-
rerikl surince (Fig. ZA) [F the adberenr cells survive, they wall
HUTIEE Psfilin f-c:-'.'ll',,l.lilul_ ;'||'||,| ||'||_' :||,||'|c'|'-c'||r l_l_'"'\-\. will :.-;l:u,||,.|-
allv form muatrix-enclosed commamnities {Fig. 265 wirhin which
the cells will be separasd by 3=5 g of slime-filled space, The
formaseon of baafilms "n.|||i||."\. ther b :'u,"'.-rl’-c'l'lr |.l_'“l| e b
alive, @0 the ahéervation of structured bioklms (Fie. 205 ona
surface thar makes antibacrerial and aptibichhn caims could
Thgiwe unforminarce climical comseeEnces (1 ok o af,, XiE,
The observation af cel’s om the sorface of a damareral i«
not necessarily negatve data, especially it the cells are nor very
miareseroas anid bave nor foroed liohlns, becanse some annibac-
terml ety kil =mconing ™ plankbeae cells and the dead cells
remain on the surface [Fig, 210, Even thonpgh we prefer bioma-
rerials whose scove agenes kill “inceming™ hacreria and di
mert eegain Phese dead cells on ehe sacface, apedt: thar kil and
retain bacterial cells are of some interest. For this reason, ome
of several available bvefdead probes mo ascertain the viabilicy of
adberent bactertal cellsom biomarterials can be v, Al of ghese
methands give “snapshot™ dorag in that they necessitane the ter-
muimation of colomiarion and the removal of béosmaterial brom

the tewr avedem, bt they veld accurare and vl daca, The
Baelate Live/Dead probe §Cook ef ol 20E) disinguishes live
cells on the basis of membrane mregrory, and live cells smain
ERES while deid cells sradn eed | Fig, IEh 1 1V, cellle cam also
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guestion immediately before the device is insmlled. This eac-
rie has backfired m many cases in which hacreria resisrant mo
the anpibiane have semed 1w grow in the bods of the vessel
in which the device is being soaked, lave formed a biokhn
on s surface, and have causad serions infecrions, We muse
ke fastadions an the mstallasen aof medial devce, ndhae
na preformed bohlms mose ever be implaneed, because pre-
Formed biofilms antemarically give rise 1o biofilm infacrions
[Ward el 19%2), It i equally importane ehar the suefaces of
bigauzrerials be absolwtely chean, because any residoe of dead
biodilm: oo orher srganic aceretion radically increasss the colo-
mtzation of that surface by plankione hactera and increases the
chamce of a bioflm mfection. Also, some gram-negative bac-
terial cellowall resiclus |endaroxint can lead m inflammatory
piCH i,

The mest commenly employed strategy 9 mbection pre-
ventipn is the impregnation of biomaterials with recognied
aotibacperial boos of moleoales, with the intent of killing plank-
e bacteria before they can colomee the neerial comoerned,
Whenewer an ion or molecole & loaded inte o onto 5 poly-
i, Fick's Taws diceare char uge amoons will be rekassed in
thie early tinse framme, aod that the release will saper ofi during
the lomg perind in which the concenrrarion m this resecvair is
iz leplited (see Chapeer 7,140 Maoy hicmarerial desagners
hawwee Becoime acdept az mantpulagiag, ehe madal concentration of
the agenr and the release rare, bat we are always Jett with cer-
rain “specra” of comeenrations and configararions
that require cholces of the “Haolsons™ varlery (that ds, no real
choicei, I we por a large ameant of ioric silver on a sorface
and release i guoickly, we are Sirmng with silver wexicisy, 1f
wie pul a very sgable foam of slhver on g sueface and sibeer
ions are rebeased very slowly, bacteria will grow all ever the
siteer conring (Fig, 200 juer as they colenize metallic copper
iMdcLean pral, 1995 if few copper ione are preseet, Wi
Bicnmedical, Inc.. has imtrodoced an exciting new silver coating
for burn bandages thar wees 0 galvanic combinarion of silver
and copper and seleases silver and copper lons ar a seeady rage
that conrrol bacterial colomization bor o uselfol perisd of time,
The galvanic patenrials ser up by these side-hy-sade “lakes” of
capper and @lver may alse have an inhibitory effecr o bage-
rial adbesiom, biokilm formatien, and the inberent sesistance of
bindibm: bacteria m antihacrerial agenes.

Because many modern anmihéoncs are much less voxic than
mietal joms, the release patterds of these ageis from beomate-
riads pose a different problem. We can obtain high and very
effective concertrarions of antifiorics, in the mmmediare vicin-
ity afl devices, for lenpebs of tme that have already been foumd
tir be efective in certain clinical situations. These bicmateri-
als are wseful, bus we cannot control the lowlevel release of
the agent For months or vears alfter this effective time frame,
This produces 2 profonged pericd in which the agent is present
ar a sablethal concensranion, near the device and somerimes
i the whale bady, and eames the speceer of the developmsent
of aequired antibiotic resistance in many potentially danger-
s hacrerial species. A new developmenr ar the Universicy
of Washingron Engineered Blomapesfals (LFWER) Enganeer-
g Research Center has adelressed this problem, Bomarenals
can be coated with a molecular “skin,™ 4 self-assembled sur-
farce baver, thar complenely conmins molecule haded (oo an

nnderlying plastic and can be remporarily deranged (by oltra-
sonic eyl to vield a comrolled release of the moleculs in
questiim [Kwok e af, 2000} This coating has been wied oo
deliver isulin, in controlled polses, and the UWEER and the
CBE are currently adapring this uhrasonic-sensirive coanng
for the contralled release anshacrenal agents tand bactenal
manipulaticn agewntsh froom implanted biomaterials. High con-
cenmrarions of these agents eonld be released ar the surfacess of
medical devices, permperatinely or at aay preliminary sgns of
device-related imfection, and oo Fusther release would wocur if
the coaring was nor sumlared uhirzsonicsally,

Many siarpeons have expressed an mierest {in belig able 1o
steriliee a medscal device fr sitw, alfter 5t has been mealled and
hekore the aperstive wonnd is dossd. This srategy is ratignal,
becasse the device 15 acoessible, and any plankions bacuerta
present in the operative field will initibe colomzation of the
suwrface of the device if they are wot killed o manipulared to pre-
chude bacdibm formagian, lrslganaen with antbbotics s presenly
wird, bofilm-mbilbanng sgnals aod sgnal Bleckers are beng
developed, and chis in sitee procedure may be the perfect oppor-
paniry fior the e of wlrasonic encgy andfor DO elecoric Belds
o gmbance the killing of bactera m pascent biohlns, We can
readily comtaminate sham animal aperaticms with hacteria and
dererming the eificacy of several possible procedures for be s
stevilization by wing the Heefdead probe v examive the aur-
faces of devices recovered at intervals after the procedure. The
fimal proof of che efficacy of che i sinr steriliznion of medical
devbies wonld be abganed o clinbeal vees, mowhich significan
reductions in device-relaved inbections could be docomenred.

SUMMARY

The conceps thar bas been distilled from decades of dlinteal
experience with device-related mfections has now been fowed
wish the biofilm concepr, which stares thar hacreria live pre-
dominantly m marcs-enclosed poomecisd commumings, This
fusion is reassoring, and intelloctually satsfying, because it
asserrs thar bacteris employ the same strategy for sorvival in
thie hiamam body rthar they wse inall sabier scosgmeme, The men-
tal image that is mveked i ome i owhich o biofilm forms on the
swrbace of 4 hiomarerial, and that it has all of the propenies
of the sessile communities thar predominane in indoerrial and
erviromenetal sy sems, e cells expree the distnes bioflm phe-
niotypes They are resistany to antibacterial agens and to uprake
by phagoeyoess, mosof them grow slowly and adepr many 3if-
feremt memabolic stravegies, and ehey detach plaskmmic eells
amd bicfilm fragmenes in 2 programmed manoer. The dinical
conseqaences of this mods of bacrenal groweh are thar annis
bioetes wee wseful in ereanng doute plankimic esacerbatons,
bt that these agents cannot clear the bishlm reservoir on the
hicenarerzal, and che device st namally be remsered 1o resclee
thie fection,

Ausowee o the device-related infection concepes with bishim
conceprs, we can discard several nlder methods char have been
ussee] g assess the efficacy of putative antibaceerial Blomarerkals
Few bohlng methods allew o 2o visealive bacteria an opagquoe
sirtaces, to derermine tee viability of thse organisms, and even
o ddentily the cells by genus and species. We realise thar freshly
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