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Biogenic surface layers on historical window glass and the
effect of excimer laser cleaning
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Äbsrncr - The iblatron or b,ofilms by e\cimer iaser liciiarion was svsremalically examined ,n a s.ries oi modei sudies
ou.ng whrch,lhe brohrm d'B,narin€ kom differenr hisrorical panels were simuta.ed on nodel Slasses. The composnron
ot these modei grasses \as modelled on rhar of.rhe originat historical gtasses. o,. s,"dieih"," shorvn rhat glass
composirion, climatic condilions and bionln fo.märion 

"'. 
f"..ors \"hi.h i";racr synergericallv. rr could be obsenedihar

viflou" biof.lrns grow drfrerentlv on rhe sme Npe of model sta,s rnd ,l", ,t. ,1,*"".vp. l? uofilm shows J d,treren,
deveropment on?vaflous modd Slasss. The decisive facrors for rhe efrecriveness or biofii; äbtaflon bl tr,cr rrradradon .,
rne rcrmanon ol rne bronlm on rhe one hand and irs colrosiv€ po.enrial on accou.r of irs abiliiy ro accumulare hoisrule
?lqlo prod"ce sl"ss.da-asils. mera bolics on ü€ orher- ctas; of tow chemi."r 

",uiri,y fi.i,or" *. growrh or dense
brohht 3nd ."n be cleaned only with a high cn€rsy d€nsirv. whereas glasses of high cbemical srabilis öerelv a ow for
l siow 8r:s,]l.ot 4 b'onh sprcad,ng rwcdimensionilly on rhe shs surfrce which can be genrtv removeo ujns .ow eneref
oensrry, rs .loOU Ldurons scienrihques er madrciles Elsevier 5AS

Kewords: hirrorical slass / biofilrn / biocodosio! / laser clelnins / excinerlaser

1. Inrroduction

1.1. The Problem - microbial attack on glass

Conservation and resrorarion of hisrorical srained
ghss windows 's becomrng ever more complex due ro
a huge variery of damaging facrors. There are the
well-known encrustarions (weachering crusrs. gel lav-
ers, darkening effects) on rhe exrerioi side of panels
and there are new kinds of damage ro be found

especiäl ly on the painred. inrer ior s ide oi  panels.  In
a surpnslngry rarge number ot cases rhr' damage can
be correlated ro the growth of micro-org.rnisris and
the presence of biogenic layers which are frequend|
referred ro as din or occasionalh cal led pat ina.
Medieval glass underneath che biogenrc layer ii otien
highlv deter iorared. A vasr conramin:r ion of micro-
organisms leads ro a hear_v loss of glass rnaterial on
theinreriorside which might even be moresevererhan
the w€athered e\lerior side of the panels [1, 2].

" Coilespof,denc. ind rcpdns: l.bo@l.b€nm.de
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ing up of rhe subsrrare - 3 n€cessarv prerequisile for
rne,appucarron .ol .  rhe merhod ro rhe cle.rning of
medrevat srained glass [7-121.
, 

ror rhese rersons lhe inrroducrion of a genrle
crern'ng melhod rvould pror ide a numoer or
rmponanr conservÄrive rnd ecoloeicJr ro_
vdnrages: core gtass and g€t tar.er remäin inract,
crrDonrc componenrs _can be removed residueless
ano lne apptrcarron ol  häTardou: chemicals is un_

2. Biocorrosion of glass

2.1. Prerequisires and findines
tor biogenic conramination 

-

The tormarion or biogenic i.lrers ,>n rhe gtass
surtace depends on ; number ci par,rmerers. llain
lnrluenclng paramerers are:
. envrronmenml iacrors lreinri\.3 nrm'dirr. .dmDer-

r lure. remperJrure ch:rnqe. - j  . 'e - ,T: , i . r -
ness on ahe giass surtace):

The role of_rhe micro-o.ganism, in corror ion
processes,rs sül l  under debrre. The contrary po\ i_
rons are besr descrrbed by rhe fol lowing posiuhre,:

dlw.rvs win,.  iK.C. Mar|hr l ] ,
t2rLt pJ and Mrcro_organism( do nor arreck
clean gtars" (R. Newron. 1989) l4l .  Accordrng
ro tne mosr recen( hndings in cermany approxF
marely.5-_10.4, of  hrstor ical  srarned glasi  wrnoows
In need or conservarion show microbial dereriora_

A .verv conrroversial discussion focuses
on .  the rpproprjrre con:ervaf lon , , rcr:r fe5
tolhe remorr l  of  microbial  lavers. I rom.r screnri6c
pornt oi erelv rr seems clearlr advisable ro
remove rhosc hvers bec:ruse rher enhance rhe
_snss conosron b' accumutating hurnidi$ and poUu_
:. ,nr, ,  and represprr d. :m:g. porenrr: i
y ' : l  . , '  r r n . r , r  o c  a c | v r r e d  h , ' . l i e h r  1 Hihrnqes.

l . : .  \ l i r igar ion measures -  j te. lnrng or rhe sur irc<

The cleaning of contaminared surrices rvitl
p. :rr  oi  conserr.rrron rrrea.ure,

rn rDe,rurure. Lleonjng is necej lary ro prelenr or ro
srorv down corrosron scr iv i | |es, !o regain l ranspdr.
encv 

,and ro avoid heatrh risks. How;!er,
sr3ined glass conservarofs have encounrered revereproblems rn removing biocorrosion phenomena such,s. oense.suriace tryers of biomineral i lar ions and
mrcrobraly nduced crusrs. To lhis day, chemical
ano mechänrcal cleäning merhods are preferred toremove rher€_ deposirs. The removal oJ o.-asrns
I'j:.:!:s 

srirr requrres rhe appticarion or highri
roxrc chemrcat compourds (e.g. erhvlene ordde) oi.rne expen_rrve, somedmes dangerous mechdnjcrl re-
moval l ) . .  61. , :  process which cons(irures Ipotenoat he3lrh hazärd. The u,e of chemic: ls
snows onty umrred 5uccess: ince carbonic nurrrenrs
r€märn. oo rhe glass surfrce and enable rhe
reneweo- growll1 oi mjcro_organisms. The disadvän-
t lge5 of such merhods include r isks such as rhe
:-"1n1q'nc.l ,1." prorecrive set layer, ranging from
rcrarchrng ol rhe surface ro complere remoiaidown
ro rne core glass. which again can enhance corrosion

- 
-{n innovari\e approach can be provided Dy ey_c,mer raser technology, rvhich a ows for a defined

abra$on ot brohtms. The excimer laser used Ior rhe
::atTent 

opelares in the IIV region, which may bean advanta8e tor rwo reasons: ä) rhe micro.biocide
l^l:f.l:.-,.1 

rhe, ir.adiätion enhances the cteaning
resuu: r"  rbe cold abtar ion process avoids the ne:r

. glass propefties (lvarer acri\.ür rnd Zera porennar
or glass surlace);

.  corrosion behaviour lchemrc.r .  durabrl i r r  oi  rhe
F'"* y l" l  sovernr rhe pH ralue ar rhe phase

o glas" propenies rnd corrosion behavrour lmobrli_säoon ot brolog,ca y essennal minerals ano merar
rons,trom rhe giass),
^esura_nr upon a grear number oi  examin_

a.r ions 
,oi  microbial l !  aRacked hisror ica, grä$er

rne rouowrng common feärures coutd bi  ob-

. rhere is a correlarion berween side_pread mrcro_
orrr  conram'na on and a missing protecl ive glaz_
Ing ot srarned glass rvindorvs:

.  rh,e indoor cl ima!e exhibired iong periods of high
rerärNe humrdiry (6j_9. i .6RHt and moderare
pnyslotog'cal  remperrruresi

. prevjous restorarion measures rvith narr:ral orrvnrneüc polymers are documeDred tus€ of cold
parnf ing! .oj l  and prorein conraining layers, oi lputty, resins);

o micro-flo_ra of conraminared glarres consrsrs
marnry or acrd producing fungi.  rhe micro_f lora ofcnemrcal srable glasses consists mosrly of

. corrosion crusrs wirh biogenrc parricipauon are
JI la,nry based on.hyphomyceles containing bio.
iogrca y produc€d minerats [ ] ,  1j_1. '1.

nrhiopogenic i rcrors con_(i ! : , r ior . ,nn rrp. ,  .
crrDonrc nurnenß):
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2.2. lnfluence of glass composition
on the micro-flora

The lormatioo of a highly corrosive micro-Ilora
depends mainly on abiodc factorq namely, rhe over-
all climatic cooditions and the availabiliry of nurri'
enrs. If the environmencal cooditions are biologically
aporooriate one can det€d differences in th€ bi-
ohi*i gto*i"g oo stable or less stable glasses con-
cernrnq srrucrure and size of rhe layers. Non-durable
elassei haue tlree-dimensionally qcrucrured bio6lm'
öf approximately 80-200 pm rhick, whereas rnore
srable glasres have rhin. more rwo-dimensional lv
srrucrured layers with a thickness not more thän
5- 10 |Lm.

.\ decreasing chemical slabilill of rhe glasses .o.
relares lvirh an increase in rhe damage Probabilit!
br '  rn in.rersing probabi l rrv or biogenic contrmin:-
r ion: Ihe less durable r  glass . , .  the hrgher rhe
.oncenrrarion of micro-organisms rvirhin the mtcro-
ilora. Anorher geoeral rrend is rhar rhe microbial
.onraminarion depends on the pH !alue oI .he giass
suri;ce and on the ilailabiiit! ol rvarer on the
sr-rr face. The proporr ion of bacrert :  incre.r"<, srgni6_
candv with increäsine concenffation of alkali ions in
the glass, rhus rvirh-decreasing chemical durabilirv

The ämounr of adsorbed warer depends on rhe
wpc oi  glass and on the relar ive hum:drq of is
."vironment. The warer amounc increases in the
order of borosilicati glass, lead silicate glass, soda
lime slass 1161. Th€ warer activirv a- on rhe surface
incteis.t in parallel ro the formarion oi the gel
laver and rhe incorporation of warer molecules.
This highef supply of water makes the glass more
atrraaive for microbes and ar the same dme the
corrosive damage potenrial of the hydroLvric anack

He lge I  (2000) 516l Sl?l  516l

2.3. Glass cornposirion and bioconosive anack

The microbial arrack on glass is partly oi a bio-
chemical na re. lt is based on hydrolvsis and ion
exchange reactions. Biophysically induced crvsml
preciphation on the surface and within rhe gel iayer
impl i f ies the corro. ive acr ion. The major iry ot rhe
damage is brought abour by rhe impact of acrdic
solutions. Key roles in the generation oi leached
corrosion crusts will have to be assigned ro carbonic
acid (Hu CO') formed by CO, and HrO - tesulring
from the degradation of organic compounds - and
ro biologically produced organic acids

Direct elfecrs on the glass resuhing irom brogenrc
emack include erching, pitting, {ormarion oi gel i.rv-
ers. discoloration, giass degradation anci an errreme
soiling oi rhe original glass surface Bioindic.l\.
iacrors are arypical enrichments oi biologicallr inl
p o r r ' r n r  e l e m e n r s ' p o r r s ( i u m . ' u l p h - r -  o h o r c n o
Jrlcrum. nanganesel Jnd lne preJlD l  ) l ron
L'iominerals. The presence of wheNellire. \'eddellitr
,c,:lcium oxalate), calcire and afigonire 1.31. rr.
carbonate) is usuallv direcr evidence ior ijrosenrr
ic l iv i tv l l4.  l7 l .

3, Laser cleaning experimetrts

To rest rhe rernoval of biogenic lavers b' excimer
lasers, sensitive modei glasses were conraminated
rvnh bio6lms, incubated, and then treated rvirh rhe
laser. The chemical composirion of the glass samples
was chosen so as ro be cornparable ro his.orical
originals [18] ltable I). Hov/ete\ rhe dimenston oi
rhe samples and rhe srandardised rert  Procedure'
al lorv ar i  ear ly regisrrat ion oi  corro' ive inf luence,
[ 1 9 , 2 0 ] .

Tabte I. Composiflon dd rhreshoids of Lhe model gllsses IlSl

Model glass NI I .O !15M 6M I

Co.e glas: üreshold for the ablation tJ/cm:)
Cel hyer: threshold for the ablation (J/cm')

SiO:: i4.2 %
K:Oi :8.8 9;
CIO: 17.0 %

SiO:: 48.0 %
KzO: 25.5 %
CaO: 15.0%
NarO: 3.0 %,
MgO: 3.0%
Alror:1.5 %
Pb:Or: 4.0 %

2 . 5
1 . 5

SiO::  48.0%
KrO: 25.5 %
C a O : 1 5 . 0 %
Na:O: 3.0%
MgOi 3.0 %
Al:Or: 1.5 %
Pbroj: 4.0 %
M n O : 1 . 0 %

S i O : : 4 3 . 0 %
K:O: 2,{.j %
CaO: 14.0 r;
NarO: 3.0%
i!I_qO: 3.0 %
Al:Oj: 1.5 %
Pb:Oj:  4.0%
NItrOr 1.0 %
Feror: 1.0 %
0.5
0.5

2.0
1 . 5

2.0
1 . 5

, ' . ' ' .
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3.1. Pr€liminary examinarions -
moulds as t€sr oryanisms

Drcwello er al. rJ. Cuk. He.ira_qe I (2000) 516l-Sl?l

,  The-laser cleaning examinarions were,rrrreo our
Dy a Kr}-excrmer taser (L.rmbd,:  Ihysik EMC 2Ol)
är a wave lengrh ot t t  = 248 nm wirh varrou! enerqv
densrles and putse rrres. Ir was observed thar n'ä
damäse or removrt  of  rhe gtas< subvame occur,
Derow an .energy densiry of t . j  Jcm: ,rnd t00purses. r,rgher enerqy densiljes or pulse rares lead ro
a pnorochemrc?i lv or rhernal ly induced arrer.rrron or
me glass maülx,

.- 
F-or rhe pretrmrn.rru eyaminarions ß,prcat repre.

senriove, ot gJa--populanng fungi l i re selei tcdvnrcn were.r ,otrred trom conraminJred ob.ec!, ,o!
nc-dl  gJr$ rrom Brrzi t :  gla, .  sensor,  oi  rne Fraun
l?I:  l l " ' * , i  ror c, t ic l rr  Reserrch. wü,/bJrg..
rnev were rdenuhed as ,tspergt s nger rin
t.'eghem) rnd Pcnnttiun auranTtoertseu ,Drcr.

:kx,.  rora, jum t ime ci |crre gla$er ser i .ed js :uh-.trrre Udttle I ). I he qlaqg :Lrfdce s.as trelred n.rrh :
^. 'o grucore sotJoon, incubared. Jnd kepr Jr , ,  "K11 ror 4U ddrs.. \ l rer rnar.  rhe b.oh,m ä-o rh<
corroslon laver wefe characrerjsed and subjecred to

\ y: : ' i : l '  rhrr  an enersv den$r,  oi  0. j  J cmjano ruu-JUU pulses $ere suff ic ienr to remove rhe
l",lCut 

n*,u: ot A. niget complerety. p. rlryso_
8?ra,n could ontl be rernoved panialty ar the sameenerey denrry. The cause of riis difierence is theorwrgenr amounr of biogenrcally svnrhesi5(o exrra-ce'rutar. potymeric subsrances which leads, in the
i!!_-.J. !:.,*i,,-{heaz. to biofirm sro,vrnssrrongty aEached ro rhe subsrrare.

fn- borh. cases biominerals tcalcire, kalicinrre,rvneweltuer remarned on the glass; rheir  removal
l:!:l:ed el.ercy demirie, or more rhan 2_2.5 J,cm:correspond_rn€ ro rhe energy densiry requireä for.rDtarron ot Inorganic corroron crusß. This is al-ready the energy rhreihold for rhe ablarion of coregrass mdreflal which wi d.rmage rhe glass ttabte l)
t /  I .

3.2. Main study -
the inreraction benveen bioftns and glass sarnples

Tie main invesrigar ions were pdrr of  rhe rnrerds-crp' in1g research prorecr 'Laser Cleaning of Srained
rhe model gtasses for the exam!naüon!J bronlm simuhtion_ and laser cleanrng wereprepared ar rhe Fraunhofer Insdrur für Silicar_

lo-::clyT {IscJ. vürzburs. rhe microbiotosical
parr ot rh€ proiecr is concerned with the examjna_
rron or brohlm5 on hjslorical glass windows, rhe

simularion of rhose layers and rhe cl€aning effecr ofrnerr rrearment by excimer lasers. The rask or rheraser cleanrng ot modet glasses was carried our brrhe Laserzenrrum FH_Münsrer lLFM), Fachbereicü
rnysrkalrsche I echnik. 5(einfurr_

i.2.1. Sm,lat'oa of ti7ht gtowtng bioftns
I two.dthensona uy sprcadins biofr tn s )

Modern gtas: of  rhe lare l9th and e,rnr t0th
::111,.9,-99: onlv.slishrrv. owins - ,;. h:st
cnemrcar durabrlrry of rhe soda l ime glass used. Tie
9€i riäyers nale a thrckness of below j um. the elass
surrace. rs. targety inracr and onlv occdsionrl l \
cracked. the leachinC r.rres of mineralr .  .u: i  ,i r l c i L r m  o .  p o r d s s i u m : n d  o t  r r a c e r  e l c n e n r : . : r r
ro$. I  hr.  cJures rhe re,ulr ing bio6tmr ro m(] l : rr !  -mosr ru um rn rhickness: thev consr.r  oi  ^ni . .  r  : : rJel lulrr  sheers. rnd sprerd m.r inlv nvo_drm(n(ro] i -
ar \ .  I  ungus reyrures wirh a rhree_dimens.urd. . : rrJ-
:Jre cJn.ontv rareJr be found. The d,,r insu,,_rr . l
mJrk or r ' rohlms on rhese wpes oi  glai(  15 rh.rcrr-(
r  rwo-ormensronal sprerd wirhour rn emoedr:r€r:
l rgnrncrnr amounts of biominerul ,  t t$.o-drm<n.. .n-n

ä, an erample oi  rhese kinos or orolater.  or.c
mrghr corsider rhe microbiat conraminario,r  oi  rhe
lalled Class^windows rr rhe church of Bad Dribure.
oul l r  rn ryl lJ v lgurc t) .  In order ro simulare rhjrDarflcula! rype of br06lm,.-a suspension oi original
orogenrc maner was appl ied ro 6re_pol ished-.rnd
non-corroded gtass sarnples. Afrer an rncuoatron
penod or dJ days l9S yo RH, 26 .C), rhe biofilmtvdr characrerised and subsequenrly remoreo ov er-crmer laser üea(menr ar various energy densrues.

1.1.2. Simulation of cohDact biofrtnß
ßhrce-dimensiona y spteading bioftns)

Lonrrary {o modern soda l ime glass, rhe chemj;.r_
iT:,:lll,y, "l 

medieval porassium lime siricare glass
l'_lr,._1"::I:rl.r"y. Because of rhe supply of hrdro-l|tr.
cal l t  mobrtrsable ca( ions (porassium, cr lc ium, jnd
rranrtron merals (iron, manganesel and rhc presence
ot rquaeous get tdyers of 20_30 tm rhick. Är berrer
condrr'ons lor microbial growrh exist. Orsanic co.rr.rngs häve ted in rhe pasr ro the develophent oi :compacr. biogenically rrrucrured layer. Hrnce, rneprererred drrecrion of rhe mjcrobral growrn rs norme-rerv rhe x,i y-ptdne parallel ro rhe glass suriace,
out arso. rhe rhird dimensron in the direcrion of rhez.axrs (rhree-dimensional bio6tm)
, As an, example of such a bio6lm, rhe surraceayers, or rhe, m€_drevat .Btazing oI rhe Ajrenberg
carhedral-(builc 13,81._ t392) *e.e rernoved lfga;r , .  ror rhe srmulanon ot rhe rhree_dirnensional
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Fisure r. Threedimensional biotilm on the hisrorical panel oi the cathedraL of Alrenberg on lhe leii: aro'dimensionr,-

bi;6lm on 'h. hirtorical Danel of rhe church of Bad Ddburs on lhe rishr'

layer. The interacrion of metabolires. especiaLlr' or'
ganic acid' .  ro rhe bulk glass ccus. r  brocorrosr ' .
artack to the glass and the deposirion oi a preciprr.r
rion laver which is often enclosed i::ro the biotil:r.
The iflhomogeneous biomat has .i spongv etrec:
accumularing moisture, metabolires rnd bromrnef -

^ls (fsarc 3).
The biocorloded glass sutface is nore senstnre

and the biomin€rals inclease lhe rhreshold of the
biolayer, so that the ablation of the organic matter
without impairm€nr of the corrosion la)'er becomes
more dificult.

Del1se microbial layers ( > 200 gmr could nor be
sarisfactorily removed despire a high energy oensttv.
The laser trearmenr t2.9 J/cm'z) damaged rhe glas.
surface deeply (fsrtra 4).

sl65

f

s.rucrure, lhe biofilm was applied to pre-corroded
elass samoles rvhich had been treated rvith a 3 %
glucose solurion. The gel laver of the glass samples
mer:ured approximrrelr  :J Am. A6er an incubat ion
Deriod or 9; drvs (qi ' i ,  RH,26'CJ rhe bio6lm was
inaracrer ised rnd .ubsequent ly ablared b'  excimer
laser ar various energy densiries (aöle ,lI)

3.3. ln{uence of the.bio6lrn structure
on rhe effecnveness o\ laser cleaning

3.3.1. Lasercleaning of two-dimensional bioflms
Two-dimensional spreading bio6lms, Ior example

the biofilm of Bad Dribvrl lfgaß 1), car^ he e slly
removed from the slass surface witl a relatively low
enersv densiw. Foi the biofiln ablation of chemi-
c: l ly-stable glass ( l \ l6t  a smal ler energy densrty ß
more necessiry than for chemically less stable glass
{M1.0).  The reason for rhis is the higher corrosion
sensiriviry of the M1.0 glass which allows a stronger
adhesion of bioflrns to the corroded glass surface.

In the case of chemically stable glass the laser
cleaning couJd be performed wirh an energt densiw
of less thrn 0.8 J/cmr: in the case of the chemical ly
unstable glass it was necessary to ivork sirh än
energy densiry of more rhan 1.0 J/cm: (100 pulses,
freqrency: 10 rlz) lfictre 2).

3.3.2. Laser clednins af thrce-dinensional bioflms
Three-dimensional spreading biofilms cause par-

ricutarly furdamenral damage to the chemically un-
srable glass. In the course of rhe microbially induced
corrosion a rhick gel layer is formed which can
easily be sealed by micro-o.ganisms. The conse-
quence is a süong adhesion of the biofilm to the gel

Fieuc 2. Th€ laser cl.anine of rwo-dimen'ional bronlms
;"successtul w,rh an enersideosiry of l 0 J/cm:
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Tlble II. Derivation of the bionlms and rhe microbiat communnv.

aiolayer Bad Driburg

Onsinal glass surface

Majoriry oi micro-orsanisns

Majo.ity of micro-o._qanisms

l i th  19rh
co(oded organic layer

(cold settin-q)
funsi fungi

tin-qi fun_qi

l9 th
layer of lead silicae
$ass

(funsal sporet

20rh

lunsi

1

. As a rule, in rhe case ofchernical stable glass (lvt6)
rhree-dimensional bionlms of a thickness up ro
100 Frn can be sadsfac.orily ablated with ar cnergv
densiry higher than 1.3 J/cmr. In rhe case of
chemically uaxable glass (ML0) signifcanrl) higher
energy,dens res (approximarely 2.0 J/cmr) have ro
oe aPPreo lJ'grr" Jl.

3.4. Influ€nce of varying biofllns and model gtass
compositions on the effectiveness of laser cleaning

The developmenr or biof i lms on model glass de
q€ng: b.oq gl Jle slass composirion UdbE It and
rn€ Kino or D'onlm (tdr l? 1/) .

J.4.1. Chatacte sarion and sinulatron ol btoflns
The bionlms were taken from the orisinat histori-

cal panels and simulared on model glasses, after-

wards the original and simulared biofiim *ere
compared. ltable II).

The srructure of bio6lms was examined micro,qcopicaljy [(lighr microscopy (I-\4], rcrrning etec-
Iron mrcroscopy (SEM), confocal la,er *annrne
microscopy (CLSM)l (]igurcs 3 and 61. Using mole.-
t- lar_biological  merhods Ipolymerase chrrn rercuon
r|L^KJ, .denarur jng gradienr gel elecrrophoresrs
ITTUULJJ lhe baaef lal  comrnuniry of rhe bionlm \ ! ]s
analysed (fgxre 7).

In addition to the biofilms of the hisroricar oaners
of Alrenberg and Bäd Driburg rwo furrher bionlms
were appl ied {or simular ion purposes: rhe microbiäl
communiry on the panels of rhe church of Brakel
.rnd of rhe church in Srockkämpen, both daring ro
r9rh cenluty ltable II).

The biovolume varied from 5 x 10r ro I x
10" fm'/cm'zand rhe Io*esr volume wa" derermined
lor rhe bacrer ial  bioElm on rhe Srockkämpen pane.s.

Fisüre 3. rhJeedimensioaar bionlln,in rhe rhir sedl",, p".,t"t". ;;;;;ä.a-e*rüi;*;""," 
".d 

orher biogenlcm*enal rre. mcloseo in.rhe mycer of 6tamentou\ t^si ötadospoauh sp.). rh" ;,'";;il;;l;;,]-;i;i;;,;;,,;*, ;sponge on tne gläss surtdce enhancing rhe hydlotqcr rnd rcrdrc anlck of rhe butk eLs,-
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Molecular biological analyses established thar the
original surface of the panel from Srockkämpen
shows a wide vari€ry of bacteria speci€s. Amoog
rhem, .he genus Nit,'oipir4 which belongs to the
ammooium-oxidizing, nirrifying bacteria could be
idenrified. The result of the ondatron of ammonium
is nitric acid. This inorganic acid has the potenrial to

deleriorate materials such as stone and glass.
Funhermore, Ac nonycetes could be found

which forrn mycels similar to che filamentous fungi
and produce metabolires that could be responsible
ibr rhe deterioration of glass [21].

Methods of molecular biology for the character
sarion of biofilms are of supreme imporrance

LASER

>1.0

L A S E R
>>1,3

Figzre 5.. Resuks of the lase! clea ng srudies coaceming the ablation of two-dinensional and rhree-dinensional biofilhs
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figure o. Brofilm on hnrolicd slars ssface (Bü-kel); nu-
rLe,c rc'd slin,ng tsrrolT). CLSM imate: protecuon or
lf.es ,15 $ .eflions. J Fm); excna.ion är 5.rJ nm {TIr
I lun ichr-

He.itage I (2000) sl6l-Sl7l

whilst a low number of bands in rhe panern would
suggest a bac€rial communicy with a low bacreriat
diversiry. The comparison ol DGGE parterns from
differenr samples provides information about
similariries and differences in their commu ry srruc-
rure. The appl icar ion of rhis approich reveaied rhrt
rhe sample marerial taken from-historical glass pan-
els was associared wirh complex microbiai comrnu-
nities (fyrc 7, Ianes 2-4). The idenrincarion of
individual members demonsrrared the presence of
bacrer ia thar had nor previously been found on gtas

The comparrson of rhe or iginal  biof i rms wuh rh.
band panern of rhe anrfcial  brof i lm of rhe model
glass r€vealed rhat rhe larter was Less comDlex. Ho\!
erer.  some of rhe main specrer in r-e ör ig,nrt  1, . .
of i lmc t tanes l-4 were .r lso repre(en (d in .  (
bioiln on the model glass (lane 6i.

3.1.2. The iiteruction betueen biallt l.j eldss
In a iunher studv rhe effecr or l .o ' r  drrrer.-r

brof i lmr on one model glass wpe and one bror i tm. n
drt terenr glass wpes was invesrigated. T\e ob eJn\c
ol rhis cross-over test was ro dete.mine ahe influence
of rhe biof i lm parameten and glax compo,rrron "rne läser ckamns.

Iigrrre 8 demoirstraces rhe inreraction of microbirl
grorrh and glass composir ion. Toprc A show< rn.
dr l ferenr dev€lopmenr ot rwo di f terenr biof i lm,
growing on rhe same glass over a period of 230
days. Topic B demonstrar* the develöomenr ot one
biofilrn th_ar was applied to differenr glass rypes: tne
same b'ohlm lrom rhe hisrorical panel lrom Brakel
generares a quire differenr formaiion on rhe modej
glasses M5 and ML The exposure rime was also 230

.{s seen in fgure 9, ln the first column for
0.5 J/cm:, the M5 model slass is insufficienrlv
cleaned of the Srockkimpen a;d Alrenbers biofilmi,
microbia! residr:es remaG on the glass. .I"he evatual
rion is quite similar. The same effec can be oDserveo
on rhe model glass MI covered with the Brakel
bionlm. Only the mödel glass M5 shows an effecrive
laser cleaning rvirh an energy densrry of 0.j J cm:.

Flowever, rn rhe column for 1.0 J,cm:, borh bro-
hlms on mod€l glass M6 can be successful ly abtared.
An excellenr cleaning effect is achieved for model
glass MI coveled wirh rhe B.akel bio6lm. In con-
trast, an _energy density ot 1.0 llcn, is enough ro
damage rhe model glass M5. The surfa€e of the;bss
is sevcrely damaged and an exrended crack panern
can be €s.ablished. This (eature can be led oacx ro a
sensitivirf of this model glass to laser ifiadiarion.
Lasdy, an energy density of 1.5 J/cm2 causes an

Fisure 7. Erhidium-bromidc-srained DCGE separärion
prftern oI DNA f'.smenrs. Tne samptes were rakin from
Jn original bro6lm ot a Slass pan;) of rhe church oi
stockhmpen (länes 2-4) and rhe amncial bro'ilm {lanesj Jnd 6). Lane I represenrs a reference marker or knoM
baaeria (Vi€nna Univ€rsir) ).

because rradirional cultivarion süategies can derec!
only a pan of rhe microbial cornmunity. The pCR
merhod, tog€rher wirh the DGGE method, made rr
possible to compale rhe oliginal biofilm with the
simulated bioilrn on rhe model slass.

The obrained DCGE band tanern r€rlecrs rhe
bacrerial diversiry in rhe säople. As one DGCE band
originares from one ra-xon, a complex Danern would
rndicare a tug} diveßity in thi orrginat sampte,
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increasing gel layer on glass M5, whereas glass MI
can be cleaned with a very good success without
damaeine rhe elass surface The ablar ion ot rhe
Altenöe'ä bro6l-  e 'ves a bener resulr  rhan the abla-
uon of 

-rhe 
Sroc-kkampen brofilm dominared bv

h can be estabLished thar the ablation of the
biofilm depends significantly on the glass composi-
tion. Furthermore. ir is clear rhat differences in the
microbial cornmuniq, can be responsible lor the
eftecdveness ol th€ iaser cleaning.

3.1.i. S.he,latic /e?rcsentatrcn
oi the s\nqsettc efJett

Thc .nrerrcuon of glass .rno broSlm rnf luen"es tFe
formarion oi corrosion layers {fg,re 10). Glass oi
high sensrririry rvill be easilv corroded bt wea.hef-
ine. ln 'he iolrorving. rhe growrh of micro-o-ganism'
and rhe abioric-induced crus! tormation is :r resuh oi
rhe iormaned corrosion laver. .\ three-dimensional
biohlnl Nill be iormed on a highll sensirive glass
suriac: .rnd in conrrast ;t r$o'dimensional one on -r

qlass or low sensit ivrrv.  The imoroved adhesion of
ihe micro-organisms and rhe sub"equent leaching ot
mrnerr ls our of the glass srrengrhen rhe corrosion
process and rhe biocorrosive attack is speeded up.
Evenruallv, glass of high sensitivity biocorrodes
heavily and high energy densities are necessary for a
sadsfaclory ablation of the biogenic layer whilst
gldss of ä low sensit iv icy can easrly be cleaned u. ing
low enerqy levels.  ln conclur ion. the weaker the
elass. the easier is rhe microbial deteriorarion, and
ihe more complicated the clerning.

4. Conclusions

Ir lrn be srated rhat .he eifecriveness oi bioriLm
ablarion bv excimer laser cleaning depends crrcialL!
on rhe narure of the formirion oi bioillms. Decisive
iacrors are the biovolume and lhe spaliai disrribu'
r ;on r '  $el l  rs Ih( composi l ion :nd L .  'ur i rce
Drooerries of the slass: the corroded suriace or sensr
;ve slasses enables an increesed,rdhesion or rne

SK/  M6 ,..,4b / M6

al

rr-T;--'r

fieure 8. MacroscoDic observarion of rhe developmenr ofA) rwo differ€nr biofilns, Stockkämpen (Sk)and Allenb€(g (Ab)'

on'one model elas r/pe lM6); B) on€ bionlm F/Pe, Blakel (Br), on two different model Stass rvPes (M5' lvII).

i : , ! ) : j i - ;

r . 1 . ; i i :  . i
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Fisure 9. cros'over !es!: one bionlm oD di$e.enr $pes oi model sr.s and diberen! bionrms on one model siass: sk:
irccitamDen Dolilm on .\Jo. .\b, ilrenberg brorirn on rtr. e.' s."L.t siorir. on rv{r and ,\1i. The plur rnd m;us signs
Jonespond ro rhe evälurtion oi lhe b,ofilm ibhrion. -\r rhe rop, rhe doubte pl* hb€l renss .r vcrf aoo,i .lcani,s res;k:
r( rne bo$om lhe double minüs label sholvs ä bad cleaning resulr, because it'e Uiont. aUt",ion 

" 
nor sausr.qor! or rhe

co-oded sliss 'urf.ace is damased: in rhe middre i'e obs;(ed ne'rher r hser cleanins 
"i*"r 

-, a,..3i l" ii,.-3r,si

I Gr*i orhish !en.lry.i.s3

J-*
e'.Fr cld t a:'iEd.do ffi

EET=
,äffi
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l:9T,^,_0.^ ji "j,,-.jl_.l -..tjlas and biofilm and rhe syn.rselic.effed of rtais compoidon. rbioric coiiotion. bio8enrccorrosron rno glowrn or bronh, racro.s which in|uenc. rhe effedivene$ of rhe lrjer.teaning.

T,,.19 9:qid..'"' and üe produc(ion of merabolires microbral taver. As a resulr, severät negarive facrors
+.,1:..:lT_lr,-.,-:l: c"] rayer and,rhe bulk slass. are responsibte for the difficulries concernins rhernrs process encouraSes the ctevelopmenr ot rhe cleaning processes ofsuch glass. +

, .,,; i-;': :,iir,:t r;;.it-,
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ln contrast, the non-corroded sur{ace of stable
glass will be settled by a rhin biogenic laver. There-
fore, rhe biocorrosion is slowed down and the two'
dimensional, less adhesive, bioElm can be easiiy
ablated bv rhe laser.

A funher irnporrant subjecc is the sensiriviry ot'
rhe glass wiü regard to laser irrädiation. However,
this fact does nor influence the formation of the
biofilm so rhe limiring facror of rhe iaser cleaning
. . ^ . . ( (  i (  r h .  d l "< .  hv  i r + lF
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