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Abstract : Biofilm growthiswidespread in medical
andindustrid settingswith serioushedth and economic
consequences. Bacterial growth on surfacesisprob-
lemati c because bacteriawithin biofilmsshow enhanced
to antimicrobids. Silver-based antimicrobia agentsre-
ceived much attention dueto better efficacy and broad-
spectrum activity. Here, wereport anovel and straight
forward preparation of silver-embedded coatingsfor
antibiofilm applications. Rosin, anatural exudatefrom
pine trees, enabled reduction of ionic silver (+) to
nanoparticulate silver (0) and formation of a silver
nanoparticle-embedded composite coating onto mate-

INTRODUCTION

Bacterial colonization and biofilm formation on
materia surfacesisthe most widespread growth mode
for avast mgority of bacterid®. Biofilm growthisubig-
uitousin medical andindustrial settingswith serious
health and economic consequences?3. In industry,
biofilm growth can impede heat transfer, flux across
membranes, and cause food spoilage and equipment

rid surfacesat ambient conditions. Formation of Ag(0)
nanoparti cleswas confirmed by UV-Vis spectroscopy,
X-ray absorption spectroscopy, transmission e ectron
microscopy and field emission scanning el ectron mi-
croscopy. Silver-nanoparticle-embedded coatings pre-
vented adhes on and biofilm formation by Gram-posi-
tive and -negative bacteria. These coatings could find
applicationsin controlling bacterial colonizationina
vaiety of settings. © Global Scientificlnc.

K eywor ds: Antibiofilm coatin; Biofilmcontrol; Green
chemigtry; Silver nanoparticles.

contamination™. In health, biofilmsare problematic
because they tend to grow on teeth and on implanted
medical devices and cause persistent infectiong®.
Biofilm development invol ves attachment of bacterial
cellsto asurface, proliferation of attached cellsand
production of complex extracd lular polymeric substance
(EPS) matrix®9, Bacterid cdlsinabiofilmexhibit two
fundamenta characteristicssuch as production of EPS
matrix and enhanced res tanceto antimicrobia$'. The
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EPSisoften composed of polysaccharides, proteins
and DNA and dependent on type of bacteria?.
Biofilm-bacteriaaremoreresistant to antimicrobialsas
compared to their planktonic-counterpartsand their
eliminationisabig chalengeinmedical and industrial
settingg*®. Novel approaches are needed to prevent
bacteria colonizationand biofilm growth4+7,

Inthiscontext, slver based antimicrobid agentsre-
ceived much attention for controlling bacteria growth
and biofilmformation*#%!, Thereisgood evidencethat
nano-sized silver exhibit broad-spectrum and enhanced
antimicrobial activity®. Variouschemicd (insiture-
duction of metal salts or mixing preformed metal
nanoparticleswith polymers) or physica methods(i.e.,
sputtering, plasmadeposition and layer-by-layer depo-
sition) have been reported for devel oping silver em-
bedded antimicrobial surfaces?. But, most of these
methodsinvolve multi-step synthesis, often usetoxic
chemicalsand require high temperature and/or pres-
sure. To overcome some of these drawbacks, thereis
aneed to develop simpleand environmentally benign
processesfor synthesis of metal nanoparticles® 2 and
development of antimicrobid coatingg®!.

In thiscommunication, wereport asingle-step pro-
cedurefor synthesis of silver nanoparticle embedded
compoasite coating at ambient conditionsfor antibiofilm
applications. Gumrosin, aplant product was used for
reduction of Ag(+) toAg(0) nanoparticlesin methanol
medium at ambient conditions. A compositecoaingwas
devel oped on material surfaces upon incubation. We
have characterized theformation of Ag(0) nanoparticles
and silver nanoparticle embedded coating using vari-
ous spectroscopi ¢ and imaging techniquesand eval u-
ated for bacteria biofilm preventioninvitro assays.

MATERIALSAND METHODS

Chemicals

Gumrosin (Colophony) was obtained from Sigma-
Aldrich.Abieticacid (75% HPLC), s lver benzoateand
slver nitratewere obtained from Sigma, USA. Metha
nol wasof anaytica grade, obtained from Merck, In-
dia. Commercia grade pae-yellow colored rosnwas
purchased from the market and used directly by dis-
solvingin methanol. Commercia graderosinismanu-

factured by heating fresh liquid resinous material ex-
uded from pine plantsto vaporizethevolaileliquid ter-
pene components. It chiefly consistsof different resin
acidsespecially abieticacid. Initid experimentswere
formed using commercia rosin. Subsequently, all the
experimentswerecarried out usng Gumrosin obtained
fromSigma-Aldrich.

Bacterial strainsand growth conditions

Gram-positive bacterium, Saphylococcusaureus
V 329 and Gram-negative bacterium, Pseudomonas
aeruginosa PAO1 wereused for eva uating anti-biofilm
activity. S aureusV 329isavery efficient biofilmform-
ing bacterium isolated from bovine mastitig®!. P.
aeruginosa PAOL iscommonly found in environmen-
tal and medica settingsand one of the commonly used
model organism in biofilm assays®?. These bacteria
werecultured in half-strength tryptic soy broth (TSB)
supplemented with 0.25% (w/v) glucose. After inocu-
lation, cultureflaskswereincubated at 30°C in an or-
bita shaker a 100 rpm. Overnight grown cultureswere
used astheinoculumin biofilm experiments.

Synthesis of silver nanoparticles by commercial
rosin/gum-rosin/abieticacid

Rosinwasused asthereducing and stabilizing agent.
Typicd reaction mixture consisted of 100 ml of metha-
nol, 0.5 g of rosin, and 0.023 g of silver benzoate or
slver nitrate. Synthesiswas carried out under stirring at
ambient conditionswithout heating. The concentration
of rosin and silver benzoate/ silver nitratewasvaried.
Synthesiswas a so carried out by replacing commer-
cia graderosnwithgum-rosin and abietic acid.
Characterization of silver nanoparticles

The composite material wasdried at 100°C and
characterized using ultraviolet (UV)-visible spectros-
copy, X-ray diffraction (XRD) and highresolution trans-
mission el ectron microscopy (HRTEM). The UV-vis
absorption spectraof the nanoparticle solutionswere
recorded using Shimadzu spectrophotometer (Japan),
from 300 to 800 nm, against water blank. Aqueous
disperson wasprepared by centrifugation a 10000 rpm
for 5minand re-suspending in ultra-purewater. Dried
powder wasfor obtained XRD pattern. The HRTEM
images were acquired using JOEL 3010 (Tokyo, Ja
pan), operating at 200 KV. The particlesize distribu-
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tion of was determined using ImageJ1.4 freeware.

Silver nanoparticleembedded coatingson mate-
rial surfaces

After 2 hof stirring at ambient conditions, thereac-
tion mixturewasaiquoted into 50 ml falcon tubes. A
clean glassdidewasplaced vertically into each falcon
tube containing thereaction mixture. A paeydlow coat-
ing wasevident on glassdidesor fa con tube surfaces.
Attheend of 24 h, theglass dide and thefal con tubes
wereair dried, washed and used for biofilm formation
studies. Glassdidewith paleyellow coating was used
for recording UV-visspectraand X -ray photoel ectron
spectra (XPS). Coating was developed on asilicon
wafer for field emission scanning e ectron microscopy
(FESEM) - energy dispersive x-ray spectroscopy
(EDAX) andysis.

Biofilm for mation assays

Bacteria colonization and biofilm development on
slver nanoparticle embedded coatingswas determined.
Plain materia surfacesor material surfacesreceived
rosin-coating wasused asblanksin biofilm experiments.
Biofilmformationwasstudied by exposing materid sur-
faces to Gram-negative bacteria Pseudomonas
aeruginosa PAO1 and Gram-positive bacteria Saphy-
lococcus aureus. Biofilm assayswere performed ac-
cording to already described protocol §¢. Briefly, 20
mL of haf-strength TSB wasdispensedinto 50 mL fal-
con tubesand inoculated with 50 pl of overnight grown
culture(OD 600, =0.2). Eachglassdlidewith or with-
out silver embedded coating wastransferred to afal-
contubeandwasincubated at 30°C in an orbital shaker
at 100rpm. At 24 h of incubation, theglassdideswere
retrieved, rinsed with dimeneralised water and stained
for imaging as described bel ow.

Biofilm staining and confocal laser scanning mi-
Croscopy

Biofilms were stained using LIVE/DEAD®
BacLight™ bacterid viability kit (L-7012, Molecular
Probes, USA) asdescribed earlier”29, Thedideswere
rinsed with dimineralised water, covered with aglass
cover dipand sededusinganail polish. Stained biofilms
wereimaged with aconfocal laser scanning micros-
copy system (LeicaTCS SP2AOBS) equipped with
aninverted microscope DMIRE2 (LeicaMicrosystems

Heidelberg GmbH, Mannheim, Germany). A 63x/1.2
numerical aperturewater immersion lenswasused for
acquiring al images. Argon 488 nm |aser wasused for
excitation. Emissionwas collected by settingthe detec-
tion bandwidth between 500 - 520 nm for SYTO 9
and 600 - 630 nmfor propidiumiodide. Imagesstacks
were acquired using 1.2 air pinhole with two-frame
averaging. Imagesare presented using Leicaconfocal
software 2.0 without any processing.

RESULTSAND DISCUSSION

Rosin, anatural exudatefrom pineandfir trees, is
widely usedin adhesives, paintsand atraditiond binder
inantifouling assayd®:%. Thechemigry of rosiniscom-
plex and variable dueto its origin from natural sys-
temd®>%3, Abeitic-typeresinacidisthepredominantin
commercid rosnsand rosin areoften classified accord-
ing to the color for commercial purpose®. Inciden-
tally, wefound that rosin can catalyzethe reduction of
slver (+) ionsand slver (0) nanoparticlesvery efficiently
a roomtemperature. Thisfindingisnovel astheproce-
dureisstraightforward (singlestep) and it isaccording
to green chemistry principles. In the synthetic proce-
dure described here, rosin acted asthe reducing agent;
whilemethanol wasused asthesolvent. Thesynthes's
of slver nanoparticleswasstraightforward. Inatypica
procedure, AGNO, and of rosin were added to metha-
nol and themixturewas stirred onamagnetic stirrer for
2 hours and kept idle at room temperature for 24 h.
Theformation of silver nanoparticleswas confirmed
using UV-visi ble absorption spectroscopy, X-ray dif-
fraction, X-ray absorption spectroscopy, and electron
Mi Croscopy.

Visud changeswereevident whensilver nitratewas
added torosin dissolved in methanol during the course
of stirring at room temperature. The solution turned
pa eyellow and brownwithin 2 h of stirring at room
temperature. The UV-visabsorption spectrum of the
sample, showing thesurface Plasmon resonance (SPR)
of Ag(0) nanoparticles, ispresented in Figure 1a. An
absorbance peak with amaximum at 420 nmwasevi-
dent due to surface plasmon resonance of Ag (0)
nanoparticles (Figure 1a). When silver nanoparticles
weretransferred to aqueous medium, they were stable
during storage a room temperature. Theaveragesize
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Figurel: Characterization of Ag(0) nanoparticlesformed by rosin. a) UV-Visspectra of silver nanoparticles. Synthesis
mixture1mM of AgNO, and 0.5% rosinin methanol wascentrifuged at theend of 2hreaction. Thesilver nanoparticleswere
recover ed by centrifugation and thepellet wasr e-suspended in 50 ml deminer alized water for recor ding UV-visspectra. b and
¢) high-resolution transmission electr on microscopeimage of silver nanoparticles. d) X-ray diffraction spectra of silver
nanopar ticlesformed by rosin.
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Figure?2: Imagesof silver-nanopar ticle-embedded coatingsfor med on polyvinyl chloride (a) and glass(b) surfaces. Yellow
color indicatesthedeposition of silver -nanoparticle-embedded r osin composite.

of silver-nanoparticleswasderived fromthe TEM im-
agesandfoundtobe 7.5+ 6.1 nm (Figure 2). Majority
of thesilver nanoparticleswerein hexagona shape (Fig-
ure 1bandc). XRD andysisof thepowder samplecon-
firmed the crystalline structure of silver nanoparticles
(Figure 1d). Thechoice of the solvent medium, these-
lection of reducing agent and the stabilizing agent are
according to green chemistry principles. Thesynthetic
procedure described here used methanol androsin, as
the solvent medium and reducing agent, respectively.
Methanol was used asthe solvent medium asrosinis
sparingly solubleinweter. Rosiniscommercidly avail-
able, non-toxic and renewable. Importantly, thismethod
doesnot requireany externa heating andthe synthesis
occursat roomtemperature (30°C). Overall, the method
used for synthesisof silver nanoparticlesisstraight-for-
ward, and usesinexpensive, commercidly availablere-
newable material asthereducing agent. Excepting the
solvent medium, the procedurefully complieswiththe
green chemistry principles. Moreover, theuseof metha-
nol facilitated the coating of thesilver nanoparticleem-
bedded composite onto materia surfaces.

Theslver nanoparticlesgenerated in the methanol
tend to form a coating on the surface of the container
duringincubation at room temperature (Figure2). Such
slver nanoparticleembedded rosin coating on surfaces
was observed during overnight exposing of material
specimensat ambient conditions (Figure 2). The coat-
ing formation was dependent on theinitial concentra-
tion of Ag (+) ionsand rosin. This method produced
reproduci ble coating formation onthemateria surfaces.
UV -visspectroscopy and FESEM imaging confirmed
the presenceof silver nanoparticlesinthecoating (Fig-
ure 3). The coating contained significant amountsof sil-
ver asconfirmed by theEDA X andysis. X PS confirmed
the presence of bothAg(+) and Ag(0) ionsin the coat-
ing. Based ontheanaysisof XPS spectra, it was con-
cluded that Ag nanoparticlesof dimension 7— 10 nm
arecovered with athinlayer of Ag,O with an approxi-
matethicknessof 13 A.

Subsequent to the material characterization, the
silver nanoparticle embedded coating was eval uated
for antibiofilm activity in vitro using Gram-negative
(Pseudomonas aeruginosa PAO1) and Gram-posi-
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Figure3: UV-Visspectra (a) and field-emission scanning electr on microscopeimage (b) of silver-nanoparticle embedded
coating.
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Figure4: Biofilm growth of P. aeruginosa PAO1 on control glasssurface(a) and slver-embedded-coating (b). Attachment and
biofilm growth wasnegligibleon glassdideswith silver -embedded coating. Control biofilm imagewasreconstructed with 16
xy-dlicescollected at a z-interval of 2 microns.
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Figure5: Biofilm growth of Staphylococcusaureuson control (a) and silver-nanoparticle-embedded composite coated (b)
glasssurfaces. S. aureuscolonization and biofilm growth wasinhibited on glassslideswith silver-embedded coating. The
control biofilmimagewasr econstructed with 14 xy-dicescollected at z-inter val of 2microns.
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tive (Staphyl ococcus aureus SAV 329) bacteria. Mi-
croscopic glassdideswith and without coating were
exposed to P. aeruginosa or S. aureus cultures.
Glass slides exposed to rosin without silver did not
inhibit bacterial adhesion and growth. The surfaces
without coating were almost fully colonized by the
bacterial cellsand microcolonies. The biofilmscon-
sisted of 3-dimentional structure asvisualized by the
confocal fluorescence microscopy, often foundin
majority of biofilmg*®, Whiletheglassslideswith
coatings embedded with silver nanoparticlesinhib-
ited bacterid adhesion and growth. Thecoatingspre-
vented biofilm formation by P. aeruginosaand S.
aureus (Figure4 and 5).

Attachment was sparsewith isolated bacterid cells
on surfaces covered with silver nanoparticle embed-
ded coatings. Moreover, mgority of the attached bac-
terial cellswere propidiumiodide stained (yellow or
red) indi cating that they have compromised cell mem-
braneg’®l. Release of silver into the medium was not
observed in biofilm experiments. However, therelease
and long-term activity of the coatingsrequiresfurther
experimentation. Silver nanoparticlesareknowntoin-
teract with the cytoplasmic membrane, causing
permeabilization and eventually killing of bacterial
cellg%+3, Silver nanoparticlesof smaller size(i.e. 15
nm) werereported to have efficient bactericida activ-
ityt* as compared to larger particles. The silver
nanoparticlesobserved in the coating were of smaller
insize(~10 nm) and presumably detrimental to bacte-
rid colonization and biofilm-growth. Earlier sudieshave
shown the presence of Ag(+) ions in Ag(0)
nanoparticles?. Inour study, XPS confirmed the pres-
ence of bothAg(0) and Ag(+) inthe coatings. There-
fore, itisconjectured that bothAg(0) particlesand Ag(+)
ionscontributeto antibiofilm activity. Inconclusion, the
synthetic method described here enabled straight-for-
ward formation of Slver nanoparticlesand development
of anti-biofilm composite coatingson surfacesusing a
simpleand compl etely green approach.

CONCLUSIONS
We havereported anovel straightforward method

for the preparation of Ag(0) nanoparticlesand silver
embedded coatings. To thebest of our knowledge, this

isthefirst report on the use of rosin for synthesis of
Ag(0) nanoparticlesand silver nanoparticle embedded
coatings. Theslver nanoparticle embedded composite
codtingswerecharacterized using vari ous oectroscopic
and microscopy techniques. Thes lver nanoparticleem-
bedded coatingshave prevented colonization and biofilm
formation by Gram-positiveand —negative bacteria in

vitro assays.
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