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Highlights
Nanocellulose has shown potential usefulness iarmchd wound dressing applications.

Nanocellulose had the ability to form smooth, tracsnt films.
The ability of nanocellulose to impair bacteriabgth was assessed.
Nanocellulose demonstrated impaired biofilm groedmpared to the Aqua&etontrol.

Cells exhibited altered morphology when grown onatzllulose compared to Aquael
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ABSTRACT

Nanocellulose from wood is a novel biomaterial, ethis highly fibrillated at the nanoscale.

This affords the material a number of advantageduding self-assembly, biodegradability
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and the ability to absorb and retain moisture, whigghlights its potential usefulness in
clinical wound-dressing applications. In these vitro studies, the wound pathogen
Pseudomonas aeruginosa PAO1 was used to assess the ability of two nandosk materials
to impair bacterial growth (<48 h). The two nantdekes had a relatively small fraction of
residual fibres (<4%) and thus a large fractionnahofibrils (widths<20 nm). Scanning
electron microscopy and confocal laser scanningos@opy imaging demonstrated impaired
biofilm growth on the nanocellulose films and iresed cell death when compared to a
commercial control wound dressing, Aqudcel Nanocellulose suspensions inhibited
bacterial growth, whilst UV-vis spectrophotometrydalaser profilometry also revealed the
ability of nanocellulose to form smooth, transluciims. Atomic force microscopy studies
of the surface properties of nanocellulose demateddr that PAO1 exhibited markedly
contrasting morphology when grown on the nanocetkl film surfaces compared to an
Aquacef control dressing p<0.05). This study highlights the potential uiliof these
biodegradable materials, from a renewable soumewbund dressing applications in the

prevention and treatment of biofilm development.

Keywords: Nanocellulose, Biofilm,Pseudomonas aeruginosa, Atomic Force Microscopy,
Characterisation
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1. Introduction

Human wound healing represents a complex sequenicgeo-related and overlapping
biological events. When the skin is disruptedeaes of processes are triggered to restore
barrier function, prevent water loss and reduceritle of bacterial invasion of the deeper
tissues. Disruption of these processes and fatlurigeal is unfortunately frequent, and is
estimated to occur in >60% of the population. Ehéshronic wounds” represent an
important and unrecognised cause of morbidity ardtatdity and are estimated in the US
alone to cost $25 billion annually (Gottrup, 20@®}gdsbgal et al., 2006; Sen et al., 2009). In
an attempt to reduce water-loss from the woundaserfdecrease bacterial contamination and
promote healing, specialist dressings have beerogagp as standard care for these wounds
(Boateng et al., 2008); this market was estimared2011 to be, worth $12.8 billion
(Transparency Market Research, 2013). Increasimgtiier than being solely “simple” inert
barriers, these dressings possess impregnatedyisiamldunctions, which have ranged from
antimicrobials (e.g. silver/iodine) to anti-inflanatory components (e.g. oxidised cellulose).
Dressings have also been used to deliver cell-bdmsadpies (e.g. fibroblasts) with varying
degrees of success (Veves, Sheehan, & Pham, 2a82hAet al., 2007; Boateng et al.,
2008). The ideal dressing material would haveftilewing properties: water loss control
(to maintain a moist environment); high mechangta¢ngth, elasticity and conformability;
ability to inhibit bacterial growth and biodegradap (Sai & Babu, 2000; Kokabi,
Sirousazar & Hassan, 2007). Possession of innatibaaterial properties is particularly
useful for dressing materials as all wounds harlagteria which may directly, or indirectly
inhibit wound healing and stimulate chronic inflamtion within the wound bed (Gjgdsbgl et
al., 2006; Bjarnsholt et al., 2008; James et 8082.

Cellulose is the most abundant organic polymer ante In attempting to deliver novel
materials, researchers have developed nanocellsivaetures derived from a variety of
sources including, wood, annual crops and agricallttesidues (Wagberg et al., 2008; Saito
et al., 2009; Syverud et al., 2010; Klemm et @12 Jonoobi et al., 2012; Alila et al., 2013).
Nanocellulose is therefore, renewable, biodegradahd obtained from sustainable non-oil
based resources (Dufresne, 2013).

In the production process, the resultant nanofdrgtructures can be produced using a
variety of pre-treatments, including applying 2,8;6tramethylpiperidine-1-oxyl (TEMPO)-

mediated oxidation, carboxymethylation, periodateidation; generating nanofibrillar
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75  structures with distinct structural and chemicalparties (Saito et al., 2006; Wagberg et al.,
76  2008; Liimatainen et al., 2012). The nanocellulesectures produced with chemical pre-
77 treatments are usually composed of nanofibrils @itrarrow diameter distribution, generally
78 less than 20 nm (Saito et al., 2006, Saito e2@D9; Chinga-Carrasco et al., 2011) in contrast
79 to those produced without chemical pre-treatmefellulose nanofibrils possess a high
80 aspect-ratio and surface area, with resultant tegkile strength and modulus (Saito et al.,
81 2013; Jossefson et al., 2015).

82 In recent years, there has been a growing intenesiarnessing the potential of this
83 abundant renewable resource as a valuable nanaahdderbiomedical applications (Lin &
84 Dufresne, 2014; Jorfi & Foster, 2015). The use xitliaed nanofibrils for cross-linking to
85 (generate elastic cryo-gels with a desired pore, siBenonstrated the potential of these
86 materials for use in dressing materials, potentitdtilitating wound fluid absorption and
87 controlled drug release (Syverud et al., 2011bn@diCarrasco & Syverud, 2014; Rees et al.,
88 2015). Importantly, nanocellulose materials haeerbdemonstrated to be non-cytotoxic
89 against a series of cell-lines (Vartianen et @112 Dong et al., 2012; Alexandresku et al.,
90 2013).

91 These studies characterized the interaction oktioevn wound pathogeRseudomonas

92 aeruginosa with nanocellulose materials derived frominus radiata pulp fibres.

93 Pseudomonas spp. are one of the most common colonisers of heaing wounds, being
94 found in up to 80% of chronic venous leg ulcers\Bsa et al., 2004). The ability of the
95 materials to supporP. aeruginosa growth in suspension and on nanocellulose films wa
96 screened to determine whether these nanoscale iat@ossessed any distinct, size-
97 dependent antimicrobial properties when comparedh® commercial wound dressing,
98 Aquacef. The surface and optical properties of nanoasskilfilms were also assessed to

99 determine its suitability in wound dressing appimas.
100
101 2. Materials and methods

102 2.1. Nanocellulose materials

103 BleachedP. radiata pulp fibers that were elemental chlorine -free He®raft market

104 pulp were selected for use in this study. Bleaghdgd fibres were pre-treated with TEMPO-
105 mediated oxidation according to Syverud et al. (Z)1The pulp fibres were homogenized
106 with a Rannie 15 type 12.56 X homogenizer, operatetO00 bar pressure, where the pulp
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consistency during homogenizing was 0.5%. The iped fibrillated materials were
collected after 1 and 2 passes through the hombgerand labelled TO1 and TO02
respectively. The nanocellulose materials were tieried in deionised water to 0.4% wi/v
before subsequent use. The fraction of residuatsiln the TO1 and T02 nanocelluloses was
guantified with a FiberMaster device, as describgdChinga-Carrasco et al. (2014). The
typical diameter of similar cellulose nanofibrilom the same pulp-fibore raw material has
been reported to be less than 20 nm (Chinga-Carretsal., 2011), with the ability to form
low-porosity films with density higher than 1300/ikg (Chinga-Carrasco & Syverud, 2012).
The carboxyl and aldehyde content have been quethtid be 855 and 7imol/g cellulose,
respectively (Rees et al., 2015).

2.2. Screening for the ability to impair PAO1 growth

To screen for bacterial contamination, autoclavexhogellulose suspensions were
supplemented with Mueller Hinton broth (MHB) (50%y), with phosphate buffered saline
(PBS; 50%, v/v) being used as the control. Th@eunsions were incubated at’@7and the
growth (optical density) monitored over 24 hour$6@0 nm (ORyg) in a FLUOstar Optima
plate reader (BMG LABTECH). The ability of nandaébse to impair bacterial growth was
also examined by inoculating identical suspensiovith an overnight culture ofP.
aeruginosa PAO1 and again monitoring growth (optical densaygr 24 hours as described

above.

2.3. Surface characterization of nanocellulose films

Air-dried nanocellulose films (20 gAnwere produced from TO1 and T02 autoclaved
nanocellulose suspensions (0.4% w/v). The mianosiral surface of the films was
characterized by laser profilometry (LP). Ten lopdgraphy images (1 mm x 1 mm) were
acquired from the top and underside surfaces o é&m sample, using a lateral and z-
resolution of 1um and 10 nm, respectively. The surface images Wwanelpass-filtered to
enable quantification of the surface topographynadeJ software (National Institutes of
Health) and the SurfCharJd plugin were used for enpgpcessing and analysis to achieve
roughness values described by the root-mean s(RM8), as previously described (Chinga-
Carrasco et al., 2014). Additionally, the optipabperties of the films were assessed with a
UV-vis spectrophotometer (Cary 300 Conc, Variahile wavelengths between 200 and 800
nm were included for analysis. Three replicateseweeasured for each series. The

nanostructure of the films was characterized usitognic force microscopy (AFM). AFM
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139 imaging was performed using a Dimension 3100 AFNMukRr) in tapping-mode operation in
140 air to achieve image sizes of v’ and image resolution of 1024 x 1024 pixels.

141 Solubility and sorption tests of the nanocellulddms were adapted from Parr &
142 Rueggeberg (2002). Briefly, T0O1 and T02 nanocedelfiims (2 crf) were first desiccated
143 for 24 hours and weighed, before being placed%mal of de-ionised water at 32 for 24 h.
144 Excess water from the sample surface was then retnewth absorbent paper and the
145 nanocellulose samples re-weighed. Samples wecegiato a desiccator again for 24 hours
146 and before being weighed again. Water sorption soldbility were then calculated as

147  previously described Parr & Rueggeberg (2002).

148 2.4. Characterization of bacterial growth on air-dried nanocellulose films

149 The ability of TO1 and TO2 air-dried nanocelluldgms to impair biofilm growth was
150 compared to growth on a commercial wound dressihguacef (ConvaTec, USA).
151  Aquacef is a clinical hydrofiber wound dressing made frsmdium carboxymethylcellulose.
152 TO01 and TO2 films (2 cA) and Aquacél (2 cnf) were placed individually within a six-well
153 plate with MHB and inoculated with an overnight toué of P. aeruginosa PAO1 and
154 incubated at 3T for 24 h. For AFM imaging, the biofilms were ggnrinsed twice to
155 remove planktonic bacteria and allowed to air defobe imaging. A Dimension 3100 AFM
156 (Bruker) was used to achieve AFM images, usingitapmode operation in air and a scan
157 speed of approximately 1 Hz. For confocal lasaneag microscopy (CLSM) imaging, the
158 films were gently rinsed once after 24 or 48 hogrewth, stained with LIVE/DEAB
159 BacLight™ Bacterial Viability Kit (Invitrogen, Paisley, UK§ontaining SYTO 9 dye and
160 propidium iodide and set in Vectashield (Vector tuatories, UK), prior to being imaged
161 under an Olympus Fluoview FV1000 CLSM. For SEM gng, the supernatant was
162 removed at 24 and 48 hours and each well immers2dbPbo glutaraldehyde and then washed
163 thoroughly with distilled water. One ml of diséd water was added to each well and
164  biofilms frozen (at -28C). Once frozen, the well plates were then fredized for 24 hours.
165 The films were imaged at 1 kV using an Hitachi SASEM.

166 2.5. Cdl Viability from Nanocellulose surfaces

167 TO1 and TO2 nanocellulose films, a glass slide Aqdacef, each 2 crin size, were
168 incubated at 3 in MHB after inoculation with an overnight culeuof P. aeruginosa
169 PAO1. After 24 hours growth, films were placediit ml PBS to remove loosely adherent

170 bacteria. This wash step was then repeated. Rilaers then vortexed in fresh PBS for 5
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171 mins to remove attached bacteria and the suspensamhto prepare triplicate serial dilutions
172 and drop counts (3 x 3d per dilution) on dried blood agar plates and leted overnight at

173  37°C, before counting colonies forming units (cfu).
174 2.6 Statistics

175 The level of significant differences in this studiere determined using the Mann-

176  Whitney U test, where pvalue of <0.05 was considered significant
177

178 3. Results and discussion

179 These studies utilized growth curve assays, cability assays, CLSM, SEM and AFM
180 techniques to determine whether these nanocelluinagerials possessed antimicrobial
181 properties for wound dressing applications. Theogallulose suspensions used were first
182 pre-treated with TEMPO-mediated oxidation, whicl te region-specific oxidation of the
183 C6-position, introducing carboxyl groups and smalinbers of aldehyde groups (Saito et al.,
184 2006). The oxidation of the pulp facilitates thbriflation of the cellulose fibers in the
185 homogenization process, leading to a high yieldediulose nanofibrils (Chinga-Carrasco et
186 al.,, 2011; Fukuzumi, Saito & Isogai, 2013). The eeff of these highly-fibrillated
187 nanocellulose materials on the growthPRfaeruginosa will be assessed in the following

188 sections.

189 3.1. Growth of Pseudomonas aeruginosBAOL in nanocellulose suspensions

190 Optical density measurements of autoclaved TO1 B®2 nanocellulose suspension
191 supplemented with MHB revealed no bacterial grogaata not shown) and hence that no
192 inherent bacterial contamination was present isdlgamples. In contrast, growth curves of
193 nanocellulose suspensions inoculated with PAO1 slothat they appeared to support the
194 growth of this strain over 24 hours (Fig. 1), witte greatest bacterial biomass observed in
195 the T02 nanocellulose suspension material (3667AQDsopat 24h) and slightly less seen in
196 the TO1 suspension (244 + 20 gpat 24h). However, compared to the inoculated PBS a
197 MHB controls, growth ofP. aeruginosa PAOLl in the presence of the nanocellulose
198 suspensions was greatly reduced. In addition, uhenoculated PBS- and MHB-only
199 controls showed no change in optical density oveh2remaining at O for each time point

200 (data not shown). Therefore, the initial growthrveu assays demonstrated that the

7
Page 7 of 21



201
202
203
204
205
206
207
208
209
210
211
212
213
214

215
216

217
218

219

Intended for submission to Carbohydrate polymers. Last update 150918. GCH.

nanocellulose materials did not appear to promaetdvial growth, (compared to both
inoculated controls where growth was strong duethe added MHB); reassuringly
confirming thatP. aeruginosa PAO1 does not use the nanocellulose as a carhogesdn
fact, it was apparent that the nanocellulose natemctually inhibited growth as similar
growth curves to that of the inoculated PBS contvould otherwise have been expected.
The extent of this inhibition varied with the extef fibrillation of the material being tested.
The less fibrillated material TO1 contained a larfyaction of residual fibres (3.5 £ 0.2%)
due to only one homogenization pass (see also2lfigmposing a slightly greater inhibitory
effect on planktonic PAO1 growth than the moreilisled material TO2 which contained
less residual fibres (1.3 = 0.1%) and thus a larfgaction of nanofibrils due to two
homogenization passes (see also Chinga-Carrascal.,et2014). As the number of
homogenization cycles appears to have a directteffie planktonic bacterial growth, this
may have possible implications for the future depeient of these materials in medical

applications.

1200 +

~0=MHB + PAOI
—8-PBS + PAOIL L o i
- ] [ ] [ ] -
1000 4 —e—T02 + PAOL oA = T T T
—0=TO01 +PAOI ol iy 3
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3 800 - o B
= =
=) LA
2
2 600 - r
=]
=]
t _ o 1f .
= r ‘ i
< 400 - |
. 0000000000000
200 - ‘#’ O N
u [ F
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Time (h)

Fig. 1. Optical density (Okyg) of 24 hour Pseudomonas aeruginosa PAO1 growth in
nanocellulose suspensions (TO1 and T02). MHB, IMuglinton Broth; PBS, phosphate

buffered saline.
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3.2. Characterization of the structural properties of nanocellulose films

To assess nanocellulose as a potential wound degessaterial, films were prepared by
air-drying and these rudimentary films were tested relevant physical propertiesThe
surface roughness of the films, assessed at theométre scale with LP (Fig. 2), revealed
that the TO2 film was significantly smoother thae 01 (0.53t 0.04pm vs, 1.25+ 0.1um
respectively;p<0.05). This result was confirmed (but not sigrfily so) by the difference
also observed in the surface roughness measurewigaised from the AFM images (273 +
128 nm vs. 392 + 146 nm, respectivghr0.069) (Fig. 3). Hence, the surface roughness
guantification revealed the relatively smooth scefafor both materials, with the roughness
assessed at several wavelengths indicative of la dégree of fibrillation of the material
(Chinga-Carrasco & Syverud, 2014).

1.0 -

—T01

===T02

=
oo
L

£
o

Surface Roughness (Um)
=

£
[

0.0 - i i T . T
5-10 10-20 20-40 40-30 80-160 160-320

Wavelength Range (um)

Fig. 2. Laser profilometry (LP) analysis of nanocelluld&ms (TO1 and T02). Mean values
of n=10 determinations * standard deviations.
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B

236 Fig. 3. Atomic force microscopy (AFM) imaging of nanocgtse films. AFM
237 topographical (left) and amplitude (right) imagiog(A) TO1 (Z-height = 2 um) and (B) T02
238 (Z-height = 1.5 um) respectively. (Scale bar iguhd).

235

239

240 Interestingly, both the TO2 and TOl1l nanocellulogmd revealed very high water
241 sorption values (2232 + 113 % vs. 2153 + 22 % rethpaly) most likely due to their high

242 surface area to volume ratio and highly absorbanire. Solubility values of the TO1 and
243 TO02 nanocellulose films were low (15.1 = 3.2 % 1%.6 + 1.8 % respectively). No
244  significant differences were found between TO1 @68 films for either water sorption and
245  solubility (p>0.05).
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246 In addition, TO1 and TO02 nanocellulose films, clotgszed by UV vis
247  spectrophotometry, were found to possess a highedegf light transmittance (91% at a
248 wavelength of 650 nm; Fig. 4) confirming the higagdee of fibrillation in the materials.
249 TO1 and TO2 nanocellulose materials thus formethsfilwith a high degree of light
250 transmittance, due to the dense packing of the figrs, and fissures between the fibers
251 (Nogi et al., 2009). High translucency of the flrsan be a great advantage for wound
252 dressing applications, as the wound bed could piatnbe monitored by visual inspection
253  without the need for the removal of the dressiogifthe wound.

254

100 +

80 |
o)
&,
&
g 60 -
£
£
8
=
= —T01
& 40
ot
) ----TO02
-

20

0 - ‘ ‘ T T T
200 300 400 500 600 700 800
Wavelength (nm)
255

256 Fig. 4. Light transmittance using UV Vis spectrophotometrdy air-dried TO1 and TO02

257 nanocellulose films (n=3).
258

259 The TEMPO-mediated oxidation modified the surfacé aellulose nanofibrils,
260 introducing both carboxyl (85@mol/g) and aldehyde groups (jiinol/g) (Rees et al., 2014).
261 The occurrence of aldehyde groups was confirmethéy'shoulders” at bands between 200
262 and 300 nm (Fukuzumi et al., 2009). The T02 sarhpld a more pronounced decrease of
263 light transmittance at the 200-300 nm band, propaibdlicative of a larger number of
264 exposed aldehyde groups due to the high nanoéibait of this material (see also Chinga-
265 Carrasco, 2013).
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266 These carboxyl and aldehyde groups could be usedddfunctionality to the material
267 (Chinga-Carrasco and Syverud, 2014). This abtlitymodify nanocellulose materials to
268 covalently bond biomodulatory agents (e.g. grow#ttdrs or quaternary ammonium
269 compounds), suggests that it may be possible tobowmmthe physical properties of
270 nanocellulose films (i.e. high surface area to mwuratio and small pore size) with
271 antimicrobials (Andresen et al., 2007). Such modifon of nanocellulose materials with
272 antimicrobials is however, not necessarily benaficsurface-modified nanocellulose with
273 quaternary ammonium compounds having previouslynbsbown to be cytotoxic
274  (Alexandresku et al., 2013).

275

276  3.3. Bacterial biofilm growth on dried nanocellulose films

277 Within chronic wounds, bacteria exist as biofilrtightly adhering to material and host-
278 tissue surfaces, rather than as “free-floatingargtonic) bacteria (Bjarnsholt et al., 2008;
279 Hill et al., 2010). It was, therefore, importatd, determine the ability of the nanocellulose
280 materials to support biofilm growth. In these eaxpents, we studied the physical
281 interaction of the bacteria and subsequent biofdtnmation with the film surface using a
282 variety of imaging techniques and quantified brafitell viability on the film surfaces in
283 comparison to the commercially-available dressimgace?. Whilst, CLSM and SEM have
284 been employed to examine bacterial &ahdida growth on wound dressings (Newman et
285 al., 2006; Tran et al., 2009; Anghel et al., 208F}M has attracted relatively little attention
286 (Oh etal., 2009; Wright et al., 2010).

287 CLSM imaging with LIVE/DEAD staining demonstrated less bacterial growth on the
288 TO1 and T02 nanocellulose materials and more @gtidwhen compared to Aquateior
289 both 24 and 48 hours growth (Fig. 5). Decrease@PAiofilm growth was thus evident on
290 the nanocellulose materials. The observed biodiusters corresponded with SEM imaging,
291 which revealed that PAO1 adherence and growthtezsin distinct clusters of bacterial cells
292  on the nanocellulose materials when compared taaéefi In addition, the biofilm clusters

293 on both films appeared to be considerably moreldpee at 48 hours than 24 hours (Fig. 6).

12
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Aquacel”® TO1 T02

24 h

48 h %

294

295 Fig. 5. Confocal laser scanning microscopy (CLSM) imagiafy 24 and 48 hour
296  Pseudomonas aeruginosa PAO1 growth on TO1 and T02 nanocellulose films aogiace?
297 using LIVE/DEAD® staining, showing live (green) and non-vital cétisd). (Scale bar = 20
298 um).

299

300 Aquacef itself demonstrated greater bacterial coverage geenghout the material for
301 both 24 and 48 hours compared to either of the elubase materials (Fig. 6). A previous
302 study revealed that the bacterial population intacnwith a Hydrofibet (Aquacef)
303 dressing could maintain viability for at least 2durs (Newman et al., 2006). Comparing the
304 nanocellulose materials to this non-antimicrobiebmmercially used, wound dressing,
305 showed distinct differences, with the nanocellul@g®pearing to possess inherent anti-

306 microbial properties.
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Aquacel”® TO1 T02

48 hE

Fig. 6. Scanning electron microscopy imaging of 24 anchd8r Pseudomonas aeruginosa
PAO1 growth on TO1 and TO2 nanocellulose film scefaand within the lower, more fibrous

Aquacef dressing layer. (Scale bar =5 pm).

Under conditions of hydration, AquaBelorms a cohesive gelled surface where the
material under the surface remains more fibrous lasd gel-like, giving two distinctly
different environments for bacterial growth. Thimooth amorphous gel surface can make it
difficult to discern bacterial cells or fibres ugir6EM imaging (Walker et al., 2003). In
contrast, bacterial cells growing under this gelkdface (in the more fibrous dressing
material) can be more readily visualised with SEMWaging, but only through cracks in the
Aquacef surface, as also demonstrated in this study.

In contrast to SEM, AFM is able to more fully mdge tsurface topography of a material,
giving a 3-dimensional image of higher magnificatioTherefore, AFM was employed to
give an enhanced view of the surface structurdnefsmooth Aquacel® gel sample and the
TO1 and TO2 materialsF({g. 7). Interestingly, the PAO1 cells exhibited a velifferent
morphology in the biofilm on the Aqualekurface, in that the cells were significantly
smaller in length (1.02 = 0.18 vs. 1.61 = 0.giM; p<0.05) and had a less wrinkled
appearance compared to those on the nanocellul@derials. The gelled surface of
Aquacef may offer an altered micro-environment for bactegeowth, not present in the
novel nanocellulose materials, which could haveulted in these observed differences.
Furthermore, the cells on the Aqudteppeared less ‘stressed’ compared to those growing

on the TO1 and TO2 materials, perhaps due to murtak stress on the latter, which is known
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to induce cell filamentation (elongation). In cast, SEM imaging of the bacterial cells
below the gelled surface (in the more fibrous Agifadressing material) did not exhibit this

altered morphology when compared to the nanocekufibms.

Aquacel”® TO1 T02

Topography

Amplitude

Fig. 7. Atomic force microscopy imaging of 24 haeseudomonas aeruginosa PAO1 growth
on the TO1 and T02 nanocellulose film surfaces Agdacef dressingurface. (Scale bar =

1um).

Cell viability studies showed no significant dif&ce in cell numbers (CFU/mL)
between either the TO1 (1.7 x®)0 T02 (1.2 x 18) or Aquace? (2.5 x 16) surfaces, whilst
the glass slide control showed significantly leastérial attachment (2 x %00<0.05). The
similar cell viability between the materials wasspibly due to the previously described
gelling properties of Aquac®l(Walker et al., 2003). Even though CLSM confirmed
increased and indeed confluent biofilm growth om Aguacet, this was not reflected in the
viability counts. Aquacé&lhas been shown to encapsulate populations of gatimbacteria

under its gelled surface, providing an ideal enwinent to immobilise them (Walker et al.,
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347 2003) and the vortexing used in this study wasrlgleasufficient to release all the bacterial
348 cells from the dressing material for the viabikiysay.

349 Although in suspension, TO1 showed better bactegralvth impairment than TO02,
350 interestingly, no difference in biofilm growth wavident between the films with CLSM,
351 AFM and SEM. The two experiments assessed differeades of bacterial growth;
352 planktonic versus biofilm, and on different medliguid and solid) thereby accounting for
353 the differences seen. When the nanocellulose iflrnm form, other properties become
354 important for bacterial attachment and growth, saglsurface roughness, which is irrelevant
355 in suspension.

356

357

358 4. Conclusions

359 The results of this study highlight the potentigleiulness of nanocellulose, from a
360 renewable source. They demonstrate that whilsteth®o-degradable materials were not
361 utilised as a carbon-source to support bacter@itir of P. aeruginosa, they instead are able

362 to effectively inhibit bacterial growth. The alylito control the physical material properties
363 e.g. tensile strength, surface roughness and tregrsty, as well as the ability to covalently
364 link therapeutic compounds to their surface, hasymapplications in wound healing and
365  surgery.
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