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By adding poly(ethylene oxide) (PEO) to the growth mediunfAo&tobacter xylinunfinely dispersed bacterial
cellulose (BC)/PEO nanocomposites were produced in a wide range of compositions and morphologies. As the
BC/PEO wi/w ratio increased from 15:85 to 59:41, the cellulose nanofibers became smaller but aggregated in
larger bundles, indicating that PEO mixed with the cellulose on the nanometer scale. Fourier transform infrared
spectroscopy suggested intermolecular hydrogen bonding and also preferred crystallization into cglinlose |
the BC/PEO nanocomposites. The fine dispersion of cellulose nanofibers hindered the crystallization of PEO,
lowering its melting point and crystallinity in the nanocomposites although remaining bacterial cell debris also
contributed to the melting point depression. The decomposition temperature of PEO also increased by approximately
15°C, and the tensile storage modulus of PEO improved significantly especially ab8@arbthe nanocomposites.

It is argued that this integrated manufacturing approach to fiber-reinforced thermoplastic nanocomposites affords
a good flexibility for tailoring morphology and properties. These results further pose the question of the necessity
to remove bacterial cells to achieve desirable materials properties in biologically derived products.

Introduction The latter synthetic approach, in which bacterial cellulose is
modified with a host polymer during biosynthesis, is particularly
Bacterial cellulose (BC) has long been used in a variety of interesting because competitive adsorption of the host polymer
applications in the paper, food, and electronic industries.  present in the culture medium can alter the crystallization of
Owing to its high porosity, water absorbance, mechanical cellulose, affording a range of morphologfés?® In the case
properties, formability, and biocompatibility, bacterial cellulose of Acetobacter xylinupglucan chain sheets are extruded from
has also recently attracted a great deal of attention for biomedicalthe membrane enzymatic terminal complé%@so the aqueous
applications. For instance, bacterial cellulose has been suc- medium where they crystallize into-F-nm-wide microfibrils
cessfully used for wound dressings. and for vascular im- of cellulose }, primarily, which then aggregate into twisting
plants!®! The potential of BC for in vitro and in vivo tissue  ribbons with cross-sections of-3t nm x 70—140 nm?27-30
regeneration also continues to be explored and shows greatWhen a compatible polymer is present in the culture medium,
promiset?-15 competitive adsorption of the host polymer onto the glucan
For such biomedical applications it is highly desirable to fine- chains hinders the crystallization into microfibrils and ribbons
tune the properties of the scaffold or implant to match the resulting in smaller crystalline structur€sMany studies have
properties of the material that it intends to regenerate or considered cellulose derivatives, hemicelluloses, and pectins
replacel® To that end researchers have engaged in augmentingwith a view to shedding light on the biogenesis of cellulose
bacterial cellulose. For instance, bacterial cellulose has beenand plant cell wallg3-26 As expected, the compatibility between
soaked into hydroxyapatite to develop a composite scaffold for the polymer and the cellulose governs the alterations that take
bone regeneratioH:18 Bacterial cellulose has also been aug- place in the cellulose in terms of microfibril and ribbon
mented by immersion in solutions of polyacrylamide and gelatin, dimensions, crystalline allomorphs, and crystallinity iné&x®
yielding hydrogels with improved toughnelsSimilarly, im- It is therefore clear that fiber morphology can be tailored by
mersion of bacterial cellulose into poly(vinyl alcohol) has adding a water-soluble polymer in the culture. In particular, this
yielded hydrogels having a wide range of mechanical properties biotechnological tool could be used for developing bacterial
of interest for cardiovascular implar#. cellulose reinforced thermoplastic nanocomposites in which
Another means of altering the properties of bacterial cellulose composition and morphology may be tailored to yield desirable
has been to manipulate its biosynthesis so as to synthesizeproperties for a specific application. In this scenario, the
copolymers or miscible blends. Ciechar@kzoduced bacterial  selection of the thermoplastic polymer and its content in the
cellulose in a chitosan-enriched medium, thus developing BC/ culture can be predicted to govern the nanocomposite morphol-
chitosan copolymers with improved water absorbance and ogy and composition. Yet this potential to simultaneously tailor
mechanical properties. Seifert efahdded cellulose derivatives  cellulose morphology and its dispersion into a thermoplastic
and poly(vinyl alcohol) in the culture medium, yielding a polymer matrix for the manufacture of nanocomposites with
composite material with improved water retention ability and improved properties has not been exploited. This research aims
ion absorption. at demonstrating that by modifying the culture conditions of
bacterial cellulose with a thermoplastic polymer, poly(ethylene
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as it is biocompatible, water-soluble, and therefore widely used thermore, weights were recorded at all stages of the sample preparation.
in biomedicine®! Furthermore, the possibility for hydrogen Control PEO samples were also prepared by placing PEO into an
bonding between the PEO ether oxygen and the cellulgse C aqueous solution and following the same sample preparation as that
hydroxyP?-34 suggests that PEO may be efficient at altering for the BC/PEO products. _
the crystallization of cellulose, yielding a range of fiber and ~ Transmission Electron Microscopy.The loaded TEM grids were
nanocomposite morphologies. By tailoring the composition and air-dried and negatively stained with 1% uranyl acetate. TEM images
morphology of the BC/PEO nanocomposites, it is further Were acquired at 60 000K and at 100 000 magnifications on a JEOL
hypothesized that physical, thermal, and mechanical propertieslzoo EX operating at 100 kV. Microfibril dimensions were computed
can be fine-tuned. This goal is of significance not only for oM 8-15 measurements. .
improved utilization of bacterial cellulose in various applications _Atomic Force Microscopy. A 5 x 3 x 0.6 mn¥ sample was
but also as a demonstration of how biotechnology and nano- retrieved from the compression-molded proo!uct and b_onded to the AFM
technology may be combined to design the morphology and sample disk. The sample surface was trimmed with a glass knife
. ; . mounted on a cryogenic ultra-microtome (PowerTome-X, RMC
properties of nanocomposites. To our knowledge, the potential

" . L . Products). Imaging was then performed in tapping mode on a Veeco
Fo SImU|taneOUS|y.taI|0r cellulose mprphology and its dispersion Multimode atomic force microscope equipped with a NanoScope llla
n-a thermoplasth pplymer matrix for the manuf_acture of controller. A silicon cantilever having a resonance frequency around
nanocomposites with improved thermal and mechanical proper- 500300 kHz and a nominal spring constant of 40 N/m was used along

ties has not been exploited to date. with a 3 x 3 um? J-scanner. The scan rate was 1.5 Hz, and integral
and proportional gains were 0.3 and 0.5, respectively. Twenty measure-
Materials and Methods ments of the observed structures were taken from samples prepared
from distinct batches.
Production of the Starter Culture. Acetobacter xylinunof the Thermogravimetric Analysis. To determine composition and

strain 23769 was purchased from the American Type Culture Collection thermal stability, control PEO, pure BC, and the composite products
and maintained in HestrinSchramm (HS) medium with a pH adjusted  were characterized in accordance with ASTM E £3in a Rheo-

to 5.0 with hydrochloric acid Specifically, the medium was first metrics STA 625. Approximately 25 mg of powder material was
autoclaved at 121C for 15 min and then inoculated with the bacterial  retrieved from the compression-molded products and placed in alumi-
strain and cultivated in _static Condi.tions at%?l °C in an incubator. num pans in the thermogravimetric analyzer operating under 90 mL/
After 1 week of production, a gelatinous pellicle had developed at the min N, flow. After equilibration at 30°C for 5 min, the sample was
air/liquid interface. The gelatinous pellicle was removed and pressed heated to 600C at 20°C/min at which point only ashes remained.

to release the cells into the remaining medium, which was used as theRaw and derivative weight data were used to determine decomposition

inoculum for producing the BC/PEO materials as detailed next. temperatures and the associated weight losses. Triplicate measurements
Production of Bacterial Cellulose in PEO-Modified Media. Poly- were performed.
(ethylene oxide) Ml = 1 x 10° g/mol) from Fisher Scientific was Fourier Transform Infrared Spectroscopy. FTIR spectra of the

added to a 250 mL Erlenmeyer flask containing 150 mL of HS medium neat components and the BC/PEO products were obtained in transmis-
to produce five different culture media with PEO concentrations of sjon mode on a Nicolet Nexus 670 Fourier transform infrared
0.5%, 1%, 2%, 3%, and 5% w/w. The different PEO concentrations spectrometer. While the freeze-dried cellulose and BC/PEO products
were expected to lead to nanocomposites with distinct PEO contents. could be analyzed as thin films, the control PEO required pressing into
The PEO-modified culture media were inoculated with 20 mL of the kpgr pellets. Forty scans were acquired in the 40600 cnr? range
inoculum, and after 2 days of cultivation in static conditions at room \ith a resolution of 4 cmt. Samples were analyzed in duplicate.
temperature under a laminar flow hood, the gelatinous pellicle that  pifferential Scanning Calorimetry. Approximately 11+ 4 mg of
developed at the air/liquid interface was removed. The remaining powder material from the compression-molded products was loaded
medium was further cultivated under the same conditions but under jnto aluminum pans and placed in a Mettler Toledo DSC 822e. All
magngtic stirring at ca. 500 rom. Under agitated conditions, strings of jitferential scanning calorimetry (DSC) experiments were conducted
materials started appearing on the s_ecc_)nd da_ly of growth, and they werq nger a N flow of 80 mL/min and controlled cooling with liquid N
collected on the seventh day by filtering with gauze. The collected A temperature program was conducted to record the glass transition
material, approximately 3 g, was then washed with 250 mL aliquots temperature ), melting temperatureTg,), and heat of fusionHs)

of distilled water under gentle stirring to eliminate the culture medium of the PEO. Namely, the samples were heated to°T0at 20°C/min

and byproducts. This washing procedure was repeated up to 10 timesang kept at that temperature for 5 min to erase thermal histories, after
until disappearance of the yellow color from the peptone and yeast yhich they were cooled down te100°C at a cooling rate of 36C/
extract. Some of the PEO material was also likely lost during the min. A second heating scan was then conducted frati0 to 100°C
washing procedure. No procedure was undertaken to remove theat 20°C/min, and thermal transitions were recorded.

bacterial cells that remained as whole cells for all characterizations Dynamic Mechanical Analysis.The compression-molded samples
except in the thermal analyses where the high temperatures lysed theyere cut into strips of approximate dimensions of34 x 0.6 mn?

cells. The washed samples were then characterized by Fourier transform, 4 tested in tension mode on a Rheometrics RSA II. The thermal
infrared spectroscopy (FTIR), atomic force microscopy (AFM), and history of the samples was first erased by heating to “D0Oexcept
various thermal analyses. For FTIR transparent films were produced ¢5 the control PEO that was heated to 85 only. The samples were

by flattening a few milligrams of the washed material intoc3 cn? then cooled to 30C, and a dynamic strain sweep was performed at 1
plastic bags and then freeze-drying. For the thermal analyses.3 Hz to determine the linear viscoelastic range. The samples were further
sz films were _compressmn-rr_lolded to a thickness of £.0.4 mm _cooled (30°C/min) to —70 °C. Using a dynamic strain level lower
using a hydraulic press operating at room temperature under 4000 pSi-than 4% 10-4 within the linear viscoelatic range and a frequency of 1

All products were kept in vacuum desiccators with anhydrous calcium y, 5 temperature scan was then conducted E/enin to 100°C.
sulfate until characterization. Some of the fresh material was prepared Duplicate measurements were performed.

for transmission electron microscopy (TEM) by mounting a drop of
wet sample on unsupported 400 mesh copper TEM grids. The grids
were also lightly washed with distilled water to remove the low Results and Discussion
molecular weight contaminants from the culture medium.
Three batches of BC/PEO products were grown for each media, Morphology of Cellulose/PEO NanocompositesThe modi-
yielding triplicate samples for each characterization technique. Fur- fication of the HS medium with a host polymer Capablecci:f)v
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than the microfibrils that are generally observed under static
conditions3%37 These structures are referred to as nanofibers in
this paper. As PEO was added to the HS medium, two changes
in the structure and morphology of BC were apparent from the
TEM images (Figure 1). First, the nanofibers became smaller,
with widths of ca. 10 nm with 1% or more PEO addition.
Concomitantly, the cellulose and PEO aggregated to the point
that the nanofibers could only be distinguished in a few locations
of the micrographs when grown in a 5% PEO content HS
medium. The fading away of the nanofiber contours was likely
due to the entrapment of the uranyl acetate in the cellulose and
PEO aggregates, thus impeding contrast.

] - - While TEM provided information on the in vivo crystalliza-
Figure 1. TEM images (60 000) of BC/PEO products: BC grown in tion of cellulose, nanofiber dispersion in the PEO matrix was

(2) HS medium, (b) HS medium with 1% PEO, (c) HS medium with further visualized on the compression-molded samples with
3% PEO, and (d) HS medium with 5% PEO. The inset in part a AFM (Figure 2). Recall however that for the AFM images the

illustrates the measurement of nanofiber width at 100 000 magnifica-

fion images. samples were highly processed as they were compression-

molded. Samples changed from having a fibrous and rough

interacting with cellulose is expected to alter the aggregation Surface for neat BC to having a smoother surface in the BC/
and crystallization of glucan chains into cellulose microfibrils PEO products thereby fa(_:lll'tatln.g AFM imaging. The smallest
and ribbons, possibly resulting in smaller and more dispersed Structures that could be distinguished with AFM in the neat BC
structure€3-26 To evaluate the effects of PEO on cellulose Sa@mples were bundles of nanofibers with widths in the-75
crystallization, TEM images of the products retrieved from the 111 nmrange. As the PEO concentration in the culture medium
standard HS medium and from the HS medium modified with increased, the bundles of nanofibers also grew wider, reaching
1%, 3%, and 5% PEO were captured at 60 000 and 100 ooosizes in the 124770 nm range at 5% PEO addition in the
magnifications. Representative images for these magnificationsculture medium, indicating that nanofibers were bonded together
are shown in Figure 1. When grown in the standard HS medium, by PEO (Table 2).

the smallest observable cellulose structures that formed from The morphological changes observed with TEM and AFM
Acetobacter xylinumvere 17+ 5 nm in width, slightly larger corroborate the proposition that by adding PEO into the HS

Figure 2. AFM topographical images (3 x 3 um?) of BC/PEO products obtained in (a) HS medium, (b) HS medium with 1% PEO, (c) HS
medium with 3% PEO, and (d) HS medium with 5% PEO. (Arrows indicate measurements of nanofiber bundles.)
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Table 1. Degradation Temperature and Composition of BC and PEO and Their Nanocomposites

degradation temperatures (°C) composition (wt %)
cellulose/PEO

cellulose PEO water protein cellulose PEO ash (w/w)
pure BC 346 £ 2 13+4 14+ 4 43 +£11 30+4 100:0
control PEO 410+ 1 96 +1 4+1 0:100
BC in 0.5% PEO 346 £ 7 426 + 3 11+6 11+5 30+5 21+2 27+ 2 59:41
BC in 1% PEO 351+2 428 + 4 12+2 10+5 27+5 24+ 3 28 +2 53:47
BC in 2% PEO 351+2 429+ 1 9+1 10+1 19+3 39+3 23+2 33:67
BC in 3% PEO 352+2 427 + 2 9+2 6+4 15+4 42 +£11 27 £10 23:77
BC in 5% PEO 348 + 4 425+5 7+1 6+1 12+6 50 + 12 24 +7 15:85

Table 2. Thermal Transitions and Other Morphological Characteristics of PEO and BC in Nanocomposites of Varying BC/PEO Ratios?

poly(ethylene oxide) bacterial cellulose
BC/PEO Ty Tm nanofiber width bundles width

(wiw) (S () X Ip/le (nm) (hm)
100:0 1.0+0.1 17+5 75—-111
59:41 —-50 + 6 60+ 1 0.21 + 0.07

53:47 —-50+4 62 +3 0.36 + 0.22 10+2 83—466
33:67 —48+1 63+1 0.49 £+ 0.05

23:77 —48+3 66 +5 13+0.2 10+2 102—690
15:85 —51+2 68 + 3 0.49 + 0.06 1.3+0.2 10+2 121-770
0:100 —52+1 68+ 1 0.67 £0.01

2 Blend characteristics after impurities were pyrolyzed.

medium during BC synthesis the dimensions of the cellulose supporting the fact that the washing procedure had effectively
nanofibers and of the characteristic aggregates can be tailoredremoved compounds other than the bacterial cells. In the BC/
They also confirm that this manufacturing approach allows PEO PEO nanocomposites, all four degradation temperatures were
to intimately blend with cellulose whether it is a 10 nm wide clearly observed, allowing for the calculation of the weight
cellulose nanofiber or 166770 nm wide bundles of nanofibers.  percent of bound water, proteinaceous material, cellulose, PEO,
In other words, truly dispersed cellulose/PEO nanocompositesand ash (Figure 3). As expected, modification of the culture
are manufactured. Clearly, by augmenting the culture medium medium with various concentrations of PEO resulted in different
with the desired matrix polymer, an excellent dispersion of high TGA traces and therefore compositions (Figure 3). By increasing
aspect ratio nanofibers can be achieved, circumventing thethe PEO concentration in the HS medium from 0.5 to 5 wt %,
aggregation issue that is often encountered with other nanoscaléghe PEO content in the nanocomposite increased. In parallel
reinforcements such as cellulose whisk&%.In essence, this  with the reduction in the cellulose content, the contents in bound
integrated biomanufacturing approach therefore weaves the
thermoplastic polymer in the cellulose nanofibers, thereby
yielding nanocomposites with a remarkably fine morphology
considering that the nanofibers have a high aspect ratio of around
100020 To evaluate whether this manufacturing approach also
could be used to tailor the composition of the cellulose/PEO
nanocomposite, thermogramimetric analysis (TGA) was con-
ducted.

Tailoring the Composition of Cellulose/PEO Nanocom- 20
posites In Figure 3, the TGA traces for control PEO, neat BC,
and one of the BC/PEO nanocomposites are shown along with
the derivative traces. The derivative traces are best suited to
determine the decomposition temperatures for each constituent,
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whereas the weight traces can be used to determine the weight i

loss associated with the decomposition of this constitgfeior = &

PEO, a single degradation temperature was clearly observed at 5, Neat BC

410 + 1 °C. For bacterial cellulose, decomposition involved g ool i

three stages having peak temperatures at 459 218+ 4, —wmw 2% PEO

and 346+ 2 °C. These three weight loss stages could be sl TSR =

attributed to the loss of bound water, proteinaceous material ——— NeatPEO \ |
from the bacterial cells, and cellulose, respectivilin the 0 i ; i Ao
washed native bacterial cellulose, the water content and pro- 100 200 300 400 500
teinaceous content were measured at 28%% and 14%+ Temperature (°C)

4%, respectively (Table 1). These values are consistent with _. N . ) .
: . . . Figure 3. Thermogravimetric analysis illustrating the original and
the amount of nonfreezing bound water associated with highly derivative curves for the neat BC and PEO (top) and for all the BC/

crystalline cellulos& and with the amount of proteins and  pEO nanocomposites as a function of the culture medium modification

nucleic acids that arise from bacterial cells in native celluf8se, (bottom). CDV
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Figure 4. FTIR spectra of BC/PEO nanocomposites as a function of the BC/PEO w/w ratio.

water, proteinaceous material, and ash also decreased (Tabl@olymer matrix solution. This is likely true for PEO, because
1). This is expected because the bound water is linked to thecellulose and PEO can develop favorable interactién&. To
cellulose and the proteinaceous material relates to the bacteridurther assess the intermolecular interactions, miscibility, and
cells. In fact, with the experimental conditions used in the study, thermal properties of the cellulose/PEO nanocomposites, FTIR
the BC/PEO wi/w ratio in the nanocomposites varied from 59: spectroscopy and DSC measurements were evaluated.
41 to 15:85, suggesting that any blend composition could be  Evaluation of Intermolecular Interactions and Crystal-
attained by appropriately modifying the culture medium (Table |ty in BC/PEO Nanocomposites.Strong interactions between
1). the primary hydroxyl group at theegQosition of the glucose

Itis also interesting to note that the degradation temperaturesand the ether oxygen of the PEO have been previously observed
of the PEO and the cellulose were increased by approximatelyin blends of cellulose and PE®However, hydrogen bonding
15 and 4°C, respectively, in the nanocomposites compared to between cellulose and PEO was not obvious in the FTIR spectra
the control cellulose and PEO (Figure 3 and Table 1). Although of the composite materials as the absorption band for the
small, this increase in degradation temperatures for both cellulosic hydroxyl at around 3350 cthwas unchanged by the
polymeric components was significant. It may be ascribed to presence of PEO (Figure 4). However, a new@-C stretching
mutual thermal stabilization as previously observed in blends absorption band that was not apparent in either of the neat
of polystyrene and poly(vinyl chloridé¥. In polymer blends, components was observed at 1148 ¢éin the nanocomposites.
mutual stabilization may arise from chemical interactions Absorption at this wavelength indicated that the PEGQE-C
between the polymers and/or their decomposition prodticts. stretching was perturbed in the nanocomposites compared to
Thermal stabilization of PEO by cellulose is in contrast with the neat PEO state, possibly as a result of interactions, such as
previous observations on solvent cast cellulose whiskersfPEO, hydrogen bonding, between cellulose and PEO or as a result of
possibly indicating enhanced dispersion and chemical interac-a morphological change in PE®.
tions in the present biosynthetic approach or some contribution gy rthermore, there was a clear change in the crystallinity of
from the bacterial cell debris. both cellulose and PEO in the nanocomposites compared to their

With the ability to tailor composition in the final nanocom-  neat states. First, the GHasymmetric stretching of PEO shifted
posites, yields of glucose conversion into cellulose could be from 2890 cnt? for pure PEO to 2883 cnt in the BC/PEO
computed. The conversion yield of glucose into cellulose composite, suggesting a decrease in PEO crystallinity (Figure
decreased from 32% in the standard HS medium to the 10 4)45The cellulose morphology was also altered, as demonstrated
20% range with addition of PEO in the culture medium, possibly by the changes in the 750 and 710 ¢mabsorption bands that
due to changes in viscosity with PEO addition. are characteristic of the,land | crystalline allomorphs,

The TGA results therefore confirm the hypothesis that the respectively?® As the PEO content increased in the composite,
present manufacturing approach allows tailoring the composition the I/l allomorph ratio, measured from the intensity ratio of
of bacterial cellulose reinforced thermoplastic nanocomposites. the respective absorption bands, increased from 1.0 for neat
Altogether, it is clear that composition, nanofiber dimensions, bacterial cellulose to ca. 1.3 in the BC/PEO composites (Table
and dispersion in the polymer matrix can be tailored by 2). The presence of PEO in the culture medium therefore favored

manipulating the growth conditions of bacterial cellulose in a cellulose crystallization into the more stabjeallomorph overCDV
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Figure 5. DSC thermograms illustrating the determination of the glass transition and melting temperatures in the nanocomposite (left) and the
variation in the melting endotherm of PEO as a function of the BC/PEO w/w ratio (right).

the |, allomorph as previously observed with other culture

modifications. The increase in production of theallomorph ﬁ/—
is consistent with the observed crystallization into finer nanofi-

bers as PEO content increagédhe possibility that the bacterial g ———————— el P i
cells remaining in the composite had caused the chemical z e /

changes observed in the FTIR spectra was also considered. 2 \ ,’

Whole bacterial cells have dimensions in the5lum range, s e

allowing little molecular contact with either PEO or cellulose, T Original nanocomposite

at least when compared to the scale of mixing that was | Purified nanocomposite

previously observed between PEO and cellulose. Furthermore, i

the observed changes in the FTIR spectra were consistent with 20 40 60 80 100

previous FTIR studies on pure PEO/cellulose blends, supporting
that the changes observed in the FTIR spectra arose principally
from cellulose/PEO miscibility?? Figure 6. DSQ thermograms illustrating the melting temperat_ures

Nevertheless, to further evaluate miscibility between the gnccjphggt of fusion ,Of the neat PEO and the nanocomposite with a

. . . . ratio of 53:47 before and after pyrolysis of the bacteria cell

constituents and thermal behavior, the main thermal transitions, yapyis.
glass transition temperaturélg) and melting temperature${),
were evaluated and compared to those of the neat componentscould have contributed to the depression in melting temperature
The DSC scans of the BC/PEO composites allowed determi- and crystallinity in the BC/PEO nanocomposites. That is, in
nation of theTy and theTy, of the PEO in the nanocomposites the presence of bacterial cellulose, PEO crystallization may have
at around —50 and 60 °C, respectively (Figure 5). The been hindered by the dispersion of cellulose nanofibers yielding
crystallinity index of the PEO in the composite material was smaller and less stable crystals. Depression in melting points is
also computed from the heat of fusion using\Bl; for pure also consistent with the thermodynamic effects of miscibility
crystalline PEO of 201.2 J/g (Table $The heat of fusion per  between cellulose and PE®**However in contrast to the FTIR
gram of PEO was used so that the reported index is the analysis, during the DSC experiments the high temperature is
crystallinity of PEO alone within the nanocomposite. The likely to lyse the bacterial cell, resulting in the liberation of the
of PEO was clearly detected for all nanocomposites at around phospholipids and nucleic acids from the cytoplasm and of the
—50°C independently of composition (Table 2), suggesting that proteins, lipids, and carbohydrates from the cell envelope of
mixing was not occurring between the amorphous fraction of the microorganism?“8It is therefore possible that the bacteria
PEO and any other constituents. cell debris also contributed to the depression in melting point

In contrast, thé, and heat of fusion of the PEO was greatly and crystallinity of the PEO. To verify this possibility, a
depressed by the presence of cellulose in the nanocompositeseference experiment was conducted on the nanocomposite
(Figure 5). In fact the depression of the PERQ by ap- grown in 1% w/w PEO, i.e., having a BC/PEO ratio of 53:47.
proximately 10°C was accompanied by a large drop in In this reference experiment, the sample was heated t¢@50
crystallinity from about 67% to 21% (Table 2). The, and and maintained at that temperature for 5 min, at which point
crystallinity index of PEO decreased proportionally to the 22% weight loss had occurred, ensuring that water and the
cellulose content in the nanocomposite. These results are similaproteinaceous material had evaporated and pyrolyzed respec-
to those obtained on tunicin whiskers/PEO nanocomposites. tively. After this thermal treatment, tH&, and crystallinity index
In tunicin whiskers/PEO composites, thik of PEO was of the PEO were determined following the same temperature
unaffected by the addition of up to 30% cellulose whisker, schedule as that done on the reference cellulose/PEO nanocom-
whereas th@,, and crystallinity index of PEO were significantly  posite. After removal of the impurities, tig, of PEO was lower
depressed by the presence of cellulose. The diameter of the PEG@han that of the neat PEO but not as low as that measured in
spherulites was also found to decrease from approximately 200the original nanocomposite, indicating that both the cellulose
to 10 um with the addition of 10% cellulose whiskers. This and the bacteria cell debris participated in the melting point
behavior was ascribed to cellulose whiskers acting has adepression (Figure 6). In contrast, the crystallinity index in the
nucleating surface for PEO and also sterically hindering purified nanocomposite was similar to that of the original
spherulitic growth due to their fine dispersion into the PEO. nancomposite at 0.4& 0.03, supporting the premise that the
Although the PEO was of higher molecular weight ¥110° cellulose alone hindered PEO crystallization due to its fine
g/mol) than in the present study, similar morphological effects dispersion in the PEO matrix. CDV

Temperature (°C)
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4 tunicin nanocrystals (70) may further explain the large reinforc-
ing effect in BC/PEO nanocomposites although again there may

[ be some contribution from the bacterial cell debris. The lower

l crystallinity index in nanocomposites having higher cellulose

content also likely contributed to the observed stabilization.

i

Conclusions

Roughness (nm)
5]

The potential of manipulating the biogenesis of bacterial

j cellulose to produce fiber-reinforced thermoplastic nanocom-
—— posites of controlled composition, morphology, and properties

was demonstrated. By modifying the culture medium of bacterial

100 :0 53:47 23:77 15:85 0:100

BC:PEO wiw ratio cellulose with various concentrations of poly(ethylene oxide),
Figure 7. Root-mean-square roughness of the BC/PEO nanocom- nanocomposites were produced with BC/PEO w/w ratios
posites as a function of the BC/PEO wiw ratio. ranging from 15:85 to 59:41. As the PEO content increased,
109 the cellulose crystallized into smaller nanofibers (ca. 20 to 10
, nm in width) that were finely dispersed into PEO. The
108 nanofibers were further bonded together into bundles; 77
5 nm wide, that systematically widened as the PEO content
_ 1 . 50:41 ° increased. At the same time, theckllulose allomorph became
é'.‘; 106 | v 5347 ° more prominent, and the crystallinity and melting temperature
(] - 3367 o of PEO decreased. The observed morphological modifications
10° 4 : fggg ° of PEO were principally ascribed to the fine dispersion of
00l o 0:100 . cellulose nanofibers into the PEO matrix but also to intermo-
lecular interactions such as hydrogen bonding as demonstrated
108 : : i : i —a by FTIR spectroscopy. The bacterial cell debris also contributed
60 -40 20 0 20 40 60 80 100 to the melting point depression.
Temperature (°C) Expectedly then, the thermal and mechanical properties of
Figure 8. Storage tensile modulus E' versus temperature at 1 Hz the nanocomposites deP_e”ded on composition a”O_' morphology.
for nanocomposites of varying BC/PEO wiw ratios. The thermal decomposition temperature of PEO increased by
15°C in the nanocomposites, and this increase was ascribed to
Physical and Mechanical Properties of BC/PEO Nano- mutual thermal stabilization with cellulose. When tested in

composites. When grown under agitated conditions, pure tension, BC effectively reinforced the PEO matrix in the glassy
bacterial cellulose dries in the form of clumps of disorganized and rubbery states and most significantly above the melting
fibrils that are easily torn apart. In contrast, the nanocompositestemperature of PEO. The reinforcing effect was proportional
were in the form of fibrous material that could be easily molded to the cellulose content. Surface roughness was also significantly
into resilient and bendable films. The surface topography of reduced with increasing PEO content.
the nanocomposites changed with composition. As the BC/PEO  This research therefore demonstrates the potential to biologi-
ratio decreased from 59:40 to 15:85, the nanocomposites becameally engineer phase morphology and selected physical, thermal,
smoother with root-mean-square roughness dropping to the sub-and mechanical properties in fiber-reinforced thermoplastic
nanometer level as measured by AFM (Figure 7). This indicated nanocomposites. Future research steps could involve the removal
that in the nanocomposites the surface roughness may be tailore@f the bacterial cell debris or the processing and utilization of
from composition, which may be of particular interest for the nanocomposites as produced. Indeed, the observed property
biomaterial applications requiring specific surface properties and enhancement in these nanoomposites compared to neat PEO
adhesion. pose the question of the necessity to remove bacterial cell debris
The linear mechanical behavior of the nanocomposites wasin biologically produced materials for a specific application.
also evaluated in tensile mode under dynamic loading (Figure .
8). Note that the neat bacterial cellulose was not tested as the Acknowledgment. This research was partly supported by
formed sheet was brittle and easily broken. The storage modulithe International Marketing Program for Agricultural Com-
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