Size and arrangement of elementary fibrils in crystalline cellulose studied
with scanning tunneling microscopy
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Scanning tunneling microscog$TM) was used to investigate the ultrastructure of cellulose. The
materials used in the experiments were cotton fiber, dewaxed cotton fiber, and microcrystalline
cellulose. The results showed that the elementary fibrils in all these kinds of cellulose could be
directly observed from the surface and cross-sectional view with high resolution. The elementary
fibrils assembled together in parallel, and their lateral dimension showed a great variability in
different kinds of cellulose, but was uniform in the same kind of cellulose. Elementary fibrils were
the smallest structural units of cellulose, and they further aggregated into microfibrils, and the
microfibrils constituted fibrils. In each gradation, the fibers piled up in parallel. STM was useful in
studying the fine structure of cellulose. €997 American Vacuum Saciety.
[S0734-211X97)12704-4

[. INTRODUCTION studying of biological objects, such as macromolecules.
Compared with other structure analytical tools, SPM can be
Cellulose is the major polysaccharide component of planperformed in ambient condition, and its resolution is very
cell wall and is the most abundant organic compound on th@igh. It has been widely used to image the topography of
planet. It plays a very important role in the carbon and enDNA, protein, and membrané.In the past, atomic force
ergy cycles of the biosphere. Thus, more and more attentiomicroscopy has been used to study the structure of algal
has been paid to studying its structure, function, anccellulose!®'* Here, scanning tunneling microscog$TM)
biodegradatiorl. The existence of an elementary cellulosewas used to investigate the ultrastructure of three kinds of
fibril (ECP), as the structural units of cellulose, was proposectellulose, and high-resolution STM images have been ob-
a long time agd:® Since then, the size of the smallest crys-tained.
talline unit has been measured in cellulose from valdffa,
bacteria’® cotton®”® flax,? jute? and ramie4-81011py
transm}ssmn electron microscopyEM), wide-angle Xray | MATERIALS AND METHODS
scattering (WAXS), and small-angle x-ray scattering
(SAXS). It is evident from the reported data that the size of Cotton fiber, dewaxed cotton fiber, and microcrystalline
these crystalline regions showed a great variability. In someellulose were used as the materials. The cotton fiber was
cases, this was interpreted as being due to the agglomeratiémom the cultivated cotton variety H123 A. The dewaxed
of elementary subunits of about 35 A in siZeand in other fibers and microcrystalline cellulose Sigma cell type 50 were
cases this interpretation was refuted and the existence of gurchased as commercial reagents. The cotton fiber and de-
ECF was questioned altogetfeHowever, Jakotet al. re-  waxed cotton fiber were made into powder by smashing,
ported that the wood cell wall was built with elementary washed with distilled water, and then heated to dry at 50 °C.
cellulose fibrils having a uniform thickness of 25 2 A, For the STM experiments, the cellulose powder was sus-
which was shown by investigating the same sample indeperpended in anhydrous ethanol, 2@l of suspension was
dently with three different experimental techniques, TEM,dropped on newly cleaved highly oriented pyrolytic graphite,
WAXS, and SAXS® But to date, to the best of our knowl- and then dried in air. The STM experiments were carried out
edge, the ultrastructure of cellulose has not yet been knowim ambient environment with a domestic STM setup CSPM-
completely. 930a(manufactured by the Institute of Chemistry, Academia
The appearance of the scanning probe micros¢§®M)  Sinicg. The normal STM constant current mode was used,
technique has principally opened new possibilities for thewith tungsten tips made by electrochemical etching. Tunnel-
ing current and bias voltage were indicated in the relevant
dAuthor to whom correspondence should be addressed. legends of the photographs.
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(b) (d)

Fic. 1. The STM images of cotton fiber of the variety H123 W, = 740 mV, | =0.18 nA, scan arega) 320 nmx320 nm, (b) 64 nmx64 nm, (c)
32 nmx32 nm, and(d) 16 nmx16 nm.

[ll. RESULTS AND DISCUSSION observedFig. 1(a)]. The lateral diameter ranged from 90 to
Cotton fiber is the only native pure cellulose material with 120 nm, and their length was greatly beyond the scanning

an amount of cellulose up to 95%—97%. After being dew_scale. It could be also seen that the cellulose fibrils were

axed, it is a good kind of substrate for structure and biodegt@MPosed of thinner fibers, which was called microfibril,
radation researchers. with 25—-35 nm in diameter. With higher resolution, the mi-

Because the dimension of the cotton fiber with 10—10¢crofibrils could be seen more cleaflfig. 1(b)]. It was also
um in diameter was greatly beyond the STM maximumshown that the microfibrils consisted of much thinner fibers
scanning scale, the STM tip could only scan in a part area ofvith a 25+ 3 A diam. The thinner fibers were elementary
the cotton fiber surface. Figure 1 shows the STM images ofibrils, which were made up of cellulose molecules. Their
the H123 A cotton fiber. The cellulose fibrils were clearly structures were shown in Figs(cl and Xd). Some of the
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Fic. 2. The STM image of the dewaxed cotton fib&f,,c=830 mV, )
l,&+=0.18 nA, and scan area, 32 x82 nm. Fic. 3. The STM image of microcrystalline cellulose Sigma cell type 50.

Vpias=475 mV, | ,=0.81 nA. Scan area 40 ng#@0 nm.

elementary fibrils were agglomerated tightly, some of thempjith the results reported by Jakeb al. Otherwise, its actual
were dissociated from others. It could be concluded that thgalue varied with the materials. It is evident from the re-
cotton fiber was built with elementary fibrils. Cellulose, asported data that the size of these crystalline regions showed a
the native macromolecule, was constituted in the steppingreat variability. This might be due to the agglomeration of
mode. The cellulose molecule wag-1, four-linked  elementary subunits, just like the observed results in this
D-glucose monomers with cellobiose as repeat units; theyrticle.
aggregated together to form elementary fibrils depending on The ultrastructure of cellulose has been studied with elec-
intra- and intermolecular hydrogen bonds. Elementary fibrilsron microscopy, and a lot of information about this complex
were the smallest structural units of cellulose. Elementarpiological system was gained. However, to date, to the best
fibrils further assembled into microfibrils, and microfibrils of our knowledge relatively little is known about its detailed
constituted fibrils. In each gradation, the fibers were parallestructure at the microscopic level. This is, in part, due to the
to each other. fiber structure of the cellulose with crystalline and amor-
Figure 2 shows the STM image of dewaxed cotton fiberphous domains at the microscopic level. Transmission elec-
with high resolution. The surface structure of the dewaxedron microscopy requires tedious sample preparation proce-
cotton fiber could be observed, and was similar to that of thejures and staining methods, which contain the danger of
H123 A cotton fiber; the elementary fibrils could be seenaltering the structure of the sample, it is difficult to directly
directly. The thinnest elementary fibril assembled in parallebpserve the structure of the elementary fibrils with higher
with a diameter of of 30= 3'A, the chains in the elementary resolution. Small-angle x-ray scattering has widely been ap-
fibrils with a 7-10 A diam might be the cellulose molecule. plied to the study of cellulose fibril, and some parameters,
In order to understand the size and arrangement of thguch as the diameter of elementary fibril, might be deter-
elementary fibrils in the crystalline cellulose comprehen-mined with higher accurac’;?However, SAXS does not pro-
sively, the surface and transverse section structures of thgde direct images of the structure, and the information

highly crystallized microcrystalline cellulose were studiedgained with SAXS is averages. Compared with TEM and
with STM. The STM image is shown in the Fig. 3. It could

be seen from the cross-sectional view that the elementary

fibrils piled up, which was consistent with that observedTABLE |. The elementary fibril diameter measured in three types of cellulo-
from the surface view. The cross section of the elementary®s:

fibril was oval in shape, the diameters of the elementary

Diameter of the

fibrils were 18+ 2 A. Types of cellulose elementary fibril(A)
“Ti?e elemedntak:y fibril d|ameter§ o; t_heTsebIthrIeeTrl](mds ulu Cotton fiber of H123 A 53 A

cellulose used above are summarized in Table I. The resu S Dewaxed cotton fiber 393 A

suggested that the diameter of the elementary fibrils in the wmicrocyrstalline cellulose Sigma cell type 50 42 A

same kinds of cellulose was uniform. This was consistent
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SAXS, the sample preparation for STM is very simple, andACKNOWLEDGMENTS
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concluded that it is possible to directly observe the fine struc-

ture of cellulose of a crystalline region, such as the arrange-

mem. Cl)f microfibrils arr:d elementary flbr.lls’ |tf|shes_peglglly IlP. Beguin and J. P. Aubert, FEMS Microbiol. R&B, 25 (1994.
possible to qbgerve the structure apd size of the individual2a \ Heyn, 3. Appl. Physs, 519 (1955.

elementary fibril and compare the differences between them.3a. N. Heyn, J. Appl. Phys9, 1113(1955.

More over, STM is able to directly investigate the structure :A- M. Scallan, Text. Res. #1, 647 (1971. _

of biomolecules under physiological conditions; it can be ; Haase, R.Hosemann, and B. Renwanz, Kolloid Z. Z. Pogs, 871
applied to observing the dynamic process of biodegradations; jaase, R. Hosemann, and B. Renwanz, Colloid Polym.256i. 712

of cellulose by cellulase, such as the adsorption of cellulase (1974.
on a cellulose surface. E. K. Boylston and J. J. Hebert, J. Appl. Polym. S25, 2105(1980.
8H.-P. Fink, D. Hofmann, and H. J. Purz, Acta Polyd, 131(1990.

9 H. F. Jakob, D. Fengel, S. E. Tschegg, and P. Fratzl, Macromole28les
[V. CONCLUSION 8782(1995.

. : 10A. M. Hineleh and D. J. Johnson, Polym&8, 423(1972.
To sum up, STM was used to investigate the ultrastructurelll Blackwell and F. J. Kolpak, Macromoleculgs322 (1975,

of cellu_lose of cotton fiber, de_waxed cotton fiber, and mi(_:ro_- 12R. WiesendangerScanning Probe Microscopy and Spectroscopy, Meth-
crystalline cellulose. The existence of an elementary fibril ods and Application§Cambridge University Press, Cambridge, 1994
could be demonstrated by STM with high resolution. More- ij; Kuutti, J. Peltonen, J. Pere, and O. Teleman, J. Micrb8, 1 (1995.
over, the size and arrangement of the elementary fibrils in the > J; Haniey, J. Giasson, J-F. Revol, and D. G. Gray, Poly38e4639
cellulose could also be clearly observed. All the resultsisg Y. Atalla, The Structure of Cellulose: Characterisation of the solid
showed that STM is a useful technique for investigating the states ACS Symposium, Series 34Bmerican Chemical Society, Wash-

fine structure of cellulose. ington, D.C., 198}.

JVST B - Microelectronics and Nanometer Structures



