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Molecular imaging of single cellulose chains aligned on a
highly oriented pyrolytic graphite surface
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Abstract—Individual cellulose macromolecules were successfully visualized on a highly oriented pyrolytic graphite (HOPG) surface
by tapping-mode atomic force microscopy under ambient condition. Monomolecular-level dispersion of cellulose chains was
achieved through the momentary contact of dilute cellulose/cupri-ethylenediamine (Cu-ED) solution onto the HOPG substrate.
Both concentrations of cellulose and Cu-ED provided critical impacts on the topographical images. Single cellulose chains with
molecular height of ca. 0.55 nm could be observed under the optimal conditions, showing rigid molecular rods with a unique
morphology of hexagonal regularity. It was strongly suggested that the cellulose chains were aligned along the HOPG crystal lattice
through a specific attraction, possibly due to a CH–p interaction between the axial plane of cellulose and the HOPG p-conjugated
system. These phenomena would imply the potential applications of an HOPG substrate for not only nano-level imaging, but also
for molecular alignment of cellulose and other structural polysaccharides.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The morphological nano-imaging of biomacromolecules
at the single molecular level provides various kinds of
fundamental information on biological and physico-
chemical aspects, resulting in a number of innovative
possibilities for the development of functional biopoly-
mer materials.1,2 Atomic force microscopy (AFM), one
of the major scanning probe microscopic analyses, is a
powerful tool for molecular imaging under various
analytical conditions. AFM visualization offers the
conformational details of individual polymers on the
nano-flat substrates at an atomic resolution, especially
in the vertical direction.3 Hence, nano-imaging via
AFM has recently attracted much attention for deter-
mining the sharp distinction of real shapes of macromol-
ecules and their assembly, being complementary to the
conventional analytical methods providing the average
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information on polymer population, for example, light
scattering, viscoelastic, spectroscopic and chromato-
graphic characteristics.4

Many researchers have currently reported that moder-
ate interaction at the polymer/substrate interface is an
essential factor for successful AFM imaging without
any displacement and distortion of the polymer samples.3

Cleaved mica and highly oriented pyrolytic graphite
(HOPG) are typical atomically-smooth substrates for
the AFM imaging of hydrophilic and hydrophobic poly-
mers, respectively. In the case of deoxyribonucleic acid
(DNA) imaging, anionic DNA chains were successfully
attached onto the negatively-charged mica surface
through an electrostatic screening via cationic media-
tors.5–7 On the other hand, it was reported that hydro-
phobic n-alkane-grafted polymers were regularly
oriented on an HOPG surface via hydrophobic interac-
tion, and their epitaxial crystallization was visualized
by AFM analysis.8–10 Thus, AFM imaging can provide
a significant insight into the fundamental knowledge of
polymer characteristics.
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Figure 1. Schematic illustration of cellulose coordinated with the
cupri-ethylenediamine complex (Cu-ED) at its C-2 and C-3 hydroxyl
groups.22
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Cellulose is the most abundant biomacromolecule,
and forms the main constituent of the cell wall in higher
plants.11 Cellulosic polymers have been widely used in a
diverse array of applications, for example, in paper, tex-
tile fibres, film, plastics, food additives, cosmetics and
medical supplies.12 Recently, the molecular features of
cellulose for self-assembly and hierarchical organization
have generated much interest in the area of smart mate-
rials from bio- and nano-engineering perspectives.12,13

The three equatorially-positioned hydroxyl groups of
the anhydroglucopyranose (AHG) unit in the cellulose
b-(1! 4)-DD-glucan-chains trigger the spontaneous for-
mation of a regular and strong hydrogen-bonding net-
work, resulting in the vertical stacking of hydrophobic
axial faces mainly through van der Waals attrac-
tion.14–16 Such molecular assembling features lead to
poor solvent solubility, and thus the strong molecular
interaction makes the AFM observation of individual
cellulose chains much more difficult. Successful molecu-
lar imaging of various water-soluble polysaccharides has
been more or less achieved,17–20 but not yet for cellulose.

Recently, we reported very clear AFM images of car-
boxymethylcellulose (CMC), a typical water-soluble
(hydrophilic) cellulose ether derivative, by using a hydro-
phobic HOPG substrate.21 The conformational changes
in individual CMC chains were successfully visualized
under various salt conditions, where the residual AHG
units in the CMC chains possibly played an important
role in the moderate CMC attachment onto the HOPG
surface for clear molecular imaging. In this study, we
challenged the molecular imaging of single cellulose
chains by tapping-mode AFM analysis using a hydro-
phobic HOPG substrate. Homogeneous cellulose/cupri-
ethylenediamine (Cu-ED) solution was placed in
momentary contact with the HOPG surface, enabling
the physical adsorption of molecular cellulose on the
HOPG surface. The morphological changes in cellulose
chains at a mono-molecular level were investigated by
altering the Cu-ED and cellulose concentrations.
2. Results and discussion

2.1. Effect of Cu-ED concentration on cellulose

visualization

In general, water-soluble polymer chains can be simply
placed on a hydrophilic mica surface by applying the
polymer solution dropwise, and in most cases AFM
observation is possible by controlling the solution condi-
tions.3 However, this conventional approach was not
effective for AFM imaging of CMC21 and cellulose (data
not shown), possibly due to their strong molecular
assembling properties, although cellulose is homoge-
neously soluble in aqueous 500 mM Cu-ED solution in
a complex state, as illustrated in Figure 1.22 Hence, the
hydrophobic HOPG substrates were applied to ade-
quately immobilize the cellulose chains for AFM
imaging.

Figure 2a shows the AFM image of the HOPG sur-
face treated with 20 mg L�1 cellulose/500 mM Cu-ED
solution. Long-chain cellulose with a molecular weight
(MW) of ca. 2.8 · 105 g mol�1 was subjected to the
AFM imaging. Disordered tangled cellulose chains were
observed, but molecular imaging was possible to some
extent under the conditions that no cellulose chains were
found on the mica substrate. Nothing was also found on
the HOPG substrate treated with cellulose-free 500 mM
Cu-ED solution, and X-ray photoelectron spectroscopy
(XPS) of the HOPG surface of Figure 2a confirmed that
there was no elemental peak of Cu and N derived from
Cu-ED solution (see Supplementary data). Thus, residual
Cu-ED portions were little as to be neglected within the
limit of XPS detection, probably indicating that most of
the cellulose/Cu-ED coordination was cleaved by suffi-
ciently rinsing with water. As in the case of the previous
CMC study,21 a successful AFM imaging could be
achieved by adjusting the contact time of the cellulose
droplet on the HOPG surface (within 1 s); a shorter con-
tact time achieves better molecular dispersion. In all
cases for the AFM imaging, longer contact times
brought about excessive adsorption and massive aggre-
gation of cellulose molecules and their assembly, result-
ing in an obscure molecular imaging because of the
overall coverage of the HOPG surface (data not shown).

Lowering the Cu-ED concentration at the same cellu-
lose content (20 mg L�1) provided the different AFM
images shown in Figure 2b–e. In the case of 250 mM
Cu-ED concentration, a wire net-like assembly with flex-
ible cellulose chains was observed (Fig. 2b), while the
regular nano-network morphology comprised of line-
arly-ordered polymer segments was found in the AFM
image of the HOPG surface treated with the 100 mM
Cu-ED solution (Fig. 2c and d). Molecular-level cellu-
lose chains of 0.58–1.28 nm thickness were confirmed
by the vertical information of the AFM image, that is,
a height profile along the white line indicated in Figure



Figure 2. AFM images of cellulose chains on the HOPG substrate
treated with 20 mg L�1 long-chain cellulose/Cu-ED solution. Cu-ED
concentration: (a) 500 mM, (b) 250 mM, (c, d) 100 mM and (e)
80 mM. Image size: (a–c, e) 1.0 · 1.0 lm2 and (d) 2.0 · 2.0 lm2. Height
profiles along the scanning (white) lines are indicated below each AFM
image.
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2c. Further dilution of the Cu-ED solution (80 mM)
brought about the larger, non-fibrous aggregation of
cellulose chains possibly due to the insufficient dissolu-
tion (Fig. 2e).

In the cellulose/Cu-ED/H2O system, it is well known
that the molecular dispersion of cellulose is achieved by
the disruption of intra- and inter-molecular hydrogen
bonds via the stoichiometric coordination of the Cu-ED
complex to C-2 and C-3 hydroxyl groups of cellulose, as
illustrated schematically in Figure 1.22 Thus, cellulose
chains dissolved in the Cu-ED solution with higher
concentration were possibly deprived of their molecular
rigidity (Fig. 2a). On the other hand, cellulose molecules
were presumably obtained in their original amphiphilic
ribbon-shaped conformation at a lower Cu-ED concen-
tration by diluting the solution. Cellulose chain align-
ment on the HOPG surface in 100 mM Cu-ED
(Fig. 2c and d) was similar to that of CMC mono-chains
reported in our previous study,21 indicating that rigid
cellulose polymers strongly interacted with the HOPG
surface through a specific attraction. Obvious deposition
of cellulose was found at an 80 mM Cu-ED concentra-
tion (Fig. 2e) due to the excess dilution possibly induc-
ing the formation of an unstable cellulose/Cu-ED
complex. Thus, in this study, using long-chain cellulose
with a MW of ca. 2.8 · 105 g mol�1, a 100 mM Cu-ED
solution obtained by fivefold diluting a 500 mM Cu-
ED solution was the optimal solution for achieving
appropriate molecular attachment and clear AFM
imaging.

2.2. Molecular imaging of single cellulose chains

Morphological changes in single cellulose chains dis-
persed on the HOPG surface from 100 mM Cu-ED solu-
tion were investigated in detail as a function of cellulose
concentration. Changes in the cellulose concentration
ranging from 2.5 to 40 mg L�1 significantly affected
the apparent molecular images of cellulose chains
attached on the HOPG surfaces (Figs. 2c, d and 3). Nee-
dle-like cellulose chains were observed at 2.5 mg L�1

(Fig. 3a and b), and a nano-network morphology with
rigid chain conformation was prominently displayed at
5.0 mg L�1 (Fig. 3c and d), being comparable to the case
of 20 mg L�1 (Fig. 2c and d). Such nano-web morphol-
ogy with a regular chain alignment was also found at a
higher cellulose concentration (40 mg L�1) but signifi-
cantly became denser, as shown in Figure 3e and f.
These results possibly indicated that the cellulose/
HOPG interaction was considerably strong, driving
the regular chain alignment in spite of the inherent cel-
lulose/cellulose association. As indicated in Figures 2c,
d and 3, the cellulose concentration was one of the
critical factors for the molecular imaging of individual
cellulose chains in the AFM analysis, and lower cellu-
lose concentration brought about the good molecular
dispersion of cellulose at a mono-chain level.

AFM imaging emphasizes the vertical profiles of poly-
mer chains at an atomic resolution,3 while conventional
transmission electron microscopy offers poor contrast
for carbohydrate polymers on a graphite surface. In
order to distinguish individual cellulose chains, the
molecular thickness of cellulose chains on the HOPG
surface was measured in detail at 2.5 mg L�1. In Figure
3a and b, well-scattered fine cellulose chains had a
height of 0.55 ± 0.09 nm (n = 40), approximately corre-
sponding to the thickness in the axial direction of cello-
biose unit as predicted in theory by standard space
filling model (0.4–0.5 nm).23 It was also reported that



Figure 3. AFM images of cellulose chains on the HOPG substrate
treated with long-chain cellulose/100 mM Cu-ED solution. Cellulose
concentration: (a, b) 2.5 mg L�1, (c, d) 5.0 mg L�1 and (e, f)
40 mg L�1. Image size: (a, c, e) 1.0 · 1.0 lm2, (b) 3.0 · 3.0 lm2 and
(d, f) 2.0 · 2.0 lm2. Height profiles along the scanning (white) lines are
indicated below each AFM image.

Figure 4. AFM images of cellulose chains on the HOPG substrate
treated with 2.5 mg L�1 short-chain cellulose/50 mM Cu-ED solution.
Image size: (a) 1.0 · 1.0 lm2 and (b) 2.0 · 2.0 lm2. Height profile along
the scanning (white) line is indicated below AFM image (a).

Figure 5. AFM and two-dimensional fast Fourier transform (2D-
FFT) images of cellulose chains on the HOPG substrate treated with
20 mg L�1 long-chain cellulose/100 mM Cu-ED solution. (a) The same
image as Figure 2c. (b) 2D-FFT was performed for the white square
region in AFM image (a) to avoid any artifact calculation due to a gap
in the different HOPG facets.
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the d-spacing of (20 0) lattice plane of cellulose Ib was
ca. 0.4 nm,24 supporting the successful visualization of
the single cellulose molecules attached on the HOPG
surface. The rigid chain segments of the bendable molec-
ular cellulose rods had a length of 60 ± 15 nm (n = 40),
roughly comparable to the Kuhn length (ca. 20–30 nm)
of cellulose dissolved in Cu-amine solution.25 In the case
of short-chain cellulose with a MW of ca. 3.2 ·
104 g mol�1, linear oriented cellulose bundles assem-
bled with two or more molecules were illustrated in
Figure 4, and most of the linear cellulose bundles, except
for obscure dots and entanglements, possessed a
longitudinal length of ca. 120 nm in rough accordance
with the theoretical chain length (100–150 nm) of a
native cellulose microfibril with level-off MW.12 Thus,
it was presumed that the AFM imaging in this study
possibly provided the molecular shape of cellulose
chains.
2.3. Molecular alignment of cellulose chains on HOPG

The molecular attachment of cellulose chains onto the
HOPG surface appeared regularly, and similar molecu-
lar alignment was observed in Figures 2c, d, and 3c, d.
Thus, the two-dimensional fast Fourier transformation
(2D-FFT) analysis of the same HOPG facet (white
square region), as shown in Figure 5a (the same AFM
image in Fig. 2c), was performed to elucidate the direc-
tional characteristics for the cellulose/HOPG interac-
tion. As shown in Figure 5b, the 2D-FFT diagram of
the AFM image displayed a clear hexagonal pattern
with three vectorial components crossing at 120� to each
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other. This result presumably suggested that the cellu-
lose chains were aligned along the hexagonal HOPG
crystal geometry with the sp2 hybridized orbital of the
aromatic rings. In Figure 3c and d, there were bare
HOPG surface domains on which no cellulose chains
were adsorbed, possibly implying that the quasi-rigid
cellulose molecules were immediately stripped from the
structural defect domains of the HOPG surface during
the sample preparation.

An epitaxial array of n-alkane crystals on the HOPG
surface has already been reported; the length of the C–
C–C bonds of the n-alkane (0.251 nm) adapted to the
unit cell size along the [10-10] axis of the HOPG crystal
(0.246 nm) caused the n-alkane side-chains of the poly-
mer to stand in a specific direction as a result of CH–p
interaction.8,9 It is also reported that the axial planes
of ribbon-shaped cellulose strongly interact with the
sp2 hybridized orbital of the aromatic rings possibly
due to CH–p bonding.26,27 Hence, quasi-planar cellulose
chains with a molecular rigidity owing to intra-molecu-
lar hydrogen bonds may match the planar graphite
rings. The c-axis length of the native cellulose Ib crystal
unit lattice (1.036 nm)15,24 roughly corresponds to the
fourfold length of the HOPG lattice parameter
(0.984 nm). There may be a possibility that cellulose
chains dissolved in 100 mM Cu-ED solution remained
in their rigid but slightly flexible molecular structure,
and were aligned on the HOPG crystal surface com-
posed of a p-conjugated system via agreement with the
geometric regularity of cellulose and HOPG during the
molecular attachment of cellulose chains on the HOPG
surface by cleaving the Cu-ED coordination. Such hex-
agonal molecular conformation was a unique specific
morphology, and other b-(1! 4)-DD-glucan-type struc-
tural polysaccharides are expected to apply to the
molecular imaging and alignment through the use of a
hydrophobic HOPG substrate.
3. Conclusion

Single molecular cellulose chains were successfully
immobilized on the HOPG surface and clearly visualized
through AFM analysis, by carefully adjusting the con-
tact time of the cellulose/Cu-ED solution with the
HOPG surface. The molecular conformation and align-
ment of cellulose chains significantly varied with Cu-ED
and cellulose concentrations. The angular hexagonal
morphology of cellulose was observed; quasi-rigid cellu-
lose chains were presumably attached onto the HOPG
surface via CH–p interactions. The first achievement
of the clear visualization of individual cellulose mole-
cules by using a hydrophobic HOPG substrate would
provide fundamental and valuable information on both
the nano-imaging and molecular orientation of various
structural polysaccharides.
4. Experimental

4.1. Materials

Commercial cotton cellulose samples (MW: ca. 2.8 · 105

and ca. 3.2 · 104 g mol�1) were used after washing
thoroughly with acetone; these were called long-chain
and short-chain cellulose, respectively. Nano-flat HOPG
plates were purchased from Veeco Instruments, Co. Ltd.
The water used in this study was purified with a Milli-Q
system (Millipore, Co. Ltd). Other chemicals were of
extra-pure reagent grade and used without further
purification.

4.2. Sample preparation

Cotton cellulose was dissolved in 1 M Cu-ED aqueous
solution at room temperature for more than 24 h,
followed by diluting twice with Milli-Q water according
to the conventional method.28 The working solution was
prepared with 80–500 mM Cu-ED solution (final
concentration of cellulose: 2.5–40 mg L�1) from
2 g L�1 cellulose/500 mM Cu-ED solution stored at
4 �C for more than 48 h. A small amount of designated
cellulose/Cu-ED solution (10 lL) was dropped onto
acetone-prewashed HOPG at room temperature, and
immediately removed within 1 s by waving in air,
followed by sufficiently rinsing with Milli-Q water and
drying in a stream of dry N2 gas.

4.3. AFM Imaging

AFM topographical images were obtained under ambi-
ent conditions using a NanoScope IIIa atomic force
microscope (Digital Instruments, Co. Ltd) operated by
tapping mode with an E-type scanner and single-crystal
silicon cantilevers (length: 125 lm, spring constant:
40 N m�1, resonance frequency: 200–400 kHz). AFM
measurements were carried out at five different regions
(scan size: 1.0 · 1.0, 2.0 · 2.0, 3.0 · 3.0 lm2) per sample.
The morphological data of the AFM images, that is,
height and length were analyzed using the AFM-acces-
sory software (ver. 5.12b36), and two-dimensional fast
Fourier transformation (2D-FFT) was performed via a
Scanning Probe Image Processor (SPIP ver. 3.1.0.2,
Image Metrology A/S). All AFM images presented here
were adequately flattened using the software to correct
the distortion at a micrometer scale, but no other digital
operation was carried out.
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