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Abstract

Future developments in cellulosic materials are predicated by the need to understand the fundamental interactions that occur at cel-
lulose fibre interfaces. These interfaces strongly influence the material properties of fibre networks and fibre reinforced composites. This
study takes advantage of fluorescence resonance energy transfer (FRET) and fluorescence microscopy to image cellulose interfaces.
Steady-state epi-fluorescence microscopy suggests that energy transfer from coumarin dyed fibres to fluorescein dyed fibres is occurring
at the fibre–fibre interface. The FRET response for natural spruce fibre interfaces is distinctly different from that observed in synthetic
viscose fibres. This approach constitutes a novel methodology for the characterization of soft material interfaces on the molecular scale,
and represents a major opportunity for advancing the understanding of fibrous network structures.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of biomass-derived materials is receiv-
ing increased focus primarily due to the need for sustain-
able green chemistry processes and materials (Bridgwater,
2003; Council, 2000; Ragauskas et al., 2006). Cellulose
fibres are particularly attractive for incorporation into
advanced materials due to their ubiquitous renewable pro-
duction, facile isolation and strength properties. Cellulose
fibres have been extensively investigated for potentially
unique applications in composites (Gindl, Schoeberl, &
Keckes, 2006; Zadorecki, Karnerfors, & Lindenfors,
1986), nanocomposites (Berglund, 2005; Choi & Simonsen,
2006), and as scaffolds in tissue engineering (Eichhorn
et al., 2006). A fundamental understanding of fibre–fibre
interfaces is critical to the design and fabrication of net-
worked structures such as composites because stress trans-
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fer between load bearing fibres operates through fibre–fibre
and fibre–matrix interfaces. For composites with high
fibre/matrix volume ratios, the percentage of fibre specific
surface area (m2/kg) that is close enough to facilitate
molecular interactions such as hydrogen bonding or attrac-
tive van der Waals forces (Notley, Pettersson, & Wagberg,
2004) is of critical importance to their physical perfor-
mance properties (Lindstrom, Wagberg, & Larsson,
2005). Fibre–fibre interfaces are also important to com-
posites with low fibre/matrix volume ratios. For example,
Dufresne and Favier et al. have concluded that the forma-
tion of a network of tunicin cellulose whiskers is responsible
for the dramatic increase in Young’s modulus of compos-
ites containing just 5% cellulose whiskers, by volume (Duf-
resne, 2003; Favier, Canova, Shrivastava, & Cavaille,
1997). Despite the importance of fibre–fibre interfaces to
both nano- and macro-scale network structures the need
for proper characterization has not been fully addressed.

This study is directed to provide a new approach for
characterizing fibre-fibre distance constraints at the inter-
face. Our approach is to functionalize a cellulose fibre
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Fig. 1. (a) Structure of donor, 7-diethylaminocoumarin-3-carboxylic acid
hydrazide (DCCH); (b) structure of acceptor, fluorescein-5-thiosemicar-
bazide (FTSC); (c) schematic of dyeing chemistry adapted from Anderson
(Anderson, 1986).
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system with a pair of fluorescent dyes capable of fluores-
cence resonance energy transfer (FRET) and then utilize
fluorescence microscopy to provide images of relative
energy transfer values within fibre–fibre interfaces. These
relative energy transfer values are proportional to the dis-
tances between labelled fibre surface components that com-
prise the fibre–fibre interface.

Forster developed a theory for the long range radiation-
less transfer of energy between chromophores almost sixty
years ago (Forster, 1948), now commonly referred to as
FRET. FRET occurs when two fluorophores within
1–10 nm have sufficient quantum yields, favourable
dipole–dipole orientations, and significant spectral overlap
between the donor emission and acceptor absorption spec-
tra (Van Der Meer, Coker, III, & Chen, 1994). The phe-
nomenon has been used as a powerful tool in
biochemistry for the measurement of molecular distances
with applications to the investigation of protein dynamics
(Somogyi et al., 1984) and sensing strategies (Takakusa
et al., 2002). Wong and Groves (Wong & Groves, 2001;
Wong & Groves, 2002) studied an analogous system to that
of fibre crossings while imaging the topography of lipid
bilayers via intermembrane resonance energy transfer.

2. Experimental

2.1. Materials

Viscose staple fibre was acquired from Lenzing AG
(Austria). The fibres were 1.2 denier (1.2 g/9000 m length),
manually cut to an average length of 1.9 mm, washed thor-
oughly with deionized water and air-dried prior to dyeing.
The spruce fibre is a never dried bleached white spruce
(Picea glauca) kraft pulp obtained from Alberta Pacific
(Canada). The pulp was lab bleached with chlorine dioxide
and fully washed prior to dyeing. The fibre properties were
determined using an OpTest Fibre Quality Analyzer. The
average fibre length is 2.5–3.0 mm; the fibre width is
25–75 lm and the cell wall thickness is 1–3 lm. 7-Diethyla-
minocoumarin-3-carboxylic acid hydrazide (DCCH) and
fluorescein-5-thiosemicarbazide (FTSC) were obtained
from Molecular Probes (Eugene, OR, USA) and used as
received. All other chemicals were obtained from Aldrich
and used as received.

2.2. Instrumentation

Steady state epi-fluorescence micrographs were collected
under controlled temperature and humidity (50% relative
humidity and 23 �C) using a Leica inverted light micro-
scope equipped with a fluorescence disc for fast changes
between filter sets. Custom filter cubes were manufactured
by Chroma Technology Corp (Rockingham, VT). The fil-
ter sets are chosen to separate three distinct signals (EX/
EM): the donor fluorescence (440 nm/480 nm); the directly
excited acceptor fluorescence (500 nm/525 nm long pass);
and the acceptor fluorescence due to FRET (440 nm/
525 nm long pass). Digital images were collected using a
Hamamatsu ORCA-ER digital camera.

Fluorescence spectra were collected under ambient con-
ditions using an ISS PC-1 steady-state fluorescence spectro-
photometer equipped with a 300 W xenon arc lamp and a
R928 PMT (Hamamatsu) photon-counting detector. The
excitation and emission monochromator slits were set to
achieve 8 and 4 nm spectral bandwidths, respectively, and
the front-face sample holder was set to an angle of 22.5�.
Spectra were collected using a step size of 1 nm and a 1 s
integration time.

2.3. Functionalizing fibres with fluorescent dyes

The model system in this study consists of natural and
regenerated cellulose fibres labelled with a fluorescein/cou-
marin dye pair via covalent hydrazone linkages as shown in
Fig. 1.

Both fluorescent dyes, DCCH (donor) and FTSC
(acceptor) are commercially available from Molecular
Probes (Eugene, OR) and have been used for various
FRET applications (Van Der Meer et al., 1994; Mitsui,
Nakano, & Yamana, 2000; Czworkowski, Odom, & Hard-
esty, 1991). The dyes were applied to the fibres using a
method adapted from Anderson (Anderson, 1986). Fibre
suspensions (3% w/w) were dyed overnight in glass vials
containing either 1.6 mmol/L solution of FTSC in 15 mL
dimethylformamide or 1.6 mmol/L solution of DCCH in
15 mL methanol. Both systems contained 28 lmol of HCl
to catalyze the reaction. After dyeing, the fibres were briefly
washed with DMF (50 mL) and then subjected to a mild
sodium borohydride (0.50 g fibre and 0.02 mmol NaBH4)
treatment in DMF (15 mL) for 1 h. The fibres were again
washed with DMF (50 mL), placed in cellulose extraction
thimbles, then Soxhlet extracted with acetonitrile overnight
to remove any excess dye. Precautions were taken through-
out the process to minimize sample exposure to light. Prior



Fig. 2. Excitation and emission spectra of DCCH (—) and FTSC (- - -) dyed viscose fibre.
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to microscopy, small sheets of viscose fibre were prepared
in order to determine the excitation and emission fluores-
cence spectra of the dyes covalently linked to cellulose by
steady state front face fluorescence spectroscopy. The spec-
tra of the DCCH and FTSC dyed viscose fibres are shown
in Fig. 2.

2.4. Fibre crossing preparation

Dilute suspensions (50 mg/L) of mixed fluorescein-dyed
and coumarin-dyed fibres were prepared in deionized water
and adjusted to pH 9 with 0.005 mol/L sodium tetraborate
decahydrate buffer. Fibre intersections, as shown in Fig. 3,
were prepared on glass slides by first filtering the suspen-
sion onto filter paper. The fibres were then transferred to
glass slides with light pressing followed by air-drying at
50% relative humidity and 23 �C in a controlled tempera-
ture and humidity room for at least 6 h.
Fig. 3. Representative reflected light micrograph of a wood fibre crossing
on a glass slide. Magnification 600·.
2.5. Image analysis

The measurement of FRET can be complicated by
local dye concentration changes and inefficiencies in the
microscope filter sets. The recent FRETN algorithm
developed by Gordon (Gordon, Berry, Liang, Levine,
& Herman, 1998) was employed in this work to correct
the signal at each pixel. Twenty crossings were analyzed
for each condition and each fibre crossing was analyzed
by the collection of three fluorescence micrographs using
three different filter sets. The FRETN correction method
described below requires values for samples containing
exclusively donor or acceptor dye. That requirement is
met by obtaining average gray scale intensities from
non-crossing regions on each of the fibres using three fil-
ter sets. Donor only, acceptor only, and both donor and
acceptor conditions are measured with each of the three
filter sets giving a total of nine values for the analysis.
These nine values are then used to calculate the corrected
FRETN value at each pixel in the crossing using MAT-
LAB and the MATLAB Image Analysis Toolpak.
Eqs. (1)–(5) are adapted from Gordon et al. and used
to calculate FRETN for fibre crossings. The first (capi-
talized) letter in each term refers to the Filter set
employed – FRET, Donor, or Acceptor. The second let-
ter refers to the section of the picture where the value
was collected: the acceptor fibre,‘‘a;’’ the donor fibre,
‘‘d;’’ or the fibre crossing, ‘‘x;’’ For example, ‘‘Dx’’ refers
to the signal from the fibre crossing using the donor filter
set in the microscope.

Axa ¼ Ax� ðAd=FdÞFx

1� ðFa=AaÞðAd=FdÞ ð1Þ

FRET1¼Fx�ðFa=AaÞDx�Axa½ðFa=AaÞ�ðFd=DdÞðDa=AaÞ�
G½1�ðDa=FaÞðFd=DdÞ�

ð2Þ
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Dxd ¼ Df þ FRET1½1� GðDa=AaÞ� �AxaðDa=AaÞ ð3Þ

FRETN ¼ FRET1

Dxd �Afa
ð4Þ

G ¼ QYA

QYD

/A

/D

T F

T D

ð5Þ

Eq. 5 is a factor relating the donor emission decrease as
measured by the donor filter set to the acceptor emission
increase measured by the acceptor filter set where QYA

and QYD are the quantum yields of the two dyes. UA refers
to the fraction of acceptor fluorescence transmitted by the
acceptor cube. UD is the fraction for the donor fluorescence
transmitted by the donor cube. TF and TD are the percent
transmissions of the neutral density filters in the FRET and
Donor filter sets, respectively. Literature values were used
for the quantum yields and the other factors were obtained
from the filter set spectra given to us by Chroma
Technology.

The projected crossing area is calculated planimetrically
in MatLab from each fibre crossing in the reflected light
image. This normalization for crossing area is necessary
in order to account for the inherent variation in the dimen-
sions of the natural fibres and to provide a basis for the
comparison of the two fibre sources.
3. Results and discussion

The primary region of interest in Fig. 3 is the fibre cross-
ing area where both donor and acceptor dyes are present
and FRET can occur. Fig. 4a shows the representative
FRETN surface plot from a viscose fibre crossing.

Striations on the viscose fibres manifest themselves as a
‘waffle like’ pattern in the FRETN surface. It stands to rea-
son that this type of response is the result of the high ridges
on each fibre contacting each other. There are no regions in
the viscose fibre interface with high levels of energy trans-
fer. Fig. 4b shows the FRETN surfaces for crossings con-
sisting of natural wood (Picea glauca) fibres. This
Fig. 4. Representative FRETN surface plots of (a) viscose fibre crossing and (
·10�5 FRETN arbitrary units.
interface is significantly different from that of the more reg-
ular viscose fibres and demonstrates areas of closer contact
as shown by the color coded FRETN legend. Fig. 5 com-
pares the pixel distributions of spruce and viscose fibre
intersections.

This histogram is composed of all FRETN pixels for all
crossings in each condition and is normalized for the total
projected crossing area of those crossings. The viscose
crossings have a tight distribution of pixels with low
FRETN values, while the spruce fibres have a more broad
distribution with a greater population of pixels with high
FRETN values.

These results suggest that spruce pulp fibres will have a
higher degree of bonding than viscose fibres. This result is
supported by measurements of the ultimate strength of
individual fibre–fibre joints in the literature. McIntosh
and Leopold observed that fibre–fibre bonds were nearly
seven times stronger than fibre–cellophane bonds (McIn-
tosh & Leopold, 1961). Likewise, it has been observed that
untreated rayon fibres (Mohlin, 1975; Torgnysdotter &
Wagberg, 2003) demonstrate lower joint strengths as com-
pared to wood fibers. There is evidence that natural fibres
have several advantages over viscose fibres that can lead
to superior performance in cellulose fibre composites (Eich-
horn et al., 2001; Borja, Riess, & Lederer, 2006). However,
the advantages of natural fibers are not limited to fibre–
fibre bonding and thus the findings from this study may
not fully explain the benefits of natural fibres incorporated
into cellulose reinforced composites.

Recent observations of the surfaces of natural wood
fibres in the wet state with atomic force microscopy indi-
cate that these surfaces are highly fibrillar in nature (Furuta
& Gray, 1998; Hanley & Gray, 1999; Pang & Gray, 1998).
Several researchers have also observed that these fibrils are
extended in solution (Pang & Gray, 1998; Chhabra, Spelt,
Yip, & Kortschot, 2005). Furthermore, microindentation
methods have indicated that natural wood fibre surfaces
are highly compliant to depths of 200–800 nm into the cell
wall (Chhabra et al., 2005). Unlike regenerated cellulose,
b) wood fibre crossing on glass. The units for the colour coded legend are
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Fig. 5. Cumulative FRETN image histograms for comparison of viscose and spruce fibre crossings.
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the surfaces of wood fibres contain amorphous low molec-
ular weight polysaccharides (Hartler & Mohlin, 1975)
which may be capable of interdiffusion thus leading to
adhesion at the fibre–fibre bond (McKenzie, 1984). These
low molecular weight components have lower glass transi-
tion points than pure cellulose and are likely to deform
considerably under ambient conditions (Goring, 1965).
The viscose fibres used in this study had smooth ridges run-
ning parallel to the fibre axis that were not amenable to the
formation of large areas of intimate fibre–fibre contact.
The results obtained in this study reflect the differences in
surface morphology and topochemistry for natural and
regenerated cellulose fibres.

Furthermore, a FRET response due to interdiffusion has
been observed by Winnik et al. for the coalescence and film
formation of various latex particles in nonaqueous disper-
sions (Pekcan, Winnik, & Croucher, 1990; Pekcan, Egan,
Winnik, & Croucher, 1990; Oh et al., 2003; Wu, Tomba,
Winnik, Farwaha, & Rademacher, 2004). Although their
studies did not include imaging, the latex systems studied
bear an analogy to the cellulosic fibre interfaces in this
work. Thus, the entanglement of compliant fibrils com-
bined with the intermixing of lower molecular weight poly-
saccharides is likely responsible for the increased areas of
closer contact for wood fibres as measured by FRETN.
It may be possible to combine both approaches which
would provide dynamic topographical information as well
as mechanistic and kinetic details of cellulosic interface
development using FRET.

4. Conclusions

For the first time, cellulose fibre interfaces can be
imaged using FRET and fluorescence microscopy.
Steady-state epi-fluorescence microscopy suggests that
energy transfer from coumarin dyed fibers to fluorescein
dyed fibres is occurring. This is also the first known
observation of nonradiative energy transfer occurring
between objects of this scale. The FRET response for
spruce fibre interfaces is distinctly different from that
observed in viscose fibre. The fibrillar structure of spruce
fibre surfaces and the presence of low molecular weight
hemicelluloses is likely responsible for this difference.
We anticipate that this methodology will allow the
research community to make a significant contribution
to the understanding of carbohydrate interfaces in a vari-
ety of advanced materials including, but not limited to,
fibrous systems.
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