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� Abstract
Anisotropy carries important information on the molecular organization of biological
samples. Its determination requires a combination of microscopy and polarization
spectroscopy tools. The authors constructed differential polarization (DP) attachments
to a laser scanning microscope in order to determine physical quantities related to the
anisotropic distribution of molecules in microscopic samples; here the authors focus on
fluorescence-detected linear dichroism (FDLD). By modulating the linear polarization
of the laser beam between two orthogonally polarized states and by using a demodula-
tion circuit, the authors determine the associated transmitted and fluorescence inten-
sity-difference signals, which serve the basis for LD (linear dichroism) and FDLD,
respectively. The authors demonstrate on sections of Convallaria majalis root tissue
stained with Acridin Orange that while (nonconfocal) LD images remain smeared and
weak, FDLD images recorded in confocal mode reveal strong anisotropy of the cell wall.
FDLD imaging is suitable for mapping the anisotropic distribution of transition dipoles
in 3 dimensions. A mathematical model is proposed to account for the fiber-laminate
ultrastructure of the cell wall and for the intercalation of the dye molecules in complex,
highly anisotropic architecture. ' 2007 International Society for Analytical Cytology
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MANY hierarchically organized biological systems contain highly organized molec-

ular macroassemblies with high degree of anisotropy. Polarization spectroscopy

measurements provide important and unique information on the anisotropic orga-

nization of complex systems (1,2). In some biological systems, the roles of aniso-

tropic molecular architecture have been well established. For instance, in photo-

synthesis, the nonrandom orientation of the transition dipoles has been found to

be a universal property, which is valid virtually for all pigment molecules and in

all photosynthetic organisms (3,4). This has been established mainly by polariza-

tion spectroscopy tools, linear dichroism (LD) of the absorption, and anisotropy

of the fluorescence emission on macroscopically aligned samples, as well as by

other steady state and transient polarization spectroscopy techniques. The anisotro-

pic organization of pigment dipoles, together with the distances and spectral prop-

erties, basically determines the pigment–pigment interactions, the energy migra-

tion, and other photophysical processes in the photosynthetic antennae (5,6). Our

knowledge concerning the structural and functional roles of anisotropy in other bi-

ological systems is less advanced. In most biological samples, due to their high

complexity, the measurements are difficult or impossible to perform on macro-

scopic samples and in their native environments. Hence, it is of paramount impor-

tance to determine the anisotropic distribution of the molecules and their macro-

assemblies in the microscope.

Anisotropically organized materials can exhibit (linear) birefringence (LB), lin-

ear dichroism (LD), and polarized fluorescence emission (r, anisotropy), which can
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be identified in a polarization microscope by using for exam-

ple rotating polarizers or stages, or retarder plates (7–9). Alter-

natively, tools of differential polarization (DP) spectroscopy

can be applied (10). In DP imaging, difference image is gener-

ally obtained by using two orthogonal polarizations. The

resulting image is a two-dimensional map of the anisotropy in

the object. Mapping can be carried out after recording the

images with the two polarization states of the excitation beam

or of the analyzer polarizer. This simple technique is feasible

in all cases when the images are digitally recorded. However,

uncertainties due to possible changes in the sample between

the two scans or shifts in the pixel positions might introduce

artefacts. This can be avoided by recording the two signals

simultaneously, for example, in an LSM by separating the two

polarizations states, and recording them in two independent

channels. However, detection of the two signals associated

with the two orthogonal polarization components cannot be

readily performed in all cases, for example, in transmission or,

in general, when applying the two polarization states in the

excitation beam. When measuring the polarization state of the

emission in two channels, the beam splitter separating the two

components can cause artifacts due to its wavelength-selective

character.

A more advanced technique, adopted from modern

dichrographs, is based on (high frequency, 50–100 kHz) mod-

ulation of the polarization state of the beam and obtaining the

DP signal from demodulation (for details, see following). This

was first applied, for the measuring beam, in a scanning stage

confocal microscope (11). It has been used to produce LD and

CD (circular dichroism) images on complex biological objects,

such as chloroplasts and sickle cells (12,13). The theoretical

background of DP imaging has also been elaborated and has

been shown that different microscopic DP quantities carry im-

portant and unique physical information on the anisotropic

molecular architecture of the samples (14,15). The first laser-

scanning microscope (LSM) that used high frequency polari-

zation-modulation of the laser beam and a demodulation cir-

cuit was constructed about a decade ago (16). This microscope

was capable of imaging LD with high precision. It was used

for the determination of the degree and direction of molecular

alignment of rodlike molecules in ultrathin Langmuir-Blod-

gett films of a few molecular layers (17).

The DP-LSM designed and constructed in our laboratory

also uses the basic principles of modern dichrographs (18,19).

In our system, however, the modulation of the light is not

confined to the excitation beam but is also applied for the

analysis of the polarization content of the emitted (or

reflected) light. By this means, in addition to LD (and CD)

and LB, we can perform high precision pixel-by-pixel r and P

measurements (Steinbach et al., Acta Histochimica, sub-

mitted), P is degree of polarization of the fluorescence emis-

sion using polarized excitation and r is the anisotropy of the

fluorescence emission, that is, the intensity difference between

the two orthogonally polarized components of the emission

upon nonpolarized excitation of the sample. The system is

also capable of imaging CPL (circularly polarized lumines-

cence), that is, the circular polarization anisotropy of the fluo-

rescence emission. A further extension of the system was

achieved by making our DP-LSM capable of recording FDLD

(fluorescence-detected LD) and FDCD (fluorescence-detected

CD). The main advantage of fluorescence-detected dichroism

imaging, which can be used with intercalating fluorescent dyes

(20), is that it combines the advantages of LD (CD) measure-

ments and the confocal detection of the fluorescence emission.

In these measurements, the intensity-difference of the fluores-

cence, associated with the two polarization states, is propor-

tional to the LD (CD) signal. Hence, our DP-LSM is suitable

for measuring the main differential polarization parameters of

the sample (Steinbach et al., Acta Histochimica, submitted).

An important feature is that DP imaging can be performed

without interfering with the operation of the ‘‘conventional’’

fluorescence intensity, transmission, or reflection imaging. It is

also important to point out that the DP quantities determined

via fluorescence detection can be imaged confocally. Hence,

when measuring these quantities, that is, r, CPL, P, FDLD, and

FDCD, optical slicing and 3-dimensional reconstruction

can be performed. This will be demonstrated here for FDLD

imaging.

In earlier articles, we have shown that LB imaging of

magnetically aligned isolated chloroplasts exhibited very

strong birefringence with large local variations, which origi-

nated from the granum-stroma lateral heterogeneity of the

membranes (21). The strong and inhomogenous LB in the

presence of linearly polarized laser tweezers was large enough

to lead to an efficient alignment by the polarized light, and

thus microscopic orientation of chloroplasts and subchloro-

plast particles and protein aggregates could be manipulated.

By using r (fluorescence anistropy) imaging on an actin-based

structure, ring canals of Drosophila nurse cells, it was shown

that these structures exhibit strong anisotropy, the perturba-

tion of which appeared to result in severe structural conse-

quences (22). P-imaging, mapping the degree of polarization

of the fluorescence emission, has been performed on human

limphocyte cells, and revealed the existence of different

domains with large local variations in the depolarization of

the fluorescence emission (23,24).

In this article, we focus on confocal FDLD imaging, and

compare it with non-confocal LD imaging. The experiments

were carried out mainly on thin sections of plant cell walls of

Convallaria majalis root tissues stained with Acridin Orange;

for comparison we also imaged tobacco leaf petiole sections

stained with Congo Red. Plant cell walls are highly organized

fiber-laminate extracellular structures with strong anisotropy

in their shape and growth and thus polarization microscopic

tools have been widely used in revealing the anisotropic fea-

tures of this complex cellulose-based structure (25–28). How-

ever, the origin and physical parameters of the anisotropic

macromolecular assemblies composing the cell wall are not

elucidated in detail. In this work, we demonstrate that FDLD

imaging provides a suitable tool for 3D mapping of the optical

anisotropy of the cell wall, and also demonstrate that the high

precision of the data that can be obtained with our DP-LSM

allows interpretation(s) in terms of mathematical models

describing the main structural features of the cell wall.
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MATERIALS AND METHODS

Plant Materials and Sample Preparation
The specimen used in this study was a 15-lm section of

the root (rhizome) of approximately 1-year-old Convallaria

majalis plant, which was stained with Acridin Orange and em-

bedded in Eukitt (29). It was purchased from Carl Zeiss Jena

(Jena, Germany), and was produced by Johannes Lieder KG

Laboratorium für Mikroskopie (Ludwigsburg, Germany). For

comparison, pilot experiments were also carried out on leaf

petiole sections, stained with Congo Red, of 5-week-old

tobacco SR1 plants. Congo Red has earlier been used to deter-

mine the mean cellulose fibril orientation in plants (30).

This specimen was produced by following the procedure

described in (31). Briefly, the sample was fixed with 2% (v/v)

glutaraldehyde for 5 h, then washed overnight in 0.1 M phos-

phate buffer pH 7.2, then incubated for 2 h in 1 % (w/v) solu-

tion of Congo Red (Fluka) at room temperature, and rinsed

with distilled water; for dehydratation, the samples were trans-

ferred to alcohol series of 30, 50, 70, 96, and 100%, respec-

tively, 30 min each; the dehydratated samples were further

transferred to propylene-oxid solution to remove the alcohol,

and were embedded to araldite; 1–2 lm sections were cut in a

microtome.

Instrumentation: Scheme of LD and FDLD
Measurements

For recording transmission, LD, fluorescence intensity,

FDLD, and r images we used a Zeiss LSM 410 laser scanning

microscope (Carl Zeiss Jena, Jena, Germany), which was

equipped with DP attachments. The overall scheme of our

DP-LSM and technical details of the DP attachments, includ-

ing calibration and correction procedures, will be published

elsewhere (Steinbach et al., Acta Histochimica, submitted).

Here we focus on LD and FDLD measurements, in which the

modulation is applied in the excitation beam (Fig. 1). If the

sample possesses LD, the transmitted light becomes modu-

lated at 100 kHz; LD is determined from the ‘‘depth’’ of the

modulation (DI) relative to the average intensity (Ia) (Fig.

1A), according to the following formula:

LD ¼ Ak � A? � � 1

lnð10Þ
Ik � I?

I0
¼ � 1

lnð10Þ
DI
I0

; ð1Þ

and

S ¼ LD

3A
� DI

3Ia
for small DI; ð2Þ

where S is the orientation parameter, I0 is the incident light in-

tensity, Ik and I\ are intensities associated with the transmis-

sion for the two orthogonally polarized beams.

In FDLD, the difference between the absorbances asso-

ciated with the two polarization states is measured as the dif-

ference in the emission intensities.

FDLD ¼ IðAkÞ � IðA?Þ ¼ DI ð3Þ
and

S � DI
3Ia

for small DI; ð4Þ

where DI corresponds to the intensity difference in the fluores-

cence emissions elicited by the two, orthogonally polarized

excitations, and Ia to the fluorescence intensity due to the non-

polarized (average) absorbance.

FDLD (S) was calculated only for regions with significant

(nonzero) fluorescence intensities. For regions with very weak

emission, the images were masked (black regions in Fig. 1B).

Figure 1. Simplified scheme (A) and configuration (B) of the DP-
LSM (differential polarization laser scanning microscope) used for

linear dichroism (LD) and fluorescence detected linear dichroism

(FDLD) measurements. The polarization state of the laser beam is

modulated at 100 kHz, with the aid of a photoelastic modulator

(PEM); the amplitude of PEM is adjusted to k/2, where k is the
wavelength of the laser beam. The modulated signal, that is, the

transmitted or fluorescence intensity signal, carries information

on LD or FDLD, respectively. The transmitted and the fluorescence

light intensities are measured with a photodiode detector and a

photomultiplier tube (PMT); demodulation is performed with the

aid of a DPSD card (digital phase sensitive detector) locked at 100

kHz; this card measures the intensity difference, DI; ADC is an ana-
log-digital converter with low pass electric circuit to measure the

average intensity, Ia. The time scale (t) is given in units of m
21, one

full cycle of the PEM is displayed; for linearly polarized beam, it

means two full cycles in the polarization state. The optical axis of

the PEM is adjusted to 458 with respect to the polarization plane
of the laser beam. Components of LSM and the DP attachments

are shown in black and gray (blue and red on the online version),

respectively. Thick, thin, and double lines denote the light paths,

the electronic signals and the controller and display units, respec-

tively. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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Instrumentation: Configuration of DP-LSM
for LD and FDLD Imagings

As shown in the block diagram (Fig. 1B), for LD and

FDLD, the photoelastic modulator (PEM, Hinds Interna-

tional, Hillsboro, OR, USA) was placed in the excitation beam,

between the beam expander and the main dichroic mirror of

the LSM. This unit operated as a polarization state generator

using the linear polarization of the 488 nm line of the Ar-ion

laser. The periodic phase shift induced by the modulator (f 5
100 kHz for linearly polarized beam) resulted in periodically

alternating orthogonal linearly polarized beams. For LD and

FDLD images, the signals of the transmitted beam and of the

fluorescence emission were detected by a photodiode in the

transmission beam and by a photomultiplier (PMT) in the

fluorescence path, respectively. The demodulation circuit, con-

nected to the photodiode or PMT output, contained a pro-

grammable, gated digital phase sensitive detector constructed

by Pawel Kamasza (SZFKI KFKI, Budapest, Hungary). This

card was controlled by a microcomputer (IBM compatible

Pentium III PC) via ISA bus. The same computer also received

the signal from a low pass analog-digital converter amplifier

(ADC).

As tested with a crossing polarizer and measurements

with an oscilloscope, PEM provided a nearly 100% polariza-

tion modulation between the two orthogonal states of the

beam at the sample position. In LD measurements, applying a

mirror instead of a dichroic beam splitter, the two amplitudes

of the orthogonal polarization states were equal. In FDLD,

because of the presence of the dichroic beam splitter, this

could not be warranted. Thus, correction was applied for the

selectivity of the beam splitter toward the two polarization

states of the laser beam. This was performed in real-time, that

is, during the data acquisition and signal processing. Since the

polarization state of the fluorescence emission depends on the

anisotropy of the sample, it can be relatively large, commensu-

rate with the LD signal. The system might possess selectivity

for the polarization state of the emission, which should be

considered as a possible source of systematic error. It must be

pointed out, however, that the overall selectivity of the beam

splitter for the entire spectral range of the emission is usually

negligible. (This can also be judged from the s and p polariza-

tion characteristics of the beam splitter.) Indeed, upon rotat-

ing the sample by 908, which reversed the sign of the signal,

the absolute values of FDLD did not change noticeably (data

not shown).

RESULTS

As shown in Figure 2, thin sections of rhizome stained

with Acridin Orange exhibit nonzero LD at 488 nm. However,

in contrast to the expectations, this signal was quite weak and

smeared out (Fig. 2B; Fig. 2A shows the transmission). This

fuzziness most likely originates from the layer-by-layer disor-

der in tissues that might obscure the strong, local anisotropic

features. It has been reported that adjoining cell walls might

contain microfibrils with different (or even opposite) prefer-

ential orientation, which thus can lead to a diminishment of

the birefringence retardation (25). In thick and dense prepara-

tions, further complication might arise from artifacts due to

light scattering. These limitations of LD imaging can be over-

come by applying confocal imaging.

As shown in Figure 2C, the confocal image of fluores-

cence removes the blurriness and gives clear contours. FDLD

images (Fig. 2D) were also recorded in confocal regime. They

clearly show that the preferential orientation of the cellulose

fibrils, visualized with Acridin Orange, closely follows the

orientation of the cell wall. It was positive for vertically ori-

ented sections, negative for horizontal orientations and van-

ished for diagonal sections. [Upon rotating the sample by 908
and 458, the anisotropy changed sign (908) and the ‘‘diagonal’’

dichroic features become highlighted (458) (data not shown)].
This is fully in line with the expectations and also shows that

FDLD was free of artefacts. Further corroboration of these

data can be obtained by r images, that is, the mapping of the

anisotropic distribution of the emission dipoles of the samples

using different (08, 458, and 908) orientations of the polariza-
tion analyzer unit (see supplementary Fig. 1).

These data are in reasonable agreement with the polariza-

tion microscopy data of Verbelen and coworkers on plant tis-

sues, who revealed the net orientation of cellulose fibrils in the

outer epidermal using Congo Red and polarization confocal

microscopy (28,30,32). They have shown that cell walls exhibit

a strong anisotropy with preferential orientation of cellulose

fibrils along the wall. In these experiments, FDLD measure-

ments were performed by using the linearly polarized laser

beam for excitation and by rotating the microscope table, a

system similar to that constructed by Fishkind and Wang (33).

For staining, Congo Red was used, which has been shown to

intercalate into the cellulose matrix (30). FDLD experiments

performed on sections of tobacco leaf peticules stained with

Congo Red exhibited similar features (data not shown, see

supplementary Fig. 2): we confirmed the preferential orienta-

tion of the fibrils along the cell walls, in agreement with

(28,30,32).

By taking advantage of confocal imaging and the fact that

FDLD imaging does not interfere with the ‘‘conventional’’

regimes of the LSM, FDLD images can be used for optical sec-

tioning and the reconstruction of anisotropy in 3D (Fig. 3; for

the corresponding avi file, see supplementary material). As

shown in the gallery, the anisotropy is retained in the z direc-

tion. Nevertheless, it can also be seen that the layers do not

overlap perfectly, also due to variations in the shapes. These

variations, at least in part, might be responsible for ‘‘smearing

out’’ the (nonconfocal) LD signal (cf. Fig. 2B).

We would also like to point out that anisotropy imagings

in DP-LSM yield high precision data that are suitable for

quantitative data acquisition and model calculations. LD car-

ries information on the anisotropic distribution of the absorb-

ance transition dipole vectors of the chromophores in the

sample with respect to a laboratory fixed coordinate system;

FDLD carries the same information for fluorescent dyes, the

fluorescence intensities excited with the two orthogonally

polarized light beams being proportional to the number of the

absorbed quanta. These quantities can thus be used to deter-

mine the orientation angle.
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In the simplest, idealized case, the u orientation angle of

the absorbance dipole vectors with respect to a laboratory

fixed coordinate system (Fig. 4A) can be given as:

S ¼ 3 cos2 u� 1

2
ð5Þ

With the mean values of S determined for the horizontal

and the vertical regions, 0.25 � 0.04 (S.D.), we obtain 458
� 1.58.

In general, the measured values also depend on the fluc-

tuation interval of the orientation angle. Fluctuations might

originate from ‘‘imperfections’’ in the intercalation of the dye

molecule into the structure of interest, or from a loose struc-

ture (19).

In a more realistic but still idealized model, the complex-

ity of the fiber-laminate structure is taken into account by

allowing all positions of the ‘‘cone’’ in the plane between

the boundaries of the cell wall (Fig. 4B). This is taken into

consideration by transforming the coordinate system (see

Ref. 19 and references therein); and in this particular case, by

averaging according to h[0,p], the angle of the fibers with

Figure 2. Transmission (A),
orientation factor, S, images de-
rived from linear dichroism (LD)

(B), confocal fluorescence inten-
sity (C) and confocal fluorescence
detected linear dichroism (FDLD)

measurements (D) at 488 nm on

thin sections of the root of Con-
vallaria majalis stained with Acri-
din Orange. False colors and

scales in (B) and (D) indicate the

sign and magnitude of the di-

chroism, that is, the magnitude

of S [Eqs. (2) and (4)].

Figure 3. Selected projections of S (orientation factor) images

derived from fluorescence detected linear dichroism (FDLD)

measurements at 488 nm on thin sections of the root of Conval-
laria majalis stained with Acridin Orange. False colors indicate dif-
ferent magnitudes of S (FDLD); the projections show the positive

(yellow) and negative (blue) dichroism values measured with ver-

tical reference direction. The projections are obtained from the se-

rial optical sectioning of the sample (depth: 10 lm, steps: 0.5 lm)
and the 3D reconstruction of the FDLD images. Top, 128 tilted up;
middle row, tilt angles from left to right: 2128, 258, 08, 58, 128; bot-
tom, 128 tilted down.
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respect to the laboratory fixed coordinate system. With this,

we obtain:

S ¼ 3 cos2 u� 1

4
ð6Þ

For this geometry, we obtain 358 � 3.58. This value may how-

ever also depend on the fluctuation interval. For more refined

model calculations, one would need the precise value of the

intercalation angle, which could, in principle, be determined

from macroscopic or microscopic measurements on well-or-

dered cellulose fibrils. Using this value, and the formalism

described in the literature (19), can yield values for the fluc-

tuation interval of the dipole orientation, which is of interest

with respect to the fiber-laminate structure of the cell wall.

Nevertheless, we can conclude that FDLD imaging is suitable

for semiquantitative investigations of plant cells of different

origin and treatments.

DISCUSSION

In this article, we have shown that fluorescence detected

linear dichroism (FDLD) imaging, when using high frequency

modulation of the polarization state of the excitation laser

beam and a demodulation circuit for the fluorescence signal,

can yield high precision data, suitable for mathematical analy-

sis in terms of the structure, and 2- and 3-D visualization of

the anisotropic architecture of the sample. This was demon-

strated on plant cell walls stained with Acridin Orange and

FDLD images recorded in confocal regime of an LSM

equipped with a differential polarization attachment (18)

(Steinbach et al., Acta Histochimica, submitted).

Cell walls are formed as highly organized thick layers out-

side the cell membranes. They bestow strength and rigidity to

plant cells while remaining freely permeable to different solutes

and provide a porous medium for the circulation and distribu-

tion of water and nutrients as well as for substances involved in

intercellular communications. Cell walls also play important

roles in shaping the organs of plants. This is achieved by an ani-

sotropic expansion of the structure (26). The anisotropic

growth of cells and the mechanical and functional properties of

the cell wall are evidently defined by the architecture of the

macromolecular assemblies constituting the wall. Plant cell

walls are composed of polysaccharides and structural proteins

that assemble into networks (27). Growing cell walls contain

crystalline cellulose microfibrils that are embedded in a matrix

of pectic polysaccharides and are interlaced by xyloglucans; af-

ter growth, the microfibrils are also interlocked by extensin

molecules (Type I; in Type II walls the embedding and inter-

locking of microfibrils involves different molecules.) The micro-

fibrils are several nanometers wide and many micrometers

long; they are wound around the cell several times, and several

strata are coalesced to form the wall. Although the orientation

of the cellulose microfibrils in the cell wall is influenced by sev-

eral factors, they are thought to be arranged preferentially in

parallel-running bundles throughout the thickness of the cell,

that is, to form a highly organized and ordered macromolecular

assembly (34). Some authors suggest that the cell wall can be

considered as a liquid crystal and propose that liquid crystalline

order is essential for the self-assembly as well as the morpholog-

ical, mechanical, and chemical properties of the cell wall (35).

This type of molecular organization of (quasi-) crystalline poly-

mers evidently brings about a strong optical anisotropy, which

Figure 4. Idealized geometry used in the model calculations [Eqs. (5) and (6)]. (A) I1 and I2, respectively, orthogonal orientations parallel
with and perpendicular to the preferential orientation of the cellulose fibrils [dark gray rod (brown rod on the online version); absorbance

transition dipole vectors are illustrated with light gray (yellow) rods constituting a cone with an opening angle of u; this angle is deter-
mined by the intercalation of the dye molecule into the cellulose fibril. As shown in (B), illustrating the idealized fiber-laminated structure
of the cellulose constituting the cell wall, the cone can take any y tilt angle position between 0 and p. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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manifests itself in well-discernible polarization spectroscopic

parameters. However, determination of polarization optical

quantities of the anisotropy in macroscopic samples is far from

trivial. The main technical difficulty is that measurements must

be performed on samples where the symmetry axis of the cell is

aligned with respect to the polarization axis of the measuring

beam. However, in contrast to many other systems, such as liq-

uid crystals or photosynthetic membranes (19), it is not

straightforward, and in many cases virtually impossible, to align

cell walls and tissues for such measurements. This confines

these investigations on the cell wall of plants to microscopy.

Indeed, birefringence and polarized fluorescence microscopy

techniques have proved to be useful and provided important

information on the anisotropic molecular architecture of cell

walls (see Ref. 27 and references therein).

The FDLD images recorded in our DP-LSM are in good

agreement with earlier data on the molecular architecture of the

cellulose fibrils and on the structure of cell wall in general. How-

ever, our DP-LSM, due to the high frequency modulation of the

excitation beam and the demodulation circuit, offers higher preci-

sion, and thus the possibility of quantitative treatment of the

data. In addition, FDLD in our set-up can be mapped in 3 dimen-

sions. Thus FDLD imaging in the future might be used not only

for establishing the existence of anisotropy in biological objects

but also for gaining quantitative data in complex 3-dimensional

objects. Variations in the fibrillar structure of cellulose during cell

cycle or upon stresses are possible areas of application.

We would finally like to note that DP-LSM might offer

other tools in revealing the anisotropic organization of the

cell wall. In particular, FDCD and possibly CPL might provide

parameters of the helicity of the microfibrils. Indeed, we

observed nonzero FDCD in the same samples but more

detailed investigations are required to confirm the origin of

this signal. Other advanced microscopic techniques, such as

spectroscopic imaging ellipsometry (36), fluorescence lifetime

imaging with optical sectioning (37), and second harmonic

generation (SHG) imaging (38), might also reveal structural

parameters associated with the anisotropic architecture of

cellulose and/or of the helical order of the cellulose fibers.

Spectroscopic imaging ellipsometer has recently been used to

measure microfibril angle and phase retardation in single

pulp fibers (36). Preliminary experiments have shown that the

samples used here for FDLD also exhibited SHG signal (Stein-

bach et al., unpublished). A systematic investigation is in pro-

gress in order to compare FDLD, FDCD and SHG images on

cellulose based structures.
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