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ABSTRACT: Commercial exploitation of lignocellulose for
biotechnological production of fuels and commodity chemicals requires efﬁcient—usually enzymatic—sacchariﬁcation of the highly recalcitrant insoluble substrate. A key
characteristic of cellulose conversion is that the actual
hydrolysis of the polysaccharide chains is intrinsically
entangled with physical disruption of substrate morphology
and structure. This ‘‘substrate deconstruction’’ by cellulase
activity is a slow, yet markedly dynamic process that occurs
at different length scales from and above the nanometer
range. Little is currently known about the role of progressive
substrate deconstruction on hydrolysis efﬁciency. Application of advanced visualization techniques to the characterization of enzymatic degradation of different celluloses has
provided important new insights, at the requisite nano-scale
resolution and down to the level of single enzyme molecules,
into cellulase activity on the cellulose surface. Using true in
situ imaging, dynamic features of enzyme action and substrate deconstruction were portrayed at different morphological levels of the cellulose, thus providing new suggestions
and interpretations of rate-determining factors. Here, we
review the milestones achieved through visualization, the
methods which signiﬁcantly promoted the ﬁeld, compare
suitable (model) substrates, and identify limiting factors,
challenges and future tasks.
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Introduction
Lignocellulose is a plentiful and renewable source of ﬁxed
carbon and energy. Being able to tap this energy source would
reduce our dependence on crude oil, decrease CO2 emission,
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and enable the productive use of waste materials from
agriculture and forestry without the drawback of ‘‘food versus
fuel’’ concerns (Arantes and Saddler, 2010; Graham-Rowe,
2011; Lynd et al., 2008; Solomon et al., 2007). For economic
exploitation of lignocellulosic biomass for fuel production,
efﬁcient degradation of the feedstock into fermentable sugars
is pivotal (Lynd et al., 2008). Unfortunately, enzymatic
sacchariﬁcation of cellulose suffers from several problems,
such as a signiﬁcant drop in the hydrolysis rate even at low
degrees of substrate conversion, huge enzyme cost and high
enzyme loadings required. These issues are rooted in the
intrinsic properties of the insoluble substrate, which is
extremely recalcitrant to its degradation (Beckham et al.,
2011; Himmel et al., 2007; Lynd et al., 2008).
Several fungi and bacteria—the most prominent being
Trichoderma reesei (Tr, anamorph of Hypocrea jecorina)
and Clostridium thermocellum—developed sophisticated
enzymes in order to deconstruct cellulose: cellulases. A
typical cellulase system comprises three main activities: chainend-cleaving cellobiohydrolases (CBH), internally chaincleaving endoglucanases (EG), and b-glucosidases (BGLs),
which hydrolyze soluble short-chain gluco-oligosaccharides
to glucose (Fig. 1) (Adams et al., 2010; Goyal et al., 1991; Lynd
et al., 2002; Zhang and Lynd, 2004). The three major
hydrolytic enzymes act synergistically, meaning that the
hydrolysis rate of a combination of them exceeds the sum of
the rates of the single enzymes (Nidetzky et al., 1994). CBH
and many EG bind to their insoluble substrate by mediation of
a carbohydrate-binding module (CBM). Previously, this
module was called cellulose-binding domain because the ﬁrst
CBMs which were discovered were those which bound to
cellulose (Gilkes et al., 1988; Tomme et al., 1988). CBMs may
also assist in non-hydrolytic substrate disruption (amorphogenesis) (Arantes and Saddler, 2010). Other non-hydrolytic
proteins of fungal and bacterial origin—so-called plant
expansin-like proteins such as Swollenin and Loosenin—
have recently been demonstrated to aid in amorphogenesis
(Jäger et al., 2011; Lee et al., 2010; Quiroz-Castaneda et al.,
2011; Saloheimo et al., 2002).
Research on enzymatic cellulose degradation has been
pursued with varying intensity in the last 30 years and as a
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Figure 1.

Current model of enzymatic cellulose degradation: synergistic attack
of CBH and EG deconstructs insoluble cellulose to soluble sugars (mainly cellobiose).
Eventually, BGL hydrolyzes cellobiose to glucose.

result, a substantial amount of information about structure
and function of cellulases is available today. While the
molecular determinants of cellulolytic chain cleavage are
well understood after all (Bu et al., 2012; Fontes and Gilbert,
2010; Payne et al., 2012; Wilson, 2012), the interdependence
of enzyme–substrate interaction, (changing) substrate
morphology, and non-hydrolytic cellulose disruption
remains yet elusive (Zhou et al., 2010). Our comprehension
of the distinct roles of the single cellulolytic activities, their
cooperative behavior to accomplish degradation of crystalline cellulose, as well as the roles of certain other
(bio)molecules which might enhance cellulolytic performance, such as expansin-like proteins or polysaccharide
monooxygenases, is not well advanced (Horn et al., 2012;
Wilson, 2012). These problems are not accessible biochemically as they take place directly on the insoluble substrate on
a nano- and meso-scale. Current models of enzymatic
cellulose disintegration hence insufﬁciently describe enzymatic cellulose deconstruction due to their limitations
(Arantes and Saddler, 2010; Bansal et al., 2009; Fox et al.,
2012; Jalak et al., 2012; Levine et al., 2010; Liu et al., 2011;
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Zhang and Lynd, 2004; Zhou et al., 2010). It has been
suggested that the factors predominantly affecting the
hydrolysis rate are obstacles on the substrate surface, and a
morphology-dependent synergy was proposed (Fox et al.,
2012; Ganner et al., 2012; Igarashi et al., 2011; Jalak et al.,
2012). Such mechanistic questions of cellulase synergy will
therefore only become tractable when adequate visualization
on a nano- and meso-scale is applied to a suitable cellulosic
substrate. While nano-scale imaging can provide information about single molecule events such as velocity and
pattern of movement, real-time observation of cellulases on
the meso-scale can give novel insights about substraterelated parameters—such as features presumably impeding
processivity and cooperativity (Ganner et al., 2012; Igarashi
et al., 2011; Liu et al., 2010).
Cellulose morphology is complex and heterogeneous at
several structural levels. Firstly, it consists of regions of lower
and higher order, termed amorphous, and crystalline
cellulose, respectively. Secondly, in plants, cellulose is
intertwined with lignin and hemicellulose at its outer
microﬁbrils which limits accessibility. Structural features
and its relevant parameters, such as number of accessible
binding sites, chain length, and crystallinity, change
moreover with advancing degradation (Jarvis, 2003;
Klemm et al., 2005; Zhang and Lynd, 2004). The waterinsolubility of cellulose can be capitalized on by various
biophysical visualization methods, which allow for studying
the structural dynamics of enzymatic cellulose degradation
directly on the cellulose surface. The ﬁrst such study used
transmission electron microscopy (TEM) and was published
in 1981 (White and Brown, 1981). Not before the late 1990s,
however, did the application of atomic force microscopy
(AFM) enable imaging in biologically relevant environments
(Lee et al., 1996). In the last decade, the methodology for
visualization of biological processes on the micro-, mesoand nano-scale has further improved signiﬁcantly. Today,
even single biomolecules can be imaged in real time, as
recently published studies show impressively: they visualize
the shape of DNA nanostructures (Sander and Golas, 2011),
how a restriction enzyme interacts with DNA (Crampton
et al., 2007), how myosin V ‘‘walks’’ along an actin ﬁlament
(Kodera et al., 2010), or how cellulases act processively on
crystalline cellulose (Fig. 2) (Igarashi et al., 2011). State-ofthe-art visualization methods offer spatial resolution at a
single molecule level, the capability to distinguish between
substrate regions of higher and lower order, and to directly
visualize single cellulases and their interaction with cellulose.
Hence, visualization has become a powerful tool in
(bio)nanotechnology not only for conﬁrming biochemical
results but also to open up completely new perspectives.
This review focuses on the role of visualization in
achieving the current understanding of enzymatic cellulose
degradation, the milestones set in the past 32 years, and how
visualization is expected to forward comprehension in the
future. First, the methods used for visualization are reviewed
and discussed. Special emphasis is put on the role of in situ
imaging with AFM. Second, we summarize the various

hitherto in the ﬁeld are brieﬂy described, focusing on their
applicability and limitations (see also Table I).

Optical Microscopy

Figure 2. TrCBH I on crystalline cellulose Ia from Cladophora sp. imaged in real
time with high speed (HS)-AFM (Igarashi et al., 2011). From Igarashi K, Uchihashi T,
Koivula A, Wada M, Kimura S, Okamoto T, Penttilä M, Ando T, Samejima M. 2011.
Trafﬁc jams reduce hydrolytic efﬁciency of cellulase on cellulose surface. Science
333:1279–1282. Reprinted with permission from AAAS.
substrates employed and discuss suitable model substrates.
Next, we review the studies on visualization of cellulases and
their implications. Finally, we suggest promising future
approaches anticipated to extend comprehension of
enzymatic cellulose degradation to a level where rational
design of the bioconversion process may become possible.

Visualization Methods Applicable to Enzymatic
Cellulose Hydrolysis
In order to visualize enzymatic cellulose degradation, the
following requirements must be met: (i) a natural
(preferably aqueous) environment, (ii) a suitable substrate,
and (iii) high-resolution methods (Ding et al., 2008).
Advanced imaging techniques unfortunately often require
quite harsh procedures, such as vacuum chambers, low or
extreme cryogenic temperatures, dry surfaces, or intense
sample processing. In the following, the major methods used

Optical microscopy is widely used in biology because it is a
non-invasive method which can be used for in situ
observations. However, the resolution of classical optical
microscopy is restricted by the far ﬁeld diffraction limit to
lateral and vertical resolutions of 180 and 500–800 nm,
respectively (Abbe, 1873; Bradbury and Evennett, 1996;
Leung and Chou, 2011). This is sufﬁcient for macro- and
micro-scopic observations. Conventional light microscopy
was, for example, successfully employed for studying the
untwisting of bacterial cellulose (BC) ribbons during
incubation with a Tr complete cellulase system (Bowling
et al., 2001). However, superior resolution is needed for
visualization of cellulase action on the meso- and nanoscale.
This can be achieved by modern ﬂuorescence microscopy
(FM) methods. FM is a versatile method which employs
ﬂuorescent labeling and speciﬁc excitation wavelengths to
achieve contrast, which generally is a critical limitation in
optical microscopy (Bradbury and Evennett, 1996). FM
offers many promising possibilities, including in situ
observation of single molecules in three dimensions in
liquids (Reymann et al., 2008). For example, the diffusion of
cellulases on the substrate surface was proven using a
ﬂuorescence recovery after photobleaching (FRAP) approach (Jervis et al., 1997). Confocal FM (CFM), total
internal reﬂection FM (TIRF-M), and defocused orientation
and position imaging (DOPI) have been used to localize
single molecules labeled with ﬂuorescent dyes and can be
combined with AFM (Dagel et al., 2011; Leung and Chou,
2011; Liu et al., 2010; Santa-Maria and Jeoh, 2010; Singh
et al., 2009). Recent super-resolution FM approaches are
pushing the limit towards molecular-scale resolution: it was
shown that stochastic optical reconstruction microscopy
and stimulated emission depletion microscopy achieve an
imaging resolution of 20 nm and less than 3 nm, respectively, which is far below the limit of classical optical microscopy
(Rust et al., 2006; Westphal et al., 2008; Wildanger et al.,
2012). These novel techniques are anticipated to greatly
facilitate the visualization of the interaction of cellulases
with their substrate.

Electron Microscopy
Transmission Electron Microscopy
In TEM, a ﬁnely focused (down to 1Å) beam of highly
energetic electrons (typically 30–300 keV) is aimed on a
sufﬁciently thin (<100 nm), electron-transparent specimen.
The image is formed by the transmitted electrons which
carry information about the interactions with the sample
(Denk and Horstmann, 2004). Thus, superior resolution
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Table I.

Overview: visualization studies.

Publication
White and Brown (1981)
Chanzy and Henrissat (1983)
Chanzy et al. (1983)
Chanzy et al. (1984)

Visualization
methodology

Substrate

TEM
TEM
TEM

BC (G. xylinus)
Algal cellulose (V. macrophysa)
Algal cellulose (V. macrophysa)

TrCBH I, TrEG IV, TrCCS
TrCCS, S. commune CCS
TrCBH I

TEM and gold labeling

BC and algal cellulose (G. xylinus
and V. macrophysa)
Algal cellulose (V. macrophysa)

TrCBH I

Chanzy and Henrissat
(1985)
Bayer and Lamed (1986)
Blanchette et al. (1989)

TEM and SEM
TEM and Au labeling

Avicel
Birch wood

Nieves et al. (1991)

TEM (immuno-EM)

Gilkes et al. (1993)

TEM (immuno-EM)

Microﬁbrillar aspen wood
cellulose
BC and algal cellulose (G. xylinus
and V. macrophysa)

Lee et al. (1996)

TEM

AFM and SEM

Boisset et al. (1997)

Cotton ﬁbers

TEM (immuno-EM)
and SEM
FRAP

Algal cellulose (V. ventricosa)

Lee and Brown (1997)
Imai et al. (1998)

TEM
TEM

—
Algal cellulose (V. ventricosa)

Boisset et al. (1999)

TEM

Boisset et al. (2000)

TEM

BC and algal cellulose (G. xylinus
and V. ventricosa)
BC (G. xylinus)

Lee et al. (2000)

AFM

Cotton ﬁbers

Jervis et al. (1997)

Bowling et al. (2001)

LM

Dyed cotton ﬁbers

BC (G. xylinus)

Lehtiö et al. (2003)

TEM

Algal cellulose (V. ventricosa)

Nigmatullin et al.
(2004)
Ding et al. (2006)

AFM

Regenerated cellulose from
cellulose acetate
Algal cellulose (V. ventricosa),
PASC, xyloglucan-bound-cellulose, starch/cellulose
mixture, maize parenchyma
cell wall
Whatman CF11 ﬁbers,
Avicel

AFM, FM, TEM, and
STEM

Pinto et al. (2006)

FM

Ahola et al. (2008)

AFM

Moran-Mirabal et al.
(2008)
Pinto et al. (2008)

Tébéka et al. (2009)
Liu et al. (2009a)

Liu et al. (2009b)

FM and SEM

CFM and TEM
(immuno EM)

Cellulose model ﬁlms
(LS, SC, NC, NFC)
DTAF-labeled BC

AFM
AFM

Whatman CF11, amorphous
cellulose, PASC, Sigmacell
20 ﬁbers, Portucel
secondary ﬁbers
Silica wafers
Reed Kraft pulp

TIRF-M

Algal cellulose (V. ventricosa)

Enzyme(s)
investigated

Additional techniques

HPLC analysis of released
sugars

TrCBH II, TrEG II
Ct Cellulosome
TrCBH I, TrEG II;
A. pullulans EX
TrCBH I, TrEG I
C. ﬁmi CenA (EG), Cex
(CBH) and their sole CBMs

Protein adsorption
measurement, BC
ﬂocculation test

TrCBH I, TrCBH II and TrEG
II
H. insolens EG V
C. ﬁmi Cex and CenA and
their CBMs, FITC-labeled
TrCBH I, TrCBH II
T. viride CBH I (Cel7A)
Ct Cellulosome
CBH I and CBH II from
H. insolens
TrCBH I, TrEG II,
T. maritima cellulase
TrCCS, TrCBH I, TrCBH II,
TrEG II
Tr and CtCBM fusion
proteins
TrCBM, double-CBM fusion
protein
Ct and Streptomyces lividans
CBMs labeled with
QD, GFP, and RFP

CBM-FITC conjugates
(prepared from
CelluclastTM)
TrCCS

Silver staining of reducing
ends
FTIR, XRD

CBMs: speciﬁc binding

TrCBH I pretreatment of
cellulose

Adsorption assays

QCM-D

T. fusca Cel5A, Cel9A, and
Cel6B labeled with Alexa
Fluor 6471
CBM-FITC conjugates
(prepared from
CelluclastTM)
TrCCS
H. insolens CCS, H. spp. EG V
(with CBM), A. spp. EG I
(without CBM)
Ac and Ct CBM labeled with
QD

FRET

(Continued)
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Table I. (Continued )
Visualization
methodology

Substrate

Donohoe et al. (2009)

TEM (Immuno-EM)

Pretreated and native corn stover

TrCBH I, TrEG I

Singh et al. (2009)
Igarashi et al. (2009)

CFM and SEM
HS-AFM

Switchgrass
Algal cellulose (Cladophora sp.)

TrCCS
TrCBH I and its sole CBM;
mutants: E212Q, W40A
Ac and Ct CBM labeled with
QD
TrCCS

Publication

Xu et al. (2009)
Penttilä et al. (2010)
Quirk et al. (2010)

AFM, TEM, STEM,
and TIRF-M
X-ray micro-tomography; cryo-TEM
AFM

Liu et al. (2010)

HS-AFM and TIRF-M

Santa-Maria and Jeoh (2010)

AFM combined with
CFM

Dagel et al. (2011)
Liu et al. (2011)
Igarashi et al. (2011)
Moran-Mirabal et al. (2011)

DOPI and TIRF-M
HS-AFM
HS-AFM
CFM and FRAP

Bubner et al. (2012)

AFM

Wang et al. (2012a)

AFM

Wang et al. (2012b)

FM

Ding et al. (2012)

Ganner et al. (2012)
Moran-Mirabal et al. (2013)

Luterbacher et al. (2013)

AFM, LM, and CFM

AFM
CFM and FRAP

CFM

Enzyme(s)
investigated

Algal cellulose (V. ventricosa)
Avicel
Treated G. xylinus cellulose
(MeOH dispersion)
Algal cellulose (V. ventricosa)
crystals, dispersed in H2O
Minimally processed cellulose
microﬁbrils from G. xylinus
and Cladophora sp., DTAF-labeled BC
Algal cellulose (V. ventricosa)
Algal cellulose (V. ventricosa)
Algal cellulose (Cladophora sp.),
cellulose III
BC

Mixed amorphous-crystalline
cellulose
Treated BC (G. xylinus)
(MeOH dispersion)
Poplar pulp
Corn stover

Mixed amorphous-crystalline
cellulose
DTAF-labeled and unlabeled
BC
DTAF-labeled BC

Additional techniques
Compositional analysis of
native and pretreated
corn stover
XRD

WAXS, SAXS

C. ﬁmi CenA
TrCBH I, TrCBM-GFP
TrCBH I labeled with
Alexa Fluor 4881

Tr, Ac, and CtCBM-GFP
TrCBH I
TrCBH I, CBH II
T. fusca Cel5A, Cel9A, and
Cel6B labeled with
Alexa Fluor 4881
TrCCS

Hydrolysis studies

TrEG I, CBM-GFP
TrCCS labeled with Alexa
Fluor 4881 or 5681
TrCBM-GFP, CtCBM-GFP,
Ct cellulosome, commercial CCS mixture labeled
with Alexa Fluor 4881
TrCCS, TlCBH I, TrCBH II,
TlEG II
T. fusca Cel5A, Cel9A, and
Cel6B labeled with Alexa
Fluor 4881 or 6471
TrCBH I labeled with Alexa
Fluor 6471

FRET
Two color coherent
Raman scattering
microscopy
Hydrolysis studies

Ac, Acidothermus cellulolyticus; A. niger, Aspergillus niger; A. pullulans, Aureobasidium pullulans; CCS, complete cellulase system; C. ﬁmi, Cellulomonas ﬁmi;
Ct, Clostridium thermocellum; DTAF, 5-(4,6-dichlorotriazinyl)-aminoﬂuorescein; EX, endoxylanase; FITC, ﬂuorescein isothiocyanate; FRET, ﬂuorescence
(Förster) resonance energy transfer; FTIR, Fourier-transform infrared spectroscopy; GFP, green ﬂuorescent protein; G. xylinus, Gluconacetobacter xylinus; H.
insolens, Humicola insolens; LM, light microscopy; LS, Langmuir-Schaefer; NC, nanocrystal cellulose; NFC, nanoﬁbrillar cellulose; QCM-D, quartz crystal
microbalance with dissipation measurements; QD, quantum dot; PASC, phosphoric acid swollen cellulose; RFP, red ﬂuorescent protein; SAXS, small angle Xray scattering; SC, spin-coated; SEM, scanning electron microscopy; STEM, scanning TEM; T. fusca, Thermobiﬁda fusca; T. maritima, Thermotoga maritima;
Tl, Trichoderma longibrachiatum; V., Valonia. WAXS, wide angle X-ray scattering; XRD, X-ray diffraction.

down to the atomic scale can be achieved. TEM investigations on biological specimens, however, often require
staining or labeling due to the low differential contrast
which can lead to artifacts. Direct and indirect labeling of
cellulases for TEM studies was accomplished with colloidal
gold (Blanchette et al., 1989; Chanzy et al., 1983, 1984; Gilkes
et al., 1988; Imai et al., 1998; Lehtiö et al., 2003; Nieves et al.,
1991; Penttilä et al., 2010; Pinto et al., 2008; White and
Brown, 1981). Another drawback is that hydrated specimens
can only be visualized with environmental TEM (ETEM),
whose resolution is insufﬁcient for cellulase visualization:

recently, native cells were imaged with 32 nm resolution (de
Jonge et al., 2009; Peckys et al., 2011). Likewise, beam
damage on delicate matter can produce artifacts and sample
damage (Allison et al., 2010; Imai et al., 2003; Peckys et al.,
2011). This can be delayed by using a low temperature
sample stage, which, however, requires special equipment
for a rapid sample freezing in order to prevent ice formation
within the specimen (Clegg and Collyer, 1991; Sezen et al.,
2009, 2011). Finally, the lack of capability to visualize
dynamic processes and the non-environmental conditions
required (i.e., vacuum) further limits the application of
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TEM in following the structural dynamics of enzymatic
cellulose degradation.
Scanning Electron Microscopy (SEM)
In SEM, a ﬁnely focused electron beam (down to 1 nm, 0.1–
30 keV) is rastered across the surface of the specimen (Denk
and Horstmann, 2004). Classical SEM requires an electrically conductive surface layer, which can be sputtered on the
sample surface, and vacuum conditions within the sample
chamber. Alternatively, with environmental SEM (ESEM)
measurements at higher pressures are possible, thus allowing
for investigation of hydrated and uncoated biological
samples, such as cellulose (Collins et al., 1993;
Krishnamachari et al., 2011). However, lateral resolution
in ESEM is lower than in classical SEM due to scattering
effects in the chamber and the thin liquid ﬂuid layer on the
sample surface. Thence, ESEM is not suited for investigation
of dynamic protein–protein or protein–substrate interactions (Allison et al., 2010; Ding et al., 2008).
Atomic Force Microscopy
In AFM, a sharp tip which is mounted at the end of a ﬂexible
cantilever is rastered over the sample surface (Garcı́a, 2010).
To enhance the tip sensitivity and allow for the localization
of individual and bio-molecules, the AFM tip can
additionally be functionalized (Noy, 2008). An essential
advantage of AFM is that measurements can be performed
in liquids. This enables static and dynamic investigation of

biological systems on the molecular scale in environmental
conditions at ambient pressure, temperature, and without
sample pretreatment. For biological specimens, tapping
mode (i.e., intermittent contact or dynamic mode) is the
standard AFM mode, providing spatial resolution of 1 nm or
less. Thus, the force exerted on the sample is lower than in
contact mode and can furthermore be adapted to the
material properties (Allison et al., 2010). Recently, highresolution imaging of cellulases was achieved using magnetic
alternating current (MAC) mode AFM (Fig. 3) (Quirk et al.,
2010; Wang et al., 2012a).
For AFM, a sufﬁciently ﬂat sample is required for high
scanning rates and lateral resolution on the molecular scale,
which is currently a key challenge. AFM scan ranges are
typically less than 100 and 10 mm in X, Y, and Z direction,
respectively, which limits the possible area of observation.
Additionally, scan rates for large scans are slow—except in
high-speed (HS) AFM—thus preventing dynamic investigations with nanometer resolution (Allison et al., 2010; Ding
et al., 2008). The recent development of HS-AFM enables
real time imaging of individual enzymes and their dynamics.
HS-AFM can capture more than 10 images per second, thus
enabling enthralling insights into the dynamics of biological
processes (Fig. 2) (Casuso et al., 2009; Igarashi et al., 2009,
2011; Kodera et al., 2010; Uchihashi et al., 2012).

(Ligno)Cellulose: A Complex Substrate
Cellulose is an abundant natural biopolymer of b-1,4-linked
glucose (repeating unit: D-anhydrocellobiose) which is

Figure 3. MAC mode AFM images of TrEG I on BC (Wang et al., 2012a). Reprinted with permission from Wang J, Quirk A, Lipkowski J, Dutcher JR, Hill C, Mark A, Clarke AJ.
2012. Real-time observation of the swelling and hydrolysis of a single crystalline cellulose ﬁber catalyzed by cellulase 7B from Trichoderma reesei. Langmuir 28:9664–9672.
Copyright (2012) American Chemical Society.
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exclusively produced biosynthetically: either by photosynthesis as in higher plants and algae or non-photosynthetically as in certain microorganisms (Klemm et al., 2005;
Zhang and Lynd, 2004). The planar sugar rings of different
chains are aligned in one plane and engage in stacking
interactions with other layers of cellulose chains, allowing
tight assembly. These characteristics—linearity, rotation
(resulting from the 1808 twist occurring through the b-1,4
linkage of two D-anhydroglycopyranose units), and stacking
interactions—favor a high degree of organization between
single cellulose chains and the formation of a stable intraand inter-chain hydrogen bond network (Habibi et al., 2010;
Klemm et al., 2005). Eventually, this leads to tightly packed
and highly ordered (‘‘crystalline’’) regions in cellulose.
These regions are barely accessible even for small molecules
such as water. In amorphous regions, the entry of water can
cause substantial swelling. Additionally, amorphous cellulose is relatively unordered and generally believed to be
easier to degrade than crystalline cellulose (Cuissinat and
Navard, 2006; Klemm et al., 2005).
The width of linear cellulose crystals (‘‘microﬁbrils’’) of
plants and algae ranges from approximately 4 nm (plants) to
approximately 20 nm (algae) (Šturcová et al., 2004). Several
microﬁbrils are combined to a macroﬁbril which, in plants,
often is heavily intertwined with lignin at its outer
microﬁbrils. Lignin is a heavily cross-linked non-carbohydrate macromolecule that is covalently bound to hemicellulose and substantially contributes to cellulose breakdown
being troublesome. In plants, lignin constitutes up to 30%
and hemicelluloses up to 35% of the dry weight (Jarvis, 2003;
Lynd et al., 2002; Zhang and Lynd, 2004). Native cellulose
crystals occur as a variable mixture of two different forms,
cellulose Ia and cellulose Ib, with the ﬁrst one being the
primary form in algae and the latter one in plants (Cuissinat
and Navard, 2006). Cellulose Ia (triclinic) and cellulose Ib
(monoclinic) differ in symmetry and directional formation
of the hydrogen bond network; the chains themselves,
nevertheless, are aligned in parallel in each microﬁbril,
meaning that the reducing ends of each chain point in the
same direction (Chanzy and Henrissat, 1985; Imai et al.,
1998). The metastable Ia phase, which is more susceptible to
enzymatic degradation (Boisset et al., 2000), can be
transformed into the thermodynamically more stable Ib
by thermal treatment (Klemm et al., 2005). The allomorphs
II, III, and IV are thermodynamically favored over
allomorph I. Crystalline cellulose I can be converted into
cellulose II by precipitation and regeneration of dissolved
cellulose (i.e., in ionic liquids), or mercerization (alkalization) (Cuissinat and Navard, 2006; Igarashi et al., 2007).
Mercerization is a relevant technical process, for example in
ﬁber spinning and also as a hydrolysis pretreatment method,
where native cellulose is processed with aqueous sodium
hydroxide to increase hydrolysis. Cellulose IIII can be
produced by liquid ammonia treatment of cellulose I (Ahola
et al., 2008; Cuissinat and Navard, 2006; Igarashi et al., 2007;
Klemm et al., 2005). Cellulose IV, which has no technical
relevance, can be produced by treating cellulose II or III with

glycerol at 2608C. Direct transformation of cellulose I into
the allomorph IV is not possible (Klemm et al., 2005; Wada
et al., 2004).
The inﬂuence of the cellulose structure on its recalcitrance
has long been discussed. It is, nevertheless, still largely
unclear at which level and to which extent substrate-related
factors act ‘‘rate retarding’’ in enzymatic cellulose disintegration (Jarvis, 2003; Zhang and Lynd, 2004). These factors
are: (i) accessibility; (ii) available surface area; (iii)
crystallinity; (iv) degree of polymerization; (v) lignin and
hemicellulose content; (vi) change of features during
disintegration, and (vii) pretreatment (Zhang and Lynd,
2004). In order to improve the accessibility of the substrate,
different pretreatment methods are used, for example steam
explosion, acid, mercerization, and dissolution in ionic
liquids (Chundawat et al., 2011; Lee et al., 2009).

(Ligno)Cellulosic Substrates for Cellulase Visualization
Cellulase activity is inherently connected with cellulose
morphology (Fig. 4), hence the choice of the substrate is
pivotal when studying cellulase activity. Activity of the
enzymes as well as the adsorption depends on the type of
cellulose used (Bubner et al., 2012; Igarashi et al., 2006).
Crucial factors of the substrate such as allomorph,
crystallinity index, degree of polymerization, and lignin/
hemicellulose content are dependent on the source of the
substrate and possible pretreatment. The inﬂuence of drying
on cellulose substrates and alterations thus induced was also
discussed in literature (Suchy et al., 2010). Furthermore,
selection of the appropriate substrate also depends on the
visualization method chosen: AFM, for example, requires
(nano-)ﬂat substrates, TEM demands ultrathin specimens,
and in classical SEM, the sample must be appropriately dried
prior to the investigation. An overview of the cellulosic
substrates used hitherto is given in the following and in
Table II.
Bacterial and Algal Cellulose
BC and algal cellulose are pure cellulosic substrates meaning
they are not associated with hemicellulose or lignin. They
were used as substrates in several visualization studies
(Table II). The BC particles secreted by G. xylinus are small,
homogeneous and of high purity. During BC synthesis,
cellulose microﬁbrils (3.0–3.5 nm) self-assemble into ribbons (width 40–60 nm), which eventually become twisted
right-handed helices having one 1808 turn each 700 nm
(Bowling et al., 2001; White and Brown, 1981). The
microﬁbrils are dense and mainly consist of crystalline
cellulose, predominantly allomorph I (80%). They are
encased by less densely packed cellulose sheets (Astley et al.,
2001; Klemm et al., 2005). Cellulase visualization studies on
BC need to take into account the regular twists and its
semicrystalline morphology when drawing conclusions on
cellulase action. Recently, thin ﬁlms of BC ﬁbers were
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Figure 4.

TEM images of different cellulosic materials (Klemm et al., 2005). From left to right: Valonia spp. cellulose; cotton linters; spruce sulﬁte pulps. ß 2005 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

prepared with Langmuir-Blodgett (LB) processing for AFM
studies of cellulases (Fig. 3) (Quirk et al., 2010; Wang et al.,
2012a).
Cellulose from algae, such as Cladophora and Valonia
cellulose, is highly crystalline cellulose I. The algal cellulose
microﬁbrils are made of the two allomorphs Ia and Ib with
the Ia-allomorph as predominant form (Imai et al., 2003).
Valonia cellulose can easily be prepared from vesicles of
V. macrophysa or V. ventricosa. Each microﬁbril is an
individual cellulose crystal of hexagonal shape with sizes
ranging from 15 to 40 nm in height and 0.2 to 2 mm in length
(Chanzy and Henrissat, 1983; Liu et al., 2011); hence, it is
possible to obtain single cellulose crystals of high purity.
Valonia cellulose is widely used as standard crystalline
cellulose substrate because single crystallites of high purity
and with low surface roughness can be obtained easily. This
makes Valonia cellulose well suited for AFM applications
and especially for studying the dynamics of enzymes acting
on crystalline regions such as CBH I (Chanzy et al., 1984; Liu
et al., 2011). The lack of amorphous regions, however, does
not allow to observe the structural dynamics of an EG or a
complete cellulase system entirely.
Cellulosic Substrates From Higher Plants
In all plants, lignocellulose is the major cell wall constituent
providing stiffness and elasticity at the same time. Plant
cellulose is nearly exclusively of the Ib-allomorph (Debzi
et al., 1991; Šturcová et al., 2004). Its degree of crystallinity
varies and is lower in cotton ﬁbers (Fig. 4), for example, than
in hardwood (Klemm et al., 2005). Visualization studies
with entire sections of wood or other plant-derived material,
such as corn stover, were not pursued to visualize cellulase
structural dynamics but rather aimed at either locating
different cellulolytic and hemicellulolytic enzymes in plant
cells (Evans et al., 1991), locating different (hemi)cellulose
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types (Berg et al., 1988; Blanchette and Abad, 1988), imaging
the degradation of entire pieces of native wood (Blanchette
et al., 1989), and understanding the ultrastructure of plant
cells (Ding and Himmel, 2006).
Another plant-derived substrate used for visualization is
Kraft pulp, which is produced by treating wood with sodium
hydroxide and sodium sulﬁde. This treatment breaks
microﬁbrils, thereby producing new chain ends and
exposing amorphous regions which were before buried
within the substrate (Klemm et al., 2011). During pulping,
low-order areas and the Ia-fraction of the wood cellulose are
converted to the Ib allomorph thus increasing structural
order (Hult et al., 2000). Microﬁbrillar cellulose can be
produced from pulp by dispersion and homogenization.
The substrate thus obtained contains enzyme accessible
amorphous and crystalline regions (Nieves et al., 1991).
Cellulose Model Substrates
Visualization of cellulase action requires a homogeneous,
well-deﬁned substrate that allows for assessing all of the
activities of a cellulase system. In order to achieve a high
lateral resolution in AFM studies, it is essential that the
sample surface is at least locally sufﬁciently (nano-)ﬂat. A
variety of cellulose ﬁlms meeting these demands were
produced (Table II), for instance by LB deposition of BC
ﬁbers (Quirk et al., 2010), or by regeneration of cellulose
from solution1 which yields cellulose II (Ahola et al., 2008;
Kontturi et al., 2003, 2011). Similarly, Langmuir-Schaefer
(LS) and spin-coated (SC) ﬁlms consist of mainly
amorphous cellulose with some cellulose II crystalline
regions (Ahola et al., 2008). Native cellulose I ﬁlms featuring
crystalline and amorphous regions—and some residual
To this end, cellulose is dissolved, for example in N-methylmorpholine-N-oxide
(NMMO) or an ionic liquid and subsequently precipitated with an antisolvent.

1
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Bacterial (G. xylinus)

Bacterial (G. xylinus)

Algal (V. macrophysa,
V. ventricosa,
Cladophora sp.)

Algal (Cladophora sp.)

Plant

Plant

Plant

Bacterial cellulose

Bacterial cellulose

Algal cellulose

Cellulose III

Whatman CF11

Sigma Cell 20

Corn stover

Plant

Plant

Plant (reed)

Plant (poplar)

Pretreated
corn stover
Switchgrass

Switchgrass

Kraft pulp

Pulp ﬁbers

Plant

Bacterial (G. xylinus)

Source
—

Preparation

Extraction,
H2O/
NaClO2/CH3COOH,
DT, NaOH treatment

Embedded, frozen,
ionic liquid at 1208C
Bleached, Kraft pulp

2% H2SO4, 20 min at
100–1508C
Embedded, frozen

Deligniﬁed and
naturally senescent,
dried

—

Supercritical ammonia
treatment at 1408C
—

—

Milling, MeOH,
LB-deposition
DTAF-grafted

Substrates used in visualization studies.

Bacterial cellulose

Substrate

Table II.

Amorphous to
paracrystalline, Ib-rich
(Hult et al., 2003)
Ia

Ib-rich, contains lignin and
hemicellulose
Ib-rich, contains lignin and
hemicellulose
Cellulose II

Predominant crystalline
(Park et al., 2010), Ib-rich
Mainly crystalline (Park et al.,
2010), Ib-rich
Ib-rich, contains lignin and
hemicellulose (only for
natural corn stover)

Cellulose III

Strictly crystalline,
allomorph Ia

Predominantly crystalline,
allomorph Ia

Predominantly crystalline,
allomorph Ia

Properties

FM

AFM

CFM, SEM, and
XRD
CFM and SEM

Immuno-EM

AFM, CFM,
and LM

TEM, FM, and
CFM
TEM and CFM

AFM

TEM, AFM, TIRFM, and CFM

TIRF-M and CFM

CCS labeled with Alexa Fluor
4881 or 5681

CCS, EG V, mutant
EG I w/o CBM

CCS

CCS

Wang et al. (2012b)

Liu et al. (2009a)

Singh et al. (2009)

Singh et al. (2009)

Donohoe et al. (2009)

Ding et al. (2012)

(Continued)

Pinto et al. (2008)

CBM-FITC conjugates
TrCBM-GFP, CtCBM-GFP,
Ct cellulosome, commercial
CCS mixture labeled with
Alexa Fluor 4881
CCS

Pinto et al. (2006, 2008)

White and Brown (1981), Chanzy
et al. (1984), Gilkes et al. (1993),
Boisset et al. (1999, 2000), Bowling
et al. (2001), Santa-Maria and Jeoh
(2010), Moran-Mirabal et al.
(2011, 2013)
Quirk et al. (2010), Wang et al.
(2012a)
Moran-Mirabal et al. (2008, 2013),
Santa-Maria and Jeoh (2010),
Luterbacher et al. (2013)
Chanzy and Henrissat (1983, 1985),
Chanzy et al. (1983, 1984), Gilkes
et al. (1993), Jervis et al. (1997),
Imai et al. (1998), Boisset et al.
(1999), Lehtiö et al. (2003), Ding
et al. (2006), Liu et al. (2009b, 2010
2011), Igarashi et al. (2009), Xu
et al. (2009), Santa-Maria and
Jeoh (2010), Dagel et al. (2011),
Igarashi et al. (2011)
Igarashi et al. (2011)

References

CBM-FITC conjugates

CBH I

CBH I, EG (CenA, T. fusca
Cel5A and Cel9A), CBH (Cex,
T. fusca Cel6B)
CCS, CBH I, CBH II, EG II,
EG (CenA), CBH (Cex),
CBMs, CBM fusion proteins,
Cellulosome, CBH I mutants

EG (CenA), EG I, CBM-GFP

CCS, CBH I, CBH II, EG IV,
EG (CenA, T. fusca Cel5A and
Cel9A), CBH (Cex, T. fusca
Cel6B), CBMs, Cellulosome

TEM, AFM, and
CFM

AFM

Proteins investigated

Method employed
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Dissolved in IL/ethanol
treatment/
ultramicrotomy

TMSC

Plant (Avicel)

Plant (cotton)

Plant (aspen wood)

Plant (Avicel)

Langmuir-Schäfer
cellulose ﬁlm

Spin-coated
regenerated
cellulose

Cotton ﬁbers

Microﬁbrillar
cellulose
Sound and
decayed wood
blocks
Mixed
amorphouscrystalline
cellulose

Dissolution in
50% NMMO;
addition of DMSO,
spin coating and
dried
—

Mixed amorphous-crystalline
allomorphs I and II

Ib-rich, contains lignin and
hemicellulose

Allomorph Ib-rich, average
ﬁber length >2,700 glucose
units, macroﬁbrils
60–360 nm
n.c.

10 nm thick, 3 nm RMS,
mainly amorphous,
but also crystalline regions
(allomorph I)
10–15 nm thick, 1 nm RMS,
mainly amorphous, minor
fraction of crystalline
cellulose II, layered
structure
30–35 nm thick, 5 nm RMS,
mainly amorphous minor
fraction of crystalline
cellulose II

20–30 nm thick, 10 nm RMS,
crystalline cellulose I

500 mm ﬁlm thickness, RMS
1.0 nm

Mainly crystalline (Park et al.,
2010), Ib-rich

Amorphous

Properties

AFM

TEM

TEM

AFM and SEM

AFM

AFM

AFM

AFM

X-ray tomography, cryo-TEM,
and FM
AFM

TEM and CFM

Method employed

CCS, CBH I, CBH II, and EG

CBH I, EG II, and EX

CBH I and EG I

CCS; active and inactivated
CBH I, CBH II, and EG II

CCS

CCS

CCS

CCS

CBM, double-CBM fusion
protein

CCS, CBM-FITC conjugates

CBM-FITC conjugates

Proteins investigated

References

Bubner et al. (2012), Ganner et al.
(2012)

Blanchette et al. (1989)

Nieves et al. (1991)

Lee et al. (1996, 2000), Boisset et al.
(1997)

Ahola et al. (2008)

Ahola et al. (2008)

Ahola et al. (2008)

Ahola et al. (2008)

Nigmatullin et al. (2004)

Bayer and Lamed (1986), Pinto et al.
(2006), Penttilä et al. (2010)

Ding et al. (2006), Pinto et al. (2008)

DMSO, dimethyl sulfoxide; IL, ionic liquid; n.c., not characterized; NMMO, N-methylmorpholine-N-oxide; RMS, root mean square roughness; TMSC, trimethylsilyl cellulose.

Plant (birch wood)

H2SO4/alkali extraction/
homogenization
Subjected to fungal
decay

Plant (deligniﬁed
sulﬁte pulp)

Cellulose
nanoﬁbril ﬁlm

LS deposition and
desilylation in HCl
vapor

Plant (Whatman ﬁlter
paper)

Cellulose
nanocrystal ﬁlm

Alkaline saponiﬁcation
of cast cellulose
acetate
Homogenization and
HCl hydrolysis and
dried
High-pressure ﬂuidizer,
spin-coating and
dried

Dilute H3PO4 and
lyophilization or
extensive washing
—

Preparation

Cellulose acetate
398-10

Plant
(Whatman
CF11) or Algal
(V. ventricosa)
Plant (Avicel)

Source

Regenerated
cellulose ﬁlm

Microcrystalline
cellulose

PASC

Substrate

Table II. (Continued )

hemicellulose—can be obtained by spin-coating or deposition of cellulose suspensions onto silica (Ahola et al., 2008;
Eriksson et al., 2005a, b). Another convenient method is the
preparation of gels from partly dissolved Avicel in ionic
liquid, which—after ethanol treatment—yield a mixed
amorphous-crystalline, pure cellulosic substrate (Bubner
et al., 2012; Ganner et al., 2012).

Visualization of Cellulase Action: Addressing
Challenges in Comprehending Enzymatic
Cellulose Degradation
Comprehension of cellulolytic cellulose degradation is a
complex matter due to the heterogeneous nature of the
reaction. In addition to the substrate-related parameters,
such as progressive alteration during degradation and
general in-homogeneity, several important enzyme-related
parameters have to be considered: adsorption and possible
desorption, unproductive binding, competition for binding
sites, non-Michaelis Menten reaction kinetics,2 enzyme
inhibition and inactivation, site accessibility, enzyme
jamming, obstacles impeding processive cellulases, etc.
(Bansal et al., 2009; Hall et al., 2010; Jalak and Väljamäe,
2010; Jalak et al., 2012; Levine et al., 2010; Väljamäe et al.,
1998). Through visualization, meso- and nano-scale
processes on and even within the substrate can be observed
directly or indirectly, results of cellulase action can be
qualiﬁed and quantiﬁed, and interactions between the
enzymes themselves and between the enzymes and the
substrate can be accessed. Thus, the various visualization
methods employed in different studies throughout the past
three decades have substantially advanced our knowledge
and helped to build and reﬁne the model of enzymatic
cellulose degradation that we hold today (Fig. 1, Table I).
Microscopy was recognized as a powerful tool in research on
cellulose degradation as early as in the beginning 1980s. In
the following, we review the studies which aimed at
visualization of the enzymes themselves, as well as those
focused on the structural implications of cellulases. We also
discuss the milestones of visualization and their implications
on our current comprehension. Table I gives a comprehensive overview about the visualization studies of the past 31
years.

Approaches Towards Direct Visualization of Cellulases
The ﬁrst visualization of a complete Tr cellulase system
(Fig. 5) (White and Brown, 1981) and sole TrCBH I (Chanzy
et al., 1983), respectively, was done with TEM. To this end,
cellulases were ﬁxed on carbon grids and stained with uranyl
acetate (negative staining). These ﬁrst TEM images of CBH I
show spherical particles (diameter 7–8 nm) (Chanzy et al.,
2

Michaelis Menten kinetics cannot be determined for cellulases as this would require
a soluble substrate.

Figure 5. Early TEM study of cellulases (White and Brown, 1981). a: BC ribbons
after 30 min of incubation with TrCBH I (scale bar: 100 nm); b: BC ribbons after 30 min of
incubation with TrEG IV and some ribbon splaying (scale bar: 100 nm); c: ﬁbril bundle
with encircled possible cellulases (scale bar: 50 nm).

1983). A later low dose TEM study (Lee and Brown, 1997)
found TrCBH I and II to be elongated in shape with 13 and
15 nm in length, respectively, which more closely matches
the size of intact TrCBH I as determined in aqueous
environment (18–21.5 nm in length, radius of gyration of
4.27 nm) (Abuja et al., 1988a, b; Kleywegt et al., 1997).
Similarly, in an AFM study, the mean grain size of
inactivated TrCBH I bound to cotton ﬁbers was determined
as 13.1 nm (Lee et al., 2000) and recently, the size of an
TrEG I on cellulose was determined as 19  4 nm long and
2.2  0.5 nm high (Wang et al., 2012a).

Indirect Visualization of Cellulases on Cellulose
Visualizing adsorbed cellulases on their natural substrate by
means of TEM requires some sort of label on the
macromolecule in order to distinguish enzyme particles
from other features. This is in contrast to AFM, where direct
visualization of cellulases on their substrate is possible due to
their different properties in phase imaging (Bubner et al.,
2012; Igarashi et al., 2009, 2011; Liu et al., 2009a; Wang et al.,
2012a). Indirect visualization in TEM can be accomplished
for example by using gold labeling. Gold particles are
electron dense markers that can easily be distinguished in
TEM images, sometimes with additional silver enhancement
to further increase contrast (Humbel et al., 1995). Goldlabeling was used, for example, to locate different
(hemi)cellulose types (Berg et al., 1988; Blanchette and
Abad, 1988); for determining the speciﬁcity of binding of
different cellulolytic and hemicellulolytic enzymes in plant
cells (Evans et al., 1991); for investigating the degradation of
wood by white rot fungi (Blanchette et al., 1989); and of
course for several cellulase visualization studies (Chanzy
et al., 1984; Gilkes et al., 1993; Nieves et al., 1991; Pinto et al.,
2008). Gold labeling is now a widely employed standard
technique in protein biophysics as these biomacromolecules
can easily be coupled to the gold particles (Gagner et al.,
2011; Geoghegan and Ackerman, 1977). Colloidal gold
particles are available commercially in different sizes and
shapes (average diameter ranging from 1 to 250 nm)
(Gagner et al., 2011). Unfortunately, when TrCBH I is
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coupled to gold it loses 40% of its activity (Chanzy et al.,
1984). Inactivation of proteins including (partial) disintegration of their secondary structure has been reported upon
coupling to gold (Gagner et al., 2011) and can be explained
by the mechanism of conjugation of the colloidal gold to
proteins which depends on charge attraction, hydrophobic
adsorption and dative binding to thiol groups. As the face of
the CBM responsible for adsorption to the substrate is highly
hydrophobic (Linder et al., 1995), preferred binding of
colloidal gold at this site might prevent adsorption of the
enzyme to its substrate, thus reducing activity.
In FM, ﬂuorescent labels are required for contrast. By
labeling whole cellulases or CBMs they can be indirectly
visualized in situ on their substrate. It was shown that
activity of the T. fusca cellulases Cel5A, Cel6B, and Cel9A
was only slightly affected by labeling with Alexa Fluor 6471
(Moran-Mirabal et al., 2008). Using a suitable pair of dyes as
labels, localization of different cellulases was studied using
quantitative photobleaching ﬂuorescence (Förster) resonance energy transfer (FRET) (Wang et al., 2012b). This
method could be used, for example, for studying synergy or
competitive binding among cellulases.
TrCBH I Binds to Hydrophobic Faces of Crystalline
Cellulose
Using the minimum dose technique with lower electron
energies and beam current, labeled TrCBH I was visualized
bound to Valonia cellulose without further shadowing or
staining (Chanzy et al., 1984). Thus they were able to show
that TrCBH I binds preferentially to the hydrophobic (110 or
‘‘planar’’) face of the crystal (Chanzy et al., 1984). This was
corroborated in silico (Nimlos et al., 2012) as well as under
environmental conditions in a recent AFM study (Liu et al.,
2011) and is commonly agreed on now. This is an important
ﬁnding, as CBH I binding sites on crystalline cellulose are
limited due to the tight packing of the chains and the likely
burial of chain ends in inaccessible regions within the crystal
(Mansﬁeld et al., 1999). Preference for hydrophobic faces
further reduces the number of possible CBH I binding sites.
Furthermore, it was shown using quantum dot (QD) and
green ﬂuorescent protein (GFP) labeling and different
imaging techniques including DOPI, TIRF-M, TEM, and
AFM, that two type-I CBMs of families 1, 2, and 3 also
selectively bound to the hydrophobic face (Dagel et al., 2011;
Ding et al., 2006; Xu et al., 2009). It was proposed recently that
access to the hydrophobic face might be limiting in hydrolysis
of plant cell walls (Ding et al., 2012).

Cellulases Exhibit Clustering
Interestingly, TrCBH I forms clusters which do not show
preferential binding (Chanzy et al., 1984). These aggregates
might result from conjugation of more than one enzyme per
gold particle during labeling and, probably, additional
protein aggregation. It might also be an intrinsic behavior of
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the enzyme, which would be in accordance with the decrease
in clustering at lower loadings (Chanzy et al., 1984).
Aggregation of TrCBH I was also reported elsewhere (Nieves
et al., 1991) and with other cellulases, such as TrEG I (Nieves
et al., 1991), with TrCBH II at high concentrations in
environmentally benign conditions (Ganner et al., 2012),
and with sole TrCBMs (Nigmatullin et al., 2004).
Nigmatullin et al. (2004) showed in their AFM study that
TrCBMs forms aggregates of varying size (up to 80 nm).
These were distributed all over the surface, thus increasing
the root mean square (RMS) roughness from originally 0.4
to 2.6 nm. They concluded that aggregation is a result of the
hydrophobic character of one face of the CBMs. It remains
elusive if clustering of entire cellulases leads to (partial)
inactivation or vice versa. There is, however, strong evidence
that the majority of the clusters is active: in an AFM study,
TrCBH II clusters were shown to bind to and remove
amorphous cellulose (Ganner et al., 2012).

Immuno-EM Visualized Preference for Different
Substrate Morphologies
In their 1991 publication, Nieves et al. expanded the gold
coupling to the TEM-based ‘‘immuno-EM’’ method. In this
approach, gold-coupled monoclonal antibodies (mAbs) are
used to speciﬁcally locate cellulases on their substrates. The
authors coupled the particles (10 and 15 nm) to two
different mAbs which were speciﬁc for TrCBH I and TrEG I,
respectively. This enabled distinction between these two
enzymes according to the size of the gold particles and hence
identiﬁcation of their binding preferences (Fig. 6). TrCBH I
exhibited binding to sites the authors reckoned to be
amorphous as well as to supposedly crystalline regions.
TrEG I, by contrast, exclusively bound to amorphous
cellulose. In combined experiments, they moreover observed that TrCBH I bound to split microﬁbers protruding
from the plane. Also, TrCBH I sometimes exhibited
apparent association with TrEG I with an interesting
stoichiometry: TrCBH I always outnumbered TrEG I
(Nieves et al., 1991). Not only did this corroborate the
theory that TrEG I initially attacks the substrate, it might
also indicate possible binding site competition between
these two cellulases. However, one needs to consider that the
actual cellulose morphology at the TrEG I binding sites
cannot be determined easily with TEM.
Gilkes et al. (1993) investigated the adsorption of a
bacterial Cellulomonas ﬁmi EG (CenA) and its sole CBM
using immuno-EM on BC and Valonia cellulose. They
showed that the catalytic domain of this two-domain EG is
catalytically active even without the CBM, but did not
exhibit afﬁnity for cellulose. This was the ﬁrst time that
binding of a CBM alone was visualized and the mutual
independence of the catalytic and the binding domain was
conﬁrmed for CenA. In contrast to T. longibrachiatum (Tl)
EG and TrEG, which show preference for supposedly
amorphous regions (Ganner et al., 2012; Nieves et al., 1991),

Figure 7.

Hole formation in cotton ﬁbers by catalytically inactive TrCBH I (AFM,
height image; Lee et al., 2000). Reprinted from Ultramicroscopy, 82, Lee I, Evans BR,
Woodward J, The mechanism of cellulase action on cotton ﬁbers: Evidence from
atomic force microscopy, 213-221, Copyright (2000), with permission from Elsevier.

Figure 6. Immuno-TEM indicates preference of TrCBH I for crystalline regions
(Nieves et al., 1991). TrCBH I (upper arrow, small particles 10 nm) binds to crystalline
regions and TrEG I (lower arrow, bigger particles 15 nm) to amorphous cellulose (scale
bar: 200 nm). Appl Environ Microbiol, 1991, 57, 3163-3170, reproduced with permission
from American Society for Microbiology.
CenA exhibited uniform binding on Valonia cellulose and
BC (Gilkes et al., 1993). Its isolated CBM adsorbs similarly,
but with a slight preference for the edges of a particular
crystal face, comparable to what was reported from TrCBH I
(Chanzy et al., 1984; Liu et al., 2011). It remains unclear if
this preference is speciﬁc targeting or an artifact due to
disruption of the microﬁbrils by TEM sample pretreatment
or probably even by the CBMs themselves (‘‘amorphogenesis’’). There is contradictory evidence whether or not CBMs
aid in non-hydrolytic substrate disruption (Arantes and
Saddler, 2010; Lee et al., 2000; Mansﬁeld et al., 1999). AFM
visualization of an inactivated TrCBH I showed that it left
elongated holes in the ﬁbers but did not cause other
alterations (Fig. 7). No effect was observed when applying a
cellulase from Thermotoga maritima cellulase lacking a CBM
(Lee et al., 1996, 2000). By contrast, TrCBMs and the CBM
of TrEG I were not found to inﬂict any changes on cellulose
(Nigmatullin et al., 2004; Wang et al., 2012a).
The advantage of immuno-EM is that the cellulases
themselves do not need to be labeled with gold particles, as
this might alter their behavior, that is adsorption,
penetration, and/or degradation. The complex experimental
setup of immuno-EM, however, has also several disadvantages: for instance, non-speciﬁc interaction of antibodies
was observed to varying extents, but to a minimum of 10%

(Gilkes et al., 1993). Additionally, antibodies are huge
proteins, and in some studies, a second protein was required
for the reaction (Boisset et al., 1997; Donohoe et al., 2009;
Gilkes et al., 1993; Pinto et al., 2008). Eventually, a cellulase
with a diameter of 4–6.5 nm and a length of 18–21.5 nm
(Abuja et al., 1988a, b; Kleywegt et al., 1997) would be
coupled to one or two other proteins and a colloidal gold
particle of 5–15 nm. This will signiﬁcantly inﬂuence the
accurateness of the investigation. Besides, in case that
cellulases penetrate into the substrate—as it was reported
for CBMs (Pinto et al., 2008)—the antibodies might not be
able to follow hence rendering detection impossible. This
might also be true for large ﬂuorescent labels.

Accessing Structural Implications of Cellulase Action
Through Visualization
White and Brown (1981) observed synergistic effects and
differences in the mode of action of TrCBH I and TrEG IV in
their TEM study on BC ribbons from Gluconacetobacter
xylinus (previously: Acetobacter xylinum). TrEG IV is
probably weakening the supra molecular ribbon structure
by cleavage of intra molecular glycosidic bonds at regions of
lesser order. As a result, TrEG IV alone and in combination
with TrCBH I caused axial splaying, whereas incubation
with solely TrCBH I did not elicit any discernible effect
(Fig. 5) (White and Brown, 1981). On Valonia cellulose, by
contrast, TrCBH I was shown to degrade crystalline cellulose
completely producing cellobiose as major product (Chanzy
et al., 1983). G. xylinus and Valonia cellulose are widely used
as crystalline (Ia) model substrates (see the
(Ligno)Cellulose: A Complex Substrate Section). The
absence of visible activity of TrCBH I might be accredited
to the lack of chain ends protruding from G. xylinus ribbons
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or a too low enzyme concentration. In a more recent
approach, which elegantly combined AFM with CFM,
another group used more than double the loading of TrCBH
I on never-dried BC ribbons and found that the enzyme
actually untwists G. xylinus ribbons (Santa-Maria and Jeoh,
2010). They also described substantial thinning of the ﬁbers
as well as channels of 0.3–0.6 nm depth on the surface in
later stages of hydrolysis as a result of the processive action
of TrCBH I. These studies demonstrated the potential of
AFM as a visualization tool for studying cellulase action on
cellulose surfaces under environmental conditions.
TrCBH I and TrCBH II Act From Different Ends of the
Cellulose Crystal
When studying TrCBH II on Valonia crystals, Chanzy and
Henrissat (1985) observed that the enzyme acts from one
distinct end of the elongated crystals, thereby sharpening the
tips of one end of the crystal (Figs. 8 and 9). This tipsharpening effect suggests that degradation of ordered
cellulose proceeds layer-wise starting from the easily
accessible outer cellulose chains at a crystal edge. This
was the ﬁrst visual evidence that a CBH acts from only one
end of a crystal—in case of TrCBH II the non-reducing
end—and that all non-reducing ends in a cellulose Ia crystal
point in one direction (Chanzy and Henrissat, 1985).
Similarly, TrCBH I was shown to preferably bind to the ends
of ﬁbrillar structures (Nieves et al., 1991). At ﬁrst, it was

Figure 9. Generation of sharpened tips by CBH action (Chanzy and Henrissat,
1985). a: attack of the exo-enzyme at a non-reducing (NR) chain end located at the
surface; b: exposure of new non-reducing chain ends by degradation of the surface
layer; c: the non-reducing end is thus sharpened. Reprinted from FEBS Lett, 184,
Chanzy H, Henrissat B., Undirectional degradation of Valonia cellulose microcrystals
subjected to cellulase action, 285-288, Copyright (1985), with permission from Elsevier.
generally believed that all exocellulases act from the nonreducing end. This theory, however, failed to describe the
existence of exo–exo synergism (Barr et al., 1996).
Moreover, several studies described exocellulases which
actually attacked the reducing end of the cellulose chain,
using for example labeled soluble cellooligosaccharides to
demonstrate that TrCBH I and Thermobiﬁda fusca
(previously known as Thermomonospora fusca; Zhang
et al., 1998) E4 and E6 start degradation from the reducing
end (Barr et al., 1996). Further proof of the unidirectional
activity of TrCBH I was provided by a visualization study
where the reducing ends of Valonia cellulose were selectively
silver-stained. Thus, the site of TrCBH I attack was identiﬁed
as being the reducing end. Similar to TrCBH II, the
characteristic ‘‘pointed’’ edges were found. The authors also
claimed evidence for processivity of the exo-enzyme (Imai
et al., 1998). In the ﬁrst AFM study on cellulases, it was
described that TrCBH I leaves path-like indentions on the
surface of cotton ﬁbers which further indicated processive
action of TrCBH I (Lee et al., 2000). Another group used
AFM and TIRF-M imaging to visualize movement of CBMs
and TrCBH I (Liu et al., 2009b, 2011). They reported speciﬁc
attack of TrCBH I at the edges of Valonia monocrystals
(Fig. 10) and evidence of a TrCBH I sliding along a
microﬁbril (Liu et al., 2010, 2011). In HS-AFM studies,
Igarashi et al. (2009, 2011) succeeded to prove the mobility
of TrCBH I and determined its velocity on Cladophora
cellulose with 7.1  3.9 nm/s.
EG Cause Mesoscopic Smoothing and Swelling

Figure 8.

V. macrophysa microcrystal tip-sharpening (TEM image) (Chanzy and
Henrissat, 1985). a: ‘‘kinks’’ are highlighted on this microcrystal (scale bar: 250 nm); b:
the same as in a but after the incubation with CBH II for 16 h; R, reducing end; NR, nonreducing end; scale bar: 250 nm. Reprinted from FEBS Lett, 184, Chanzy H, Henrissat B.,
Undirectional degradation of Valonia cellulose microcrystals subjected to cellulase
action, 285-288, Copyright (1985), with permission from Elsevier.
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The structural dynamics of EG, which prefer amorphous
cellulose (Bubner et al., 2012; Ganner et al., 2012; Jalak et al.,
2012; Lynd et al., 2002; Nieves et al., 1991), are generally
more difﬁcult to capture as these enzymes are virtually
inactive on the highly crystalline model substrates employed
in most visualization studies (Bubner et al., 2012). A

Figure 10. TrCBH I is attacking the ends of Valonia crystals (Liu et al., 2011). Note the sharpened tips of the crystals. This image is reproduced with the permission of the
National Renewable Energy Laboratory, developed by Liu et al., National Renewable Energy Laboratory, Golden, CO, USA.

synergistic effect of a combination of endo- and exoenzymes, however, was observed with each of the CBH
(Chanzy and Henrissat, 1985; White and Brown, 1981).
With TrEG IV and TrCBH I working synergistically on
G. xylinus ribbons, ﬁber thinning and a more rapid
degradation as compared to the single enzymes were
observed (White and Brown, 1981). Chanzy and Henrissat
(1985) described that—after TrEG II pre-treatment—
TrCBH II, which before only started to degrade from one
end of the Valonia microcrystals, was also able to degrade
ﬁbrils starting from certain defects (‘‘kinks’’) (Fig. 8). These
kinks resulted from substrate preparation and probably
offered small amorphous patches for TrEG II attack. At these
sites, TrEG II presumably generated new chain ends which
were subsequently attacked by TrCBH II. The AFM studies
of Lee et al. (2000) showed for the ﬁrst time that action of an
TrEG II and a TrCBH I cause a distinctly different pattern on
the cellulose surface: TrEG II smoothes cotton ﬁbers and
TrCBH I causes path-like indentions on their surface. After
incubation with both enzymes simultaneously, no individual macroﬁbrils could be seen anymore due to synergistic
disruption of the ﬁbers.
Recently, an AFM study on TrEG I on BC showed that
incubation with TrEG I alone resulted in a two-phase
process: at ﬁrst, hydrolysis of the substrate prevailed; when
hydrolysis eventually stalled, a considerable swelling was
observed (Wang et al., 2012a). The authors assumed that
TrEG I hydrolyzes the amorphous regions ﬁrst, thus
exposing paracrystalline areas which might be susceptible
to swelling. The capability of TrEG I to cause substantial
swelling of amorphous cellulose was demonstrated in a
quartz crystal microbalance (QCM) study (Josefsson et al.,
2008). It is conceivable that through generation of new chain

ends TrEG I might facilitate swelling even of crystalline
cellulose surface.

Elucidating Synergism Through Visualization
Endo–exo synergism is generally explained by the generation
of new chain ends for CBH attack by a randomly cutting EG
(Jalak et al., 2012; Lynd et al., 2002). This mechanistic
interpretation has been expanded by recent results towards a
mesoscopic synergism: EG seems to be crucial for removing
amorphous material to reveal the crystalline areas beneath,
which are then accessible for CBH attack (Ganner et al.,
2012; Jalak et al., 2012). In an AFM study on a mixed
amorphous-crystalline substrate, the authors showed that
TlEG II attacked amorphous regions exclusively, thus
exposing well-deﬁned crystalline nanoﬁbers (‘‘polishing’’)
(Ganner et al., 2012). The Tl enzymes are isofunctional and
structurally analogous to the respective Tr cellulases
(Druzhinina et al., 2012; Kubicek et al., 1996). TlCBH I
alone was barely active on the substrate, removing only small
crystalline ﬁbrils on the surface (Ganner et al., 2012). This is
in accordance with the theory of morphological obstacles
(i.e., amorphous regions) hindering CBH activity (Fox et al.,
2012; Kurasin and Väljamäe, 2011). Recent FRAP studies of
the T. fusca cellulases Cel5A, Cel6B, and Cel9A also showed
that, with increasing temperature, the mobile fraction of the
processive cellulases Cel6B and Cel9A decreased in contrast
to the mobile fraction of the non-processive cellulases,
which stayed constant (Moran-Mirabal et al., 2011). The
authors concluded that processive cellulases which encounter obstacles during catalysis might be immobilized on the
surface by the cellulose chain bound in their active site,
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rendering them impossible to dissociate (Moran-Mirabal
et al., 2011). Thorough investigation of the surface diffusion
pattern of the labeled cellulases furthermore showed that
exocellulases exhibit different movement patterns than
endocellulases (Moran-Mirabal et al., 2013).
Interestingly, TlCBH II also exhibited a marked preference for amorphous cellulose. Contrary to TlCBH I, which is
monospeciﬁc for crystalline cellulose, TlCBH II is bispeciﬁc,
attacking amorphous regions as well as crystalline ﬁbrils. By
allowing TlEG II, TlCBH II, and TlCBH I to work together in
the presence of BGL, synergism was reconstructed as
observed with a complete cellulase system (Ganner et al.,
2012).

Meso-scale Morphological Consequences of Cellulose
Degradation
TEM studies of the action of complete cellulase systems from
Tr and Schizophyllum commune on Valonia cellulose proved
that profound morphological changes are occurring on the
meso- and nano-scale: fragmented vesicles, broken off
fragments, and a loss of integrity of microﬁbrils which broke
apart into single ﬁbrils with a width of 2–10 nm (Chanzy and
Henrissat, 1983). This led to the assumption that enzymatic
hydrolysis is a two-step process: ﬁrst, microcrystals are
broken down into smaller ﬁbrils which are hydrolyzed in a
second step (Chanzy and Henrissat, 1983). A mesoscopic
AFM study with a complete Tr cellulase system on a mixed
amorphous-crystalline substrate revealed formation of
elongated cracks on the surface upon cellulase treatment.
Crack growth exhibited acceleration and deceleration in
dependence of the crack geometry, probably caused by mass
transfer limitations within cavities. This study led to an
empirical model based on AFM observations and their
quantitative evaluation (Fig. 11) (Bubner et al., 2012).
Cellulases labeled with Alexa Fluor 6471 (1,250 Da) showed
reduced penetration into the pores of a porous cellulose
preparation depending on the size of the aggregates,
suggesting that cellulase binding is strongly dependent on
substrate morphology (Moran-Mirabal et al., 2008).
Ahola et al. (2008) investigated the results of cellulase
action on a set of different cellulose model ﬁlms in a
combinatorial approach (AFM and QCM with dissipation
measurements [QCM-D]) (Fig. 12). The thin ﬁlms (10–
30 nm) were quickly degraded by a complete Tr cellulase
system (CelluclastTM). AFM imaging was used mainly to
follow the morphological changes in the substrate. Due to
their ﬁbrillar structure, nanoﬁbrillar cellulose (NFC) ﬁlms
have a high and well accessible surface area as opposed to LS
and SC ﬁlms (see also ‘‘Cellulose model substrates’’ and
Table II): the NFC ﬁlm is nearly completely digested with
only some small, probably highly crystalline, remainders. LS,
SC, and nanocrystal cellulose (NC) ﬁlm degradation
proceeded slower, and especially in the highly crystalline
NC ﬁlm many undigested crystals remained. The LS ﬁlm,
which consists largely of amorphous cellulose but has some
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Figure 11.

Empirical model of enzymatic cellulose degradation derived from a
quantitative mesoscopic analysis (Bubner et al., 2012). The mesoscopic degradation
events taking place on the surface are captured in this model: from random ﬁssuring
events in the early phase of hydrolysis (A) to a completely disrupted surface, with its
entire external surface consumed (D).

crystalline cellulose II, was not degraded completely, by
contrast to the similarly structured SC ﬁlm (Ahola et al.,
2008). This supports the general notion that amorphous
cellulose is more readily digested than crystalline cellulose.
Another study investigated the enzymatic digestion of
Kraft pulp by complete and single cellulases from Humicola
insolens and Aspergillus spp. (As) using AFM. They also
visualized single AsEG V particles on the heterogeneous pulp
substrate (Liu et al., 2009a). The non-homogenous and
rough surface of substrates such as Kraft pulp or cotton
ﬁbers, however, does not allow for quantiﬁcation of cellulase
action on a nano-scale. AFM studies require a ﬂat substrate
which allows for proper identiﬁcation of enzyme-related
effects—and the enzymes themselves. Valonia cellulose
monocrystals proved to be a suitable model substrate for
SEM, TEM, and AFM studies. Generally, visualization of
complete cellulase systems faces the problem that direct
distinction between single activities is extremely cumbersome—if not impossible—without labeling. So far, only
with a dissect-and-build approach can structural changes
therefore be assigned to the respective cellulase.

Conclusion and Outlook
While the isolated molecular mechanisms of enzymatic
cellulose degradation are reasonably well comprehended
and unlikely to provide the sole reason for the signiﬁcant
hydrolysis rate retardation of the process, our current
understanding of enzymatic cellulose degradation lacks
results from meso- and nano-scopic events on the substrate.
There are suitable methods for each of these three levels of
assessing cellulase action—on a molecular, a meso-, and a

Figure 12. Comparison of cellulolytic degradation of different model substrates
(Ahola et al., 2008). Left side: before, right side: after enzymatic hydrolysis (scan size
5 mm). a, b: NFC ﬁlm; c, d: LS ﬁlm; e, f: SC regenerated cellulose ﬁlm; g, h: NC ﬁlm; Zrange is 30 nm for a–f and h, and 50 nm for g. Reprinted with permission from Ahola S,
Turon X, Osterberg M, Laine J, Rojas OJ. 2008. Enzymatic hydrolysis of native cellulose
nanoﬁbrils and other cellulose model ﬁlms: Effect of surface structure. Langmuir
24:11592–11599. Copyright (2008) American Chemical Society.
nano-scale: while biochemical, crystallographic and molecular modeling studies are suitable for investigating
molecular details, different microscopic approaches are
the method of choice when it comes to the meso- and nanoscale (Ganner et al., 2012; Nimlos et al., 2007).
Currently, AFM is the state of the art method to
investigate cellulose hydrolysis quantitatively and

qualitatively, in situ and under ‘‘natural’’ conditions, that is
aqueous environment, controlled (ambient) temperature and
pressure, without the need for sample modiﬁcation or
destroying substrate or enzymes. Furthermore, AFM can be
combined with other biophysical methods, such as QCM-D or
FM to provide a greater level of detail. The various emerging
super-resolution FM methods are promising and versatile tools
in the observation of cellulases and can additionally be used to
quantitatively investigate binding kinetics (Moran-Mirabal
et al., 2011). Recently, integrative approaches combining AFM
with optical microscopy have provided high-resolution
information about cellulolytic biomass degradation (Ding
et al., 2012). We anticipate that combined visualization/
biochemical studies will advance the ﬁeld substantially. Single
molecule imaging, as demonstrated in a recent HS-AFM study,
can provide detailed information on the molecular level such as
processivity of the enzymes (Igarashi et al., 2011). However, the
imaging speed in HS-AFM comes at the expense of the scan
area, which is quite conﬁned. Imaging cellulase action on a
mesoscopic scale is slower, but allows assessment of the
structural dynamics. Thus, it yields quantitative information
about the process. This allows identiﬁcation of obstacles and
surface dynamics, as well as global phenomena occurring on
the substrate surface (Bubner et al., 2012; Ganner et al., 2012).
One challenge in achieving comparable visualization
results is the choice of the substrate. The variety of substrates
used to test different cellulases renders accurate comparison
impossible because the morphology and deep structure of
cellulose affects enzyme dynamics. In order to resemble a
natural or pretreated cellulose, model substrates are needed.
Such a model substrate should feature amorphous and
crystalline cellulose hence allowing for studying complete
cellulase systems as well as all their individual activities.
The studies reviewed here prepared the ground for many
visualization studies on cellulase action which we anticipate
to signiﬁcantly advance our comprehension in the following
years. Recent in situ studies suggest that rate limiting factors
are probably associated with the surface dynamics of
cellulases: ‘‘trafﬁc jams’’ caused by obstacles limit processivity of cellulases (Igarashi et al., 2011), and synergism
among cellulases was shown to be morphology-dependent
with amorphous regions impeding CBH I action (Ganner
et al., 2012). These studies are examples of how (HS)
visualization studies might give us a deeper insight into
cellulose degradation on a nano-scale, including information about the detailed interaction with the substrate, while
mesoscopic studies will provide information about global
parameters, such as inhibition, obstacles, and synergism.
We wish to acknowledge the ﬁnancial support of this work by Grant P
24156-B21 from the Austrian Science Fund FWF (to B.N.).
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Å resolution, and a comparison with related enzymes. J Mol Biol
272:383–397.
Kodera N, Yamamoto D, Ishikawa R, Ando T. 2010. Video imaging of
walking myosin V by high-speed atomic force microscopy. Nature
468:72–76.
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Kontturi E, Suchy M, Penttilä P, Jean B, Pirkkalainen K, Torkkeli M,
Serimaa R. 2011. Amorphous characteristics of an ultrathin cellulose
ﬁlm. Biomacromolecules 12:770–777.
Krishnamachari P, Hashaikeh R, Tiner M. 2011. Modiﬁed cellulose
morphologies and its composites; SEM and TEM analysis. Micron
42:751–761.
Kubicek CP, Bolzlbauer UM, Kovacs W, Mach RL, Kuhls K, Lieckfeldt E,
Borner T, Samuels GJ. 1996. Cellulase formation by species of Trichoderma sect. Longibrachiatum and of Hypocrea spp. with anamorphs referable to Trichoderma sect. Longibrachiatum. Fungal Genet Biol 20:105–114.
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