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The composition and nanoscale mechanical characteristics of the adhesive from
two species of subaerial green unicellular microalgae (Chlorophyta), Coccomyxa
sp. and Glaphyrella trebouxiodes, have been studied using Raman spectroscopy,
chemical staining, and atomic force microscopy (AFM). Raman spectroscopy
confirmed the adhesive proteins of both species to be predominantly in ß-sheet
conformations and composed of a number of hydrophobic amino acid residues.
Chemical staining with Congo red and thioflavin-T dyes further confirmed the
presence of amyloid-like structures. Probing the adhesives with AFM revealed
highly ordered and repetitive mechanical responses indicative of highly ordered
structures within the adhesive. The repetitive nature of the sawtooth response is
typical of a ‘‘sacrificial bond’’ and ‘‘hidden length’’ mechanism, and what we -
propose is the result of mechanical manipulation of individual molecules within
an intermolecular ß-sheet that makes up the generic amyloid structure. The
mechanical data show how amyloid provides cohesive strength to the adhesives,
and this intrinsic mechanical property of an amyloid-based adhesive explains
the ecological success of attachment of these subaerial microalgae on various
surfaces in urban environments. It is unknown to what extent amyloid fibrils
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occur in algal adhesives, but we postulate that the amyloid structure could provide
a widespread mechanism for mechanical strength.

Keywords: Algae; Amyloid fibrils; Atomic force microscopy (AFM); Nanomechanics;
Natural adhesives

INTRODUCTION

Subaerial green algae colonize the interface between a wide range of
terrestrial surfaces and the atmosphere. Several hundred species have
been identified [1], many of which form conspicuous biofilms on nat-
ural and artificial surfaces [2,3]. In urban areas, extensive growths
on roof tiles, building facades, and concrete pathways constitute a bio-
fouling problem [2]. Whether they actively corrode a surface material
remains the subject of debate [4], but their discolouring patinas and
incrustations, together with deterioration and accelerated weathering,
have been described [4,5].

There is considerable evidence to suggest genetic adaptation to
particular environmental factors in the terrestrial environment,
such as heavy metals and herbicides [6]. Data for subaerial micro-
algae also show that, while optimal growth and photosynthesis
occur under liquid culture conditions, these organisms can dry to
inactivity then fully recover when rehydrated [7]. The underlying
physiological and biochemical capabilities provide some explanation
for the ecological success of algae in occupying large expanses of
substrate in urban areas [8]. However, an important additional con-
tribution to their ecological success is their ability to form a strong
permanent adhesion to a wide range of substrates. In this article we
explore the underlying mechanical mechanisms underpinning this
permanent adhesion.

Successful establishment of subaerial algal spores or cells is depen-
dent on local environmental conditions and the ability to attach
rapidly and strongly to a surface. This is comparable with well-studied
marine algae and is achieved by attachment via a two-stage process,
initial and permanent adhesion, mediated by the secretion of extracel-
lular polymeric substances (EPS) [9]. It is generally accepted that the
EPS of algae have a diversity of structure, chemical composition, and
function, but are predominantly polysaccharide-protein complexes,
which strengthen over time through a curing process [9]. EPS is there-
fore considered to be a complex mixture of structural and functional
proteins, glycoproteins, and proteoglycans arranged in a 3-D matrix
structure.
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While studies continue to attempt chemical characterization of
algal EPS, mainly of diatoms [10,11], recent studies [12–15] have
begun to explore the nanomechanical properties of algal adhesives
using the atomic force microscope (AFM) [16]. The AFM is a particu-
larly effective tool for measuring the adhesion of nanoscale volumes
of material as it relies upon sensitive laser detection of the deflections
of a small cantilever-mounted tip, in response to intermolecular forces
between the tip and material of interest. This instrument allows mea-
surement of the mechanical properties of single molecules such as
DNA, modular proteins, and polysaccharides [17–20], and is able to
directly probe mechanical properties of natural adhesives of living
organisms in situ under ambient conditions and in liquid [21]. The
underlying mechanisms of the strength of a natural adhesive may,
thereby, be related to the structural properties of its constituent mole-
cules, rather than to the biochemical identity of the specific molecules
present [22].

In this paper, we investigate the nanoscale adhesive properties of
two species of subaerial algae selected because of their observed strong
attachment to anthropogenic surfaces in their urban habitats as well
as to culture vessels in the laboratory. Coccomyxa sp. and Glaphyrella
trebouxiodes are unicellular green microalgae (Chlorophyta, Treboux-
iophyceae) that form extensive films on exposed roof tiles and building
facades in European cities. We employed AFM to study the nano-
mechanical properties of natural adhesives of these algae, as well as
Raman spectroscopy and chemical staining for in situ detection and
characterization of protein structures.

EXPERIMENTAL

Algal Cultures

Two species of green subaerial algae (Chlorophyta, Trebouxiophyceae)
were isolated from anthropogenic surfaces in urban habitats in
Germany, and established as unialgal cultures (SAG culture collection,
Göttingen, Germany). Coccomyxa sp. (SAG 2040, Fig. 1a) was collected
in Unsleben, Bad Neustadt, Germany, where it grows as colonies of
single cells forming conspicuous green films on exposed roof tiles
(Fig. 1c). Glaphyrella trebouxiodes (SAG 2142, Fig. 1b) was originally
isolated from a biofilm on a switchbox surface at a power supply station
in Rostock, Germany (Fig. 1d), but is also found as extensive films on
building facades in North East Germany (Fig. 1e). The cultures were
maintained in a modified Bold’s basal freshwater medium [23] at
10�C, 16:8 h light:dark cycle, 30–35 mmol photons m�2 s�1 illumination.
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Attached Algae for Microscopy and Raman Spectrscopy

Approximately 10mL of culture media with resuspended Coccomyxa
sp. or Glaphyrella trebouxiodes was pipetted onto 22mm glass cover-
slips in petri dishes. Cells were left to settle and attach directly onto
the coverslips for 4 to 7 days before being washed in culture media
to remove unattached cells. The coverslips were then used for light
microscopy and SEM, or were glued onto glass slides immediately
before investigation by AFM. Both species exhibited strong and rapid
attachment to the coverslips making them ideal organisms for AFM
where material must be immobilized. For Raman spectroscopy the
same procedure for algal attachment was used, but glass slides were
used instead of coverslips.

Scanning Electron Microscopy (SEM)

Algal cells attached onto glass coverslips as described above were
fixed in 3% glutaraldehyde in 0.05M phosphate buffer for 5min, and

FIGURE 1 Light micrographs of (a) Coccomyxa sp. and (b) Glaphyrella
trebouxiodes in culture. These images were made during log-phase growth
using an Olympus BX51 light microscope with an SIS Colour View 12 camera.
Scale bars¼ 10 mm. These algae grow as conspicuous green biofilms, often with
other species, on artificial surfaces such as (c) Coccomyxa sp. shown here on a
roof tile (tile size about 30� 40 cm), and (d) Glaphyrella trebouxiodes on a plas-
tic switchbox surface (switchbox height about 1m), and (e) a building facade in
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postfixed with 2% osmium tetroxide in 0.05 M phosphate buffer for
5 min. The coverslips with fixed cells were dehydrated in a graded
acetone series and air dried before being gold sputtered and imaged
with a field emission scanning electron microscope (Hitachi S-4300
FESEM, Hitachi Co. Ltd., Tokyo, Japan) at an accelerating voltage
of 5 kV.

Atomic Force Microscopy (AFM)

AFM force measurements were made at room temperature (20�C) in
pure water using an Asylum MFP-3D AFM (Asylum Research, Santa
Barbara, CA, USA) mounted on top of an Olympus IX51 inverted opti-
cal microscope for visualizing and manually positioning regions to
be probed. Force measurements were made at a rate of 0.3 to
0.5 Hz, using Si3N4 cantilevers (CSC38, MikroMasch, Tallinn, Estonia)
with calibrated spring constants between 500 and 800 pN=nm.
Force-extension curves were recorded at a rate of 1–2 mm=s, which is
comparable with that used for stretching proteins [24,25]. Image pro-
cessing and analysis of the force curves, including fitting each force
peak with the worm-like chain model [26], were performed using
IGOR PRO (Wavemetrics, Lake Oswego, OR, USA) data analysis soft-
ware. All AFM measurements were made directly on three adhesive
pads of both algal species, with at least 2000 force-extension curves
taken for different regions of each adhesive pad.

Histochemical Staining: Congo Red

Algae attached to glass coverslips were treated directly with 0.5%
Congo red (Sigma-Aldrich, Dublin, Ireland) in 50% ethanol [27] for
3 mins, before being washed with deionized water and mounted in gly-
cerol gelatin (Sigma-Aldrich, Dublin, Ireland). Specimens were viewed
immediately at 40� magnification with a Zeiss AxioCam 200 micro-
scope (Carl Zeiss Ltd., Hertfordshire, UK) fitted with a polarizer and
analyser for switching from bright field imaging to polarizing micro-
scopy. Images were obtained using an AxioCam HR colour camera
(Carl Zeiss Ltd, Hertfordshire, UK).

Histochemical Staining: Thioflavin-T

Confocal microscopy was used in order to detect the fluorophore
thioflavin-T (Sigma-Aldrich, Dublin, Ireland) bound to amyloid struc-
tures [15,27] in the adhesives of both species of algae. A Zeiss confocal
Meta system (LSM 510, Carl Zeiss Ltd., Hertfordshire, UK) was used
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to allow separation of multiple fluorophore based on their emission
spectra. The algal autofluorescence due to the presence of chlorophyll
was evident at 680 nm, as determined by exciting an unstained control
sample at 488 nm and collecting the emission between 505 and
700 nm. Emission of thiofavin-T binding to a control sample of amyloid
fibrils grown from a synthesized amyloid b-protein25–35 (H-1192,
Bachem, Merseyside, UK) was determined using the same procedure
as described previously [15]. Sample binding by thioflavin-T was
detected by directly staining algae attached to coverslips with 10mM
aqueous thioflavin-T for 5 mins before being washed in pure water.
Thioflavin-T stained algae were again excited at 488 nm and emission
collected between 505 and 700 nm. Using the two control emission
spectra, it was possible to separate the alga’s autofluorescence from
the amyloid in the adhesive region stained with thioflavin-T.

Raman Spectroscopy

Raman spectra were recorded on different areas of adhesive surround-
ing cells from both species attached to glass slides. The spectrum with
the best signal-to-noise ratio and highest intensity was selected for
further analysis. Spectra were collected using a Renishaw MicroRaman
(Renishaw, Gloucestershire, UK) with a diode laser (780 nm) and a
magnification of 50�. The power measured at the sample was 2.8 mW.
Contamination and artifacts were identified by measuring spectra in
different areas and comparing the intensities of the peaks. In this
way, part of the intensity of the peak at 1047 cm�1 in the spectrum
for Glaphyrella trebouxiodes (Fig. 6) is considered to be an artifact.

RESULTS AND DISCUSSION

Scanning electron microscopy of Coccomyxa sp. and Glaphyrella tre-
bouxiodes reveals the EPS layer covering the surface of each cell,
and a differentiated region of EPS secreted beneath the cell forming
a discrete adhesive pad functioning for permanent strong adhesion
(Fig. 2). For both algal species, it was necessary to dislodge cells from
the adhesive pads to gain access to the cell adhesive interface for prob-
ing with the AFM tip. This was achieved by either scanning the AFM
tip across a cell (Fig. 3a), or, more often, by scraping the surface with
the edge of a glass slide because the cells were so strongly attached
(Fig. 3b). This allowed force measurements to be made directly from
different regions of the freshly exposed adhesive. In the case of Raman
spectroscopy, it was possible to collect spectra directly from regions
of adhesive surrounding the cells as dehydration allowed more
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accessibility. This is not dissimilar to the SEM image (Fig. 2a) of
Coccomyxa sp. where preparation for SEM resulted in some dehydra-
tion of the material that is normally hydrated in its native state.

We used AFM to measure the tensile mechanical properties of the
adhesives of both species of algae in situ, and under ambient condi-
tions, in order to elucidate any underlying molecular structural prop-
erties that may influence the bulk mechanical properties of the
adhesive. To do this, the tip of the AFM cantilever was positioned on
numerous regions to allow force-extension curves to be taken.

FIGURE 2 SEM images of algal cells attached to glass coverslips. After 4
days, the EPS layer covering the surface of each cell and differentiated EPS
forming the adhesive pads beneath the cells can be seen for both (a) Coccomyxa
sp. and (b) Glaphyrella trebouxiodes. Scale bars¼ 1mm.

FIGURE 3 AFM images of adhesive pads of (a) Coccomyxa sp. and (b)
Glaphyrella trebouxiodes attached to the surface of glass slides. In the case
of (a) Coccomyxa sp. the algal cell was physically dislodged from the adhesive
pad by the AFM tip and for (b) Glaphyrella trebouxiodes, the cell had been
scraped from the surface to reveal the persistent adhesive pad underneath.
Force measurements could then be made from different regions of the freshly
exposed adhesive. AFM force measurements were made on pad surfaces
within 1 week following cell settlement. Scale bars¼ 2mm.
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The resulting force-extension curves predominantly (72%) produced
random unbinding events, as we have observed previously from the
adhesive holdfast of the green multicellular macroalga, Prasiola line-
aris [15,28]. Such curves are not surprising from a complex biocompo-
site typical of an algal EPS; however, as also observed for P. linearis,
curves regularly (here 18%) showed highly ordered sawtooth patterns
(Fig. 4). The sawtooth peaks were remarkably regularly spaced with a
separation of approximately 36nm [38.3� 6.1 nm (n¼ 108) for
Glaphyrella trebouxiodes and 34.0� 5.6 nm (n¼ 411) for Coccomyxa
sp.], indicating an underlying structurally repetitive material.
Sawtooth mechanical responses, such as these, are associated with

FIGURE 4 Representative AFM force-extension curves showing sawtooth
structures. Both the approach (smooth curve) and retraction (sawtooth curve)
force traces are shown for curves on the left. Expansions of the sawtooth
region of each force-extension curve are also shown on the right fitted to the
worm-like chain model (dotted lines). This specific curve for (a) Coccomyxa
sp. has a mean persistence length of 0.40nm and a mean contour length of
32.8 nm. For the representative curve of (b) Glaphyrella trebouxiodes, the
mean persistence length was 0.36 for the 13 peaks, with a mean contour length
of 31.4nm. Sawtooth structures such as these occurred in localized regions of
the EPS adhesive.
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materials exhibiting high mechanical strength due to the large
amount of energy required to break sequential units of ‘‘sacrifical
bonds’’ and extend the exposed ‘‘hidden length’’ [22]. An additional
mechanical benefit of this structural biopolymer was evident as the
sawtooth pattern was reproducible when successive curves were taken
at the same location, indicating a strong ability of the material to
reform or re-assemble at the same location (Fig. 5).

Further quantification of the mechanical response was performed
by fitting the biopolymer using a worm-like chain fit for the elastic
part of the tensile response. This revealed a mean persistence length
of 0.44� 0.08 nm for Coccomyxa sp. (Fig. 4a), and 0.38� 0.07 nm for
Glaphyrella trebouxiodes (Fig. 4b). In both cases, the persistence
length is consistent for the size of an amino acid in a polypeptide
chain.

To date, two alternative explanations have been proposed for saw-
tooth mechanical responses from natural adhesives. Wetherbee and

FIGURE 5 Sequential AFM force-extension curves suggesting that the
reforming of intermolecular ß-sheets has occurred under the tip. These succes-
sive force curves from the same position on the adhesive pad of Glaphyrella
trebouxiodes are very similar and superimposable in the sawtooth region
although they all exhibit different non-specific adhesion as would be expected
for three different tip-sample contacts.
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co-workers have proposed the presence of large (>220 kDa), single,
structurally modular proteins arranged into perfectly aligned parallel
polymers (termed ‘‘adhesive nanofibers’’) that function as a cohesive
unit, for diatom adhesives with different functions. This includes the
permanent adhesive pad secreted by the centric diatom Toxarium
undulatum [11,12,14] and the temporary adhesive EPS secreted by
the motile, pennate diatom Phaeodactylum tricornutum [13]. To date
there has been no identification of any protein from the family of struc-
turally homologous proteins that would need to exist in order to
explain the observed sawtooth responses of different dimensions found
from an increasing number of different natural adhesives. Our pre-
ferred explanation is that the response is due to pulling on a functional
form of amyloid in the adhesive [15,28,29], whereby sawtooths indi-
cate the successive unravelling of linked small proteins from the inter-
molecular b-sheets making up the amyloid fibril structure. This is
based on mechanical arguments linking a number of unusual mea-
sured mechanical responses to the generic amyloid core structure that
cannot be explained by a large single molecule [28]. Our preferred
explanation is further supported by other reports of functional amy-
loid in natural materials as described in more detail below. Central
to our argument is that amyloid can be formed from a broad range
of polypeptides of widely varying size and composition, thus, unlike
the alternative hypothesis, there is no need to invoke any structural
link between the native proteins themselves, making additional
discoveries of regular mechanical responses from the adhesives of
different organisms less surprising.

The structure of amyloid can be defined as orderly repeats of
protein molecules arranged as a fibril of indefinite length in a
cross-beta structure, in which intramolecular b-stands run perpendi-
cular to the fibril axis and intermolecular b-sheets run parallel to
the fibril axis [30]. Amyloid is associated with debilitating human
diseases such as Alzheimer’s and Parkinson’s [31], and many
other ‘‘misfolding’’ disorders such as type II diabetes, kuru, and
Creutzfeldt-Jacob disease. The proteins involved in these diseases
have unique and characteristic native folds, but the fibrils found in
the disease states remarkably have structurally similar characteris-
tics [32]. In recent years, striking evidence has accumulated to suggest
the ability of proteins to self assemble into fibrils with the same overall
structure is not a peculiarity of these disease-related proteins but
rather, that essentially all proteins can form such structures under
appropriate conditions [33]. This suggestion implies amyloid is a
generic property of the polypeptide chain [33]. Consistent with this
hypothesis are the recent discoveries of non-pathological amyloid
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TABLE 1 Functional, Non-Pathological Amyloid in Different Organisms

Organism, species and
amyloid location Protein and explanation of function Key references

Pacific Hagfish slime,
Eptatretus stoutii

Slime of mucus and amyloid-like
protein threads used as a defence
mechanism, whereby gills of
predators may become clogged.
Amyloid content presumably
provides mechanical strength
to the slime.

34,35

Human melanoma cells,
Homo sapiens

Pmel17 amyloid fibrils provide a
template for scaffolding and
sequestration during melanin
synthesis.

36

Chorion in fish and insect
egg shells, e.g.,
silkmoth, Bombyx mori

Chorion proteins self-assemble into
spherulites, which convert to
amyloid fibrils upon egg shell
maturation forming a protective
coating for the oocyte and embryo.

37,38

Sea slugs synapses,
Aplysia californica

Engineered expression of the
Aplysia synapse protein CPEB in
yeast yields prion-like aggregates,
hence prion-like states of CPEB
might affect long-term synaptic
contact.

39

Hydrophobins coatings of
many fungi, e.g.,
Neurospora crassa,
Aspergillus nidulans

Hydrophobins provide resistance to
desiccation stress, as well as
modulation of adhesion and
surface tension.

40–42

Bacterial biolfilm (curli),
Escherichia coli,
Salmonella, and many
others

Curli fibers in extruded biofilm
promote host invasion, surface
colonization, and provide cohesive
and adhesive strength to the
biofilm.

29,43,44

Bacterial chaplins,
Streptomyces coelicolor

Secreted hydrophobic chaplins form
aerial hyphae with a coating that
modulates water surface tension.

41,45

Amyloid-based prions in
fungi, e.g., yeast
(Saccharomyces
cerevisiae) and
Podospora anserine

Aggregation of Sup35p in yeast can
actively confer phenotype, and
may provide some stress
protection. Ure2p regulates
nitrogen catabolism in yeast, and
Het-s regulates heterokaryon
formation.

46–52

Macroalgal adhesive,
Prasiola linearis
(Chlorophyta)

Amyloid discovered in this
permanent natural adhesive and
believed to be the mechanism for
cohesive and adhesive strength.

15

(Continued )
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fibrils from different organisms, some of which have already been
identified to have important physiological roles (see Table 1 for sum-
mary). The lack of dependence of the amyloid generic structure on
amino acid sequence provides an explanation for the apparent wide-
spread occurrence of amyloid in natural adhesives from a broad range
of organisms (Table 1, and references therein).

With the amyloid explanation for the sawtooth response, each jump
corresponds to the instantaneous unfolding of a protein within an
intermolecular b-sheet and each elastic stretch corresponds to the
extension of the hidden length exposed within the unfolded protein
chain. Thus, with this model the constituent proteins are expected to
be somewhat larger than 90 amino acids (calculated from the hidden
length of 36 nm divided by the size of a single amino acid of approxi-
mately 0.4 nm). This calculation slightly underestimates the size of
the protein as the folded length is not known and the total length
is given by adding together the measured hidden length and the
folded length.

It should be noted that there is no proof that mechanical responses
such as these represent signatures or fingerprints of a particular
molecular structure and, thus, AFM cannot be used as a means of
identifying the presence of amyloid. To support our proposed model

TABLE 1 Continued

Organism, species and
amyloid location Protein and explanation of function Key references

Spider silk spidroins,
Nephila edulis, N.
clavipes, Araneus
diadematus

Spiders form insoluble filaments of
fibroin protein, and amyloid-like
cross-ß structure develops in a
region of reduced pH downstream
from the initial extrusion site.
Provides strength and elasticity
to silk threads.

53–55

Marine parasite adhesive,
Entobdella soleae
(Monogenean)

Amyloid identified in the extruded
adhesive of the fish skin parasite
believed to provide both cohesive
and adhesive strength to this
temporary marine adhesive.

29

Barnacle cement,
Semibalanus
balanoides

Similarities are identified between
barnacle cement and amyloid
plaques, with regards to the rich
ß-sheet structure and molecular
mechanism of forming an
insoluble proteinaceous
multimer.

56
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we utilized the additional techniques of Raman spectroscopy and his-
tochemical staining with the amyloid-binding dyes Congo red and
thioflavin-T.

We can identify the same peaks in the Raman spectra of both algal
species (Fig. 6). Band assignments for the peaks were determined and
these are presented in Table 2. The amide III band is typical for a
b-sheet structure with peaks at 1224 and 1260 cm�1 [57,58,59].
The peak at 1606 cm�1 is in a region that is normally associated with
phenylalanine, tryptophan, or tyrosine; however, the other Raman
peaks associated with these amino acids were not present in intensi-
ties that would justify such an assignment. If a peak of the intensity

FIGURE 6 Typical Raman spectra observed for regions of the adhesive of
both Glaphyrella trebouxiodes (upper spectrum) and Coccomyxa sp. (lower
spectrum). The amide III band was typical for a b-sheet structure with max-
ima at 1224 and 1260 cm�1 (upper) and 1223 and 1262 cm�1 (lower). The
strong peak at 1525 (upper) and 1523 cm�1 (lower) was assigned to carotenoid
pigments. The Raman spectrum contains a low value for the amide I peak
at 1606 cm�1 (both spectra). Amino acids contained in the algal adhesive are
indicated by the arrows using the one-letter standard amino acid abbreviation.
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of that at 1606 cm�1 resulted from the vibration of bonds in these
amino acids then the spectrum would be dominated by a peak at
1002 cm�1. As this is not the case, the peak at 1606 cm�1 was attribu-
ted to the (p,0) mode of the amide bond. Unusually low values for an
amide I band are thought to be due to exceptionally strong hydrogen
bonding [58]. The unusually low value for an amide I band at
1606 cm�1 may be typical of an amyloid structure, due to the strong
intermolecular networks of hydrogen bonding stabilizing the stacks
of b-strands [61,30]. The strong peak at 1525 cm�1 is indicative of car-
otenoid pigments [60], which are typically present in the green algae.
The peak at 520 cm�1 is assigned to S-S bonds [57]. It is interesting to
note that all the residues identified in the spectra are hydrophobic.
Peaks at 1002, 1047, 1186, and 1551 cm�1 were assigned to phenylala-
nine (F), the peak at 746 cm�1 to alanine (A), and peaks at 920, 1113
[overlapped with valine (V) and isoleucine (I)], 1157 (overlapped with
V), and 1186 cm�1 to leucine (L). The presence and location of amide I
and III, and the detected residues being hydrophobic, are consistent
with a generic amyloid structure with a strongly hydrophobic core.

Direct binding of thioflavin-T in the adhesive region of the cells
was detected with confocal microscopy (Fig. 7). This dye exhibits
fluorescence upon binding to amyloid fibrils [27] (Fig. 8). A faint
positive signal was also visible from the cells themselves, which may
be due to the thioflavin-T binding to intracellular DNA (Fig. 7a).
The cellular region could be distinguished from the adhesive region

TABLE 2 Assignment of Bands in Raman Spectrum for Glaphyrella
Trebouxiodes and Coccomyxa sp. (Wavenumbers in Parentheses are
Those for Coccomyxa sp.)

Wavenumber [cm�1] Band assignment(s) Key references

520 (518) S-S stretching 57
746 (744) Ala 58
920 (918) Leu 59
988 (988) n (C-C) 57
1002, 1047 (1000, 1047) Phe 57
1113 (1112) Leu, Ile, Val 58,59
1157 (1155) C-N, Leu, Val 58,59
1186 (1185) Leu, Phe 57–59
1224, 1260 (1223, 1262) Amide III 57–60
1327 (1326) d (CH) 57
1388–1450, (1386–1450) d (CH2)(CH3) 57
1525 (1523) Pigments 60
1551 (1547) Phe 57
1606 (1606) Amide I (ß-sheet) 61,30
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(Fig. 7c) by overlaying the autofluorescence image of the algae (Fig. 7b)
with the larger thioflavin-T stained region (Fig. 7a). As DNA is not
found in the EPS, the positive thioflavin-T signal in the region outside
the cells (Fig. 7c) was taken as an indication of extracellular amyloid
fibrils in the adhesive matrix.

FIGURE 8 Binding of thioflavin-T to a control sample of amyloid ß-protein. (a)
Confocal microscope image of amyloid ß-protein stained with the fluorophore
thioflavin-T. Scale bar¼ 50 mm. (b) Confocal emission spectrum of thioflavin-T
bound amyloid b-protein fibrils from the region circled in (a) after excitation at

FIGURE 7 Direct binding of thioflavin-T to ß-sheet structures within the
adhesive of Glaphyrella trebouxiodes. Algae attached to glass slides were
stained directly with thioflavin-T. Zeiss confocal Meta microscopy allows
separation of the emission of the (a) thioflavin-T bound ß-sheet structures
and (b) the algal autofluorescence at 575 and 682nm, respectively. An overlay
between (a) and (b) is shown in (c). The adhesive around the individual algal
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cells produced a positive signal for thioflavin-T. Scale bars¼ 5 mm.
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In the case of Congo red staining, the extremely small amount of
adhesive produced by individual algal cells made amyloid detection
by this dye impractical for cells in situ. Typically, an amyloid
sample of 10 mm thickness is required to obtain a clear green-
gold birefringence under cross-polarized light with this staining
technique. When the cells and adhesive EPS were mechanically
gathered into an isolated region, enough biomass of material
allowed staining and clear birefringence in the adhesive EPS to
be observed (Fig. 9).

All the above methods provide support for the presence of amyloid
in the material. Conclusive proof is only really possible with X-ray
fibril diffraction studies; however, the application of this technique
to ex vivo samples is extremely challenging [62] and will require
further developments in sample preparation before this can be mean-
ingfully applied to natural adhesives presented here.

FIGURE 9 Evidence of amyloid in algal adhesives indicated by Congo red
staining. Images on the left are bright field and those on the right are taken
with cross-polarizers. Images (a) and (b) are from Coccomyxa sp., and (c)
and (d) are Glaphyrella trebouxiodes. The algal cells and adhesive EPS were
scraped into an isolated region for staining. Bright field images show binding
of the amyloid-selective dye, and the same regions show green-gold birefrin-
gence under cross-polarized light characteristic of amyloid structures. Scale
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bars¼ 100 mm.
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CONCLUSION

In conclusion, we have established that the natural adhesives of two
representative species of subaerial, unicellular microalgae exhibit the
same underlying nanoscale repetitive sawtooth response to a tensile
force as those measured for adhesives from multicellular subaerial
algae [15], diatoms [12,13], a parasitic flatworm [29], and the bacterial
amyloid-based biofilm, curli [29]. A large body of literature exists
describing the structure and performance of natural adhesives, but
often with an emphasis on the diversity of biological adhesives
[22,63], rather than highlighting any shared underlying mechanisms.
Yet to understand the fundamental processes leading to adhesion, we
must first focus on the phenomena that many systems appear to have
in common. Our proposed model is that the ultrastructures in the adhe-
sive are mechanically functional amyloid fibrils composed of, as yet uni-
dentified, small proteins. If correct, this mechanism would provide a
generic link between aqueous and terrestrial adhesives, and permanent
and temporary adhesives, occurring in numerous organisms of phylo-
genetically different phyla including invertebrates, algae, and bacteria.
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