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ABSTRACT Marine-gel biopolymers were recently visualized at the molecular level using atomic force microscopy (AFM) to
reveal fine fibril-forming networks with low to high degrees of cross-linking. In this work, we use force spectroscopy to quantify
the intra- and intermolecular forces within the marine-gel network. Combining force measurements, AFM imaging, and the
known chemical composition of marine gels allows us to identify the microscopic origins of distinct mechanical responses. At
the single-fibril level, we uncover force-extension curves that resemble those of individual polysaccharide fibrils. They exhibit
entropic elasticity followed by extensions associated with chair-to-boat transitions specific to the type of polysaccharide at
high forces. Surprisingly, a low degree of cross-linking leads to sawtooth patterns that we attribute to the unraveling of polysac-
charide entanglements. At a high degree of cross-linking, we observe force plateaus that arise from unzipping, as well as
unwinding, of helical bundles. Finally, the complex 3D network structure gives rise to force staircases of increasing height
that correspond to the hierarchical peeling of fibrils away from the junction zones. In addition, we show that these diverse
mechanical responses also arise in reconstituted polysaccharide gels, which highlights their dominant role in the mechanical
architecture of marine gels.
INTRODUCTION
Marine gels consist of three-dimensional networks of sol-
vated biopolymers embedded in seawater. The importance
of the gel phase in marine ecosystems has been widely
recognized among scientists from different fields due
to their role in the microbial loop and sedimentation pro-
cesses, biogeochemical carbon cycling, marine carbohy-
drate chemistry, and particle dynamics in the ocean (1–5).
Marine gels exhibit a wide range of polydispersities, ranging
from microscopic to macroscopic dimensions up to giant gel
macroaggregates in the Northern Adriatic (6–8). These gels,
which are bioreactive, are important because they compart-
mentalize nutrients and thus enhance microbial activity
(9,10). Their 3D structure, obtained by cryo-scanning elec-
tron microscopy (cryo-SEM) (11) and by atomic force
microscopy (AFM) (12), consists of a small amount of
organic matter that swells to hold a large volume of water
within its reactant pockets. The mechanical hierarchy within
the gel structure could serve to provide a safe haven for
microorganisms and therefore increase their adaptability
to the external environment.

Gel formation in aqueous solutions, such as seawater, is a
complex process that depends on the biopolymer’s chemical
structure, nature of co- and counter ions, polymer concentra-
tion, and temperature. Microscopic (transmission electron
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microscopy and AFM) and NMR studies reveal that fibrillar
acyl heteropolysaccharides are the major constituents of
naturally occurring marine high-molecular-weight dissolved
organic matter (13,14). These polysaccharides form porous
self-assembled microgels throughout the water column ((5)
and references therein). They are produced by marine phyto-
plankton and are composed of repeating units of several
types of monosaccharides (including galactose, glucose,
fucose, mannose, and xylose) in conjunction with glycosidic
bonds (15). The natural gel material used in this study was
collected in the northern Adriatic Sea during an episode of
massive gel formation, known as a mucilage event. The
most comprehensive chemical characterization of gelmacro-
aggregates from this aquatorium shows that carbohydrates
are the principal organic fraction and that the average ratio
of polysaccharide to total organic carbon is 41.5% (16).
More specifically, gas-chromatographic analysis of purified
polysaccharides yields a set of six neutral monosaccharides:
galactose (35%), glucose (16%), mannose (11%), xylose
(9.5%), rhaminose, fucose, and other, minor constituents.
These are polydisperse heteropolysaccharides in which
some of the hydroxyl groups of sugar residues are substituted
by ester sulfate groups and, to a minor extent, carboxylic
groups (17). More labile polysaccharides primarily consist
of a-glucosidic bonds, whereas those in the gel matrix
mainly consist of b-glucosidic bonds (18). The greater stabil-
ity of b-glucosidic bonds explains why the gels are difficult
to break down (19). Since monosaccharide compositions of
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self-assembled marine gels are similar throughout the
oceans, the results presented here are universal to all
marine-gel networks formed by self-assembly.

Apart from the polysaccharide content, marine gels also
contain a smaller fraction of lipids, proteins, and nanopar-
ticles, which renders their analysis complex. Exopolysac-
charides released by the diatom Cylindrotheca closterium
under conditions of increased production (20) comprise a
simpler system that has the same chemical composition of
polysaccharides as marine gels. In addition, their polymer
networks have the same features—fibril heights, pore open-
ings, and mode of fibril association—as native gel samples
from the Northern Adriatic (21). Given these similarities,
we compare here the mechanical and structural properties
of complex natural gel samples with those of the simplified
system of reconstituted polysaccharides released by the
diatom C. closterium. This comparison allows us to expose
the role of heteropolysaccharides in the marine-gel structure
and mechanical response. These polysaccharides exhibit
supramolecular organization and gelation due to hydrogen
bonding and electrostatic interactions (22). Unlike chemi-
cally cross-linked gels, polysaccharide electrolytes form
gels by physical intermolecular bonds between polymer
chains (23–25). Indeed, AFM imaging and differential scan-
ning calorimetry confirm that the marine gel is a thermore-
versible physical gel (12). The observed microstructure
reveals monomolecular, helical, and superhelical associa-
tions within the gel, which are characteristic of the cross-
linking of polysaccharide fibrils by hydrogen bonding.
Alternative gelation mechanisms proposed include bridging
between biopolymers by Ca2þ ions (26), hydrophobic
interactions (27), and physical nucleation seeded by nano-
particles (11). Due to the inherent complexity and hetero-
geneity of the system, it is difficult to isolate the physical
forces within the marine biopolymer networks.

From a structural perspective, the isolated and purified
polysaccharides at concentrations >10 mg/L are known to
form chain associations or multiple helical structures (8).
These polysaccharides have a larger radius of gyration and
larger stiffness parameters than either the flexible chains
of pullulan or the semirigid chains of the bacterial polysac-
charides wellan and alginate (22). It remains an open ques-
tion how these associations influence the mechanical
properties of the gel. Studying the mechanics of marine
gels broadly impacts our understanding of hierarchical
biopolymer networks such as those found in the extracel-
lular matrix of bacteria (28) or the adhesive proteoglycans
in marine sponges (29).

In this study, we control the degree of gel-network entan-
glements by dilution and stirring to study single fibrils and
their associations. The techniques we use are force spectros-
copy and high-resolution AFM imaging, which allow us to
investigate the relationship between the marine biopolymer
morphology and its nanomechanical response to external
pulling force. The native marine gels are constantly exposed
Biophysical Journal 107(2) 355–364
to mechanical perturbations caused by local hydrodynamics
(turbulence and shear) as well as large-scale physical pro-
cesses (strong winds and currents), rendering the application
of hundreds of piconewtons of force highly biologically
relevant. By investigating the gel network at different de-
grees of association, we probe the microscopic structures
within each assembly. Interestingly, we discover four
distinct mechanical responses at different levels of fibril
association. All the features present in the complex
marine-gel system are also found in the marine-gel poly-
saccharide fraction, confirming the existence of similar
mechanical hierarchies within both networks.
MATERIALS AND METHODS

The marine-gel material used in this study was collected at the off-shore

station in the Northern Adriatic SJ 107 (45�02.8’N, 13�19.0’E) in the sum-

mer of 2010 (sampling date August 18, 2010, depth 15 m) during a regular

cruise along the transect between the Po River Delta and Rovinj, on the

Istrian coast. Marine gels are usually dispersed as micro- or nanoparticles

in the ocean (30), which makes sampling, handling, and concentrating

the sample a challenging task. The massive formation of gelatinous

macroaggregates in the northern Adriatic Sea offered a consistent source

of concentrated gel material and the possibility for systematic structural

studies. The polysaccharide fractions, either from marine-gel samples or

from the axenic C. closterium culture medium, were isolated according

to the procedure described in Urbani et al. (20) and Zoppini et al. (31).

Dr. Urbani, of the Faculty of Sciences, University of Trieste, provided

us with isolated and purified polysaccharide fractions (see Supporting

Material).
AFM imaging

AFM imaging was performed using a Multimode AFM with NanoScope

IIIa controller (Veeco Instruments, Santa Barbara, CA) with a vertical-

engagement JV 125 mm scanner. The tapping mode was applied using

silicon tips (RTESP, Veeco, resonance frequency 289–335 kHz, spring con-

stant in the range 20–80 N/m). The set-point/free amplitude ratio (A/A0)

was maintained at 0.9 (light tapping). The linear scanning rate was opti-

mized between 1.0 and 1.5 Hz with scan resolution of 512 samples/line.

Processing and analysis of images was carried out using NanoScope

software (version V614r1, Digital Instruments, Buffalo, NY). All images

presented are raw data except for the first-order two-dimensional flattening.

Samples were prepared using the drop-deposition method modified for

marine samples (12,21,32,33) and imaged in air (see Supporting Material).

Each specimen was examined by imaging 5–10 randomly chosen positions

with scanned areas from 50 � 50 mm down to 1 � 1 mm. The imaged

networks shared the same features in terms of fibril height, pore opening,

and mode of fibril association (12).
Force spectroscopy

The MFP3D force spectrometer (Asylum Research, Santa Barbara, CA)

was used in preliminary experiments on marine gel samples to obtain a

general appearance of force curves at 10 mm extension. To study specific

patterns on force extension curves, we used a custom-built AFM apparatus

consisting of a modified Digital Instruments detector head (AFM-689,

Veeco Instruments) and a three-dimensional piezoelectric translator with

a range of 5 mm and a resonant frequency of ~10 kHz (P-363.3CD, Physik

Instrumente, Karlsruhe, Germany). Laser position and alignment were per-

formed using a photodiode at 100 kHz (Schäfter & Kirchhoff, Hamburg,
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Germany). Silicon nitride cantilevers (MLCT, Bruker Probes, Camarillo,

CA) were used, with spring constants calibrated to be 10–50 pN/nm using

the equipartition theorem. All experiments were performed at room temper-

ature. The experiment was regulated by a proportional-integral-derivative

controller and run using software written in Igor PRO.

Marine-gel phase was first dispersed in filtered seawater (0.2 mm filter,

salinity 37.2, pH 8.2, dissolved organic carbon 100 mM). Generally,

0.4 cm3 of gel phase was dispersed in 80 mL of seawater (gel volume frac-

tion, fG ~ 0.5%). Fifty-microliter aliquots of the suspension were pipetted

onto the glass substrate and left for 2 h while polymers adsorbed to the sur-

face. Filtered seawater was used as a force spectroscopy buffer. Force

curves were collected at different levels of entanglement. The level of

entanglement was controlled by duration of stirring (2, 4, and 24 h) to

obtain force curves with the optimal number of stretching and/or unfolding

events. The nanomechanical response of the marine gel at low salinity was

recorded in seawater diluted by ultrapure water 1:8. Solutions containing

10–40 mg/L of isolated polysaccharide fractions were also prepared in

filtered seawater. To pick up a biopolymer, the AFM tip was pressed

down onto the sample for 1–3 s at forces of 0.8–15 nN. The coupling of

the marine biopolymers to the tip was based on a nonspecific interaction.

In the case of disentangled polysaccharides, the AFM tip was pressed

down onto the sample for 3 s at intentionally higher force values (from

5 nN up to 15 nN) to ensure stronger coupling of the biopolymers to the

tip. This protocol allowed us to observe the shoulder-like transitions that

typically occur at high forces (>400 pN).

In total, we collected several thousand force curves for partially

disintegrated marine-gel networks and for isolated polysaccharides with

a similar degree of cross-linking. We identified reproducible patterns in

force-extension curves that were categorized into four types: 1), individual

nonlinear peaks; 2), sawtooth patterns; 3), force plateaus; and 4), force

steps. To quantify the elastic response of individual fibrils we used

the wormlike chain (WLC) model (34,35). Individual nonlinear peaks

that showed significant deviations from the model were not taken into

account. For the analysis of sawtooth peaks, we included only patterns

containing three or more repetitive peaks with a gradually increasing

or steady force, defined by a sharp relaxation to the baseline, and we

allowed for a minimal drift of only 10% in the force. Irregular sawtooth

patterns were disregarded to avoid spurious interactions. The frequency

of accepted trajectories in a typical experiment was ~10% and was lower

for isolated polysaccharides due to the low probability of picking up a

single chain.
To identify the force plateaus and staircases, we accepted flat regions of

constant force that are longer than 25 nm. Trajectories with larger drift were

excluded from the analysis (for more details, see Supporting Material). The

frequency of force steps in a successful experiment was ~5–20% for marine

gels dispersed in diluted seawater and <5% for those in seawater.
RESULTS AND DISCUSSION

Marine-gel networks at varying degrees
of polymer association

It was recently proposed that marine gels are thermorever-
sible physical gels comprised of cross-linked polysaccha-
ride fibrils, which form higher-order structures mainly via
hydrogen bonding (17). In Fig. 1 A, we show the network
structure of a native marine gel diluted 100 times in
seawater, visualized by high-resolution AFM imaging.
Further dilution and stirring disintegrates the network to
lower degrees of cross-linking (Fig. 1 B) or to isolated single
fibrils (Fig. 1 C). In a similar way, polysaccharide fibrils
from the extracellular polymeric substance (EPS) of
diatoms (Fig. 1 D) or from the native gel (Fig. 1 E) assemble
into a gel network structure from the single fibrils shown in
Fig. 1 F (8,21,22). A quantitative analysis of similar AFM
images has recently been interpreted in terms of the molec-
ular organization of the gel network, such as the associations
between the polysaccharide fibrils therein (12).

Here, we gain further insight into the molecular organiza-
tion of the marine and polysaccharide gels by force spec-
troscopy. To correlate nanomechanical responses of fibrils
to an external pulling force with the topology of the fibrils
on the nanoscale, we performed both force spectroscopy
and AFM imaging on the same gel suspension. In both
cases, we control the gel network state by different condi-
tions of dilution and stirring. The level of entanglement
FIGURE 1 AFM images of native marine

gel (A–C) and polysaccharides isolated from

C. closterium EPS (D) and from native marine

gel (E) at different levels of association. (A–C)

Levels of entanglement were f ~ 1%, with 4 h

stirring (A), fG ~ 0.5%, with 4 h stirring (B), and

fG ~ 0.5%, with 24 h stirring (C). Concentrations

of purified polysaccharides were 20 mg/L, with

2 h stirring (D and E). (F) Single fibrils of polysac-

charides isolated from C. closterium EPS, 10 mg/L

concentration and 2 h stirring. To see this figure in

color, go online.
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was controlled by the duration of stirring (2, 4, and 24 h),
which led to distinct force curves with reproducible features
in the stretching and/or unfolding events.
Disentangled networks give rise to entropic
elasticity

In the most dilute case, we pull on individual marine and
polysaccharide fibrils and obtain force-extension curves
that are well fit by the WLC model (Fig. 2, A and B). This
result indicates a purely entropic response to the stretching
force. Nevertheless, we find different persistence lengths
(Lp) of the fibrils, spanning a broad range of 0.2–4 nm,
although more than half of these lengths are <1 nm.
Since the WLC model has two parameters in the fit, we
obtain Lp and contour length simultaneously for each indi-
vidual peak.

This result is corroborated by the image in Fig. 2 C, which
shows fibrils of different stiffness. AFM imaging was per-
formed to check whether individual fibrils are present in
the sample and to measure the heterogeneity of their
heights. This height can roughly be correlated to the number
of associated monomolecular fibrils, which in turn affects
fibril stiffness. For example, in our sample, we detected
fibrils with heights ranging from 0.6 to 2.6 nm, which
corresponds to around four fibril associations. This result
can therefore account for the persistence length range of
0.2–0.8 nm, which is where the majority of the data lie.
Two fibrils with different heights are shown in Fig. 2 C.

The diversity in persistence length may arise from the
assembly of several monomolecular fibrils into one bundle,
as shown by the height difference between the individual
fibrils in the image. Stretching multiple fibrils coupled in
parallel reduces the apparent persistence length according
to Lp/n, where n is the number of individuals in the bundle
(36). Moreover, the heterogeneous chemical composition of
the fibrils also leads to a difference in their flexibility (17).
Values of Lp obtained here are greater than those of flexible
biopolymers on a bacterial surface (Lp ¼ 0.154–0.2 nm
(37)), but comparable to polymers on a diatom surface
(Lp ¼ 1.8 nm (38)). In addition, the contour length of
stretched fibrils exhibits a broad distribution and spans the
entire 2 mm extension range of the AFM. These results are
in agreement with fibril lengths of polysaccharides isolated
Biophysical Journal 107(2) 355–364
from marine gels in the range 0.1–2 mm, as measured by
dynamic light scattering (8).
Single-fibril extension reveals molecular
polysaccharide transitions

In some cases of single-fibril pulls, the WLC model is fol-
lowed by an additional extension, which manifests as a
shoulder in the force-extension curves. Such mechanical
behavior is very heterogeneous in the marine gels and gives
rise to a broad, perhaps continuous, distribution of shoulder-
like mechanical responses (data not shown). However,
normalizing the end-to-end length at the shoulder value of
the force and filtering the broad distribution that includes
all the data in the polysaccharide system reveals a subset
of data featuring three reproducible populations with
distinct molecular signatures (Fig. 3, A–C). Since the fibrils
have varying lengths, we normalize each trajectory by the
value of the end-to-end length at 400 pN, which approxi-
mately corresponds to the value of the force at the shoulder.
The superimposed segments with shoulders resemble those
observed in chair-to-boat transitions of single-molecule
polysaccharides (39–42). Above a threshold force, each
monomer in the chain crosses a transition-state barrier to
reach the extended boat conformation, which gives rise to
a smooth extension in length. Therefore, we infer that the
polysaccharide fibrils in the marine gel also exhibit such
molecular transitions. The difference between the three pro-
files in Fig. 3 may arise due to distinct linkages between
monomers within each polysaccharide chain. For example,
a-1,4 linkages in amylose give trajectories with a profile
similar to that seen in Fig. 3 C, whereas dextran exhibits a
more pronounced extension at higher forces (40). A study
on the underivatized oligosaccharide composition of the
water-soluble fraction of marine gels by liquid chromatog-
raphy, coupled to electrospray tandem mass spectrometry
(43), revealed the presence of a-Glc-(1–4)n maltodextrins
for macroaggregates collected in various locations of the
northern Adriatic Sea. The presence of a or b 1–3 glycosidic
bonds was also suggested. The diversity and complexity of
linkages between individual monosaccharidic units in high-
molecular-weight organic polymers (14) is expected to
give a very broad variation in the force shoulder length
and shape. The fact that 20% of trajectories revealed
FIGURE 2 (A and B) Simple force-extension

curves with one or a few individual peaks are shown

for the marine gel (A) and for polysaccharides iso-

lated from the marine gel (B). Individual peaks are

fitted with the WLC model (red lines). (C) AFM

image revealing the presence of fibrils of varying

height (~2.2 nm and ~1.3 nm) and length (~3 mm

and ~700 nm). Native marine gels are dispersed in

seawater (fG ~ 0.5%) and stirred for 24 h. Polysac-

charides isolated from marine gels are dissolved in

seawater to a concentration of 10 mg/L and stirred

for 2 h. To see this figure in color, go online.



FIGURE 3 Superimposed normalized peaks

with characteristic shoulders obtained by pulling

isolated polysaccharides from the C. closterium

EPS. Polysaccharides are dissolved in seawater to

a concentration of 10 mg/L and stirred for 2 h.
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superimposable patterns (by eye) after normalization is
indicative of molecular transitions, such as specific chair-
to-boat transitions, which are particularly abundant in our
sample. Although we cannot pinpoint which monosaccha-
ride fraction corresponds to each response at this stage,
we display the statistical distribution of reproducible
responses within such a complex system.
Partially disentangled networks reveal sawtooth
patterns

In marine-gel samples with higher levels of fibril entangle-
ment (fG ~ 0.5%, 2–4 h stirring), we obtain strikingly long
force-extension trajectories extending beyond 8 mm (Fig. 4).
These trajectories exhibit long regions with no mechanical
resilience followed by clusters of sharp force peaks. We iso-
lated distinct regions of multiple peaks (Fig. 5, A and B) for
the marine and polysaccharide gels, respectively (additional
examples are presented in Fig. S1, A–D, in the Supporting
Material). Such repetitive sawtooth patterns in force spectra
arise when the apparent contour length of the manipulated
molecular system increases in discrete events. Indeed, the
histograms of rupture forces (Fig. S1 E) and peak-to-peak
distances (Fig. 5 C) reveal a periodicity in the underlying
structure, with the most probable extensions in the narrow
range of 10–20 nm. Microscopically, these sawtooth pat-
terns may arise from unraveling of the entangled globular
structures, as shown in Fig. 5D. Typically, such force curves
are observed in the unfolding of modular proteins such as
the Ig domains in titin (44) and tandem ubiquitins (see,
e.g., Carrion-Vazquez et al. (45)) or modular proteins in
diatom adhesive pads (46,47). In addition, similar multi-
peaks with rupture forces and distances between peaks of
the same order were reported for breaking intermolecular
bonds between adhesion proteoglycans isolated from ma-
rine sponges (29).

Given that these sawtooth patterns occur both in the
marine and the isolated polysaccharide gels, they are likely
to arise from evenly spaced polysaccharide entanglements
rather than protein constituents. We postulate that these
globules are present in the source material (photosyntheti-
cally produced polysaccharides), which suggests that they
have a biologically relevant function. The molecular origin
of the mechanical stability of the globules could reside in
the hydrophobic interactions between specific polysaccha-
ride segments (25).
Unzipping fibril associations results in force
plateaus

In addition to sawtooth patterns, we also observe plateaus in
the force spectra (Fig. 6, A–C; additional examples can be
seen in Fig. S2). These plateaus are commonly attributed
to the unzipping of a given structure (48), i.e., the successive
rupture of serially-linked bonds of the same type that hold
the structure together. The force remains constant because
only one bond is loaded at a time. Although these plateaus
are present in the marine as well as the polysaccharide
gels, they are more frequent in the latter case. Marine-gel
and polysaccharide force plateaus exhibit the distributions
shown in Fig. 6 D. The plateau-force histogram for polysac-
charides displays a lower peak value than does that for
marine gels (200 vs. 300 pN), but its distribution is wider
(50–800 vs. 50–450 pN). Both samples exhibit a similarly
broad range of released lengths, 25–400 nm. Similar pla-
teaus were observed in the force-extension of carrageenan
FIGURE 4 Long force-extension trajectories

with individual peaks and more complex sawtooth

patterns obtained by pulling a partially disinte-

grated marine gel. Native marine gel is dispersed

in seawater (fG ~ 0.5%) and stirred for 4 h.

Biophysical Journal 107(2) 355–364



FIGURE 5 (A and B) Typical multipeak regions

(arrows) are shown for the marine gel (A) and the

marine-gel polysaccharides (B). (C) The distribu-

tion of distances between repetitive peaks for the

marine gel and the marine-gel polysaccharides.

(D) AFM image showing globular polysaccharide

entanglements along an individual marine-gel

fibril. The height of the globules (~2–2.5 nm) is

twice that of the fibril (~1–1.5 nm). The schematic

diagram shows the entanglements pulled by the

AFM tip. Native marine gel is dispersed in

seawater (fG ~ 0.5%) and stirred for 4 h. Polysac-

charides isolated from marine gel are dissolved in

seawater to a concentration of 20–40 mg/L and

stirred for 4 h. To see this figure in color, go online.
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(300 pN (49)), xanthan (400 pN (50,51)), and curdlan (60
pN (52)). These plateaus are attributed to the unzipping of
double-stranded helices in the case of carrageenan and xan-
than and triple-stranded helices in the case of curdlan. We
therefore infer that our plateaus occur as a result of similar
intermolecular associations. The diversity in the force-
plateau values corresponds to the unzipping (as well as
unwinding) of helices that involve multiple chains. This
mechanism is in agreement with our previous work, which
shows that up to six monomolecular fibrils associate into a
single fibril within marine gels (12,21). In addition, we
observe intertwined fibrils shown by AFM (Fig. 6 E), and
these unzip according to the schematic diagram. These
Biophysical Journal 107(2) 355–364
force-spectroscopy results confirm that the fibrils are
hydrogen-bonded helical structures.
Hierarchical force staircases as a mechanical
signature of the gel network

At the highest level of entanglement (fG ~ 0.5%, 2 h
stirring), we sometimes observe a different mechanical
response, which is a succession of high-to-low force stair-
cases (Fig. 7 A). To study their microscopic origin, we test
the effect of ionic strength on the mechanical response of
the marine gel. Reducing the salinity of seawater leads to
more frequent staircases with more steps that are longer in
FIGURE 6 (A–C) Typical plateaus (asterisks)

are shown for the marine gel (A) and the marine-

gel polysaccharides (B and C). (D) Distribution

of plateau forces for marine-gel biopolymers and

isolated polysaccharides. An AFM image of an

intertwined fibril is shown with a schematic repre-

sentation of the unzipping of two chains. Native

marine gel is dispersed in seawater (fG ~ 0.5%)

and stirred for 4 h. Polysaccharides isolated from

marine gel are dissolved in seawater to a concen-

tration of 20–40 mg/L and stirred for 4 h. To see

this figure in color, go online.



FIGURE 7 (A and B) Typical force staircases are

shown for a marine gel in seawater (A) and in

diluted seawater (B). (C and D) Step-force (C)

and step-length (D) distributions. (E) Step-force

distribution ranked by the reverse-order number

of the step in the staircase. The AFM image shows

junction zones that form the gel network. The

native marine gel is dispersed in diluted seawater

(fG ~ 0.5%) and stirred for 2 h.
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length (Fig. 7 B). In total, we collect ~400 staircases, span-
ning from 1 to 11 steps down to the baseline of zero force.
The distribution of the force difference between consecutive
steps, DF, shows that the peak step size decreases from 110
to 80 pN upon dilution of seawater (Fig. 7 C). On the other
hand, the peak step length increases from 150 to 250 nm
(Fig. 7 D). In both cases, ranking the data by the reverse
order number of the step, where the first step is the last in
the staircase, reveals that the drop in force, DF, decreases
with the rank for the diluted seawater gel (Fig. 7 E). There-
fore, the last step in the staircase corresponds to the largest
drop in the force. This result is consistent with the geometric
interaction model derived to explain similar staircases
observed in the case of carboxymethylcellulose (53). Their
model proposes that the hierarchy arises from the consecu-
tive peeling of individual fibrils away from a single linear
bundle in a poor solvent.

Here, we propose an alternative origin for the hierarchical
nature of the force staircases. These staircases reflect fibrils
that are peeling away from the junction zones in the 3D gel
network, rather than single linear bundles. These fibrils are
embedded in branched structures interwoven into the gel
fabric, as shown in Fig. 7 F for the diluted-seawater marine
gel. As the fibril is being stretched, it liberates the junction
zones within the network in order of their mechanical
strength. The mechanical hierarchy arises because the high-
est-order junctions are released last and correspond to the
largest drop in force. Interestingly, there is a bimodal distri-
bution for the drop in force associated with the last step
(Fig. 7 E). The smaller population consisting of 8% of tra-
jectories exhibits a peak at 150 pN, which is approximately
twice the value of the maximal peak (~80–90 pN). This
could be due to the simultaneous peeling of fibrils away
from two distinct junction zones within the gel network.
Further evidence for fibril peeling comes from the AFM
image, which shows that the lengths of the junction zones
are in good agreement with the distribution of observed
step lengths (Fig. 7 D). Our results are analogous to the
Biophysical Journal 107(2) 355–364
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peeling of amyloid protofilaments away from the bundles by
dismantling side-by-side associations (see, e.g., Keller-
mayer and colleagues (54–56)), but in our case, the fibrils
are embedded in a gel matrix with junction zones of varying
strengths. Note that long force steps can arise due to desorp-
tion of fibrils from the substrate in a train conformation (see,
e.g., (57–61)). However, in our case, force staircases
generally appeared at the highest level of entanglement
(fG ~ 0.5%, 2 h stirring), and they were not detected in
samples with disentangled fibrils, supporting the interpreta-
tion that they arise from unzipping of the gel network
structure. Furthermore, if the force staircases did reflect
desorption of fibrils from the surface, one would not expect
the mechanical hierarchy shown in Fig. 7. Instead, the pull-
ing of individual fibrils away from the surface in a train
conformation would result in a uniform distribution of force
steps, which is not the case in our data.

Moreover, the shorter step lengths measured in seawater
are due to the decreased repulsion between polyelectro-
lytes, which gives rise to a more compact network with
shorter junction zones. The mechanical hierarchy arises
because the highest-order junctions are released last and
correspond to the largest drop in force. It makes sense
that the gel in seawater exhibits larger force steps, because
the increased ionic strength leads to a higher degree of
association between the polyelectrolyte chains, i.e., more
multimeric chains (8). In particular, the average chain
dimension as expressed by the radius of gyration, the
weighted-average molecular weight (Mw), the second
virial coefficient (A2), and the stiffness parameter (B)
attests to the propensity of the polymer system to give
elongated and stiff chains. Polysaccharides showed a
marked polyelectrolytic behavior and intrinsic chain stiff-
ness, favoring chain-to-chain association and/or gel forma-
tion at higher salt concentrations. For example, dynamic
light scattering measurements reveal that polymers
undergo an extensive degree of aggregation at higher salt
concentrations (0.3–0.7 M) as a consequence of the
screening effect of polymer charges.
CONCLUSIONS

This study shows that even though marine biopolymers are
complex naturally occurring materials, careful experimenta-
tion using high-resolution AFM imaging and force spectros-
copy can reveal reproducible and distinct mechanical
responses. These mechanical signatures depend on the level
of association between the fibrils and the topology of the gel
network itself. Stretching individual fibrils or several fibrils
associated into a single bundle is well captured by the WLC
model for entropic elasticity with different persistence
lengths. Further stretching of individual fibrils reveals
conformational changes, such as the known chair-to-boat
transition, within the polysaccharide chain. Interestingly,
we uncover three distinct conformational extensions in the
Biophysical Journal 107(2) 355–364
reconstituted gel obtained from the polysaccharide fraction
of the marine diatom EPS. Although their exact molecular
origin remains elusive, it is remarkable that three species
emerge from the data. Under normal conditions in seawater,
forces as large as those associated with the chair-to-boat
transitions, i.e., >400 pN/strand, are rather unlikely; how-
ever, the observed transitions indicate that there is an extra
extensibility in the marine gel should an extreme mechani-
cal exposure arise.

At higher levels of fibril entanglement, we obtain force-
extension curves that contain more complex patterns:
sawtooth patterns, force plateaus, and force steps. The
sawtooth patterns arise from the unraveling of globular
polysaccharide entanglements. The force plateaus are
attributed to the unzipping of intertwined fibrils (helices).
These morphologies are able to withstand large forces
(up to 400 pN), suggesting that lateral stability may be
important in maintaining the structural integrity of the
marine gel. Finally, force staircases arise from the peeling
of fibrils from the junction zones in marine-gel networks.
The number, step size, and length of the steps depend on
the morphology of the gel and the strength of association
of fibrils within. Indeed, swelling the gel by reducing the
salinity of seawater leads to more extended, weaker struc-
tures. The striking similarity between the nanomechanical
behavior of the marine gel and that of purified polysaccha-
ride components indicates that their global structural and
mechanical properties are defined by the polysaccharide
component.

From a broader perspective, our approach can be used to
design experiments to study mechanical properties of other
complex biopolymer networks, such as the extracellular
matrix in living tissues, microbial biofilms, or gel matrices,
for a variety of technological applications.
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