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ABSTRACT: To colonize surfaces, the bacterium Caulobacter crescentus
employs a polar polysaccharide, the holdfast, located at the end of a thin, long
stalk protruding from the cell body. Unlike many other bacteria which adhere
through an extended extracellular polymeric network, the holdfast footprint
area is tens of thousands times smaller than that of the total bacterium cross-
sectional surface, making for some very demanding adhesion requirements. At
present, the mechanism of holdfast adhesion remains poorly understood. We
explore it here along three lines of investigation: (a) the impact of
environmental conditions on holdfast binding affinity, (b) adhesion kinetics
by dynamic force spectroscopy, and (c) kinetic modeling of the attachment
process to interpret the observed time-dependence of the adhesion force at
short and long time scales. A picture emerged in which discrete molecular
units called adhesins are responsible for initial holdfast adhesion, by acting in a
cooperative manner.

■ INTRODUCTION

Biological adhesives found in the bacterial world are an
abundant, yet mostly untapped, source of adhesives with varied
composition and properties. They hold promise for industrial
and medical applications, offering impressive performance in
their natural context: they enable attachment to a broad variety
of surfaces, share desirable properties, such as sustainability,
biodegradability, and biocompatibily, and yield a much-reduced
impact on the environment compared to their synthetic
counterparts.1

Most bacteria are found attached to surfaces where they form
large groups of cells, called biofilms. A critical step in biofilm
formation is the initial single cell attachment, which proceeds
from a reversible stage, often mediated by proteinaceous
appendages like flagella and pili, to an irreversible stage
mediated by adhesins.2,3 After biofilm maturation, a dense
extracellular matrix mainly composed of polysaccharides usually
encloses the cells and helps to maintain adhesive properties in a
broad range of aqueous environments and on a variety of
surfaces.4 Earlier studies attempted to describe the viscoelastic
properties of biofilms in terms of phenomenological parame-
ters5,6 and have shed some light on the mechanisms that
mediate the transition from the reversible to the irreversible
stage of bacterial adhesion.7−11 Other studies have used flow
displacement systems,12 bacterial cells immobilized on atomic

force microscopy (AFM) tips,13 or quartz crystal micro-
balances14 to study the development of bacterial adhesion
forces on different surfaces. Additionally, single-molecule force
microscopy has enabled direct measurement of the elasticity of
single biomacromolecules, including bacterial polysaccharides
involved in adhesion.15,16 Most of these studies were done on
bacterial species which have a mixture of polysaccharides of
different composition and structure and appendages such as pili
and flagella distributed around the cell surface. However, a few
bacterial species of the Alphaproteobacteria group adhere to
surfaces by using a discrete, microscopic patch of poly-
saccharide-based adhesive.17,18

Such localized anchor points have received much less
attention in the past probably mainly due to the difficulty of
adhesion measurements at submicrometer scale. Nevertheless,
their study is timely because it is reasonable to believe that they
must be coping with mechanical stress differently than extended
adhesive films. In this work, we quantitatively explore the
physicochemical properties responsible for adhesion in a
member of this group, Caulobacter crescentus.
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C. crescentus synthesizes its holdfast adhesin during the
differentiation of the motile swarmer cell into a sessile stalked
cell (Figure 1A−C). The holdfast patch (∼100 nm diameter)
responsible for permanent adhesion to surfaces is found at the
tip of a thin cylindrical stalk-like extension (∼1 μm long) of the
cell envelope.19−23 The holdfast has mechanical properties
characteristic of an elastic gel24 and outperforms the strongest
biological and commercial glues, with a force of adhesion
exceeding 68 N/mm2, sufficient to resist a variety of stresses
including fluid flow and capillary forces.25 The holdfast elastic
modulus was estimated at approximately 2.5 × 104 Pa,26

comparable to other biological gels such as collagen or gelatin
matrices.26,27

Specific binding of wheat germ agglutinin lectin to the
holdfast and its sensitivity to lysozyme indicate that holdfast
contains β-1,4 N-acetylglucosamine polymers.24,28 However, its
detailed composition and structure remain largely unknown,
due to its strong adhesiveness and inherent insolubility. While
oligomers of β-1,4 N-acetylglucosamine confer gel-like proper-
ties on holdfasts24 and may play a major role in holdfast elastic
properties, available data strongly suggest the existence of
additional adhesive components in the holdfast.24,28

In this study, we report the first analysis of the development
of adhesive forces in a microscopic holdfast anchor through
measurements of the time-dependence of holdfast rupture
forces on a variety of substrates. Having access to a C. crescentus
mutant which sheds holdfast free of cellular components,29 we
were able to determine that holdfast morphology is dependent
on the surface to which it is bound and that holdfast affinity for
a substrate is modulated by hydrophobic interactions and
depends on buffer ionic strength and pH. In addition, we
evaluated the maximum tensile strength of pure holdfast, free of
interference from cellular components, in relation to the nature

of the substrate to which it was attached. To this end, we
employed Dynamic Force Spectroscopy (DFS) to measure
rupture forces between the holdfast and the substrate. This
method provides both the spatial and temporal resolution
required for bridging the molecular and mesoscopic scales at
which crucial phenomena take place. We found that holdfast
adhesion is strongly time dependent, involving transformations
on multiple time scales. We further demonstrate that the
observed time-dependence is well described by a kinetic rate
model of adhesin−surface interaction coupled to diffusion of
molecular adhesins within the bulk of the holdfast. Our DFS
results also show that the initial adhesion of holdfast to surfaces
is dependent on the substrate hydrophobicity and roughness.
Finally, our data suggest that the N-acetylglucosamine polymers
present in the holdfast are not likely to be major players in the
adhesion mechanism, and that cooperative contributions from
discrete adhesive units within the holdfast are dominantly
responsible for initial adhesion. These findings provide a
framework for future molecular mechanistic studies and for
comparison of bacterial holdfast properties with the more
extensively studied case of adhesive extracellular matrices.

■ EXPERIMENTAL SECTION

Bacterial Strains and Growth Conditions. The main
strain used in this study was Caulobacter crescentus CB15 ΔhfaB
(YB4251),29 a mutant strain from C. crescentus CB15 wild-type
(YB135). This mutant has a clean deletion of the hfaB gene and
therefore does not synthesize HfaB, one of the holdfast anchor
proteins. This strain still produces a holdfast, but is unable to
anchor it to the cell envelope. As a consequence, the newly
synthesized holdfast is shed in the culture medium and on
surfaces.29

Figure 1. (A) Caulobacter crescentus cell cycle. This dimorphic bacterium starts its life as a motile swarmer cell with a single polar flagellum and pili at
the same pole. The swarmer cell is unable to initiate DNA replication and eventually differentiates into a replication-competent stalked cell by
shedding its flagellum, retracting pili, and synthesizing the holdfast followed by a stalk at the same pole. The stalked cell initiates DNA replication,
and divides to give rise to a new swarmer cell. (B) AFM picture of a C. crescentus stalked cell. (C) AFM picture of shed holdfasts attached to a mica
surface.
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Another C. crescentus CB15 mutant, ΔhfsH (YB2198), was
used to study the role of deacethylation in adhesion efficiency.
Indeed, this mutant is lacking the gene hfsH, encoding a
deacetylase that affects both cohesive and adhesive properties of
the holdfast.30 C. crescentus ΔhfsH produces smaller holdfasts
compared to the wild-type and the ΔhfaB strains. These fully
acetylated holdfasts are not anchored properly to the cell
envelope and are shed in the medium.30

C. crescentus strains were grown at 30 °C in minimal M2
medium supplemented with 0.2% glucose (M2G).31,32

Escherichia coli TRMG (MG1655 csrA::kan), a strain that
overproduces the polysaccharide PGA (poly-β-1,6-N-acetylglu-
cosamine polymer) and releases it in the culture medium,2 was
grown in LB medium at 37 °C with constant shaking (150
rpm), to maximize PGA production and release.2

PGA Purification. PGA was purified from E. coli TRMG
stationary phase cultures (24 h at 37 °C), as described
previously.2 Cells were harvested by centrifugation and the
supernatant (8 mL) was concentrated by using MWCO 3000
Centricon units (Millipore) to 500 μL final.
Glass Treatment. A hydrophobic treatment was performed

on 12 mm glass coverslips (no. 26020, Ted Pella Inc.).
Coverslips were incubated with a 1:1 3-trimethoxysilyl propyl
methacrylate (3-TMSM, Acros Organics):anhydrous dimethyl-
formamide (Acros Organics) mixture for 2 h, rinsed twice with
100% acetone, and then air-dried. Hydrophobic coverslips were
used within a day of treatment.
Purified Holdfast Affinity Assay. Purified holdfast affinity

assays were performed as described previously,33 with few
modifications. C. crescentus ΔhfaB cells were grown to late
exponential phase (OD600 of 0.6−0.8) and cells were pelleted
by centrifugation (30 min at 4000 g). The supernatant contains
free holdfasts shed by the cells. A sample of 100 μL of purified
holdfasts in solution were spotted on a 12 mm borosilicate glass
coverslip (no. 26020, Ted Pella Inc.), previously glued to a
microscope glass slide, and incubated for 4 h at room
temperature in a saturated humidity chamber. After incubation,
the slides were rinsed with dH2O to remove unbound material.
Holdfasts were visualized by labeling, using AlexaFluor 488
(AF488) conjugated Wheat Germ Agglutinin (WGA) (Molec-
ular Probes). WGA binds specifically to the N-acetylglucos-
amine residues of the holdfast.28 AF488-labeled WGA (50 μL
at 5 μg/mL) was added to the rinsed coverslips and incubated
in the dark for 20 min at room temperature. Slides were then
rinsed with dH2O, toped with a large glass coverslip (24 × 50
mm), and sealed with nail polish. Holdfast attachment to the
coverslips was visualized by epifluorescence microscopy, using a
Nikon Eclipse 90i and a Photometrics Cascade 1K EMCCD
camera. Fluorescent holdfasts were quantified by using ImageJ
analysis software:34 microscopy 16-bit pictures were manually
thresholded by using the B/W default setting and fluorescent
particles were automatically analyzed with the ImageJ built in
function. PGA binding assays were run under the same
conditions, but incubated for 24 h instead of 4 h, to maximize
binding.
pH Sensitivity Assays. Purified holdfast binding assays

under different pH conditions were performed in 100 mM
citrate-phosphate or sodium-acetate buffers (from pH 2.6 to 6),
100 mM phosphate or Tris buffers (from pH 6 to 8), and N-
cyclohexyl-3-aminopropanesulfonic acid (CAPS) buffers (from
pH 8 to 12). A 50 μL aliquot of purified holdfasts in suspension
was mixed with 50 μL of 100 mM buffer and incubated on glass
coverslips for 4 h at room temperature in a humid chamber, as

described above. Bound holdfast labeling, imaging, and
quantification were performed as described above.
To determine if the low binding efficiency of holdfasts at low

pH (<6) or high pH (>8) was due to a physical or a chemical
modification of the holdfasts, 50 μL of purified holdfasts were
incubated in suspension with 25 μL of 100 mM buffers at
different pH for 2 h at room temperature (1st incubation). A 50
μL aliquot of new buffer was added to the samples to modify
their pH, and the samples were allowed to bind to coverslips for
2 h, as described above (2nd incubation). Bound holdfast
labeling, imaging, and quantification were performed as
described above.

Sample Preparation for Atomic Force Microscopy
Analysis. Early exponential phase grown C. crescentus ΔhfaB
cells (OD600 of 0.3−0.4) were diluted to an OD of 0.1 in M2G
and spotted on a 10 × 10 mm piece of freshly cleaved mica.
Samples were incubated at room temperature in a humid
chamber. After overnight incubation, the mica was thoroughly
rinsed with sterile dH2O to remove all cells and debris. A 100
μL aliquot of sterile dH2O was placed on the surface for DFS
experiments.
Typically, an AFM image was taken from the holdfast-

covered mica surface prior to the experiment. To cover the
AFM silicon nitrite tip with holdfast, the tip was placed in
contact with a holdfast present on the mica surface for 90 s,
using a trigger force of 5 nN ensured maximal tip penetration
(down to the substrate). This procedure was repeated several
times, until a part of the holdfast present on the mica had been
transferred to the AFM tip. A second AFM image was then
taken to ensure that part of the holdfast was missing from the
surface and was therefore attached to the tip. To confirm
holdfast attachment to the tip, the holdfast-loaded tip was
moved above a clean mica surface while being maintained in
dH2O, and a force-displacement curve was recorded to ensure a
significant force due to the holdfast coating the tip.
The same procedure was followed to coat the AFM tip, using

purified PGA previously immobilized on a clean mica surface.
Scanning Electron Microscopy (SEM). The typical area

occupied by and the thickness of holdfast attached to the AFM
tip was determined by using a FEG environmental SEM
(Quanta 600F, FEI). Samples were first fixed with 2.5% (v/v)
electron microscopy grade glutaraldehyde (Ted Pella, Inc.) in
10 mM phosphate buffer pH 7 for 1.5 h. The samples were
then treated with a series of ethanol dehydration steps (30%,
50%, 70%, 90%, and 100% (v/v), 15 min each) and dried, using
a critical point dryer (Blazers CPD 030). Uncoated samples
were affixed to a metal stub with double-stick conductive
carbon tape (Electron Microscopy Sciences) and then
visualized under secondary electron mode.

AFM Analysis. AFM AC mode images and force-displace-
ment curves were obtained by using a Cypher AFM (Asylum
Research). Measurements were performed in sterile dH2O at
room temperature using gold-coated silicon nitride Biolever
cantilevers (frequency f 0 = 13 kHz, spring constant k = 0.006
N/m, Olympus Inc.). Spring constants were measured from the
thermal noise spectrum of the cantilevers. Force measurements
were performed by using tips previously coated with holdfasts
as described above, using a trigger force of 500 pN if not stated
otherwise.

■ RESULTS AND DISCUSSION
Holdfast on Polar and Nonpolar Surfaces. Previous

biophysical studies on holdfast adhesion have been performed
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with use of only one type of surface: borosilicate glass.24,25 To
determine if capillary forces may influence significantly initial
adhesion, we investigated the morphology of holdfasts bound
to two surfaces of different polar character: hydrophilic mica
and hydrophobic highly ordered pyrolitic graphite. We used
AFM to image holdfasts at 16 h after attachment (Figure 2A).
Height, diameter, and contact angles were thus determined for

∼200 particles (Figure 2). Holdfast height varied from 5 to 100
nm on both surfaces, with a few holdfasts reaching up to 160
nm (Figure 2B). The average height was 30.6 ± 2.4 and 21.5 ±
0.9 nm on mica and graphite, respectively. The average holdfast
footprint diameter was also substrate dependent (Figure 2C).
Holdfasts attached to mica had diameters from 30 to 280 nm,
with an average of 90.2 ± 2.7 nm, while holdfasts attached to

Figure 2. (A−C) Holdfast size distribution. (A) AFM picture of purified holdfasts attached on a mica surface. Height (B) and diameter (C)
distribution of holdfasts on mica (white bars) and graphite (black bars). n = 191 and 212 for mica and graphite samples, respectively. (D−F) Contact
angle of holdfast on mica (D) and graphite (E). (F) Relative contact angle distributions on mica (white bars) and graphite (black bars) as described
in the Experimental Section. n = 96 for mica and 72 for graphite.

Figure 3. B/W thresholded image from AF488-WGA labeled WT holdfasts (A) and PGA (B). (C) Surface attachment to clean (white bars) and 3-
TMSM treated (black bars) glass. Results are expressed as percent of WT holdfasts attached to clean glass (for all holdfasts experiments) or as
percent of surface coverage of PGA on clean glass. The bars represent the average of at least ten fields of view for four indepedent replicates and the
error bars represent the standard error.
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graphite ranged from 45 to 440 nm, with an average of 119.2 ±
4.1 nm. The average contact angles were 52.6 ± 1.3° and 38.9
± 2° on mica and graphite, respectively (Figure 2D−F). Since
contact angles reflect the relative strength of holdfast−liquid,
substrate−liquid, and holdfast−substrate interaction, results in
Figure 2 suggest that the graphite−holdfast interaction is
stronger than mica−holdfast interaction. Note that both
graphite and mica substrate preparations yield atomically flat
surfaces, thus minimizing a possible role played by roughness.
Another substrate of interest is glass. Having established that

the holdfast contact angle showed marked differences between
graphite and mica, we measured the binding affinity of holdfasts
to clean and nonpolar adsorbate (3-TMSM) coated glass
surfaces. In these experiments, purified holdfasts in suspension
were allowed to bind to the two types of surfaces, and the
amount of surface-deposited holdfasts were quantified by using
fluorescently labeled wheat germ agglutinin (WGA), a lectin
specific for N-acetylglucosamine residues present in the
holdfast28 (Figure 3A). Figure 3C shows that the binding
affinity to hydrophobic 3-TMSM-treated glass seems somewhat
smaller (∼55%) than that of clean glass, which seems to
disagree with the finding above that attractive capillary forces
are stronger on hydrophobic substrates. One explanation that
would reconcile these apparently contradictory results is the
possibility of a time-dependent curing process, which occurs at
slower time scales than those characteristic of capillary
interactions. Indeed, we will discuss later in the paper the
independent evidence for such processes.
To determine if the only identified component, N-

acetylglucosamine, plays a role in the dependence of adhesion
efficiency on substrate polarity, we measured the affinity of
PGA (a poly-β-1,6-N-acetylglucosamine polymer purified from
E. coli TRMG2) for the two types of glass substrates (Figure
3B). Due to very low binding affinity, PGA samples had to be
incubated for 16−24 h to provide measurable coatings (instead
of 4 h for holdfast samples). PGA affinity assays exhibited no
significant variation as a function of substrate (Figure 3C).
These results suggest that the holdfast adhesion mechanism is
not dominated by the N-acetylglucosamine adhesive properties
and is likely to involve additional components. This hypothesis
is also supported by the fact that we had to incubate the PGA
samples four times longer than the holdfast ones to obtain
measurable coverages.

Nevertheless, as we are showing in the following, N-
acetylglucosamine plays an important albeit indirect role in
holdfast adhesion. Thus, a recent study showed that, in C.
crescentus, a mutation in the hfsH gene encoding a deacetylase
acting on the holdfast affects both cohesive and adhesive
properties of the holdfast.30 Partial deacetylation of N-
acetylglucosamine in holdfast should leave free amine residues
in place of acetyl groups, thereby changing the charge of the
polysaccharide. Biologically, the free amine group could be
useful to covalently link an adhesin or for cross-linking. Indeed,
binding affinity of holdfasts produced by the ΔhfsH deacetylase
mutant is drastically decreased with around 30−40% of
holdfasts attached compared to deacetylated ΔhfaB holdfasts
(Figure 3C). This result is in agreement with previous studies30

and strongly suggests that N-acetylglucosamine deacetylation is
crucial for holdfast adhesive properties. The phenomenon is
reminiscent of the effect of deacetylation of chitin, a long chain
polymer of N-acetylglucosamine, to produce adhesive chito-
san.35,36 Note that binding affinity of ΔhfsH holdfasts is not
significantly different on the hydrophobic and hydrophilic glass
(Figure 3C), similarly to PGA.
In summary, these results suggest that (i) N-acetylglucos-

amine is not solely responsible for holdfast adhesion; rather,
active components, here referred to as adhesins, dispersed in
the holdfast bulk, generate the stronger adhesion and may be
responsible for the observed differential surface response, and
(ii) N-acetylglucosamine deacetylation mediated by HfsH is
important for establishing a cohesive network, and possibly
interconnecting adhesins. Further experiments should focus on
elucidating the nature of the putative adhesins described in this
work; one possibility would be for the adhesin to be a protein
or peptide, comparable to bacterial fimbriae protein subunits,37

the mussel Mytilus edulis foot proteins,38 or gingipain adhesin
peptides.39

Ionic Strength and pH Affect Holdfast Affinity. To
further identify characteristics of adhesin−surface interaction,
we investigated the possible role of electrostatics interactions
between substrate and holdfast. Thus, purified holdfast binding
to glass at different NaCl concentrations was quantified by
using fluorescence labeling (Figure 4A). PGA binding affinity
was found to be insensitive to added salt (Figure 4B), indicating
that the adhesive properties of the N-acetylglucosamine
molecules were not affected by ionic strength. Similarly, the
adhesive properties of fully acetylated holdfasts from the C.

Figure 4. Surface attachment to clean (white symbols, dashed lines) and 3-TMSM-treated (black symbols, solid lines) glass, using different
concentrations of NaCl, as described in the Experimental Section. (A) WT holdfasts, (B) PGA, and (C) ΔhfsH holdfasts.
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crescentus ΔhfsH mutant holdfasts were not affected by ionic
strength (Figure 4C).
In stark contrast to PGA and holdfasts produced by the

ΔhfsH mutant, binding affinity on hydrophilic clean glass of
deacetylated holdfasts decreased visibly with increasing the
NaCl concentration. On 3-TMSM-treated glass, surface
coverage was insensitive to salt concentration. This behavior
points to the occurrence of attractive interactions between
charged or polar groups of deacetylated holdfast and the polar
glass surface. Since the principal mechanism by which glass and
silica surfaces acquire a charge in contact with water is the
dissociation of silanol groups, glass is negatively charged at
close to neutral pH. At the same time amines in the
deacetylated holdfast are positively charged. Silanols can be
gradually deprotonated in aqueous solution by adjusting pH.
Thus, to further confirm the origin of the electrostatic
interaction, holdfast binding assays were next performed in
solutions at different pH (Figure 5A).
For clean glass, binding affinity rapidly increased from acidic

to neutral pH, with roughly 15% and 40% of surface binding at
pH 2 and 5 respectively, to reach 100% at pH 6.5 to 7.5. Under
the same conditions, the binding affinity for 3-TMSM treated
glass remained approximately constant (55% to 75% for pH
ranging from 2 to 7.5). This observation supports the
hypothesis that ionization of silanol groups, which is at least
partly suppressed on the 3-TMSM treated glass surface, is
responsible for the observed electrostatic interaction. At the
same time, PGA binding is insensitive to ionic strength (Figure

4B), therefore holdfast moieties other than N-acetylglucos-
amine, and with a positive charge, must be involved in
adhesion.
At pH values higher than 8 and for both types of surfaces,

holdfast binding affinity dropped steeply and at the same rate
(Figure 5A). PGA binding is greater at acidic pH and the
maximal binding affinity of PGA on clean glass occurred around
pH 5−6 (Figure 5B), whereas neutral pH (6.5 to 7.5) was
optimal for holdfast binding efficiency (Figure 5A). At basic
pH, PGA binding efficiency decreased drastically, being
completely abolished at pH higher than 8 (Figure 5B). For
fully acetylated ΔhfsH holdfasts, maximal binding was achieved
at pH 4−5 and decreased steadily with increasing pH (Figure
5C). When purified holdfasts were incubated on clean glass at
pH 5 for 2 h and the pH was subsequently adjusted at 7 for an
additional 2 h, binding affinity was partially restored (75%,
compared to 40% if the total incubation was performed at pH
5, Figure 5A). In contrast, the effects of basic pH were
irreversible (Figure 5D). Since the drop of affinity at basic pH
occurs for both holdfast and PGA on both surfaces and is
irreversible (Figure 5D) we hypothesize that the decrease in
affinity at basic pH may involve degradation of the N-
acetylglucosamine matrix, likely through base hydrolysis.40

Time-Dependent Adhesion Studies by Dynamic Force
Spectroscopy. The smaller angle of contact on hydrophobic
surfaces (Figure 2D,E) suggested stronger holdfast/surface
interactions on this type of substrate and therefore the
possibility of hydrophobic interactions between adhesins and

Figure 5. Surface attachment to clean (white symbols, dashed lines) and 3-TMSM-treated (black symbols, solid lines) glass, using different pH. (A)
WT holdfasts, (B) PGA, and (C) ΔhfsH holdfasts. (D) Surface attachment of purified holdfasts to clean (white bars) and 3-TMSM-treated (black
bars) glass, using sequential different pH, as described in the Experimental Section.
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substrate. However, affinity results indicated more frequent
binding to clean glass than to TMSM-coated glass. A
hypothesis that could reconcile these facts is the existence of
a curing process that may occur after adsorption. This
hypothesis is supported by previous work, which indicated
that the individual holdfast footprint on the surface increases
with time as it is synthesized after initial surface contact,7

suggesting that the holdfast is initially in a fluid state and stops
spreading after reaching a 60−200 nm footprint.41 Moreover,
surface−holdfast bonds are extremely strong for samples
incubated overnight (∼68 N nm−2),25 but possibly much
weaker initially, thus allowing the organism to explore its
environment before binding irreversibly.
Since prior to this work it was not known what the initial

adhesion forces may be, we measured rupture forces after initial
holdfast adhesion, taken within seconds of contact by gradually
increasing incubation (dwell) times by liquid-cell dynamic force

spectrometry (DFS).42 In these experiments, AFM tips were
coated with a layer of holdfast, as described in the Experimental
Section (Figure 6A). The surface area of the AFM tip covered
with holdfast was analyzed by SEM (Figure 6B) and estimated
at ∼10−8 mm2.
The types of surfaces studied were different in terms of both

hydrophobic character and microscopic roughness: (1) mica
(hydrophilic, atomically smooth, homogeneous surface chem-
istry), (2) non-treated clean glass (hydrophilic, microscopically
rough, heterogeneous surface chemistry), (3) 3-TMSM-treated
borosilicate glass (hydrophobic, microscopically rough, hetero-
geneous surface chemistry), and (4) graphite (hydrophobic,
atomically smooth, homogeneous surface chemistry). Parts C
and D of Figure 6 represent typical force-displacement curves
recorded by DFS. Retraction curves exhibit a negative
deflection dip, resulting from the adhesion interaction as the
tip is pulled back. The lowest point on the retraction curve

Figure 6. (A) Schematics for holdfast adhesion to the AFM tip as described in the main text. (B) Scanning electron micrographs of a pristine tip and
the tip after holdfast attachment (top row). Close up of the pristine tip (bottom left) and the difference image between a tip before and after holdfast
loading (bottom right). The holdfast-covered area is in white (bottom right). (C, D) Representative force-displacement curves collected from mica
at 0.5 nN trigger force and 2 s dwell time (red: extension; blue: retraction curve). Single-peak retraction curve (C), multipeak retraction curve (D).
The light gray area represents the work of adhesion. T = trigger point, C = contact point, R = rupture point.

Figure 7. Experimental data for work of adhesion (A) and maximal force (B) for four different surfaces as a function of dwell time (fixed trigger
point = 500 pN). (C) Work of adhesion as a function of the trigger point (fixed dwell time = 2 s). Data are expressed as an average of 4−16
independent replicates and the error bars represent the standard error. Mica is shown in red, graphite in black, clean glass in blue, and 3-TMSM
treated glass in green.
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corresponds to the rupture force. Two kinds of curves were
observed: curves with a single adhesion event (Figure 6C) and
curves with numerous local minima corresponding to multiple
partial rupture events (Figure 6D). In each case, the area
enclosed between the negative deflection curve and abscissa
represents the work of adhesion. Retraction and extension
curves (red and blue respectively, Figure 6C,D) overlap
completely between the trigger and the contact point. Thus,
holdfast behaved as an elastic medium for the force loading rate
(∼1 μm s−1) and magnitude range (0.1−1 nN) used in this
study.
It is important to note that separation at rupture occurs at

the contact interface between holdfast and the substrate.
Several lines of evidence support this idea: First, direct SEM
inspection of the AFM tip after DFS experiments shows no
visible loss of holdfast material. Second, the cantilever
resonance (in air, where quality factor is high) did not change
significantly before and after adhesion, indicating that the total
mass remained constant within the measurement error (∼10−15
g).43 Third, as shown in the following section, the bond
strength is much smaller initially than that after long contact
times (as in the case of tip/holdfast interface) making it much
more likely that rupture will occur at the substrate/holdfast
interface. Finally, no significant loss of adhesion could be
detected after subsequent measurements when using the same
coated tip under similar conditions.
The work of adhesion corresponding to the initial phases of

interaction for the four tested substrates is presented in Figure
7A. Clearly, the work of adhesion increased with the
hydrophobic character of the substrate. Graphite stands out
with almost 2 orders of magnitude greater work of adhesion
than the other substrates. On graphite, the time to onset of the
rapidly increasing phase is shorter than the minimum
measurable time of 0.01 s. Long dwelling time adhesion to 3-
TMSM treated glass is also significantly stronger than adhesion
to untreated glass. However, the time to onset of the rapidly
increasing phase is longer on 3-TMSM-treated glass than on
graphite. Substrate roughness does not seem to play a major
role in initial adhesion. Mica, which is hydrophilic and flat (0.2
nm rms), has a similar work of adhesion with glass, which is
also hydrophilic but microscopically rough (4.0 nm rms).
If we compare the work of adhesion, using the entire data set

of force-displacement curves (single-peak and multi-peak
curves), with the maximal rupture force data from single-peak
curves only (Figure 7B), we observe the same trend for
strength of adhesion as a function of different surfaces. This
trend indicates that adhesion strength increases with time on all
surfaces but the kinetics are different. Table 1 shows the
maximum adhesion force per unit area on various surfaces. To
find these estimates we have used the maximal force
determined at 90 s of dwell time by DFS (Figure 7B) and an
average contact area between the holdfast-covered AFM tip and
the surface of 10−8 mm2 (Figure 6B). As for the work of

adhesion, the maximal adhesion force depended on the surface:
the more hydrophobic the substrate, the higher the adhesion
force.
Contact area can be varied in principle by adjusting the

maximal compression force (the trigger point) acting on the
tip/holdfast complex (Figure 7C). However, for all surfaces and
for trigger forces between 250 pN and 5 nN, the work of
adhesion and maximal force measurements remained constant
within experimental error, which means contact area was
constant, the tip likely being in contact with the substrate.
However, on both hydrophobic surfaces, the work of adhesion
increased with the trigger point force above a threshold value of
about 50 pN and then remained relatively unchanged. For
hydrophilic surfaces (clean glass and mica) for the work of
adhesion no such trigger force threshold was observed. Note
that the existence of a threshold force may prompt a
cooperative interaction between hypothetical adhesins since if
the adhesins were interacting with surface sites in a non-
correlated manner we would expect in all cases a gradual
increase of the work of adhesion as a function of trigger force
(due to contact area expansion).
Qualitative examination of the force−extension curves

revealed that roughly 60% of them contained multiple rupture
events. The existence of both single and multiple rupture events
highlights the underlying complexity of adhesion through
multiple surface bonds. A statistical analysis of the magnitudes
of rupture forces and extensions in the DFS force displacement
curves was performed (Figure 8). Figure 8A shows the
distribution of rupture events by visual identification, while
the histogram in Figure 8B was derived from algorithms
designed to extract these automatically (Supporting Informa-
tion). The distribution was fitted with a function consisting of
six Gaussian peaks each with a mean corresponding to a
particular integer (n = 1−6) multiple of a characteristic rupture
force, and with identical widths, plus a constant “background”,
thus 3 fit parameters. The data are well-described by the fit
function for a characteristic rupture force parameter of 29.7 ±
0.6 pN. The first three peaks are present at high significance
while the others are present at roughly 1.5−2 standard
deviation level. Therefore, assuming that the high significance
peaks in Figure 8A,B are associated with one, two, and three
adhesins, we deduce that the initial adhesion occurs through
discrete interactions, each carrying approximately 30 pN force.
These values are within the range of those found for some small
proteins, like ankyrin44 or dystrophin,45 for example, or
polymers, such as polystyrene46 or polyethylene oxide.47 In
contrast, overall single bond rupture force measurements
performed on various polysaccharides are an order of
magnitude higher than the value obtained here.48,49

In addition, the distribution of extension values correspond-
ing to the rupture events shown above is illustrated in Figure
8C. The most probable extension between rupture events is
observed to be approximately 2 nm. This is well above the z-
noise of the AFM (∼0.3 nm) within detection bandwidth. On
the basis of these data, we suggest that main initial adhesion is
likely to occur through adhesin/surface interactions, each
contact being capable of 2 nm extension before rupturing. It is
worth noting here that in DFS experiments, rupture occurs via
thermally assisted escape across an activation barrier that
diminishes with applied force. Hence, measured forces are not a
sole property of the bound complex but also depend on the
loading rate.50 Here, however, the loading rate was held fixed,

Table 1. Maximal Adhesion Forces Per Unit Area on the
Surfaces

surface maximal calcd adhesion force (N/mm2)

mica 0.05
clean glass 0.08
3-TSMS treated glass 0.13
graphite 0.66
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and we expect that the distribution of forces will vary somewhat
for different pulling velocities.
The smallest average number of rupture events per force-

displacement curve is approximately 1 and occurs on atomically
flat graphite (Figure 9). The largest average number of rupture

events per force-displacement curve occurs for glass (both clean
and hydrophobic). One possible explanation is that coopera-
tivity of adhesion postulated for graphite in relation with the
results of Figure 7C may be manifesting here as well. Thus, in a
cooperative bonding scenario, rupture of one adhesion−surface
bond is quickly followed by neighboring adhesins as in a zipper.
On a morphologically heterogeneous surface such as glass,
other interactions (such as rapid spatial variations of interfacial
tension) may interrupt adhesin linkage and cooperativity. In
this case, the result would be a multiplication of rupture events
per contact area.
We now return to the question of why in Figure 7 the

nonpolar character of 3-TMSM glass manifests itself ∼10 s after
contact with the substrate while it is practically instantaneous
for graphite? A possible explanation that correlates well with
the idea of relatively sparse, mobile adhesins that organize in
cooperative units is illustrated in Figure 10. For a given initial
distribution of nonpolar adhesins on the surface of the holdfast
proximal to the substrate, these adhesin molecules are able to

bind immediately to the homogeneous nonpolar graphite. In
contrast, a period of time may be required for their
rearrangement into domains, allowing effective binding to
corresponding patches on a heterogeneous glass surface.
Enhancement of overlapping between glass (fixed) and holdfast
adhesin (mobile) nonpolar patches would occur by diffusion
and refolding of the latter. Future experiments performed on
surfaces with controlled heterogeneity would be able to further
substantiate this description. At this point, we provide a
coupled reaction-diffusion model of adhesin diffusion within
the holdfast matrix and its reaction with the substrate (see
below), which reproduces well the observations.
The maximum adhesion force per unit area reported in this

study (Table 1) was 3 orders of magnitude lower than the force
reported in previous work.25 We hypothesize that the main
reason for this difference is due to the difference in the amount
of time the holdfast has adhered to the surface. In the Tsang et
al. work, the holdfast was in contact with the substrate for days
before the pulling measurements were made.25 In our DFS
experiments, the holdfast spent approximately 1 h on the tip
after application compared to an instrument-limited maximum

Figure 8. (A, B) Rupture event histograms analysis. The lower panel of each image displays the histogram of rupture-event forces, corresponding to
the visual (A) and algorithmic (20 pN threshold) (B) identification of rupture events in the AFM force-displacement data. The corresponding best-
fit function comprising six Gaussians plus uniform background is overlaid. The fits were performed over the range 25 to 250 pN. The upper panel of
each image displays the normalized residuals, computed as (data−fit)/fit. (C) Distribution of the extension between rupture events for the AFM
force−extension curves containing multiple rupture events. The multiple broad peaks are due to the finite step size during tip retraction.

Figure 9. Frequency of the number of single rupture events in force
displacement curves exhibiting multiple rupture events. n = 24 for all
surfaces (mica in red, graphite in black, clean glass in blue, and 3-
TMSM treated glass in green).

Figure 10. Proposed mechanism relying on the diffusion of sparse
adhesion molecules toward the contact interface and their binding to
surface hydrophobic domains. On graphite, the entire substrate is
hydrophobic. In this case, reaching the interface is sufficient to create a
bond. On chemically heterogeneous substrates such as 3-TMSM-
treated glass, the additional step of interfacial diffusion of adhesins
toward surface-bound hydrophobic domains adds a lag time to
adhesion.
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measurement time of 90 s on the surface. Indeed, examination
of the force dependence on the dwell time (Figure 7) clearly
indicates that holdfast adhesion is strongly time dependent.
A parsimonious reaction-diffusion model given by coupled

diffusion of adhesin within the holdfast matrix and its multistep
surface attachment kinetics (Supporting Information) can
indeed describe the dependence of the adhesion force on
dwell time in the current DFS experiments as well as reconcile
these results with those of Tsang et al.25 (Figure 11A). Within
the framework of this model, for short dwell times, the
magnitude of the rupture force is determined by surface-
adsorbed adhesins, which have not yet undergone the
irreversible transition to the surface-bound form. The time to
onset of weak adhesion is determined by the rates of diffusion
of adhesin within the holdfast mass and its reversible
association with the substrate, in contrast with the time to
onset of the strong adhesion at later times determined by the
relatively slower rate of irreversible association with the surface.
Following previous works,51,52 we model the rupture

geometry, as shown in Figure 11B, with parallel surface
bonds, coupled through the holdfast to the AFM tip. The
dependence of the rupture force on the number of surface-
associated adhesin species is assumed to be linear in the scaling
regime of loading rate relevant for the experiments reported
here.51,52 Within the general framework of this model, for short
dwell times, the magnitude of the rupture force is determined
by the number of surface-adsorbed adhesins that have not yet
undergone an irreversible transition to the surface-bound form.
The time to onset of weak adhesion is determined by the rates
of diffusion of adhesin within the holdfast mass and its
reversible association with the substrate, in contrast with the
longer time to onset of strong adhesion determined by the
relatively slower rate of irreversible association with the surface.
While this model represents a possible biophysical

mechanism with plausible parameter values leading to the
separation of time scales for weak and strong adhesion, we
additionally consider two related, alternative mechanisms
(Supporting Information). (i) First, we have quantitatively
analyzed the slow diffusion limit of the current reaction-
diffusion model with a modified, single-step surface kinetic
scheme, where the short and long time scales for adhesion are
given by the rates of surface adsorption and bulk diffusion,
respectively. A small rate of diffusion of the adhesin could result
from rescaling of the bare diffusion constant due to strong
adhesin binding to the holdfast polysaccharide matrix. (ii)
Second, we considered the possibility of cross-linking of the
holdfast matrix over time, either by the putative adhesin or side
chains of the N-acetylglucosamine polymer matrix itself. This is
shown schematically in Figure 11C, leading to stiffening of the
holdfast and resulting in a more uniform distribution of an
externally applied load on surface bonds. Given the load
dependence of the dissociation constant for adhesin−surface
binding,53,54 where the unbinding rate increases exponentially
with applied load, we hypothesize that when the holdfast is less
stiff, an applied load is more likely to be concentrated on a few
bonds leading to a greater probability of their rupture.
Consequently, a larger load is distributed among the remaining
surface bonds, resulting in a cascade of multiple ruptures with
shorter rupture time and therefore smaller rupture force. In
contrast, with a stiffer holdfast, the applied load transferred to
each surface bond and hence the load-dependent dissociation
rate is smaller. The rate of holdfast stiffening in the natural
environment is expected to be slow to provide sufficient time

Figure 11. (A) The rupture force on mica as a function of dwell time,
as measured by DFS (solid squares), and in the model (line). The
parameter values of the fit are as follows: h = 60 nm, k = 7.2 × 10−6

nm2 s−1, ka = 120 nm s−1, kd = 2.0 × 10−4 s−1, S0 = 1.0 nm−2, P0 = 4.6 ×
10−3 nm−3, τ = 5000 s, δf1 = 7 pN, δf 2 = 134 pN. The mean force as
measured by Tsang et al.25 is shown as a red triangle (reduced by a
factor of 4, which corresponds to hs/h = 2). (B, C) Schematic diagram
of holdfast surface attachment. (B) In modeling the total adhesion
force, attachment occurs via multiple parallel bonds, each assumed to
be a Hookean spring with spring constant, Kp. The number of initial
bonds with the surface, N0, depends on the dwell time, and the load is
assumed to be distributed (approximately) uniformly among them.
The holdfast is modeled as an elastic element with spring constant Kh,
which is coupled to the AFM cantilever arm with spring constant Kc,
pulled at constant speed v. (C) Cross-linking of the holdfast matrix,
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for the cell to detach from an inhospitable surface, consistent
with the onset of strong adhesion at longer times. While these
models suggest different mechanisms by which holdfast
adhesion strength could evolve from its initial values to
considerably higher values over time, they all rely on multiple
step kinetics, in the absence of which data could not be fit.
Further experiments seeking to identify the underlying
mechanisms for the observed kinetics will be the scope of
future studies.

■ CONCLUSION

In conclusion, an expanded ensemble of biophysical character-
istics of bonding development in an isolated microscopic
bioadhesive was investigated. We found the following: (i)
holdfast binding affinity is modified by environmental
conditions and the nature of the substrate; (ii) holdfast
adhesion varies on multiple time scales; and (iii) a kinetic
model can describe the observation of time-dependence of the
adhesion force on short and long time scales.
Together, our results suggest adhesion is initiated through

discrete, cooperative events, with a magnitude of force
suggestive of single molecules. The number of these initial
surface interactions is enhanced on nonpolar substrates. We
propose that the initial adhesive properties of the C. crescentus
holdfast are dominated by a yet to be identified adhesin
molecule acting in concert and present within a polysaccharide
matrix composed of N-acetylglucosamine multimers.
Biologically, being able to modulate the strength and the

timing of the adhesion process as a function of environmental
cues is vital for bacteria. Indeed it has been suggested that
permanent adhesion of newborn cells is prevented when
environmental conditions deteriorate, allowing their dispersion
and the formation of a new colony where the growth conditions
are more favorable.33 Uncovering the chemical nature of
adhesins as well as mechanisms underlying interactions of the
adhesins within the holdfast matrix in response to environment
will be critical not only for understanding the remarkable
biology of adhesion, but also to modulate its properties for
various applications. Indeed, Caulobacter holdfast has all the
desired properties for a valuable bioadhesive: it adheres to a
wide variety of surfaces under aqueous conditions and its
adhesion is time dependent, probably involving a natural curing
mechanism, leading to a currently unequaled adhesion strength
of 68 N/mm2.
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