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ABSTRACT Bacterial biofilms are the most prevalent mode of bacterial growth in nature. Adhesive and viscoelastic properties
of bacteria play important roles at different stages of biofilm development. Following irreversible attachment of bacterial cells onto
a surface, a biofilm can grow in which its matrix viscoelasticity helps to maintain structural integrity, determine stress resistance,
and control ease of dispersion. In this study, a novel application of force spectroscopy was developed to characterize the surface
adhesion and viscoelasticity of bacterial cells in biofilms. By performing microbead force spectroscopy with a closed-loop atomic
force microscope, we accurately quantified these properties over a defined contact area. Using the model gram-negative bacte-
rium Pseudomonas aeruginosa, we observed that the adhesive and viscoelastic properties of an isogenic lipopolysaccharide
mutant wapR biofilm were significantly different from those measured for the wild-type strain PAO1 biofilm. Moreover, biofilm
maturation in either strain also led to prominent changes in adhesion and viscoelasticity. To minimize variability in force measure-
ments resulting from experimental parameter changes, we developed standardized conditions for microbead force spectroscopy
to enable meaningful comparison of data obtained in different experiments. Force plots measured under standard conditions
showed that the adhesive pressures of PAO1 and wapR early biofilms were 34 5 15 Pa and 332 5 47 Pa, respectively, whereas
those of PAO1 and wapR mature biofilms were 19 5 7 Pa and 80 5 22 Pa, respectively. Fitting of creep data to a Voigt Standard
Linear Solid viscoelasticity model revealed that the instantaneous and delayed elastic moduli in P. aeruginosa were drastically
reduced by lipopolysaccharide deficiency and biofilm maturation, whereas viscosity was decreased only for biofilm maturation. In
conclusion, we have introduced a direct biophysical method for simultaneously quantifying adhesion and viscoelasticity in bacte-
rial biofilms under native conditions. This method could prove valuable for elucidating the contribution of genetic backgrounds,
growth conditions, and environmental stresses to microbial community physiology.
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INTRODUCTION

Biofilms are sessile microbial communities growing on

surfaces and encased in matrices composed of extracellular

polymers (1). Because of their persistence and ubiquity,

bacterial biofilms have particularly profound impact on

human health, the environment, and industrial systems.

Bacterial biofilms have been shown to adhere strongly to

interfaces and to behave as viscoelastic materials (2). During

the initial stage of biofilm formation (designated as ‘‘early

biofilm’’), the adhesive properties of a collection of bacterial

cells cause irreversible attachment to a colonizable surface.

Once a biofilm is established and matures (designated as

‘‘mature biofilm’’), exopolymeric substances are produced,

and the viscoelastic properties of the resultant matrix deter-

mine its structural integrity, resistance to stresses, and ease

of dispersion. Since the biofilm forming ability of a bacterium

has often been linked to persistence and virulence, a thorough

understanding of how adhesion and viscoelasticity modulate

biofilm establishment may be important for the proper design

of control strategies.
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Atomic force microscopy (AFM) was originally devel-

oped by Binnig et al. in 1986 (3) and has evolved into

a sophisticated technique for high-resolution imaging of

surfaces and for measurement of their mechanical properties.

Because of the ability to examine nonconductive surfaces

under native conditions in air or in fluids, AFM quickly

distinguishes itself as the most powerful and versatile scan-

ning probe technique available for characterizing soft mate-

rials and biological samples. In microbiological research,

AFM has routinely been employed to image properly-immo-

bilized microbial samples immersed in liquids at nanometre

resolution (4). AFM has also been used for elucidating the

physical properties of microbial cells through force measure-

ments with piconewton sensitivity (4,5). Since samples were

often examined in their native state, the requirement for

sample preparation is minimal, thus greatly reducing the

potential for artifacts. On a slightly larger scale, AFM can

be used to obtain high-resolution images and mechanical

properties of microbial biofilms. For instance, Oh et al.,

using AFM, observed that Escherichia coli biofilms devel-

oped faster in a low nutrient medium and became more adhe-

sive to a cantilever tip as they matured while their elastic

properties varied across cell surfaces (5).

Bacterial adhesion in the context of biofilm formation has

previously been examined using biophysical techniques

such as optical tweezers (OT), total internal reflection
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fluorescence (TIRF) microscopy, surface plasma resonance

(SPR) and quartz crystal microbalance (QCM) (6,7), but

none of these methods rival the flexibility and sensitivity

of AFM for directly probing nanoscale interaction forces.

A number of quantitative studies of bacterial adhesion by

AFM have been reviewed and summarized (Table S1 in

the Supporting Material). Methods have varied from using

regular tips interacting with cells (6), to tips coated with cells

interacting with different surfaces (7–11), to modified tips in-

teracting with cells (12,13), to colloid probes interacting with

cells (14). To date, however, no AFM methodology has

combined the flexibility of tips coated with cells for exam-

ining bacterial interaction with multiple surfaces and the

quantifiable contact areas afforded by the use of spherical

probes. Additionally, although adhesive measurements

clearly depend on experimental conditions such as loading

pressure, retraction speed and contact time, no attempts

have yet been made to standardize these conditions used

in force spectroscopy for comparison of data obtained in

different experiments.

The matrix viscoelasticity of a mature biofilm determines

its resistance to stress and its eventual dispersal mechanism.

Like other viscoelastic materials, biofilms exhibit a mixture

of elastic and viscous properties (15). A number of quantita-

tive viscoelastic studies of intact biofilms using different

methods have been reviewed and summarized (Table S2).

Some studies examined shear stresses with flow cells

combined with light microscopy (2,16–19) or rotational

and oscillatory rheometry (20–24), whereas others looked

at compressional stresses using film rheometry (25) or micro-

indentation (26). Recently, the use of nanoindentation to

measure the viscoelastic response of polymeric substances

at the microscale had been validated by Lu et al., who

compared nanoindentation data to results obtained using

conventional techniques (27). In a nanoindentation experi-

ment, viscoelastic materials have a time-dependent stress-

strain relation that manifests as a creep response involving

an increase in depth (strain) at a constant applied load

(stress). This phenomenon of creep can be modeled using

conventional linear spring and dashpot elements to obtain

the viscoelastic properties of the material (28). Although

the use of AFM in phase imaging or force modulation

mode for qualitative differentiation of bacterial viscoelastic

properties had been attempted for a number of years (29),

the adaptation of AFM force spectroscopy for quantitative

analysis of bacterial viscoelasticity by nanoindentation is

a recent innovation (30) that has yet to be applied to studying

bacterial biofilms.

In this study, we report a novel application of AFM force

spectroscopy, coined ‘‘microbead force spectroscopy’’

(MBFS), for measuring the adhesive and viscoelastic proper-

ties of bacterial biofilms quantitatively and reproducibly. In

MBFS, a 50-mm diameter glass bead attached to a tipless

AFM cantilever is coated with a bacterial biofilm and

brought into brief contact with a clean glass surface using
Biophysical Journal 96(7) 2935–2948
a closed-loop AFM instrument to accurately gather force

versus distance data over time (Fig. 1). This approach essen-

tially combines the defined contact geometry of a spherical

probe (14,31–33) with the sample flexibility obtained by

using an AFM tip coated with cells (7–11). Adhesive prop-

erties of biofilm cells were readily deduced from the force

versus separation plots during the retraction, whereas their

viscoelastic properties could be determined from the inden-

tation versus time plots during the hold period on the inter-

acting surface (34). Because of its ease of manipulation, its

natural ability to grow as biofilms, its genetic tractability,

and the availability of genome sequences, Pseudomonas
aeruginosa is the model gram-negative biofilm organism

of choice in the microbiological literature. We therefore

aimed to accurately measure the adhesion between bacterial

cells in biofilms and a glass surface, and to quantify biofilm

viscoelasticity for comparative analysis. Our study shows

that P. aeruginosa wild-type strain PAO1 biofilms possess

very different adhesive and viscoelastic properties when

compared with those of its isogenic mutant strain wapR,

which has defective expression of lipopolysaccharides

(LPS) on its cell envelope (35,36). We also discovered that

maturation of biofilms resulted in changes in these mechan-

ical properties. Since MBFS is highly amenable to the stan-

dardization of conditions for data acquisition, routine

FIGURE 1 A comparison of microbead force spectroscopy to other tip-

surface configurations. (A) Native tip on cells. (B) Cell probe on surfaces.

(C) Modified tip on cells. (D) Colloid probe on cells. (E) Microbead biofilm

probe on surfaces.
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comparison of measurements performed on different sam-

ples is possible. Additionally, the ability to remove and reat-

tach microbead probes for repeated usages can lead to much

time and cost savings.

MATERIALS AND METHODS

Bacterial strains and growth

P. aeruginosa wild-type strain PAO1 and mutant strain wapR were used in

this study. PAO1 is a serotype O5 strain according to the International

Antigen Typing Scheme (IATS) and its genome has been sequenced and

annotated (35). Strain wapR is an isogenic mutant of PAO1 with the rham-

nosyltransferase gene, wapR (PA5000), disrupted by a gentamicin-resis-

tance cassette, and the disrupted gene was incorporated into the chromosome

by allelic replacement to generate a nonpolar knockout (36). The phenotype

of the wapR mutant shows a truncation of the LPS core oligosaccharide and

the absence of O-antigen. P. aeruginosa cells were grown overnight (16 h)

in Trypticase Soy Broth (TSB) (Becton, Dickinson and Company, Sparks,

MD) at 37�C with shaking at 125 rpm. Bacterial cells were harvested by

centrifugation at 2300 � g for 5 min, and the pellets were resuspended in

sterile deionized water and centrifuged. After a second wash in deionized

water, 10-fold dilutions were made, and each diluted cell suspension was

measured for its optical density at 600 nm (OD600). Finally, the washed cells

were adjusted to an OD600 of 2.0 for use in force spectroscopy.
Calibration of AFM cantilevers for force
spectroscopy

Force measurements were performed using an MFP-3D atomic force

microscope (Asylum Research, Santa Barbara, CA). This instrument was

controlled using the MFP-3D software version 070111þ217 provided by

the manufacturer and operating within the Igor Pro 6.02A software environ-

ment (Wavemetrics, Lake Oswego, OR). For absolute and simultaneous

quantitation of adhesion and viscoelasticity in bacterial biofilms, rectangular

tipless silicon cantilevers CSC12/Tipless/No Al Type E (Mikromasch USA,

San Jose, CA), with manufacturer’s quoted resonance frequencies of 10 kHz

(range: 7–14 kHz) and force constants of 0.03 N/m (range: 0.01–0.08 N/m)

were used. We used the thermal method of Hutter and Bechhoefer (37) to

obtain an accurate value of the spring constant for each individual cantilever.

Cantilevers with a calibrated spring constant outside of the 0.015–0.060 N/m

range (i.e., from half to twice the quoted force constant), or with a resonant

frequency outside of 8–12 kHz, were rejected from use.

Preparation of early biofilms on glass beads
attached to cantilevers

To prepare early biofilms for MBFS, microsized glass beads with diameters

of 50 mm (Polysciences, Inc., Warrington, PA) were attached to the distal

ends of the cantilevers with two-component epoxy glue using a micromanip-

ulator and dried at room temperature overnight (Fig. 2). Beaded cantilevers

were then coated with 0.01% poly-D-lysine and allowed to dry for 10 min.
FIGURE 2 Bacterial biofilm-coated glass beads used in

microbead force spectroscopy. (A) Scanning electron

micrographs of early biofilm-(left) and mature biofilm-

(right) coated glass beads that were attached to cantilevers

for microbead force spectroscopy, taken after adhesion and

viscoelasticity measurements. Typical area of contact is

indicated by the white dashed circle at the center of each

image. Average thicknesses of early and mature biofilms

were ~0.5 mm and 3 mm, respectively (Scale bars: 30 mm).

(B) Schematic diagram illustrating microbead contact

geometry during the hold period of force spectroscopy.
Biophysical Journal 96(7) 2935–2948
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Finally, overnight bacterial cultures grown, washed and adjusted as detailed

above were applied to the poly-D-lysine-coated beads three times to ensure

complete bead coverage with bacteria before immediate use in MBFS

measurements (Fig. 2 A).

Growth of mature biofilms on beaded cantilevers

To prepare mature biofilms for MBFS, a biofilm drip reactor system was

devised to culture bacteria on the surfaces of glass beads attached to canti-

levers. The setup consisted of a 6-L media reservoir flask containing sterile

10-fold diluted TSB (dTSB) with four stretches of silicone tubing

(VWRBrand Select Silicone, size: 0.06200 inner diameter � 0.12500 outer

diameter � 0.03200 wall thickness; VWR International, Mississauga, ON,

Canada) leading out of it and threaded through a peristaltic pump (Minipuls

2; Gilson, Inc., Middleton, WI) into four 1-L Erlenmeyer flasks. An aliquot

of the microsized glass beads were first precoated with 0.01% poly-D-lysine

by rinsing in the solution and drying in air on a Petri dish. The beads were

then attached to the same tipless silicon cantilevers with epoxy glue and

allowed to cure overnight as previously done. Subsequently, each canti-

lever-bead assembly was suspended from silicone tubing at the mouth of

a collection flask, slightly below the drilled stopper through which the tubing

from the reservoir was fed. Beaded cantilevers were connected to the ends of

the silicone tubings, bead-side down, via adaptors consisting of precut

200-mL polystyrene micropipette tips.

Before we initiated operation of the drip reactor system to culture bio-

films, tubings and cantilevers were sterilized by flowing 75% ethanol

from a 1-L sterilizing flask through the system at 1 mL/min overnight.

The source of flow was then switched to bacterial medium by disconnecting

the tubing from the sterilizing flask and reconnecting it to the media reservoir

flask aseptically. Following the switch, dTSB was allowed to flow for

30 min at the same rate to push out all of the ethanol. Finally, the cantilever

beads were inoculated with P. aeruginosa by briefly submerging the chip

end three times in overnight bacterial cultures that were grown, washed

and adjusted as described earlier. Flow of dTSB was immediately resumed

at 0.1 mL/min to wash off bacterial cells not attaching to the polylysine-

coated bead. The biofilms were allowed to grow for 72 h before they were

harvested and rinsed in sterile deionized water before immediate use in

MBFS measurements (Fig. 2 A).

Light microscopy of coated glass beads attached
to cantilevers

To ensure proper coverage of glass beads prior to MBFS experiments, bright

field images of coated beads were captured in air immediately after bacterial

application using an Eclipse TE2000-E inverted microscope (Nikon Canada

Inc., Mississauga, ON, Canada), situated directly under the MFP-3D atomic

force microscope. Light micrographs were also used to estimate bead radius

for calculating surface area of contact (Fig. 2 B).

Microbead force spectroscopy: experimental
regimes for force curve collection

After loading the cantilever onto the head of the MFP-3D atomic force

microscope and centering the infrared laser spot behind the bead, the canti-

lever assembly was immersed in 200 mL of sterile deionized water on a pre-

cleaned glass slide. The microbead was lowered gradually to approach the

glass surface, and force-separation plots (i.e., force plots) were gathered

under two regimens. In variable-push experiments, sets of 10 force plots

each were collected at 5, 10, and 20 nN loading force (Fload, i.e., ‘‘trigger

point’’) with zero contact time (t, i.e., ‘‘dwell time’’) and a constant approach

(Vpush) and retract velocity (Vpull) at 2 mm/s. This series was then repeated

four more times with contact time t varied to 1, 2, 5, and 10 s. In vari-

able-pull experiments, 10 force-distance curves each were collected at

retraction velocities Vpull of 1, 2, and 4 mm/s with zero contact time and

a constant approach velocity Vpush of 2 mm/s and a loading force of
Biophysical Journal 96(7) 2935–2948
10 nN. This series was then repeated four more times with the contact

time t varied to 1, 2, 5 and 10 s. Under either experimental regime, a total

of 150 force plots were collected per experiment. Three independent exper-

iments were performed for each biofilm sample, as well as for the control (in

which bare glass beads were pressed onto glass surfaces), under each regime.

Blinded experiments were carried out in which bacterial strains were as-

signed numbers unknown to the experimenter, and strain-number correla-

tions were revealed after all experiments were completed.

Cleaning and regeneration of cantilever tips

Routine cleaning of cantilevers to regenerate used tips for MBFS was per-

formed using the following protocol. Chemical reagents were obtained

from Fisher Scientific (Fair Lawn, NJ). Briefly, Piranha solution (70%

sulfuric acid, 9% hydrogen peroxide) was prepared using the method of

Lo et al. by slowly adding 3 mL 30% hydrogen peroxide to 7 mL concen-

trated sulfuric acid in a clean 20-mL capped glass vial (38). Each cantilever

chip was immersed in 1 mL of this solution in a separate capped glass vial

for 18 h, then rinsed by submersion in sterile deionized water in a glass Petri

dish for 5 min, and finally rinsed briefly in anhydrous ethanol and air dried

on Grade 1 filter paper (Whatman plc, Kent, UK). The cleaned cantilever tips

were examined under optical microscopy to ensure the attached glass beads

had become detached from the cantilever after such treatment, and that the

cantilever bodies were devoid of organic debris. Finally, the regenerated

cantilevers were recalibrated and new glass beads reattached as described

previously.

Force plot analysis for adhesive properties

Under precisely controlled conditions for MBFS as detailed above, the adhe-

sive properties of bacterial biofilms can be readily deduced from force plots

and creep curves (Fig. 3). For routine data analysis, it is convenient to distin-

guish three classes of experimental quantities: controlled, measured and

calculated quantities. Controlled quantities included the loading force Fload,

the approach and retraction velocities Vpush and Vpull, as well as the contact

time t. Measured quantities included the adhesive force Fad, the instantaneous

indentation g, and the creep indentation h. Calculated quantities included the

total indentation d, the contact radius a, the contact area A, the loading pres-

sure Pload, the adhesive pressure Pad, and the adhesive efficiency Vad.

Representative force plots in MBFS consist of approach and retraction

curves (Fig. 3 A). The adhesive force Fad is measured as the difference in

force experienced by the cantilever between the base level of the retraction

curve and its lowest point on a force plot (Fig. 3 B). Representative creep

curves in MBFS during the dwell period (i.e., the contact time after approach

but before retraction) show that creep begins where instantaneous indenta-

tion ends, and that it increases over time (Fig. 3 C). The creep indentation

h is taken as the difference in indentation experienced by the sample between

the beginning and the end of the dwell period (Fig. 3 D).

To estimate the thickness y of the bacterial layer and the surface area A of

contact, the diameter of each attached glass bead before (Dbare) and after

(Dbact) sample application were measured from optical micrographs taken

at 600� magnification with the bead edge in focus. To obtain better esti-

mates of bead dimensions, measurements were made along two perpendic-

ular directions and averaged. Half of the difference between Dbare and Dbact

was taken as thickness y of the bacterial layer on the bead surface, while half

of Dbact gave an estimate of the coated bead radius R. An estimate of the

actual contact area can be derived from Hertz’s theory of spherical contact

(39), which relates the indentation d to the contact radius a and the radius

of the spherical indenter R as:

d ¼ a2

R
; or a ¼

ffiffiffiffiffiffi
dR
p

: (1)

Therefore, the actual contact area A at maximum load can be calculated as:

A ¼ pa2 ¼ pdR; (2)
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FIGURE 3 Determination of biofilm adhesion and creep indentation by microbead force spectroscopy. (A) Representative force-separation plots (force plots)

during approaches (light lines) and retractions (dark lines) in MBFS experiments. Inset shows more details of the expanded interaction region. Negative sepa-

ration resulted from sample indentation. (B) Measurement of adhesive force from a sample force plot. (C) Representative indentation-time curves (creep

curves) during dwell in MBFS experiments. Inset shows more details of the expanded creep region. Negative indentation indicated the ramp region before

sample contact. (A) Beginning of contact and instantaneous indentation; (#) End of instantaneous indentation and beginning of delayed or creep indentation.

(D) Measurement of creep indentation from a sample creep curve. (-) Start and end of the creep curve.
bearing in mind that contact area A and indentation d are both functions of

time. The indentation d is calculated by adding its instantaneous component

g, equivalent to the cantilever deflection x at the end of the approach curve,

to its delayed component h, or the creep indentation:

d ¼ x þ h ¼ Fload

k
þ h; (3)

where k is the cantilever spring constant. The loading pressure Pload and

adhesive pressure Pad are related to the loading force Fload and adhesive

force Fad, respectively, by the contact area A:

Pload ¼
Fload

A
; (4)

Pad ¼
Fad

A
: (5)

Finally, the adhesive efficiency Vad can be defined as the ratio between

Fad and Fload:

Vad ¼
Fad

Fload

¼ Pad

Pload

: (6)

By establishing standardized conditions, the adhesive properties derived

from different MBFS experiments can be meaningfully compared. The stan-

dard loading force Fload, contact time t and approach and retraction velocities

Vpush and Vpull (SFTV) used in our experiments were as follows: Fload ¼ 10

nN, t¼ 1 s, Vpush¼ Vpull¼ 2 mm/s. The optimal distance from the surface at
the start of approach and end of retraction (i.e., ‘‘ramp distance’’) was found to

be 3 mm. For each experimental regime (i.e., variable-push or variable-pull),

measured and calculated quantities from three independent experiments

(3� 150¼ 450 force plots in total) were averaged and graphed to show trends

for each sample. As for data derived under SFTV conditions, results from

six independent experiments (60 force plots in total) were averaged and tabu-

lated for comparison between the four bacterial biofilm samples.

Creep curve fitting for viscoelastic properties

Viscoelastic properties of bacterial biofilms can be extracted from the fitting

of MBFS experimental creep data to an equation derived from theoretical

models. In these mechanical analogs, springs and dashpots represent elastic

and viscous properties of the systems, respectively. One particularly useful

model for viscoelastic materials is the Voigt version of the Standard Linear

Solid (SLS) model (40), which consists of a spring in series with a spring-

dashpot Voigt element in parallel (Fig. 4 A). In this three-element model,

the compression distance d as a function of time can be calculated as:

dðtÞ ¼ F �
��

1

k1

�
þ
�

1

k2

�
�
�

1� e�
tk2
l

��
; (7)

where F is the loading force, k1 and k2 are stiffness of the springs represent-

ing elasticity, and l is the damping coefficient of the dashpot representing

viscosity. However, since the biofilm-glass interaction in our experiment

occurs over a finite area, not at a single point, we can improve our model

by rewriting this equation in terms of strain, stress and modulus. The anal-

ogous equation describing strain 3 as a function of time is:
Biophysical Journal 96(7) 2935–2948
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3ðtÞ ¼ s �
��

1

E1

�
þ
�

1

E2

�
�
�

1� e�
tE2
h

��
; (8)

where s is the stress, E1 and E2 are the instantaneous and delayed elastic

moduli, respectively, and h is the viscosity in the model. Since stress s

(loading force over a unit area; unit: N/m2 or Pa) and strain 3 (change in

length divided by the original length; unitless) are related by modulus E

or compliance D, i.e.,

E ¼ s

3
¼ 1

D
: (9)

Eq. 8 can be rewritten as:

D ¼ 1

E
¼
��

1

E1

�
þ
�

1

E2

�
�
�

1� e�
tE2
h

��
; (10)

where D is the creep compliance and E is the combined elastic modulus of

the system. According to the Hertzian theory of contact between a sphere

and a plane (41), indentation d is related to the elastic modulus E, the loading

force P and the radius of the spherical indenter R by:

d3 ¼
�

3

4E

�2
P2

R
; or d¼

�
3P

4
ffiffiffi
R
p

E

�2
3

: (11)

Substituting Eq. 10 into Eq. 11 gives:

dðtÞ ¼
	

3P

4
ffiffiffi
R
p � ½ð 1

E1
Þ þ ð 1

E2
Þ � ð1� e�

t
tÞ�

2

3

; (12)

where t is the retardation time, the time at which ~63% of creep has

occurred, and is related to E2 and h by:

t ¼ h

E2
: (13)

FIGURE 4 Determination of biofilm viscoelasticity by microbead force

spectroscopy. (A) The three-element Voigt Standard Linear Solid model

for viscoelastic materials. (B) Fitting of creep plots to the Standard Linear

Solid model to derive viscoelastic properties. The model is described by

Eq. 12. E1: instantaneous elasticity. E2: delayed elasticity. h: viscosity.
Biophysical Journal 96(7) 2935–2948
In a general sense, the retardation time marks the initial interval in which

rapid creep occurs after a constant stress is applied in a creep test, just as

relaxation time t0 delineates the initial period of rapid relaxation as a constant

strain is maintained in a stress-relaxation experiment. The latter can be calcu-

lated from elastic moduli and viscosity as:

t0 ¼ h

E1 þ E2
: (14)

For meaningful comparison between the results of different experiments,

only creep curves gathered under SFTV conditions established above were

used for fitting. Before fitting, creep curves were shifted so that d ¼ 0 coin-

cided with the start of contact and t ¼ 0 coincided with the start of creep.

Using a nonlinear regression algorithm within the Igor Pro environment,

creep curves were fitted to Eq. 12 with P ¼ Fload set to 10 nN and R held

at 25 or 28 mm (for early and mature biofilms, respectively) to derive E1,

E2, and t (Fig. 4 B). Parameters derived from fitting 10 curves each in three

independent experiments (30 creep curves in total) were averaged and tabu-

lated for comparison between the four P. aeruginosa biofilm samples.

Scanning electron microscopy

Scanning electron microscopy was performed to examine used MBFS

beaded cantilevers with early or mature biofilm coatings. Briefly, used canti-

levers were coated with gold for 2 min using an Emitech K550 sputter coater

(Emitech, Ashford, Kent, UK) and imaged with a Hitachi S-570 scanning

electron microscope (Hitachi, Tokyo, Japan). Images were captured digitally

using the Quartz PCI imaging software (Quartz Imaging Corp., Vancouver,

BC, Canada).

RESULTS

Quantitation of adhesive properties
of P. aeruginosa cells by MBFS

Adhesive force and total indentation measurements were

performed on early and mature biofilms of P. aeruginosa
PAO1 wild-type strain and the wapR mutant. From these

results, histograms of adhesive force distribution were

plotted (Fig. 5), and both adhesive pressure and adhesive

efficiency were calculated (Table 1). The frequency distribu-

tion of P. aeruginosa adhesive forces to glass under SFTV

condition revealed that early biofilms of strain PAO1 ex-

hibited adhesive forces of 0 to 3 nN (average Fad ¼ 0.66 �
0.27 nN), while those of the LPS defective mutant wapR

adhered with forces that were approximately an order of

magnitude larger, ranging from 2 to 13 nN (average Fad ¼
6.9� 1.2 nN) (Fig. 5, A and B). When biofilms were allowed

to mature for 3 days, however, both strains became less

adherent to glass. The adhesive forces of PAO1 mature bio-

films dropped slightly to 0 to 2 nN (average Fad ¼ 0.56 �
0.30 nN), whereas those of the wapR mature biofilms

decreased significantly to a range of 0 to 3 nN (average

Fad ¼ 1.4 � 0.2 nN) (Fig. 5, C and D).

Adhesive pressure and adhesive efficiency are measures of

adhesion that take into account differences in contact area

and loading force, respectively. When the average adhesive

pressures of the four samples were compared (Table 1), it

is apparent that the trends were similar to those observed

for adhesive forces. The average adhesive pressure of

PAO1 biofilms was reduced from 34 � 15 Pa to 19 � 7
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FIGURE 5 Frequency distributions of Pseudomonas aeruginosa adhesive forces to glass under standard conditions. (A) PAO1 early biofilm. (B) wapR early

biofilm. (C) PAO1 mature biofilm. (D) wapR mature biofilm. Histograms show data derived from six independent experiments per early biofilm sample and

four independent experiments per mature biofilm sample. Each experiment consists of 10 replicate force plots at standard loading force (10 nN), contact time

(1 s), and ramp velocity (2 mm/s) (SFTV).
Pa during maturation, whereas the Pad of the wapR biofilms

dropped about fourfold from 332 � 47 Pa down to 80 � 22

Pa in the same period. Correspondingly, adhesive efficiency

dropped from 6.6% to 5.6% for PAO1 biofilms and from

69% to 14% for wapR biofilms within 3 days of maturation.

Effect of loading force, contact time and retraction
velocity on the measurement of adhesive
properties in bacterial biofilms

As already alluded to in the previous section, quantitation of

adhesive properties by MBFS or any other method depends

on experimental conditions such as loading force, contact

time and ramp velocity. We therefore examined how the
measured adhesion in terms of adhesive force, pressure

and efficiency were influenced by these factors. The depen-

dence of P. aeruginosa adhesion to glass on loading force

and retraction velocity can be illustrated by data from vari-

able-push (Fig. 6) and variable-pull experiments (Fig. 7),

respectively, while, its dependence on contact time was

demonstrated by the data from both kinds of experiments

(Fig. 8). Inverse relations are also illustrated by plots of the

inverse of the measured quantity against the controlled quan-

tity (see Fig. 6, B and C, insets). The equation and R-squared

value in the upper right corner of each graph were those for

the linear best fit line through each of the wapR mutant early

biofilm data set, since this sample showed the clearest trends

among all of the samples. The adhesive force Fad was
TABLE 1 Summary of bacterial adhesive properties measured by MBFS under SFTV

Sample PAO1 early biofilm wapR early biofilm PAO1 mature biofilm wapR mature biofilm

Adhesive force Fad (nN) 0.66 � 0.27 6.9 � 1.2 0.56 � 0.30 1.4 � 0.2

Fold difference 1 10.49 0.85 2.17

Adhesive pressure Pad (Pa) 34 � 15 332 � 47 19 � 7 80 � 22

Fold difference 1 9.64 0.56 2.34

Adhesive efficiency Vad 6.6% 69% 5.6% 14%

Means and standard errors of data shown from six independent experiments for early biofilms and from four independent experiments for mature biofilms. Each

experiment consists of 10 replicate force plots under standard load force (10 nN), contact time (1 s), and ramp velocity (2 mm/s). Because loading forces under

SFTV were fixed at 10 nN, adhesive efficiencies calculated were directly proportional to adhesive forces.
Biophysical Journal 96(7) 2935–2948
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moderately correlated to loading force (slope of Fad versus

Fload ¼ 0.16; Fig. 6 A), almost unrelated to retraction

velocity (slope of Fad versus Vpull ¼ 0.0006 nN$s/mm;

Fig. 7 A), and strongly proportional to contact times (slope

of Fad versus t ¼ 0.80 nN/s; Fig. 8 A). The adhesive pressure

Pad, on the other hand, showed an inverse correlation with

loading force (slope of 1/Pad versus Fload ¼ 0.00020

FIGURE 6 Loading force dependence of Pseudomonas aeruginosa adhe-

sion to glass—variable-push experiments. (A) Adhesive force. (B) Adhesive

pressure. (C) Adhesive efficiency. Means and trends of data are shown from

three independent experiments per early biofilm sample and two indepen-

dent experiments per mature biofilm sample. Each experiment consists of

three sets of 10 replicate force plots, one set for each loading force setting,

with contact time held at 1 s and ramp velocity at 2 mm/s.
Biophysical Journal 96(7) 2935–2948
Pa�1nN�1; Fig. 6 B), but was weakly tied to the retraction

velocity (slope of Pad versus Vpull ¼ �2.26 Pa$s/mm;

Fig. 7 B), and strongly dependent on contact time (slope of

Pad versus t ¼ 52.87 Pa/s; Fig. 8 B). The adhesive efficiency

Vad was inversely proportional to loading force (slope of

1/Vad versus Fload ¼ 0.082 nN�1; Fig. 6 C), weakly linked

to retraction velocity (slope of Vad vesus Vpull ¼ 5.965 �
10�5 s/mm; Fig. 7 C), but directly proportional to contact

time (slope of Vad versus t¼ 0.098 s�1; Fig. 8 C). In general,

contact time was the most important factor in determining

FIGURE 7 Retraction velocity dependence of Pseudomonas aeruginosa

adhesion to glass—variable-pull experiments. (A) Adhesive force. (B) Adhe-

sive pressure. (C) Adhesive efficiency. Means and trends of data are shown

from three independent experiments per early biofilm sample and two inde-

pendent experiments per mature biofilm sample. Each experiment consists

of three sets of 10 replicate force plots, one set for each retraction velocity

setting, with contact time set at 1 s and loading force at 10 nN.
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biofilm adhesion, followed by loading force, with retraction

velocity not having significant influence. Moreover, the

total indentation and the contact area are both directly

proportional to the loading force (slope of d versus Fload ¼
34.63 nm/nN, slope of A versus Fload ¼ 3 � 10�12 m2/nN;

Fig. 9, A and B). For further details regarding how different

experimental conditions affected measurements, additional

data have been graphed and included in the Supporting

Material.

FIGURE 8 Contact time dependence of Pseudomonas aeruginosa adhe-

sion to glass—variable-push and pull experiments. (A) Adhesive force. (B)

Adhesive pressure. (C) Adhesive efficiency. Means and trends of data are

shown from six independent experiments per early biofilm sample and

four independent experiments per mature biofilm sample. Each experiment

consists of five sets of 10 replicate force plots, one set for each contact

time setting, with loading force set at 10 nN and retraction velocity at

2 mm/s.
Nanoindentation measurement by force
spectroscopy

A comparison of average instantaneous and creep indenta-

tions observed in nanoindentation experiments with P. aeru-
ginosa biofilm samples was performed (Fig. 10). When

examining the instantaneous indentation data, both PAO1

and wapR biofilms exhibited higher instantaneous indenta-

tion after maturation (PAO1: 50 � 17 nm versus 109 � 3

nm; wapR: 43 � 30 nm versus 249 � 84 nm). The effect

of LPS deficiency on instantaneous indentation, however,

was not immediately apparent. Whereas early biofilms of

both PAO1 and wapR had comparable instantaneous inden-

tation, mature biofilms of wapR showed ~2.3 times higher

indentation depth than their PAO1 counterparts. In contrast,

maturation of biofilms had different effects on the creep

indentation of P. aeruginosa biofilms of PAO1 and wapR.

Although PAO1 biofilms experienced a six-fold increase in

creep indentation during maturation (4.2 � 0.3 nm versus

26 � 22 nm), the wapR mutant biofilms showed negligible

changes (13 � 11 nm versus 13 � 3 nm). On the other

hand, LPS deficiency in P. aeruginosa seemed to have

FIGURE 9 Loading force dependence of Pseudomonas aeruginosa

indentation and contact area on glass—variable-push experiments. (A)

Indentation. (B) Contact area. Means and trends of data are shown from three

independent experiments for each early biofilm sample or from two indepen-

dent experiments for each mature biofilm sample. Each experiment consists

of three sets of 10 replicate force plots, one set for each loading force setting,

with contact time held at 1 s and ramp velocity at 2 mm/s.
Biophysical Journal 96(7) 2935–2948
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opposing effects on the creep indentation of biofilms depend-

ing on their growth stage: early biofilms with a lack of LPS

O-antigens experienced a three-fold increase in creep

compared to their wild-type counterparts, but such a defect

in mature biofilms resulted in a two-fold reduction in creep.

Measurement of bacterial viscoelastic properties
by MBFS

Nonlinear regression fitting of MBFS data to the three-

element Voigt SLS model was performed to derive quantita-

tive bacterial viscoelastic parameters (Table 2). A compar-

ison of the viscoelasticity measurements revealed that LPS

deficiency and biofilm maturation exerted the same drastic

effect in reducing both instantaneous and delayed elastic

moduli of P. aeruginosa biofilms. For instance, when

compared to the instantaneous elastic modulus E1 of PAO1

early biofilms (1.7� 105� 8� 104 Pa), those of wapR early

biofilms, PAO1 mature biofilms and wapR mature biofilms

were reduced by a factor of 2.7, 4.8 and 11.6, respectively.

Similarly, the delayed elastic moduli E2 for these three

samples were reduced by a factor of 1.8, 2.1 and 5.3, respec-

tively, when compared to that measured for early biofilms of

FIGURE 10 Instantaneous and creep indentations of Pseudomonas aeru-
ginosa biofilms at SFTV—variable-push and -pull experiments. Means and

standard errors of data are shown from two independent experiments per

sample. Each experiment consists of 10 replicate force plots under standard

loading force (10 nN), contact time (1 s), and ramp velocity (2 mm/s). Inden-

tation data were extracted from the resulting creep curves. PAO1-ebf: PAO1

early biofilm; wapR-ebf: wapR early biofilm; PAO1-mbf: PAO1 mature

biofilm; wapR-mbf: wapR mature biofilm.
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PAO1 (1.1 � 106 � 1 � 105 Pa). On the other hand, the

impact of biofilm maturation on viscosity h was much

more pronounced than that of LPS deficiency, with the cor-

responding reductions being factors of 1.1, 2.3 and 3.4,

respectively, relative to the viscosity of early PAO1 biofilms

(2.3 � 105� 1.1� 105 Pa$s). Finally, the retardation time t,

measured at 0.20 � 0.08 s for PAO1 early biofilms, was

found to increase as a result of LPS deficiency (1.6-fold

increase in early biofilms and 1.7-fold increase in mature

biofilms) but remained more or less constant despite biofilm

maturation in either strain PAO1 or wapR.

DISCUSSION

In this study, we described a powerful biophysical method

which allows direct and simultaneous measurement of the

adhesive and viscoelastic properties of bacterial biofilms.

Although single-cell force spectroscopy may be useful for

elucidating cellular mechanisms, the application of mi-

crobead force spectroscopy for analyzing a collection of cells

is much preferred for the study of multicellular systems like

biofilms. Using MBFS, we were able to quantitatively char-

acterize bacterial biofilm adhesion and viscoelasticity, and to

determine the effects of LPS deficiency and biofilm matura-

tion on these parameters. Furthermore, we found that different

experimental variables affected our measurements to various

extents. Therefore, experimental conditions were carefully

standardized to allow for meaningful comparison of adhesive

and viscoelastic parameters observed among different

samples. Finally, we developed a tip cleaning and regenera-

tion protocol that permitted the reuse of AFM cantilevers

for MBFS, thereby resulting in substantial time and cost

savings.

The MBFS technique was successfully applied to the

quantitation of adhesive properties displayed by P. aerugi-
nosa PAO1 and wapR biofilms to a glass surface. Although

direct comparison of our results with literature values may

not be easily interpreted because of differences in instrumen-

tation and experimental conditions, the adhesive forces that

we measured (Table 1 and Fig. 5) did fall into the same nano-

newton range as measurements from similar studies (Table
TABLE 2 Summary of bacterial viscoelastic parameters measured by MBFS under SFTV

Sample PAO1 early biofilm wapR early biofilm PAO1 mature biofilm wapR mature biofilm

Instantaneous elastic modulus E1 (Pa) 1.7 � 105 � 8 � 104 6.2 � 104 � 1.9 � 104 3.51 � 104 � 1 � 102 1.5 � 104 � 7 � 103

Fold difference 1 0.37 0.21 0.086

Delayed elastic modulus E2 (Pa) 1.1 � 106 � 1 � 105 6.1 � 105 � 4.6 � 105 5.1 � 105 � 4.3 � 105 2.1 � 105 � 5 � 104

Fold difference 1 0.56 0.47 0.19

Viscosity h (Pa$s) 2.3 � 105 � 1.1 � 105 2.1 � 105 � 1.7 � 105 1.0 � 105 � 9 � 104 6.7 � 104 � 2.5 � 104

Fold difference 1 0.92 0.43 0.29

Retardation time t (s) 0.20 � 0.08 0.33 � 0.03 0.18 � 0.02 0.32 � 0.04

Fold difference 1 1.60 0.89 1.55

Means and standard errors of data shown from two independent experiments for each sample. Data were derived from nonlinear regression fit of creep curves

using the enhanced Voigt Standard Linear Solid equation (see Materials and Methods). Each experiment consists of 10 replicate force plots under standard load

force (10 nN), contact time (1 s), and ramp velocity (2 mm/s) to derive 10 creep curves for data extraction. Fold difference shown is relative to PAO1 early

biofilm.
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S1). In a report by Sheng et al., AFM probes coated with

Pseudomonas sp. cells were found to bind to various metals

with adhesive forces of 0.5-5.6 nN (11), while Abu-Lail et al.

observed that P. aeruginosa cells adhered to glass colloid

probes with forces in the range of 1.4-3.9 nN (14). These

adhesive forces measured are comparable to those that we

measured between the biofilms of P. aeruginosa and glass

using MBFS, which ranged from 0.56 to 6.9 nN. To take

into account the effect of contact area, we calculated the cor-

responding adhesive pressures under standard conditions

(SFTV) and discovered that these ranged from 19 to 332

Pa. The extent to which biofilms adhered to glass relative

to the applied force was quantified by adhesive efficiencies,

which ranged from 5.6% to 69% and were proportional to

adhesive forces under SFTV because loading forces were

fixed at 10 nN. Our observations that cells with truncated

LPS resulted in higher adhesion were consistent with results

from macro-scale assays by Lindhout et al. indicating that

P. aeruginosa strains with defective LPS O-antigens adhered

much more strongly to hydrophilic surfaces like glass and

thereby became less motile (42). In contrast, biofilm matura-

tion led to a reduction in adhesion to glass, a phenomenon

not previously reported quantitatively for P. aeruginosa,

and could be a result of the accumulation of extracellular

polymers leading to higher surface heterogeneity after an

extended period of growth. Increase in the physical rough-

ness of microcolony surface could contribute to reduced

adhesion, as evidenced by the work of Butt et al. (34) and

that of Santos and coworkers (43). Moreover, Bruinsma

et al. showed that the capacity of P. aeruginosa cells to

adhere decreased with damages to bacterial cell surfaces

(44), which are more likely to occur as biofilms mature.

Many previous comparative adhesion studies using force

spectroscopy appeared to have arrived at inconclusive results

because the effects of contact area and loading force were not

taken into account. For instance, attempts by Burks et al. to

correlate bacterial adhesion data in macroscopic column tests

and nanoscale AFM experiments were not successful (45).

Another AFM study by Atabek et al. investigating the effect

of LPS and exopolymers on adhesion of P. aeruginosa cells

to silicon did not reveal significant differences in adhesion

forces between a smooth strain and a rough strain, although

the adhesion events were shown to have occurred over

shorter distances for the latter (46). In contrast, we were

able to use a spherical geometry and obtained calculable

contact areas in MBFS with a defined set of interaction

conditions. As a result, the adhesion data collected were

highly reproducible. Knowing the contact area and loading

force, our investigation of adhesive pressures Pad and adhe-

sive efficiency Vad allowed a more thorough interpretation of

adhesion data beyond the limited perspective provided by

adhesive force alone. Furthermore, it has become theoreti-

cally possible for us to calculate the average adhesive force

exerted by a single cell on the glass surface by dividing

our measured adhesive force by the number of cells counted
within the contact area in SEM images. For the interaction of

early biofilms with glass under SFTV, the measured adhe-

sive forces of 0.66 nN for PAO1 and 6.9 nN for wapR can

be translated to 51 pN per PAO1 cell and 530 pN per

wapR cell, respectively. This is based on the observation

that 13 cells on average were visible within the calculated

contact area of 2.2 � 10�11 m2 (Fig. 2 A). Similar calcula-

tions for mature biofilms were not performed since attrib-

uting forces to individual cells could be problematic with

the abundance of exopolymers present.

In MBFS experiments, loading forces, contact times and

retraction velocities were varied to evaluate how these vari-

ables might affect adhesion as suggested by previous work

(47,48). Dwell times were increased incrementally from

0 to 1, 2, 5 and 10 s to minimize total accumulative contact

time, as adhesive properties could change for prolonged

contact duration. When experiments were performed in the

reverse order with dwell times decreasing incrementally

from 10 to 0 s, similar adhesive forces were observed (data

not shown), although such an order was not preferred since

force curves collected later in the sequence could become

less reliable because of increased accumulative contact

time. The loading forces in the variable-push experiments

(5, 10 and 20 nN) and the retraction velocities in the vari-

able-pull experiments (1, 2 and 4 mm/s) were likewise

increased incrementally over time as a result of expected

increases in resultant adhesive forces. In these sequences,

a sudden decay of adhesive force could signal bacterial

detachment from the bead or cantilever failure, thus allowing

the exclusion of invalid data. Since trends in adhesion were

similar for different samples but most prominent for the

wapR early biofilms, we focused on this particular sample

and calculated equations of the linear best fit lines (see

Figs. 6 to 9). Taking into account all of these data, we

observed that the contact time was the single most important

factor affecting adhesive measurements, as it was shown to

be strongly and consistently proportional to all three

measures of adhesion in variable-push and variable-pull

experiments, although a ‘‘kink’’ exists at the start of each

plot (Fig. 8). The apparent inflection point, which delineates

the boundary between the initial jump in adhesion from zero

to finite contact time and the subsequent linearity with

increasing contact time, probably arises as a result of the

difference between kinetic and static friction, because fric-

tion is known to contribute to adhesion (49). The coefficient

of kinetic friction involved at zero contact time is much

lower in magnitude than the coefficient of static friction at

finite contact time. As a result, adhesion becomes nonlinear

with regard to contact time near the plot origin. The loading

force, in contrast, was only weakly proportional to adhesive

force, but inversely related to both adhesive pressure and

adhesive efficiency (Fig. 6). This observation revealed that

both the contact area and the loading force increase faster

than the resultant adhesive force. Surprisingly, the retraction

velocity was found to have negligible effect on adhesion
Biophysical Journal 96(7) 2935–2948
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(Fig. 7). Perhaps a larger effect could be observed at higher

velocities, although the resultant viscous drag on the glass

bead would lead to incorrect adhesion measurements. Inci-

dentally, the loading pressure was found to be nearly

constant for each microbead, regardless of different loading

forces or contact times (data not shown), since a higher

loading force also resulted in a larger contact area.

Although quantitative measurements of bacterial adhesion

and viscoelasticity could be carried out simultaneously using

MBFS, the associated data analyses were quite distinct.

Whereas adhesive data were determined by analyzing

force-separation plots, viscoelastic data were derived from

analyzing indentation-time curves. The common link exist-

ing between these two kinds of analyses is the need to

quantify indentation depths accurately when pressing the

biofilm-covered probe against the sample. On the one

hand, the total indentation must be determined to derive

the contact area for the adhesive pressure calculation. On

the other hand, instantaneous indentation must be found to

give the y-intercept of the creep indentation function for

fitting to the Voigt SLS model to derive the viscoelastic

parameters. Simply comparing the indentation depths of

P. aeruginosa biofilms could also tell us about their compli-

ance. We found that the total indentation values obtained

were affected differently by LPS deficiency and biofilm

maturation. In general, LPS deficiency had little effect on

the total indentation of early biofilms, but increased that of

mature biofilms by about a factor of 2. As the biofilms

matured, the total indentation increased by more than a factor

of 2.5 in PAO1 and by more than a factor of 5 in wapR.

Whereas the increased thickness in mature biofilms was ex-

pected to increase their compliance, the defect in LPS ap-

peared also to weaken the overall mechanical structure of

the bacterial cells, making them more compressible.

By extending the contact time during the MBFS experi-

ments, the viscoelastic properties of P. aeruginosa PAO1

and wapR biofilms could be directly measured during their

compression by a stiff surface such as glass. Previous quan-

titative studies of biofilm rheology by other researchers were

performed with various microscopy or rheometry techniques

and examined responses to shear stresses or compressional

stresses. To the best of our knowledge, this study is the first

report of the quantitation of biofilm viscoelasticity by force

spectroscopy and thus represents a novel application in

AFM. A comparison of viscoelastic data from published

reports revealed that the values for moduli and viscosity ob-

tained were quite wide ranging (Table S2). Focusing on the

compressional studies, Korstgens et al. found an apparent

elastic modulus of 6.5 kPa and a yield strength (stress at

the point of failure) of 0.99 kPa for P. aeruginosa biofilms

using a film rheometer, whereas Cense et al. measured

storage moduli of 0.73-8.56 kPa, loss moduli of 5.03–10.4

kPa, and viscosities of 256–2140 Pa$s for S. mutans biofilms

using microindentation combined with confocal microscopy.

These values were much lower than ours for E1, E2 and h in
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P. aeruginosa biofilms, which were calculated to be in the

ranges of 15-170 kPa, 210–1100 kPa, and 67-230 kPa$s,

respectively (Table 2). Such differences in measured quanti-

tative viscoelastic data may not be surprising, since it is prob-

able that factors such as the growth conditions, the type and

age of the samples, the length scale and duration of the

measurements, the type of theoretical model used, and the

type and magnitude of applied stresses all have profound

effects on the viscoelastic parameters derived, making

comparative analyses of these figures extremely difficult.

Despite problems associated with interstudy comparisons, in-

trastudy comparisons of viscoelastic parameters can still give

us useful insights within the context of the particular study.

In this study, we compared the differential responses of

bacterial biofilms to compression arising from LPS defi-

ciency and biofilm maturation. Our results showed that bio-

films exhibited reductions in instantaneous and delayed

elastic moduli and viscosity (i.e., became less stiff) as a result

of either LPS deficiency or biofilm maturation, although the

latter had a stronger influence than the former. Interestingly,

retardation time t was found to be only slightly influenced by

the status of LPS O-antigens but not by the stage of biofilm

maturation. This small variation in t during creep (range:

0.18–0.33 s) is analogous to the finding by Shaw et al. that

elastic relaxation times t0 of different biofilms during shear

stress-relaxation were more or less constant (~1100 s) (22).

According to the interpretation by Klapper et al., the elastic

relaxation time demarcates disturbances that produce a revers-

ible elastic response and those that produce an irreversible

viscous deformation (2). Our calculated retardation times

could be easily converted to relaxation times (see Eq. 14),

whereas Young’s modulus E could be theoretically related

to shear modulus G by the relation E ¼ 3G (50) (i.e., visco-

elastic materials conceptually respond three times faster to

compression than to shear). However, quantitative compar-

ison of the time scales from our experiments with those found

by Shaw and co-workers is not meaningful because of the

dissimilar experimental configurations, the different stages

of biofilm growth, and the fact that we were concerned only

with delayed indentation as opposed to total shear (22).

In recent years, mathematical models have become power-

ful tools in the structural and functional studies of biofilms.

For instance, a model of biofilm matrix constructed by Co-

gan and Keener indicated that biomass redistribution would

occur through swelling of exopolymers, leading to typical

tower and mushroom cluster formation (51). In another study

by Towler et al., a two-dimensional fluid-biofilm interaction

model showed that softer biofilms would be more susceptible

to lift forces, and that hydrodynamic stress could induce

detachment most effectively during the initial relaxation

time (52). Although the use of mathematical models may

be insightful, the interpretation of quantitative data derived

from them must be done with caution. Since the calculations

of viscoelastic parameters in our case were based on a model

consisting of simplified mechanical analogs with springs and
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dashpots, these parameters merely gave a mathematical

representation of how bacterial biofilms might behave. The

Voigt SLS model cannot be regarded as an exact solution

of the system, and may not entirely reflect the actual physical

mechanisms of deformation, which are likely to be much

more complex. Despite its potentially limited mechanistic

significance, the model is able to provide a quantitative

description of differences in the viscoelastic properties that

exist between different samples and under different experi-

mental conditions.

In addition to the technical innovation in quantitatively

measuring bacterial biofilm adhesive and viscoelastic prop-

erties, an added advantage of the MBFS technique is its

potential for AFM cantilevers to be reused. Since only the

glass bead was in contact with bacteria, bacteria induced

corrosion of the cantilevers could be avoided. The cantile-

vers could thus be reused numerous times with proper clean-

ing after usage. We therefore sought a method for cleaning

our cantilevers while dislodging the used glass beads so

that new beads could be reattached for further experimenta-

tion. Using the method described herein, we found that the

cleaning of cantilever tips with Piranha solution to be highly

satisfactory for their regeneration for repeated usage.

Furthermore, recalibration of the cleaned cantilevers before

new bead reattachment showed little changes in their reso-

nant frequencies and spring constants, indicating that their

mechanical properties were retained after the cleaning. The

ability to reuse cantilevers thus improves productivity and

provides substantial cost savings, since AFM cantilevers

are microfabricated and not trivial consumable items. In

our hands, reusable cantilevers deployed in MBFS under

standard experimental conditions allowed the consistent

and reproducible derivation of quantitative adhesive and

viscoelastic data that could be compared across different

independent experiments.

In conclusion, we have developed a novel application of

force spectroscopy to quantify bacterial biofilm adhesion

forces and viscoelastic parameters quantitatively and repro-

ducibly. Experimental conditions that affect data acquisition

have been standardized and robust data analysis protocols

have been established to allow for consistent comparison

of acquired data across experiments. The method was vali-

dated for the absolute and simultaneous quantitation of bio-

film adhesion and viscoelasticity in P. aeruginosa, and for

discerning changes in these measurements associated with

LPS deficiency and biofilm maturation. In the future,

MBFS may be applied to evaluate the effects that other

genetic, growth and environmental factors have on adhesion

and viscoelasticity, physical aspects that are crucial to the

establishment and persistence of bacterial biofilms.
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