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Abstract

This work presents in situ biosensing approaches to study the nanomechanical and
electrochemical behaviour of Streptococcus mutans biofilms under different cultivation
conditions and microenvironments. The surface characteristics and sub-surface
electrochemistry of the cell wall of S. mutans were measured by atomic force microscopy
(AFM) based techniques to monitor the in situ biophysical status of biofilms under common
anti-pathogenic procedures such as ultraviolet (UV) radiation and alcohol treatment. The
AFM nanoindentation suggested a positive correlation between nanomechanical strength and
the level of UV radiation of S. mutans; scanning impedance spectroscopy of dehydrated
biofilms revealed reduced electrical resistance that is distinctive from that of living biofilms,
which can be explained by the discharge of cytoplasm after alcohol treatment. Furthermore,
the localized elastic moduli of four regions of the biofilm were studied: septum (Z-ring), cell
wall, the interconnecting area between two cells and extracellular polymeric substance (EPS)
area. The results indicated that cell walls exhibit the highest elastic modulus, followed by
Z-ring, interconnect and EPS. Our approach provides an effective alternative for the
characterization of the viability of living cells without the use of biochemical labelling tools
such as fluorescence dyeing, and does not rely on surface binding or immobilization for
detection. These AFM-based techniques can be very promising approaches when the

conventional methods fall short.

Online supplementary data available from stacks.iop.org/JPhysD/46/275401/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

1.1. Streptococcus mutans

Streptococcus mutans is a major pathogen that causes dental
caries [1-3]. The extracellular polymeric substance (EPS)
synthesized by S. mutans from sucrose forms a biofilm which
attaches to the surface of teeth and serves as the colony of
bacteria, and it is also commonly known as dental plaque [2].
In addition, the S. mutans secretes weak organic acids as

0022-3727/13/275401+08$33.00

byproducts, which cause a low pH environment in the mouth,
and such acidic conditions eventually lead to demineralization
of enamel and the formation of cavities [4]. S. mutans is
categorized as a Gram-positive bacterium; compared with a
Gram-negative bacterium, a Gram-positive bacterium has a
relatively thick cell, consisting of several peptidoglycan layers,
teichoic acid and lipoteichoic acid.

Since the physiological properties of S. mutans provide
crucial information about biofilm virulence, it is highly
desirable to monitor the characteristics of S. mutans under

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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various conditions rapidly and reliably. Conventional
biosensing approaches rely on biochemical methods such
as fluorescence dyeing and bio-tagging (labelling), which
are sometimes not time effective and may influence the
microenvironment of the specimen under test; therefore, there
is a need for effective biosensing techniques for quick and
reliable evaluation of the viability status of biofilms, especially
when they are under common anti-pathogenic procedures such
as UV exposure and alcohol dehydration treatment. It is,
therefore, the goal of this work to apply AFM and its derivative
label-free biosensing techniques to the study of a biofilm
about its nanomechanical and electrochemical properties under
various microenvironments, and to connect these properties to
the viability status of biofilms.

1.2. Label-free detection techniques

Conventional biosensing methods for bacteria rely on
biochemical identification. = These labelling techniques,
including enzyme-linked immunosorbent assay (ELISA)
[5, 6], polymerase chain reaction (PCR) [7, 8] and DNA probe
hybridization [9, 10], are effective in providing quantitative
information with high sensitivity. ~However, the use of
labels may interfere with assays, affecting the accuracy
of analysis; the samples usually require pre-enrichment
treatment, therefore the detection steps are lengthy and the
overall process can be time consuming [11]. In addition,
labelling techniques are not suitable for the detection of viable
but nonculturable forms [12, 13], thus the applications are
restricted.

Label-free methods, on the other hand, have become rather
attractive especially for their potential in on-site and real-
time point-of-care applications. Various optical techniques
such as surface plasmon resonance (SPR), waveguide-based
immunosensors and whispering-gallery-mode (WGM) sensors
are emerging biosensing methods with promising applications
[11,14,15]. They detect small changes in the reflective
index in an evanescent field, or the shift of wavelength
in resonance upon an intermolecular binding event. Other
non-optical approaches, including electrochemical impedance
spectroscopy (EIS) and microcantilever resonance, were also
developed for biosensing applications [16,17]. The former
detects the change in impedance spectrum upon attachment of
cells or biochemical binding, and the latter relies on the shift of
resonant frequency in cantilever vibration due to an antibody
immobilization event.

Although without the need of labels, these label-free
techniques still require the binding (or adsorption) of the cells
or molecules to the sensors. Surface treatment to immobilize
the molecules/cells of interest is essential and may influence
the accuracy and sensitivity of measurements. In this work,
direct measurements of the properties (both nanomechanical
and electrochemical) of cells were performed without labelling
or surface treatments; the physiological status of cells under
test was characterized as the foundation of biosensing in this
study.

1.3. AFM-based techniques

In recent years, scanning probe techniques, such as atomic
force microscopy (AFM), have been widely used for the study
of biomaterials due to their versatile functionality, flexibility
in sample condition and excellent nanoscale resolution among
other biosensing techniques [18-20]. Previous AFM studies
of S. mutans focused on the surface morphology and roughness
of different strains, or analyses of the tip—cell adhesion
force under various sucrose treatment times. Nonetheless,
the capability of multiple-property mapping and in situ
measurements of S. mutans have not been well developed and
demonstrated.

Nanoindentation is an effective method to measure the
mechanical properties of a nanomaterial, such as its elastic
modulus [21,22]. However, commercial nanoindenters face
several challenges when it comes to examining biomaterials
such as bacteria and cells. For instance, the radius of curvature
(ROC) of a nanoindenter tip is typically larger than 100 nm,
which restricts the probing of interesting nanoscale features on
the surface. In addition, the navigation of a specimen’s surface
(either by optical microscopes or nanoindenter scanning) is
typically laborious, and the resolution is in the micrometre
range. Moreover, the force exerted by a nanoindenter is in
the order of micro-newton magnitude, which can be too large
to probe the delicate features of biomaterials. An alternative
characterization approach is nanoindentation using an AFM
probe [23,24]. The high positioning accuracy of AFM makes
it possible to select small regions and map the nanomechanical
properties individually [25,26]. With its nanoscale needle-
like tip (ROC < 10nm), AFM is capable of acquiring detailed
information in selected nanoscale regions, and resulting in less
damage on nanomaterials and biological samples [27].

Most AFM systems are equipped with a force
spectroscope nowadays. In this measurement mode, the AFM
probe is able to maintain its lateral position on a selected
spot of the sample surface identified by a pre-measurement
survey scan. The results are interpreted as force—displacement
curves, which record the deflection of the cantilever when
the tip is compressing into or withdrawing from the sample.
With its great sensitivity with regard to detecting physical
interactions between the tip and cell, force spectroscopy
provides the opportunity to examine both the cytoskeleton and
nanomechanical properties of biological samples.

Electrochemical methods are real-time, non-invasive
analytical techniques that have many applications in the
inspection and detection of biomaterials [17,28,29]. As
conventional EIS uses millimetre-sized electrodes that cannot
resolve spatial information on the microscale, new techniques
with smaller electrodes and advanced measurement setups
have been developed. A scanning impedance microscope
(SIM) is a technology which combines the functions of EIS
and AFM, and with the versatile measurement and precision
stage control of an AFM platform, SIM is able to measure a
specimen’s local impedance responses via a nano-sized AFM
probe tip [30-33].

The measurement time for the AFM-based techniques is
relatively short when compared with conventional biosensing
methods. For a measurement area of 5um x 5um, the
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Figure 1. (a) Structure of a Gram-positive bacterial cell wall. The cell wall is composed of peptidoglycan layers, lipoteichoic acid and
teichoic acid, with the latter two interspersed perpendicular to peptidoglycan layers. (») SEM image of a dehydrated S. mutans-containing
biofilm after 24 h culture. (¢) Schematic diagram illustrating the nanoindentation setup with an AFM probe on specific areas: (A) Z-ring
(septum), (B) cell wall, (C) interconnecting area between two bacteria, (D) EPS. (d) Schematic diagram for the AFM-based electrochemical

spectroscopic measurement setup on the S. mutans biofilm.

pre-measurement AFM scan (topography) takes 5—15min;
a nanomechanical measurement (nanoindentation or force-
curve) takes 1-2min, and the SIM measurement for a full
frequency spectrum usually takes 15-20min. Most of
the AFM experiments in this work were completed within
30min. Therefore, the AFM-based techniques (such as
AFM nanoindentation and SIM) would be suitable over the
fluorescent stain method in cases such as when quick screening
is needed, or when photobleaching is a problem.

2. Experimental details

2.1. Streptococcus mutans culture

In the experiments, S. mutans (ATCC 25175) biofilm was
cultured in Brain Heart Infusion (BHI) liquid (Merck,
Darmstadt, Germany). High-temperature sterilized glass
coverslips with dimensions of 5Smm x 5mm were used
as substrates for cultivation and placed in the wells of a
24-well microplate; a droplet of 5 x 10% colony-forming-
unit per millilitre (CFUml™!) bacteria liquid was applied
on each substrate. 1000 w1 BHI liquid consisting of 0.15%
sucrose (Merck, Darmstadt, Germany) was added to the wells
and cultured at 37°C. The substrates were incubated in an
atmosphere of 80% N;, 10% CO, and 10% H,, and the BHI
liquid was changed every 24 h; other details of the biofilm
cultivation process are included in a prior study [34]. S. mutans
specimens with 24 and 48 h cultivation time were prepared
based on the above steps. In addition, the preparation of
isolated clustered or single S. mutans was carried out by placing

a droplet of 5 x 108 CFU ml~! bacteria liquid on the substrate;
the specimen was taken out of the liquid and exposed in air
(at room temperature, relative humidity ~60%) before AFM
measurements. The porous EPS structure in the biofilm helps
to contain the fluid and keep the biofilm surface moist after
exposure in air [35]. The dehydrated S. mutans was prepared
by soaking the cultured substrates in 95% alcohol for 1 h,
removing the substrates from the alcohol bath, and then leaving
the substrates exposed in an ambient environment before AFM
measurements. The morphological identifications of S. mutans
and the measurement setup are described in figure 1.

For the experiments on ultraviolet (UV) radiation, a UV-
C253.7nm lamp (TUV36W, Philips, the Netherlands) was
used. The nominal wavelength of the light source is 253.7 nm
(UV-C) with a power of 36 W, and the S. mutans-containing
biofilms were kept under wet conditions during exposure.
The lamp-specimen distance was kept at 50 cm during the
exposure. Based on our preliminary study, the wet condition
was provided by spreading mists of sanitized, deionized water
every 30 s on the surface of the biofilms to prevent temperature
rise and drying of the specimen by UV exposure.

2.2. Viability check

In order to confirm that the S. mutans cell was still alive
after biomechanical measurement, we used a fluorescence
microscope (DMIRB, Leica, Germany) and the live/dead
BacLight Bacterial Viability Kit (Molecular Probe Inc.,
Eugene, OR, USA) to observe the viability of the cell
after AFM nanoindentation. The Viability Kit consists of
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Figure 2. Fluorescent and AFM topography images of the S. mutans-containing biofilm. (a) Fluorescent image of the biofilm after AFM

nanoindentation; the green dye indicates that most of the S. mutans were still alive; (b) fluorescent image of the biofilm after dehydration;
the red dye indicates that most of the S. mutans were dead; (c) AFM 3D image of the alive S. mutans-containing biofilm, which represents
its surface morphology; (d) AFM 2D image showing the detailed septum (Z-ring) area of the alive S. mutans biofilm.

two nucleic acid stains, propidium isodide (PI) and green-
fluorescent nucleic acid stains (SYTO 9), showing green (alive)
or red (dead) colour under FM for easy identification of the
viability of the S. mutans biofilm (figures 2(a) and ()).

In our preliminary study (n = 4, 95 % confidence level)
of the S. mutans biofilm, in which the viability was checked
with a fluorescent dye, more than 90% S. mutans were still
alive after 30 min of exposure in air, and about 70% were still
alive after 1 h of exposure.

2.3. AFM/SPM methodology

After the S. mutans biofilms were freshly prepared, the
specimens were quickly taken out of the liquid and allowed
to dry while exposing in air; they were then transferred to
an AFM system (BASO AFM, Force Precision Instrument,
Co., Taiwan) for inspection within an hour. Topographic
AFM scan images in 2D and 3D (figures 2(c) and (d)) were
acquired in tapping scan mode (intermittent contact) in air, by
a single crystal silicon probe with a typical spring constant of
0.25-0.3 N'm~! and tip ROC less than 10 nm (ContAl, Budget
Sensors, Bulgaria).

The AFM nanoindentation experiments were carried
out using the following procedures.  First, the biofilm
specimen surface was wide-scanned to obtain a topographical
image to map out the specific locations of the biofilm, and
then quantitative measurements of the local biomechanical
properties of selected locations on the S. mutans-containing
biofilm using AFM force spectroscopy were made. The
elastic moduli and cell metabolism of S. mutans with different
cultivation times were analysed on the following four locations:

Z-ring (septum), cell wall, the interconnecting region between
two bacteria and EPS (figure 1(c)). Since the cell wall
represents the most accessible surface feature with the highest
coverage among the four locations, we chose the cell wall as
the measurement site for electrochemical spectroscopy and UV
exposure study.

In order to acquire the electrical properties of the
S. mutans-containing biofilm, an Au-coated conductive AFM
probe (PPP-ContAu, Nanosensors, Neuchitel, Switzerland)
was used as a conducting electrode. An aluminum substrate
was used as the bottom electrode, and a biofilm was cultivated
on the aluminum substrate for impedance measurement by
the AFM probe tip (figure 1(d)). The aluminum substrate
was chosen among other conductive substrates based on
its relative easiness in S. mutans cultivation and sufficient
electrical conductivity for impedance measurements. The
impedance spectra of the S. mutans-containing biofilm samples
cultured for 24 h with/without dehydration treatment were
obtained on a customized AFM system (BASO AFM,
Force Precision Instrument, Co., Taiwan). The applied
current was 1077 A, and the testing frequency range was
set at 300-3000Hz (Series G 750, Gamry Instruments
Inc., USA) (see the figure in online supplementary material
(stacks.iop.org/JPhysD/46/275401/mmedia)).

2.4. Statistics

The measurement data collected from six different biofilm
statuses and four different regions were processed with the
paired student’s ¢ test at a 95% confidence level; the sample
size was n = 10 for each biofilm status.
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3. Results and discussion

3.1. In situ nanomechanical properties

To quantitatively assess the elastic moduli of the Z-ring, cell
wall, interconnect and EPS, the force—displacement curves
obtained from AFM nanoindentation were analysed using the
Hertz model [26]:

2 E
Fe = —tana——6 (1)
T 1 — 2

where F( is the indentation force, « is the half-opening angle of
the AFM tip (assumed to be conical), E is the elastic modulus
of the specimen, v is Poisson’s ratio (typically assumed to be
v = 0.5 for a biological specimen) and ¢ is the indentation
depth of the specimen.

The indentation depth of soft S. mutans was calibrated
by carrying out a force—displacement measurement on a
hard reference sample (such as SizNy); the contribution of
displacement from the cantilever alone can be obtained by this
reference measurement. The correct indentation depth of the
specimen was extracted by the following equation:

§=z-d 2)

where z is the total displacement caused by both cantilever de-
flection and sample deformation, and d is the deflection of the
AFM cantilever (more detail about the calibration of the spring
constant of the cantilever is provided in the supplementary data
stacks.iop.org/JPhysD/46/275401/mmedia). Figure 3 summa-
rizes the elastic moduli of the selected biofilm location under
different S. mutans conditions (cultivation time and viability).
Here, the alive cells are labelled as A and dehydrated ones as
D; the single (isolated) S. mutans and the growth time are pre-
sented by S and 24/48, respectively. The results reveal that
the cell wall has the highest elastic modulus, followed by the
Z-ring, interconnect and EPS. The differences in elastic mod-
uli are most likely due to variances in the membrane structure
and composition. Generally speaking, the exterior structure
of both the Z-ring and the cell wall are peptidoglycan, but the
stiffness of the Z-ring region is ~75% less than that of the
cell wall; since the Z-ring (septum) is where the cell division
occurs, our results suggest that the newly formed cell wall in
the septum region is structurally less dense during cell division.
Furthermore, since Touhami ez al observed a depression on the
newly formed cell wall and suggested the occurrence of pep-
tidoglycan hydrolysis on the septum during cell division [36],
we therefore believe that such a hydrolysis reaction reduces
the strength of the outer structure of the septum, leading to a
lower elastic modulus.

Figure 3 also indicates that the elastic moduli increase
with increasing growth time, as well as after the dehydration
treatment, due to a stiffened cell wall. It is generally accepted
that the top layer of the biofilm should contain freshly grown
S. mutans; in other words, the elastic modulus of the top
surface of the S. mutans-containing biofilm should be similar
regardless of its growth time. However, in situ nanomechanical
results suggest otherwise. A possible explanation for this
is that some mutations of S. mutans with a longer culture

[ As
I Ds
4 [ ]A24
[ ]D24
] Ad8
I D48

Young’s modulus (GPa)

EPS

Cell Wall Interconnect
Biofilm location

Z-ring

Figure 3. Column plot of the elastic moduli at selected biofilm
locations, as shown, under different specimens (AS = alive single,
DS = dead single, A24 = alive culture 24 h, D24 = dead culture for
24 h, etc).

time result in an increase in the elastic modulus, but further
investigations are needed to confirm this viewpoint.

On the other hand, the elastic moduli of the EPS region
and those of the interconnecting region between two cells were
very similar, suggesting that the chemical composition and
molecular structure of these regions might also be alike. After
the dehydration treatment with alcohol, the S. mutans became
stiffer, and the elastic moduli of the dehydrated specimen
increased variously at different locations. On average, the
elastic moduli at the Z-ring increased 28 % for the 24 h-cultured
biofilm, and 24% for the 48 h-cultured ones; the increases at
the cell wall for both 24 and 48 h biofilms were insignificant
(2-5%). The difference in biofilm cultivation time can also be
seen at the interconnect and EPS regions: for 24 h specimens,
the increase in elastic moduli after dehydration was 145% at the
interconnect and 246% in the EPS region, while the increase
in elastic moduli for 48 h biofilms was 20% at the interconnect
and 35% at the EPS. For single/isolated cells, the effect of
dehydration was more obvious than that of the biofilms; the
increase in elastic moduli was 174% at the Z-ring, and 90% at
the cell wall.

The deviations of the elastic moduli data came from
the individual differences of viability among S. mutans cells,
as also revealed by the fluorescent dyeing check. Another
source of deviations was the diversity in different sample
batches. However, in the same specimen, the measured elastic
moduli at various locations were distinct—the modulus was
the highest in the cell wall, followed by the Z-ring, EPS and
interconnect.

The question then arises as to whether one can distinguish
between live and dead cells using this method. The answer is
yes, but a collective comparison of measurements at several
locations has to be made. For example, our data suggested
that the increase in elastic moduli after the alcohol treatment
is large (>20%) at the Z-ring, interconnect and EPS, thus the
comparison of data at all three locations is needed for a reliable
viability check. On the other hand, since the cell walls of
the biofilms are insensitive to alcohol dehydration (with the
exception of single cells), the comparison of moduli at cell
walls cannot be used as the alive/dead criterion. Note that our
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Figure 4. Impedance response of the S. mutans-containing biofilm. (a) Nyquist plot and equivalent circuit model of the S. mutans-containing
biofilm before and after dehydration. (b)) AFM image showing the ruptures (indicated by arrow) of the S. mutans cell after dehydration.

results also suggested that an overall measurement of elastic
moduli by either AFM or nanoindenter, without identification
of the locations under test, may not provide meaningful data
for viability analysis.

3.2. Electrical properties of S. mutans

The Nyquist plot in figure 4(a) shows the impedance spectra
measured at the cell wall location of the S. mutans-containing
biofilm before and after the dehydration treatment by alcohol.
To further investigate the differences between these states, the
data were analysed by an equivalent circuit model consisting
of a resistor and a capacitor in parallel. This model is a
reduced equivalent circuit of Fricke’s cellular model after
performing some simplifications based on our experimental
results [37—40]. The curve-fitted values (n = 6) are as follows:

(1) Alive cells: Ry = 9.194 +£0.814 x 10° Q,Ch =1.329+
0.128 x 107°F;

(2) Dehydrated cells: Rp = 5.146 4 0.413 x 10°Q, Cp =
1.788 £ 0.121 x 10~°F.

The result indicates that the resistance of the biofilm decreased
and the capacitance behaviour became more prominent after
the S. mutans containing biofilm was dehydrated. The
reduced resistance suggests that there were some conductive
substances (such as cytoplasm) surrounding the S. mutans after
dehydration. Figure 4(b) shows an AFM image of ruptures
on dehydrated S. mutans cells after a careful inspection
on the biofilm surface. It is possible that such ruptures
allowed the discharge of cytoplasm, and hence increased the
conductivity of the biofilm. In addition, the removal of
cytoplasmic liquids also caused shrinking of the cytoskeleton,
leading to a smaller separation between lipid layers and more
interfaces with capacitive characteristics, hence increased
capacitance. Note that the decrease in resistance is about
46% for the dehydrated biofilm compared with the alive
one, suggesting that the impedance spectroscopy provides a
promising, quick and easy method to check the viability of
biosamples.

Normalized elastic modulus (a.u.)
\
\

0 T 4 T S T Y T ¥ T ¥ T
5 10 15 20 25 30

UV radiation time (min)

Figure 5. Relation of elastic modulus and UV exposure time for the
alive S. mutans-containing biofilm. The UV light source has a
wavelength of 253.7 nm (UV-C) with a power of 36 W.

3.3. Nanomechanical properties of UV-irradiated S. mutans

Based on the above results on the dehydrated and alive
S. mutans, nanomechanical measurements using AFM were
applied on the UV-254 nm irradiated samples prepared under
wet conditions. UV light exposure is a common method
to disinfect bacteria in drinking water and the medical
environment; it has proven to be effective in the reduction
of pathogenic microorganisms without producing regulated
byproducts. Unlike the disinfection mechanisms of commonly
used chemicals such as chlorine and ozone, UV light does not
damage cellular structures but the nucleic acid. Since nucleic
acid is responsible for metabolic and reproduction functions
of all life forms, the UV light inactivates the nucleic acid and
prevents the bacteria from replicating [41]. Figure 5 shows that
the normalized Young’s modulus of living S. mutans surface
increased with the UV radiation time. The normalization
was performed by setting a reference specimen (non-UV-
irradiated) in each group of measurements as 1, and the
measurements were divided by this base value accordingly.
Since UV exposure does not change the shape and structure
of cells, this increase in nanomechanical strength can be
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correlated with the viability of S. mutans, and possibly a quick
and easy method to distinguish S. mutans-containing biofilms
with different levels of UV radiation.

4. Conclusion

In this work, AFM-based label-free biosensing techniques
were introduced to characterize the surface nanomechanical
properties and sub-surface electrochemical responses of S. mu-
tans biofilms under different anti-pathogenic treatments. For
UV radiation treatment of S. mutans, AFM nanoindentation re-
vealed a correlation between elastic modulus and UV exposure
time; such a correlation provides a method to access the UV
radiation damage of cells. The electrochemical measurements
revealed that the resistance of the biofilm decreased signifi-
cantly after dehydration, which suggests the existence of some
conductive substances, and the AFM surface morphology im-
age confirmed the presence of ruptures, supporting our as-
sumption of cytoplasm discharge.

We also report on the elastic moduli at various locations of
the S. mutans-containing biofilm with different statuses. The
cell wall exhibited the highest elastic modulus, followed by the
Z-ring, EPS and the interconnect area between two bacteria.
The dehydrated biofilm had a higher elastic modulus probably
due to its stiffer nanostructures. Contrary to expectations, our
data also indicate that the elastic moduli of the top surface of
the biofilms are higher with a longer cultivation time.

With the in situ investigation of S. mutans by AFM
carried out in this work, we have demonstrated that the AFM
nanoindentation and SIM techniques can provide insights
into the nanostructures, biomechanical and electrochemical
properties of biofilm materials. Biological applications of this
approach are very promising and applicable to many other soft
biomaterials.
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