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ace interactions between natural
rubber and solid surfaces through charge effects:
an AFM study in force spectroscopic mode†

Alan Jenkin Chan,a Preetha Sarkar,b Fabien Gaboriaud,c Marie-Pierre Fontaine-
Auparta and Christian Marlière *a

This work presents a detailed investigation of interface interactions between natural rubber (NR) particles and

solid surfaces in aqueous medium at high ionic strength (0.1 M) using AFM in fast force spectroscopymode. In

this study, an original method for fixing the NR on the substrate was developed. This avoided the usual

perturbations common in standard immobilization techniques. We proved that the adhesion process of the

NR is monitored by slight changes in the surface charge state of the contacting solid surfaces made of

silicon oxide or silicon nitride. The results were interpreted using Dynamic Force Spectroscopy theory, with

the introduction of a supplementary term describing the electrostatic energy. Furthermore, these

experiments revealed that adhesion between NR and tip was time dependent in a cumulative process. In

addition, an increase of the adhesion between NR and AFM tip with the size of the rubber particles was

measured. This was related to the higher concentration in lipids versus proteins for larger NR particles.

These results are of great importance both for practical applications in solution-based industrial processes

and to the fundamental knowledge of adhesion process involved for biopolymers or living cells.
1. Introduction

Adhesion of biocompounds at a surface is a subject of intensive
research because of its widespread application in the elds of
biomedicine, biomaterials and biotechnology. Adhesion is
driven by the interfacial mixing of several biocompounds, for
example, proteins, lipids, polysaccharides or any biopolymers.
An example is natural rubber latex extracted from the sap of the
rubber tree Hevea brasiliensis. This is a stable dispersion of
colloidal particles, named natural rubber (NR) particles, which
constitutes themajor source of rubber material used in hygienic
andmedical sectors or in the tire industry. NRs are composed of
a polyisoprene core surrounded by a shell layer (SL) of mixed
lipids and proteins. Here “lipid” is the generic term for
a mixture of lipids, phospholipids, free fatty acids, or fatty acids
associated with phospholipids.1 The suspension of NR particles
is composed of a bimodal distribution of small (SRP) and large
(LRP) particles with diameters of 100–200 nm and 500–
1000 nm, respectively.2–4 The SL has a typical thickness of �3–
y, ISMO, Université Paris-Sud, CNRS,

Orsay Cedex, France. E-mail: christian.

ai, Mumbai, Maharashtra, India

Michelin, F-63040 Clermont Ferrand 9,

tion (ESI) available. See DOI:

9

20 nm (ref. 1) but its ne structure is still in debate as several
models have been proposed.1,5–7 NR particles have a global
negative surface charge, regardless of whether the lipid polar
headgroups are protruding or the proteins facing the bulk
electrolyte solution.1,8 Recent studies demonstrate that inho-
mogeneities in the supercial layer composition are due to the
size of the particles. This concerns both the lipid content, which
is higher in LRPs than in SRPs, and the nature and organization
of the proteins, themselves.3

The attachment of these biocompounds to a hard surface
depends on the physicochemical characteristics of both facing
interfaces and of the surrounding uid. This is an important
matter especially for industrial concerns. For instance, latex in
its NR form is rarely used in pristine state; it is now common
practice to incorporate various micro- or nano-particles. These
“llers” enhance selected properties such as elasticity or dura-
bility.3 Another important example in industry is the use of latex
for water-based pressure sensitive adhesives (PSAs) for pack-
aging applications such as latex-based acrylic adhesive.9,10 The
adhesion properties, like the one called “tack”, reect the
incomplete contact at the interface between adhesive and
adherent. At low contact pressure and for short dwell times, the
contact is highly dependent on the bonding process, even at the
molecular level. The tack of a polymer is a non-fundamental
material property11 but is of importance for the optimum
adhesive formulation. It is highly inuenced by (i) the visco-
elastic properties of the bulk material, (ii) the surface and
interfacial tensions of adhesive and adherent, with
This journal is © The Royal Society of Chemistry 2017
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consequences on the wetting properties of the adherent by the
adhesive.11 It must be noted that interfacial tensions may
depend on the electrical state of the interface. Indeed, an elec-
trostatic term can be introduced in the expression of the ther-
modynamic work of adhesion,12 which has been proved
empirically to be proportional to the experimental maximum
energy of adhesion.11,13 In general, the approach and adhesion
of biocompounds to a surface are governed by several forces:
electrostatics,14 van der Waals,15 hydrophobic,16 hydration,17

hydrogen bonding,18,19 specic chemical interactions and steric
forces.15,20 Experimental results underline the major role of
a combination of the electrostatic and hydrophobic forces,18,19

solution ionic strength (IS) and pH.21–29 The stability and
interfacial interactions of colloidal nanoparticles can be well
described to a rst approximation by the DLVO theory.30,31 Two
forces are involved: the attractive van der Waals and repulsive
electrical double layer forces.32 The strength and range of the
van der Waals force are determined by the dielectric properties
of the interacting surface and the media. For the electrical
double-layer force, both the range and magnitude are highly
dependent on the concentration and type of ions present in the
aqueous medium. The strength of the double-layer force is
determined by the surface charge density and the surface
potential, while its range,33 dened by the Debye length, is
determined by the ionic strength since the surface charge is
screened by mobile counter-ions in the aqueous medium.

An important debate concerning the adhesion of biomole-
cules stems from the properties of this electrostatic double-
layer.34 Many studies of the electrostatic interactions have led to
contrasting conclusions. For instance, the adsorption of various
proteins, was studied as a function of an externally imposed
potential through a supercial indium tin oxide (ITO) layer
deposited on a substrate.35 The authors concluded that electro-
static interactions play a minor role in the process of protein
adhesion on hydrophilic surfaces.35 However, other studies
arrived at the opposite conclusion: the electrostatic double-layer
force was signicant in the interaction of proteins with the
surface.36–39 The adsorption of bovine serum albumin (BSA) onto
carbon electrodes40 was shown to be enhanced when the applied
potential was increased. This phenomenon was attributed to
a polarization effect within the structure of the incoming protein
molecules in the vicinity of the electrode surface.41 Numerical
models have also been developed. By taking into account the
combined role of interfacial ion distribution, charge regulation of
amino acids in the proximity of the surface, the electroneutrality
and mass balance,34 a detailed understanding of the importance
of how surface charge may affect the adsorption behavior was
proposed. This model was successfully used on two model
proteins (lysozyme and R-lactalbumin).35 Simulation42,43 of the
adsorption of model peptides on self-assembled monolayer
surfaces revealed that strong electrostatic interactions lead to
entropy driven binding of peptides on a charged surface. A
change in their structure reduced the congurational entropy. It
was also shown44 that a weak electrical potential applied to
a conductive polymer graed with a amphiphilic molecule could
induce the preferential adsorption of proteins by switching the
This journal is © The Royal Society of Chemistry 2017
apparent surface of contact between a hydrophobic or hydro-
philic state.

Most of the work on the adhesion properties of lipids has
taken the path of arranging amphipathic lipid molecules into
bilayers separated by an aqueous phase: either spherical bilayers,
called liposomes, or planar bilayers. Some molecular dynamics
simulations45,46 of the adhesive forces between the lipid mole-
cules in liposomes estimate that the minimal force required to
pull the lipidmolecule out of themembrane is a few hundred pN.
The interplay of electrostatic interactions or hydrogen bonding
on a silicon nitride AFM tip covered or not with polyelectrolyte
multilayers has been studied by several authors.19,47,48 The force
required by the tip to break through the bilayer has been
measured, as an indication of the overall membrane stability49,50

and to quantify the destabilizing effect of toxic agents on the
membrane (disease-related peptides, etc.).51,52 It was shown that
different factors, notably the temperature or the ions present in
the aqueous buffer, can disturb the molecular interactions and
the packing of lipids in the bilayers.53

Other parameters involved in the adhesion of biopolymers
are also important. As mentioned before, one is the contact
time.18 Experiments using an AFM tip in interaction with either
proteins or bacteria have revealed that the adhesion increased
as the residence time of the AFM tip increased during tip
retraction.54–57 The surface chemistry and wettability58 also
inuence the time dependent conformational changes in
adsorbed proteins and mediate the adsorption kinetics and
binding strengths,59–61 as well as subsequent protein activity.62,63

It was speculated18,58 that conformational changes might arise
from a two-step model. The rst step, on the order of seconds to
minutes, involves the rearrangement of amino acids at the
protein surface. The second, taking much longer, relates to the
more hypothetical rearrangement of the internal amino acids
from the protein core towards the protein surface. It must be
mentioned too that adhesion may increase with loading
force18,64 during AFM tip approach. This could causing
a conformational change of the biomolecule during its contact
with the solid.58 In general, AFM experiments have so far shown
that the adhesive forces between biomolecules and AFM probes
increased with the loading rate and, in most cases, a linear
relationship was observed between adhesion and the logarithm
of the loading rate.53,65–75 These experimental results have been
interpreted using the theory of Dynamic Force Spectroscopy
(DFS).65–67,71–73,76 This theory considers the weak non-covalent
interactions governing structural cohesion and mediating
mutual interactions between biocolloids, living cells, bacteria or
solid surfaces. The irreversible bond cleavage at the origin of the
rupture of adhesion can be interpreted using classical kinetic
theory. Rupture obeys a rst-order law where the dissociation
rate (the “off-rate”), nm, is time dependent.77 When pulled apart
with a force ramp, the dissociation kinetics are transformed
into a dynamic spectrum of the bond cleavage force as a func-
tion of the amplitude of the loading rate.72 The application of
force lowers the energy barriers by the mechanical potential,
Em, and leads to an exponential amplication of the dissocia-
tion kinetics, so that the off rate n(t) z nm exp(Em/kBT). For
a single barrier, this peak in the force distribution shis to
RSC Adv., 2017, 7, 43574–43589 | 43575
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higher force in proportion to loge (loading rate) according to
a linear law.72 Despite the fact that experiments are more likely
to measure multiple bonds, it was demonstrated that the multi-
bond force spectrum can take the same mathematical form as
the single-bond model in standard conditions76 as veried in
a number of experimental systems.68–75,78

In this paper we present a study of the adhesive interaction of
NR particles with the mineral solid surfaces of silicon oxide and
silicon nitride in aqueous medium at high ionic strength (0.1 M)
in order to (i) drastically decrease electrostatic long range inter-
actions that would prevent coagulation processes between rubber
particles with same charges as those used in industrial methods
and (ii) focus on short-range interactions. An original method
was implemented using the AFM in force spectroscopy mode to
apply a fast loading rate (z3� 106 pN s�1). The ller surface (i.e.
the mineral solid) and its interaction with NR were closely
mimicked by the AFM tip surface allowing a precise quantica-
tion of these adhesive interactions. This AFM observation of
nano-sized NR particles could be achieved only if their adhesion
to the substrate was sufficient to withstand the lateral forces
exerted by the AFM tip and avoid being swept away from the
substrate. Regardless of the size of the NR, they could be xed to
the substrate using a method developed to avoid the traditional
mechanical trapping or chemical gluing techniques.21,79–81 By
comparing the interactions betweenNR and the tip, we show that
the adhesion process can be monitored through the slight
changes in surface charge state. This effect is found to be the
reason of the self-immobilization of the NR on the substrate.
These results were interpreted using DFS theory with the inclu-
sion of a supplementary term to describe the electrostatic energy.
In addition, we showed that the adhesion values between the NR
surface layer (SL) and tip are time dependent in agreement with
the adhesion force history dependence evidenced by Marshall
et al.73 In addition, an increase of the adhesion between NR and
AFM tip with the size of the rubber particles was measured. This
is related to the higher concentration in lipids versus proteins for
larger NR particles.3,82

2. Experimental
2.1. Preparation of NR samples

Concentrated HA-latex (60 wt%) was purchased from Trang
Latex Co. Ltd., Thailand. This solution was diluted in high
purity water (Milli-Q, Millipore) to obtain a nal concentration
of �1.8 � 10�2 wt%. Magnesium sulfate salts (MgSO4) were
added to this solution to obtain 100 mM ionic strength (IS)
solution. In parallel a pure MgSO4 solution with a 100 mM IS
was prepared.

We used borosilicate glass slides as a substrate. The slides
were either as bought or covered with a thin layer of indium-tin-
oxide (ITO, from Neyco, Vacuum and Materials, Vanves,
France). These slides were cleaned by rubbing the surface with
cotton, dipped in a pre-mixed ne powder of calcium carbonate
suspended in 2–4% commercial basic detergent solution. They
were then carefully rinsed with Milli-Q water. The sample was
covered with a 500 mL drop of the diluted NR solution for 2
hours and further rinsed by tilting it and gently running
43576 | RSC Adv., 2017, 7, 43574–43589
a stream (�1 mL) of the 0.1 M IS MgSO4 solution to remove any
non-adhered NR particles. This rinsing operation was per-
formed 3 times. The slide was directly mounted on the liquid
cell chamber (Electrochemistry Cell, “EC_Cell”, Nanowizard 3,
JPK Instruments AG, Berlin, Germany) used for the AFM
experiments and 600 mL of the 0.1 M IS MgSO4 solution was
poured in to maintain the aqueous environment.

The pH of the solution was veried to be constant and equal
to 7.4 � 0.1. This assures a macroscopic constant negative
electrical surface state of NR throughout the experiments and
checked by electrophoretic mobility measurements.1
2.2. AFM experiments

AFM studies were performed using a Nanowizard 3 AFM head
(JPK Instruments AG, Germany) coupled to a commercial
inverted microscope (Axio Observer Z1, Carl Zeiss, Germany).
We used two types of AFM cantilevers with nominal stiffness
value in the range of 0.03 Nm�1, a full tip cone angle around 40�

and tip height larger than 3 mm. For the rst type, cantilever and
tip are made from bulk n-type silicon covered with a native
silicon dioxide layer (HQ:CSC38 AFM probe, MikroMasch,
Nanoworld AG), named in the following “SiO2 tip”. The other,
“Si3N4 tip”, is characterized by a silicon nitride tip (MSCT AFM
probe, Bruker AFM Probes). For each cantilever, the sensitivity
of the system deection was measured by performing force
spectroscopy (approach/retract curves) in air on a clean glass
surface. For the spring constant calibration, the cantilever was
retracted �500 mm away from the substrate and thermal oscil-
lations were measured in air for a few seconds. The resulting
frequency curve was then tted using the JPK soware to
generate the correct spring constant value. A typical resonance
frequency in air was 10 kHz. AFM data were acquired using
a high-speed force spectroscopy mode (Quantitative Imaging
mode, JPK). In this mode, a complete force curve (approach and
retract) was acquired at each pixel of the (128 � 128 pixels2)
images, regardless of the lateral scan size. This minimizes the
lateral interactions83,84 between tip and NR particles. For all the
results presented here, the approach and retraction speeds at
every pixel were constant (100 mm s�1). The height extension of
the AFM cantilever was xed at 1 mm. The digitization rate for
every approach and retract curve was higher than 50 kHz. The
set-point force (maximum applied force during the tip
approach) was chosen to fulll two conditions: (i) reducing
lateral interactions by minimizing the vertical force to avoid
sweeping away of the NR particle by AFM tip; (ii) obtaining
stable and reproducible approach/retract curves. Thus the
typical optimal set-up forces were 1.5 nN for silicon dioxide tip
and 2 nN for the silicon nitride tip. Each AFM image was
scanned line by line, starting from the bottom of the image to
its top. For each line, the pixels were scanned successively from
le to right. All the experiments were performed at a constant
temperature of 24.0 � 1.0 �C.

First a coarse scan wasmade to check the localization of both
SRP and LRP particles on the substrate. The lateral scan size is
(10 mm)2 unless other specied. To obtain more details of
individual SRP or LRP, three successive AFM images were
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of the AFM liquid cell chamber.
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systematically performed. A wide scan – named Im#1 – with
a lateral scan size of (1.5 mm)2 was made, followed by a second
image (Im#2) to investigate the summit of the NR of interest
using a much smaller scan size of (50 nm)2. In these conditions,
the contact between the AFM and the NR particle took place
through the tip apex. This ensured that the contact area was
kept constant for all NRs and greatly reduced an edge effect
where the tip edge interacts with the sides of the NR when off-
center. Using this procedure, reliable information on the rela-
tive variation of adhesion – a surface property – could be ob-
tained from measuring just the vertical force of detachment
from the substrate in all experiments made with the same tip.
This particular scan size of (50 nm)2 was chosen as it is of the
same order of magnitude as the typical contact area of the AFM
tip with a standard radius of curvature of few tens of nanome-
ters. In this way, the area of the contact zone could be consid-
ered to be constant during the acquisition of Im#2. Therefore,
from the acquired AFM data, the time evolution of the adhesion
properties at a specic point of the sample could be deduced. A
third scan (Im#3) with a (1.5 mm)2 scan size was then made at
the same position as in image#1 in order to (i) conrm that the
particle had not detached, been displaced, or deteriorated
during the rst two scans and (ii) check for possible contami-
nation of the AFM tip. This last point was controlled by
following the evolution of the AFM adhesion signal on other
regions of the substrate away from NR particles for the duration
of the experiments on the same day with the same cantilever
and sample. This adhesion signal was found to be constant (see
Fig. SI1†), establishing that no contamination of the AFM apex
occurred whatever the type of cantilever, the size of NR, the type
of retract curve and the applied voltage. Typical values for the
adhesion signal, away from the NR particles, varied between
0.10 nN and 0.45 nN depending on the local shape (and con-
tacting area) of the AFM tip.

To obtain reliable values for the adhesion characterizing the
contact between the tip and NR particle from the images Im#1
and Im#3, we chose the points near the top of the NR particle. At
these points only the apex of the tip was in interaction with the
NR so that the contact area could be considered to be constant
in all experiments independent of the diameter or exact shape
of the NR. Thus, reliable values and the variability for the
adhesion between tip and NR were obtained by the normal
adhesive force as measured from the retract curves and
normalized to a constant contact area. We proceeded as follows:
rst we checked the height signal in order to detect the summit
of the studied NR. In Fig. SI2A† (black line) or SI2B† (grey line),
the time variation was plotted versus the pixel time. The pixel
time is the cumulated time spent by the tip at a given position
on the surface through all successive approach and retract
steps. Then the upper envelope of the raw AFM height signal
was plotted as the orange curves in Fig. SI2.† The time scale
then gives the equivalent position of the NR's summit and its
height. From the determination of this position, a reliable value
for the adhesion near the summit of the NR was obtained from
the equivalent adhesion plots. These may vary as a function of
the operating conditions of voltage and tip structure. In the case
of Im#3, the part of this envelope curve corresponding to the
This journal is © The Royal Society of Chemistry 2017
small zone ((50 nm)2) investigated in “Im#2” was excluded from
the calculation of the mean signal. This will induce a higher
error bar in case of the smallest NR particles with diameter less
than 200 nm, since this zone carries more weight than for
a bigger NR.

In the following, the AFM images presented show the raw
data with no ltering, attening or smoothing operation during
acquisition unless specied. Mathematical treatment of the
AFM data to extract physical parameters (such as adhesion,
stiffness, etc.) was performed by custom Matlab (MathWorks,
Natick, USA) programs or by using OriginPro soware (Origin-
Lab Corporation, Northampton, USA).

2.3. Electrical measurements

For the ITO-covered substrate, a voltage may be applied or
measured by connecting the two electrodes of the EC_Cell. The
working electrode was the ITO layer, while the other, the
counter electrode, was made of a 0.6 mm diameter platinum
wire in the shape of a 15 mm ring. This Pt ring was immersed
into the aqueous medium at a distance of z8 mm from the
working electrode as shown in the schematic in Fig. 1. The
electrical signals were applied to these electrodes or the signals
measured using a potentiostat (Modulab, Solartron analytical,
Ametek Advanced Measurement Technology, USA).

3. Results
3.1. Adhesion of NR onto the substrate

3.1.1. Borosilicate substrate. Fig. 2 shows that both SRP
and LRP adhered to a borosilicate substrate as they could be
imaged by AFM in a large scan (20 mm)2 using a SiO2 AFM tip
with a set-point force slightly less than 1 nN. However, from
time to time some NR particles were detached from the
substrate as seen in Fig. 2B (white square). The probability of
NRs detachment during AFM scanning was greatly enhanced
for scans with smaller lateral size (2 mm)2 (Fig. 3). The NR
particles were swept away at the positions marked by the yellow
arrows. Attempts were made to minimize this spurious effect
without any success. It is noticeable that the detachment of the
NR always occurred when the AFM tip had passed beyond the
summit of the NR. This can be explained by considering the
geometry of the AFM scan (Fig. 3B and C). The cantilever is
tilted by ten degrees with respect with the plane of the substrate.
In this conguration, two effects combine to increase the net
RSC Adv., 2017, 7, 43574–43589 | 43577
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Fig. 2 Typical AFM height images in the case of a borosilicate substrate (SiO2 tip): two large scans (scan size (20 mm)2) were done. In the second
image (B) some NR is missing as evidenced in the white squares.

Fig. 3 In the case of a borosilicate substrate the occurrence of the sweeping away of NR (see Fig. 2) during AFM scan is enhanced when scan size
decreases: in (A) the NR particle is swept away at the scan line indicated by the yellow arrows (the acquisition of the AFM data is done from the
bottom to the top of the image). This image was the second scan –with a (2 mm)2 scan size – after those in Fig. 2; the first one is shown in (3B.1).
Around 6 minutes separate two consecutive AFM images. The white arrow in (A) indicates the position of the “phantom” image (see main text for
explanation). (B and C) Illustration of the origin of the increase of detachment probability between the “ascending” (position of the cantilever no.
1) and “descending” (position of the cantilever no. 2); two effects due to the tilt angle (10�) of the AFM cantilever versus the sample surface are
present: (i) increase of contact area (yellow line) between the active edge (the dark gray triangle) of AFM tip and the NR particle; (ii) horizontal
component of force exerted by the cantilever. The AFM images in (B) are dL signals as defined in the main text for the two successive small scans
((2 mm)2). The schematic in (C) is the right side view of NR particle in (B). In (C) NR and tip are not drawn at the same magnification.
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lateral component of the interaction force from position “1” to
“2”, i.e. parallel to the surface of the sample. Firstly, the effective
area of contact between the tip and the NR increases (Fig. 3C:
yellow line) and second, a higher angle (a) of tip contact surface
(Fig. 3C). From the typical value of the vertical component of the
repulsive force, F0 z 1 nN, exerted by the tip on the NR
(measured by the exion of the AFM cantilever) and geometrical
considerations of the 10� cantilever tilt angle and half of the tip
cone angle of 20�, the lateral forces exerted by both back and
forth sides of the tip were calculated. The difference between
43578 | RSC Adv., 2017, 7, 43574–43589
them gave an estimation of the adhesion force of 0.33� 0.05 nN
between NR and substrate under maximum bonding stress in
shear conditions. As adhesion rupture in both shear and tensile
conditions are connected to the breaking of bonds at the
interface, it is very likely that this value for adhesion in shear
mode is a good estimate of that in tensile mode. The tensile
mode is measured in a subsequent experiments described
below. It should be noted that both the tip and substrate
surfaces in contact with the NR are made from similar silica
materials; therefore, we anticipate similar probabilities for the
This journal is © The Royal Society of Chemistry 2017
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NR attachment to both silica surfaces. This could explain why
NR were easily detached under these experimental conditions
and followed by spurious attachment to the edge of the tip,
which creates a “phantom” image (the small sphere at the right
and down side of the main NR particle) in Fig. 3A and B. Note
also that this detachment and attachment to the tip's edge
occurred during the second smallest scan of (2 mm)2. It must be
emphasized that this spurious state of adhesion of NR particles
to the edge of the AFM tip did not contaminate the AFM's apex.
Indeed, in the control measurement, the adhesion signal on the
bare substrate was constant over time showing the same type of
behavior as in Fig. SI1.†

Despite the low and intermittent adhesion of NR on the
borosilicate substrate, information on adhesion between the
SiO2 AFM tip and the NR were obtained by studying retract
curves at every pixel of the AFM data. A typical example is
plotted in Fig. 4A and B. Aer adhesion rupture (magenta star in
Fig. 4 (A and B) Typical retract curve for points corresponding to NR part
elongation (blue curve: raw data; black curve: smoothed signal). The hor
after the damping of the oscillations generated by the rupture of adhesion
the null-force level (B). After the rupture of adhesion, the cantilever is en
2.561 � 0.009 kHz as deduced from fast Fourier transform ((C), black c
vibration spectrum of the cantilever in liquid, as measured at a distan
Oscillations at higher frequency (12.50 � 0.05 kHz) are present in the pie
domain is visible between the two vertical dashed lines plotted in (B). T
deduced from themeasurement of the thermal vibrations of the cantileve
corresponding to height image in Fig. 3B. (E) Histogram of (D); the insert
plotted the width (dL) of the superficial layer as defined in main text (Sec

This journal is © The Royal Society of Chemistry 2017
Fig. 4B), the cantilever underwent slightly damped oscillations
(maximum amplitude 0.65 � 0.05 nN) with a frequency of 2.561
� 0.009 kHz as deduced from fast Fourier transform (black
curve in Fig. 4C). This frequency corresponds to that deduced
from the thermal vibration spectrum of the cantilever in liquid,
measured at a distance of 500 mm away from the substrate (grey
curve in Fig. 4C). Aer the damping of the oscillations gener-
ated by this adhesion rupture, the force reached an asymptotic
value. This null-force level isz500 nm distance from the retract
point corresponding to the maximum repulsive force as shown
by the horizontal red line in Fig. 4A and B. The adhesion – Yadh –
was referenced to this level (Fig. 4B).

Another interesting feature is visible in Fig. 4B where
a magnication of the retract curves along the piezo elonga-
tion's axis reveals the presence of higher frequency oscillations
(12.50 � 0.05 kHz) in the piezo elongation domain before
reaching the zone of free oscillations in liquid (between the red
icles (substrate and tip in silica); (B) is a magnification of (A) at low piezo
izontal red line is the null-force level, the asymptotic value of the force
(marked by the magenta star in (B)). Adhesion – Yadh – is referenced to
during slightly damped oscillations the frequency of which is equal to
urve). This frequency corresponds to that deduced from the thermal
ce of 500 mm from of the substrate and shown in (C) (grey curve).
zo elongation domain before the zone of free oscillations in liquid: this
his high valued frequency corresponds to that (12.490 � 0.005 kHz)
r in air (at a distance of 500 mm from the substrate). (D) Adhesion image
is a magnification of it around the right edge of the main peak. In (F) is
tion 3.1.1).

RSC Adv., 2017, 7, 43574–43589 | 43579
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vertical dashed lines). This high frequency was near to that of
the thermal vibrations of the cantilever in air at a distance of
500 mm from the substrate. Such a signicant decrease in
resonance frequency of thermal oscillations from a cantilever
oscillating in air to one in aqueous medium is usually inter-
preted85 by the existence of a boundary layer of liquid in contact
with the cantilever, acting as an added inertial mass to the
cantilever. This means that the slip speed of this layer is null at
the cantilever/uid interface. We showed here that the
frequency of oscillations in the small range along the piezo-
displacement axis, near the deeper part of the core–shell
structure of the NR investigated by the AFM tip, was of the same
order of magnitude as in air. We hypothesized that within this
small range, the cantilever plunged into a supercial hydro-
phobic layer of NR where the condition of a null slippery speed
of the interface layer was no longer valid. The width, dL, of this
zone with high frequency oscillations (Fig. 4B) corresponds to
the thickness of the surface layer surrounding the harder NR
core which was probed in the almost linear regime near the
force set-point. An example of dL image is plotted in Fig. 4F.
From this, we deduce that the mean value of the SL thickness
was equal to 11 � 3 nm. This value is in good agreement with
other direct AFM measurements,86 and is slightly higher than
that obtained with non-local measurements.30,87,88

The adhesion image (Fig. 4D) shows that the adhesion (in
tensile stress) between SiO2 tip and borosilicate substrate was
small: a value of 0.25 � 0.05 nN was obtained from the main
peak in histogram in Fig. 4E. It is worth noting that the large NR
particle could not be distinguished from the bare SiO2 substrate
in this image. The values of the adhesion are very similar;
between the NR particle and the SiO2 tip, we obtain 0.25 � 0.05
nN in tensile mode or 0.33 � 0.05 nN in shear stress mode on
the silicate substrate. This implies that NR particle will adhere
to the SiO2 substrate or tip with similar probabilities. A slightly
higher contrast in adhesion is noted for the small satellite at the
bottom-right edge of the main sphere, clearly evidenced by the
small but detectable peak at the right side of the main peak in
the histogram of the Fig. 4E. This peak is centered on 0.50 �
0.05 nN. This value is probably related to adhesion between two
neighboring NRs through their SL; the main NR sphere on the
substrate, and the NR adhering to the edge of the tip from
a previous scan.

3.1.2. ITO substrate. It must be mentioned rst of all that
ITO substrates conditioned in the same way as for SiO2 slides,
i.e. without connection to the potentiostat, gave similar results.
The attachment of NR on the substrate is incomplete with
randomly spurious detachment occurring randomly. However,
by applying an electric voltage, we could immobilize irreversibly
the NRs onto the ITO substrate. To achieve this, the two elec-
trodes of the EC_Cell (the ITO layer and platinum wire: see
Fig. 1) were connected to the potentiostat and a voltage applied
at the end of the NR adhesion step. Control experiments were
performed to check this. First, the electrochemical status of the
solution was veried by acquiring cyclic voltammogram curves
(current–voltage I(V)) in the narrow potential window inside
which the voltage would be applied in the last step (Fig. SI3A†).
This enabled us to check that no spurious electrochemical effect
43580 | RSC Adv., 2017, 7, 43574–43589
occurred either to the solution or NR particles during subse-
quent electrical procedures. Fig. SI3B† displays a typical I(V)
curve with a quasi-linear behavior over this range of voltage
showing that no active redox couple was present (no faradic
current is present). The offset between the upper and lower
quasi-linear curves corresponds to the direction of the voltage
ramp (up and down at a rate of 10 mV s�1). This stems from the
capacitive effect of the diffuse layer. The measured capacitance
of 10 � 2 mF accords with the calculated value from a simple
model of a capacitor12 by taking the Debye thickness of the
diffuse layer ofz1 nm for a aqueous ionic solution with a ionic
strength of 0.1 M as the distance between electrodes. In
a second step, we measured the intrinsic natural potential
difference between the counter and working electrodes also
known as the spontaneous potential or open-circuit potential
(OCP). At this stage no current owed through the potentiostat
and the solid electric connections. As illustrated in Fig. SI3C,†
this OCP decreased according to an exponential law with a time
constant in the range of 450 � 50 s before reaching a steady
state characterized by an OCP value of�270� 30 mV. This time
range corresponds to the charging time related to diffusion of
ions in the aqueous solution of a resistor/capacitor circuit
constituted by the MgSO4 solution between the electrodes.
Indeed, by assuming a diffusion coefficient for ions of D z
1.10�9 m2 s�1 and a limiting conductivity for MgSO4 solution of
LMgSO4

¼ 150 S cm2 mol�1, we found a diffusion length of the
order of magnitude of 700 mm, the typical distance between the
two electrodes. In these experiments, this step took 45 minutes.

Aer these controls, the potential of the ITO layer (working
electrode) was changed linearly with time from the OCP value to
the chosen voltage and then maintained constant for the
experiments. AFM data acquisition was started 5 minutes later
when stationary regime was reached (time constant 2.0 � 0.2 s).
The value of this constant voltage was chosen (i) to impede NR
detachment from the substrate during the AFM scans and (ii) to
be in the linear regime (non-faradic evolutions) of the voltam-
mogram in Fig. SI3B.† This demonstrated that the application
of a positive voltage enabled successful AFM imaging and the
tip/NR adhesion properties to be studied without any detach-
ment of NR particles regardless of their size, AFM tip and
applied voltage. This is described in more detail in the next
section.
3.2. Adhesion properties between NR and AFM tip

Fig. SI4† presents three different types of retract curves that
were observed for NR particles adhering to the ITO substrate,
independent of the nature of the AFM tip (SiO2 or Si3N4) and the
applied voltage. The rst one, type I in Fig. SI4A,† is charac-
terized by a low adhesion of only a few tenths of nN. This type of
retract curve was systematically observed on the bare part of the
substrate (i.e. away from the NR particles). Note that this was
the only type of retract curve observed on the borosilicate
substrate, whether for different tips, on top of or away from the
NR particles. In contrast, the type II and III curves were only
observed for pixels on the NR particles. These curves indicate
a much larger adhesion in the range of few tens of nN. The type
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08589c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 2

/6
/2

02
6 

8:
57

:4
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
II curve differs from type III by the quasi-instantaneous return
to state of null force. In Fig. SI4C,† type III adhesion curves
possess two or more plateaus aer the main adhesion rupture
point. In contrast to what was observed with SiO2 substrates
Fig. 5 Case of Si3N4 tip and a 0 mV voltage applied to the ITO substrate,
(E–H) NR particles. The left and right columns are AFM data for Im#1 and
D, G and H) are for adhesion.

This journal is © The Royal Society of Chemistry 2017
(Section 3.1.1) we noticed an evolution of the measured AFM
signals on the NR particles between successive scans, inde-
pendent of the tip and the applied voltage. We will discuss these
variations rst in the AFM images of a large scan zone (Im#1
large scan images (1.5 mm)2 – Im#1 and Im#3, of small (A–D) and large
Im#3 respectively. Images (A, B, E and F) are height data and images (C,

RSC Adv., 2017, 7, 43574–43589 | 43581
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and Im#3). Then we will focus our interest on the small (50 nm)2

images (Im#2).
3.2.1. Large scan images (Im#1 and Im#3). Typical AFM

height and adhesion images, obtained at zero applied voltage
for both SRP and LRP, are shown in Fig. 5 and SI5† for the two
tips, Si3N4 and SiO2, respectively. All the data for these two types
of tips are summarized in Fig. 6. The rst observation is that tip/
NR adhesion, of a few tens of nN, is one order of magnitude
higher for a Si3N4 tip than for a SiO2 tip and increases with the
size of the NR particle. Moreover, it is worth noting that the tip/
NR adhesion is systematically lower for image #3 than for image
#1 and the absolute value of the difference between them
increases with the size of the rubber particles (Fig. SI6†). This
last effect is correlated with a slight increase in both the height
and stiffness of the NR particles (Fig. SI6†). These effects have
much higher amplitudes with Si3N4 tips than SiO2 ones.
Besides, similar experiments made with a voltage of +50 mV
applied to the ITO substrate revealed a noticeable decrease of
tip/NR adhesion for all tips and NR dimensions (Fig. 6). Turning
our attention to the adhesion signal, we observe that the
adhesion signal on the NR decreases from Im#1 to Im#3,
showing that these AFM signals are time dependent. In order to
Fig. 6 Variation of the adhesion signal for the complete set of three succ
NR particles for SiO2 tip (A and C) and Si3N4 tip (B and D) at different voltag
along the Y axes in images (B and D) represent the adhesion scale for Si

43582 | RSC Adv., 2017, 7, 43574–43589
understand the phenomenon better, we will look more closely
at the data obtained during Im#2 scanning.

3.2.2. Small scan images (Im#2). In Im#2, the contact
between the tip and the sample can be considered as quasi
punctual, so the time spent by the tip at the quasi-same location
is proportional to the pixel number in the AFM scan. This time
is called the “pixel time“. The time evolution of the two AFM
signals (adhesion in orange and height in black) is plotted in
Fig. 7 for both tips and for SRP and LRP particles. A detailed
explanation for the data treatment is given in Fig. SI7.† In the
right column of Fig. 7, the AFM images corresponding to the
type of the retract curve are also plotted. One remarkable feature
is that adhesion is time dependent with a transition from a high
adhesion state to a low one regardless of the tip. This effect is
enhanced for Si3N4 tips (Fig. 7, le column). The state of low
adhesion is close to the AFM detection threshold (#1 nN) for all
applied voltages used. The adhesion value for the high-
adhesion state in Im#2 is lower than that measured for Im#1.
This holds for both types of tip, the voltage applied to the
substrate and the size of the NR. In addition to the decrease in
adhesion, a slight increase of the NR particle height is observed.
Furthermore, changes in the applied voltage induce
essive images, Im#1–3, versus the height (as measured in Im#1) of the
es (0mV for (A and B) and +50mV for (C and D)). The blue vertical lines
O2 tip as plotted in (A and C).

This journal is © The Royal Society of Chemistry 2017
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a noticeable decrease of tip/NR adhesion independent of the tip
or the NR dimensions that reaches the AFM detection threshold
at +50 mV. The complete set of results for the three types of
images (Im#1 to Im#3) is plotted in Fig. 6.

4. Discussion

Thanks to the development of this original method for immo-
bilizing the NR on a solid surface, whatever their size, we were
able to study adhesion properties between NRs and AFM tips in
well controlled conditions. We found that adhesive properties
of NRs depend highly on their surface charge state. Tip/NR
adhesion was shown to be much higher with Si3N4 tip than
for SiO2 tip, two materials with different surface charge prop-
erties as it will be detailed below. In addition, an increase in the
voltage applied at the ITO substrate induced a noticeable
decrease of tip/NR adhesion whatever the tip or the NR's size.
Another important experimental feature is that the tip/NR
adhesion properties were shown to be dependent on the
contact time between NR and tip. This dependency varied
according to the nature of AFM tip, it was more pronounced in
the case of Si3N4.

4.1. Inuence of NR size

We found that the adhesion between the AFM tip and NR and
its relative variation between Im#1 and Im#3 increased with the
size of the particles in case of Si3N4 tips (Fig. SI6†). This could be
due to the higher concentration in lipids for larger NR parti-
cles3,82 and the related enhanced electrostatic interactions
between the tip and the polar lipidic heads protruding from the
SL.1 However, we cannot exclude the role of the proteins present
in the SL,2,4,8 in agreement with the model of a proteinaceous
layer anchored at the NR core surrounded by lipidic polymers.1

When measuring the NR's stiffness, the SL and the NR core
can be considered to be two springs in series. Thus, due to the
low SL thickness, the NR stiffness mainly reects the properties
of the polyisoprene core of the nanoparticle so that NRs,
whatever their size, have stiffness values around 70 mN m�1.
However, the stiffness measured for LRP is slightly higher than
for SRP, which might be related to the different lipo-protein
shell composition of the NR: a higher lipid concentration for
LRP when compared to SRP associated to a different protein
content and organization.8

4.2. Inuence of the electrostatic state of contacting surfaces

We rst proved that adhesion of NR particles on ITO planar
surfaces was high enough to permit their AFM examination.
This was obtained by applying a null or positive voltage to the
ITO layer (measured versus the reference electrode). It must be
emphasized that this higher adhesion to ITO substrate
compared to silica cannot be attributed to a roughness effect
since RMS roughness of these two surfaces have similar values
of few nanometers over an AFM scanned area of (10 mm)2. We
attribute this effect to enhanced electrostatic interactions
between negatively charged NRs1,3,82 and the positively charged
ITO layer at the pH used in this study (pH ¼ 7.4 � 0.1). The
This journal is © The Royal Society of Chemistry 2017
isoelectric point, IEP, of ITO in OCP condition lies between 3.5
and 6.89

For immobilized NR particles, the experiments detailed here
revealed that adhesion between AFM tip and NR depends on (i)
the voltage applied to the substrate (whatever the tip) and (ii)
the nature of the AFM tip through its electric state of charge.
The electrical inuence of the substrate polarization onto the
tip/NR adhesion is probably not due to a direct effect of the
applied voltage to the ITO layer as there is an ionic screening of
surface charges. The Debye length of �1 nm is indeed much
smaller than the typical height of NR (a few hundreds of
nanometers) for the 0.1 M ionic strength of the aqueous solu-
tion. It can be more reasonably explained by a direct electrical
resistive connection through the NR's thin surface layer. As the
IEP of SiO2 of between 2 and 3 (ref. 90 and 91) is signicantly
lower than that of Si3N4 (between 3.5 and 6 (ref. 92)), the surface
state of charge is different for both tips leading to a modica-
tion of the adhesion properties between the tip and NR. We can
thus conclude that the electrical state of both surfaces is an
important parameter for their adhesive properties even in the
case of high ionic strength solutions for which long-range
electrostatic interactions (the double-layer force in the context
of the DLVO theory) are screened over a nanometric range. We
indeed did not observe any electrostatic effect during the
approach curve when the tip/NR distance was as small as the
jump-to-contact point. This electrostatic effect at short range
could be explained by the presence of ion-bridging forces.33,93,94
4.3. Time dependency of NR/solid surface adhesive
properties

NR/solid surface adhesive properties are time-dependent as
strongly revealed in the case of Si3N4 tip. Indeed, the value of
adhesion varies with the cumulated time spent by the tip at
a given position as clearly evidenced for small AFM scan areas
(Im#2; scan size (50 nm)2) for which the contact can be
considered as quasi punctual. However this decrease of adhe-
sion is also systematically observed in Im#3 when compared to
Im#1 for zones not investigated during the small size scan in
Im#2: the amplitude of this variation is nevertheless lower than
that occurring during Im#2. This can be explained, as for Im#2,
by the fact that the distance separating two successive pixels, for
Im#1 and Im#3 – around 12 nm – is smaller than the mean tip
radius of �30–50 nm: each zone of the NR is thus probed by the
AFM tip during around six AFM approaches. Such an effect was
also observed for SiO2 tip but with smaller variations. As short-
range electrostatic interactions were proved to be dominant in
the experiments reported here, it is worth noting that the rele-
vant time is the contact time between the two facing electric
double layers. It is estimated from the duration spent by the tip
in the repulsive regime during both its approach and retract
movements: it is roughly equal to z2 ms per pixel, a value ten
times lower than the total time spent by the tip at every pixel, the
so-called pixel time.

From these observations it can be concluded that the AFM
signals depend on the total (i.e. cumulated) contact time, s,
between the two facing double layers during the probation of
RSC Adv., 2017, 7, 43574–43589 | 43583
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Fig. 7 Left column: time evolution of AFM signals in Im#2 (scan size of the associated image: (50 nm)2). The smoothened height signal (black
line) after correction of this residual thermal drift (as explained in Fig. SI7B†) and adhesion signals (orange line) are plotted. Right column: (50 nm)2

AFM images for signal characterizing the type of retract curve (see main text and Fig. SI4† for more explanation). (A–D) For SiO2 tip. (E–H) For
Si3N4 tip. Data in (A, B, E and F) are for small NR particles (SRP). Data in (C, D, G and H) are for large NR particles (LRP).

43584 | RSC Adv., 2017, 7, 43574–43589 This journal is © The Royal Society of Chemistry 2017

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 2

/6
/2

02
6 

8:
57

:4
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08589c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 2

/6
/2

02
6 

8:
57

:4
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the minimum investigated area surface ((30–50 nm)2) by the
AFM tip, in its successive approach and retract movements. The
variation of NR/tip adhesion versus the total contact time, s, is
plotted in Fig. 8.
4.4. Interpretation within the framework of the theory of
dynamic strength of molecular adhesion bonds

For biological matter like that implied in latex compounds,
molecular linkages to external surfaces, via their supercial
layer, arise mainly from weak noncovalent interactions. It was
predicted and observed that these bonds will fail under any level
of pulling force if this force be held for sufficient time. Thus,
when tested with force probe method as such AFM21,95,96 or
ultrasensitive transducer constituted by a cell-size membrane
capsule pressurized by micropipette suction,46 strength of
adhesion at interfaces was proved to have time-dependent
properties.66 Bond strength was indeed shown to be depend-
ing on loading rate as the bond survival time diminished with
increasing loading rate.66 Dissociation under force of weak
Fig. 8 Variation of the adhesion signal (for the complete set of three suc
as defined in the main text, for SiO2 tip (A and B) and Si3N4 tip (C and D), f
Im#2, the low and high levels of adhesion are plotted. The black (re
respectively. The lines are the best linear fits according to eqn (1) (see m

This journal is © The Royal Society of Chemistry 2017
noncovalent chemical bonds stands far from equilibrium
kinetics. In this case, rupture strengths for weak biochemical
bonds are not constant but instead depend on the rate of force
application and duration of loading.65 Contrary to the case of
condensed liquids, the thermal impulses that drive dissociation
are not dissipated rapidly by viscous coupling to the environ-
ment.65 Application of force in all mechanical experiments
occurs over a time scale much longer than relaxation times for
thermal impulses (typically <10�12 s (ref. 65)). In standard
experiments mechanical loading rate ranges from 1 to
106 pN s�1.66 In the experiments presented here it was constant
and equal to 3 � 106 pN s�1.

An increased rate of bond dissociation under external force65

was rst emphasized by Bell77 using a phenomenological model
for the off rate, which is an extension of transition state theory
for reactions in gases introduced by Eyring and others.97,98 In
the theory of Dynamic Force Spectroscopy analysis developed by
Evans et al.,65–67 dissociation under force is assumed to be
sufficiently slow so that there are many thermal impulses per
force escape. The external force is considered as stationary over
cessive images, Im#1–3, versus the logarithm of the total contact time,
or small NR (SRP; (A and C)) and large NR (LRP; (B and D)) particles. For
spectively red) markers correspond to 0 mV and +50 mV voltages,
ain text).
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the time scale of these excitations.65 The likelihood of detach-
ment of a single bond under force is assumed to be a rst-order
kinetic process along a single thermodynamic pathway for
dissociation, leading to an exponentially decaying function of
time.65,66,71,72 However, due to the high rate of thermal excita-
tions, the probability of bond survival is no longer a simple
exponentially decaying function of time but is characterized by
a time-dependent rate of dissociation, the off-rate, nm and has to
be integrated over successive small time steps. Evans et al. thus
deduced that the probability of failure is the product of this off-
rate – that increases in time – and a likelihood of bond survival
that decreases with time. This can thus exhibit a maximum at
a specic time or, equivalently, a force as the loading rate is
a constant. Adhesion, as directly related to bond strength, is
dened from the force corresponding to the peak of the rupture
force distribution. Its value increases with the rate of loading65

as the energy landscape along a reaction pathway in unbonding
is modied by the external force.65,77 This supplemental
mechanical energy lowers energy barriers, decreases the likeli-
hood of bond survival, and speeds up dissociation.66 Lowering
the barrier by the mechanical potential, Em, leads thus to an
amplication of the dissociation kinetics.65,99

The bond strength, f*, measured in our experiments as the
adhesion during the retract of the tip from the substrate, is
usually plotted versus the logarithm of the mechanical loading
rate, r. With further theoretical arguments detailed in ESI† it is
possible to prove the following relation between f* and the
effective contact time of double layers, s, as dened above:

f* ¼ �fb loge(s) + [c + loge(Df0)] (1)

As shown in Fig. 8 the experimental data presented in this
paper are well tted by such a logarithmic relationship – eqn (1)
– conrming the validity of the theory of molecular adhesion
bond of Evans and coworkers for the adhesion of the AFM tip
and the surface layer of the latex nanoparticles. However we
measured a value for the slope fb in the range of few nano-
newtons, ten to hundred times higher than in the case of the
biotin/streptavidin example where only a pure mechanical
ramping was applied.66 To explain that discrepancy, we
hypothesize that this higher value is stemming from the elec-
trostatic inuence of the double layers of both the AFM tip and
Fig. 9 (A) Relative positioning of surface voltages for both tip and sample
Fig. 8 versus the difference of surface potential, dV, as determined from

43586 | RSC Adv., 2017, 7, 43574–43589
the SL. We thus postulate that an electrostatic term has to be
added to the only mechanical one, Em, in the initial theory in
order to explain our experimental results within the framework
of the Dynamic Force Spectroscopy theory:

E ¼ Em + Ee (2)

A rough calculation of the order of magnitude for the elec-
trostatic energy stocked in this process could bring a further
justication of that idea. Charge density of the latex particles is
indeed known to be in the range of 0.1 C m�2.82 From that, by
supposing a typical area of contact between the AFM tip and the
NR's SL of (30 nm)2, the electrostatic energy, Ee, is estimated to
be in the range of 5 � 10�18 J if a voltage variation of �50 mV,
the order of magnitude of what was used in our experiments, is
considered. From that, the calculated ratio between electro-
static and mechanical energies is proved to be in good agree-
ment with the value of ratio between the respective fb values.

The relative positioning of the electrical levels associated to
both tips and substrates – as plotted in Fig. 9A – may be esti-
mated thanks to the following remarks: (i) IEPs for Si3N4 and
ITO (in the OCP conguration) and, consequently, their related
surface potentials are in the same order of value (see above), (ii)
from the value of potential for ITO in OCP, the voltages corre-
sponding to ITO polarization states at 0 mV and +50 mV versus
the platinum reference electrode can be placed in this diagram
and (iii) the potential for SiO2 tip is lower than that of Si3N4

accordingly to their respective IEP. It is now possible to plot
a rough estimation of the variation of fb versus these relative
values of voltage, dV, for the different cases of tips and
substrates we studied in this paper (Fig. 9B). These experi-
mental points can be roughly tted by parabolic proles (full
lines in Fig. 9B). This can be explained by the fact that the fb
coefficient is, as mentioned above, proportional to the energy
related to the process of electrically activated rupture due to this
voltage difference dV. The value of this energy can be estimated
through that of a condenser, the electrodes of which would be
the tip and the substrate – which leads to a variation in (dV)2.
This observation enforces our interpretation of the adhesion
phenomena between the AFM tip and the NR's particles by an
electrical activated process.
as explained in the main text. (B) Variation of the slope, fb, of the fits in
graph in (A).

This journal is © The Royal Society of Chemistry 2017
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The Dynamic Force Spectroscopy theory was thus succes-
sively applied to these experiments studying the variation of
adhesion properties versus the so-called effective contact time.
This time was dened as the sum of interacting times due to
probation by the AFM tip of the minimum investigated area
surface ((30–50 nm)2 as estimated from themean diameter of its
apex) in its successive approach and retract curves. This
cumulative-like effect might be explained by a similar argument
as that developed in ref. 73 suggesting that the off-rate could
depend also on the entire history of force application rather
than the only instantaneous value of force.

In spite of its simplicity, the model based on the crucial role
of the electrostatic interactions between biopolymers (mod-
elized by the NR particles) and surfaces such as that of the AFM
tip or the substrate with varied electrical surface properties
permits a reasonable interpretation of the experimental results
presented here in the context of the Dynamic Force Spectros-
copy theory. This electrostatic effect was proved to cause an
enhancement of the effect of the mechanical ramping on the
dynamic spectrum of bond strengths as studied by the AFM
experiments we conducted in a fast loading regime.

Such electrostatic effects on the time evolution of the adhe-
sion properties of biological surfaces such as the lipid/protein
supercial layer of latex nanoparticles have not been
observed21 before, probably for the two following reasons: (i) the
probing force was increased at a lower rate, likely hampering
the observation of such transitions; (ii) the used AFM tips were
in such an electrostatic state that the transition to the lowest
adhesion state had already occurred at the very beginning of the
AFM experiments21 and thus could not be detected despite the
fact that similar silicon nitride probes (MSCT cantilevers,
Bruker AFM Probes) were used. These cantilevers were indeed
pre-conditioned in quite different conditions:21 in an initial
procedure they were treated by UV and ozone during 15 min.21

This cleaning procedure is indeed known to be a strong
oxidizing treatment so that the Si3N4 surface layer was very
likely oxidized in a silica one thus modifying its electrical
state.92,100 This fact could very likely explain that the AFM tip
with this silica overlayer21 leads to type II retract curves as with
the SiO2 probe we used and not type III as with our native Si3N4

tips. This conrms the fact that the adhesion data are highly
dependent on the electrical state, mainly stemming from the
redox properties of the solid surface contacting the
biocompound.

5. Conclusion

In this paper, we studied the surface interactions of NR particles
with three types of solid surfaces (silicon oxide, silicon nitride
and ITO) in aqueous medium at high ionic strength (0.1 M,
MgSO4). We performed an AFM investigation in force spectros-
copy mode in the fast loading rate regime (z3 � 106 pN s�1). An
easy method was found to prevent the NR on the substrate from
being swept away by the AFM tip. Through the comparison of
interactions between NR and either the tip or the substrate, we
prove that the adhesion process can be monitored by slight
changes in the surface charge state.
This journal is © The Royal Society of Chemistry 2017
These results were interpreted using Dynamic Force Spec-
troscopy (DFS)65–67,71–73,76 theory where a term to describe the
electrostatic energy is added to the classical mechanical
potential of the DFS theory. This was applied in our experiments
by tting variation of adhesion versus the effective contact time.
This contact time was dened as the sum of all interaction
periods of the minimum surface area investigated by the AFM
tip apex in its successive approach and retract curves. This
cumulative-like effect could be explained by a similar argument
to that developed in ref. 73, which suggests that the off-rate
could depend on the entire history of the applied force rather
than the instantaneous value of force. Through these results, we
emphasized the crucial role of the electrostatic interactions on
the adhesion properties between biopolymers and solids with
a variety of surface electrical properties. The electrostatic effect
caused an enhancement of the mechanical ramping effect on
the dynamic spectrum of bond strengths in the AFM experi-
ments performed in fast loading regime. These results are of
importance both for practical applications in solution-based
industrial processes and to the fundamental knowledge of
adhesion processes involving biopolymers or living cells.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors thank ANRT for CIFRE funding (2011/1324). PS
acknowledges the French Institute of the French Embassy in
India for the Researcher Fellowship of the Charpak internship
program. This work was partly supported by the program
“Investissements d’Avenir du LabEx PALM (ANR-10-LABX-0039-
PALM). We express our gratitude to Dr Andrew Mayne (ISMO,
Orsay) for his English revision of the manuscript.
References

1 C. N. Rochette, J. J. Crassous, M. Drechsler, F. Gaboriaud,
M. Eloy, B. de Gaudemaris and J. F. L. Duval, Langmuir,
2013, 29, 14655–14665.

2 K. Berthelot, S. Lecomte, Y. Estevez and F. Peruch,
Biochimie, 2014, 106, 1–9.

3 A. J. Chan, K. Steenkeste, M. Eloy, D. Brosson, F. Gaboriaud
andM.-P. Fontaine-Aupart, Rubber Chem. Technol., 2015, 88,
248–257.

4 K. Berthelot, S. Lecomte, Y. Estevez, B. Coulary-Salin and
F. Peruch, Biochim. Biophys. Acta, Proteins Proteomics,
2014, 1844, 473–485.

5 J. Sansatsadeekul, J. Sakdapipanich and P. Rojruthai, J.
Biosci. Bioeng., 2011, 111, 628–634.

6 K. Nawamawat, J. T. Sakdapipanich, C. C. Ho, Y. Ma, J. Song
and J. G. Vancso, Colloids Surf., A, 2011, 390, 157–166.

7 Y. Tanaka, S. Kawahara and J. Tangpakdee, KGK, Kautsch.
Gummi Kunstst., 1997, 50, 6–11.
RSC Adv., 2017, 7, 43574–43589 | 43587

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08589c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 2

/6
/2

02
6 

8:
57

:4
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
8 K. Berthelot, S. Lecomte, Y. Estevez, V. Zhendre, S. Henry,
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53 D. Augustyńska, K. Burda, M. Jemioła-Rzemińska and
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