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Amplitude-modulation atomic force microscopy (AM-AFM) is used to determine the retention properties of CaF, nanoparticles
adsorbed on mica and on tooth enamel in liquid. From the phase-lag of the forced cantilever oscillation the local energy dissipation

at the detachment point of the nanoparticle was determined. This enabled us to compare different as-synthesized CaF, nanoparti-

cles that vary in shape, size and surface structure. CaF, nanoparticles are candidates for additives in dental care products as they

could serve as fluorine-releasing containers preventing caries during a cariogenic acid attack on the teeth. We show that the adher-

ence of the nanoparticles is increased on the enamel substrate compared to mica, independently of the substrate roughness,

morphology and size of the particles.

Introduction

Amplitude-modulation atomic force microscopy (AM-AFM),
also known as tapping mode AFM, is a variant of scanning
probe microscopy. In this dynamic technique imaging is
achieved while a microcantilever is driven at its resonance
frequency and the supported probing tip touches the sample
surface at the bottom of each oscillation cycle. This imaging

mode offers the opportunity to investigate surface structures
with gentle force, which for example is required to investigate
polymers or biomolecules. Compared to contact mode AFM the
destructive lateral forces are virtually eliminated in tapping
mode as the probing tip has a much lower contact time while

mapping the surface, which results in a much more gentle
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sensing of the investigated surface [1,2]. AM-AFM has the
ability to measure simultaneously the surface morphology and
the compositional variations of the mapped surface. These vari-
ations are detected by recording the phase-lag of the excitation
signal with respect to the vibrating tip, which is known as phase
imaging technique. These so-generated phase images are
closely related to energy dissipation maps [3,4]. While phase
imaging in ambient with high quality cantilever Q-factors is
well established [5], a comprehensive model of the energy dissi-
pation process in liquid is still missing since the first studies of
AM-AFM measurements in liquid [6,7]. Recent studies have
related the phase contrast, when measuring in liquid in which
low Q-factors are found, to two origins: the excitation of higher
eigenmodes and the energy dissipation on the sample surface
[8,9].

In this work we show that for surface associated manipulation
of nanoparticles in liquid, the phase-lag in AM-AFM is closely
related to the retention properties of the adsorbed nanoparticles,
i.e., the particle—substrate contact area and the intrinsic chem-
ical affinity between them. This enabled us to qualitatively
compare the adhesion strength of as-synthesized CaF, nanopar-
ticles adsorbed on mica and on tooth enamel in liquid. Manipu-
lation experiments of nanoparticles are routinely done by using
the AFM in the contact mode [10-12]. However some studies
have been reported, in which a controlled manipulation of
nanoparticles in tapping mode AFM was performed. Sitti et al.
used a cantilever probe in the dynamic mode to manipulate
as-synthesized latex nanoparticles on Si in ambient [13]. Other
authors manipulated antimony nanoparticles [14] and gold
nanoparticles [15] on graphite also under ambient conditions.
Mougin and co-workers moved as-synthesized and functional-
ized gold nanoparticles on silicon substrates with dynamic AFM
[16]. Darwich et al. investigated the retention of colloidal gold
nanoparticles depending on particle—substrate affinity and
humidity with tapping mode AFM [17]. In all these studies the
major difficulty arises to quantify the dynamic processes during
manipulation, i.e., the collision between the probing tip and the
particle, the friction between the particles and the substrate, the
role of water when measuring in ambient (lubrication, capillary
effects, etc.), electrostatics between them, etc. The high surface
to volume ratio of nanoparticles makes them very interesting for
application in science, technology and medical applications
including dentistry [18]. In this context calcium fluoride is of
high interest in saliva chemistry and in the context of reducing
acid dissolution of teeth [19]. The outermost layer of the teeth,
also called enamel, has the purpose to protect the inner sensi-
tive part of the teeth from physical or chemical attacks. It
consists of tightly packed hydroxyapatite crystals and has a
thickness of up to 2.5 mm. The solubility of enamel depends
highly on the pH value [20]. The consumption of acidic bever-
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ages directly lowers the pH value in the vicinity of teeth while
bacteria in the dental plaque metabolize sugars and lower the
pH value on the tooth surface. If the pH drops below a certain
threshold value the tooth enamel starts to dissolve. This
demineralization process of the enamel is better known as
enamel erosion and caries disease. The use of CaF, nanoparti-
cles as a source of fluoride in order to prevent caries was
already discussed in early studies [19,21,22]. Little research to
explore tooth enamel has been done with AFM. Studies investi-
gated the erosion of enamel with AFM based nanoindentation
and related the demineralization and remineralization processes
to softening of the enamel [23,24]. Another study recorded
force—distance curves with AFM tips on etched superficial
enamel substrate to examine the softening of enamel [25]. The
formation of fluoride-containing nanostructures on tooth enamel
upon exposure to a fluorated solution has been observed with
AFM in liquid [26]. To the best of our knowledge no manipula-
tion experiment of particles adsorbed on human tooth enamel
has been performed so far. The anticaries activity of calcium
fluoride nanoparticles is mainly determined by two factors, the
solubility of the nanocomposites at a certain pH value and their
adhesion strength to the tooth enamel upon application. The
solubility of CaF, has already been investigated by titration
methods with respect to the pH-dependent fluoride release [27].
In this study we focus on exploring the adhesion strength of
calcium fluoride nanoparticles adsorbed on mica and on tooth
enamel in liquid with AM-AFM.

Theory

As already described above, manipulation experiments in the
tapping-mode are difficult to quantify as dynamic and friction
processes are involved at the same time. To connect the power
dissipation to the particle—substrate interplay we used the work
of two earlier studies. To quantify the particles—substrate
contact we use the relation derived from Rao et al. [28]. They
showed that when performing AM-AFM manipulation experi-
ments with nanoparticles in the raster scan path, the particles
are deflected in a direction defined by the geometries of the
probing tip, the particles contact area with the substrate and the
spacing between consecutive scan lines. If the radius of the
nanoparticles is very big compared to the tip radius, and the
spacing between the scan lines, b, remains constant, the trajec-
tory angle of the manipulated particle is mainly a function of
the intrinsic particle—substrate contact radius R. With exception
for the first scan line, the displacement angle of a particle 6 with
respect to the fast scan axis is given by:

tan0 = — b

R(cosao +10gtan0;_0J ®
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where ay = arcsin [1—(b/R)]. The theoretical predicted deflec-
tion angle depending only on the particle-substrate contact
radius derived from Equation 1 is illustrated in Figure la.
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Figure 1: (a) Theoretically predicted trajectory angles of nanoparticles
manipulated on an arbitrary surface as a function of the particle—sub-
strate contact radius with b = 39 nm. (b) Calculated particle radius and
energy dissipation obtained by using Equation 2 with an experimen-
tally determined phase-lag and trajectory angle of the manipulated
particles adsorbed on mica. The amplitude was A = 23 nm, the
Q-factor =7 and Ag = 1.2A.

By reading out the trajectory angle of the deflected particles we
get the particle—substrate contact size distribution. For the case
of particles with plane facing adsorbed on smooth and atomi-
cally flat substrates, such as mica, the trajectory angle distribu-
tions can be approximately regarded as the size distribution of
the synthesized particles. In order to calculate the power dissi-
pation from the phase-lag of the cantilever relative to the excita-
tion, we used the method of Cleveland et al. [3]. In this method,
in the dynamic steady-state equilibrium, the average rate at
which energy is fed into the cantilever must equal the average

rate at which energy is dissipated by the cantilever and the tip.
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With this restriction one can separate the total dissipated power
into two terms, F = FO‘*’?ily The first term of the dissipated
power, Fy, can be thought as the average power dissipated by
the body of the cantilever (i.e., air damping or in our case
damping of the cantilever motion in the liquid) and can be
modeled by simple viscous damping. The second part, Fip’
corresponds to the power dissipated by tip—sample interactions.
If the cantilever has a normal spring constant k and is driven
sinusoidally with the amplitude 4 and drive frequency mg, we
can calculate the average power dissipated by tip—sample inter-

actions as

— ko[ 4) .
Fip = E—Qcamo K;j sin(9) —1} @

where 4 is the damped amplitude at the given set point, Qgant
the quality factor of the cantilever and 9 the phase angle.
According to this equation the power lost by tip—sample inter-
action is proportional to the sine of the phase-lag. It is impor-
tant to note that Equation 2 allows to calculate the total energy
lost by tip—sample interactions but does not reveal how it is lost.

Experimental
Synthesis of CaF, nanoparticles

The CaF, nanoparticles were synthesized through a procedure
called the precipitation method [29]. Particles with defined
morphology were prepared at room temperature by preparing a
1:1 volumetric mixture of unbuffered aqueous CaCl, and NaF
salt solutions with specific concentrations. The formation
process of the particles was very fast as the solution became
rapidly opaque. Generally no differences were observed if parti-
cles were assembled overnight or for several days. The formed
nanoparticles were purified by centrifugation and washed
several times with a saturated solution of calcium fluoride to
remove excess salt ions. Subsequently the nanoparticles were
vacuum dried, resulting in a white powder, which was stored in
a dry and dark environment until use. Scanning electron
microscopy (SEM) was used to determine the size and shape of
the particles. The three types of CaF, nanoparticles examined in
this work have been prepared by mixing a) 50 mM NaF and
250 mM CacCl, (Figure 2a), b) 50 mM NaF and 50 mM CacCl,
(Figure 2b) and ¢) 75 mM NaF and 1 mM CacCl, (Figure 2c).

Sample preparation and manipulation experi-
ments with AFM

The adsorption of CaF, nanoparticles on the sample surface was
performed as follows. An aliquot of the dried nanoparticles was
mixed with 200 pL saturated calcium fluoride solution and put
in an ultrasonic bath for 20 min to break any aggregated parti-

cles. Subsequently, 2 pL. were dropped onto the substrate and
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Figure 2: SEM images of the three morphologies of nanoparticles explored in this work. A certain size distribution of the particles was achieved with
the synthesis method described in the text. The diameters vary from 50—100 nm for (A), 100—-150 nm for (B) and 200-250 nm for (C). The shape
varied from cubic (A) to polyhedral (B) and oblate cubic (C). The scale bar for all images is 200 nm.

dried. All measurements were performed in a saturated solution
of calcium fluoride with pH 6, to inhibit any change of the
adsorbed nanoparticles. The mica substrate was freshly cleaved
prior to use. Human wisdom teeth embedded in resin were
generously donated from GABA International (Therwil,
Switzerland). The enamel was polished with 3 pm and 1 um
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diamond paste grain size under constant water cooling. The
cleaning procedure of the polished tooth enamel was done as
described elsewhere [30]. All specimens were stored in a
dust-free box and not further processed. A topography image

of nanoparticles (A) adsorbed on enamel is illustrated in

Figure 3b.

Figure 3: (a) Phase image of nanoparticles (B) adsorbed and manipulated on mica substrate. (b) Topography image of nanoparticles (A) adsorbed on

enamel substrate. Scan size is for both images 10 ym.
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All imaging and manipulation experiments were performed by
using a commercially available AFM (Flex AFM from
Nanosurf AG, Switzerland). Rectangular silicon cantilevers
with typical resonance frequencies in air and liquid of 160 kHz
and 70 kHz, respectively, and spring constants of 45 N-m ! and
7 N'm™!, respectively, have been used (PointProbe PPP-NCLPt
from Nanosensors AG, Switzerland). A typical phase image
obtained after a manipulation experiment is shown in Figure 3a.
To compare the manipulation experiments done on mica and on
tooth enamel we conducted measurements with comparable
amplitudes and set points.

Results and Discussion

To address the calculated power dissipation to the retention of
the nanoparticles on a given surface, i.e., the particle-substrate
contact area and the chemical interplay between them, we
recorded the phase-lag at the point the particles were displaced
and their trajectory angle relative to the fast scan direction. In
Figure 1b a plot is illustrated for the nanoparticles (A) obtained
from one single manipulation experiment. The result was repro-
ducible for all nanoparticles. As discussed above the trajectory
angle of manipulated particles is closely related to the nanopar-
ticle—substrate contact area. The determined particle radius from
the trajectory angle for the manipulated specimen (A) confirms
the radius distribution observed from the SEM images in
Figure 2 of » = 50-100 nm. The size distribution of CaF, parti-
cles synthesized with the precipitation method described above
depends on following parameters: the degree of supersaturation
of the solution, the spatial concentration distribution and the
growth time of the crystals [31]. Not precisely controlling these
factors in our synthesis procedure resulted in a certain size
distribution of the synthesized particles. As the facets of parti-
cles (A) are smooth and plane the particles radius equals the
contact radius with the substrate. It also shows that at higher
contact radii, more energy is needed to dislocate the particle.
The phase-lag correlates with the power that is needed to move
the particles. This correlation between energy dissipation and
deflection angle was observed for all three kinds of nanoparti-
cles investigated. Manipulation experiments in liquid have the
advantage, compared to measurements in ambient, that the
retention of adsorbed particles in not dominated by the wetting
layer (hydrodynamic drag of water layer), but the intrinsic
particle—sample interaction energies. The frequency distribu-
tion of the calculated power dissipated for each of the particles
enables us to examine the chemical affinity between the calcium
fluoride nanoparticles adsorbed on mica and on polished tooth
enamel. The energy dissipation histograms obtained for the
three nanoparticles are illustrated in Figure 4.

The histograms in Figure 4a show the distribution of the calcu-

lated power dissipated for CaF, nanoparticles adsorbed on
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mica. The lowest energy dissipation was found for the spec-
imen (C) with a power dissipation per cycle of the cantilever of

around P;, =1 keV/cycle. These particles were the biggest in

1

size that l;ve examined with an approximate diameter of
d =200-250 nm. The fact that they show the least energy that
was needed to manipulate them, is related to the rough and
spherical surface structure of these particles. Compared to the
smaller particles (A) and (B), which have plane and smooth
faceting, the high surface roughness leads to a smaller contact
area on the substrate. The fact that the lowest energy dissipa-
tion was observed for specimen (C) is consistent with the
number of asperity contacts in the interface of the particle—sub-
strate system. Comparing particles (A) and (B) we find compa-
rable dissipated powers needed to displace the particles. The
broad distribution of the power dissipation for the specimen (A)
and especially (B) can be explained by the fact that more
conglomerated particles were moved instead of isolated single
ones. Nevertheless, the smaller particles with a diameter
ranging from 50—150 nm and with smooth and plane surfaces
show a higher retention as big particles with rough and spher-
ical facing. The histograms in Figure 4b show the distribution
of the calculated power dissipated for nanoparticles adsorbed on
polished tooth enamel substrates. The relatively wide distribu-
tion of the calculated dissipated energies for all three particles
may arise from the inhomogeneous scratch profiles for each of
the polished tooth enamel substrates used. Remarkably, the
energy dissipation for each of the particles is found to be much
higher on enamel than on mica. For particles (C) the power
dissipation is found to be up to 10-times higher on tooth
enamel. The specimens (A) and (B), which are similar in size
and surface structure show an increase in the dissipated power
of around 5 to 10 times on tooth enamel compared to the
adsorption on mica. The interaction between particles and a
substrate is known to depend on the size of the contact area, i.e.,
the nanoparticle- and substrate surface roughness and geometry.
Compared to mica, which is atomically flat, the tooth enamel,
which was mechanically polished before use, had a mean square
roughness (RMS) ranging between 3.4—4.0 nm. The higher sub-
strate roughness of enamel would lower the particle-substrate
contact area. This has been experimentally verified in earlier
studies by measuring the pull-off force of nanoparticles at-
tached to a cantilever tip on surfaces of different roughness
[32,33]. Recent studies have simulated that the mobility of
nanoparticles is enhanced on rough surfaces, compared to
smooth ones, if the asperities are much smaller than the parti-
cles [34,35]. This phenomenon was explained in terms of less
contacting asperities in the substrate—particles interface and
hence less adhesion force acting between them. Our experi-
ments show the exact opposite behavior, at a higher substrate
roughness we observe a higher retention of the nanoparticles.

We explain this in terms of the higher chemical affinity of the
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Figure 4: Calculated energy dissipation histograms obtained for the nanoparticles A, B and C from Figure 3 on mica (a) and tooth enamel (b). The
dissipated power was calculated per oscillation cycle of the cantilever. Amplitude and set point were comparable for all experiments.

calcium fluoride nanoparticles to the tooth enamel substrate.
Earlier studies that examined the enamel surface chemistry at
certain pH values that were varied between 2 and 10, have
shown that the enamel surface is covered with distinct ionic
species depending on the pH value, which come from the
enamel and the ionic species present in the liquid [36-38]. In
our case, we speculate that the surface polarity of the enamel
strongly influenced the retention of the adsorbed CaF, nanopar-
ticles. The matching of the polarity of the substrate and the
nanoparticle resulted in an increased adhesion strength between
the particle and the substrate despite the decreased number of

contacting asperities.

Conclusion

To conclude, we compared the retention properties of
as-synthesized CaF, nanoparticles adsorbed on mica and on
polished tooth enamel in liquid. From the phase-lag of the
cantilever with respect to the excitation signal we calculated the

power dissipation at the point the nanoparticles were mobilized.

By comparing the frequency distribution of the obtained dissi-
pated power, we showed that an up to ten times higher reten-
tion was observed for particles adsorbed on tooth enamel
compared to mica. Although the enamel had an increased
surface roughness compared to mica as a result of the mechan-
ical polishing, which resulted in a decreased contact area of the
particle with the substrate, more power was needed to dislocate
the particles. We relate this to the strong chemical interaction of
the CaF; nanoparticles with the tooth enamel. Further, we have
shown that particles with an ordered, smooth and plane surface
structure show a higher retention than rough and spherical ones.
Thus, the nano-morphology of particles has a strong influence
on the mobility. The evidence that the interplay of calcium fluo-
ride nanoparticles with the tooth enamel is so strong, makes
calcium fluoride nanoparticles a promising candidate to be used
in dental care products preventing teeth demineralization.
Regarding the solubility of the CaF, nanoparticles, further
experiments are needed to examine how the retention varies

with respect to the pH and also solubility test are required to
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explore their acid-dependent release of fluorine over time. We
showed that AM-AFM is a powerful tool to compare detach-
ment and interaction properties of adsorbates in liquid.
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