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THE BROAD SCOPE OF DENTISTRY

Dentistry is considered to be a branch of medicine, such as
orthopedics or physiology or neurology. In fact, while based on
common foundations of medicine, dentistry is a large stand-alone
area, which has its own grasps to the different fields mentioned
above (American Dental Association, 2014). For example, topics of
periodontal ligament health and dental implant osteointegration
clearly relate to a peculiar “dental orthopedics”; the fact that teeth
are not a mineralized appendix but rather a living organ in a liv-
ing environment (gingiva, oral liquids) involves a specific “dental
physiology”; the sensitivity of the living tooth, in connection with
the pulp and related nerves, can be associated to a possible “dental
neurology.” Indeed, the oral environment, which is the place where
dental functions are operated, is one of the most complex ones in
the human body.

As a result, within the dental area several specialized disciplines
exist (see Figure 1). Conservative dentistry aims to maintain the
original denture and largely overlaps with restorative dentistry, the
latter encompassing prosthodontics, periodontics, and endodon-
tics. Prosthodontics (or prosthetic dentistry) is required in case of
massive irreversible tooth damage that cannot be fixed with simple
resin composite filling, and requires the use of prosthesis for teeth,
namely crowns, bridges, and even whole dentures. Periodontics (or
periodontology) addresses the diseases of the periodontum, i.e.,
the teeth ligaments. Endodontics focuses on therapy of the root
canals and connected pulp diseases. Oral surgery relates to the
extraction of teeth that cannot be saved anymore and should be
replaced by implants, and is usually combined with maxillo-facial
surgery, extending the treated area around the denture. Prostho-
dontics, periodontics, and surgery correlate to implantology, which
deals with the installation of dental implants. Orthodontics con-
cerns the alignment and straightening of teeth, as well as fixing
midface and mandibular growth issues. Pedodontics (or pedi-
atric dentistry) relates to the specific dental issues of children’s
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temporary dentures. Of course, oral and maxillofacial surgery is
accompanied by related pathology and radiology specialties, as well
as dental anesthesiology. Similarly, oral biology exists as a field on
its own, also extending to craniofacial biology. In addition to the
obvious extension to animals in veterinary dentistry, more niche
specialties exist such as forensic odontology, using dental evidence
in law to document people identity, and geriodontics (or geriatric
dentistry), associating the delivery of dental care in old adults
with aging issues. In US, Dental public health is yet another spe-
cialty, involved with social and political issues of dental therapy and
follow-up. Sometimes the term odontostomatology is also found,
from Greek “odontos” for teeth and “stomatos” for mouth, which is
not a dental specialty but a general term including dental and other
non-teeth related diseases such as oral cancer. In Italy, the term
gnatology (or stomatognatology) is also common, as the discipline
focused on occlusion of maxillary bones and their geometrical—
functional relations to teeth, muscles, and nerves. Dental hygiene
has in the recent years become an independent specialty as well.
Such a broad range of topics clearly makes use of a large spec-
trum of materials. In parallel, advanced technological solutions
are required for the application of the underlying scientific prin-
ciples. Actually, in dentistry, many special processes and practice
protocols have been developed over the past century. As a result,
dentistry is separated from the other medical areas, and the recent
integration of nanotechnology and nanoscience into dentistry is
progressing more slowly than for general medicine. The goal of
this review is to report about the current application of nan-
otechnology and nanoscience in dentistry. This work does not
pretend to be comprehensive, and will address sparse examples
mainly from the fields of restorative materials and implantology,
where we envisage the highest chances of successful application of
nanoscience and nanotechnology. Additionally, the chance of hav-
ing pharmaceutical treatment and diagnostics will be mentioned
shortly. After reading this work, it should be clear that a more

www.frontiersin.org

March 2015 | Volume 2 | Article 19 | 1


http://www.frontiersin.org/Materials
http://www.frontiersin.org/Materials/editorialboard
http://www.frontiersin.org/Materials/editorialboard
http://www.frontiersin.org/Materials/editorialboard
http://www.frontiersin.org/Materials/about
http://www.frontiersin.org/Journal/10.3389/fmats.2015.00019/abstract
http://www.frontiersin.org/Journal/10.3389/fmats.2015.00019/abstract
http://www.frontiersin.org/people/u/114412
http://www.frontiersin.org/people/u/106070
mailto:marco.salerno@iit.it
http://www.frontiersin.org
http://www.frontiersin.org/Nanobiotechnology/archive

Salerno and Diaspro

Nanotechnology in dentistry

MEDICINE

DENTISTRY
(ODONTOSTOMATOLOGY)

conservative
dentistry

veterinary
dentistry

geriododontics

l pedodontics I

anesthesiology

maxillofacial
pathology

NANOSCIENCE
&
NANOTECHNOLOGY

oral
medicine

| orthodontics |

oral
biology

dental
hygiene &
prophylaxis

| gnatologyl

special
needs [~ dental
dentistry | public
health

nanotechnology.

FIGURE 1 | The dental arena, roughly contained in the area of medicine, and its specialties most likely connected to the advances in nanoscience and

thorough application of concepts and tools emerged in the last two
decades in nanoscience and nanotechnology could make dentistry
benefit significantly and progress faster in the close future.

NANOTECHNOLOGY AND NANOSCIENCE IN MEDICINE: NOT
JUST SCIENCE FICTION

The Drexler’s view (Freitas, 2000; Kumar and Vijayalakshmi, 2006),
with billions of colloidal nanorobots injected in sick organ tissue
or its environment (the mouth here) and working independently,
is not under discussion in this work. The limitations of this
utopia (such as the problem of producing and programing these
nanounits efficiently, and having them move in a realm where
adhesion forces overcome macroscale ones such as gravity) are
well-known and not yet successfully addressed. Since we want to
avoid approaches still too far from reality, we are not considering
what could eventually be done in 20 years. This review describes
common topics in dentistry addressed recently by nanotechnolog-
ical tools with at least partial success. In particular, we will focus
on the probably most important nanotechnological tool, used for
both imaging and nanomanipulation, which is the atomic force
microscope (AFM) (Gerber and Lang, 2006). Therefore, first we
will shortly review the applications of AFM in dentistry carried out
by other groups in the past 20 years. Then, according to different
topics of dentistry, we will review our own work in the area.

AFM IN DENTISTRY

Since its birth in the late 80s, the AFM has progressively expanded
its use from physical systems toward biological and biomedical
applications (Kasas and Thomson, 1997). The plus of AFM is
that samples require little preparation: no conductive coating is

necessary, different from the scanning tunneling microscope and
the scanning electron microscope (SEM), and no thin slices have
to be cut such as in the transmission electron microscope (TEM).
Instead, real 3D surfaces can be measured directly, even on bulky
objects for stand-alone AFM heads. Furthermore, the environ-
ment can be ambient air, different from SEM/TEM, which usually
work in high vacuum, or even liquid, which is the type of medium
preferred by biological matter!.

For these reasons, and particularly for the non-destructive
imaging, researchers have started to use AFM also in the field of
dentistry since the mid-90s. The earliest works aimed to inspect the
native dental tissue, especially dentin, after acid treatment (Mar-
shall et al., 1993). In Buzalaf et al. (2014), the profile of mice
teeth enamel crystals as responding to fluorosis was investigated,
instead. An interesting comparison of AFM vs. SEM imaging of
dentin was made in Kubinek et al. (2007), who pointed out the
presence of artifacts due to dehydration in SEM. In particular,
dehydration makes the collagen fibers in the tubules to collapse,
which may be critical for the adhesion to dentin of the restorative
composites. A difference in local mechanical properties surround-
ing the tubules has been observed by AFM in Kinney et al. (1996),

!n fact, this promise for easy operation often makes non-expert end-users think
that practically every sample can be put under the AFM, whereas still basic require-
ments exist: (1) the sample must be a stable solid, i.e., not too gelly or sticky and
properly bonded to the substrate; (2) the features must be sparse to be spatially
resolved, and with the substrate appearing in between as the reference height, since
AFM measures step-heights; (3) AFM is intrinsically slow and low in amount of
contents, different from, e.g., SEM: indeed, even recent fast-scanning AFMs require
acquisition times of minutes, and one AFM image allows for limited zoom-in since
it typically contains ~0.3 vs. ~1.2 megapixels of SEM and >3 of digital photography.
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who found fourfold hardness (~2.3 GPa) for peritubular vs. inter-
tubular dentin. The mechanical properties of dental materials as
measured by AFM have been the focus of a work by Pustan and Bel-
cin (2009), who demonstrated also the measurement of frictions
coefficient.

The effect of demineralization after exposure to different acids,
for example, contained in beverages, has been often investigated,
both in dentin (Eliades et al., 1999; Silikas et al., 1999) and in
enamel (Pyne etal.,2009), in the latter work by real-time fast AFM.
Conversely, the protective effect against enamel demineralization
offered by a paste of casein phosphopeptides (Poggio et al., 2009)
as well as different recent formulation toothpastes (Lombardini
et al., 2014) has also been investigated.

Despite the limitation of AFM on samples formed by large
and curved objects (see discussion in Section “Implant Surface
Morphology”), it has been used successfully also on implants
and orthodontic brackets wires (Silikas et al., 2001). Ceramics
are still other dental materials on which AFM has been applied
successfully, to characterize their surface modifications after laser
(Folwaczny et al., 1998) or etching (Luo et al., 2001) or heat treat-
ment (Gatin et al., 2013). Finally, AFM has proven useful also for
fractographic analysis of failed surfaces in restorative composites
(Jandt, 1998).

DENTAL RESTORATIVE MATERIALS

One major field of application of microscopy and nanotechnol-
ogy to dentistry is in the characterization and fabrication of dental
restorative composites, both in surface morphology and elas-
tic properties. In recent years, several composites claimed to be
“nano,” such as Filtek Supreme (FS) by 3M-ESPE (3M-ESPE, 2014)
and Venus diamond (VD) by Kulzer (2014). The latter in partic-
ular is an advanced formulation of hybrid composite, using filler
particles with multiple size populations across both the micro-
and the nano-scale (Ferracane, 2011), and was often chosen in our
works as a reference material.

SURFACE CHARACTERIZATION OF RESTORATIVE COMPOSITES

The most advanced tool of surface characterization in nanotech-
nology is the AFM (Vahabi et al., 2013) along with the many other
scanning probe microscopes derived from it (Cricenti et al., 2011).
This instrument relies on physical contact of a very sharp tip with
the specimen. As such, it can provide a direct measurement of 3D
surfaces in the real space.

In Salerno et al. (2010a,b), we investigated the effect of air-
polishing (AP) on VD restorative composite as a reference. The
outcome of this analysis was the confirmation, as suggested by
the counseling dentists that AP in itself does not only remove
plaque but also damages the surface of composite-based dental
restorations. This was assessed by measuring the change in the
most common parameter of surface roughness, namely the root
mean square (RMS) of heights, Sy, after AP. The combinations
of AP conditions among two abrading powders (bicarbonate and
glycine), two jet distances (2 and 7 mm), and three times (5, 10, and
30s) were investigated. Even if the conditions for best AP treat-
ment (i.e., least damage) were identified, still some level of damage
is unavoidable (see Figures 2A,B). This can have a consequence on
long-term success of the restorations, due to recurring secondary

caries, arising from the increased bacterial adhesion occurring on
AP roughened surfaces.

In addition to measuring the dental surface damage and find-
ing optimized AP conditions to limit it, in Salerno et al. (2010a,b),
we also speculated on the possibility that an advanced AFM image
analysis can correlate the surface damage to fractal dimensions,
which could be used as a possible tool for screening of the treat-
ment (see Figure 2C). In fact, surfaces both untreated and treated
with maximum roughening conditions presented a fractal behav-
ior, exhibiting self-affinity over the whole scale range accessible
by the AFM, approximately from 300 nm to 100 pm scan size.
This is roughly three orders of magnitude, which is a rule-of-
thumb minimum requirement for a surface to have fractal nature.
When the fractal dimensions were calculated, the above surfaces
(non-treated and badly treated) showed comparable values of 2.4—
2.7. We concluded that the random non-optimized AP does not
affect the fractal character of the surface. Differently, the surfaces
treated with minimum roughening conditions lost their native
fractal character, exhibiting no self-affinity.

In the mentioned study, both the experimental tool of AFM
and the image analysis using fractal concepts came to the dental
field from nanotechnology and advanced analytical practices of
nanoengineering and nanoscience. Additional multifractal analy-
sis carried out recently has confirmed the results of the basic fractal
study (Tdlu et al., 2015).

In another work (Salerno et al., 2012a,b), we studied the Sq
roughness of dental restorative materials after another process
similar to AP, which is polishing for dental restoration finishing.
This polishing is applied to the dental surfaces not to remove
the plaque and refresh their surfaces, but rather soon after their
restoration, to decrease the surface roughness of the excess mater-
ial used by the dentist to fill the dental cavity. As compared to AP,
more massive and harder matter is milled during polishing, which
requires solid abrading tools such as rotating grommets and burs.
In this case, the starting surfaces are rougher with respect to the
treated ones (see Figure 3C). The smoothest surface obtained is
the best, same as for AP, for both medical (decrease of bacterial
adhesion) and esthetical reasons (improve optical properties as
reflectance and translucency).

In this study, not only the roughness was assessed but also
the surface effects on the elastic properties of the materials were
also investigated (Figures 3A,B. The null hypothesis was that the
polishing would not cause degradation to the mechanical prop-
erties of the surface. To test this, we used a nanoindenter (Hay,
2009). As compared to old-fashioned microindenter, where only
the final conditions of tip imprint size and maximum load reached
are recorded, in nanoindentation [or instrumented indentation
(Cripps and Anthony, 2004)] the datapoints at all intermediate
instants of different load and penetration depth are measured
during the experiment. This makes it possible to collect a whole
load-indentation dataset, which is converted into a stress—strain
engineering plot (Figure 3A). By fitting this plot to physical mod-
els, mainly Oliver—Pharr (Oliver and Pharr, 1992), both the surface
hardness of the specimen and the elastic modulus of the material
can be retrieved. In Salerno et al. (2012a,b), five load-indentation
cycles were carried out on the specimens at increasing maximum
(final) load between 40 and 200 mN (Figure 3A). From each cycle,
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FIGURE 2 | (A,B) Representative AFM height images of VD restoration

surface after AR at (A) 3.33 wm and (B) 30 um scan size, extracted form a
sequence of 0.33-90 wm scan size in steps of geometric ratio ~3 (see the
white squares as a guide to progressive zooming regions). (C) Logarithmic
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plot of RMS roughness obtained from the images vs. the scan size: when a
straight fits well enough the trend over the whole scan size range, the surface
is fractal and the slope describes the fractal dimension. Reprinted from
Salerno et al. (2010a).
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FIGURE 3 | (A) Typical nanoindentation curves of load vs. indentation, in this
case, five cycles at increasing maximum (final) load have been carried out.
(B) By fitting the curves in (A) to appropriate contact model (OliverPharr
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here), values of hardness H and elastic modulus E can be obtained. (C) RMS
roughness values resulting from AFM images of the polished restorative
material. Reprinted from Salerno et al. (2012a,b).

the apparent elastic modulus was calculated, resulting in a profile
of elasticity at different depths in the polished material. At the
less deep indentations of 1-2 pm (Figure 3B), a lower modulus
was observed than that found at 5pm depth. In the latter case,
depth was in excess of the surface roughness and the smear layer
of polishing debris left on the surface, so the true elastic modulus
was measured. Finally, the null hypothesis was confirmed that the
elastic modulus is an intrinsic property of the material bulk.

In this work, not only the AFM again together with the nanoin-
denter have been taken from the “menu” of nanotechnological
techniques. The analysis of surface composition was also addressed
with advanced research tools of chemistry and physics. In fact, only
the use of scanning electron microscopy (SEM) combined with
chemical microanalysis by energy-dispersive spectroscopy (EDS)
made it possible to identify the smear layer of polishing contam-
ination products responsible for the apparent decrease in contact
stiffness at the lowest indentation depths.

Another work across the morphological analysis of the surface
and the mechanical elastic properties of the dental composites was
carried out in Salerno et al. (2011). There, materials belonging to
the class of flowable composites (Walter, 2013) were studied. The
reference material for comparison was again VD, and the elastic
properties were measured with the nanoindenter. The microscopic
analysis by both AFM and SEM was the most important tool in this
experiment, allowing to correlate the material properties to pecu-
liar morphology of the matrix-filler distribution of the composites.
In fact, we observed higher elastic modulus for the composites
with higher filler particles loading, as expected. In particular, it
was confirmed that AFM and SEM can be especially useful when
used in combination. The access to the internal filler particles was
obtained not by slicing the composites, which would probably
damage the microtome diamond blade when crossing the matrix-
filler modulus discontinuity of 2-70 GPa. Instead, some external
material layers were removed by surface grinding. The main result
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was the observation that, as claimed for the latest generation flow-
able materials, at least in one case [Vertise Flow by Kerr (2014)] a
flowable composite appeared enough stiff to be used also in bulk
dental restorations.

The importance of SEM, in combination with AFM or as a
faster alternative when no 3D surface topography is required, was
confirmed in Salerno (2012b). This work focused on the standard
restorative composite VD. With the support of EDS, we confirmed
that the elasticity of the material was uniform inside the cured
composite, same as qualitatively probed by AFM on a grinded
section, due to material homogeneity. In fact, the elemental com-
position of the composite was uniform across the internal area
exposed by grinding, which showed that the fillers, while well
distinguished from the morphological point of view, were pre-
polymerized particles made of the same material surrounding
them. Thus, the hybrid character of the composite (showing fillers
of different size) was also confirmed in this study.

ELASTIC PROPERTIES OF RESTORATIVE COMPOSITES

Whereas the elastic properties of dental restorative composites
have been traditionally investigated by standard tensile and com-
pressive tests, in the past decade, application of nanoindentation
has been increasingly spreading. This technique makes it possible
to provide a more comprehensive view of the material, for example,
the ratio of elastic-to-plastic behavior may be obtained, as well as
the time-dependency of creep, when staying at a given maximum
load and monitoring the changes in indentation. In this respect,
in the last decade, AFM has become the nanotechnology standard
for elastic measurements at high accuracy and spatial resolution,
by means of force-spectroscopy of force-volume modes (Cappella
and Dietler, 1999; Salerno et al., 2012a,b). On the other hand,
for time-dependent viscous response and thanks to the chance of
changing the working temperature (see Figures 4A,B) dynamic
mechanical analysis [DMA (Menard, 1999)] has been increasingly
used in the field of dental materials (Ryou et al., 2011).

Atomic force microscope and DMA have been used jointly in
Thorat et al. (2012) (Figure 4C), to investigate the elastic modulus
of experimental restorative composites based on fillers of titania,
nanosilica, and milled glass. These composites were studied in
a simplified model version, without the use of a coupling agent
bonding the fillers and the matrix. AFM had already been used in
Salerno (2012b) to measure the contact stiffness (see Figure 5),
but in this work (Salerno, 2012a) the authors moved on to quan-
titative evaluation of the elastic modulus, which is known to be
a critical step (Salerno, 2012b). Concurrently, DMA was used for
cross-checking the AFM values of modulus, and a good agreement
was observed between the two techniques (Figure 4C). As a con-
sequence, we decided to always rely on the combined use of AFM
and DMA for future characterizations of the elastic properties of
dental materials.

On the way to the development of coupling-agent-free novel
dental restorative materials, in Thorat et al. (2013a,b), we passed
on from vitreous filler materials to hard metal oxides such as titania
and alumina. For materials characterization, AFM and DMA were
used as established previously. In Thorat et al. (2012), the nanosil-
ica filler performed better than microscale ball-milled glass. Sim-
ilarly, in this work, the nanoscale alumina was found to perform

better than microscale alumina. This confirmed that the nano-size
fillers provide some advantage with respect to microscale fillers of
similar materials, probably due to the higher interfacial area to the
matrix, when properly dispersed.

In a more recent work, the authors tried to exploit the nanoscale
structuring of the filler particles for both mechanically reinforc-
ing the material and for replacing the missing coupling-agent.
To this goal, nanoporous microparticles of alumina have been
engineered (Thorat et al., 2014). The controlled nanoporosity in
alumina is obtained by anodization of an aluminum foil according
to optimized conditions of voltage, electrolyte acid concentra-
tion, and bath temperature. As a result, a self-organized coating
material called anodic porous alumina is obtained (Shingubara,
2003; Salerno et al., 2009). This material can be set free in the
form of a self-standing membrane by etching away the remaining
metal substrate. The alumina membranes were further processed
by ball-milling, resulting into microscale particles with similar
width as the thickness of the original membrane, in the range of
5-10 pm. The elastic modulus was measured by both AFM and
DMA, before and after accelerated aging obtained with an equiv-
alent thermal treatment of the specimens. It was observed that
the filler micro-particles of ball-milled porous alumina provided
better elastic modulus stability than two commercial restorative
materials used for comparison. Obviously, a mechanical interlock-
ing effect occurred thanks to the nanopores, which were infiltrated
by the resin matrix during the mixing assisted by sonication. The
found procedures were used to file a patent, before publication in
the scientific literature (Salerno et al., 2014).

DENTAL IMPLANTS

Another important field of application of materials nanoscience
and nanotechnology to dentistry is related to the characteriza-
tion and development of dental implants. In our group, we have
started to work with dental implants only few years ago, and so
far we focused on the preliminary issue of the characterization of
commercial implants. Given the well-assessed mechanical proper-
ties of the materials currently used, which are titanium (Ti) alloys
and ceramics, presently the most required characterization work
deals with advanced imaging of the implant surfaces and inter-
faces. The interfaces of interest in dental implants occur between
the tooth ceramic crown on the top, the cement joining the crown
to the metallic (Ti alloy) parts of the abutment, and the implant
itself (i.e., the screw hidden in the maxillar bone).

IMPLANT SURFACE MORPHOLOGY

In a recent work on dental implants (Cresti et al., 2013), we
focused on 3D imaging of the interface between the abutment
and the ceramic crown, namely the region of cement bonding.
Because the recessed interface was generally not addressable by the
comparatively short (15 wm) AFM probe tip due to too large Z-
range, a stylus profilometer was used. A small dedicated software
was written in Igor (Wavemetrics, USA; Salerno, 2013), allow-
ing to reassemble into 2D maps the 1D profile scans typical of
the instrument. Different from AFM, the profilometer presented
intrinsic imaging asymmetry, since the pixel size was of the order
of 5 wm between scan lines and 100 nm along the scan. Neverthe-
less, the rendering allowed one to identify reference marks made

www.frontiersin.org

March 2015 | Volume 2 | Article 19| 5


http://www.frontiersin.org
http://www.frontiersin.org/Nanobiotechnology/archive

Salerno and Diaspro

Nanotechnology in dentistry

1000 T T % 10wt% Nanoaiumina b ' X g 2 ! ' ! ! !
— . * - 50wt% Nanoalumina 0224 P
. 4 10wt% Microalumina|
— . J . 10 4
3 8000 4 B v 50wt% Microalumina L R : a 1.
s ®._ |+ Bareresin 018 r I
- .
é oo " ] 0.16 /,‘ ] QO 8
} . s 0.14 v pe . g
. 3 o 3
o g on v v '8
§ 4000 =l - . 1= 010 e £ v . 1€
.% v 7 - . L 44
v 008+ / . %
v
2000 4 :—k‘ ey s 4 o . 3 - 4 ﬂ
+ o2 * v ¥ q* 24
- 4 ] ' [ I e
N 44
T T T T T T T 002 T T T T T T T
0 10 20 » “ % 60 n 0 10 2 % “© L L n

Temperature (°C)

FIGURE 4 | (A,B) Typical response of DMA at 1 Hz (similar to mastication
frequency), showing the values at the different temperatures scanned in the
“oral” range of icy drinks to hot soups of both (A) the elastic part of the
complex modulus of the specimen material and (B) the viscous part (loss

Temperature (°C)

resin  glass10% glass50% u-Al10% u-Al50% n-Al10% n-Al50%

Sample

tangent, i.e., ratio of complex viscous modulus to real elastic modulus).

In (C), the values of elastic modulus as obtained from DMA in (A) (RT value)
are compared to the modulus obtained by AFM force-distance
nanoindentation. Reprinted from Thorat et al. (2013a).

FIGURE 5 | (A) AFM height image and (B) AFM compliance image
(after some thermal drift) of the surface of an experimental
restorative composite including micro-alumina fillers. The bottom-left
small bright spot in (B) is a void in the surface. In (C), the histogram

/N

of compliance values as resulting from (B) is plotted, showing a
roughly bimodal behavior [the lowest peak at low values being
associated to the stiff, filler, dark spot in top-right of (B)]. Reprinted
from Thorat et al. (2013a).

by indentation on the metal. Additionally, the 3D images obtained
made it possible to use the standard techniques of AFM image
processing to identify and isolate the cement region. To this goal, a
3 x 3 kernel filter based on a Sobel differential operator was used
(Russ, 1998). Thus, we calculated the morphological parameters
selected for description of the optimal interface, such as a step
height at the materials edges, the width of cement (Cresti et al.,
2013).

In a more recent work (Salerno et al., 2015), the possible mor-
phological damage occurring on the surface of implant screws was
evaluated, in terms of change of the surface after in vitro implan-
tation tests in a model bone similar to the typical clinical bone
[D1, Mish 90 classification (Misch, 1999)]. Within some limita-
tions (only the top of the screw apex being accessible), AFM has
been used in that case. The analysis of images pointed out relevant
change in morphology and faced with the issue of its quantifi-
cation. It should be stressed that having a change in the implant

surface would not necessarily mean a decrease of performance, as
in some instances the modified surface may even perform better
than the original one. In any case, assessing the effect of insertion
on the effective surface morphology and stability (i.e., possible
delamination of coatings) is important not to misinterpret the
success or failure of the implant.

Some researchers have recently experimented with implants
based on metals other than Ti, such as zirconium and tantalum.
Notably, a controlled roughness, similar to that usually made on
medical grade Ti by means of either acid etching or sand-blasting,
can also be obtained with the anodization treatment used to make
anodic porous alumina. In fact, Ti is another so-called valve metal
same as Al (Salerno, 2014). In particular, the surface of Ti, when
anodized, tends to form adjacent nanotubes rather than nanopores
joined by connected oxide walls (Uttiya et al., 2014). These porous
titania nanotubes have been investigated so far mainly for applica-
tions in optics and photonics, thanks to the photocatalytic activity
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of titania (Mor et al., 2006). However, they could also be used as
the surface modification of Ti implants in dentistry and ortho-
pedics, similar to APA (Salerno, 2012b) and without the need for
preliminary Al coating.

IMPLANT SURFACE FUNCTIONALIZATION

When the surface pattern of implants is endowed with nanopores,
it obviously offers the chance of loading these pores with nanopar-
ticles or biomolecules, for subsequent interaction with the sur-
rounding living tissue. For APA, which has already been widely
tested in the literature for biocompatibility with different cellular
types (Poinern et al., 2011; Salerno et al., 2013; Toccafondi et al.,
2014), loading of the pores has already been demonstrated with
bioactive materials such as peptides (Swan et al., 2005), reminer-
alization ions (Okawa et al., 2009), or antibacterial nanoparticles
(Thorat etal.,2013a,b). In the latter work, the APA was loaded with
nanoparticles of silver (see Figures 6A,B), which is a well-known
biocide. Limited loading levels were reached (up to maximum
6% volume), which would still exhibit a significant pharmaceuti-
cal effect, with sustained release during a time longer than 2 days
(Figure 6C). This experiment has been repeated in conditions of
APA sealed under a coating of the same resin base as that used in
our novel restorative composite of Thorat et al. (2014). Also, in
this case, an effective release of silver was observed in a solution
of phosphate buffer saline. In fact, while decreasing the levels of
released silver, the sealing delays and thus extends the elution to
a significantly longer time, of up to ~5days. This type of func-
tionalization for drug-delivery applications (Gultepe et al., 2010)
could be the future goal also for anodization patterned porous Ti
of implants.

Concerning drug delivery and bioactivity of nanotechnologi-
cal materials, a number of products already exist in the market
for general medicine applications. For example, Acticoat™ and
Algisite™ are patches for wound dressing based on antibacte-
rial silver nanoparticles (Smith and Nephew, 2014). For prod-
ucts loaded instead with calcium phosphate or hydroxyapatite
(HA) nanoparticles, Ostim™[Osartis, Germany (Doessel and
Schlegel, 2010)], Vitoss™[Orthovita, USA (Kurien et al., 2013)],
and NanOss™[Angstrom Medica, USA (Roveri and Iafisco, 2010)]

can be mentioned, which have been launched in recent years as
synthetic bone graft substitutes. For specific dental applications,
some HA coatings of dental implants have also been introduced
[e.g., Spline Twist MP-1™ by Zimmer (2014), USA], but generally
without much success probably due to delamination effects at the
interface with the Ti alloy implant core.

ADDITIONAL DENTAL APPLICATIONS OF
NANOTECHNOLOGY: MOLECULAR SPECTROSCOPY

So far, we have focused on the capability of nanotechnology to
characterize the dental materials morphologically and mechani-
cally — by ultra-resolution microscopy and advanced nanoprobe
measurements — and to modify them — by nanostructuring and
functionalization. In addition to this, for advanced characteri-
zation, a number of nanoscience techniques can also provide
information on the composition and structure of materials, which
fall under the general name of spectroscopy. A general advantage
of spectroscopic techniques as compared to other testing methods
is the non-invasiveness on the specimens. One example of spec-
troscopy has already been given with EDS. Additional common
spectroscopic techniques are X-ray diffraction, used to identify
the structure of crystalline inorganic nanoparticles (e.g., titania
nanoparticles of HA) and also of biomolecules such as proteins
and nucleic acids (Valdré et al., 1995); X-ray photoelectron spec-
troscopy, for chemical analysis of surface composition with part
per thousand routine sensitivity (Kang et al.,2009); and vibrational
molecular spectroscopy such as Raman scattering and Fourier-
transformed infrared spectroscopy (FTIR) (Czichos et al., 2006).
FTIR is already widely used in assessing the degree of conversion of
the photopolymerized restorative resin composites, often in asso-
ciation with elastic measurements (Sideridou and Karabela, 2009;
Thoratetal.,2012). Similarly,in a recent experiment, we used FTIR
on dental impression materials to monitor their time response
after mixing the base and catalyst. Thus, we could retrieve quanti-
tative information on setting and working time of four impression
materials, three belonging to the class of polyvinyl-siloxanes (VPS)
and one being a conventional polyether (work under review). As
compared to techniques such as shark fin test and Shore hard-
ness durometer, FTIR can give a deeper insight into the chemistry
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FIGURE 6 | (A) compositional SEM image (backscattered electrons) of the cross-section of an APA membrane as that used in the novel restorative composite
of Thorat et al. (2014), showing high-atomic number nanoparticles dispersed in the pores. (B) SEM EDS spectra obtained from the same area as in
(A), displaying the silver of the nanoparticles in (A). (C) Plots of elution of silver from loaded APA membranes as in (A,B). Reprinted from Thorat et al. (2013b).
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behind the decrease in viscosity and increase in stiffness of these
elastomers during the setting. In fact, the spectral peaks describ-
ing the decrease in Si—H bonds upon increase of the Si—O ones
during the setting have been identified in two materials, allowing
to describe not only the setting kinetics but also their chemistry
behind it. However, since the dental impression elastomers are
complex materials that contain a number of components such as
filler particles (to tune the rheology), color pigments, plasticizers,
initiators, etc., the exact picture is difficult to obtain in the absence
of detailed information available from the manufacturers.

Additional information may be obtained by complementary
technique such as Raman scattering, since some molecular vibra-
tion modes are active in Raman and not (or not as sensitive) in
FTIR, and vice-versa (Czichos et al., 2006). To be noted, both
FTIR and Raman can today be coupled with optical microscope
mapping, allowing spatial resolution on sample surfaces down to
micrometer size spot (Mariani et al., 2010).

CONCLUSION AND OUTLOOK

In this work, some results obtained during the past few years in
the field of dental material science, both in the literature and par-
ticularly in our institute, have been reviewed. The background
of our group in microscopy and microfabrication techniques has
been employed to obtain the presented results, and we are still
struggling to pursue the application of nanoscience and nanotech-
nology practices further in the field of dental sciences. We are
confident that this attitude of increasing use of modern inspec-
tion and manufacturing techniques also in dentistry will proceed
at a faster pace in the next few years. Especially, the use of scan-
ning probe microscopy and advanced light irradiation techniques,
and possibly combinations thereof, can be foreseen as a field of
future development. Laser treatment has already entered the den-
tal practice, both as drill replacement and for speed-up activation
of peroxide bleaching solution during teeth whitening. The use of
laser, in connection with photocatalytic materials such as titania,
has also been proposed for disinfection (Riley et al., 2005). More
recently, fluorescence probing has been introduced for detection
of oral cancer (Shin et al., 2010). Similarly for AFM, endoscopic
instruments imaging dental surfaces in situ in totally non-invasive
manner have also been postulated (Stolz et al., 2007). In this appli-
cation, the AFM could also be used as a nanoscalpel, or empowered
with light irradiation to make real-time in vivo biosensors based
on tip-enhanced Raman spectroscopy.

We find that there are no major technological barriers against
this cross-contamination of research and technology between dif-
ferent areas of physics, engineering, and dentistry, but for the
psychological barriers from different education of dental doctors.
The point of view of dentists and major dental companies will
have to change, and the latter in particular should open wider
to this scenario and invest significantly in the field. A relatively
small portion of the budget currently devoted to advertisement
and promotion of dental products could actually foster the devel-
opment of new practices and products of possibly great benefit to
the clinical results. However, a shift is required in the mind of both
dental practitioners and dental companies to take full advantage
of nanoscience and nanotechnology, which for the dental area has
so far remained mainly in the academia.
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