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Hypothesis: Dental decay, as a consequence of exposure to acidic foods and drinks, represents one of the
most important tooth pathologies. Recently, enamel and dentinal surface remineralization using hydrox-
yapatite nano- and microparticles has been proposed; however, commercial remineralizing toothpastes
are quite expensive, mostly due to the high costs of hydroxyapatite. Hence, we propose a thermorespon-
sive hybrid nanocomposite material as filler for tooth defects. The use of thermoresponsive composite
particles aims at filling exposed dentinal tubules in response to a change of temperature in the oral cav-
ity. In addition, the presence of the organic matrix contributes to the occlusion of the dentinal tubules,
therefore reducing the needed amount of hydroxyapatite.
Experiments: Poly-N-isopropylacrylamide microgels containing different amounts of hydroxyapatite
nanoparticles were prepared via radical polymerization in the presence of N-N-methylenebisacrylamide
as cross-linker followed by mechanical grinding. The nano- and microstructure of the hydrogels and their
thermal behavior were studied via small-angle X-ray scattering (SAXS), scanning electron microscopy
(SEM) and differential scanning calorimetry (DSC). Defected teeth were treated with a dispersion of
nanocomposite microparticles to simulate toothpaste action.
Findings: The hydrogels maintain their structure and thermal responsiveness when loaded with an
amount of hydroxyapatite nanoparticles up to 2.3% w/w. In addition, the lower critical solution temper-
ature is not affected by the presence of the mineral particles. Exposed dentinal tubules on the surface of
test tooth samples were successfully occluded after 15 cycles of treatment with a dispersion of nanocom-
posite microparticles alternated with washing steps.
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1. Introduction

Thermoresponsive polymers are known to exhibit conforma-
tional changes because of temperature variations. Block copoly-
mers such as poly(ethylene oxide)-poly(propylene oxide)-poly
(ethylene oxide) and poly(N-ethyl oxazoline co-acrylamide), or lin-
ear polymers such as poly(N-vinyl caprolactam) and poly-N-
isopropylacrylamide (PNIPAm) in water, for instance, undergo a
coil-to-globule phase transition from a swollen to a collapsed state
when heated above their lower critical solution temperature
(LCST) which is typically around or above 32 °C [1-4]. As an exam-
ple, thermoresponsive polymers, like Pluronic F127 and F68, have
been already investigated as delivery systems for various anesthet-
ics targeting the periodontal pocket [2,3]. Together with its bio-
compatibility [5], the LCST close to the human body temperature
represents the main reason for the growing attention on PNIPAm
in the biomedical field, especially in view of thermally triggered
drug release applications [6]. Recent studies have concluded that
no evident collateral effects arise when PNIPAm hydrogels are
added to cells [5] even after internalization in lysosomes [7]. More-
over, the cytotoxic response is usually correlated to commercially
available PNIPAm where it is likely associated to the presence of
impurities in the polymer matrix (monomer, radical initiator)
rather than on the polymer itself [5].

PNIPAm is often used as a thermoresponsive matrix in various
composite materials, embedding either inorganic or organic
micro- and nanoparticles, that are then used in fields such as optics
[8,9], chromatographic separation [10], tissue engineering [11] and
biomedicine [12]. Among inorganic fillers [13-15], hydroxyapatite
(HAP) has attracted most of the interest in the design of synthetic
bone replacement materials: in fact, the mineral component of nat-
ural bone tissue (which represents 60-70% of its total dry weight)
almost entirely consists of HAP [16].

Hydroxyapatite [Ca10(PO4)s(OH),]| is the main mineral compo-
nent of teeth as well, constituting the 95% w/w and 75% w/w of
enamel and dentin, respectively [17]. HAP is a bio-ceramic that
can be resorbed and support the formation of new dental tissue,
allowing the tooth to repair its defects, due to its ability of integrat-
ing similar chemical structures [18]. It is already been used asa
remineralizing agent in commercially available toothpastes, such
as UltraDEX®, MEGASONEX®, or BioRepair®. HAP action in those
formulations mainly consists in the filling of dentinal tubules
whose exposure is due to the partial loss of the enamel layer [19].

Even though the market prices (typically significantly higher
than conventional toothpastes) have limited their markets up to
now, the advantage in their performances over HAP-free formula-
tions is evident [20]. The high market prices for HAP-containing
products are mostly due to production costs of good quality
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hydroxyapatite, thus requiring to reduce both HAP costs and
amounts needed in the toothpaste to achieve the required effec-
tiveness. In the first case, research has been devoted to obtain
hydroxyapatite particles from natural sources with respect to the
more expensive synthetic products [21,22], while in the second
case there are no reports on the improvement of HAP effectiveness
in filling dentinal cavities and further research is required [23].

In this paper, we describe a method for synthesizing a smart
nanocomposite material by embedding HAP nanoparticles within
PNIPAm hydrogels to improve their adhesion and entrapment
within dentinal tubules. While the literature reports few papers
where PNIPAm networks are combined with HAP to form compos-
ite particles [24-26], to the best of our knowledge there are no sci-
entific reports describing the inclusion of HAP particles within bulk
PNIPAm hydrogels. The obtained composite is ground to obtain
microparticles whose size fits well that of dentinal tubules. The
thermoresponsiveness of the polymeric network introduces a con-
trol over the volume occupied and the chemical affinity of the
composite particles. The material is designed so that the shrinking
of the polymer matrix (triggered by the temperature of the oral
cavity) results in the hydrophobization of the nanocomposite and
the subsequent sedimentation of the particles on the tooth surface.
In addition, the filling of the tubules could be highly enhanced by
the reduced size of the particles when in their collapsed state
(see Fig. 1). This novel composite material can be readily dispersed
in commercial formulations, potentially matching the perfor-
mances of already existing remineralizing toothpastes, but with
reduced costs asa result of the lower amount of HAP needed.
Lastly, the thermoresponsiveness of the polymeric network and
the potential to release an embedded active molecule could be
extended towards different applications, such as pore filling mate-
rial for on-demand drug releasing membranes [27].

2. Experimental
2.1. Materials

N-isopropylacrylamide (NIPAm, Sigma-Aldrich, 97%, M.W.
113.16 g/mol), N,N’-methylenebisacrylamide (MBAm, Fluka,
>98.0%, M.W. 154.17 g/mol), N,N,N’,N’-tetramethylethylenedia
mine (TEMED, Sigma-Aldrich, ~99%, M.W. 116.2 g/mol) and
ammonium persulfate (APS, Sigma-Aldrich, >98.0%, M.W.
228.2 g/mol) were used without further purification. Commercial
HAP was received as a gift in the form of an aqueous dispersion
(NanoXIM CarePaste ®, Fluidinova S. A., Portugal). The concentra-
tion in HAP was 25.5% w/w as obtained by thermogravimetry
(see Fig. S1 in the Supplementary Material). Water was purified
by a Millipore Organex system (R > 18 M Q cm).

Fig. 1. Graphical representation of the proposed work: tooth samples with exposed dentinal tubules are treated with a dispersion of PNIPAm-HAP composite microparticles.
At 25 °C the microgel is in its swollen state and hardly enters the tubules (A), while at 37 °C the shrinking leads to the occlusion of the dentinal tubules (B).
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2.2. Preparation of PNIPAm hydrogels

Aqueous solutions of NIPAm (150 mg/mL), MBAm (5 mg/mL),
and APS (4% w/w) were prepared. HAP commercial dispersion
was diluted by a factor of 2 and sonicated. All solutions were
purged with nitrogen gas to remove solubilized O , before polymer-
ization (25 °C for 30 min). Table 1 shows the amounts of reagents
used for the preparation of each sample.

2.3. Preparation of PNIPAm-HAP microparticles

PNIPAm-HAP composite microgel was prepared by freeze-
drying sample H3 and grinding it manually with mortar and pestle.
In this way, microparticles with dimensions smaller than dentinal
tubules can be obtained. The samples were stored in dry
conditions.

2.4. Application tests

Adult bovine teeth were chosen as models because of their
similar morphology, structure and properties with respect to
human teeth [28]. Cylindrical tooth portions (4 mm of diameter
and 2 mm of height) were obtained using a drill equipped with a
hole saw, and then immobilized in a support of PMMA for dental
use (FINODUR®, FINO GmbH). The fragment was positioned with
the face of interest resting at the bottom of a cylindrical mold
(see Fig. S2). All samples were subjected to a lapping procedure
consisting of sequential abrasion with silicon carbide paper (600
and 1200 grit) and alumina abrasive paste (9 pum), each at
18,000 rpm. Between each step, the samples were sonicated in
water for 15 min to remove all the debris generated by previous
treatments. The specimens were then stored in water. Only the
teeth showing exposed dentinal tubules when observed by optical
reflection microscopy were selected.

Selected teeth samples have been treated with 20 mL of a 0.5%
w/w microparticles dispersion and placed over an orbital shaker at
320 rpm and 37 °C to simulate the temperature in the oral cavity.
After 3 h, the dispersion has been recovered and the samples have
been washed with water at RT. All samples have been exposed to a
total of 15 treatment cycles; i.e., the microparticles have crossed
their LCST 15 times.

2.5. Field Emission scanning electron microscopy (FE-SEM)

FE-SEM investigation was performed using a XIGMA micro-
scope (Carl Zeiss Microscopy GmbH, Germany). A low acceleration
potential (1 kV) was used to avoid local charge accumulation
effects and secondary electrons were collected by the In-Lens
detector. Energy dispersive X-ray analysis (EDX) was performed
using a silicon-drift detector X-act (Oxford Instruments), directly
coupled with FE-SEM working at an optimal distance of 8.5 mm
with an acceleration potential of 5 kV. EDX spectra were processed
using the Inca software (Oxford Instruments). The samples were
prepared by freezing the hydrogels in their swollen state by direct
plunging in liquid nitrogen for 10 min, followed by lyophilization

at about 30 mTorr and —55 °C for 24 h to reach the xerogel state.
The solid xerogels were cut with a blade and then finally placed
over an aluminum stub covered with conductive tape (internal
surface of the xerogel pointing up).

2.6. Differential scanning calorimetry (DSC)

DSC curves were obtained with a Q2000 differential scanning
calorimeter (TA instruments, Philadelphia, USA). Samples
(~15mg) were placed in cylindrical aluminum hermetic pans.
The thermal scan was composed of a first heating ramp from
15°C to 50 °C, a cooling ramp from 50 °C to 15 °C, and a last ramp
identical to the first, all at 3 °C/min. For all experiments a flow of
nitrogen of 50 mL/min was maintained. An empty sealed pan
was used as reference.

2.7. Thermogravimetric analysis (TGA)

TGA measurements were carried out by means of a SDT Q600
(TA instruments, Philadelphia, USA). All scans were performed at
a rate of 10°C/min and a nitrogen flow of 100 mL/min was
maintained.

2.8. Small angle X-Rays scattering (SAXS)

SAXS experiments were carried out with a Hecus S3- MICRO
equipped with a source Genix 50 W microfocus Cu K o (A= 1.54 A)
and one position-sensitive detector (PSD 50M). Scattering
curves were obtained in the g-range between 0.009 and 0.54 A 1,
q = (41t/A)sin® with q scattering vector and 20 the scattering angle.
A thin slice of sample was sealed in a demountable cell with
Nalophan® windows and the measurements were performed at
controlled temperature from 25 to 40 °C. The measurements were
repeated three times for each sample to analyze different areas of
the microgels.

The interpretation of the curves was carried out with a simple
mathematical model (power laws) associated to the linear regions
in the log-log representation:

I(q) =Aq™” (1)

where A is a scale factor and p is the slope of the linear fitting. When
1 < p <3, prepresents the mass fractal dimension (D ,,) that is 3 for
full solid materials [29]. On the other hand, when 3 < p < 4 one can
obtain the surface fractal dimension (D) from the equation:

Dy=6-p 2)

Typically, Dy is 2 for smooth surfaces, and goes towards 3 as the
roughness increases [30].

2.9. Dynamic light scattering (DLS)

DLS experiments were performed by means of a Brookhaven
90Plus particle sizer (Brookhaven Instruments Corporation, USA).
Auto-correlation functions were analysed using the non-negative
least squares (NNLS) algorithm.

Table 1
Reagents and amounts used to prepare PNIPAm hydrogels and their LCSTs.
Sample NIPAm + MBAm solution [mL] H,0 [ul] HAP dispersion [ pl] APS [ul] TEMED [ ul] HAP in sample [%w/w] LCST? [°C]
HO 1 500 0 100 10 0 33.6
H1 1 450 50 100 10 0.46 335
H2 1 400 100 100 10 0.93 33.2
H3 1 250 250 100 10 2.3 32.8
H4 1 0 500 100 10 4.6 324

4 As obtained from DSC measurements.
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3. Results and discussion
3.1. Morphology of HAP-containing PNIPAm hydrogels

HAP used in this work consisted of nanoparticles ranging from
tens to hundreds of nanometers (see Fig. S3 in the Supplementary
Material). The effects of the inclusion of HAP nanoparticles on the
hydrogel morphology have been studied by means of FE-SEM.
Although the morphology of a xerogel is not necessarily represen-
tative of that of the hydrogel from which it derives, direct plunging
in liquid nitrogen causes the formation of amorphous ice, and the
subsequent freeze-drying process has been shown to preserve
most of the original morphology [31]. In addition, other methods
such as ESEM, critical point drying, and freeze-etching have not
proven to be completely reliable in terms of preserving the hydro-
gel network [32-35]. Micrographs in Fig. 2 show that already at
low HAP concentrations (Fig. 2B and C) small modifications in
the polymeric network with respect to the bare PNIPAm hydrogel
(Fig. 2A) can be noticed. Sample H3 (Fig. 2D) shows a homogeneous
dispersion of HAP while the network becomes hardly recognizable.
At higher HAP concentrations (Fig. 2E) the regularity of the poly-
meric matrix is completely lost, and inorganic aggregates of about
100-300 nm are clearly visible.

3.2. Effect of HAP on LCST of PNIPAm hydrogels

It is well known that PNIPAm hydrogels undergo a sol-gel tran-
sition upon crossing the LCST [1]. DSC measurements have been
performed to verify how the inclusion of HAP nanoparticles in
the polymeric matrix affects it. In view of its potential application

as ingredient in toothpastes, the hydrogel LCST should be few
degrees lower than the typical oral cavity temperature, i.e., the
inclusion of HAP should not significantly change the LCST of PNI-
PAm. Results in Table 1 show that the LCST is below 37 °C for all
samples and slightly decreases while increasing HAP concentra-
tion, which is consistent with data reported in the literature
[36,37]. It is known that the phase-separation at the LCST depends
on the arrangement of water molecules around the hydrophobic
residues of the polymer chains [38], so the overall hydrophobiza-
tion of the hydrogel can be explained considering the removal of
water molecules around isopropylacrylamide groups due to hydro-
gen bonding between the amide proton and the surface phosphate
ions of HAP [39]. In addition, the structure-making properties of
the ions at the surface of HAP nanoparticles should be pondered.
In this view, the Jones-Dole viscosity B-coefficients help in under-
standing the situation at the surface of HAP particles. In particular,
the HAP surface charge plays a key role in the competition between
particles and polymer chains for solvation. The Jones-Dole viscosity
B-coefficients depend on the ion-solvent interactions, defining the
degree of water structuring, and can be positive or negative
whether the ionic species possess the tendency to organize (kos-
motropic) or disorganize (chaotropic) solvent molecules, respec-
tively [40]. In particular, the presence of ions with a positive B
will result in an increase of the hydrophobic interactions between
the isopropyl residues on the PNIPAm chains and consequently to a
lowering of the LCST. In our case, the ions at the surface of HAP
nanoparticles (Ca?*, PO3~ and OH~) possess B-coefficients of
0.284, 0.590, and 0.122, respectively [41,42], i.e., the presence of
HAP in PNIPAm hydrogels is expected to decrease the phase-
transition temperature.

Fig. 2. Representative FE-SEM micrographs of sample HO (A), H1 (B), H2 (C), H3 (D), and H4 (E) (bar=2 um). (F) Visual aspect of hydrogel samples at 25 °C.
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The aim of this work is the design of a homogeneous hydrogel
material with the highest amount of embedded HAP particles, still
displaying a LCST few degrees below the oral cavity temperature,
so that the thermal transition is spontaneously activated when
the material is introduced in the mouth. In this framework, the
polymer network in sample H4 is nearly lost. Therefore, H3 was
chosen as the best candidate and the rest of the paper is focused
on a detailed comparison between samples H3 and HO (chosen
as a reference).

3.3. Microporosity characterization

The microporosity of HO and H3 hydrogels was evaluated by
measuring the size of at least 150 pores by means of the Image]
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Fig. 3. Pore size distribution of HO (top) and H3 (bottom) hydrogels. The black solid
line and dashed line represent the Gaussian and lognormal size distribution fittings,
respectively.
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software [43]. Results of the mesh analysis are reported in Fig. 3.
From the detailed fit we obtained a mean pore diameter of
1.51+£0.72 um and 1.56 £ 0.44 um for HO and H3 samples, respec-
tively. HAP inclusion causes a change in the pore size distribution
from Gaussian to slightly lognormal while retaining the average
pore dimension.

3.4. SAXS characterization

SAXS curves were collected to investigate the nanoscale struc-
ture of PNIPAm/HAP composites as a function of temperature in
the 25-40 °C range, so to highlight the HAP effect on the hydrogel
nanostructure around the LCST. The different linear regions in the
log-log plot (Fig. 4) were fitted according to a power law approach
as described in the experimental section. Sample HO shows a single
linear region and the associated slope increases with temperature.
Furthermore, an increase in intensity at ¢ > 0.2 A ~! is present in all
SAXS curves. According to Chalal et al., this feature represents the
left side of a correlation peak that for PNIPAm is centered at
g~ 0.54 A=, Its position is almost temperature-independent in
the investigated range. The characteristic length associated to this
peak can be calculated by means of the Bragg equation,
d =2m/0.54=11.6 A, which is in agreement with the interatomic
distance between two isopropyl residues when water molecules
are excluded from the polymeric chains (i.e. collapsed state) [44].
In addition, the intensity of this peak increases with the tempera-
ture, asa consequence of the progressive formation of the
hydrophobic domains. In the case of sample H3, all curves exhibit
two well-distinct linear regions, while the intensity at g ~ 0.55 A ~!
is again increasing with the temperature. In Table 2, p, D ,,;, and Dy
values are reported for HO and H3 samples in the range 25-40 °C.

For both samples D, increases with the temperature, confirm-
ing that heating leads to a more compact structure as a result of
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Fig. 4. SAXS curves (O) recorded at different temperatures and relative power-law fittings for samples HO (top) and H3 (bottom).
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Table 2
Values of the parameters obtained by fitting the SAXS curves with Eq. (1).
Sample HO Sample H3
T (°C) q Range p D, D P D', D'
25 Low 1.44 £ 0.05 1.44 1.51 £ 0.05 1.51
Med 3.36+0.05 2.64
30 Low 1.76 £ 0.05 1.76 1.67 £ 0.05 1.67
Med 3.48 £ 0.06 2.52
33 Low 2.73 £0.06 2.73 1.86 £ 0.05 1.86
Med 3.66 + 0.06 2.34
35 Low 2.96 £ 0.07 2.64 1.84 £ 0.05 1.84
Med 3.71 £0.08 2.29
40 Low 3.06 £ 0.07 2.94 1.92 £ 0.05 1.92
Med 3.72 £0.07 2.28

the water exclusion from the polymeric matrix. In the case of HO
where only the polymer matrix is present, D ,, increases from
1.44 to 2.73 as the T approaches the LCST from the bottom. At
low temperatures, SAXS is probing the local polymer topology in
solution (i.e. a value of 1.67 is expected in the case of a polymer
in a good solvent) [45]. When the temperature is increased above
the LCST, D, levels at 3 clearly showing that the polymer chains
collapse as a result of the transition from a good to a bad solvent.
The case of H3 is more complicate to be rationalized since the
scattering of HAP superimposes to the one of the polymer matrix.
Moreover, if we consider the differences in the scattering
length densities of HAP and PNIPAm with regard to water (i.e.,
Cas(PO4);(OH) 2.64e—05 A2, (CgH11NO), 1.03e—05A 2 and H,0
9.46e—06 A 2) it is clear that the scattering from HAP dominates.
For this reason, SAXS curves of H3 are mainly associated with the
inhomogeneities in the 1-50 nm range proper of the HAP disper-
sion in the polymer matrix. Objects larger than 50 nm cannot be
investigated due to the experimental resolution associated with
the SAXS set-up. For this reason, the fitting of the complete curve
with a detailed model was not carried out. As a simpler approach,
we can describe the global curve with two linear regions one in the
low q (0.01-0.03A") and one in the medium ¢ regime (0.03-
0.3 A1) and extract two “apparent” fractal dimensions D ', and
D', respectively. We refer to them as “apparent” for two reasons:
the scattering curve is not complete at low g and moreover, the
scattering signal comes from both HAP and PNIPAm. The

3.0-

© Dnp(HO) T
O D, (H3) é (}
A D (H3)

2.8 -

Fig. 5. Variation of characteristic fractal dimensions for samples HO and H3.

differences in fractal dimensions evidenced when the temperature
is increased are strictly linked to the variation in the topology of
PNIPAm surrounding HAP particles. In particular, D 'y, describing
the low g regime, changes from 1.51 to 1.92 as a result of the col-
lapse of PNIPAm on top of the inorganic material. In the case of D ’s,
its value changes from 2.64 to 2.28 showing that the increase in T
reduces the roughness of the surface as a result of the polymer con-
traction on the HAP nanoparticles. Notably, D variations in all the
cases (HO and H3) are always sigmoidal and in agreement with a
temperature induced transition at about 32 °C (see Fig. 5).

3.5. Microparticles Preparation

The aforementioned results confirmed that the PNIPAm/HAP
composites with up to 2.3% w/w of HAP maintain the structural
and thermoresponsive properties of the pure hydrogel. Aiming at
employing the hydrogel in the thermally enhanced filling of
exposed dentinal tubules, the xerogel obtained by freeze-drying
sample H3 has been frozen again and then grinded with a mortar
and pestle and eventually dispersed in water to obtain a 0.1% w/
w dispersion. Fig. 6A shows FE-SEM images of the obtained pow-
der. Due to the grinding process, the particles exhibit various
shapes and dimensions, ranging from hundreds of nanometers to
tens of microns. At higher magnifications HAP nanoparticles are
visible and their presence is also confirmed by EDX analysis since
the calculated Ca/P ratio, as reported in Table 3, is similar to that
of HAP (see also Fig. S4 in the Supplementary Material).

3.6. Thermal responsivity of microparticles

The DSC curve in Fig. 6B shows that, despite the dimensions of
the particles, a LCST transition is still present and it is not affected
by thermal cycles, as confirmed by the superposition of the heating
portion of the curves. To investigate the change of the dimensions
of the composite microparticles associated to the LCST, particles
with dimensions in the sub-micrometer range were selected by
sedimentation and then investigated by means of dynamic light
scattering (DLS). This size selection was performed because the
range of sizes accurately accessible by DLS is limited to a maxi-
mum of about 1 um. Fig. 6C shows the size distributions obtained
from the analysis of the auto-correlation functions (see Fig. S5 in
the Supplementary Material) at 30°C (T<LCST) and 35 °C
(T > LCST) according to the NNLS algorithm. Below the LCST a sin-
gle distribution centered slightly below 1 pum in diameter is
obtained, demonstrating that the size selection procedure was suc-
cessful. Above the LCST a population centered at about 240 nm is
present, together with a distribution centered at about 850 nm.
In both samples, residues of sedimentation with diameters higher
than 4 um are present (not shown in Fig. 6C). From these results it
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Fig. 6. (A) FE-SEM images of freeze-dried H3 sample after grinding (bar =5 pm; inset bar=1 pm). (B) DCS thermogram of H3 microparticles. (C) Particle size distribution of
H3 microparticles as obtained by DLS. Populations higher than 1500 nm are not displayed.

Table 3
Comparison between the theoretical and experimental HAP Ca/P ratio.

HAP Ca/P ratio (theoretical) 1.67
HAP Ca/P ratio (from EDX) 1.79+£0.20

is evident that while raising the temperature above the LCST the
dimensions of the particles diminish by a factor of about 4 and
the increase of the hydrophobic interactions between the collapsed
particles leads to the formation of aggregates, in agreement with
previous studies [46].

3.7. Application tests

Application tests of the dispersion of PNIPAm/HAP microparti-
cles were performed on adult bovine teeth specimens, since they
are similar in morphology and possess properties comparable to
those of humans [28]. Taking into account that the smallest size
of dentinal tubules typically approaches 1-2 um [47], and that
the temperature range in a human mouth typically ranges between
33.2°Cand 38.2 °C [48], when the composite microgels experience
a temperature higher than LCST, they are small enough (about

200 nm) to easily enter and fill the tubules. On the other hand,
the particles in their cold state (below the LCST) can grow so to
remain entrapped within the tubules in case a decrease in temper-
ature is experienced inside the mouth. It is important to stress that,
in the framework of their application in the oral cavity, the parti-
cles would typically be in their collapsed state. When eating or
drinking cold beverages or foods, the variations of temperature in
the oral cavity are more pronounced [49], so the particles will be
subjected to several swell-collapse transitions at the end of the
eating/drinking process. On the other hand, no change will take
place in their structure when eating or drinking something warm.
The deposition procedure consisted of alternated treatment/wash-
ing cycles, as reported in Fig. 7A. FE-SEM images were collected
before and after the deposition. Fig. 7B and C show the non-
treated tooth sample with exposed dentinal tubules, while in
Fig. 7D and E the effects of the deposition treatment on the samples
are presented.

The surface of treated samples appears covered in particles and
the tubules are partially filled. While observing the structure of the
deposit, it appears that the composite particles, in addition to their
binding with the tooth matrix, also form aggregates. This may be
due to the fact that the affinity between the tooth and the compos-
ite increases when increasing the temperature, because of the

Fig. 7. (A) Tooth sample aspect during the treatment with the composite microparticles dispersion, and the washing step. FE-SEM micrographs of bovine tooth specimens
before (B, C) and after (D, E) the treatment with H3 microgel (bar =2 pm). Higher magnifications evidence the presence of particles inside the dentinal tubules (D, bar=1 pum).
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appearance of a great number of hydrophobic interactions causing
a decrease in the stability of the dispersion and thus accelerating
the deposition process. Furthermore, in spite of the swelling/
shrinking cycles experienced by the material, the deposit shows
no sign of cracking, highlighting the mechanical resistance of the
composite towards thermal stresses.

4. Conclusions

We described the synthesis, characterization and application of
a hybrid responsive material consisting of HAP nanoparticles
embedded in a PNIPAm microgel suitable for the occlusion of
dentinal tubules. PNIPAm represents a perfect case study for this
application because of its LCST close to the average temperature
of the oral cavity. Different PNIPAm/HAP composites are studied
varying the amount of the inorganic content. The structural and
responsive properties of the pure PNIPAm hydrogel were main-
tained when the HAP content was up to 2.3% w/w with respect
to the polymer. The selected sample was freeze-dried, ground with
mortar and pestle so to obtain a powder containing composite
microparticles, which was eventually dispersed in water for depo-
sition tests on adult bovine teeth. The LCST of PNIPAm allows the
size reduction of the composite in mouth so that it is possible, even
starting with micro-size domains, to deliver sub-micron objects
able to enter and fill exposed tubules. Moreover, during the transi-
tion from the cold state to the warm state the composite becomes
more hydrophobic and the interaction with the surface is favored.
This temperature dependent responsiveness can also be used to
deliver actives directly in the mouth. After the treatment, exposed
dentinal tubules were not present any longer, being efficiently
filled with the PNIPAm/HAP particles. Differently from thermore-
sponsive drug delivery systems based on physical gels [2,3], using
a chemical thermoresponsive hydrogel as scaffold for HAP offers
the advantages of controlling the remineralizing process and the
potential release of an active through the application of an external
stimulus. Furthermore, these mechanically stable microparticles
could be easily introduced in toothpastes, lowering the amount
of the needed inorganic component and potentially reducing the
final costs of the commercial product while adding new function-
alities to the final formulation. As a last remark, it is important to
stress that the concept illustrated in this work could be easily
achieved using any similar system with LCST between 30 and
35 °C. Examples could be chemical gels based on members of the
Pluronic® class, poly(N-ethyl oxazoline co-acrylamide), poly(N-
vinyl caprolactam), and elastin-like polypeptides.
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