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Abstract

Objective. To investigate the effect of novel polymeric nanoparticles (NPs) doped with
dexamethasone (Dex) on viscoelasticity, crystallinity and ultra-nanostructure of the
formed hydroxyapatite after NPs dentin infiltration.

Methods. Undoped-NPs, Dex-doped NPs (Dex-NPs) and zinc-doped-Dex-NPs (Zn-Dex-
NPs) were tested at dentin, after 24h and 21 d. A control group without NPs was included.
Coronal dentin surfaces were studied by nano-dynamic mechanical analysis
measurements, atomic force microscopy, X-ray diffraction and transmission electron
microscopy. Mean and standard deviation were analyzed by ANOVA and Student-
Newman-Keuls multiple comparisons (p < 0.05).

Results. At 21 d of storage time, both groups doped with Dex exhibited the highest
complex, storage and loss moduli among groups. Zn-Dex-NPs and Dex-NPs promoted
the highest and lowest tan delta values, respectively. Dex-NPs contributed to increase
the fibril diameters of dentin collagen over time. Dentin surfaces treated with Zn-Dex-
NPs attained the lowest nano-roughness values, provoked the highest crystallinity, and
produced the longest and shortest crystallite and grain size. These new crystals
organized with randomly oriented lattices. Dex-NPs induced the highest microstrain.
Crystalline and amorphous matter was present in the mineral precipitates of all groups,
but Zn and Dex loaded NPs helped to increase crystallinity.

Significance. Dentin treated with Zn-Dex-NPs improved crystallographic and atomic
order, providing structural stability, high mechanical performance and tissue maturation.
Amorphous content was also present, so high hydroxyapatite solubility, bioactivity and
remineralizing activity due to the high ion-rich environment took place in the infiltrated

dentin.
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1. Introduction

Dentin, a part of the tooth which plays a critical role in responding to regeneration
strategies and over all the mechanical strength of the tooth, represents a structure
containing macro-micro and nano-characteristics. Dentin is a matrix of bundles of
nanocrystalline hydroxyapatite (HAp), collagen fibers and web of dentin tubules [1]. This
network span from the inner dental pulp to the interface between the dentin and enamel.
It is radially distributed along the width of the dentin and possesses smaller tubules
linking to adjacent tubules [2]. The composition of dentin is approximately 10% water,
20% organic structures and 70% inorganic structure [3].

In current dentistry, resin-based composite restorations pose the cutting edge due to the
aesthetic appearance, the mechanical properties and their ability to bond to the dentin [4].
The adhesive bond layer integrity represents the most important factor that conditions the
enduring success of restoratives [5]. Dentin demineralization and infiltration of resin are
the first step to promote, clinically, resin-dentin bonding. During dentin demineralization,
mineral ions are removed and the collagen matrix is exposed. Then, the demineralized
collagen is resin infiltrated, and the hybrid layer is formed. At the bottom of the hybrid
layer, a remaining fraction of demineralized and exposed collagen exists that is
susceptible to degradation due to the presence of host-derived matrix metalloproteinases

(MMPs) [6]. This leads to a reduction of the efficacy of bonding over time [7,8].
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To achieve successive remineralization of dentin providing mineral precipitation within
the hybrid layer, adhesives functionalization with bioactive materials have been used.
Some nanoparticles (NPs) and fillers as hydroxyapatite (HAp), that perform as ceramic
bioactive nanospheres [9], have been postulated to promote growing of minerals at the
demineralized dentin. At a whole, they do not have an ideal degradation kinetics nor a
well-regulated release [10,11]. Controlled delivery of drugs to reinforce the tissue is a
determinant for the dentin treatment [12]. Currently, this can be achieved by increasing
the use of NPs and the quick improvements of nanotechnology [13,14]. Polymeric NPs
in addition to anionic carboxylate (i.e., COO") groups located throughout the backbone
of the polymer, may be doped with calcium (Ca-NPs), zinc (Zn-NPs), doxycycline (D-
NPs) or melatonine (ML-NPs) to remineralize dentin [15]. However, it may be valuable
to consider the indication of certain drugs with anti-inflammatory and possible
remineralizing effects in some cases in which apical periodontitis exists.

The role of corticosteroids has attracted attention in the treatment of hard tissues.
Dexamethasone (Dex) is a powerful synthetic glucocorticoid clinically used as an anti-
inflammatory drug [16]. It has also been employed as a bioactive molecule for bone tissue
[17], and to increase mineralization and expression of odontogenic markers in cultured
stem cells from apical papilla [18]. As early as 1997, Hao et al [19] described the presence
of significant growth in nodules containing needle-shaped crystals of HAp associated
with a network of collagen fibrils, in a cultured medium containing Dex. Porous bio-
sponges having high deacetylated chitosan and collagen type-1 doped with Dex have been
fabricated to stimulate differentiation of stem cells and calcification of dentin [16].
Because of this, employing Dex through combination into biomaterials is promoted [17].
Corticoid has also been associated to an antibiotic (Lendermix) as intracanal medicament

to strengthen dentin [20]. Basically, it was recommended as a common intracanal drug to
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relieve acute apical periodontitis linked with postoperative pain or to prevent external
imflammatory root resorption of the root in case of traumatically injured teeth [20]. The
direct use of Dex is limited principally due to its toxic side effects and it has been
proposed in the present research to use this corticoid loaded in polymeric NPs (Dex-NPs).
Atomic force microscopy (AFM) nano-indentation is the most commonly used mean of
testing the mechanical performance, including viscoelasticity, of materials or substrates
[21], at nanoscale [22-25]. Hence, both morpho and nanomechanical properties can be
obtained by using nanoscale dynamic mechanical analysis (nano-DMA), in a integrated
way. During biting, as force bearing tissue, the strain distribution is an important indicator
of the stiffness of teeth [26]. The complex organization of individual nanocrystals and
their arrangement at higher size scales determines the mechanical performance of the
resulting material, as the capacity to guide mineralization with spatial control is critical
[27]. To study the hierarchical structure of biological minerals such as teeth and bone, X-
ray diffraction (XRD) results as one of the most powerful techniques. TEM can provide
high-resolution structural information along with crystallographic information when
combined with Selected Area Electron Diffraction (SAED), with site-specific chemical
analytic data when combined with Energy-Dispersive X-ray Spectroscopy (EDS),
commonly used in scanning TEM (STEM), and with Fast Fourier Transform (FFT) when
using High Resolution TEM (HRTEM).

Located in biological systems, zinc ions are considered MMPs’ competitive inhibitors for
the degradation of collagen, contributing to dentin matrix mineralization and organization
[28]. Zinc participates in the increase of resin/dentin bonded interfaces’ longevity [29].
Hence, an in depth in/ex vivo study involving remineralization processes in human teeth
should be recommended to develop clinical approaches to obtain efficient dentin

remineralization, first using Dex and then Dex plus Zn. Therefore, the purpose of this



study was to assess the efficacy of Dex-NPs and Zn-Dex-NPs to remineralize coronal
dentin, throughout the assessment of its triboscopic properties, and both viscoelastic and
crystallographic performance. The null hypothesis that was established is that Dex-NPs
and Zn-Dex-NPs are not able to provoke differences in crystal morphology of dentin,

triboscopic properties, dynamic mechanical performance and crystallinity.

2. Material and methods

2.1. Nanoparticles production and specimens’ preparation

Active nanoparticles (NPs) of PolymP-n (NanoMyP, Granada, Spain) were obtained by
polymerization precipitation. A thermodynamic approach has been employed to regulate
the precipitation process: the Flory-Huggins model from Hansen's solubility parameters.
The model was performed focusing on the polymer chains growth and the interactions of
solvent molecules through hydrogen bonding, and dispersion and polar forces [30]. For
the design of the NPs, 2-hydroxyethyl methacrylate worked as the backbone monomer,
the functional monomer was methacrylic acid and the cross-linker was ethylene glycol
dimethacrylate. NPs were then functionalized with Dex and Zn?*. The NPs Dex loading
process was performed via immersion of 10 mg of NPs in 5 mL of methanol and shaking
during 3 minutes, which were weighed in two vials. Then, 0.75 mL of a solution of ZnCI2
(40 mg/l, phosphate buffer pH=7) were added to one of the vials, and 0.75 mL solution
of Dex (40 mg/l, phosphate buffer pH=7) to the other one. Afterward, 30 mL of deionized
water were added to both vials with NPs and experimental doping solutions, and NPs
were incubated under shaking during 2 h. Then, they were centrifuged and dried in an
oven at 45 °C until constant weight. 2.5mg of Dex-NPs and 2.5mg of Zn-NPs were mixed
and diluted in 0.5 mL of 96% ethanol to achieve a dispersion with both types of NPs in

the same proportion, in order to form the Zn-Dex-NPs group. Three NPs-based groups



were developed, undoped-NPs, Dex-doped NPs (Dex-NPs) and Zn-doped-Dex-NPs (Zn-
Dex-NPs).

Forty eight extracted unerupted human third molars stored in 0.5% chloramine solution
at 4°C for no longer than 1 month were randomly selected. The procedure followed the
Declaration of Helsinki, and the protocol approval was undertaken by the Institution's
Review Board (1906/CEIH/2020). All subjects signed the study informed consent. Teeth
were sectioned horizontally to obtain dentin discs below the dentin/enamel junction, and
these specimens were then polished to 180 grit SiC (silicon carbide abrasive paper) in
order to generate a clinically relevant smear layer. The polished dentin areas were etched
with phosphoric-acid for conditioning, washed and dried. Just an ethanol solution was
applied (30 s) at the control group (untreated dentin) (i), or an ethanol suspension of
undoped-NPs (ii), Dex-NPs (iii), Zn-Dex-NPs (iv) (NPs concentration was 1 mg/mL) for
each of the four different study groups (n=12). After 30 s of ethanol evaporation, half of
the specimens were stored in a dark environment in simulated body fluid solution (SBFS)
for 24 h at 37 °C and the other half during 21 days.

2.2. Nano-DMA and Atomic Force Microscopy (AFM) analysis (nanoroughness and
collagen fibril diameter)

Discs from each treated dentin were submitted for nano-DMA and AFM analysis.
Nanomechanical properties were evaluated using a commercial nano-DMA package on a
Hysitron Ti Premier nanoindenter (Hysitron, Inc., Minneapolis, MN). The nanoindenter
tip was calibrated against a fused quartz sample using a quasistatic force setpoint of 2 uN
to maintain contact between the tip and the sample surface (quasi-static signal frequency=
200 Hz). For the selected nano-DMA scanning parameters, the best-fit spherical radius
approximation for the tip was 85 nm, based on a calibration-reduced modulus value of

69.6 GPa for fused quartz. A sinusoidal force of amplitude FA=0.10 uN and frequency



f=100 Hz was superimposed on the quasi-static force setpoint (Fq=2 uN), which was
imposed for the samples modulus mapping. The dentin discs were then removed from the
SBFS immersion and scanned under hydrated conditions. To eliminate problems
associated to the meniscus forces transferred from fluid droplets to the indenter[31], and
to preserve hydration of the dentin surfaces, a drop (1.5 mL) of 99.4% ethylene glycol
[32] was applied on the polished surface of the specimen.

From the application of different models relating indentation force (F) and depth (D), the
indentation modulus of the tested sample (E) under application of a quasi-static force
(stable conditions) was obtained [33]. For each dentin disc, three modulus mappings were
recorded. For each mapping and for each type of dentin surface, 15 value points of
complex modulus (E*), storage modulus (E"), loss modulus (E") and tan delta (&) were
acquired. Areas of surfaces dentin around 10x10 um were mapped to obtain data, with
0.2 Hz as frequency. For the topographical mapping, an atomic force microscope (AFM
Nanoscope V, Digital Instruments, Veeco Metrology group, Santa Barbara, CA, USA)
was employed on the same surfaces. At the extreme end of an oscillating cantilever, a 10
nm radius silicon nitride tip (\Veeco) was mounted, intermittently contacting the surface
at the lowest oscillation point. Vertical modifications of the AFM tip with a resonance
frequency close to 330 kHz resulted in the height of the images shown as dark and bright
zones. With a slow scan rate (0.1 Hz), digital images (10 x 10 um) were captured for each
dentin surface. To observe the dentin nanoroughness and fibril width of all groups (24 h
and 21 d of storage), 5 random boxes of 1x1 pum were recorded for each image. The rest
of the method was as in Toledano et al. (2018) [34]. Numerical data were further analyzed
by ANOVA and Student-Newman-Keuls multiple comparison tests, with p<0.05 as
statistical significance. The validity of the assumptions of normality and

homoscedasticity of the data had been previously verified.
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2.3. X-Ray Diffraction (XRD) and Transmission Electron Microscopy (TEM) analysis.
Selected area diffraction and bright-field imaging

Dentin disc surfaces were then subjected to XRD analysis. In this work, an X-ray
microdiffractometer (WXRD?) was employed, which is a single crystal diffractometer.
The system is equipped with a 2-dimensional detector system Cmos Photon 100 (Bruker-
D8 Venture, Wien, Austria) and a 2D detector goniometer based on the XRD 2D scan
software and kappa geometry. The X-ray beam (Cu Ka line, 1 = 1.54 A) was produced
by a Cu microforms source Ius and the generator settings were 50.00 kV/1.00 mA. The
values of 20 scanning angles range were 10°-80°, with a distance specimen-detector of
40.00 mm. The exposure time for all measurements was 60 s and they were recorded at
room temperature, 295 = 0.1°K. The generator voltage used was 50.00 kV, with the Cu
anode at a current of 1,000 mA. The rest of the method was as in Toledano et al. (2016)
[35]. The procedure for the X-ray micro-diffraction pattern, the preferred orientation and
the size of the crystallites were determined as indicated in Toledano-Osorio et al. (2021)
[36]. Diffraction was acquired on an imaging plate, and from those digital plate data the
intensity relationship was obtained using Origin Pro 2015. The diffraction peak positions
were described to HAp in the JCPDS Card 9-432.

A Fei Titan 80-300 TEM-STEM microscope was used to analyze the specimens,
operating at 300 kV, and equipped with a Cs CEOS image corrector and a high brightness
electron gun (X-FEG) (ThermoFisher Scientific, Waltham, USA). The microscope is
integrated with 4 energy dispersive X-ray analysis (EDX) detectors (FEI microanalysis
Super X) as well as a high angle annular dark field detector (HAADF). Selected area
electron diffraction (SAED) and bright-field (BF) patterns were also recorded. Scanning
TEM (STEM) bright-field images were performed using the Super-X EDS system in the

TEM [36]. To characterize each experimental group, selected mineral areas of interest
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were displayed by the high-resolution transmission electron (HRTEM) imaging. A FEI
Ceta camera was used for HRTEM images. The Fei Titan microscope was employed also
to acquire two-dimensional compositional elemental mappings of the specimen using
image drift correction and 300 kV of accelerating voltage. The map acquisition and two-
dimensional compositional elemental analysis were completed within 5 min. STEM
images from HAADF were acquired. All these images and the obtained maps were
processed using the VELOX® software package [37]. In TEM imaging, Fast Fourier

transforms (FFT) were computed from selected image areas.

3. Results

Attained viscoelastic moduli are displayed in Table 1. Figs. 1, S1, S2 and S3, contain
scanning DMA analysis of dentin surfaces treated with the NPs included in the different
groups of study. Figs. 2, S4 and S5 comprehend topographic images achieved by AFM
of the interface formed in the different groups of study. Refined wXRD?, Debye-Scherrer
rings images and truncated pXRD? profiles are observed in Figs. 3, 4 and S6, respectively.
TEM analysis of dentin surfaces treated with the different NPs may be seen in Figs. 5, 6,
7,S7, S8 and S9.

3.1. Nano-DMA analysis

The attained nano-DMA results of the samples were influenced by the storage time
(P<0.05) and by the applied NPs type (P<0.05). Interactions among factors were
significant (P<0.05). Table 1 and Figs. S1, S2 and S3 exhibit mean and SD of complex
modulus (E*), loss modulus (£ ), storage modulus (£°) and tan (J). At 24 h time point,
undoped-NPs group attained the lowest complex modulus values, though both undoped-
NPs and untreated dentin shared the highest E* values. After 24 h of storage, the property

map of this interface at the peritubular areas achieved the highest resistance to dynamic
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deformation, E* (Fig. S1A). The 3-D contour map analysis of the storage modulus (£°)
corresponds to this group (undoped-NPs) and unveils the highest elastic behaviors
attained among groups (Fig. S1B). At 21 d of storage time, both groups doped with Dex
exhibited the highest E*, storage modulus (£°) and loss modulus (£”), among groups. In
general, E* increased in dentin samples treated with any kind of NPs, over time (Table
1). At 24 h time point, both groups doped with Dex exhibited the lowest £~ indicating the
lowest stiffness. £ increased in dentin treated with any Dex-doped NPs, over time (Table
1). At 24 h time point, dentin treated with undoped-NPs showed the lowest loss modulus
(E”), among groups, showing the less amount of loss of energy. £ increased in dentin
samples treated with undoped-NPs, meanwhile it remained similar in the rest of the
groups (Fig. S2B). At 21 d of storage, the highest £~ corresponded to samples treated
with both Dex-NPs and Dex-Zn-NPs (Table 1). At 24 h time point, dentin samples treated
with undoped-NPs attained the lowest tan delta (¢), and specimens treated with Dex-NPs
showed the highest one, favoring the dissipation of energy through dentin structure. The
3-D contour map analysis (Fig. S2A) reflects the increase of tan delta (J) in this group.
At 21 d of storage time, dentin samples treated with Zn-Dex-NPs achieved the highest
tan o values. Tan ¢ values increased in dentin treated with undoped-NPs, decreased in
samples treated with Dex-NPs and remained similar in samples treated with Dex-Zn-NPs,
over time (Table 1). The property map of the interface promoted after Zn-Dex-NPs
infiltration, at 21 d of storage, revealed areas of high values of E* (Fig. S3C) and £’ (Fig.
1B), identifying zones a high resistance to deformation and elastic behavior, respectively.
Concerning E’, the locally measured moduli at intertubular dentin was represented in red,
and the rest of the viscoelastic performance of the interface, in blue.

3.2. Atomic Force Microscopy (AFM) analysis

13



The nanoroughness (SRa) of dentin surfaces was influenced by the NPs type (P< 0.05)
and by the time of storage (P<0.05). Interactions among factors were significant (P<0.05).
Mean and SD of nanoroughness are presented in Table 2. At 24 h of storage, dentin
surfaces treated with Zn-Dex-NPs attained the lowest roughness values; generalized
dentin mineralization and zones of stress concentration were evidenced (Fig. S4D) in the
same specimens. Areas of demineralization (Fig. S5C) and open dentinal tubules (Fig.
2B) were confirmed in samples treated with undoped-NPs, at 21 d of storage. At this time
point of storage, dentin treated with Dex-NPs showed the highest SRa values with some
empty dentinal tubules (Fig. 2C). Strong remineralization and some bridging processes
were observed after 21 d when Zn-Dex-NPs were employed (Fig. 2D). SRa increased
over time, except when undoped-NPs were applied, which made decrease the
nanoroughness values. The bandwidth of the collagen fibrils were also influenced by the
storage time (P< 0.05) and by the applied NPs type (P<0.05); factors interactions were
also significant (P<0.05). Table 2 offers mean and SD of the fibrils width. At 24 h and 21
d of storage, samples treated with undoped-NPs reached the greatest bandwidths (98.51
nm) among groups. Samples treated with both undoped-NPs or Dex-NPs increased the
fibril diameters over time (Table 2) (Figs. S5A, S5B).

3.3. X-Ray Diffraction (XRD) analysis

uXRD? analysis profiles of dentin showed that the physical broadening full width half
maximum (FWHM) of peaks at 002, parallel to the c-axes, (26, 25.900°; centroid peak
position ©hkl, 0/0/-2; |, 10977386) reflection, after noting data plotted by the reduced full
width and extended height at half maximum of the phosphate band, was lower in dentin
samples treated with Zn-Dex-NPs (0.0072) when compared with the rest of the studied
groups, after 21 d of SBFS storage (Table 3). At 24 h of storage, dentin surfaces treated

with Dex-NPs achieved the lowest FWHM (Table 3), i.e, the highest crystallinity. Peaks
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at 310, perpendicular to the c-axis, (26, 40.127° centroid peak position 6hkl, —3/1/0; 1,
1380390), after 21 d, dentin treated with undoped-NPs presented the lowest FWHM
(0.0221), denoting a crystalline status, close to dentin treated with Zn-Dex-NPs (0.0222)
(Table 1). At dentin treated with Dex-NPs after 21 d of storage, the highest peak (112)
exhibited the maximum FWHM (more amorphous) (Figs. 3, S6D). When Zn-Dex-NPs
was applied, after detecting the reflection at 211 peak (Fig. 3) and the diffraction ring
equivalent to 211 and 112 planes (Fig. 4D), it may be distinguished higher crystallinity
values than those obtained in the other groups (Table 3) (Fig. 4).

Table 3A presents a qualitative approximation of the size of the coherently scattering
domain (i.e, the crystallite size). The longest and shortest [t002 (H)] crystallite size, after
21 d of storage corresponded to dentin treated with both Zn-Dex-NPs (20.71 nm) and
Dex-NPs (16.73 nm), respectively. The widest and narrowest [t310 (L)] crystallite size,
after 21 d of storage, corresponded to dentin treated with undoped-NPs (6.94 nm) and
untreated dentin (5.75 nm), respectively (Table 3). Dentin treated with Zn-Dex-NPs
showed the highest grain size at 002 plane (20.19 nm), and dentin treated with undoped-
NPs at 310 plane (6.54 nm), after 21 d of storage (Table 3). The highest microstrain, after
21 d of storage appeared at dentin treated with Dex-NPs [t002 (H)] (1.92x107°) and
untreated dentin [t310 (L)] (1.7x107) (Table 3). Texture indices (RhkI) in dentin poly-
crystalline structures were calculated. At 002 plane, the texture assessed with all NPs
solutions followed the trend: undoped-NPs < untreated dentin < Zn-Dex-NPs < Dex-NPs.
At 310 plane, the trend was: Dex-NPs < undoped-NPs < Zn-Dex-NPs < untreated dentin
(Table 3).

3.4. Transmission Electron Microscopy (TEM) analysis (selected area diffraction and

bright-field imaging), fast Fourier transform (FFT) spectroscopy and EDS analysis
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Representative examples of HRTEM are included (Figs. 5, 6, 7 and S7). At 24 h, samples
treated with Dex-NPs showed mainly starry polygonal block-like apatite crystals (Figs.
S7A, S7B). The observed crystal size of the crystals conglomerate reported in the Fig.
S7A was approximately 2 x 1 um. The electron diffraction analysis showed the typical
crystalline structure of crystals (Fig. S7C). Ca and P were detected as part of the elemental
analysis by Energy dispersive X-ray (EDX) (Fig. S7D). STEM bright-field (Fig. STE)
and EDS-STEM two-dimensional elemental mapping at high magnification for calcium,
phosphate and calcium phosphate (Figs. S7F, S7G, S7H, respectively) in dentin treated
with Dex-NPs after 24 h of storage are shown. Ca density exceeded P density. Interplanar
distances (Fig. S7C) were obtained, d, of 0.340 nm with a trajectory in two faced
semicircles revealing the diffraction plane {002}. Interplanar distances, d, of 0.277 nm
corresponded to the {112} for HAp. Both trajectories showed relative weak intensities,
denoting amorphization.

At 24 h of storage and HRTEM analysis, specimens treated with Zn-Dex-NPs exhibited
structures organized in three-dimensional agglomerated crystals (Fig. 5A) of
polycrystalline nature (inset Fig. 6SA), when coronal dentin was analyzed. The observed
crystal sizes commonly ranged from 100—200 nm. Polyhedral and starry needle-like
apatite crystals were detected, after 21 d of storage when the control group was analyzed
(Fig. 5B). The electron diffraction analysis exposed the typical both crystalline and
amorphous structure of crystals (Inset Fig. 5B). Polymorphic needle-like apatite
crystallites with multiple domains were observed when undoped-NPs were applied on
dentin and observed after 21 d of storage (Figs. 5C, 5D). Crystalline matter was shown in
the insets (inset Figs. 5C, 5D). The observed crystal sizes commonly ranged from

100—200 nm, in all cases. Scanning TEM (STEM) bright-field (Fig. 6E) and EDS-STEM
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mapping for calcium, phosphate and calcium phosphate (Figs. 6F, 6G, 6H, respectively)
in dentin treated with Zn-Dex-NPs after 21 d of storage are shown.

Interplanar distances (insets, Fig. 5), d, of 0.340-350 nm (high intensity) and 0.274-0.283
nm (low intensity), were obtained. For HAp, the diffraction plane corresponding to d =
0.340-350 nm with a margin of error of <1.50% was {002}. To d = 0.274-0.283 nm, the
diffraction plane was {211}. For octocalcium phosphate (OCP), {121} a corresponding
plane was set at interplanar distances of high intensity, and {511} the low intensity. [3-
tricalcium phosphate (B-TCP) showed {1010}as characteristic plane to a high intensity
and no interplanar distance was assigned to the low intensity. Figs. 6A and 6B correspond
with HRTEM analysis of a conglomerate of polymorph/polyhedral apatite crystals
formed by plate-like overlapped polygons, crystalline in nature (Fig. 6C), from coronal
dentin treated with Zn-Dex-NPs, at 21 d storage. This crystal showed a lower range of
high crystallinity, as the interplanar distances only oscillated between 0.277 nm and 0.341
nm. The observed crystal sizes, within the conglomerate, generally ranged from 100—200
nm. Ca and P were detected as part of the elemental analysis by Energy dispersive X-ray
(EDX) (Fig. 6D). STEM bright-field image was reproduced in Fig. 6E. Two-dimensional
elemental mappings at high magnification of Ca (Fig. 6F), P (Fig. 6G) and PCa (Fig. 6H)
were also observed in the area shown in Fig. 6E. Ca density exceeded P density, at a
whole. The growth orientation and crystallite lattice of dentin samples treated with Zn-
Dex-NPs, at 21 d storage are observed in the Fig. 7. The crystal lattice images are shown
in Figs. 7A and 7C. The diffraction pattern [Fourier transform pattern (FTP) and inverse
FTP] may be analyzed in Figs. 7B and 7D. Interplanar distances were also appreciated
showing the highest intensity, with continuous trajectory, of the diffraction at d of 0.286
nm, confirming {211} as the diffraction plane. However, the d of 0.351 nm, with high

intensity but with discontinuous trajectory, denoted {002} as the diffraction plane (Fig.
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7B). Fig. 7D followed the same trend for intensities at d of 0.287 nm and 0.348 nm for
diffraction planes of low and high intensities, respectively. These high relative intensities
confirmed diffraction planes of HAp. The values of the relative intensities, expressed in

percentages, for each group are expressed in Table S1.

4. Discussion

Dentin infiltration with Dex-NPs and Zn-Dex-NPs caused a favorable dissipation of
energy through the crystalline remineralized dentin interface. Therefore, the null
hypothesis must be rejected, as dentin application of Dex-NPs and Zn-Dex-NPs has
significantly increased, over time, the complex, storage, loss moduli and made to vary tan
& of dentin treated with these loaded NPs (Table 1). In calcified tissues, improved
mechanical properties are associated to intrafibrillar or functional remineralization
[38,39]. Intrafibrillar mineralization is a pivotal factor to confirming that collagen fibrils
show the same high mechanical performance as it happens in natural mineralized dentin
[22].

The ratio that is established between the loss/the storage modulus (E"/E") can provide a
general idea of the behavior of a viscoelastic material. Tan & represents this quotient [40],
indicating a measure of the relationship of the energy dissipated by the system to the
energy stored in the system that allows its elastic recoil. It reveals how well a material
can get rid of the energy. As observed, tan & decreased [with a E’ of ~236 GPa (Fig 1A)
(Table 1)] when Dex-NPs were used, but increased when dentin was treated with Zn-Dex-
NPs [with a £’ of ~160 GPa (Fig 1B) (Table 1)], after 21 d of storage. As a result, a
general tendency to lower amounts of accumulated energies at dentin surface can be
observed over time, when dentin specimens were infiltrated with Zn-Dex-NPs. This high

tan o values complied with the decreased nanoroughness values (11.10 nm) that the dentin
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treated with Zn-Dex-NPs showed when compared with those of dentin that treated with
Dex-NPs (16.90 nm) (Table 2). Mineral maturation and intrafibrillar remineralization are
commonly associated to a decrease in roughness [41]. This advance dentin maturity was
morphologically accompanied of mineral deposition on the dentin surface.

AFM observations permitted to see totally filled tubules when using Zn-Dex-NPs at 21 d
time point (Fig. 2D). Dentin mechanical properties are affected by occluded tubules
[42,43]. Hence, strong mineral bundles within and around the tubules were observed in
samples treated with Zn-Dex-NPs, at both 24 h (Fig. 4D) and 21 d (Fig. 2D) time points,
where the majority of the entrances of dentin tubules were not observed. Peritubular
dentin showed highly mineralized. When dentin was partially demineralized, some apatite
remained in dentin, serving as nucleus on which calcium-phosphate crystals developed
inside the tubules [11]. Similarly, NPs at the dentin surface are able to link to the collagen
(Figs. S5A, S5B) favoring amorphous calcium-phosphate precursors precipitates, as ACP
and B-TCP [44,45] accompanied by some other elements as magnesium, chloride and
sodium (Fig. S9). From this anchor position, the polymeric NPs may facilitate a controlled
ion release rate, or even NPs may function as carriers of other biological compounds,
allowing tissue mineralization [46], that initiate in the dentin tubules at peritubular dentin
(Yoshihara et al, 2020). The highest tan 6 values attained (Table 1) by dentin samples
treated with Zn-Dex-NPs, have become theoretically, associated to mineral precipitation
at the intratubular space [42]. Surrounding the intratubular crystals, some bridges and rod-
like new mineral formations were shown. These precipitated crystals attached the
intratubular mineral deposits to the peritubular dentin (Fig. 2D).

Samples treated with Zn-Dex-NPs reflected the highest cristallinity (lowest FWHM)
among groups in both 002 and 310 planes (Table 3), at 21 d of storage. Narrower peaks

indicate less structural variation in bond angles and distances, as lower FWHMP denoted
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an advanced crystallographic relative atomic order [47]. Crystallinity, low nanoroughness
and improved tissue maturation have also been associated [41] (Table 2, Fig. 2D). Thus,
samples treated with Dex-NPs and stored 21 d demonstrated lower crystallinity at both
002 and 310 planes (Table 3), performing an amorphization process [35] with higher
degrees of impurities [36]. Incorporation of carbonate (CO3z?) facilitates immature
hydroxyapatite and high biodegradability. The dissolution of hydroxyapatite creates an
ion-rich environment with lower tan 9, high storage modulus E' and high loss modulus
E" (Table 1) [48], and raises both supersaturation and the velocities of nucleation and
growth of apatite nanocrystals [49]. The state of HAp as ultrafine nanocrystalline was
also suggested from the resulted broadening [50]. A qualitative estimation of the size of
the coherently scattering domain (i.e. the crystallite size) is reported in Table 3, where a
decrease of the mean crystallite size alongside a direction parallel [002(H)] and
perpendicular to the c-axis [310(L)] was obtained when Dex-NPs were applied on dentin
and compared with the rest of NPs-treated samples. Crystallite size has been shown to
increase with the maturation of the tissue [50], in calcified tissues, which is linked to
crystallinity [51]. Therefore, this amorphization has become associated to the lowest
crystallite size, low H and L values (16.31 nm and 6.75 nm, respectively) after 21 d
storage time (Table 3). Besides, the patterns of diffractography gradually move from
broad diffuse peaks at dentin infiltrated with Zn-Dex-NPs (24 h) to sharper and more
crystalline peaks after 21 days (Fig. S6D), assuring that amorphous state is dynamic in
nature [52]. On the other hand, AFM analysis permitted to observe specimens treated with
Dex-NPs showing robust peritubular rings of mineral but with some entrance of tubules
clearly discernible, at 21 d storage time (Fig. 2C). Remineralization was only partially
and did not completely block the dentinal tubules. Within tubular structures, energy

dissipation can happen via deformation in axial and radial trajectories [53], as confirmed

20


https://www.sciencedirect.com/science/article/pii/S010956412100110X?via%3Dihub#tbl0005
https://www.sciencedirect.com/science/article/pii/S010956412100110X?via%3Dihub#fig0010

the AFM images. Microcracking (Fig. 2C) have been demonstrated in empty tubules.
Otherwise, filled tubules can perform as uncracked-ligament bridging [54,55].

At a whole, considering the present outcomes, it is possible to (i) relate both contraction
alongside the direction orthogonal to the c-axis and lower crystallinity in dentin infiltrated
with Dex-NPs, and (ii) to partially take up that the higher thickness in crystallites, at
dentin substrates infiltrated with Zn-Dex-NPs (20.71 and 6.92 nm at 002 and 310 planes,
respectively) (Table 3), fits with a major maturity and mineralization in these samples.
The assessment of uXRD? profiles also established high intensities of specimens
infiltrated with Zn-Dex-NPs (Fig. S6D) at 211 and 112 peaks where diffractography
patterns show HAp existence (red bars) with narrow and sharp crystalline peaks. Equally,
the diffraction assessment described brighter rings after employing Zn-Dex-NPs than in
the other samples (Fig. 4D), indicating higher line narrowing of peaks. At 21 d time point,
in dentin samples infiltrated with Zn-Dex-NPs, in order to identify the crystal structure
of mineral deposits SAED and EDS elemental mapping were obtained. EDS-STEM
elemental mapping revealed a high P and Ca presence (Figs. 6F, 6G, respectively).
Similarly, at Zn-Dex-NPs treated dentin, the diffraction XRD analysis formed brighter
rings after 21 days (Fig. 6C) at 002, 211 and 112 planes (Fig. 4D, double arrows), in
comparison with the 24 h time-point group (Fig. 5A), meaning low line broadening of
peaks. In our observation, the P and Ca content indirectly reveals the formation of HAp
[11] (Fig. 6H). In each calcium phosphate crystal, the relative intensity of the diffraction
plane provided pivotal information for detecting the calcium phosphate phase when the
orientation of the crystals were random [44]. After TEM analysis, the highest relative
intensities of the {002} in the 0.341 nm (high intensity) [38% (Table S1)] and {211} in
the 0.277 (low intensity) [100% (Table S1)] diffraction planes confirmed the greater

presence of HAp in the mineral precipitates when Zn-Dex-NPs were used to infiltrate
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dentin and analyzed at 21 d of storage, reflecting both Debye rings of HAp brighter
intensities (Fig. 6C). The diffuse ring shown at SAED (Fig. S7C) when dentin was
infiltrated with Dex-NPs pointed out a decline in crystallinity [56], likely amorphous
calcium phosphate [57] (Figs. S7F, S7G, S7H) in junction other elements as silica,
magnesium, chloride and sodium (Fig. S8). Amorphous calcium phosphate may be
converted into HAp, at a later stage [11].

The presence of preferred grain orientation or texture is indicated by R values greater or
lower than 1.0 [58,59]. Samples treated with both Dex-NPs and Zn-Dex-NPs schieved
the closest values to this number, after 21 d of storage, (0.731 and 1.066, respectively), at
002 and 310 planes (Table 3), showing the most randomly orientation, in correspondence
with strong chemical stability [60]. Therefore, distinct organization of nanocrystals
depending on the type of applied NPs can be described, being mostly influenced by
confined regions and angles defined by the surface topographies [25]. Hence, even at 24
h of storage time, crystals produced by Zn-Dex-NPs application exhibited less spaced
nanocrystals, growing and settling compactly with much smaller co-alignment angles
(Fig. 5A), than in case of Dex-NPs dentin treatment (Figs. S7A, S7B, S7E). The relative
intensities at {002} (HAp) in the 0.340 nm (high intensity) [38% (Table S1)] and at {211}
in the 0.274 (low intensity) [100% (Table S1)] appears somewhat weakened (Fig. 5A,
inset), where three Debye rings, ranging from high (0.340 nm) to low (0.192 nm) intensity
from the center, were identified. We speculate that both OCP and B-TCP may be more
present than crystalline HAp, at the expenses of the relative high intensities of {121} and
{1010}, respectively [44].

At 21 d storage in SBFS, TEM analysis of dentin infiltrated with Zn-Dex-NPs, revealed
that minerals were composed of domains of locally oriented crystal arrays of submicron

size crystals, which showed a well-defined lineation (Figs. 6A, 6B, 6E, 7A). Furthermore,
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TEM analysis of a single nanocrystal and its fast Fourier transform (FFT) pattern revealed
15-25 nm length flat-ended nanocrystals with characteristic HAp morphology and
composition of P and Ca (Figs. 6F, 6G, 6H) developing along the c-axis. These
observations were further established by searching crystallographic orientation
employing high-resolution TEM (HRTEM) (Fig. 7) and SAED (insets Fig. 5). It also
means that the TEM data trend is consistent with our referenced texture values.
Differences in growth orientation and co-alignment may be related with the preferential
growth of the nanocrystals, involving significant effects on mechanical properties and
morphology, at the macroscale, of the mineralized structures [25]. After 21 d, the faint
preferred orientation (Rn«) that was observed (Table 3) when dentin was treated with Zn-
Dex-NPs (0.648) in comparison with samples treated with Dex-NPs (0.731) might
indicate that these apatite crystallites created in the presence of zinc precipitated without
any related biologically controlled mineralization procedure [61]. The principal ring
pattern corresponding to 002 planes performing in the way of two semicircles instead of
a continuous ring, when Zn-Dex-NPs were 21 days applied (Fig. 6C), illustrates that the
crystallites have preferred orientation in c-direction [62]. As a consequence, dentin
surfaces infiltrated with Zn-Dex-NPs have the trend towards random orientation, at 002
plane, over time, with negative nano-degradation [59] at 310 plane, as Rnx decreased from
24 h (1.110) until 21 d (1.066) (Table 3). All these findings related with the local increase
of ion concentration during mineralization of the collagen fibrils because the augmented
localization of Ca and P ions within the collagen (Fig. 6D). The high intensities of the
diffraction planes, mostly at the Debye ring that corresponds to the diffraction plane of
low intensity {211} (0.277 nm, Fig. 6C) detected in dentin infiltrated with Zn-Dex-NPs
confirmed the presence of crystalline HAp (Figs. 7B, 7D). Apart from that, H/L ratio

increased in dentin treated with Zn-Dex-NPs more than in groups that used NPs (Table
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3). This finding indicates a strong interaction of Zn-Dex-NPs with the HAp structure [63].
Partial dentin remineralization after undoped-NPs application was demostrated in the
present study, as some demineralized collagen fibers and empty tubules, were shown at
21 d of storage (Fig. S5C). The decline of the mechanical properties in samples infiltrated
with undoped-NPs in the control group, over time (Table 1), may be understood as a sight
of dentin demineralization with further degradation [64] (Figs. 2A, 2B, S3C), meaning
scarce remineralization potential at the intrafibrillar compartment. TEM pictures of
untreated dentin (control) and dentin treated with undoped-NPs exhibited
polyhedral/starry needle-like apatite crystals (Fig. 5B) of ~150 nm and polymorphic
apatite crystals (Fig. 5C) of ~400-600 nm, respectively, leading to an amorphization
process [65]. Samples treated with undoped-NPs (Fig. 5C) showed intermediate
intensities at both Debye rings of HAp high {002} (0.350 nm) and low {211} (0.283 nm)
intensities, probably due to a less relevant role of amorphous components, as OCP and -
TCP. Similar inset results may be interpreted in Fig. 5D, where the diffraction planes
observed at high intensity {002} (0.340 nm) and low intensity {211} (0.275 nm) permit
to infer the presence of amorphous components (Table S1).

These are, to the best of our knowledge, the only available results from Nano-DMA,
AFM, uXRD? HRTEM/SAED, EDS-STEM and FFT combined methodologies aimed to
analyze coronal dentin submitted to different doped-NPs treatment. After analyzing the
data, numerically, some changes can be observed. The achieved differences are consistent
with the distinct applied experimental processes, as it should be considered that
assessments were obtained in biological ex-vivo samples. In previously works [66].
similar magnitude of differences have been published. Thereby, this investigation
represents the first attempt to assess and interpret the viscoelastic performance and crystal

ultrastructure of coronal dentin after applying dexamethasone-doped NPs. However, in
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order to explore the action of nano-carried dexamethasone in dentin, in a more complete
and profound way, several new techniques should be implemented. Dexamethasone
liberation profile, sealing ability trough the fluid filtration system, Fourier-transform
infrared spectroscopy (FTIR), Z potential, microtensile bond strength (MTBS), chemical
characterization with Raman analysis, and field emission scanning electron microscopy
(FESEM) would contribute to achieve this goal. The lack of these techniques into the
present investigation may be considered a shortcoming of our methodology. From a
clinical point of view, biocompatible and effective materials with biomimetic
remineralization capability should be developed. A better understanding of the natural
process of remineralizarion within the dentin interface is, therefore, essential, especially

in case of using doped NPs.

5. Conclusions

Dentin treated with NPs enhanced its original mechanical properties over time, in general,
though the presence of Dex in the NPs improved the mechanical performance when
compared with the undoped-NPs. Dentin infiltration with both Dex-NPs and Zn-Dex-NPs
remineralized the peritubular and intertubular areas, but the presence of Zn in the NPs
promoted advanced intratubular precipitation of minerals. Samples treated with Zn-Dex-
NPs attained higher maturity than those infiltrated with Dex-NPs and the greatest
crystallinity among groups, being these crystals organized with randomly oriented
lattices. Relative amorphization (poor crystallinity) was also observed in all samples,
providing high hydroxyapatite solubility and remineralizing activity. Crystals produced
by Zn-Dex-NPs application exhibited less spaced nanocrystals, growing and populating
compactly with much smaller alignment angles. As a result, Zn-Dex-NPs might be

considered as a feasible treatment for dentin reinforcement in endodontics, previous to
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the canal filling, due to occlusion of dentinal tubules and the reinforcement of the dentin
structure. All of this, after doing supplementary experimental tests to overcome the

limitations of the present in vitro study.
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Figure and table captions

Fig. 1. A, Scanning mode nano-DMA analysis of the map of the storage modulus/E’, at
the Dex-NPs/21 d group. In the color scheme shown, the redder color corresponds to
higher values of the locally measured moduli. It became associated to the elastic energy
released, at the peritubular dentin (arrows), after deformation. Asterisks and pointers
represent E' of intertubular dentin and rest of the interface, respectively. B, 3-D contour
map of the storage modulus (E") distribution in a specimen at the Zn-Dex-NPs/21 d group.
In the color scheme shown, the redder color corresponds to higher values of the locally
measured moduli. Peritubular and intratubular dentin (arrows) showed the biggest elastic
behavior (E') as shown in the redder areas. Magnitudes of X and Y axis are in microns.
Fig. 2. AFM 15 x 15 um top-view and surface plot image of untreated dentin (A) and
dentin treated with undoped-NPs (B), at 21 d of storage. Open dentinal tubules (pointers)
were observed. Both intertubular (ID) and peritubular dentin (PD) were discernible. C,
AFM 15 x 15 pum top-view of topography mapping of dentin obtained after applying Dex-
NPs at 21 d of storage time. Partially (pointers) or totally (asterisks) mineral filled tubules
and “bridging“(arrows) processes are shown. D, AFM 15 x 15 um top-view of topography
mapping of dentin obtained after applying Zn-Dex-NPs and 21 d of storage. Both
peritubular and intertubular dentin are evident. Intratubular dentin is totally occluding the
dentinal tubules (asterisks). Faced arrows show Stick-slip images and double arrows point
crack deflection and branching, around the peritubular cuff.

Fig. 3. Refined pXRD? profiles of control, undoped-NPs, Dex-NPs and Zn-Dex-NPs
treated dentin after 21 d of SBFS storage. Vertical bars represent HAp (Hydroxyapatite)

peaks. FWHM: Full Width at Half Maximum.
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Fig. 4. Debye-Scherrer rings of untreated dentin (control) (A), dentin treated with
undoped-NPs (B), Dex-NPs (C) and Zn-Dex-NPs (D) are shown. Double arrows, in D,
mean strong diffraction rings.

Fig. 5. A, Bright-field of an assemblage of block-like apatite crystals ordered in three-
dimensional agglomerated crystals (pointers) of coronal dentin treated with Zn-Dex-NPs
at 24 h of storage, some of them organized in plate-like polygons (arrows). B, Bright-
field of an assembly of a polyhedral and starry needle-like apatite crystals of coronal
dentin used as control, and assessed at 21 d of storage. It is observed that the particles
have a domain of locally aligned crystal arrays, showing the staggered order of polygon
crystallites (scale bar: 200 nm). C, D, Bright-field of an assembly of polymorphic apatite
crystals of coronal dentin treated with undoped-NPs-based compound, after 21 d storage.
Magnified observation showing the in detailed strong needle-like apatite crystallites. The
images reveal that the particles have multiple domains of locally aligned crystal arrays
(scale bars: 100 nm).

Fig. 6. A, Bright-field of an assembly of polyhedral apatite crystals formed by plate-like
overlapped crystals (pointers) of coronal dentin treated with Zn-Dex-NPs, at 21 d storage.
B, Observation of the same section showing the in detailed polyhedral apatite appearance
of crystallites on the right side. Aligned crystal arrays may be shown (arrows) (scale bars:
100 nm). C, A SAED of the crystal (+) shown in (B), at nanoscale. Two semicircles
corresponding to 002 plane may be observed (arrowheads). D, Representative Energy-
dispersive X-ray spectroscopy (EDX) of the crystals (+) observed in (B) showing the
nanometer-sized apatite composition of calcium and phosphate as part of the elemental
analysis. E, Scanning TEM (STEM) bright-field image and EDS-STEM mapping of the
crystals (+) observed in (B). F, Two dimensional elemental mappings of phosphate [P]

and calcium [Ca], (G), and calcium phosphate [PCa] (H).
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Fig. 7. A, C, High Resolution TEM (HRTEM) images of a single hydroxyapatite
nanocrystal showing the growth orientation and crystallite lattice, from a dentin sample
treated with Zn-Dex-NPs and assessed after 21 d of storage. B, D, corresponding Fast
Fourier Transform (FFT) diffraction pattern of hydroxyapatite nanocrystals from A and

C, respectively.

Table 1. Mean and standard deviation (SD) of complex modulus (E*) (GPa), storage
modulus (E”) (GPa) and loss modulus (E™") (GPa), and tan (8) attained for experimental
dentin-treated surfaces.

Table 2. Mean and standard deviation (SD) of nanoroughness and fibrils width in
untreated and undoped nanoparticles (undoped-NPs), dexamethasone (Dex-NPs) and
dexamethasone and Zn doped nanoparticles (Zn-Dex-NPs) treated dentin.

Table 3. Micro-X-ray diffraction pattern analysis approach of the experimental groups.
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Fig. 5

Fig. 6
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Table 1.

Control Undoped-NPs Dex-NPs Zn-Dex-NPs

24h  21d 24h 21d 24h 21d  24h  21d
CM(E%) 2809 9Li4 20.29 113.92  8.86 23482 19.10 156.37
P (6.51) (26.43)  (32.51)  (18.60)  (4.94)  (52.47) (9.05) (16.12)
(GPa) 41 7 A2 ab1 A2 bl B2 bl  C2
SM(E) 2785 9202 90.67 113.72 453 236.03 14.86 160.83
op (3.30) (23.25)  (35.79)  (18.97)  (356)  (54.51) (6.59) (14.17)
(GPa) 4 A2 bl Al cl B2 d1 C1
IME") 182 199 0.38 1.49 5.94 409 592 364
op (1.23) (0.70) (0.10) (0.73) (3.10)  (1.33) (1.88) (L.07)
(GPa) 5 Al bl A2 al B1 al B1
Tan(s) 020 004 0.01 0.04 1.47 003 051 0.49
Delts, (©:08) (0.00) (0.001)  (0.01) (0.46)  (0.001) (0.06) (0.01)

al A2 bl A2 d1 B2 cl C1

Abbreviations: NPs: nanoparticles; Dex-NPs: dexamethasone doped NPs; Zn: zinc; Dex-Zn-NPs:
dexamethasone and Zn doped NPs. CM: complex modulus; SM: storage modulus; LM: loss modulus; tan
(0): tan delta. Similar letters indicate no significant differences among treatment groups in the same storage
period (lower case, 24h; upper cases, 21d). Similar numbers indicate no significant differences between
the two storage periods (24h or 21 days) in the same treatment group.
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Table 2.

A Nanoroughness B. Fibrils width
Group 24 h (SRa, nm) 21d (SRa, nm) 24h (nm) 21d (nm)
Control 8.54 (1.61) al 12.35(1.90) a2 50.54 (6.23) A 56.68 (11.18) A
Undoped-NPs  66.47 (21.70) b1 12.62 (1.62) a2 98.51 (14.22) B*  139.29 (25.37) B
Dex-NPs 3.77 (0.67) cl1 16.90 (2.63) b2 39.04 (5.56) C* 69.29 (6.23) A

Dex-Zn-NPs  2.29 (0.40)d1  11.10 (1.23)a2  173.14 (25.48) D* 55.35 (5.16) A

Abbreviations: Undoped NPs: Undoped nanoparticles; Dex-NPs: dexamethasone doped NPs; Zn: zinc;
Dex-Zn-NPs: dexamethasone and Zn doped NPs. Same lower case indicates no statistical differences
in nanoroughness between treated dentin groups. Same number indicates no statistical differences in
nanoroughness between 24h and 7 days storage groups. Same capital letters indicate no statistical
differences in fibrils width between treated dentin groups. * indicates no statistical differences in fibrils
width between 24h and 7 days storage groups.
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Table 3.

002 plane 310 plane
H: Scherrer- L: Scherrer-
Scherrer Wilson Scherrer Wilson H/L
Storage equation equation Microstrain  Rnw equation equation  Microstrain  Rnu
Group time FWHM (nm)(z) (nm) % FWHM (nm)(z) (nm) %
Control 24 hs 0.0080  18.49 18.02 1.58x10° 0.641 0.0241 6.39 6.02 1.3x10° 1.180 2.89
21d 0.0080  18.59 18.12 1.56x10° 0.638 0.0267 5.75 5.42 1.7x10° 1.156 3.23
Undoped- 24 hs 0.0082 18.18 17.72 1.63x10° 0.678 0.0222 6.92 6.52 1.2x10° 1.170 2.63
NPs 21d 0.0077 19.32 18.83 1.44x10 0.618 0.0221 6.94 6.54 1.2x10° 1.116 2.78
Dex-NPs 24 hs 0.0069  21.49 20.95 1.17x10°% 0.652 0.0238  6.47 6.09 1.3x10° 0.942 3.32
21d 0.0089 16.73 16.31 1.92x10° 0.731 0.0228 6.75 6.36 1.2x10° 1.194 2.48
Zn-Dex- 24 hs 0.0080  18.60 18.14 1.56x10° 0.645 0.0243 6.34 5.97 1.4x10° 1.110 2.93
NPs 21d 0.0072  20.71 20.19 1.26x10° 0.648 0.0222 6.92 6.52 1.2x10° 1.066 2.99

Abbreviations: FWHM. Full-width half-maximum; NPs: Nanoparticles; Dex: Dexamethasone.
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Supporting Information
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Fig. S1. A, Scanning mode nano-DMA analysis of the map of the complex modulus/E* (A), at the undoped-
NPs/24 h group. In the color scheme shown, the redder color corresponds to higher values of the locally
measured moduli. Interconnected and non-regular yellow-greenish color point out areas of E* associated with
peritubular dentin (arrows). The maximum complex modulus became linked to the redder areas, potentially
related to peritubular and intratubular mineralization (pointers). The intertubular dentin area was represented,
at the mapping, by the greenish blue fringe (asterisks), and the demineralized dentin located at the bottom of
the infiltrated dentin appeared in bluish green (double arrows). B, 3-D contour map of the storage modulus
(E" distribution in a specimen at the undoped-NPs/24 h group. In the color scheme shown, the redder color
corresponds to higher values of the locally measured moduli. Peritubular dentin (arrows) showed the highest
elastic behavior (E") as shown in the redder areas, meanwhile both intertubular dentin (asterisks) and infiltrated
dentin (pointers) achieved similar values of E', as shown in the clearest blue zones. Magnitudes of X and Y
axis are in microns. C, Scanning mode nano-DMA analysis of the map the complex modulus/E*, at the
undoped-NPs/21 d group. In the color scheme shown, the redder color corresponds to higher values of the
locally measured moduli. Wider circles of higher complex modulus, represented in red are unveiled (arrows),
corresponding to the peritubular dentin. They are immersed in an extended area of a lower E*, represented at
the mapping in yellow (pointers), corresponding with the intertubular dentin. The rest of the interface appears
in blue and green (asterisks). D, 3-D contour map of the tan & distribution in a specimen at the Dex-NPs/24 h
group. In the color scheme shown, the redder color corresponds to higher values of the locally measured
moduli. At the NPs-dentin inter-diffusion zone, tan 6 attained high values (arrows) creating a zone of lower
dissipation of energy at the interface, and thereby promoting stress concentration (asterisks). Magnitudes of
X and Y axis are in microns.
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Fig. S2. A, 3-D contour map of the tan 6 distribution in a specimen at the Dex-NPs/24 h group. In the color
scheme shown, the redder color corresponds to higher values of the locally measured moduli. At the resin-
NPs-dentin inter-diffusion zone, tan & obtained the highest values, among groups, at 24 h, creating a zone of
lower dissipation of energy, and thereby promoting stress concentration and breaking with failure of the dentin
interface (arrows). Magnitudes of X, Y and Z axis are in microns. Magnitudes of X and Y axis are in microns.
B, Scanning mode nano-DMA analysis of the map of the loss modulus/E", at the Dex-NPs/24 h group. In the
color scheme shown, the redder color corresponds to higher values of the locally measured moduli. Wider
circles of higher loss modulus, represented in red, are unveiled (arrows), corresponding to the peritubular and
intratubular dentin. They are immersed in an extended area of a lower E", represented at the mapping in yellow
(pointers), corresponding with the intertubular dentin. The rest of the interface appears in blue and green
(asterisks). C, Scanning mode of nano-DMA analysis of a map of the complex modulus/E* distribution in a
specimen at the Dex-NPs/21 d group. In the color scheme shown, the redder color corresponds to higher values
of the locally measured moduli. At the NPs-dentin inter-diffusion zone, E* obtained the highest values, among
groups, at 21 d, creating a zone of higher resistance to dynamic deformation or robustness (arrows). D, 3-D
contour map of the storage modulus /(E") distribution in a specimen at undoped-NPs/21 d group. In the color
scheme shown, the redder color corresponds to higher values of the locally measured moduli. Peritubular
dentin (arrows) showed the highest elastic behavior (E') as shown in the redder-yellow areas Magnitudes of
X and Y axis are in microns.
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Fig. S3. A, Scanning mode of the tan & distribution in a control specimen/24 h group. In the color scheme shown, the redder color corresponds to higher values
of the locally measured moduli, related to tubular structures (arrows). B, 3-D contour map of the storage modulus (E") distribution in a sample at the control
specimen/21 group. In the color scheme shown, the redder color corresponds to higher values of the locally measured moduli. Peritubular dentin (arrows) showed
the highest elastic behavior (E") as shown in the redder areas. C, Scanning mode nano-DMA analysis of the map of the complex modulus/E*, at the Zn-Dex-
NPs/21d group. In the color scheme shown, the redder color corresponds to higher values of the locally measured moduli. Red-yellowish peaks point out areas
of E* associated with peritubular and intratubular dentin (arrows), potentially related to mineralization. Magnitudes of X and Y axis of 3-D contour maps are in
microns.
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Fig. S4. A, AFM 2.5 x 2.5 um top-view and surface plot image of untreated dentin, at 24 h of storage. Dentinal
tubules remained visible and open (pointer). Intertubular (ID) and peritubular (PD) dentin are clearly
discernible. A porous intertubular dentin structure may be observed. B, AFM 2.5 x 2.5 um top-view and
surface plot image of a dentin surface treated with undoped-NPs, at 24 h of storage. Dentin appears
remineralized (asterisks) and peritubular dentin visibly protrudes on the surface of the specimen narrowing
the tubular lumen (arrows). C, AFM 15 x 15 um top-view of topography mapping of dentin obtained after
applying Dex-NPs and 24 h storage time. Some dentinal tubules appeared empty (pointer), partially mineral
filled (arrows) or totally filled (asterisk). D, AFM 15 x 15 um top-view of topography mapping of dentin
obtained after applying Zn-Dex-NPs and 24 h time of storage. PD and ID dentin mineralization is evident.
Intratubular dentin (TD) is totally occluding the dentinal tubules (asterisk). Stick-slip images and little rod-
like minerals (faced arrows), as bridge-like structures indicating sight of energy dissipation at the limits
between both PD and ID are present. NPs were scarcely observed, most of them covered by a layer of mineral
(pointer). The crack deflection and branching, around the peritubular cuff, may be observed at the dentinal
wall of a dentinal tubule (double arrow).
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Fig. S5. AFM phase image (2 x 2 um) when Dex-NPs (A) or Zn-Dex-NPs (B) were applied on dentin and observed at 24 h time point, showing the wider
bandwidth of the collagen fibrils and the staggered pattern of collagen fibrils (arrows). NPs may be intimately adhered to the collagen fibrils (asterisks). C,
Demineralized collagen fibers were observed in dentin surfaces treated with undoped-NPs analyzed after 21 d time point (arrows).
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Fig. S6. Insets representing truncated uXRD? profiles after observing the reflection from 002 to 004 peaks in the control group (A), dentin treated with undoped-
NPs (B), Dex-NPs (C) and Zn-Dex-NPs (D), after 24 h and 21 d of PBS storage. Vertical bars represent HAp peaks.
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Fig. S7. A, Bright-field of an assemblage of a polygonal block-like apatite of coronal dentin treated with Dex-
NPs at 24 h time point. The frame of the pentagonal figure is composed of an assembly of aligned polyhedral
sheets of apatite crystals (arrows) (B). C Shows a specific area electron diffraction (SAED) of the crystals (+)
shown in (B), at nanoscale, unveiling a highly polycrystalline structure. Three Debye rings and interplanar
distances ranging from 0.34 nm to 0.173 nm were identified. D, Representative Energy-dispersive X-ray
spectroscopy (EDX) of the crystals (+) observed in (B) showing the nanometer-sized apatite composition of
calcium and phosphate as part of the elemental analysis. E, Scanning TEM (STEM) bright-field image and
EDS-STEM mapping of the crystals (+) observed in (B). F, Two dimensional elemental mappings of calcium
[Ca], phosphate [P] (G), and calcium phosphate [PCa] (H).
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Fig. S8. Scanning TEM (STEM) bright-field image and EDS-STEM mapping of the crystals (+) observed in
(Fig. S7) that corresponds to the analysis of coronal dentin treated with Dex-NPs at 21 d time point. A, Two
dimensional elemental mappings of silica [Si], magnesium [Mg] (B), sodium [Na] (C) and chloride [CI] (D).

Fig. S9. Scanning TEM (STEM) bright-field image and EDS-STEM mapping of the crystals (+) observed in
(Fig. 6) that corresponds to the analysis of coronal dentin treated with Zn-Dex-NPs, at 21 d storage. A, Two
dimensional elemental mappings of magnesium [Mg], chloride [CI] (B) and sodium [Na] (C).
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Table S1. Relative intensity (%) of the Hydroxyapatite characteristic diffraction planes
obtained in each study group (with a margin of error 1.5%).

Diffraction planes
Groups

(002) ' (112) | (310)

Control 37 97 17
Undopeds-NPs = 40 99 17
Dex-NPs 34 98 16

Zn-Dex-NPs 38 99 18

For all the diffraction patterns, the peaks values
had been normalized at maximum to the intensity
of the 211 peak basis near 31.90 2Theta.

56



