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Abstract
Objective of the article: This study presents the findings of research on a biomimetic organomineral layer composed of 
trimethyl-dihydroquinoline, polymerized in the presence of nanocrystalline carbonate-substituted non-stoichiometric 
hydroxyapatite (n-cHAp).
Experimental part: The morphological features of the biomimetic layer were visualized using synchrotron infrared near-field 
spectroscopy.
Conclusions: It has been demonstrated that the biomimetic layer formed on the surface of dental enamel exhibits a 
morphological structure characterized by a uniformly distributed and densely packed composite film of poly(2,2,4-trimethyl-
1,2-dihydroquinoline-6,7-diol) and n-cHAp. The resulting dental coating, based on polydihydroquinoline and nanocrystalline 
hydroxyapatite, possesses a Vickers hardness coefficient comparable to that of healthy enamel.
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1. Introduction
In the past decade, there has been an 

exponential increase in interest in dental 
biomaterials with antimicrobial properties 
applied to the surfaces of dental tissues in 
the form of thin films. One promising class of 
compounds with broad-spectrum antibacterial 
activity is quinoline and its derivatives [1], 
which can form homogeneous films [2] with 
antimicrobial activity [3]. However, there are 
virtually no reports in the literature on the use 
of quinolines in dentistry. This lack of research 
can be attributed to the unsatisfactory adhesion 
strength of these dental materials to the surfaces 
of hard dental tissues, as well as their low stability 
and short functional lifespan.

The first problem can be solved by the 
incorporation of functional groups into the 
composition of quinoline derivatives, which 
allows for the chemical adsorption of the 
polymer on the surface of the material [4, 5]. 
As has been repeatedly shown, increasing the 
stabilization and functioning of such films is 
possible using nanoparticles of various materials 
[6]. The strategy of forming dental layers that 
combine both remineralization functions and 
antimicrobial properties on the surface of enamel 
is the optimal solution to this problem [7–9].

At the same time, the formation of biomimetic 
layers should replicate the biogenic complexity 
of enamel at the nanoscale, where conjugation 
within individual crystals occurs via protein 
chains [10]. Determining the mechanisms of 
conjugation of organomineral systems at the 
nanoscale is a complex task requiring the use of 
a wide range of methods. One possible approach 
is the use of near-field infrared microscopy 
coupled with an atomic force microscope [11]. 
Combining the advantages of these methods 
allows the determination of the features of 
molecular conjugation of various compounds 
while simultaneously recording the topographic 
arrangement of structural elements of the 
composite. For enamel apatite, this method allows 
us to visualize and establish the characteristics 
of biogenic apatite both during formation and 
destruction in pathologies at the submicron level 
[12, 13]. For synthetic nanomaterials based on 
hydroxyapatite, it becomes possible to identify 
the features of surface phase formation and the 

composite hierarchy at the level of individual 
nanocrystals [14].

In this study, synchrotron near-field infrared 
nanospectroscopy, combined with atomic force 
microscopy, was utilized to investigate the 
organic-mineral interactions and the hierarchical 
structure of the biomimetic layer formed from 
the nanopolymer dihydroxyquinoline and 
nanocrystalline hydroxyapatite.

2. Materials and methods
To create biotemplates, samples of intact 

human teeth were selected and diagnosed as 
free of carious lesions in hard tissues based on 
laser-induced contrast imaging data [15, 16]. 
Flat, parallel segments of dental tissue were 
obtained by sectioning the crown of the tooth 
perpendicularly to the occlusal surface, near 
the cusp, using the method we proposed earlier 
[16, 17].

Nanocrystalline carbonate-substituted non-
stoichiometric hydroxyapatite, with average 
nanocrystal sizes of 25´25´50 nm (n-cHAp) [18], 
was synthesized using a chemical precipitation 
method [19, 20].

2,2,4-Trimethyl-1,2-dihydroquinoline-6,7-
diol hydrobromide (6,7-DiOH-TMDHQ) was 
synthesized by demethylation of 6,7-dimethoxy-
2,2,4-trimethyl-1,2-dihydroquinoline using 
hydrobromic acid.

To obtain organomineral biomimetic layers, 
a solution containing n-cHAp in distilled water 
was prepared [21]. The biotemplate was then 
introduced into the solution, followed by the 
immediate addition of 6,7-DiOH-TMDHQ, which 
initiated an auto-oxidation reaction.

Experiments utilizing infrared scattering 
scanning near-field optical microscopy (IR s-SNOM) 
were conducted using equipment of the IMBUIA-
nano channel at the Brazilian Synchrotron Light 
Laboratory (LNLS). A set of quantum cascade lasers 
(QCL) (MirCat, DRS Daylight Solutions Inc.) was 
employed, covering a spectral range from 930 to 
1730 cm–1, with a minimum frequency step of 
1 cm–1 for single-frequency excitation. To capture 
the amplitude and phase of the scattered signal, 
the optical setup was equipped with a pseudo-
heterodyne (psHet) system and an asymmetric 
Michelson interferometer (neaSNOM, Neaspec 
GmbH) [22, 23].
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The surface morphology and topology of the 
mineralized biomimetic layer were examined 
using a scanning electron microscope (SEM) 
(TESCAN VEGA 3, Czech Republic). Samples were 
affixed to aluminum microscopic substrates with 
adhesive carbon tape and subsequently coated 
with gold (Au) for 120 seconds using a sputtering 
device from Quorum Techniques Ltd (Q150T).

The mechanical properties of natural 
mineralized hard tissue and the deposited 
organomineral layers were analyzed using the 
Vickers hardness test.

3. Experimental results and discussion
Scanning electron microscopy images of a 

segment of healthy enamel (biotemplate) and 
a sample of 6,7-DiOH-PTMDHQ/ n-cHAp are 
shown in Figures 1a and 1b. The analysis of the 
local morphology of the natural mineralized 
tissue (Figure 1a) reveals the oriented growth 
of enamel prisms [10, 24, 25], which are formed 
by dense rows of hydroxyapatite nanocrystals, 
as illustrated in the inset of Figure 1a [26]. 
In samples with the biomimetic coating of 
6,7-DiOH-PTMDHQ/n-cHAp, the formation of 
thin polymer films is observed, which contain 
agglomerates of synthetic hydroxyapatite (Figure 
1b). A detailed examination of the morphology 
of the biomimetic layer (Figure 1b, inset) allows 
us to conclude that spherical agglomerates, 
measuring 100-200 nm, were evenly distributed 
within the 6,7-DiOH-PTMDHQ layer. This size is 
larger than the characteristic dimensions of the 
nanocrystals of n-cHAp [19] used in this study to 

form the layer. Furthermore, the agglomerates 
were not merely incorporated into the 6,7-DiOH-
PTMDHQ film; they were also partially enveloped 
by this nanopolymer.

To identify the characteristics of the 
deposition of individual structural elements 
in the biomimetic organomineral layer on the 
biotemplate, while considering the local chemical 
inhomogeneities of its morphology (Figure 2), 
infrared synchrotron scanning near-field optical 
microscopy (IR s-SNOM) with nanometer spatial 
resolution was used [13, 27, 28]. For signal 
excitation, we utilized radiation from a powerful 
quantum cascade infrared laser, which enabled 
spectral chemical mapping with a resolution of 
approximately 30 nm. Homogeneous areas of the 
samples in the enamel prism region were selected 
for analysis [29].

To simultaneously display the spectral-
chemical features of the sample areas alongside 
the topology of their surfaces (Figures 2 a, b, 
e, f ), near-field images of the optical phase 
and amplitude obtained from s-SNOM were 
visualized. These images correspond to infrared 
absorption and reflection from surface areas 
of 500´500  nm² (Figures 2 c, d, g, h). For 
constructing the chemical image, a resonant 
photon energy of 1043 cm–¹ was utilized, which 
corresponds to the characteristic vibrations 
associated with the phosphate band ν3 PO4

3– of 
enamel apatite and synthesized nanocrystalline 
hydroxyapatite (Figures 2 c, d, g, h).

The analysis of the atomic force microscopy 
images of the surface topology of the reference 

Fig. 1. SEM results. (a) natural enamel (biotemplate); (b) PTMDHQ – coating on the enamel surface based on 
2,2,4-trimethyl-1,2-dihydroquinoline-6,7-diol polymerized in the presence of n-kHAp
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sample of natural enamel (Figures 2 a, b) revealed 
that, despite fine polishing, grooves left by the 
abrasive material were still visible. The contrast 
obtained using infrared scattering-type near-
field optical microscopy (IR s-SNOM), which 
reflects the distribution of phosphate groups in 
the dental matrix in this area (Figures 2 c, d), 
visualized the path of the enamel prism formed 
by the dense packing of apatite nanocrystals. 
Additionally, a sufficiently homogeneous 
distribution of the amino acid network was 
detected, which correlates with existing literature 
[7, 12]. From the chemical contrast image, it 
can be observed that the localization area of 
the enamel rod on the AFM topology (Figure 
2b) coincides with the maximum value of the 
optical phase, which is proportional to the 
intensity of optical absorption of the mode ν3 
PO4

3− at 1043 cm–¹ (Figure 2d). The analysis of 
the 2D AFM topology of the PTMDHQ sample 
(Figures 2 d, e) demonstrates that its surface 
exhibits a characteristic rough morphology, 
formed because of the pre-treatment procedure 
of the enamel using orthophosphoric acid and 
calcium hydroxide [9], as well as the deposition 
of PTMDHQ. The changes in the nanorelief 
reached approximately 130 nm and revealed the 
emergence of enamel prism nanocrystals from 
the biotemplate surface, which became apparent 
after etching (Figure 2e).

Analyzing the chemical spectral images of 
the PTMDHQ sample, which were constructed 
based on the distribution of optical amplitude and 
phase (Figures 2g, h), it is important to note that 
the effective depth for useful signal extraction 
in the infrared s-SNOM method reached 100 nm 
[30]. Thus, taking into account technological data 
on the thickness of the deposited biomimetic 
layers of PTMDHQ (approximately 40 nm), 
the chemical contrast in the spectral images 
simultaneously reflects the characteristics of 
both the layer and the biotemplate (Figures 2g, 
h). PTMDHQ was deposited on the surface of 
biotemplates along with nanocrystals of defective 
n-HA, which measure approximately 20 x 50 nm 
and exhibit a morphological organization like 
that of natural enamel apatite [19, 20]. Previous 
studies have demonstrated that hydroxyapatite 
(HA) forms complexes with hydroxyquinoline via 
the formation of π-π bonds [31]. This leads to 
the formation of globular structures of varying 
sizes, with diameters dependent on the initial 
organization of hydroxyapatite. Upon analyzing 
the chemical images obtained using s-SNOM 
(Figures 2g, h), which visualize the distribution 
of absorption and reflection at the resonance 
frequency of the phosphate mode at 1043 cm–¹, 
several observations can be made. On the surface 
of the PTMDHQ sample, areas of localization of 
the phosphate mode with a radial shape were 

Fig. 2. Results of s-SNOM nanoimaging for a sample of natural enamel (top), PTMDHQ (bottom). For each 
sample, 2D AFM images of the surface topography over a 500´500 nm2 area are simultaneously presented, as 
well as chemical images of these areas - the second harmonic intensity distribution for optical amplitude (O2A) 
and phase (O2P), corresponding to IR reflection and absorption, respectively, at resonance frequencies of 
1043 cm–1
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evident (Figure 2g), indicating the presence 
of agglomerates (particles) of phosphates 
with diameters of approximately 100 nm. This 
finding is consistent with the results obtained 
from scanning electron microscopy (Figure 1b, 
inset). Furthermore, the maximum intensity of 
signal localization from the film on the s-SNOM 
maps coincided with the peak absorption of the 
phosphate mode at 1043 cm–¹, corresponding 
to the emergence of enamel prisms of apatite. 
Thus, the analysis of s-SNOM data suggests that 
calcium phosphate globules, surrounded by an 
organic shell and incorporated into the structure 
of the biomimetic film at varying depths, have 
formed on the surface of the PTMDHQ sample. 
A compact structure consisting of PTMDHQ/n-
cHAp particles, uniformly distributed across the 
enamel surface and forming a continuous layer, 
has been established.

To determine the mechanical properties of 
the biomimetic layers based on PTMDHQ, which 
were deposited in the presence of nanocrystalline 
hydroxyapatite on the enamel surface, 
microhardness tests were conducted using 
the Vickers method. A slice of healthy enamel 
without an organomineral layer (biotemplate) 
was used as a reference sample. The results of 
Vickers microhardness measurements (VHN) at 
a load of 50 g and a loading time of 10 seconds 
indicated that the VHN for the healthy enamel 
sample (biotemplate) was 362±21, while for the 
biomimetic organomineral layers of PTMDHQ, 
the VHN was 322±26. The comparison of these 
values with known literature data for healthy 
enamel, which was reported as 338±16 [32], 
revealed that the VHN for the PTMDHQ sample 
was only 10% lower than that of healthy natural 
enamel.

The data obtained suggest the potential for 
using PTMDHQ/n-cHAp to create new hybrid 
biocoatings on the enamel surface. Additionally, 
they underscore the necessity for further research 
focused on enhancing the mechanical properties 
of the developed biomimetic layers.

4. Conclusion
The study presents the results of research 

on a biomimetic organomineral layer composed 
of trimethyldihydroquinoline polymerized in 
the presence of nanocrystalline, carbonate-

substituted, non-stoichiometric hydroxyapatite. 
The morphological features of the biomimetic 
layer were visualized using near-field synchrotron 
infrared spectroscopy.

It has been demonstrated that the biomimetic 
layer formed on the surface of dental enamel 
exhibits a morphological structure characterized 
by a uniformly distributed and densely packed 
composite film of poly(2,2,4-trimethyl-1,2-
dihydroquinoline-6,7-diol) and n-cHAp. 
Furthermore, the dental coating developed from 
polydihydroxyquinoline and nanocrystalline 
hydroxyapatite possesses a Vickers hardness 
coefficient comparable to that of healthy enamel.
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