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Abstract: - Processed dentin materials are increasingly investigated as bio-based scaffolds for regenerative 
dentistry due to their native collagen-mineral architecture and compositional similarity to bone tissue. Raman 
spectroscopy represents a valuable non-destructive approach for assessing the physicochemical organization of 
dentin, allowing the simultaneous evaluation of its mineral and organic components. This study aimed to 
characterize the Raman spectroscopic profile of human dentin samples prepared using three different 
commercial processing systems: BonMaker, Tooth Transformer, and Smart Dentin Grinder. Extracted teeth 
collected over different years and stored under controlled conditions were processed to evaluate the molecular 
features of the resulting dentin-derived biomaterials. Raman spectra were analyzed to derive specific 
spectroscopic indices describing the mineral-matrix balance and collagen matrix quality. These parameters 
were compared across the three processing technologies and against unprocessed dentin controls. The mineral 
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and collagen-related Raman indices suggested a substantial preservation of the principal organic matrix features 
across all samples, regardless of the storage period. Conversely, the observed spectral differences among the 
experimental groups appeared primarily related to the specific processing method applied by each device. 
These findings support the use of Raman spectroscopy as a robust and self-consistent tool for the structural and 
molecular characterization of dentinal-origin biomaterials. Overall, this technique provides a reliable analytical 
framework for defining the molecular fingerprint of processed dentin, supporting reproducible quality 
assessments of dentin-based regenerative matrices. 
 
Key-Words: - dentin-derived biomaterials; Raman spectroscopy; collagen-mineral interface; physicochemical 
 stability; regenerative dentistry; tooth-derived grafts; demineralized dentin matrix. 
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1 Introduction 
Bone augmentation procedures are widely employed 
in implant dentistry to restore insufficient alveolar 
bone volume and ensure adequate support for 
implant placement and long-term functional stability 
[1], [2]. Various grafting strategies have been 
developed to improve bone regeneration and tissue 
integration. 

Among regenerative biomaterials, dentin has 
increasingly attracted interest as an autologous graft 
material due to its compositional and structural 
similarities to bone tissue [3], [4]. Dentin is a 
mineralized hierarchical composite primarily 
composed of type I collagen and carbonated 
hydroxyapatite nanocrystals, whose interaction 
forms an organized collagen-mineral interface 
responsible for its mechanical properties and 
biological functionality [5], [6]. Previous 
investigations demonstrated that dentin-derived 
grafts can exhibit osteoconductive behavior while 
preserving native extracellular matrix components 
[4], [5], [6], [7]. 

Several studies have also suggested that dentin 
demineralization may facilitate the release of 
osteoinductive molecules entrapped within dentinal 
tubules, including bone morphogenetic proteins 
(BMPs) and growth factors involved in bone 
remodeling [7], [8]. Consequently, recent attention 
has focused on different dentin processing strategies 
such as BonMaker (BM), Tooth Transformer (TT), 
and Smart Dentin Grinder (SDG), which employ 
distinct preparation pathways capable of modifying 
the relative contribution of mineral and organic 
components [9], [10]. These processing approaches 
may generate grafts with different physicochemical 
characteristics and potentially influence their 
biological behavior and regenerative performance. 
However, despite the increasing use of these 
systems, only limited information exists regarding 
the molecular composition of processed dentin-
derived biomaterials, and even fewer studies have 

investigated their long-term physicochemical 
stability during storage [10], [11]. 

Raman spectroscopy represents a promising 
analytical tool for addressing this gap. Raman 
spectroscopy is a vibrational spectroscopic 
technique based on the inelastic scattering of 
monochromatic light resulting from photon 
interactions with molecular vibrational modes. 
While most photons undergo elastic scattering 
(Rayleigh scattering), a small proportion exchanges 
energy with chemical bonds and generates Raman-
shifted signals that provide molecular fingerprints of 
the analyzed material [12], [13]. 

Due to its chemical specificity and non-
destructive nature, Raman spectroscopy has been 
extensively employed in several scientific fields 
including chemistry, materials science, geology, 
biology, and medicine [12], [13], [14], [15], [16]. In 
geology, it has been used for mineral identification 
and crystal characterization, whereas in biological 
and medical research it has been increasingly 
applied for tissue characterization, disease 
diagnosis, and biomarker identification [14], [15], 
[16]. 

In dentistry, Raman spectroscopy has emerged 
as a useful approach for studying dental hard tissues 
because it allows simultaneous assessment of 
mineral and organic components [17]. Several 
studies have employed Raman techniques to 
characterize enamel and dentin under different 
physiological and pathological conditions, including 
caries detection, demineralization-remineralization 
processes, adhesive-dentin interfaces, and 
biochemical alterations associated with tissue 
damage [18], [19], [20], [21], [22]. Raman-derived 
spectral parameters can provide information 
regarding phosphate content, carbonate substitution, 
collagen organization, mineral crystallinity, and 
mineral-to-matrix balance, thus allowing a detailed 
molecular characterization of dental tissues [18], 
[19], [20], [21]. 
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An important advantage of Raman spectroscopy 
in dental biomaterial research is that it requires 
minimal sample preparation and enables 
simultaneous evaluation of both mineral and organic 
phases within a single acquisition [12], [17]. Such 
characteristics make Raman spectroscopy 
particularly suitable for studying hierarchical tissues 
such as dentin, where biological performance 
strongly depends on the integrity of the collagen-
mineral interface. 

However, despite its increasing application in 
dentistry, Raman spectroscopy has not yet been 
extensively employed to characterize processed 
dentin-derived biomaterials obtained using BM, TT, 
and SDG systems. In particular, information 
regarding long-term physicochemical preservation 
of these materials remains insufficient. Since 
prolonged storage may potentially affect the 
structural organization of the organic matrix and 
mineral phase, a spectroscopic evaluation of these 
changes may be relevant for understanding 
biomaterial stability and future clinical applicability 
[10]. 

Therefore, the aim of the present study was to 
evaluate the physicochemical stability of processed 
dentin-derived biomaterials following long-term 
storage through the identification of several indices 
by using Raman spectroscopy, with particular focus 
on the preservation of the organic matrix, mineral 
phase, and collagen-mineral interface. 
 
 
2 Problem Formulation 
 

2.1 Experimental Design and Sample 

 Allocation 
This in vitro study was designed to evaluate the 
physicochemical features of dentin-derived 
biomaterials obtained from extracted human teeth 
and processed using three different preparation 
systems. The experimental workflow was focused 
on the physical and molecular characterization of 
the mineral and organic components of dentin, with 
particular attention to the collagen-mineral interface. 
Extracted human teeth collected between 2018 and 
2024 and stored under refrigerated conditions were 
used as experimental specimens. Freshly extracted 
teeth obtained in 2025 were used as control samples, 
representing native dentin without prolonged pre-
processing storage. A total of 48 teeth, mainly 
extracted for periodontal indications, were included 
in the study. Except for the control samples, 
specimens were grouped according to the year of 
extraction and storage period. For each storage year, 

dentin specimens (six specimens per annual group) 
were further allocated to one of three processing 
systems: BonMaker (BM), Tooth Transformer (TT), 
and Smart Dentin Grinder (SDG). 

The three processing systems were selected 
because they represent different technological 
approaches for preparing dentin-derived grafting 
materials, ranging from chemically modified dentin 
particles to mineral-preserving and minimally 
processed dentin matrices. Sample preparation and 
preliminary processing were performed at Dłucik 
Dental Clinic, Katowice, Poland. Raman 
spectroscopic analyses were carried out at the 
Department of Biomedical and Dental Sciences and 
Morphofunctional Imaging, University of Messina, 
Italy. All samples were anonymized before 
laboratory analysis and were used exclusively for in 
vitro research purposes. 
 
2.2  Tooth Collection, Decontamination and 

 Storage Conditions 
After extraction, teeth were immediately immersed 
in 3% hydrogen peroxide solution for 3-5 min for 
preliminary surface decontamination. Each tooth 
was then mechanically cleaned under magnification 
to eliminate residual soft tissues, calculus, carious 
tissue, and restorative materials. Teeth previously 
subjected to endodontic treatment were excluded 
from the study to avoid potential confounding 
effects related to previous chemical or mechanical 
alteration of dentin. After cleaning, the specimens 
were re-immersed in 3% hydrogen peroxide for 5 
min, dried using sterile gauze and compressed air, 
and placed in sealed sterilization pouches compliant 
with ISO 11607 standards. Each pouch was labeled 
according to the year of extraction and sample code. 
All the extracted teeth between 2018 and 2024 were 
stored at 4 °C until 2025, when they were retrieved 
from refrigerated conditions. Therefore, the 
refrigerated period discussed in this study refers to 
the pre-processing stage of the samples. No 
additional dehydration procedures were performed 
during storage. This approach was adopted to limit 
pre-analytical alterations of dentin hydration and to 
preserve the native organization of the collagen-
mineral interface as much as possible before 
biomaterial preparation. 
 
2.3  Generation of Dentin-Derived Particles 
After sample retrieval, teeth were handled under 
standardized operative conditions. The specimens 
were briefly immersed again in 3% hydrogen 
peroxide for approximately 3 min for surface 
decontamination and then dried with sterile gauze. 
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Each tooth was mechanically fragmented using 
a sterile mortar and surgical hammer in order to 
obtain dentin fragments of heterogeneous size. This 
preliminary fragmentation step was performed to 
facilitate subsequent processing by the three dentin 
preparation devices while preserving the native 
composite architecture of the tissue. 

The resulting dentin fragments were then 
processed according to the manufacturer’s 
instructions for each system. 

For the BonMaker system, dentin fragments 
were ground to obtain particles ranging 
approximately from 500 to 1000 µm. The particulate 
material was then subjected to an automated 
chemical demineralization protocol using 
hydrochloric acid (3.5-5%), ethanol (70%), and 
hydrogen peroxide (5%). The complete processing 
cycle lasted approximately 20 min and 50 s. 

For the Tooth Transformer system, dentin 
fragments were crushed to obtain particles ranging 
approximately from 40 to 1200 µm. The material 
was processed through an automated cycle 
involving hydrogen peroxide, hydrochloric acid, 
demineralized water, and ultrasonic activation. The 
total processing time was approximately 25 min. 

For the Smart Dentin Grinder system, dentin 
fragments were ground to obtain particles ranging 
approximately from 300 to 1300 µm. The resulting 
material was treated with a sodium hydroxide 
solution containing 20% ethanol and subsequently 
neutralized in phosphate-buffered saline. These 
three protocols were considered representative of 
different degrees of dentin modification, particularly 
in terms of mineral preservation, demineralization, 
exposure of the organic matrix, and modification of 
the mineral-to-collagen balance.  

After processing, no additional manual sieving 
or particle-size selection was carried out. All 
samples were immediately prepared and transported 
under controlled conditions to the Health and 
Environmental Physics Laboratory of the University 
of Messina (Italy) for Raman spectroscopic analysis, 
which was performed immediately upon arrival 
 
2.4 Raman Spectroscopy for Physical 

 Characterization 
Raman spectroscopy was used as a non-destructive 
analytical technique to characterize the molecular 
composition and physical organization of dentin-
derived particles. BM, TT, SDG, and control dentin 
particles were investigated by Raman spectroscopy 
using a DXR SmartRaman spectrometer (Thermo 
Fisher Scientific, Waltham, MA, USA) equipped 
with a 785 nm diode laser as the excitation source. 
This analytical approach was selected because it 

allows the simultaneous evaluation of the mineral 
and organic components of dentin-derived materials 
without requiring extensive sample preparation or 
destructive procedures. 

Before data collection, the spectrometer was 
calibrated according to the manufacturer’s 
instructions using the wavelength calibration 
standards provided with the instrument. This 
preliminary step was performed to ensure spectral 
accuracy and reproducibility across all 
measurements. Raman spectra were acquired over a 
wavenumber interval ranging from 200 to 3200 
cm⁻ ¹, thus covering both the fingerprint region and 
the high-wavenumber region associated with CH 
stretching vibrations. The spectral resolution was 
approximately 2 cm⁻ ¹.Laser irradiation was 
performed using an output power of 24 mW 
delivered through a 50 µm pinhole aperture. To 
obtain spectra with an adequate signal-to-noise 
ratio, each Raman spectrum was collected using 32 
consecutive exposures, with an acquisition time of 
30 s for each exposure. Therefore, the total 
acquisition time for each spectrum was 16 min. 

Each sample was analyzed in dry state and in 
triplicate by obtaining the Raman spectrum from 
three different particles of the same sample, in order 
to improve the reliability and representativeness of 
the spectroscopic measurements. Before each 
acquisition, the dentin particles were repositioned 
within the sampling area. This procedure was 
adopted to reduce the influence of local 
heterogeneity and to account for possible spatial 
variations in the chemical composition and 
structural organization of the dentin-derived 
particles. The spectra obtained from repeated 
measurements were then used to generate 
representative spectral profiles for each sample. 

All spectra were saved in .SPA format, and 
subsequent post-processing procedures were carried 
out using OMNIC software for dispersive Raman 
spectroscopy, version 9.0. During spectral post-
processing, manual baseline correction was applied 
to each Raman spectrum in order to minimize 
background contributions and compensate for 
possible instrumental, optical, or sample-related 
variations. After baseline correction, the mean 
spectrum of each analyzed sample was calculated 
and used for subsequent comparative evaluations. 
Raman spectra were then normalized using the 
vector normalization method previously reported in 
other studies [23], [24]. 
 

𝑛𝑜𝑟𝑚 =  √(𝑠1
2 + 𝑠2

2 +  ⋯ + 𝑠𝑛
2)                   (1)   

Briefly, each intensity value of a given spectrum 
was divided by the corresponding Euclidean norm, 
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defined as the square root of the sum of the squared 
intensities across the entire spectrum (1). This 
procedure standardizes spectral intensity 
distributions and reduces variability related to 
differences in absolute signal intensity, sample 
positioning, and scattering efficiency. Particle size 
and surface morphology may affect Raman spectral 
quality, particularly absolute signal intensity, but the 
vector normalization of the spectra, the triplicate 
measurements, the sample repositioning, and the 
following calculation of intensity ratios contributed 
to reducing any potential source of variability 
related to the different particle sizes of the analyzed 
samples. The normalized spectra were therefore 
considered suitable for quantitative comparison 
among BM, TT, SDG, and control dentin samples. 
 
2.5  Raman-Derived Indices 
After baseline correction and spectral normalization, 
selected Raman intensity ratios were calculated and 
defined as Raman-derived indices to assess mineral-
organic balance, collagen cross-linking, and 
collagen-related structural features of dentin-derived 
biomaterials. The Raman-derived indices were 
calculated using the following equations: 

𝐼1 =
𝐼960

𝐼1660
                                (2) 

  𝐼2 =
𝐼1065

𝐼1450
                                (3) 

 𝐼3 =
𝐼2930

𝐼430
                                (4) 

𝐼4 =
𝐼1032

𝐼1003
                                (5)  

  𝐼5 =
𝐼1660

𝐼1242
                                (6)  

  𝐼6 =
𝐼1660

𝐼1450
                                 (7) 

 
where Iν represents the normalized maximum 
Raman intensity of the band centered at the Raman 
shift 𝜈, expressed in cm⁻ ¹. 
Mineral-organic balance indices: 

 

Index 1 (I1) 

I1 was calculated as the ratio between the phosphate 
band of hydroxyapatite at ~960 cm⁻ ¹ and the 
collagen-related Amide I band at ~1660 cm⁻ ¹. This 
index was considered a mineral-to-matrix ratio [25], 
[26]. 
 
Index 2 (I2) 

I2 was calculated as the ratio between the carbonate 
band of carbonated apatite at ~1065 cm⁻ ¹ and the 
CH₂  band of the organic matrix at ~1450 cm⁻ ¹. 
This index was considered a carbonate-to-organic 
matrix ratio [27]. 
 

Index 3 (I3) 

I3 was calculated as the ratio between the CH 
stretching band of the organic matrix at ~2930 cm⁻ ¹ 
and the phosphate-related band of hydroxyapatite at 
~430 cm⁻ ¹. This index was interpreted as a protein-
to-mineral ratio [26], [27], [28]. 
 
Cross-linking: 

 

Index 4 (I4)  

I4 was calculated as the ratio between the 
pyridinium ring-related band at ~1032 cm⁻ ¹ and the 
phenylalanine band at ~1003 cm⁻ ¹. This index was 
used as a marker of collagen cross-linking [29], 
[30]. 
 
Nature of collagen: 

 

Index 5 (I5)  

I5 was calculated as the ratio between the collagen-
related Amide I band at ~1660 cm⁻ ¹ and the Amide 
III band at ~1242 cm⁻ ¹. This index was associated 
with collagen organization [29]. 
 
Index 6 (I6) 

I6 was calculated as the ratio between the collagen-
related Amide I band at ~1660 cm⁻ ¹ and the CH₂  
band at ~1450 cm⁻ ¹. This index was associated 
with altered collagen quality [27], [30]. 
 
2.6  Statistical Analysis 
Numerical data obtained from the ten Raman-
derived indices were expressed as mean and 
standard deviation (SD). The normality of data 
distribution was assessed using the one-sample 
Kolmogorov-Smirnov test [31], [32]. Since the 
normal distribution showed a normal tendency (I1, p 
= 0.379; I2, p = 0.486; I3, p = 0.353; I4, p = 0.932; 
I5, p = 0.237; I6, p = 0.774), comparisons among 
the four groups, BM, TT, SDG and controls, were 
performed using one-way analysis of variance 
(ANOVA) [32]. When statistically significant 
differences were detected, pairwise comparisons 
were carried out using Tukey’s honestly significant 
difference (HSD) post hoc test [33], [34]. 
Bonferroni correction was applied for multiple 
pairwise comparisons, and the adjusted significance 
threshold was set at α = 0.008 (0.050/6). Statistical 
significance for the overall ANOVA was set at p < 
0.05. Error-bar plots with 95% confidence intervals 
were generated to graphically represent group 
differences for each Raman index. Statistical 
analyses were performed using IBM SPSS Statistics 
for Windows, version 26.0 (IBM Corp., Armonk, 
NY, USA). 
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3 Problem Solution 
 

3.1 Representative Raman Spectral Profile 

 of Dentin-derived Biomaterials 
All Raman spectra obtained from the different 
analyzed biomaterials (BM, TT, and SDG) and from 
the control group have shown the same spectral 
features. 
 

 
Fig. 1: Representative Raman spectral profile of 
dentin-derived material. Raman bands mainly 
related to the mineral phase of dentin are 
highlighted in yellow, while bands associated with 
the organic collagen/protein matrix are highlighted 
in green, allowing a visual overview of the main 
inorganic and organic contributions to the dentin 
Raman spectrum.  
Source: created by the authors 

 

Figure 1 shows a representative Raman 
spectrum of a dentin-derived biomaterial sample, 
selected to illustrate the main vibrational bands used 
for spectral assignment and Raman index 
calculation. The spectrum was acquired over the 
200-3200 cm⁻ ¹ range, which includes both the 
fingerprint region of mineralized dentin and the 
high-wavenumber region associated with organic 
matrix vibrations. In the figure, mineral bands are 
highlighted in yellow, while organic/collagen-
related bands are highlighted in green. 

The representative spectrum showed the typical 
Raman profile of dentin, with bands attributable to 
both the apatite mineral phase and the collagen-rich 
organic matrix. The principal mineral-related signals 
included phosphate and carbonate vibrations. These 
include the phosphate ν1 and ν2 bending modes, 
respectively, at approximately 430 and 590 cm−1, 
the ν1 phosphate symmetric stretching peak at 
approximately 960 cm⁻ ¹, and the carbonate-related 
contribution at about 1065 cm⁻ ¹. 

On the other hand, the organic component was 
mainly represented by collagen/protein-associated 
bands. These signals include proline and 
hydroxyproline bands at approximately 850 and 870 
cm⁻ ¹, phenylalanine at 1003 cm⁻ ¹, Amide III at 
approximately 1242 cm⁻ ¹, CH₂  deformation at 
1450 cm⁻ ¹, Amide I band at 1660 cm⁻ ¹, and CH-
stretching vibrations at about 2930 cm⁻ ¹. 

The detailed tentative assignment of the main 
Raman peaks and bands is reported in Table 1 
(Appendix). 

These spectral features were subsequently used 
to calculate Raman-derived indices describing the 
mineral-to-organic matrix balance, collagen cross-
linking, and organic matrix organization in dentin-
derived biomaterials. 
 
3.2 Time-dependent Changes in Raman 

 Indices 

To assess time-dependent molecular changes 
associated with the duration of refrigerated storage 
of the samples prior to processing with BM, TT and 
SDG, six selected Raman-derived indices were 
evaluated across the 2018-2024 storage period. The 
indices were grouped into two functional categories: 
mineral-organic balance-related indices (Figure 2) 
and organic matrix-related indices (Figure 3). 

Figure 2 shows the time-dependent behavior of 
the three indices, mainly reflecting the mineral-
organic balance of the analyzed samples. In Figure 
2a, the I1 index showed a substantially stable profile 
over time within each group. However, BM 
consistently exhibited lower values compared with 
TT, SDG, and control dentin, suggesting a reduced 
phosphate-to-amide I contribution and therefore a 
lower mineral-to-organic matrix ratio. TT showed 
intermediate values, whereas SDG remained closer 
to the control profile throughout the observation 
period. 

A similar trend was observed for I2, 
corresponding to the 1065/1450 ratio (Figure 2b). 
This index remained relatively stable across the 
different years, without evidence of a progressive 
time-dependent decrease or increase. BM displayed 
persistently lower values compared with the other 
groups, while TT and SDG showed values more 
closely aligned with control dentin. This finding 
suggests that the carbonate-to-organic matrix 
balance was mainly influenced by the processing 
method rather than by the duration of storage. 
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Fig. 2: Time-dependent behavior of mineral-organic 
balance-related Raman indices from 2018 to 2024. 
(a) I1: 960/1660 ratio; (b) I2: 1065/1450 ratio; (c) 
I3: 2930/430 ratio. BM: BonMaker; TT: Tooth 
Transformer; SDG: Smart Dentin Grinder; CTRL: 
Controls 
Source: created by the authors 

 
The I3 index, reported in Figure 2c, showed the 

most evident separation between BM and the 
remaining groups. BM consistently displayed higher 
values across the entire storage period, indicating a 
greater relative contribution of the organic/protein 
component compared with the phosphate-related 
mineral signal. Particularly, BM values appeared 
higher in the earlier storage years and tended to 
decrease in more recent samples; however, this 
variation did not follow a strictly linear time-
dependent pattern. Conversely, TT, SDG, and 
control dentin showed lower and more comparable 
values, with no clear evidence of progressive 
temporal alteration. 

 
Fig. 3: Time-dependent behavior of organic matrix-
related Raman indices from 2018 to 2024. (a) I4: 
1032/1003 ratio; (b) I5: 1660/1242 ratio; (c) I6: 
1660/1450 ratio. BM: BonMaker; TT: Tooth 
Transformer; SDG: Smart Dentin Grinder; CTRL: 
Controls 
Source: created by the authors 

 
Figure 3 shows the time-dependent behavior of 

the three indices mainly associated with the organic 
matrix and collagen-related molecular features. In 
Figure 3a, the I4 index remained highly stable over 
time and showed only minor fluctuations among 
groups. No consistent divergence from the control 
profile was observed, suggesting preservation of the 
pyridinium/phenyl-related collagen signature during 
storage. 

The I5 index, reported in Figure 3b, showed 
moderate intergroup variability but no clear 
progressive trend over time. TT generally exhibited 
higher values compared with BM, SDG, and control 
dentin, suggesting a distinct collagen organizational 
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profile associated with this processing method. 
However, the temporal distribution of this index did 
not indicate progressive collagen-related 
degradation during storage. 

The I6 index (Figure 3c) showed limited 
temporal fluctuation across the analyzed years. 
Although some variability was observed among the 
different biomaterials, no consistent time-dependent 
pattern emerged. This suggests that the amide 
I/CH2-related collagen signature remained 
substantially preserved over the long-term storage 
period. 

The time-course evaluation of the six Raman-
derived indices indicates that long-term aging did 
not produce evident progressive changes in either 
mineral-organic balance or collagen-related 
molecular signatures. The main differences 
observed among BM, TT, SDG, and control dentin 
appeared to be primarily related to the specific 
processing protocols rather than to aging duration. 
 
3.3 Statistical Analysis Results 
Statistical analysis was performed to compare the 
distribution of the six selected Raman-derived 
indices among BM, TT, SDG, and control dentin 
samples. One-way ANOVA revealed significant 
intergroup differences (p < 0.001) for I1, I2, I3, I5, 
and I6, whereas I4 did not show significant 
differences among groups. Pairwise comparisons 
were then performed using the Tukey HSD post hoc 
test with Bonferroni correction (Table 2, Appendix).  

For the mineral-organic balance-related indices, 
I1, I2, and I3 showed the most relevant intergroup 
differences. BM differed significantly from TT, 
SDG, and controls (p < 0.001) for all three indices, 
confirming a distinct Raman profile characterized 
by lower mineral-to-organic matrix ratios and a 
higher protein-to-mineral ratio. For I1, an additional 
significant difference was observed between TT and 
SDG, whereas no significant differences were 
detected between SDG and controls. For I2 and I3, 
TT, SDG, and controls were broadly comparable 
after correction. Lower I1 and I2 values and higher 
I3 values observed in BM suggest a reduced relative 
mineral contribution and a more extensive organic-
related component, congruent with the more 
demineralized nature of this scaffold. 

Regarding the organic matrix-related indices, I4 
and I6 showed no robust pairwise differences after 
Bonferroni correction. In particular, I4 was not 
significant at the ANOVA level, while I6 showed 
only a global intergroup difference that was not 
confirmed by post hoc comparisons. Conversely, I5 
showed significant differences mainly involving TT, 
which differed from BM and controls (p < 0.001) 

and SDG (p = 0.005), suggesting a distinct collagen 
organizational profile associated with this 
processing method. Despite we have not observed 
any significant difference for I4 among groups, it 
may be considered a positive result. The stability of 
I4 suggests that the collagen cross-linking signature 
was preserved across all the experimental groups. 
This could be explained by the presence of mature, 
pre-existing collagen cross-links in dentin, which 
were not altered during refrigerated storage.  

Overall, the statistical analysis confirmed that 
the main molecular differences among groups were 
driven primarily by processing-dependent changes 
in the mineral-organic balance, particularly in BM. 
Collagen-related indices showed a more selective 
behavior, with I4 remaining stable, I5 distinguishing 
TT from the other groups, and I6 showing only a 
non-confirmed global trend. 

The intergroup behavior of the selected Raman-
derived indices was illustrated using error bar plots. 
Mean values were represented for each experimental 
group, and vertical bars indicated the corresponding 
95% confidence intervals (Figure 4). This 
representation was used to better visualize the 
separation among BM, TT, SDG, and control dentin 
samples and to support the interpretation of the 
statistical comparisons reported in Table 2 
(Appendix). 
 

 
Fig. 4: Error-bar plots showing the mean ± standard 
deviation of the selected Raman spectroscopic 
indices across the analyzed groups and storage 
periods. 
Source: created by the authors 
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4 Conclusion 
The aim of the present study was to evaluate the 
physicochemical stability of dentin-derived 
biomaterials processed with BonMaker, Tooth 
Transformer, and Smart Dentin Grinder after 
storage, with particular attention to the preservation 
of the mineral phase, the organic matrix, and the 
collagen-mineral interface. Overall, the present 
findings suggest that storage time itself was not the 
main determinant of molecular change, whereas the 
processing protocol primarily shaped the 
biomaterial's spectroscopic profile. Biologically, this 
is relevant because the selected Raman indices 
interrogate complementary domains of dentin 
quality: I1 and I2 reflect the relative contribution of 
phosphate and carbonated apatite to the organic 
matrix, I3 reflects the protein-to-mineral balance, I4 
provides an indication of collagen cross-link 
integrity, and I5-I6 are sensitive to collagen 
organization and matrix quality through the amide I, 
amide III, and CH2 regions [17], [18], [25], [27], 
[28], [29], [30]. Within this framework, the BM 
profile, characterized by lower I1 and I2 together 
with higher I3, is most consistent with a more 
demineralized and matrix-exposed scaffold, 
indicating a shift away from the native dentin 
mineral-organic architecture and toward a collagen-
richer graft material [3], [4], [7], [8], [9], [10]. By 
contrast, the greater similarity of SDG to native 
dentin suggests a better preservation of the original 
apatite-collagen balance and of the collagen-mineral 
interface, whereas TT appears to occupy an 
intermediate position; its higher I5 is more 
suggestive of collagen reorganization or altered 
secondary-structure packing than of overt collagen 
degradation [27], [29], [30]. The substantial stability 
of I4 across the storage period is also remarkable, as 
it argues against a major spontaneous loss of the 
mature collagen cross-link signature during 
refrigerated preservation. These findings indicate 
that the long-term biological identity of tooth-
derived dentin grafts depends more on how dentin is 
processed than on how long it is stored under the 
present conditions. 

More mineralized architecture, as observed in 
SDG-derived dentin particles, may provide a more 
rigid and stable scaffold contributing to maintaining 
graft volume longer. However, excessive 
mineralization could reduce the exposure and 
release of BMPs and other growth factors, 
potentially slowing the early phases of bone 
remodeling and regeneration. Therefore, 
preservation of the native dentin architecture may 
favor structural stability, but it does not necessarily 
mean superior osteoinductive or clinical 

performance. Since the present study wanted to 
physically characterize dentin-derived biomaterials 
and it did not directly evaluate bone formation, graft 
resorption, or implant osseointegration, these 
potential biological implications should be 
confirmed through histological and in vivo studies. 

However, these findings may help clinicians to 
select the right biomaterial according to the bone 
defect. SDG could provide graft-volume 
maintenance, BM may improve the release of 
BMPs, while TT could represent a balance between 
structural stability and remodeling potential. 

To the best of our knowledge, Raman studies 
specifically comparing BM, TT, and SDG and 
monitoring their storage-related stability remain 
very limited, making this study one of the first 
molecular-level investigations on this topic.  

The main limitations are the lack of 
complementary ultrastructural, physicochemical, 
and biological analyses, such as SEM, FTIR or 
XRD, thermal or mechanical testing, and cell-based 
assays, which would have strengthened the 
interpretation of collagen quality, mineral 
crystallinity, and functional stability. Nevertheless, 
Raman spectroscopy remains highly attractive for 
regenerative dentistry because it enables rapid and 
non-destructive assessment of both mineral and 
organic components within the same acquisition, 
and may therefore represent a useful platform for 
quality control, stability monitoring, and protocol 
optimization of dentin-derived graft biomaterials. 
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APPENDIX 

 
Table 1. Assignment of the main Raman bands and peaks detected in dentin and their associated biochemical 

components 

Source: created by the authors 
 

Table 2. Pairwise comparisons among experimental groups for the six selected Raman-derived indices 
(Tukey HSD post hoc test with Bonferroni correction). Significant values (p < 0.008) are indicated with * 

Source: created by the authors 
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Raman Shift (cm−1) Assignment Biochemical Component Reference 

430 ν2 PO4
3− bending Phosphate (apatite) [35] 

590 ν4 PO4
3− bending Phosphate (apatite) [35] 

850 C–C stretching vibration of proline Collagen [20], [35] 
870 C–C stretching vibration of hydroxyproline Collagen [20], [35] 
960 ν1 PO4

3− symmetric stretching Phosphate (apatite) [35] 
1003 Phenylalanine ring breathing Protein / collagen matrix [22] 
1032 C–C vibration of the pyridinium ring Collagen cross-linking [28], [29] 
1065 ν₁  CO3

2− substitution/C–O stretching Carbonate (apatite) [27] 
1242–1270 Amide III / C-N stretching and N-H bending Collagen [20], [35] 
1450 CH2 deformation/CH wagging  Organic matrix [35] 

1660 Amide I/ C=O stretching Collagen (secondary 
structure) [35] 

2930 CH stretching Organic matrix [20], [28], 
[35] 

    I1    I2    I3   I4    I5   I6 
BM vs. TT <0.001* <0.001* <0.001* 0.766 <0.001* 0.251 

BM vs. SDG <0.001* <0.001* <0.001* 0.937 0.747 0.490 
BM vs. Ctrl <0.001* <0.001* <0.001* 0.917 0.930 0.807 
TT vs. SDG 0.006* 0.347 0.936 0.423 0.005* 0.013 
TT vs. Ctrl 0.014 0.018 0.908 0.987 <0.001* 0.743 

SDG vs. Ctrl 0.989 0.441 0.999 0.619 0.392 0.119 
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