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� AFM-IR technique was used to detect
the chemical heterogeneity of human
dentin for the first time.

� The heterogeneity of mechanical
properties of human dentin was
explored by AFM AM-FM technique.

� A band at 1336 cm�1 assigned to S@O
stretching vibrations was found only
in peritubular dentin.

� Peritubular dentin had a higher
Young’s modulus (32.25 ± 4.67 GPa)
than intertubular dentin.

� AFM-IR and AFM AM-FM are useful
for understanding the mineral
deposition mechanisms of dentin.
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Human dentin, as an important calcified tissue in the body, plays significant roles in withstanding mas-
ticatory forces and has a complex hierarchical organization. Understanding the composition and ultra-
structure of dentin is critical for elucidating mechanisms of biomineralization under healthy and
pathological states. Here, atomic force microscope infrared spectroscopy (AFM-IR) and AFM-based ampli-
tude modulation-frequency modulation (AM-FM) techniques were utilized to detect the heterogeneity in
chemical composition and mechanical properties between peritubular and intertubular dentin at the
nanoscale. AFM-IR spectra collected from peritubular and intertubular dentin contained similar vibra-
tional bands in the amide regions (I, II and III), suggesting that collagen may exist in both structures. A
distinctive band at 1336 cm�1 indicative of S@O stretching vibrations was detected only in peritubular
dentin. AFM-IR imaging showed an uneven distribution of chemical components at different locations,
confirming the heterogeneity of dentin. The Young’s modulus of peritubular dentin was higher, and
was associated to a higher mineral content. This study demonstrated distinctive chemical and mechanical
properties of peritubular dentin, implying the different development and mineralization processes
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between peritubular and intertubular dentin. AFM-IR is useful to provide compositional information on
the heterogeneity of human dentin, helping to understand the mineral deposition mechanisms of dentin.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Dentin, which comprises most of tooth structure, is a mineral-
ized connective tissue with distinctive mechanical properties nec-
essary for supporting enamel, protecting dental pulp and
withstanding masticatory forces without fracturing [1,2]. Like
other vertebrate mineralized tissues such as dental enamel and
bone, the specialized functions of dentin are determined by its
hierarchical organization and composition [3]. Dentin is a hetero-
geneous composite material traversed by dentinal tubules of
micrometer diameter (1–2 lm) and surrounded by mineralized
peritubular dentin, which is embedded within a partially mineral-
ized intertubular dentin [4,5]. The dentin tubules extend radially
outwards from the pulp toward the dentin-enamel junction (DEJ)
and cementum-dentin junction (CDJ) [2,5]. The heterogeneity of
this human hard tissue makes it difficult to be repaired and recon-
structed readily [6]. Clinically, dentin damaged by disease has to be
replaced by restorations. Understanding the mechanical and bio-
chemical properties of dentin is the cornerstone to predicting its
behavior and its interfacial interactions with restorations [5,7].
Such knowledge will help to reveal the process of mineral deposi-
tion, which is important for the development of treatments for
mineralization-related diseases (dentinogenesis imperfecta, dental
erosion and carious lesions) and also for the innovation and devel-
opment of scaffolds for its repair.

Due to the small dimensions of human peritubular dentin
(about 1 lm in width) and its being contiguous with intertubular
dentin [8], the chemical composition and structure of peritubular
dentin is still not well understood. FTIR spectroscopy was an excel-
lent tool for analyzing the functional group of organic and inor-
ganic molecules, as well as crystallinity of the mineralized tissue
[9–15]. The organic and mineral composition of peritubular dentin
of horses has been identified using fourier transform infrared
spectroscopy (FTIR) [16]. Due to the limited spatial resolution (3–
30 lm) of FTIR, conventional FTIR spectroscopy of human teeth
only represents the average spectrum within a beam area
consisting of both peritubular and intertubular dentin and fails to
distinguish peritubular dentin from intertubular dentin [16–18].
AFM-based infrared spectroscopy (AFM-IR) is a new technique
which combines the spatial resolution of atomic force microscopy
(AFM) with the chemical analysis of infrared spectroscopy (IR)
using the AFM probe to detect the changes of photothermal reso-
nance induced by pulsed infrared emissions. The AFM-IR technique
can achieve chemical component mapping with high spatial reso-
lution of 20–30 nm, which is also in high consistency with FTIR
[17–19]. Taking the advantage of the fine spatial resolution and
the ability to collect topographical and chemical information
simultaneously, AFM-IR technique is the ideal tool for identifying
the structural heterogeneity of nanocomposite materials and tissue
samples including dentin, bone, skin and hair [20–30].

The difference in chemical distribution between peritubular and
intertubular dentin may induce differences in mechanical proper-
ties. Clarifying the mechanical differences between peritubular
and intertubular dentin is the corroboration for the chemical differ-
ence, as well as an important reference for dental operative proce-
dures. Previous articles have reported the Young’s modulus
difference between peritubular and intertubular dentin via tech-
niques such as nanoindentation and AFM-indentation [31,32].
However, the spatial resolution of the above approaches is also
limited. Instead, AM-FM mode is a recently developed bimodal
AFM technique that provides fast and quantitative maps of Young’s
modulus and viscosity coefficients of the sample surface with com-
parable spatial resolution with AFM-IR mapping [33,34]. In AM-FM
mode, the cantilever was excited at two frequencies simultane-
ously. The first-order resonance was used for tapping mode imag-
ing, which was operated in amplitude modulation (AM). As the
tip taps the surface, the second resonance frequency will shift
depending on how the tip interacts with the sample. This frequency
shift is traced with frequency modulation (FM) and converted into
values of the sample’s Young’s modulus. AM-FM mode has been
applied to determine elastic modulus of a large variety of materials
such as bonemicroconstituents, cells and polymers [34], whichwill
benefit the study of the differences in mechanical properties
between peritubular and intertubular dentin.

This is the first study to identify the nanoscale chemical
heterogeneity of human dentin by AFM-IR. Using the
non-invasive, non-destructive AFM-IR technique, we obtained
the IR absorption spectra at nanoscale, providing information of
the chemical composition of human peritubular and intertubular
dentin. Additionally, AFM-IR is able to provide the nanoscale chem-
ical imaging to characterize the organic and mineral distribution in
human dentin. In this study, we tested whether the chemical and
mechanical properties of human peritubular dentin are different
from intertubular dentin, and whether AFM-IR is a useful tool to
identify the nanoscale chemical heterogeneity of human dentin.

Material and methods

Specimen preparation

Human third molars were obtained from patients between ages
of 18 and 30 at the Hospital of Stomatology, Sun Yat-sen Univer-
sity, as approved by the Research Ethics Committee (ERC-[2017]-
18). The teeth were without any caries, cracks or other defects.
The molars were stored in 0.9% phosphate buffered saline (PBS)
solution (pH = 7.4) containing 0.002% sodium azide at 4 �C. The
roots were removed with a slow-speed water cooled diamond
saw (Buehler Ltd., Lake Bluff, IL, USA). The remaining tooth samples
were sectioned longitudinally into beams of about 3.0 mm � 6.0
mm � 3.0 mm (Fig. 1). The dentin beams were mechanically frac-
tured to avoid creation of a smear layer on cut surfaces. To be
specific, two notches were made in the opposite sides of a dentin
beam and it was then plunged into liquid nitrogen for 10 min
and fractured along the line joining the notches.

SEM observation

The dentin specimens described above were dehydrated in
ascending grades of acetone (from 25% to 100%). Excess acetone
was permitted to evaporate under a protective hood and the spec-
imens subsequently coated with platinum (Pt) for 3 min. Observa-
tions were carried out with an FE-SEM (Ultra Zeiss Oberkochen,
Germany) at 1–5 kV under an in-lens detector.

Fourier transform infrared (FTIR) spectroscopy

Three different spots on the surface of a specimen were ran-
domly chosen and ATR-FTIR spectra were collected using the
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Fig. 1. Schematic diagram showing the preparation of dentin specimen.
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Thermo Nicolet 5700 spectrometer (Nicolet, Madison, WI). To be
specific, the specimen was place on the face of the germanium
crystal of the smart OMNI sampler accessory (Nicolet, Madison,
WI) and the pointed tip of the standard pressure tower was
adjusted to the center of the mark. Spectra were collected in the
range from 750 to 4000 cm�1 at 4 cm�1 resolution by using
100 scans. The peaks ranging from 900 to 1800 cm�1 of the dentin
specimen were recorded according to Bachmann et al [35,36].

X-ray diffraction (XRD)

The X-ray diffraction (XRD) analysis was performed to explore
the crystallinity phases of dentin. The XRD profiles were recorded
with a diffractometer (PANalytical-Empyrean instrument) using a
step size of 0.02�mrad/s and a scan range 2h of 20–40�. The voltage
and current were 40 kV and 40 mA respectively.

Atomic force microscope infrared spectroscopy (AFM-IR)

The IR absorption spectra were obtained using the Nano-IR2s
instrument (Anasys Instruments, Santa Barbara, CA) (https://
www.bruker.com/products/surface-and-https://www.bruker.com/
products/surface-and- dimensional-analysis/nanoscale-infrared-s
pectrometers.html). The instrument consists of a tunable infrared
laser focusing onto a sample in the proximity of the AFM probe
tip. At each wavenumber of the laser, the oscillation amplitude of
AFM cantilever is recorded to achieve IR absorption of the speci-
men. It is reported that the AFM cantilever oscillation amplitude
is linearly dependent on the IR absorption. For each characteriza-
tion, the focusing spot of the laser was tuned to optimize the oscil-
lation amplitude of AFM cantilever. The specimen was fixed upon a
metal plate with adhesive tape in between. The AFM scans in the
AFM-IR were carried out in contact mode with a PR-EX-nIR2
gold-coated cantilever (resonance frequency: 13 kHz, spring con-
stant: 0.23 N/m). To enhance oscillation amplitude of AFM can-
tilever, the pulse frequency of the laser was synchronized and
locked to the resonant frequency of the tip in contact with the
specimen.

The single IR spectrum data were collected at selected sites with
a wavenumber spacing of 2 cm�1. The incident laser power was set
to 80% in the range from 900 cm�1 to 1800 cm�1. The IR spectra
were normalized to a fixed laser power at each wavenumber via
calibrating with the laser power detected by an IR sensitive pho-
todetector. The spectra were smoothed in Analysis Studio, a soft-
ware from Anasys Instruments. The baseline for each spectrum
was determined through local minimum fitting. Then the baselines
were subtracted to remove interference from IR absorbance in sub-
strate and thick sample. The parameters including mineral/protein
ratio, crystallinity and acid phosphate content were assessed on
basis of the corrected spectra [37].

For the IR chemical mapping, the laser power was adjusted to
82.4% for the mapping at 1033 cm�1, 1336 cm�1, 1692 cm�1. For
all IR mapping, the scan rate was 0.2 Hz. Meanwhile, the topogra-
phy images were recorded during mapping to keep the track of the
specimen drifting. The 1692 cm�1/1033 cm�1 intensity ratio map
was generated from the 1692 cm�1 and 1033 cm�1 maps after
the image shift correction.

Mechanical properties mapping

Mechanical properties of the dentin specimen were obtained in-
situ with AM-FM mode via an Asylum Research MFP-3D Infinity
AFM system. In AM-FM mode, the cantilever is excited near the
first and second resonant frequencies simultaneously. The first-
order resonance is operated in AM mode for morphology imaging.
To be specific, the cantilever is excited near the first resonant fre-
quency f 1. The deflection signal of the cantilever is analyzed by a
lock-in amplifier to determine the amplitude A1 and phase /1

response of the first eigenmode. During the scanning, the feedback
loop adjusts A1 to maintain constant that equal to amplitude set-
point A1;set , so that the displacement of scanner in z-direction can
be used for morphology tracking. Meanwhile, the cantilever is also
excited at the second resonant frequencyf 2. Here, a frequency feed-
back loop adjusts the frequency by a small amount Df 2 to maintain
the second eigenmode on resonance as the tip interacts with the
sample.

The AM-FM signals were recorded by the lock-in and feedback
system and can be used to extract the indentation depth [34,38]
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where Q1 ,A1;free are the quality factor and A1 of the cantilever in air
under first resonant frequency, which can be obtained by the tuning
procedure. k1 and k2 are the modal stiffness of the cantilever. k1 can
be obtained by force constant calibration. k1 can be calculated by
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In this work, AC160TS-R3 probe (Olympus Ltd Tokyo, Japan)
was adopted for AM-FM imaging. The force constant (modal stiff-
ness of the first resonant frequency) of the probe was calibrated
using the thermal noise method to be k1 ¼26.125 N/m. And its first
and second resonance frequency was 270 kHz, and 1504 kHz
respectively. Thus k2 ¼ 810:758 N=m was obtained. The tip has a
typical tip radius of 7 nm. The fractured dentin with exposed lon-
gitudinal section was scanned directly in AM-FM mode without
preliminary treatment. The scan speed was set at 0.5 line/s, and
A1;free was chosen to be 100 nm. Because the actual value of tip
radius is difficult to know, AM-FM mode usually need a reference
sample of known modulus to calibrate the tip radius. We used a
clean glass slide as reference sample, which has a Young’ modulus
of 55 GPa [39]. And the tip radius was calibrated to be 8 nm. Sche-
matic diagrams of methodology for AFM-IR and Bimodal AM-FM
were shown in Fig. 2.

Results and discussion

Spectral characterizations of peritubular and intertubular dentin

To confirm the sample preparation procedure exposes the den-
tin surface correctly, we observed the fractured dentin surface with
SEM. The typical image with dentinal tubules perpendicular to the
surface is shown in Fig. 3. The dentin tubules, seen in transverse
cross section, are surrounded by peritubular dentin and connected
by intertubular dentin. The peritubular dentin appears as ring-like
structures and is distinguished from intertubular dentin by its
appearance being brighter, more dense and smoother; while the
intertubular dentin seems more disorganized and rugged and (as
seen in Fig. 3B), seemed tightly packed with fibers. The average
width of the peritubular dentin is about 1.31 ± 0.18 lm, which
were in accordance with previous reports [4,7,40].
Fig. 3. Scanning electron microscope (SEM) images of dentin surfaces. (A) SEM imag
surrounded by peritubular dentin (PTD) and connected by intertubular dentin (ITD).

Fig. 2. Schematic diagrams of methodology for AFM-IR and Bimodal AFM. (A) Schem
To clarify the chemical distribution difference between per-
itubular and intertubular dentin, IR absorption spectra of the per-
itubular dentin and the intertubular dentin were obtained using
the nano-IR in the range from 900 to 1800 cm�1 (Fig. 4). The spec-
trum, without background modification, is available in Fig. S1 as an
attachment. The absorption bands associated with the organic con-
tents at 1532 and 1596 cm�1 are assigned to amide II; the peak at
around 1692 cm�1 assigned to amide I, at around 1206, 1254, 1280
and 1360 (1380) cm�1 assigned to amide III, at around 1336 cm�1

assigned to S@O stretching vibrations (sulfonamide) [1,4,16,41–
53]. The absorption peaks associated with mineral contents at
around 932, 966, 1033, 1088, 1148, 1442 and 1490 cm�1, are
assigned to PO4

3�m1, PO4
3�m1, PO4

3�m3, PO4
3�m3, HPO4

2�, CO3
2�m3 and

CO3
2�m3, respectively [4,16,41,42,46].
The detailed information about the locations and assignments

of AFM-IR spectra from intertubular dentin and peritubular dentin
is listed in Table 1. Several absorption bands were observed both in
peritubular and intertubular dentin spectra (Table 1). As the amide
I and III bands were typical of collagen, our study supported that
peritubular dentin contains collagen, which was also observed by
other researchers [4,16]. Besides the peaks assigned amide I, amide
II and amide III, a unique band at 1336 cm�1 assigned to the S@O
stretching modes of sulfonamide [45], was detected in peritubular
dentin. As chondroitin sulfate has been identified by immnunohis-
tochemistry [54], it was speculated the 1336 cm�1 band in per-
itubular dentin may be originated from chondroitin sulfate.
Chondroitin sulfate, a sulfated glycosaminoglycan on cell surfaces
and within pericellular matrices in the form of proteoglycans, plays
an important role in various physiological and pathological pro-
cesses [55]. In addition, a unique band of 1490 cm�1 assigned to
CO3

2�m3 was observed only in peritubular dentin, indicating that
peritubular dentin may contain a greater variety of inorganic con-
tents than intertubular dentin. When analyzing the FTIR spectrum
e of dentin surface seen in transverse cross section. (B) The dentin tubule (T) is

atic diagram for AFM-IR. (B) System diagram for bimodal AM-FM imaging mode.



Fig. 4. AFM-IR spectra collected from peritubular dentin and intertubular dentin. (A) The IR spectra for the region of 900–1800 cm�1. The color of the spectra corresponds to
the spots indicated in B. (B) AFM image showing the height of sample.

Table 1
Wavenumbers (cm�1) and peak assignments of nano-IR spectra from intertubular
dentin and peritubular dentin.

PTD (cm�1) ITD (cm�1) Assignment

932 932 PO4
3�m1 [4,42,46]

966 966 PO4
3�m1 [4,41,42,46]

1033 1033 PO4
3�m3 [16,41,46]

1088 1088 PO4
3�m3 [4,16,46]

1148 1148 HPO4
2� [16,46]

1206 1206 Amide III [16,48,49,52]
1254 1254 Amide III [16,41,43,47–49,52]
1280 1280 Amide III [1,4,16,47–49,52]
1336 S@O stretching vibrations [45]
1380 1360 Amide III [44,48,49,52]
1442 1442 CO3

2�m3 [41,42]
1490 CO3

2�m3 [16,41,42]
1532 1532 Amide II [41–43,49,52,53]
1596 1596 Amide II [46,49,51,53]
1692 1692 Amide I [16,41–43,48–50,52,53]
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of human dentin (Fig. S2), we found that all absorption peaks in
FTIR spectrum were also found in the AFM-IR spectra. The shift
between FTIR and AFM-IR spectra was slight. More details of
absorption peaks were observed in AFM-IR spectra, indicating the
higher resolution of local IR characterization. XRD profile of dentin
could be accessed in Fig. S3 as an attachment file. As indicated by
Fig. S3, the diffraction peak (0 0 2) at 2h = 25.90�, (2 1 1) at
2h = 31.77�, (1 1 2) at 2h = 32.19� and (3 0 0) at 2h = 32.90�are
all characteristic peaks of hydroxyapatite (HA) crystals according
to International Centre for Diffraction Data (ICDD). However, it is
important to point out that XRD analysis can only provide the aver-
age inorganic information of dentin and cannot distinguish per-
itubular dentin from intertubular dentin [56–62].

As shown by IR spectrum, the intensity of 932, 966, 1088 and
1148 cm�1 band of peritubular dentin is higher than that of inter-
tubular dentin. The mineral/protein (PO4

3�m1m3/amide I) ratio
(932/1692 cm�1, 966/1692 cm�1, 1033/1692 cm�1 and
1088/1692 cm�1) of peritubular dentin is found to be significantly
higher than that of intertubular dentin (p < 0.01), indicating that
peritubular dentin has more mineral content than intertubular
dentin. Crystallinity and acid phosphate content are useful for
understanding the mineralization process. Crystallinity, which is
an index of crystal size/perfection, represents the degree of long
range order of material and strongly affects its quality [63]. As
measured by the 1033/1020 cm�1 ratio, the crystallinity of inter-
tubular dentin (1.20 ± 0.02) is significantly higher than that of per-
itubular dentin (1.06 ± 0.01) (p < 0.01), indicating that intertubular
dentin contained more highly crystalline apatite. The acid
phosphate content (1148/1088 cm�1) is significantly greater for
peritubular dentin (1.24 ± 0.01) than for intertubular dentin
(0.87 ± 0.01) (p < 0.01).

Generally, increasing the degree of crystallinity indicates a rel-
atively lower degree of imperfections, disorders and substitutions
[63]. In our study, the crystallographic structure of peritubular
dentin was found to be lower than that of intertubular dentin,
meaning that although peritubular dentin is highly calcified, the
calcified material may not be apatite mineral [54,63,64]. As
reported before, the types of mineralization in majority of dentin
was extracellular matrix (ECM) molecular-derived mineralization,
including extrafibrillar and intrafibrillar mineralization [65,66].
For intertubular dentin, non-mineralized predentin formation pre-
ceded maturation of dentin [66]. Peritubular dentin did not result
from such transformation of predentin into dentin. Proteoglycans,
lipids and other ECM proteins were in the formation of a thin
amorphous network, leading to a dense hypermineralized per-
itubular dentin [66]. Besides, when considering the mechanism
of biological hydroxyapatite formation of dentin, the mineral
nucleation and mineral propagation can be expected to differ
between these two structures. Further study of these conjectures
needs to be carried out.
AFM-IR imaging of peritubular and intertubular dentin

To reveal the distribution of each chemical component, IR
chemical mapping was conducted on longitudinal section of den-
tin, in which the IR source was respectively tuned to 1033 cm�1

corresponding to PO4
3�m3, 1336 cm�1 corresponding to S@O

stretching vibrations (sulfonamide), and 1692 cm�1 corresponding
to amide I (Fig. 5). The distribution of PO4

3�m3 and S@O stretching
vibrations (sulfonamide), as well as amide I are uneven between
peritubular and intertubular and dentin. As shown in Fig. 5A and
5B, PO4

3�m3 and S@O stretching vibrations (sulfonamide) typically
exhibit relative high intensity (dark yellow signal) in peritubular
dentin, whereas light red and blue PO4

3�m3 and S@O stretching
vibrations (sulfonamide) signals suggest a relative low intensity
in intertubular dentin. In Fig. 5C, the intertubular dentin shows
intense amide I signal, while peritubular dentin exhibits relative
weak amide I intensity. The chemical mapping images allow for



Fig. 5. IR map of human dentin for each frequency coupled with corresponding AFM image which was captured during the mapping measurement to keep track of the sample
drift. Area are 15 � 15 lm2. (A) PO4

3�m3 at 1033 cm�1. (B) S@O stretching vibrations at 1336 cm�1. (C) Amide I at 1692 cm�1.
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the visualization of distribution of various aggregates in peritubu-
lar dentin and intertubular dentin.

The results of Fig. 5 were consistent with the result of Fig. 4A
indicated by the IR spectrum. The finding of low intensity of amide
I in human peritubular dentin compared to intertubular dentin in
this study was consistent with the previous studies [4,8,16]. To
be specific, the mineral content of peritubular dentin was much
more abundant than that of intertubular dentin, while the organic
matter of peritubular dentin was much less than that of intertubu-
lar dentin [4]. Hard tissues in vertebrate animals, such as dentin,
bone and cementum are generated by mesenchymal cells that
express a matrix of fibrillar collagen type I, which mineralizes
through the introduction of apatite nanocrystals into the fibrils
and into the extrafibrillar space [8]. As previous studies showed
that peritubular dentin forms from an extracellular matrix rich in
glutamic acid, it is considered an exception among mineralized tis-
sues [67,68].
Fig. 6. The amide I/PO4
3�m3 peak intensity ratio map of dentin generated from 1692 cm�

morphology (30.0 � 25.4 lm2). (B) AFM morphology (5.0 � 4.6 lm2). (C) The amide I/
Fig. 6 shows the amide I/PO4
3�m3 peak intensity ratio map gener-

ated from 1692 cm�1 (amide I) map and 1033 cm�1 (PO4
3�m3) map

after image shift correction with the AFM image. As indicated
in Fig. 6C, the intertubular dentin exhibits relative higher amide
I/ PO4

3�m3 intensity than peritubular dentin, suggesting the amide
I/ PO4

3�m3 ratio is more abundant in intertubular dentin than in per-
itubular dentin, which is in accordance with the results of chemical
mapping.

The Young’s modulus of peritubular and intertubular dentin

Young’s Modulus mapping of the longitudinal section of dentin
was obtained with AFM AM-FMmode. As shown in Fig. 7A, the per-
itubular dentin shows a flat and smooth structure whereas the
intertubular dentin has many globular structures. In the Young’s
modulus image (Fig. 7B), the color scale represents relative differ-
ence in the Young’s modulus, differentiating between intertubular
1 (amide II) map and 1033 cm�1 (PO4
3�m3) map after image shift correction. (A) AFM

PO4
3�m3 peak intensity ratio map corresponds to B.



Fig. 7. Young’s Modulus and indentation mapping of the longitudinal section of dentin. (A) AFM topographic image. (B) The Young’s modulus image corresponds to A. (C) The
indentation image corresponds to A. These three images were captured simultaneously. Areas are 10 � 10 mm2. T, dentin tubule; ITD, intertubular dentin; PTD, peritubular
dentin. White arrow in Fig. 7B and 7C indicates peritubular dentin. Scar bar: 2 mm.
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dentin and peritubular dentin. In Fig. 7A, the black, roughly linear,
trough-like structure going from bottom left to upper right is the
dentin tubular space once occupied by the odontoblastic process.
Roughly parallel to this trough-like structure is a yellow structure
showing higher Young’s modulus, which is the lamella of peritubu-
lar dentin observed in longitudinal section (Fig. 7B).

The peritubular dentin surrounding the dentin tubule, indicated
in yellow in Fig. 7B, shows the Young’s modulus value of
32.25 ± 4.67 GPa, while the intertubular dentin connecting the
tubules, indicated in blue, has a Young’s modulus of 20.13 ± 1.97
GPa (p < 0.05). Meanwhile, AM-FM imaging also provides the inden-
tation mapping, which is shown in Fig. 7C. The average indentation
values of the peritubular dentin and intertubular dentin are calcu-
lated by averaging 5 indentation values from each region, which are
0.20 ± 0.02 nm and 0.41 ± 0.09 nm, respectively (p < 0.01). Peritubu-
lar dentin is thus much stiffer than intertubular dentin.

The mineral/protein ratio of peritubular dentin was signifi-
cantly higher compared to intertubular dentin. As for mechanical
properties, peritubular dentin had a higher Young’s modulus than
intertubular dentin, suggesting a positive relationship exists
between mineral content and mechanical properties of dentin. In
accordance with our findings, it was reported that the hardness
of dentin was dependent on its mineral content and reduction of
dentin hardness was directly linked to the decreased mineral con-
tent [69]. Notably, as dentin heterogeneities at very small scales
can be identified, mechanical information of peritubular and inter-
tubular dentin cannot be obtained with standard physical tests.
The AFM indentation method improves the accuracy of modulus
at micro- and even nano-scales, due to the introduction of an
experimentally determined tip area function [70].

In the present study, we employed nanoscale AFM-IR to charac-
terize the chemical nature of human peritubular and intertubular
dentin, both inorganic and organic phases, for the first time. As
reported by literature, FTIR spectroscopy has been used in analyz-
ing the organic and mineral composition in horse dentin and there
was collagen in both peritubular and intertubular dentin [16].
However, Habelita et al reported that piezoresponse force micro-
scopy (PFM) cannot detect any piezoelectric response in human
peritubular dentin, thus it should be a non-collagenous tissue [8].
An invasive and destructive method of immunohistochemistry
have proved that chondroitin sulfate was the typical phosphopro-
teins of peritubular dentin [54], which was consistent with the
result of this study. Compared with previous studies, our study
showed that most of organic content (amide I, II, III) and mineral
content of peritubular dentin are similar to those of intertubular
dentin. A distinctive band of 1336 cm�1 indicative of the S@O
stretching vibrations (sulfonamide) was detected in peritubular
dentin, but was absent in intertubular dentin. A summary of the
comparison of our results with existing reports was shown in
Table S1 as an attachment file [16,31,32,71,72].
As an outstanding technique in exploring the nano-topography
and chemical constituents of biomaterial [23–30], AFM-IR tech-
nique can be employed for investigating the relationship of organic
and inorganic components and deciphering the biochemical min-
eralization mechanism of dentin in the near future. Although there
are excellent advantages of applying AFM-IR in directly character-
izing the peritubular and intertubular dentin, we need to consider
the limitation of this study. The teeth samples in this study were
selected from patients between ages of 18 and 30, however, it is
reported that ageing of teeth may influence the parameters of
chemical components and mechanical properties [71,73]. It would
be useful to analyze the heterogeneity of human dentin from dif-
ferent age groups in the future.

This study indicated that AFM-IR can be used in the future to
analyze changes in human dentin mineral formation in health
and disease (eg. dentinogenesis imperfecta). Additionally, in
response to acidic and bacterial attacks, chemical characteristics
such as mineral/protein ratio, crystallinity and acid phosphate con-
tent of dentin should be investigated in response to acidic and bac-
terial attacks.
Conclusions

We conducted AFM-IR and AM-FM analyses of human dentin
which confirmed our conjecture that the chemical and mechanical
properties of peritubular dentin are different from intertubular
dentin. This is the first study to characterize the chemical compo-
sition and distribution of human dentin by AFM-IR technique,
proving AFM-IR is a suitable and rapid method for identification
of the chemical contents in human calcified tissues at nanoscale.

This study paves the way for investigating mineral deposition
mechanisms of peritubular and intertubular dentin and analyzing
pathological changes in dentinal structure and composition in
response to acidic and bacterial attacks in future studies.
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