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ARTICLE INFO ABSTRACT

Keywords: Within the dental alveolar socket, the sequence of events following tooth extraction involves deposition of a

Bone provisional connective tissue matrix that is later replaced by woven bone and eventually by lamellar bone. Bone

Dental alveolar socket regeneration within the dental alveolar socket is unique since the space occupied by the root(s) of a tooth does

Extracellular matrix not originally contain any bone. However, extracellular matrix composition of the healing alveolar socket has

iz:a;eig;::;ﬁ:gpy not previously been investigated. Here, alveolar bone biopsies representing early (7-46 months, < 4y) and late

Osteocyte (48-60 months; 4-5y) healing periods were investigated using Raman spectroscopy, X-ray micro-computed to-
mography and backscattered electron scanning electron microscopy. Partially or completely edentulous in-
dividuals and those with a smoking habit were not excluded. Between < 4y and 4-5y, mineral crystallinity and
bone mineral density increase, phenylalanine, proline/hydroxyproline, and bone surface-to-volume ratio de-
crease, while the carbonate-to-phosphate ratio, the mineral-to-matrix ratio, and the collagen crosslink ratio
remain relatively unchanged. Observed exclusively at 4-5y, hypermineralised osteocyte lacunae contain sphe-
rical and rhomboidal mineral nodules. Spearman correlation analysis reveals several significant, high
(p = 0.7-0.9; p < 0.01) and moderate (p = 0.5-0.7; p < 0.01) correlations. Mineral crystallinity and proline/
hydroxyproline, the carbonate-to-phosphate ratio and phenylalanine, mineral crystallinity and bone surface-to-
volume ratio, the carbonate-to-phosphate ratio and bone surface-to-volume ratio, proline/hydroxyproline and
bone mineral density, and bone mineral density and bone surface-to-volume ratio are negatively correlated.
Mineral crystallinity and bone mineral density, and proline/hydroxyproline and bone surface-to-volume ratio
are positively correlated. Although bone regeneration in the dental alveolar socket follows typical bone healing
patterns, the compositional and microstructural patterns reveal mature bone at < 4y with indications of better
mechanical competence at 4-5y.

1. Introduction

Bone regeneration within the dental alveolar socket is a unique
event since the space previously occupied by the root(s) of a tooth does
not characteristically contain any bone. Sharpey's fibres of the period-
ontal ligament are embedded into the alveolar bone proper, which clo-
sely surrounds the roots in the form of a thin collar but is gradually
resorbed after tooth extraction [1]. Following tooth extraction, bone
regeneration within the alveolar socket is reminiscent of fracture
healing, beginning with the deposition of a provisional connective
tissue matrix that is later replaced by woven bone and eventually by
lamellar bone [2]. Replacement of lost or missing teeth is often un-
dertaken using osseointegrated implants, which restore not only facial
aesthetics but also dental function. Prior to implant placement, various
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arbitrary recommendations for the duration of post-extraction healing
are followed in order to ensure primary stability and to achieve os-
seointegration. An implant is inserted when radiographic bone density
in the alveolar socket is deemed to be satisfactory. Nevertheless, the
alveolar ridge suffers reduction in both vertical and horizontal dimen-
sions, which is challenging to prevent even with immediate implant
placement in fresh extraction sockets [3].

As a hierarchical material [4], the physical properties of bone are
governed by the combination of material composition and the unique
multiscale architecture [5]. Comprehensive understanding of healing
kinetics and factors that influence bone quality is, therefore, critical for
accurate clinical decision making, particularly since the time needed for
complete healing varies considerably between individuals [1,6,7].
Histologically, the alveolar process is comprised of lamellar bone,
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Fig. 1. Alveolar bone biopsies. (a) Photograph of an alveolar bone biopsy. (b) X-ray micro-computed tomography reconstruction of the same sample. (c) Healing

time.

woven bone, osteoid, bone marrow, and fibrous tissue in varying pro-
portions [8]. However, little is known about the molecular level com-
position of the extracellular matrix during alveolar socket healing. To
this end, we report the (i) extracellular matrix composition and (ii) bone
microstructure, using Raman spectroscopy, X-ray micro-computed to-
mography, and backscattered electron scanning electron microscopy,
including parameters that represent the degree of tissue organisation,
maturity/age, mechanical competence, and available surface for bone
remodelling.

2. Materials and methods

Alveolar bone biopsies were collected from 30 systemically healthy
individuals (Table S1), between 7 and 60 months after tooth extraction
due to dental caries, cracked teeth, endodontic problems, and period-
ontitis. These biopsies were categorised as early (< 4y; 18 = 14
months; n = 11) and late (4-5y; 51 = 5 months; n = 19) healing
(Fig. 1). The study protocol was approved by the Institutional Review
Board at the University of Linkoping (Dnr 2016/319-31). Informed
consent was obtained from all participants. The study was conducted in
accordance with the guidelines of Good Clinical Practice for Trials on
Medicinal Products in the European Community, the International
Conference on Harmonisation (ICH) guideline for Good Clinical Prac-
tice, the Declaration of Helsinki, and the CONSORT guidelines for
clinical studies.

The study subjects were selected from patients, male and female,
aged between 35 and 72 years, referred to the Department of
Periodontology, Institute for Postgraduate Dental Education,
Jonkoping, Sweden, between January 2016 and January 2017 for
dental implant placement at least six months after tooth extraction.
Additional inclusion criteria were: (i) adequate volume of alveolar bone
for implant placement, according to the Lekholm and Zarb classification
[9], and (ii) absence of risk factors that may affect levels of bone-related
gene expression, including osteoporosis, chronic use of anti-in-
flammatory agents, use of bisphosphonates, or severe metabolic dis-
eases such as diabetes mellitus. Partially or completely edentulous in-
dividuals, and those with a smoking habit were not excluded.
Cylindrical, 2 X 3mm, alveolar bone biopsies were obtained under
local anaesthesia from premolar regions using a trephine drill and were
immediately immersed in 10% neutral buffered formalin, followed by
dehydration in a graded ethanol series (50-100%) and resin embedding
(LR White, London Resin Co. Ltd., UK).

2.1. Bone microstructure

Using X-ray micro-computed tomography (micro-CT), bone mineral
density (BMD) and bone surface-to-volume ratio (BS/BV) were eval-
uated. All samples were scanned over a 180° rotation at a step size of
0.5° with an average of four frames and an image pixel size of 7.92 um
in a Skyscan 1172 (Bruker micro-CT, Kontich, Belgium) operating at 49

kV energy with an Al filter (0.5 mm). BMD calibration phantoms (0.25
g/cm® and 0.75 g/cm?® stoichiometric hydroxyapatite in epoxy resin,
2mm diameter) were also scanned using the same settings.
Reconstruction, analysis, and visualisation were performed using as-
sociated Skyscan software (NRecon, Image viewer, CTVox, CTAn).

Resin embedded blocks were wet polished using 400-4000 grit SiC
paper for backscattered electron scanning electron microscopy (BSE-
SEM) in a Quanta 200 environmental SEM operated at 20 kV accel-
erating voltage, 1 Torr water vapour pressure, and 10 mm working
distance.

2.2. Extracellular matrix composition

Raman spectroscopy was performed using a confocal Raman mi-
croscope (WITec alpha300 R, Ulm, Germany), equipped with a 532 nm
laser. The composition of the extracellular matrix was analysed at 20 X
20 um regions of interest. Between 8 and 10 locations were analysed on
each sample. On the surface of polished resin embedded blocks, the
laser was focused down on to the sample using a X 100 objective having
a numerical aperture of 0.9. Spectra were collected in the
300-1800 cm ™! spectral range behind a 600 mm™' grating, at a
spectral resolution of ~6 cm ™, an integration time of 3 s per pixel, and
an isotropic pixel size of 5pum. Background fluorescence subtraction
was performed in WITEC Control FIVE software. Curve fitting and
quantification of integral areas was done using MagicPlot (www.
magicplot.com). The integral areas were: v; PO,>~ (960 = 15 cm ™ 1),
vy PO, (437 + 25 em™Y), vy COs* (1072 * 15 em™ 1), Amide III
(1259 + 40cm™1), Amide I (1660 + 40 cm™'), and Pro + Hyp
(850 + 30 cm™Y). The Raman metrics investigated included mineral
crystallinity, taken as the reciprocal of the full-width at half-maximum
(1/FWHM) of the v; PO,®~ peak, the carbonate-to-phosphate ratio (v,
CO52~ /v, PO,37), the mineral-to-matrix ratio (v» PO,°~/Amide III),
and the collagen crosslink ratio (CXLR), taken as the percentage area of
the Amide I sub-component at ~1662 ecm™ ! [10]. To identify sub-
component peaks in the Amide I region, second derivative spectra were
calculated, followed by deconvolution of the 1540-1740cm™' en-
velope by fitting Gaussian curves centred at ~1555cm™?,
~1572cm ™Y, ~1589cm ™!, ~1604cm ™!, ~1616cm ™}, ~1621 cm ™Y,
~1638cm™", ~1662cm ™, ~1669cm ™', ~1691 cm ™', ~1708 cm~,
~1720cm ™}, and ~1736 cm ™', The amount of amino acid phenyla-
lanine relative to the main phosphate peak at 959 cm ™! (Phe/v; PO4>7)
and the amount of amino acids proline/hydroxyproline (Pro + Hyp)
were also investigated.

2.3. Statistical analysis

The Kruskall-Wallis test was used for all statistical analyses be-
tween < 4y and 4-5y groups; p values < 0.05 were considered statis-
tically significant. Mean values * standard deviations are shown.
Spearman correlation analysis was performed (data pooled for < 4y
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Fig. 2. (a) Average Raman spectra of < 4y (n = 11) and 4-5y (n = 19) groups and the absolute difference Raman spectrum (black line). Spectra are normalised to
the intensity of the 1453 cm ™! peak. (b) Detail of the 825-1025 cm ™! spectral region showing the Pro + Hyp and Phe bands and the absolute difference Raman
spectrum (black line). (c) Detail of the 1525-1765 cm ™ b spectral region showing the Amide I band and the absolute difference Raman spectrum (black line). Insets:
Second derivative spectrum (left) for identification of sub-component peaks in the Amide I region and sub-component deconvolution of the 1540-1740 cm ™!
envelope by Gaussian curve fitting (right). The percentage area of the Amide I sub-component at ~1662 cm ™! represents the collagen crosslink ratio. (d) Raman

metrics for extracellular matrix composition. (e) Microstructural parameters.

and 4-5y) between healing time, FWHM v, PO,37, 11 CO32™ /v, PO,
v, PO,43~ /Amide III, CXLR, Phe, Pro + Hyp, BMD, and BS/BV. Based on
the value of the Spearman's rank correlation coefficient, p, the strength
of the correlation is interpreted as: little if any correlation (0.0-0.3),
low (0.3-0.5), moderate (0.5-0.7), high (0.7-0.9), and very high
(0.9-1.0) [11]; p values < 0.01 were considered statistically significant.
The correlation coefficient, p, and the statistical significance level, p, are
provided.

3. Results

3.1. Mineral crystallinity and bone mineral density increase with healing
time

The Raman spectral features at both < 4y and 4-5y healing were
consistent with those of mineralised bone (Fig. 2). At 4-5y, the mineral
crystallinity (1/FWHM v; PO,>~) was significantly higher (p = 0.024)
than at < 4y. In contrast, Phe (p = 0.027) and Pro + Hyp (p = 0.009)
decreased between < 4y and 4-5y healing. The carbonate-to-phos-
phate ratio (1; CO3>~ /v, PO,>7), the mineral-to-matrix ratio (v,
PO, /Amide III), and the collagen crosslink ratio (CXLR) did not
change significantly beyond < 4y healing. In addition to extracellular
matrix composition, the bone mineral density (BMD) increased
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(p = 0.012) while the bone surface-to-volume ratio (BS/BV) decreased
(p = 0.045) between < 4y and 4-5y healing.

3.2. Hypermineralised osteocyte lacunae at late healing

Almost exclusively at 4-5y healing, BSE-SEM revealed that a small
proportion of osteocyte lacunae were hypermineralised and contained
equiaxed mineral nodules that were mainly spherical, including a few
with a fuzzy exterior (Fig. 3). Rhomboidal, distinctly facetted, nodules
were also noted. Frequently, a hypermineralised ring enclosed the la-
cuna.

3.3. Correlation analysis

Spearman correlation analysis revealed several significant correla-
tions (Table 1). High correlations were found between FWHM v, PO,3~
and Pro + Hyp (p = 0.851, p = 0.001) and v; CO35>~ /v, PO,>~ and Phe
(p = —0.790, p = 0.001). Moderate correlations were found between
BMD and BS/BV (p = —0.649, p = 0.001), FWHM v; PO,>~ and BMD
(p = —0.699, p = 0.001), FWHM v; PO,>~ and BS/BV (p = 0.655,
p = 0.001), v; CO3%~ /v, PO~ and BS/BV (p = —0.527, p = 0.003),
Pro + Hyp and BMD (p = —0.574, p = 0.001), and Pro + Hyp and BS/
BV (p = 0.546, p = 0.002).
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Fig. 3. Hypermineralised osteocyte lacunae (4-5y). (a) 48 months. Spherical mineral nodules. Boundaries of individual mineral nodules are visible. (b) 60 months.
Mineral nodules are partially coalesced and there is a minor contrast difference between the mineralised lacuna and the surrounding tissue. (c) Spherical nodules with
a fuzzy exterior. (d) Some nodules exhibit a distinct core—shell structure. (e) A hypermineralised ring surrounds the lacuna. (f) Hypermineralisation extends into the
canalicular space. (g) Rhomboidal mineral nodules. (h) A solitary rhomboidal nodule. (i) A trabecula containing many hypermineralised lacunae. (j-1) A selected
hypermineralised lacuna having both spherical nodules and distinctively facetted rhomboidal nodules.

4. Discussion

Constituents of the extracellular matrix contribute greatly to the
strength and mechanical competence of bone [12]. Following tooth
extraction, alveolar socket healing involves a sequence of events similar
to fracture healing [2]. In agreement with these histological observa-
tions, the mineral crystallinity (1/FWHM v, PO4%7), which represents
several factors, e.g., crystallite size and atomic scale disorder, was
found to increase with healing time. With increasing tissue age, the
width of the v; PO~ peak decreases [13], while the v; CO5* band
intensity increases relative to the v; PO,>~ peak [14]. For synthetic
apatites, greater CO3>" substitution typically results in v; PO,>~ peak
broadening [15]. However, this trend is not always observed in bone.
One explanation is that the precision with which mineral crystallinity
can be measured is poor, because the range of bandwidths observed for
a given tissue type is small (~1-3 cm ™ 1) [16]. Moreover, since collagen
acts as a structural template that controls nucleation, growth, and or-
ientation of bone apatite [17], continued crystal growth along the c-axis
compensates for the effect of CO5>~ substitution [18].

Simultaneously, Phe and Pro + Hyp decreased between < 4y and
4-5y, indicating that minor changes in the organic phase may occur
independently of the mineral phase. Furthermore, absence of a

corresponding change in the v, PO,>/Amide III ratio implies a steady-
state of bone remodelling. The Phe peak, at 1004 cm ™', has been used
as a measure of organic constituents of the extracellular matrix [19].
Based on our previous work, Phe levels tend to decrease with increasing
tissue age [20] and have been recorded at around 9-12% with respect
to the intensity of the phosphate peak at 960 cm ™! in alveolar bone
[21,22]. Phe levels here are markedly higher, ~24 + 7.1% at < 4y and
~18 * 6.6% at 4-5y, which indicates the presence of woven bone
remnants.

The volume fractions of individual constituents of composite ma-
terials, i.e., carbonated apatite and type-I collagen in bone, directly
influence the physical properties. Using the rule of mixtures equation, it
is possible to predict the Young's modulus of the extracellular matrix
assuming weighted contributions from the constituent phases. The
mineral fraction values, as estimated from the mineral-to-matrix ratios,
are ~0.440 = 0.03 at < 4y and ~0.431 * 0.03 at 4-5y. Atomistic
simulations suggest that at a mineral density of ~30%, a mineralised
collagen fibril reaches maximum elastic modulus [23]. With the mi-
neral fractions at < 4y and 4-5y being similar, amongst other com-
positional parameters including collagen crosslink ratios and carbonate-
to-phosphate ratios that were also comparable, it is reasonable to as-
sume that the extracellular matrix exhibits high mechanical

Table 1
Spearman correlation analysis between healing time, microstructural parameters, and compositional parameters.
FWHM v1 CO5>/ v2 PO/ CXLR Phe/ Pro + Hyp BMD BS/BV
v POS™ vy PO~ Amide IIT v POS™
Healing time -0.33 0.409° -0.07 0.080 —-0.373 —0.463* 0.374" —-0.272 p
0.075 0.025 0.714 0.673 0.043 0.01 0.041 0.146 P
FWHM —-0.371" —-0.13 0.209 0.332 0.851+ —0.699 0.655"* p
v; PO 0.043 0.495 0.267 0.073 0.000 0.000 0.000 p
v; CO27/ —-0.317 0.308 —0.790"" —0.483* 0.258 —0.527+ p
va POS™ 0.088 0.098 0.000 0.007 0.168 0.003 p
v3 PO/ —0.349 0.437¢ -0.309 0.241 0.004 o
Amide III 0.058 0.016 0.096 0.199 0.982 P
CXLR —0.339 0.125 —0.386 0.065 p
0.067 0.510 0.035 0.732 p
Phe/ 0.440" —0.214 0.464" p
v; PO 0.015 0.257 0.01 P
Pro + Hyp —0.574" 0.546" o
0.001 0.002 P
BMD —0.649* p
0.000 P

= Spearman's rank correlation coefficient.
** Significant at the p = 0.01 level.
* Significant at the p = 0.05 level.

el
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competence at ~18 months healing, which improves only slightly by
~51 months if the increase in mineral crystallinity is also considered.

The strength of bone is governed not only by the mineral content,
but is also influenced by the degree of mineral crystallinity [16,24].
Increase in mineral crystallinity with simultaneous BMD increase and
BS/BV decrease may be explained as a thermodynamically driven sur-
face dissolution and recrystallisation of the existing mineral while new
mineral is being added. Therefore, an increase in mineral crystallinity,
attributed to continued crystal growth and progressively greater apatite
occupancy of inter- and intrafibrillar spaces, will directly contribute to
an increase in the BMD. Owing to broken bonds and charge imbalance,
single-crystals exhibit a strained surface zone and distorted underlying
atomic geometry. This deformed surface zone, in nano-sized crystals,
comprises a large proportion of the crystallite volume [25]. Crystal
growth, therefore, leads to reduction in the surface-to-volume ratio,
which is detectable as a sharpening of the v; PO,>~ peak. Together with
the increase in BMD, the observed decrease in BS/BV may be attributed
to progressive reduction in micrometre-scale porosities (e.g., osteocyte
lacunae and blood vessels). BS/BV has been shown to correlate nega-
tively with fracture toughness (K.) [26]. A negative correlation between
11 CO32™ /v, PO, and BS/BV, therefore, suggests that carbonate ion
incorporation may be associated with increased resistance to crack
propagation. In biological apatites, CO5*~ substitution for PO,>~ affects
various physical properties including crystallite size, solubility, and
thermal stability [27], effectively limiting mineral crystallinity to less
than that observed for carbonate-free apatites.

The secondary structure of collagen, such as the characteristic triple
helix (or 3;¢-helix) [28], can be interpreted from the Amide I band
[29,30]. The arrangement of collagen molecules within a fibril is gov-
erned by intermolecular crosslinking [10]. Collagen crosslinking and
the resultant molecular structure impart tensile strength and viscoe-
lastic behaviour to the fibrillar collagen matrix in mineralised tissues
[31,32]. Even when limited to microanatomical locations, alterations in
collagen crosslinking can affect the mechanical competence on the
whole bone level, independent of changes in the mineral phase [33].
The collagen crosslink ratio, considered here as the % area of the
1662cm ™! sub-component, represents pyridinoline (or hydro-
xylysylpyridinoline) crosslinks in collagen [10]. Here, collagen cross-
linking was not observed to change significantly between < 4y and
4-5y.

Hypermineralised osteocyte lacunae, which were never observed at
< 4y healing, provide additional evidence for a temporal change in the
mechanical properties at the tissue level. It has been shown that
hardness and reduced elastic modulus of such mineral nodules can be
~120% and ~50%, respectively, greater than the mineralised extra-
cellular matrix, while the different morphologies represent different
calcium phosphate phases [22]. Originally referred to as ‘micropetrosis’
[34], hypermineralised osteocyte lacunae contain apoptotic debris
[35,36], and are a hallmark feature of the ageing skeleton [37]. When
present in large numbers, such localised regions of hypermineralisation
may contribute directly to increased fragility and embrittlement of bone
[38], and speculatively through a decreased capacity to sense loading,
detect microdamage, and orchestrate bone remodelling [39]. Further-
more, the presence of hypermineralised osteocyte lacunae may be
linked to increased osteocyte apoptosis as a consequence of low me-
chanical stimuli, particularly in the case of unloaded alveolar bone.

A potential limitation of this work is chemical fixation using for-
malin, which is considered sub-optimal for spectroscopic analysis of
bone. Various compositional parameters may be affected compared to
other fixation methods (e.g., 70-100% ethanol, glycerol etc.) and un-
processed and/or cryo-sectioned tissues [40]. The inclusion of smokers
may also be considered a limitation. Histologically, the proportions of
lamellar bone, woven bone, osteoid, bone marrow, and fibrous tissue in
alveolar bone do not differ significantly between individuals with and
without a smoking habit [8], but it is currently not known if smoking
alters extracellular matrix composition or delays the healing process.
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5. Conclusions

Bone regeneration in the dental alveolar socket follows typical bone
healing patterns. Although the extracellular matrix may be considered
compositionally and microstructurally mature at < 4y healing, in-
creases in mineral crystallinity and BMD, and decreases in Phe, Pro +
Hyp, and BS/BV are detected as late as 4-5y healing. Hypermineralised
osteocyte lacunae are observed exclusively at 4-5y healing, and contain
predominantly spherical but also rhomboidal mineral nodules, occa-
sionally.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.06.003.
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