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Abstract
Disease can alter the natural ramp-like elastic gradients to steeper step-like profiles at soft-hard
tissue interfaces. Prolonged function can further mediate mechanochemical events that alter
biomechanical response within diseased organs. In this study a human bone-tooth fibrous joint
was chosen as a model system, in which the effects of bacterial-induced disease, i.e. periodontitis,
on natural elastic gradients were investigated. Specifically, the effects of ectopic biomineral, i.e.
calculus, on innate chemical and elastic gradients within the diseased cementum-dentin complex
in comparison to a healthy complex, both of which are fundamental parameters to load-bearing
tissues, will be discussed.

Complementary techniques for mapping changes in physicochemical properties as a result of
disease, included micro-X-ray computed tomography, microprobe micro X-ray fluorescence
imaging, transmission electron and atomic force microscopy (TEM, AFM) techniques, and AFM-
based nanoindentation. Results demonstrated primary effects as derivatives of ectopic
mineralization within the diseased fibrous joint. Ectopic mineralization with no cementum
resorption, but altered cementum physicochemical properties with increasing X-ray attenuation,
exhibited stratified concretion with increasing X-ray fluorescence counts of calcium and
phosphorus elements in the extracellular matrix. These were correlated to decreased
hygroscopicity, indenter displacement, and apparent strain relieving characteristics. Disease
progression identified as concretion through the periodontal ligament (PDL)-cementum enthesis
and sometimes the originally hygroscopic cementum-dentin junction, resulted in a significantly
increased indentation elastic modulus (3.16±1.19 GPa) and a shift toward a discontinuous
interface compared to healthy conditions (1.54±0.83 GPa) (Student’s t-test, p<0.05). The observed
primary effects could result in secondary downstream effects, such as compromised
mechanobiology at the mechanically active PDL-cementum enthesis that can catalyze disease
progression.
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1. INTRODUCTION
Interfaces exist in a multitude of living organisms and delineate dissimilar tissues (1, 2).
Interestingly, these delineating interfaces under high spatial resolution most often illustrate a
seamless integration that consists of a gradual transition from one tissue to another,
indicating that the visibly discrete systems are indeed a continuum (2, 3). This fundamental
characteristic of an interface is exploited in this study, in which any deviation from the
naturally occurring elastic gradient is proposed as a “marker” of pathology. Furthermore,
shifts in chemical and elastic gradients from a ramp-like to a step-like profile at interfaces
could accelerate disease progression because of a secondary effect, i.e. compromised
mechanobiology with prolonged function of a diseased joint.

Soft-hard tissue attachment sites (entheses) in the musculoskeletal and the oral and
craniofacial systems are formed by insertions of soft, fibrous tendon/ligaments into
mineralized tissues (4–7). This integration is due to structural rearrangement of collagen,
interplay of water molecules with globular and fibrillar proteins, varying organic to
inorganic ratios, and the nanosize crystal association within and around collagen fibrils.
Such characteristics provide the load-bearing organ an optimum mechanical function
throughout the life-span of an organism (6–10). Despite the seamless binding at the
interface, mechanically loaded entheses experience higher strains simply because of
significant differences in stiffness values between soft and hard tissues (11). These naturally
highly strained attachment sites (12) can be compromised when compounded with external
insults. Excessive loading and/or disease-induced perturbations locally may alter the load-
bearing characteristics of the entheses. Within the musculoskeletal and oral and craniofacial
systems, undesirable mineral advancement into adjacent organic matrices can occur due to
aforementioned extrinsic factors. Mineralization of softer matrices at the entheses causes
enthesophytes and/or osteophytes. The mineral formation alters joint mobility as a result of
change in functional space (13, 14). Compared to most diarthroidal joints, the dento-alveolar
organ is a fibrous joint with relatively less functional space (150–380 µm) and limited range
of motion. Within this joint are several graded interfaces (functionally graded interfaces;
FGI) that permit optimum function (6, 15, 16). However, compromised functional space due
to bony protrusions or stratified bone growth were also identified as elastic discontinuities in
the form of steeper modulus gradients at the periodontal ligament (PDL)-bone and PDL-
cementum interfaces (3, 6) of the bone-tooth fibrous joint.

Two different mineralizing pathways that could occur at the soft-hard tissue attachment sites
specific to bone-tooth fibrous joints are: 1) Biologically induced mineralization: the oral
environment contains polymeric matrices of bacterial origin upon which calcium and
phosphate ions in the supersaturated crevicular fluid deposit, resulting in ectopic
mineralization (17); 2) Biologically controlled mineralization, also known as
mechanobiology-based mineralization: cells at the strained soft-hard attachment sites
regulate local biochemical signals within the extracellular matrix (ECM) (18). Subsequently,
entheses adapt as a result of load-induced modeling: a form-function phenomenon that alters
the biomechanical response of tissues and their attachment sites to match functional
demands (19). We propose that both pathways could exist in a diseased yet functioning
joint, and the resulting changes can be detected by mapping physicochemical parameters.
Parameters include changes in microstructure, elemental composition, and ultimately the
local load-resisting characteristics relative to healthy conditions. In this study we will map
shifts in modulus profiles as a result of ectopic calcification of the cementum enthesis within
a diseased human bone-tooth fibrous joint. A shift in modulus profile is proposed as an
adaptive effect of the PDL-cementum and cementum-dentin interfaces due to globally
prevalent and infectious periodontal disease.
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Periodontitis is an oral disease characterized by host inflammatory responses that affect the
load-bearing integrity of the attachment apparatus, eventually compromising function (20,
21). Patients with periodontitis often times have calculus formation (17, 22). This
mineralized mass has a varied elemental composition (23–25) and unlike vascularized
alveolar bone (AB), diseased avascularized cementum does not exhibit clinical resorption
(26, 27). Diseased cementum was reported to contain higher calcium (Ca) and phosphorous
(P) content at PDL-cementum entheses and interfacial regions than bulk cementum (28).
Despite these observations, there is no information on how the adapted physicochemical
properties of the cementum-dentin complex affect the natural gradients and biomechanical
function of the tooth. We hypothesize that bacterial insult converts a functionally graded
PDL-cementum interface into a discontinuous interface. The hypothesis was investigated by
mapping physicochemical properties of diseased and healthy PDL-cementum and
cementum-dentin complexes. Correlative high resolution imaging and spectroscopy were
performed to underline the importance of natural gradients and, therefore, the strain- and
stress-relieving attachment apparatus of a human bone-tooth complex.

2. MATERIALS AND METHODS
2.1. Ultrasectioned blocks for atomic force microscopy (AFM), nanoindentation, micro X-
ray fluorescence (μ-XRF), and ultrasections for transmission electron microscopy (TEM)

Molars were obtained from humans requiring extractions as a part of dental treatment
following a protocol approved by the UCSF Committee on Human Research. Roots from
diseased and healthy molars from 40–60 year old males were gamma-radiated (29),
longitudinally cut, and the resulting longitudinal halves containing primary cementum were
transversely sectioned. Primary cementum also known as acellular cementum was identified
by noting the absence of lacunae (30). The transverse sections were glued to AFM steel
stubs (Ted Pella, Inc., Redding, CA) using ethyl α-cyanoacrylate (MDS Adhesive QX-4,
MDS Products, Inc., Anaheim, CA). Specimens were then ultrasectioned using an Ultracut E
ultramicrotome (Reichert Scientific Instrument Technical Services, Depew, NY) (31) and
60–90 nm thin sections were collected. Ultrathin sections were placed on carbon coated
TEM grids for TEM analysis, while the relatively flat and orthogonal surface of the
sectioned specimen block was used for AFM, AFM-based nanoindentation (31), and
microprobe μ-XRF (3) analyses.

2.2. Histology
Healthy and diseased molars (N=3 each group) were fixed in 10% formalin (Lyne
Laboratories, Inc., Soughton, MA) for two days, and decalcified using formic acid
(Immunocal, Decal Chemical Corp., Tallman, NY) for two weeks. Following paraffin
embedding, specimens were sectioned with a rotary microtome (Reichert-Jung Biocut,
Vienna, Austria). 5–6 µm paraffin sections were mounted on Superfrost Plus microscope
slides (Fisher Scientific, Fair Lawn, NJ), deparaffinized, and stained with picrosirius red
(PSR). Stained sections were characterized with a light microscope (BX51, Olympus
America, Inc., San Diego, CA). Polarized light was used to enhance collagen birefringence
and resulting images were analyzed using Image Pro Plus v6.0 (Media Cybernetics, Inc.,
Silver Spring, MD).

2.3. Micro X-ray computed tomography (μ-XCT)
1×1 mm longitudinal beams containing cementum and dentin tissues were sectioned from
healthy and diseased molars (N=3 each group) and polished with 1200 grit polishing paper.
Macroscale structural analysis of the cementum-dentin complex was performed using μ-
XCT (MicroXCT-200, Xradia, Inc., Pleasanton, CA) at 4× and 10× magnification under wet
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conditions. X-ray imaging of specimens was performed using a tungsten anode with a
setting of 70–75 KVp at 4 W.

2.4. Scanning electron microscope (SEM), AFM
For SEM analysis, molars (N=3 each group) were fixed in 10% formalin (Lyne
Laboratories, Inc., Soughton, MA) for two days. Each molar was dehydrated before
cryofracturing (6) and sputtered with a 100 nm gold-palladium coating (Hummer VII,
Anatech Ltd. VA, USA). Specimens were then imaged at 5–10 keV using a S4300 SEM unit
(Hitachi, Tokyo, Japan). Backscatter electron (BSE) imaging was performed at 15 keV.
High-resolution qualitative microstructural analysis of the ultrasectioned cementum-dentin
complex (N=5 each group; healthy and diseased) was performed under dry and wet
conditions using a multimode AFM (Bruker, Santa Barbara, CA) (32).

2.5. Microprobe μ-XRF imaging
150 µm thick finely polished ground sections were imaged using a microprobe (Stanford
Synchrotron Radiation Lightsource, Menlo Park, CA) μ-XRF technique. Images were
acquired using an incident X-ray energy of 12 keV with a microfocused beam of 2 µm.
Fluorescence lines of Ca and P were monitored using a beam exposure of 100 ms per pixel.
Low resolution maps were generated with a scanning step size of 5 µm while high resolution
maps were generated with scanning step size of 1 µm. All spectra and maps were analyzed
using SMAK v0.51 (http://smak.sams-xrays.com/) (33).

2.6. Nanoindentation
Changes in indenter displacement into the healthy and diseased matrices by holding a peak
load of 1500 µN over 3 seconds (32) provided site-specific displacement and apparent strain
effects. Site-specific stiffness (S) and reduced elastic modulus (Er) measurements were
evaluated under wet conditions with the use of an AFM-based nanoindenter (Hysitron Inc.,
Minneapolis, MN) (32, 34, 35). S as predominantly determined by the load per unit
deformation of organic, collagenous matrices was determined as the load-to-displacement
ratio of the initial 30% of data in the unloading stage of a 3-stage load-hold-unload curve
(35). The stiffness of organic, or predominantly organic, collagenous matrices is initially
low owing to the natural crimps within collagen. A significant increase in load per unit
deformation can only be observed once the crimps are removed and the fiber becomes taut.
Hence, stiffness was mapped, while elastic modulus is an intrinsic and a constitutive
property of the site-specific region being indented (36).

Er was calculated based on the S value measured and the contact area of the indenter with
the material (35). Er was reported to determine if increased mineralization of the diseased
complex affected the intrinsic molecular interactions within the tissues that form the
enthesis. Changes in these interactions would alter intermolecular strains of diseased tissue
structures in comparison to healthy structures.

Ultrasectioned blocks from diseased and healthy molars were used (N =3). Following a
modified protocol (31), for each indent a maximum load of 1500 µN was used with load,
hold, and unload times of 3 s each. Changes in indenter displacement into the healthy and
diseased matrices (Fig. 5A) by holding a peak load of 1500 µN over 3 seconds (32) provided
site-specific displacement and apparent viscoelastic strain effects. Fused silica was used as a
standard to calibrate the transducer under both dry and wet conditions (6).
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3. RESULTS
3.1. Calcified ectopic mass

3D tomography and 2D virtual sections of diseased roots illustrated higher X-ray attenuating
patches along diseased cementum surfaces (Fig. 1d,f), and a lower X-ray attenuating zone
indicative of the 100–200 µm interfacial zone between healthy cementum and dentin (31,
32) was observed under both healthy and diseased conditions (Fig. 1a–f). Rough surfaces
due to ectopic calcification through a layer-by-layer mineral apposition that varied in X-ray
attenuation (Fig. 1c,d) were observed on diseased root surfaces compared to healthy
counterparts (Fig. 1a,b). Microscale regions of increased X-ray attenuation was noted within
bulk cementum (Fig. 1e,f). Please see Supplemental Videos 1 and 2.

3.2. Ca and P elemental gradients
The diseased cementum enthesis exhibited a lighter gray color than that of the underlying
bulk cementum (Fig. 2d), and healthy cementum (Fig. 2a). Contrary to the healthy complex,
a semi-quantitative analysis indicated an increase in Ca and P elemental counts. Within the
enthesis and bulk cementum regions, a 10% increase in Ca and a 33% increase in P were
observed in diseased specimens compared to healthy specimens. Interestingly, the healthy
complex demonstrated gradual transitions of Ca and P counts (Fig. 2b,c) from the root
surface into dentin, contrasting the increase in Ca and P at the diseased enthesis (Fig. 2e,f).

3.3. Concretion of fibrous structures
Characteristic collagen fibril periodicity of 65–67 nm (37) within the healthy enthesis and
bulk cementum (Fig. 3a,b) was observed. Furthermore, needle-like crystals were observed
along collagen fibers (Fig. 3a,b, insets). Correlating diseased regions did not illustrate
collagen fibril periodicity due to an increased density of crystals (Fig. 3c,d). Mineral
deposits varied in size, were of a hexagonal shape (Fig. 3c,d) and exhibited interference
fringes, demonstrating increased crystallinity at the diseased enthesis (Fig. 3c, inset) and
within cementum (Fig. 3d, inset). Complementary data using polarized light, scanning
electron and atomic force microscopy techniques illustrated loss in collagen birefringence,
fibrous structure, and hygroscopicity at the diseased PDL-cementum enthesis, cementum,
and at times the CDJ compared to healthy specimens (Fig. S1).

3.4. Shifts in reduced elastic modulus (Er) gradients
A gradual increase in Er from the cementum enthesis into root dentin was observed (Fig.
4a,c) (6). In contrast, the diseased complex exhibited altered Er gradients from the enthesis
into root dentin (Fig. 4b,c). The healthy and diseased CDJ had lower Er values compared to
dentin and cementum (Fig. 4a,b). In both healthy and diseased complexes, stiffness (S)
values followed the same trends as described for Er. A Student’s t-test with a 95%
confidence interval indicated a significant difference (p<0.05) in S and Er between healthy
and diseased entheses, cementum and CDJ (Fig. 4, table). Intra-regional comparisons within
the healthy complex showed a significant difference between the enthesis and bulk
cementum (p<0.05) but not between the enthesis and CDJ. In contrast, the diseased complex
showed no significant difference between the enthesis and bulk cementum but a significant
difference between the enthesis and CDJ (p<0.05).

3.5. Displacement at peak indentation load
Under wet conditions, decreased indenter displacement during the hold phase (Fig. 5a) at the
diseased compared to the healthy enthesis (Fig. 5b) was observed. Furthermore, the change
in peak load over the same time for diseased enthesis was lower than for healthy enthesis
(Fig. 5c).
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4. DISCUSSION
Based on the results from this study, we propose that ectopic mineral, i.e. “biologically
induced mineralization,” can compromise “biologically controlled mineralization”.
Moreover, a combination of the two can accelerate disease progression under prolonged
function. Biologically induced mineralization includes ectopic calcified masses (17, 38),
such as calculus, atherosclerotic plaque, gallstones, calcified tumors, and kidney stones (39–
41). In this study, as a result of calcified mass adjacent to cementum, we identified increased
mineral density variations (Figs. 1 and 2), concretion of collagen fibers (Figs. 3 and S1), and
shifts in modulus gradients (Fig. 4), including decreased indenter displacement and apparent
strain relieving characteristics (Fig. 5) at the PDL-cementum and cementum-dentin
interfaces. The correlative physicochemical mapping provided insights to propose a
downstream secondary effect that could include unfavorable cell-mediated mineral
formation and/or resorption related events, thus accelerating disease progression (Fig. 6).

Inception of layer-by-layer ectopic biomineral mass occurs from organic matrices with
monomeric basic constituents at solid-liquid and liquid-air interfaces in supersaturated
solutions. At solid-liquid interfaces, such as those found within a bone-tooth complex, an
adhesive layer consisting of many organic constituents, such as polysaccharides, proteins,
and glycolipids, creates a polymeric niche and a surface with high affinity to bacterial
pathogens and their sessility (42). The long-term site-specific harboring of such bacteria on
the slimy plaque layer triggers a cascade of destructive inflammatory events, including
enzymatic degradation of nucleation inhibitors that maintain the supersaturation of gingival
crevicular fluid, thus inducing mineralization pathways adjacent to the cementum surface.
As a result, local rises in concentrations of calcium and phosphate ions and rises in plaque
pH to alkaline levels cause nucleation of calcium phosphate salts on plaque (43).
Additionally, bacteria within the plaque create intercellular alkaline regions that act as
nucleators for subsequent biomineralization. In such a case, the matrix between the micro-
organisms becomes calcified, and eventually mineralizes the bacteria (38, 39). Over time,
the mineral phase, extent of mineralization, and type of mineral changes with disease
progression (17, 44), thus increasing the overall mineral content. These events provide a
stratified appearance as indicated by higher and lower X-ray attenuating layers (Fig. 1c–f).

Increased mineralization of cementum surface layers is sometimes observed in diseased
specimens without calculus, and could be initiated through mechanisms similar to those seen
in calculus formation. These mechanisms include bacterial-induced processes and/or
diffusion and nucleation of inorganic calcium and phosphate ions on the exposed organic-
rich enthesial ligaments. Results indicating higher attenuating mineral on the cementum
surface and within subsurface layers of cementum (Figs. 1c–f and 2e,f) are in agreement
with others (28, 44, 45). These layers illustrated dominance of higher atomic number
elements (Fig. 2) of Ca and P within the affected enthesis and cementum and towards the
hygroscopic CDJ (Fig. 2b,c,e,f). At the enthesis, it is conceivable that the PDL radial-inserts
act as “wicks”, which permit an influx of Ca and P ions that could promote mineralization of
the predominantly organic fibrous structures within cementum and at the cementum-dentin
interface. Hence, the soft-hard, PDL-cementum hygroscopic attachment site and the hard-
hard, cementum-dentin interface that both run apically down the roots are proposed to act as
paths of least resistance and could permit concretion of collagen fibers.

Compromising of the functional integrity of the enthesis and organic-rich regions in
cementum begins with an offset in the homeostatic repair mechanism through proteases as a
response to disease (46, 47). Hence, the biochemical breakdown of a collagen molecular
structure could result in a decrease in collagen birefringence (Fig. S1d) (48) and loss in fiber
orientation and collagen periodicity (Figs. 3 and S1e,f). The added effect of loss in collagen
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structure and deposition of mineral extrinsic to collagen fibrils decreased the visibility of
collagen fibril periodicity (Fig. 3c,d) and hygroscopicity (Fig. 4b) (3, 6, 49), which are all
significant characteristics of the affected enthesis and cementum-dentin complex.
Concretion of collagen fibers at the enthesis and within cementum can be further
corroborated by the increased and varied mineral deposits, crystal maturation, and altered
crystal shapes and sizes, at the diseased enthesis (Figs. 2 and 3) (17, 50–53). These
unwanted characteristics shifted the graded ramp-like Er profile to a steeper step-like
modulus profile at the PDL-cementum interface (Figs. 2 and 4).

Key basic constituents responsible for a functional soft-hard tissue interface should include
intact collagen fibrils consisting of intra- and extra-fibrillar mineral deposits (54, 55).
Additionally, the polyanionic proteoglycans (PGs) are responsible for structure and water
retention of entheses and interfacing tissues. PGs covalently interact with collagen fibrils
(56, 57), play a fundamental role in maintaining functional integrity, and are abundantly
found at the healthy fibrous enthesis and CDJ (6). In addition to intrafibrillar water
interactions within the collagen fibril, PGs increase the hygroscopicity of tissues and
interfaces and contribute to matrix swelling (58, 59).

Hygroscopicity of interfaces predominantly at the mechanically strained soft-hard tissue
attachment sites is essential (5, 6, 60, 61). The effect of enthesial hygroscopicity was best
demonstrated by decreased local deformations at the diseased entheses and cementum in
response to static load over time relative to healthy conditions (Fig. 5b,c). Decreased
displacement at the diseased enthesis (Fig. 5b) indicated decreased strain relieving (shape
memory) characteristics (Fig. 5b,c). Structures identified through collagen fibrils and
extrafibrillar PGs, which together with bound water and intra- and extra-fibrillar mineral
interactions, dissipate strain buildup via delayed movement within a tissue (61). These
combined for decreased displacement effects over time, including: 1) the aforementioned
loss in structure of the water-retentive collagen-PG network due to proteolytic fragmentation
and/or defibrillation of organic collagen fibrils (5, 61, 62), and 2) increased concretion of the
normally organic-rich PDL inserts (28, 45, 49). Given such a scenario, it is likely that the
recoil energy of collagen and organic-rich regions at the interfaces within a tooth (enthesis
and cementum-dentin complex) is decreased (63, 64).

The significant increase in Er of the affected regions complements altered intrinsic
molecular interactions within the tissues that form the enthesis. As a result, the diseased
complex exhibited step-wise Er and S profiles (Fig. 4b) similar to the chemical profiles of
Ca and P (Fig. 2e,f). Interestingly, the extent of overlap in Er and S values between diseased
and healthy specimens illustrated the degree of disease and that the enthesis is similar in
mechanical characteristics to the diseased cementum and CDJ (Fig. 5d). This implies that
decreased displacement existed in the diseased enthesis as compared to the healthy enthesis.
Hence, apparent strain relieving characteristics of the once heterogeneous enthesis, bulk
cementum, and CDJ, could eventually act as a single homogenous tissue upon calcification
with a loss in functionally graded characteristics and increased Er and S. Moreover,
transitions in Er between cementum (1–8 GPa, wet conditions) and the relatively more
mineralized dentin (10–25 GPa, wet conditions) could compromise tooth mechanics,
affecting the overall bone-tooth biomechanics. Interestingly, despite severe diseased
conditions, the significant overlap of S and Er values between healthy and diseased bulk
cementum (Fig. 5e) illustrates the potential for regenerative attachment to restore
functionally graded interfaces, while those that fall outside of the healthy range may have
been altered beyond their regenerative potential.

In summary, the following model is proposed, illustrating two integrated mechanisms that
drive the progression of periodontitis through 1) ectopic calcification and 2) compromised
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mechanobiology (Fig. 6). Under healthy conditions, stiffness gradients at PDL-AB and
PDL-cementum interfaces relieve function-induced strains (Fig. 6a, 6b) (6, 12). Periodontitis
is known to cause increased range of motion of the tooth due to loss of coronal periodontal
support (Fig. 6c). Based on our results, the bacterial insult causes concretion of the PDL-
cementum enthesis, shifting modulus gradients at the interface (Fig. 6d) (Er profiles from
ramp-like to step-like across the PDL-cementum interface). These events could cause
compromised mechanotransduction, eliciting mineralization and/or resorption effects (3, 18,
65–68) and further altering the overall biomechanics of the bone-PDL-tooth complex. Hence
it is plausible that a combinatorial effect of the aforementioned mechanisms upon prolonged
function can create a perpetuating self-degrading mechanism.

5. CONCLUSION
This study examines how ectopic calcified mass in the periodontium can alter the PDL-
cementum FGI and subsequently the overall biomechanical function of a bone-tooth
complex. The PDL-cementum-dentin complex is an excellent model in describing this
phenomenon as it contains remarkable graded properties and is susceptible to degeneration
as a result of calculus formation and inflammatory response. Combined physicochemical
markers for a compromised PDL-cementum-dentin complex include collagen fibril/fiber
degradation, increases in Ca and P contents indicating hypermineralization, loss of
hygroscopicity, and loss of much needed strain-relieving characteristics at the enthesis and
CDJ. These changes in physicochemical properties were correlated to increased stiffness
gradients of the fibrous joints. The shifts in Er profiles could result in discontinuities with
progression of disease and compromise the overall biomechanics of the bone-tooth organ.
Future spatiotemporal studies via animal models would specifically identify the
aforementioned cascade of events that simultaneously drive the degradation of the organic
tissue and altered mineral content of the cementum surface in a systematic fashion.
Furthermore, animal studies would allow mapping spatiotemporal adaptation of the entire
bone-tooth complex as it is difficult to acquire pristine bone and PDL specimens from
humans.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
3D tomographs and virtual sections reveal a transitional hypomineralized zone between
cementum and dentin under healthy (a, b, black asterisks) and diseased (c–f, red asterisks)
conditions. Healthy root surfaces lack ectopic calcified mass (a, b), while diseased root
surfaces contain a calcified mass (c–f). Calculus can be identified as higher X-ray
attenuating regions (c–f) with or without lamellar structures (c, d). Increasing mineral
buildup in bulk cementum (e, f, stars) can also be seen under diseased conditions. (Calc –
calculus; Cem – cementum; Den – dentin; RS – root surface)
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Figure 2.
Backscatter scanning electron microscopy (a, d) illustrates grey scale differences between
the superficial cementum layer and bulk cementum of healthy (a) and diseased (d, green
stars) cementum-dentin complexes. μ-XRF maps of Ca and P elements (b, c, e, f) show site-
specific variations in counts. Line profiles (arrows) illustrate gradients of Ca and P counts in
the healthy complex (b, c) and an altered Ca and P gradient through the diseased complex (e,
f). (Cem – cementum; Den – dentin; RS – root surface)
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Figure 3.
TEM illustrates collagen fibrils at the healthy cementum enthesis (a) and in cementum (b).
Higher magnification reveals needle-like mineral deposits (insets, a, b) in the healthy
enthesis and cementum. The diseased enthesis (c) and cementum (d) exhibits increased
density and different sizes and shapes of mineral deposits. Higher magnification of diseased
regions illustrates individual crystals that present lattice fringes (insets, c, d).
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Figure 4.
Wet AFM micrographs illustrate hydration of the healthy enthesis (a, green stars) compared
to minimal hydration of the diseased enthesis (b, teal stars). Arrays of indents (a, b, pink
triangles) illustrate the nanoindentation scheme through ultrasectioned block surfaces of
both diseased and healthy cementum-dentin complexes. Er and S line profiles from root
surface into dentin reveal a loss in stiffness graded properties in diseased specimens
compared to a gradual gradient in healthy specimens. Blue and green arrows are
representative Er profiles for healthy and diseased conditions, respectively. Er alone for
healthy (c, black) and diseased (c, red) enthesis regions (a–c, red boxes) are plotted. Table
illustrates average Er and S values of specific regions within the complex under healthy and
diseased conditions. Significant differences in Er and S between healthy and diseased
regions are marked (superscripts). (Enth – enthesis; Cem – cementum; CDJ – cementum-
dentin junction; Den – dentin)
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Figure 5.
A representative load-time curve includes 3 segments: load, hold, and unload (a). Each
segment occurred over 3s with a maximum load at 1500 µN. The representative load-
displacement profile for each corresponding segment is shown. The change in displacement
(b) and load (c) over the hold segment for healthy (black) and diseased (red) specimens were
examined for time related behavior. The spread of S vs. Er illustrate one standard deviation
above and below average values for specific regions in healthy and diseased specimens (d).
S vs. Er values for healthy and diseased entheses only were used to compare with
representative PDL and respective cementum values (e). PDL values were taken from
previous observations in our laboratory. (Enth – enthesis; Cem – cementum; CDJ –
cementum-dentin junction)
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Figure 6.
(a) In a healthy tooth attachment, range of motion (blue arrows) is limited to a PDL
functional space of 150–380 µm. (b) Schematic diagram of a healthy complex corresponding
to the red box (a, red). The line represents elastic gradients through the PDL-bone and PDL-
cementum interfaces and the cementum-dentin complex (dark blue). (c) The periodontally
diseased tooth attachment process illustrating severe PDL degradation and alveolar bone
resorption. Increased tooth movement can be observed (green arrows) with loss of
attachment. (d) Diseased complex corresponding to the boxed inset (c, red) illustrate AB
resorption and PDL degradation within PDL-space and bacterial-induced mineralization at
exposed tooth root surfaces (1) shifting a ramp-like to step-like (green, Δyd/Δxd >> Δyh/
Δxh) across the PDL-cementum interface. As a result the compromised
mechanotransduction can promote the expression of mineral formation and resorption
related proteins (colored circles).
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