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Abstract

Microcracks are present in bone and can result from fatigue damage due to repeated, cyclically
applied stresses. From a mechanical point, microcracks can dissipate strain energy at the
advancing tip of a crack to improve overall bone toughness. Physiologically, microcracks are
thought to trigger bone remodeling. Here, we examine the effect of microcracks specifically on
osteoblasts, which are bone-forming cells, by comparing cell responses on microcracked versus
non-microcracked hydroxyapatite (HA) specimens. Osteoblast attachment was found to be greater
on microcracked HA specimens (p<0.05). More importantly, we identified the preferential
alignment of osteoblasts in the direction of the microcracks on HA. Cells also displayed a
preferential attachment that was 75 to 90 pm away from the microcrack indent. After 21 days of
culture, osteoblast maturation was notably enhanced on the HA with microcracks, as indicated by
increased alkaline phosphatase activity and gene expression. Furthermore, examination of bone
deposition by confocal laser scanning microscope indicated preferential mineralization at
microcrack indentation sites. Dissolution studies indicate that the microcracks increase calcium
release, which could contribute to osteoblast responses. Our findings suggest that microcracks
signal osteoblast attachment and bone formation/healing.
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1. Introduction

Outside of developmental events, bone forms in response to cracking, which can signal a
cascade of events involving osteocytes (OCy), osteoblasts (OB) and osteoclasts (OC) [1-5].
Cracks can result from fatigue damage due to repeated, cyclically applied stresses [2,6-8].
Microcracks are common in greyhounds [2], horses [9], and human athletes, especially
runners [10]. For example, Muir et al. found linear microcracks in the fatigue fracture of the
central tarsal bone in racing greyhounds [2]. The tip-to-tip lengths of the resulting linear
microcracks range from approximately 50 to 300 pm [3, 11-13]. From a mechanical
standpoint, the formation of microcracks in the vicinity of fatigue fracture [2, 6, 11, 14] may
prevent catastrophic bone failure by dissipating strain energy at the advancing crack tip,
thereby improving the overall bone toughness [15,16].

From a physiologic standpoint, microcracks play an important role in triggering bone
healing and/or bone remodeling when the bone is adapting to an externally applied stress
[2-5]. Bone remodeling is an interactive process where OCs resorb existing bone, OBs form
new bone, and OCys regulate bone homeostasis [17-20]. Microdamage can induce OCy
apoptosis, which promotes OC recruitment for targeted resorption [21, 22]. However,
microdamage may also promote OB activation through several mechanisms, including
through the release of matrix embedded growth factors such as TGF-beta, bone
morphogenic proteins (BMPs), IGFs, and PDGF, which are known to stimulate OB growth
and maturation. With regard to the chemical environment, microcracking alters surface
topology and increases mineral dissolution into the surrounding medium. These minerals are
predominantly calcium and inorganic phosphate ions [23]. Calcium ion signaling is known
to control OB growth and differentiation in bone and Sun et al. have shown that bone matrix
calcium efflux generated by mechanical stretch stimulates OB response at the stretch
concentration site [23]. Likewise, in HA, dissolution leads to release of calcium and
inorganic phosphate ions.

To examine the effects of microcracks directly on OB attachment, alignment, growth,
maturation, and mineralization, we measured OB cellular responses to microcracking in
biomimetic HA bone scaffolds.While bone cracking is a dynamic event resulting from
overloading, crack repair occurs in the absence of or at most, under a minimal load [2].
Therefore, no loading was applied to the HA scaffolds used for this study. Using the HA
scaffolds, rather than bone matrix, allowed us to isolate the effects of microcracks without
the influence of released bone matrix proteins or other cellular materials. Using a solid
surface removed the influence of porosity, which many other researchers have shown to be
key in OB attachment [24]. Our results show that microcracks act as a primary influence on
OB:s.
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2. Materials and methods

2.1 HA specimen preparation

Following established procedures, HA powders (Taihei, Osaka, Japan) with particle size 4-6
um were uniaxially pressed in a 32-mm diameter steel pellet die at 28 MPa for one minute.
The green HA specimens were subsequently sintered in air at 1360°C for 4 h and polished
down to 0.5 um grit size with diamond paste. Microcracks were introduced to the polished
surfaces using Vickers indentation with a Shimadzu micro-hardness tester at 4.9 N. Indents
were introduced in a 7x7 grid with a 2 mm interval as shown schematically in Figure 1. This
crack interval was chosen to be more than 10 times the crack length (150 um) to avoid any
possible interactions between neighboring cracks.

2.2 HA characterization

2.2.1 X-ray Diffraction—The phase purity of HA, both as-received powder and
pulverized powder from sintered HA specimens was determined by X-ray diffraction (XRD)
using Bruker D2 Phaser diffractometer equipped with Cu KaX-ray radiation operating at 30
kV, 10 mA and at sweep rates of 0.5° 20 /min. The sample placed in a PMMA sample
holder was rotated at 5°/min.

2.2.2 Microscopy—The surface morphology of both microcracked and non-microcracked
HA surfaces were imaged using a scanning electron microscope (SEM) (JEOL-6400V SEM,
JEOL Ltd., Japan) and confocal laser scanning microscope (CLSM) (Zeiss LSM 5 Pascal,
Carl Zeiss, Inc., Thornwood, NY). Prior to SEM imaging, HA disks were coated with gold.

2.3 Cell culture

Following procedures established in our laboratory [25, 26], MC3T3-E1 mouse OB cells
were seeded at a density of 11,320/cm? for the evaluation of cell attachment and growth.The
cell passage number is controlled at around 23 to guarantee consistent and comparable cell
behavior between control and experimental groups.For cell maturation studies, cells were
seeded at a density of 20,000/cmZ. Cells were fed every other day with a-MEM media
supplemented with 10% fetal bovine serum (FBS), 100 units Penicillin and 100 g
Streptomycin and cultured in a humidified atmosphere containing 95% air and 5% CO, at
37°C. The media was further supplemented with 2 mM inorganic phosphate and 2.5 pg/mL
ascorbic acid to promote differentiation when cells reached confluence [25].

2.4 Osteoblast attachment and growth

Cell attachment was evaluated at 1, 2 and 4 h while cell growth was evaluated at 1, 3 and 5
days. Three specimens were used for each condition and the experiments were tripled. At
the given time points, cells were fixed and stained with Hoechst 33342, and cell numbers
counted using Cell Profiler. The relative fractions of attachment and growth were calculated
by normalizing the cell density at each time period with the initial seeding density.
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2.5 Osteoblast maturation

Cells were cultured on microcracked and non-microcracked HA disks for 21 days. To assess
the level of maturation in the culture, staining was carried out to assess extracellular matrix
and mineralization. Alkaline phosphatase (AP) staining was performed by incubating the
OBs for 30 minutes at 37°C with 0.5 mg/mL naphthol AS-MX phosphate disodium salt with
1 mg/mL Fast Red TR salt in a 10.2 M Tris buffer, pH 8.4. AP quantization was performed
by solubilizing the precipitated salt in 100% TCA, diluting 1:10, and reading at 540 nm as
previously described [27].

For molecular analyses of maturation and gene expression, RNA was isolated from OBs
harvested from non-microcracked and microcracked HA at 21 days, using Tri Reagent
(Molecular Research Center, Inc., Cincinnati, OH). RNA integrity was assessed by
formaldehyde-agarose gel electrophoresis. cDNA was synthesized by reverse transcription
with Superscript 11 Reverse Transcriptase Kit and oligodT1,.1g) primers (Invitrogen,
Carlsbad, CA) and amplified by real-time PCR with iQ SYBR Green Supermix (Biorad,
Hercules, CA) and gene-specific primers for Runx2 and alkaline phosphatase [28]were
synthesized by Integrated DNA Technologies (Coralville, IA). Hypoxanthine guanine
phosphoribosyltransferase (HPRT) mRNA levels do not fluctuate between conditions and
were used as an internal control. Other primers used are previously described [29, 30].

2.6 CLSM imaging of osteoblasts

OBs on microcracked and non-microcracked HA specimens were stained with Rhodamine
Phalloidin actin and Hoechst nucleus stain and imaged using CLSM (Olympus FluoView,
Tokyo, Japan). At four hours, a total of 30 micrographs were collected for both the control
(non-microcracked) and the experimental (microcracked groups), with at least 500 cells
analyzed per condition.

Xylenol Orange powder (Sigma-Aldrich Co., St. Louis, MO) was dissolved in distilled
water to make a 20 mM stock solution which was added to differential media for detecting
calcium formation [31]. Mineralization was assessed by pulsing the culture with 20 pM
Xylenol Orange and then visualizing the disk using CLSM (Olympus FluoView, Tokyo,
Japan).

2.7 HA dissolution

Both the polished non-microcracked specimens (control group) and indented specimens
(experiment group) were maintained at 37°C and immersed in distilled water to address the
question if the microcracks were sufficient to induce dissolution and to reduce the
background of other cation and anion effects on our measurements. The immersion periods
ranged from one hour to 7 days (1, 1.5, 2, 3,4, 6,8, 13and 18 hand 1, 2, 3, 4, 5 and 7 days).
HA dissolution was characterized by measuring the calcium ion (Ca2*) concentration in
distilled water sampled at each time interval using atomic absorption spectrophotometry
(AAS, model 3110, PerkinElmer, Massachusetts, 0.01 mg/L) where the emission light
wavelength for Ca2* is 422.7 nm.
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2.8 Statistics

3. Results

Student’s t-test was used to test the statistical significance of the differences where a value
of p< 0.05 was considered significant.

3.1 HA characterizationfor osteoblast studies

The XRD analysis of as-received HA powder and pulverized sintered HA specimen showed
that both HA powders were crystalline with characteristic peaks matching with the standard
JCPDS 9-432 (Joint Committee on Powder Diffraction Standards, Swarthmore, PA). No
phases other than HA were detected (Figure 2). Both the SEM and CLSM images of non-
microcracked HA showed a smooth surface with uniformly distributed, isolated, surface-
breaking pores approximately 3 um in diameter (Figure 3A and 3C). The SEM image of the
microcracked HA specimens clearly showed both the indentation impressions and chipping
at the vicinity of the indentation impression (Figure 3B). The CLSM image of microcracked
HA showed radial cracks aligned parallel to the indentation diagonal as well as quarter plate
like lateral cracks (Figure 3D).The average size of the lateral cracks, b, and the half radial
crack length, a,on HA, were 67.3 = 17.5 um and 90.6 £ 4.9 ym, respectively (Figure 1A).
Compressive fracture strength did not significantly differ between noncracked and
microcracked discs (data not shown).

3.2 Osteoblastattachment and alignment

Cell attachment was visualized by fluorescent microscopy and staining with Hoechst 33342
(to visualize nuclei, blue) and Rhodamine Phalloidin(to visualize actin cytoskeleton, red)
(Figure 4A). At one and two hours post seeding, OBs were round and not fully attached to
either HA surface, but by four hours the cells began to elongate. A significant increase of
OB attachment onto microcracked HA specimens was observed at four hours (p<0.05), but
not at earlier hours(Figure 4B).

CLSM fluorescent micrography of cells attached on microcracked HA at four hours post-
seeding demonstrates the alignment of the elongated cells towards the indentation center,
described by the alignment angle, 0, as shown in Figure 5A. For the few circular cells (cells
that were not fully attached), no alignment angle could be defined. These cells were thus
excluded from the quantitative angular distribution analysis for non-cracked and
microcracked surfaces (8% versus 3% excluded, respectively).

For the CLSM micrographs of the HA specimens, the alignment angle, 6, for the elongated
cells, the coordinates of the crack center O (Xg, Y¢) and the cell nucleus center C (X, Y)
were determined via the software package Datathief [32]. The vector

OC= (X — Xo,Y — Yp) then gave the relative position of each cell with respect to the
indentation center. For each cell, the elongation direction was described by another vector,
EF= (X5 — X71,Ys — Y7), Where E (Xy, Y1) and F (X3, Y?) are two points along the
elongated cell filaments. The angle, 6, can then be calculated from equation (1),
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For the non-microcracked (control) HA specimens, no Vickers indentations were made.
Thus, in order to define the angle of alignment for cells on non-microcracked HA, artificial
origins of polar coordinate system were superimposed on the CLSM micrographs of the
non-microcracked HA specimens. These artificial origins were superimposed near the center
of micrographs for non-microcracked HA specimens, similar to the positions of the
indentation centers on micrographs of microcracked HA.

The alignment angle, 6, of cells rangedfrom 0° to 90° with respect to the microcracked
region centered at the indentation center, as shown schematically in Figure 5B. Figure 6
shows the probability density histograms of 6 (probability versus 6) for the elongated cells
measured from the CLSM micrographs of both the non-microcracked and the microcracked
HA. The distributions of the angle 6 were then compared to a uniform distribution described
by equation (2),

1
f(9) =m,a<0<b @

where a and b are the two parameters for a uniform distribution and give the range of angle
0. The goodness of fit was determined using the Kolmogorov-Smirnov method [33].The
uniform distribution of angle 0 corresponds to the random cell orientations with respect to
the origin of the polar coordinate system [34, 35]. The 0 distribution was uniform for OBs
on the non-microcracked HA (p>0.05) (Figure 6A), but non-uniform (p<0.05) for OBs on
the microcracked HA (Figure 6B).

Next, we compared the aligned to non-aligned cells. When 0 is less than 45°, the midpoint of
the [0°, 90°] interval, cells with 6 < 45° are considered to be aligned towards the
microcracked region (Figure 5B). To determine whether the OBs on the microcracked HA
specimens aligned in the direction of the microcracked zone, the cells were divided into
three groups according to both their alignment angle and shape: (i) aligned cells (6 < 45°),
(i) non-aligned cells (6 = 45°) and (iii) circularcells for which alignment was indeterminate.
On the non-microcracked HA specimens, the relative fraction of aligned cells (0 < 45°) was
significantly less (p<0.05) than the relative fraction of non-aligned cells (6 = 45° and
circular cells) (Figure 6C). In contrast, the relative fraction of aligned cells (6 < 45°) was
significantly more (p<0.05) than non-aligned cells (6 = 45° and circular cells) on the
microcracked HA specimens as shown in Figure 6D.

The location/position of the aligned cells (6 < 45°) was characterized by the distance (r)
between each cell nucleus and the indentation center, which was obtained by calculating the

length of vector OC'= (X — Xo,Y — Y;) described in section 4.2 using equation (3),

r=l0C1= /(X - X0)*+(Y - ¥0)* @®
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The micrographs of the microcracked HA surface were then partitioned into a circle
centered at the indentation site, with increasing concentric 15 pum-wide annuli as shown
schematically in Figure 7A. The center circle has an area of 706.85 um2, and the n'(n=1,
2...) annulus has an area of ©[15(n+1)]2-m(15n)2 (um?). The number of aligned cells within
the central circle and each ring was then normalized by the circle/annulus area to yield the
cell density as a function of distance away from the indentation center (Figure 7B).

The surface microcracked zone introduced using Vickers indentation contains the
indentation impression, lateral cracks and radial cracks. The average lateral crack size and
the half radial crack length were approximately 67.3 £ 17.5 um and 90.6 + 4.9 um,
respectively. The boundary region of the microcracked zone as determined by both lateral
and radial cracks is thus an annulus approximately 67.3um to 90.6 pm away from the
indentation center. The highest density of aligned cells was found in the ring located 75 um
to 90 um from the indentation center (Figure 7B). This concentric ring was similar in size to
the boundary region of the microcracked zone determined by the lateral and radial cracks.

3.3 Osteoblastgrowth and maturation

No significant differences in OB number were detected between microcracked and non-
microcracked specimens at one, three and five days post-seeding (Figure 8), suggesting that
OB growth was similar on both surfaces, despite early differences in OB attachment. While
we could not measure the rate of maturation (due to disc limitations), we did examine the
effect of microcracking on OB phenotype markers at one time point, 21 days post-seeding,
which is a time point commonly used to detect expression of genes associated withOB
maturation. Our study demonstrated that there are indeed differences inOBgene expression
between non-cracked and microcracked surfaces. . Cells on the microcracked surface had
greater AP mRNA levels and correspondingly greater AP activity compared to non-
microcracked surfaces (Figure 9), both are markers of mid-to-late stage extracellular matrix
maturation [36-38]. Further analysis indicated an increase in mRNA levels of Runx2, a
transcription factor important for OB lineage selection and maturation (Figure 9). No
significant changes were observed in expression of markers of late stage OB maturation,
such as osteocalcin (not shown)[36-38].

To determine if the identified phenotypic changes are associated with altered OB mediation
of bone formation on the microcracked HA surface, we imaged OB mineralization on
microcracked and non-microcracked HA at 21 days by CLSM. Surface analyses indicated
that significantly more mineral deposition occurred on the microcracked HA. The deposited
minerals, were visualized by Xylenol Orange stain pulsing, and appeared as orange dots
(Figure 10). Non-microcracked HA (Figure 10A) displayed mineral deposition that was
scattered uniformly across the surface. In contrast, there was a zone of concentrated mineral
deposition at the indentation site on the microcracked HA (Figure 10B). The concentrated
mineral deposition was not apparent in parallel studies on microcracked and non-
microcracked HA scaffolds incubated for the same time without cells (data not
shown).These results suggest that HA cracking stimulates OB mediated bone formation at
sites of surface indentations, perhaps in an effort to repair and smooth the surface.

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2015 November 01.
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3.4 Calcium ion concentration measurement and calculation of surface area increase

Figure 11 shows that the calcium ions released from both non-microcracked HA (O) and
microcracked HA (O) increased exponentially with immersion time in distilled water. The
data from both the non-microcracked and the microcracked HA specimens were fit to
equation (4) via a least squares technique,

C=C, — (C; — Cp) exp(—t/T) (4)

where C is the calcium ion concentration released into distilled water from microcracked
HA, t is the immersing time, Cg corresponds to the plateau value of calcium concentration at
t—o0, Cg corresponds to the calcium concentration in distilled water at t=0, and zis a time
constant that inversely correlates to the changing rate of calcium ion concentration.

The least squares fit for non-microcracked HA yields Cg = 14.38 £ 0.26 mg/L, Cy-C4 =
—13.64+0.31 mg/L (such that Cg is approximately 0.74 mg/L), and 7= 23.74 + 0.003 h, with
a coefficient of determination, R of 0.994. The least squares fit of the microcracked HA
data yields Cg = 15.32 £ 0.18 mg/L, Cy-Cs = —15.11+0.30 mg/L (such that Cq is around 0.21
mg/L), and 7=12.01 + 0.004 h, with a coefficient of determination, R2 of 0.996.

Besides the changes in HA dissolution behavior, the introduction of Vickers indentation can
also lead to slight surface area increases. The surface area resulting from Vickers indentation
impression can be calculated using equation (5),

A~ d?/1.8544 (5)

where A is the surface area, d is the indentation diagonal [ASTM E384-11]. When compared
to a 2D square with diagonal d, which has a surface area of d2/2, the relative increase in
surface arealis approximately 8%. In the current study, the indentation diagonal d is
approximately 45 um, and the increase in surface area from each indentation can be
calculated to be 79.5 um2. The total increase in surface area from the 7x7 indentation grid is
thus approximately 3,900 um?2, which when compared to the non-microcracked surface area
represents a fractional increase in area of only 9 x 1078, Furthermore, it is worth noting that
elastic recovery resulting from Vickers indentation will act to decrease the added surface
area. While the overall increase, even without accounting for elastic recovery, is very small
in this case(1 part in 100,000), the effect of elastic recovery on surface area of Vickers
indentation should not be dismissed [39-41].

4. Discussion

4.1 Osteoblast attachment and growth

Attachment or adhesion, being the first phase of OB/substrate interaction, plays an important
role in determining the subsequent proliferation and differentiation stages [42]. In this study,
the presence of microcracks was observed to increase OB attachment four hours after

seeding. We further show that within 4 h, calcium dissolution occurs from the HA disks with

1(d2/1.8544-0212)/(d2/2) ~ 0.08
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microcracks. While surface topology and roughness have been shown to regulate OB
attachment [43], increased extracellular calcium ions are also known to impact OB behavior
[23, 44]. Interestingly, while attachment was enhanced on microcracked HA, it did not affect
OB proliferation. Smith et al. reported a similar finding in a study examining OBs cultured
on HA [26].

Perhaps more interesting is that the actual cell alignment, upon attachment, appears to reflect
the cell’s response to the substrate surface, such that the formation of cytoskeletal focal
adhesions is guided by the substrate physical/chemical properties in order to optimize cell
functions on the substrate [45]. The uniform distribution of cell alignment angles, 6, on non-
microcracked HA specimens indicated that the OBs were randomly oriented and showed no
preferential alignment towards the superimposed polar coordinate origins. The random
orientation of the elongation axes for the cells also implies a random movement of cells on
the non-microcracked HA surfaces. The non-uniform distribution of the cell alignment
angles (0) on microcracked HA showed that the presence of the microcracks introduced by
Vickers indentation affected the cell orientation.

In an in vivo study by Frost, microcracks were observed to lead down to spaces containing
cells and/or capillaries indicating an ongoing repairing process [46]. In our current in vitro
study, the cell alignment towards the microcracked zone was noted specifically at the crack
boundaries, suggesting the initiation of a repairing process through mineral deposition,
which was observed later at 21 days. The introduction of microcracks could disturb the local
physical/chemical environment(as shown by more calcium release) which in turn can alter
the cell elongation direction when the cells were attaching in the vicinity of the
microcracked zone. It is worthwhile to note that when microcracking occurs in vivo, OBs do
not necessarily have direct contact with the microcracked sites, but may be generated and
migrate from the undamaged bone before mineralizing in the vicinity of the microcracks
[47]. The microcracked zone introduced using Vickers indentation is localized
microdamage, mimicking the localized damage found from repetitive use injury in humans
and animals [3, 12,47].

The observed OB alignment at the periphery of the microcracked zone suggests two possible
bone-healing processes, identified by examining both the radial and lateral cracks. The first
is that crack tip blunting may be activated at the radial crack tips. This resembles bone
healing in the case of fatigue microcracking in vivo as observed by Muir [2], Zarrinkalam
[6], O’Brien [7] and Hazenberg [8]. The second is the possible inhibition of lateral crack
chipping that could occur in bone in vivo, a concept that has yet to be addressed in the
literature.

4.2 Osteoblastmaturation and mineralization

In this study we found that OBs cultured on microcracked HA displayed increased markers
of early stage maturation, including Runx2 and alkaline phosphatase, after 21 days of
growth on the HA discs. Runx2 is critical for OB maturation while alkaline phosphatase is
essential for normal mineralization through its ability to generate free phosphate from
pyrophosphate [36-38]. Thus,our data supports that microcracks stimulate expression of
genes required for bone healing, which is consistent with our identification of increased
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mineralization at microcrack regions. While we did not observe an elevation of late stage
OB maturation markers (osteocalcin), it is possible that we would observe a microcrack-
induced increase in osteocalcin at a later time point or alternatively the OB response to
micro-cracks is gene specific. Due to the extensive time to microcrack HA discs and our
choice to not reuse the discs (after an experiment), we were limited by the number of discs
and unable to examine later time points. The increased gene expression that we observed in
vitro suggests that the introduction of microcracks has the potential to enhance bone healing
in vivo.

4.3 HA dissolution

Microcracking inherently forms two new surfaces, leading to an increase in surface area and
mineral dissolution into the surrounding medium. In the case of bone matrix, these minerals
are predominantly calcium and inorganic phosphate ions [23]. The release of both calcium
and phosphate ions can influence bone cell responses and matrix mineralization in vitro
[48-55]. Calcium is known to regulate OB growth and differentiation [23, 55] and is sensed
by OBs through calcium sensing receptors and calcium channels that ultimately modify
intracellular signaling to affect maturation and bone formation [55]. Our studies demonstrate
that the concentration of calcium ions released from microcracked HA rises significantly
higher compared to non-microcracked HA at four hours. The calcium release rate from
themicrocracked HA surface is faster than that from non-microcracked HA surfaces as
indicated by the time constant z, which is inversely correlated to the calcium ion release rate,
such that the smaller the value of 7, the faster the release rate. For non-microcracked HA, ¢
=23.74 £ 0.003 h, which is about twice the value for the time constant for the microcracked
HA, where 7=12.01 + 0.004 h. Both the higher calcium concentration and the faster calcium
release rate from the microcracked HA surface shows that the dissolution of the HA surface
was enhanced by the presence of indentation and associated microcracks. This introduction
of Vickers indentation impressions is associated with a negligible increase in overall surface
area. However, upon the introduction of Vickers indentation on HA, a residual compressive
strain energy reservoir will form beneath the indentation impression [56-58], and the strain
energy could be released through radial crack propagation [59], lateral crack expansion and
possibly subsequent surface spalling [60], as well as surface dissolution [61]. A study by Li
et al. showed that the indentation damage and crack edges in bioglass experienced faster
dissolution than the undamaged areas [61]. Similarly, the local damage caused by Vickers
indentation in HA could lead to the observation of significant overall increase in calcium ion
release from the microcracked HA surface which, based on past reports showing that
calcium enhances OB activity, suggests that the OB responses we observe are likely a result
of the differential and enhanced ion release from the microcracked HA surface rather than
from the negligible change in the surface area (less than the fractional increase of 9 x 1075).

Also, it is worth noting that surface polishing of HA in this study should not be confused
with surface abrasion used in many other studies [62, 63]. Typically surface abrasion
produces surface corrugation and/or cracks [64, 65]. However, in this study surface
polishing was done with a series of grit sizes ending with 0.5 um grit, at which stage the
surface corrugation is very limited. Also, the load applied when polishing is likely below the
pop-in threshold for cracks for fine polishing grit acting as sharp “indenters” [66].
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Moreover, HA specimens used as the control and experimental groups went through the
same polishing procedure and have comparable surfaces; thus it is unlikely that the altered
cell behaviors observed for microcracked HA is associated with surface polishing.

5. Conclusion and future directions

Our studies establish that introduction of microcracks onto HA surfaces promotes OB
alignment, enhances OB attachment and maturation, and has the potential to ultimately
improve the rate of bone healing. Based on this, it is reasonable to postulate that the
inclusion of microcracks could improve the design of a bone tissue engineered scaffold. It
should be noted that microcracks could weaken a scaffold, though we did not observe this in
our study. The preferred use of implants made of porous ceramic scaffolds/coatings over
strong metallic materials is based on the necessity for implant-bone integration rather than
increaseing load-bearing function, especially because all bone repairs require mechanical
stabilization. The observed increase in attachment and preferential alignment of OBs to the
microcracked zone may promote localized mineralization, and therefore could direct bone
formation at specific scaffold sites in future implants. Based on our studies and the
literature, it appears that the calcium ion concentration changes within the
microenvironment of the microcracks direct targeted OB responses to microcracks. Thus,
the physiologic benefits of such cracks bring a new dimension to designing scaffolds for
bone tissue engineering. The optimal microcrack size, size distribution, and/or the
microcrack density still require further investigation.
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Figure 1. Diagram of radial crack introduction into HA specimens
(A) Radial cracks introduced by Vickers indentation at 4.91 N; (B) A 7x7 grid with a 2 mm

interval indentation pattern on HA specimens.
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Figure 2. XRD spectra of HA
(Above) XRD spectra of as-received HA powder from vendor and pulverized sintered HA

specimen. (Below) XRD of HA and CHA ground sintered powders used for OC study. All
powders showed representative peaks for HA crystal and no impurity phases were detected.
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Figure 3.
SEM images of (A) polished non-microcracked HA surface and (B) microcracked HA

surface and CLSM Z-stack maximum reflection intensity projections of (C) polished non-
microcracked HA surface and (D) microcracked HA surface. On the microcracked HA
surface, Vickers indentation impression is the center diamond shape. Accompanying radial
cracks and lateral crack spalling are pointed out by white and black arrows, respectively.
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Figure 4. Osteoblast attachment to HA
(A) Cell attachment to non-microcracked and microcracked HA specimens at 1, 2 and 4

hours. White arrows show positions of Vickers indentations and cracks. The OBs were
stained with Rhodamine Phalloidin (actin) and Hoescht 33342 (nucleus). The rhodamine
phalloidin actin fluorescence stain was excited at 543 nm and emission was detected through
a BA560-620 nm emission filter (represented in red). The Hoechst 33342 nucleus stain was
excited with UV light at 405 nm and emission was detected through a BA430-470 emission
filter (represented in blue). (B) Percentage of OB attachment to non-microcracked and
cracked HA specimens at 1, 2 and 4 hours (relative to cells seeded). Error bars represent
standard error. Data analyzed by student’s t-test (*p<0.05). Three specimens were used for
each condition and the experiments were tripled.
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Figure 5. lllustration of cell attachment angles
(A) Micrograph of cell angle 0 between cell elongation direction (cyan line EF) and line

connecting cell nucleus (C) and indentation center (O) (yellow line OC) of microcracked
HA. The indentation impression and radial crack pattern are illustrated by white lines. The
black crosses mark examples of cells showing no apparent elongation direction. The OBs
were stained with Rhodamine Phalloidin (Actin) and Hoescht 33342 (nucleus). (B) A
schematic of cells with different elongation directions with respect to the indentation site
(black diamond). Cells with 6 < 45° are considered as aligned cells, while cells with 6 > 45°
are considered as non-aligned cells.
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Figure 6. Probability and relative fraction of aligned cells on non-microcracked (A, C) and
microcraked (B, D) HA

Top: Probability density histograms of cell alignment 0 for (A) non-microcracked HA
(N=489) and(B) microcracked HA (N=587) fit to uniform distribution as shown by the thick
solid black line. N is the total number of cells considered in the probability density
histograms. The goodness of fit was tested using the Kolmogorov-Smirnov method. The 0
distribution for non-microcracked HA fitted to uniform distribution (p>0.05). The 6
distribution for microcracked HA did not fit to the uniform distribution (p<0.05). Bottom:
The relative fractions of aligned cells (6<45°) and non-aligned cells (6 = 45° and circular
cells) on (C) non-microcracked HA and (D) microcracked HA at 4 hours. The significance
of difference was detected using Student’s t-test (p<0.05).
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Figure 7. Osteoblast alignment based on distance from crack
The micrograph was partitioned into a central circle of 15 um in radius and 15 pm wide

outer rings (A). The number of OBs with aligned tendency (0<45°) in the center circle and
outer rings (15 um wide) were counted and normalized by the area respectively (B). Most
cells with aligned tendency (6<45°) were found in the annulus 75 to 90 pm from the
indentation center (B), which is around the tip of the radial cracks from Vickers indentation
(A).
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Figure 8. Osteoblast growth is not affected by the presence of cracks on HA specimens
OBs were seeded at an initial density of 11,320 cells/cm2. OB growth on non-microcracked

and microcracked HA specimens at 1, 3 and 5 days are represented by the relative
percentage of cells seeded. Values are averages +/— SE. No significant differences were
detected between non-microcracked and microcracked HA specimens (*p<0.05). Three
specimens were used for each condition and the experiments were tripled.
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Figure 9.
HA microcracks enhance osteoblast maturation characterized by increased (A) Alkaline

phosphatase (AP) activity and (B) AP and (C) runx2 mRNA levels. OBs were grown for 21
days on the specimens. RNA was extracted and expression of genes of interest was
normalized to levels of an unmodified housekeeping gene, HPRT. AP activity was assessed
on cell layers and then measured by spectrophotometer. Significant determined using
Student’s t-test (*p<0.05). Values are averages +/— standard error. Three specimens were
used for each condition and the experiments were tripled.
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Figure 10.
CLSM Z-stack maximum fluorescence intensity projections of osteoblast mineral

depositions on (A) non-microcracked and (B) microcracked HA at 21 days. The OBs were
pulsed with Xylenol Orange every other day during culturing since day four. The Xylenol
Orange fluorescence stain was excited at 543 nm and emission was detected through a
BAb60-620 emission filter (represented in orange).
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Figure 11.
The calcium ion concentrations released from non-microcracked (O) and microcracked

(O) HA specimens as a function of time. Error bars represent standard deviations. Both the
non-microcracked HA calcium release data and the microcracked HA calcium release data
were fit to equation (4), which yielded a coefficient of determination R2 = 0.994 and R? =
0.996, respectively.
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