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Abstract
Background—Although microcalcifications of hydroxyapatite can be found in both benign and
malignant osteotropic tumors, they are mostly seen in proliferative lesions, including carcinoma.
The aim of this present study is to develop a molecular imaging contrast agent for selective
identification of hydroxyapatite calcification in human osteotropic tumor tissues ex vivo and in
human osteosarcoma cells in vitro.

Methods—A bioinspired biomarker, hydroxyapatite binding peptide (HABP), was designed to
mimic natural protein osteocalcin property in vivo. A fluorescein isothiocyanate dye conjugated
HABP (HABP-19) was utilized to characterize hydroxyapatite on human osteotropic tumor tissue
sections ex vivo and to selectively image hydroxyapatite calcifications in human osteosarcoma
cells in vitro.

Results—Using a HABP-19 molecular imaging probe, we have shown that it is possible to
selectively image hydroxyapatite calcifications in osteotropic cancers ex vivo and in human
SaOS-2 osteosarcoma cells in vitro.

Conclusion—Hydroxyapatite calcifications were selectively detected in osteotropic tissues ex
vivo and in the early stage of the calcification process of SaOS-2 human osteosarcoma in vitro
using our HABP-19 molecular imaging probe. This new target-selective molecular imaging probe
makes it possible to study the earliest events associated with hydroxyapatite deposition in various
osteotropic cancers at the cellular and molecular levels.

General significance—It potentially could be used to diagnose and treat osteotropic cancer or
to anchor therapeutic agents directing the local distribution of desired therapy at calcified sites.
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1. Introduction
Osteosarcoma (OS) is the most frequent type of primary malignant bone tumor that
commonly affects adolescents and young adults with a high propensity for metastasis,
predominantly to the lung, breast, kidney, and prostate cancers [1–3]. It is characterized as a
highly cellular tumor composed of pleomorphic spindle-shaped cells capable of producing
an osteoid matrix and it generally develops in the metaphyseal ends of long bones, within
the medullary cavity, and penetrates the cortex of the bone to involve the surrounding soft
tissue [4,5]. The American Cancer Society estimates that approximately 800 new cases of
OS are diagnosed in the United States every year and about 400 of these are in children and
teens. Despite effective primary tumor resection combined with neoadjuvant chemotherapy
and conservative surgery, long-term survival rate is only 15–20% due to metastases, non-
responsiveness to therapy, or disease relapse [6,7]. Early OS diagnosis would provide a
great help for better understanding of the malignant bone tumor processes, however, poor
diagnosis occurs in most patients because the mechanisms underlying the development,
progression, and metastasis are mostly unknown and specific clinical symptoms are lacking
in the early stages of the diseases [8–10].

The understanding of the complexity and heterogeneity of OS pathophysiology and
metastasis requires the identification and detailed characterization of undefined regulators of
OS and metastasis progression [11]. Histopathological subtypes of OS could include
osteoblastic, chondroblastic, fibroblastic OS, and infrequent subtypes of telangiectatic and
small cell OS [12]. Immunohistochemical analysis can be utilized for accurate diagnosis in
undifferentiated OS and small round cell tumors arising in the bone. Protein osteocalcin
(OCN) has been used for diagnostic purposes in the immunohistology because it is quite
sensitive and specific to OS and exclusively expressed to several osteotropic tumors,
including breast, ovarian, lung, brain, and prostate cancers [13–15]. OCN, a non-collagenous
protein secreted by osteoblasts, is well known as a bone specific protein, which expression is
closely related with bone formation through its ability to bind to the key mineral component
of bone, hydroxyapatite (HA), with high affinity [16,17]. Moreover, OCN expression is
believed to play an important role in the initiation and regulation of HA calcification [18].
The OCN affinity to HA is mainly attributed to highly conserved three -carboxyglutamic
acid (Gla) residues. OCN remains unstructured in the absence of HA due to unfavorable
negative charge interactions among Gla side chains, while interactions between Ca2+ on HA
and dicarboxyl groups of Gla on OCN could induce a conformational change from random
to α-helix, stabilizing the conserved region and conferring a high affinity for HA [17,19].

Pathological calcification, a process of insoluble calcium salt deposition primarily as HA,
widely occurs in case of systemic mineral imbalance throughout the body [20–23].
Microcalcifications found in osteotropic tumors, mostly in breast and prostate cancers
among others, are divided into two principle types of calcium salts, calcium oxalate (CO)
and HA, based on their structure and chemical composition [24]. CO calcifications are
mainly associated with benign disease and are rarely found in foci of carcinoma [25].
However, HA calcifications can be found in both benign and malignant lesions, although
they are most often seen in proliferative lesions, including carcinoma [24–26]. Recently, we
have developed a HA binding peptide (HABP-19) inspired from protein OCN that was used
as a targeting imaging contrast for HA calcification in cardiovascular diseases and early
osteoblastic activity [23,27]. In the present work we have used HABP-19 molecular imaging
agent to validate HA calcification in osteotropic tumors (ex vivo) and human SaOS-2 cells
(in vitro).
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2. Materials and methods
FITC-labeled HABP-19 and the corresponding FITC-labeled control cHABP probes were
prepared as previously described [27]. The sequences of HABP-19 and control cHABP are
FITC-βAγEPRRγEVAγELγEPRRγEVAγEL-NH2 and FITC-
βAEPRREVAELEPRREVAEL-NH2, respectively.

2.1. Human cancer tissue sections and tissue microarrays
Formalin fixed and paraffin embedded (FFPE) human cancer tissue sections (HuCAT446,
HuCAT296, and HuCAT396) and human cancer tissue microarrays (TMA) (T262 and
T083) were purchased from US Biomax Inc. (Rockville, MD, USA). The human cancer
tissue sections include bone (OS of left thigh), breast (infiltrating lobular carcinoma of right
breast), and kidney cancers (clear cell carcinoma of right kidney). Bone cancer TMA (T262)
contained 12 cases and 24 cores (diameter = 1.5 mm and thickness = 5 μm): OS of left lower
limb (OS Limb), OS of right proximal humerus (OS Hum), parosteal OS of skull (OS Skull),
osteoblastic OS of left distal femur (OB OS), fibroblastic OS of costal bone (FB OS),
telangiectatic OS of left distal femur (TG OS), chondrosarcoma (CS) of humerus (CS Hum),
myxoid CS of left femur (MX CS), mesenchymal CS of left leg (Mes CS), CS of right
maxilla (CS Max), normal bone tissue (Bone), and normal cartilage tissue (Cartilage). Breast
cancer TMA (T083) contained 6 cases and 12 cores: ductal carcinoma (moderately-
differentiated or poorly differentiated), lobular carcinoma, apocrine carcinoma, normal
breast tissues, and malignant melanoma (tissue marker). The FFPE human cancer tissue
sections and TMAs were deparaffinized in 100% xylene, rehydrated with a graded series of
alcohols (100, 95, and 80% ethanol in distilled H2O), and stained with molecular imaging
probes (HABPs) or H&E reagents for further histological studies.

2.2. Fluorescence microscopy
Each human cancer tissue section was stained with 2 μM of FITC, cHABP, or HABP-19 at
room temperature (RT) for 30 min, washed extensively with PBS to remove unincorporated
probes. Fluorescence images were captured using an IX51 microscope (Olympus
Corporation, Center Valley, PA) with excitation at 488 nm. FV 1000 Viewer software
(Olympus) was used for image analysis.

2.3. Optical imaging of TMAs
For optical imaging, each human cancer TMA was incubated with 2 μM HABP-19 for 30
min and thoroughly washed with PBS to remove unbound probe. Images were acquired
using the Maestro 2 optical imaging system (CRi Inc., Woburn, MA). To validate the
selective accumulation of imaging probes, a green (FITC) filter set (acquisition setting: 550
to 800 in 10 nm steps and 100 ms exposure time) was used. The fluorescence images
obtained were corrected to remove the auto-fluorescence background using the multi-
excitation spectral analysis function (Maestro software v. 2.10).

2.4. Cell culture and induction of mineralization
Human osteosarcoma SaOS-2 cells (HTB-85, ATCC, Manassas, VA) were cultured in
McCoy’s 5A media (ATCC) containing 100 U/mL penicillin, 100 mg/mL streptomycin
(both from Sigma-Aldrich Corporation), and 15% fetal bovine serum (FBS, v/v; Gibco) as
control media (CM). To enhance SaOS-2 differentiation, cells were grown in control
medium supplemented with 50 μg/mL ascorbic acid (AA; Sigma-Aldrich Corporation) and
7.5 mM β-glycerophosphate (β-GP; Sigma-Aldrich Corporation) as stimulating media (SM).
The first day of culture in SM for the induction of mineralization was defined as day 0. The
culture medium was replaced with a fresh medium every 2 days.
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2.5. Quantification of mineralized layer by Alizarin Red S (ARS) staining
Cell monolayer was washed with PBS and fixed in 10% (v/v) formaldehyde at RT for 30
min. The monolayer was then washed twice with excess distilled H2O prior to an addition of
1 mL of 40 mM ARS (pH 4.2) per well for 30 min. After aspiration of the unincorporated
dye, the wells were washed four times with 1 mL H2O while shaking for 10 min. For
corroborative visualization of the extent of mineralization, the stained cells were evaluated
by a light microscopy and captured by a digital camera after the unbound ARS was removed
by washing. For quantification of ARS staining, 400 μL 10% (v/v) acetic acid was added to
each well for 30 min with shaking. The monolayer was then scraped from the plate and
transferred with 10% (v/v) acetic acid to a 1.5-mL tube. After vortexing for 30 s, the slurry
was overlaid with 250 μL mineral oil, heated to exactly 85 °C for 10 min, and transferred to
ice for 5 min. The slurry was then centrifuged at 15,000 g for 15 min and 300 μL of the
supernatant was removed to a new 1.5-mL tube. Then 200 μL of 10% (v/v) ammonium
hydroxide was added to neutralize the acid. Aliquots (100 μL) of the supernatant were read
in triplicate at 405 nm in 96-well plate with a SpectraMAX microplate reader (Molecular
Devices Corporation).

2.6. Quantification of HA by molecular imaging probes
Each cell monolayer cultured in CM or SM was washed with PBS and stained with 2 μM of
HABP-19 at RT for 60 min. The monolayer was then washed extensively with PBS to
remove unincorporated probes. Fluorescence images were acquired using the Maestro 2
optical imaging system. Average signal intensity of HABP-19 in the CM and SM was
carried out for correlation at indicated time points.

2.7. Statistical analyses
Data were analyzed for statistical significance using Student’s t-test or single factor
ANOVA. Means, standard deviations and degrees of significance are shown on individual
data graphs in the ‘Results’ section. A probability (p) value of <0.05 was considered
significant unless otherwise indicated.

3. Results
3.1. Identification of HA in tumor sections

The physicochemical and optical properties of HABP-19 and cHABP were fully
characterized previously [23,27]. In our prior study, selective HA binding affinity of a series
of probes, FITC, cHABP, and HABP-19, has been studied (Supplementary Fig. S1). Our
data indicate that HABP-19 has significant HA binding affinity than cHABP does (>20-fold,
P < 0.005) and exhibits exceptional HA binding affinity but not with CO (>6-fold, P <
0.005).

Although the HA binding affinity results are convincing, HABP-19’s capability of
recognizing osteotropic cancers associated with HA still needs to be further validated. To
determine the HA binding property of aforementioned probes ex vivo, human tumor tissue
sections of OS, breast, and kidney cancers were stained with HABP-19 (Fig. 1A). FITC and
cHABP were used as negative and positive control, respectively. Background fluorescence
of control samples was negligible at the investigated emission window (671–705 nm) (Fig.
1B). No apparent staining signals of both FITC and cHABP were observed in all three tumor
sections (Fig. 1C and D). HABP-19 showed abundant binding ability to an OS tissue
section, as indicated by strong fluorescence signal, much less binding to a breast, and no
binding to a kidney tumor section (Fig. 1E), supporting the observation that Gla residues on
HABP-19 play a key role in binding with HA [24–26].
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3.2. Detection of HA in tumor tissue microarrays (TMAs)
TMAs have been used as useful methods for the diagnosis and systemic study of a large
group of tumors. Evaluating a cohort of osteotropic cancers in one slide is of great value, in
which many different osteotropic cancer subtypes are present. Accordingly, we applied the
TMA technology to osteotropic cancers, OS and breast cancers, to compare their
morphological patterns with the conventional paraffin blocks. HABP-19 staining was
performed as outlined in Materials and methods section on OS TMAs consisting of tissue
cores of normal or primary tumors collected from 12 people (Fig. 2A) and breast TMAs
consisting of tissue cores of normal or primary tumors collected from 6 people (Fig. 2B). In
the bright field of optical imaging system, it was almost impossible to identify what cores of
OS and breast are HA positive. However, it clearly shows that HABP-19 binding patterns
are quite different in the green fluorescence field, indicating that each tumor core in TMA
could be categorized into several subtypes according to its expression level to the HABP-19
fluorescence. Several OS cores showed outstanding binding to HABP-19 including OS of
lower limb, parosteal OS of skull, fibroblastic OS, telangiectatic OS, and normal bone
tissues, as indicated by a strong fluorescence signal, much less binding to osteoblastic OS,
and very limited or nonspecific binding to humerus OS and all investigated
chondrosarcomas including humerus CS, myxoid CS, mesenchymal CS, maxilla CS, and
normal cartilage tissues. In breast cancer TMAs, HABP-19 expressed a strong fluorescence
signal to apocrine breast carcinomas, much less signal to lobular carcinomas, and
nonspecific binding to ductal carcinomas of moderately-differentiated or poorly
differentiated, normal breast tissue, and malignant melanoma tissue markers.

3.3. Microscopic observation of HA calcification in TMAs
Due to the prominent binding property of HABP-19 with the investigated tumor TMA
subtypes, we further speculated whether stained H&E patterns in OS and breast cancer
TMAs are correlated with the binding patterns of HABP-19 to TMAs observed by a
fluorescence microscope (Fig. 3 and Supplementary Fig. S2). As shown in H&E staining
images, it was impossible to distinguish calcified areas from the cores of both TMAs.
However, HABP-19 clearly showed a strong binding capacity to several subtypes of OS
tumors, less strong binding to normal bone tissues, and mostly no binding to
chondrosarcoma tumors (Fig. 3A). Similarly, HABP-19 showed relatively strong binding
with apocrine breast carcinomas, limited binding with lobular carcinomas, and nonspecific
binding to ductal carcinomas, normal breast, and melanoma tissue markers (Fig. 3B).

3.4. Mineralization of SaOS-2 osteosarcoma cells
To evaluate early stage mineralization of osteosarcoma cancers in vitro, human
osteosarcoma (SaOS-2) cells were cultured in control media (CM) or stimulating media
(SM) supplemented with ascorbic acid (AA) and β-glycerophosphate (β-GP), which are well
known osteogenic factors that stimulate osteoblastic differentiation and mineralization [28–
30]. The cultured cells were stained with Alizarin Red S (ARS) and quantified by
absorbance spectroscopy (Fig. 4A and B). As expected, the detected mineral deposition was
highly enhanced by the addition of SM (e.g., AA and β-GP) in SaOS-2 cell cultures (Fig.
4A). The effect of CM and SM in producing mineral depositions was not significant at day
4. Therefore, the effects of extrinsic osteogenic factors are not a crucial factor in influencing
the biological activity of SaOS-2 cells in an early time point. However, the stimulated (SM)
SaOS-2 cells produced significant amount of calcium minerals (3.02 ± 0.4 mM) compared to
non-stimulated (CM) cells at day 8 (0.19 ± 0.01 mM, P < 0.05) and at day 12 (0.43 ± 0.04
mM, P < 0.05) (Fig. 4B).

To determine HA calcification on the mineralized monolayer based on the above ARS
results, SaOS-2 cells cultured in CM or SM were stained with HABP-19, visualized, and
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quantified by optical imaging system (Fig. 4C and D). Fluorescence signal (white pseudo
color) was dramatically increased in the SM treated cells at day 12, whereas minimal signal
intensity in the CM treated cells was observed both at days 8 and 12 (Fig. 4C). SM treated
cells have expressed outstanding signal intensities at days 8 (54.35 ± 22.81) and 12 (164.92
± 28.93). However, CM treated cells did not show any significant HA deposition at any time
point (Fig. 4D).

4. Discussion
Although OSs are aggressive neoplasms with a wide range of morphological patterns, early
detection with high sensitivity and specificity would greatly improve treatment and patient
survival. Consequently, reliable biomarkers that could identify early stage diagnosis of
malignant tumor cells, capable of producing HA calcification, and would help distinguish
HA from other elements in osteotropic cancers are crucial for a more effective treatment of
OS patients at an early stage. Protein OCN is a sensitive and specific marker for bone cells
and may play a crucial role in identifying a bone-forming tumor such as OS. The current
study therefore focused on developing protein OCN derived biomarkers. We are able to
detect HA calcification with high sensitivity and specificity by applying an OCN inspired
biomimetic to osteotropic cancers ex vivo and SaOS-2 cells in vitro. The specificity was
supported by limited cHABP binding to osteotropic tumors and completely blocked
HABP-19 binding to kidney tumors.

CO calcifications are mainly seen in benign tumors and kidney stones, hard crystalline
mineral deposits formed within the kidney or urinary tract, whereas HA calcifications can be
found in both benign and malignant lesions [24–26]. Evidence of an effect of kidney stones
to increase kidney cancer risk remains mixed. A cohort study showed a 150% risk increase
for cancers of the renal pelvis in people hospitalized for kidney stones [31]. The tumors
mainly developed on the same side as the stone, and it was hypothesized that chronic
irritation and infections related to the stone were the cause of the increased kidney cancer
risk. However, an earlier case–control study showed no risk increase for cancers of the renal
pelvis in people with a history of kidney stones [32]. Although pathological relationships
between kidney stones and kidney cancers are mostly unknown, it seems that renal cell
carcinoma in this study does not contain HA or CO component because their expression to
the HABP-19 was negative.

Since it is hard to distinguish the varied histological subtypes of OS, their diagnosis may be
difficult and problematic. Their differential diagnoses can include many tumors, such as
other subtypes of sarcomas, carcinoma, lymphoma, or even melanoma. Therefore, we
introduced tissue microarrays to identify different subtypes of osteotropic cancers in OS and
breast cancers based on the binding pattern of individual core with HABP-19. Most OS
subtypes and apocrine breast carcinomas showed outstanding HABP-19 binding property
with strong fluorescence signals, while most chondrosarcoma subtypes, lobular carcinomas,
and ductal carcinomas did not express noticeable HABP-19 signals. OS tumors were
originally misdiagnosed because of a lack of identifiable osteoid or bone [33,34]. Different
subtypes of OSs may produce heterogeneous matrices including bone, cartilage, and
collagen, which are difficult to distinguish from the neoplastic bone. It has been suggested
that CO calcifications are a product of secretions, whereas HA calcifications result from
cellular degradation or necrosis [25,35]. While HA is largely known for its role in conferring
structural and mechanical properties to bone, it also functions as a bioactive material that
directly regulates the behavior of both normal and malignant tumor cells [36–38].
Nevertheless, it is not clear whether HA directly affects the pathogenesis of bone diseases
and bone metastasis.
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Human SaOS-2 cells used as a model of mineralizing cells activated osteogenic activity in
SM as seen in the enhanced HA nodule formation and cell differentiation compared to cells
that had been grown on CM. Significantly increased HA deposition was also observed in
SaOS-2 cells grown on SM. Our findings are consistent with earlier reports on osteoblast
differentiation induced by a concomitant addition of AA and β-GP [28,29]. The pattern of
HA deposits in SM treated cells shown in optical imaging analysis was similar with the
trend of mineralization shown in the ARS results. In CM cultures, the observed HA
monolayer was not significant, even though SaOS-2 cells produced distinguishable mineral
deposition at day 12 compared to other investigated time points (P < 0.05), indicating that
normal cell culture condition (CM) may play a role in mineral formation but not in HA
calcification of SaOS-2 cells. It is interesting to speculate how OS cells could form HA
calcification in vitro and in vivo. SaOS-2 cells are able to induce HA crystal deposits during
mineralization in vitro suggesting that they can generate a microenvironment that favors the
crystallization of calcium and phosphate ions into HA.

Although Raman spectroscopy has been applied to distinguish two types of
microcalcifications occurring in benign and malignant lesions, it is unclear whether the
Raman spectroscopic method is suitable for distinguishing microcalcifications in vivo
[39,40]. Currently, a variety of imaging modalities and spectroscopic techniques are being
explored to improve osteotropic cancer diagnosis and treatment [41–44]. However, there is
no reliable diagnostic imaging marker or medical modality to distinguish accurately between
CO and HA calcifications with high affinity and specificity in biological tissues non-
invasively. Even the most advanced clinical imaging modalities, such as optical coherence
tomography, magnetic resonance imaging (MRI), and ultrasonography, have difficulty
distinguishing them. Without a reliable analytical method, a clear correlation between HA
calcification and osteotropic cancers cannot be obtained. We have previously shown that
HABP-19 has high affinity and specificity for HA. This specificity is illustrated by the
ability of HABP-19 to image HA, but not CO, calcifications in the SaOS-2 osteosarcoma
model presented in this study. Our HABP-19 may be quite useful in developing contrast
agents for dual-imaging modalities, MRI, positron emission tomography (PET), or single-
photon emission computed tomography (SPECT), by introducing near infrared (NIR)
fluorescence. It is possible to extend our fluorescence approach to other imaging modalities
by conjugating NIR fluorescence and HABP-19 to DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid), which is a high affinity chelating agent
especially for Gd3+, 111In, and 68Ga among others. These conjugates should have high
specificity for HA and sufficient relaxivity to produce MRI/NIR, PET/NIR, or SPECT/NIR
dual-modality contrast agents.

Fluorescence imaging technology has been widely used in preclinical study of cancers [45–
50]. For example, fluorescent proteins of different colors used to color-code OS cancer cells
of a specific genotype or phenotype were applied to study tumor development [47–50]. In
one study, it was described that the interaction of highly metastatic GFP-labeled 143B OS
cancer cells and low metastatic RFP-labeled MNNG/HOS cells can be directly compared in
vivo in the same tumor, demonstrating the capability of color-coded imaging for visualizing
different metastatic potential and cancer-cell/cancer-cell interactions within the mixed tumor
in vivo [50]. It could be even more informative by including a fluorescently labeled
HABP-19 which has a different color. Real-time multicolor imaging of fluorescent proteins
and fluorescent HABP-19 will be especially useful to study the complex process of
osteotropic cancer development and tumor metastasis in mouse model.

In summary, we have shown that it is possible to selectively image HA in osteotropic
cancers ex vivo and in human SaOS-2 cells in vitro by using HABP-19. A variety of
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multimodal biomarkers based on HABP-19 can be tested in a straightforward and reliable
osteotropic cancer animal model system.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HA hydroxyapatite

HABP hydroxyapatite binding peptide

OCN osteocalcin

OS osteosarcoma

Gla γ-carboxyglutamic acid

CO calcium oxalate

TMA tissue microarray

FB fibroblastic

TG telangiectatic

CS chondrosarcoma

MX myxoid

Max maxilla

β-GP β-Glycerophosphate

ARS Alizarin Red S

CM control media

SM stimulating media
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Fig. 1.
Histology of tumor sections stained with molecular imaging biomarkers. (A) Bright field
images of sectioned cancer tissues. (B) Auto-fluorescence of tumors incubated in PBS.
Human cancer tissue sections were stained with 2 μM of (C) FITC, (D) cHABP, or (E)
HABP-19 for 30 min, washed extensively with PBS to remove unincorporated biomarkers.
Fluorescence images were observed by fluorescence microscopy to detect bound HA
calcification on tissue sections.
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Fig. 2.
Optical molecular images of tumor tissue microarrays (TMAs). Bright field image (top) and
fluorescent image (bottom) of osteosarcomas (A) and breast cancers (B). TMAs incubated
with HABP-19 were thoroughly washed with PBS to remove any unbound probe. Optical
molecular images were acquired using a Maestro 2 optical imaging system with a 100 ms
exposure time. To validate the selective binding of HABP-19 on TMAs, a green filter set
was used (acquisition setting: 550 to 800 in 10-nm steps). Bone cancer TMA (T262)
contained 12 cases and 24 cores (diameter = 1.5 mm and thickness = 5 μm): OS of left lower
limb (OS Limb), OS of right proximal humerus (OS Hum), parosteal OS of skull (OS Skull),
osteoblastic OS of left distal femur (OB OS), fibroblastic OS of costal bone (FB OS),
telangiectatic OS of left distal femur (TG OS), chondrosarcoma (CS) of humerus (CS Hum),
myxoid CS of left femur (MX CS), mesenchymal CS of left leg (Mes CS), CS of right
maxilla (CS Max), normal bone tissue (Bone), and normal cartilage tissue (Cartilage). Breast
cancer TMA (T083) contained 6 cases and 12 cores: ductal (moderately-differentiated or
poorly differentiated), lobular, apocrine carcinoma, normal breast tissues, and malignant
melanoma (tissue marker).
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Fig. 3.
Histological analysis of Tumor TMAs. (A) Subtypes of OS TMAs were stained with H&E
(top) or HABP-19 (bottom) to identify HA calcification. (B) Subtypes of breast cancer
TMAs were stained with H&E (top) or HABP-19 (bottom) to detect HA calcification. The
yellow dot rectangle was magnified in the bright field (middle) and fluorescence field view
(bottom). More images can be found at Supplementary Fig. S2.
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Fig. 4.
Identification of mineral layer and HA calcification induced by SaOS-2 cells. Cells were
incubated under control medium (CM) or stimulating medium (SM) supplemented with 50
μg/mL ascorbic acid (AA) and 7.5 mM β-glycerophosphate (β-GP) for the indicated time
points. (A) Cells cultured in CM or SM were stained with Alizarin Red-S (ARS) to detect
calcium mineral layer and captured by a digital camera after removal of unbound ARS dye
by washing. (B) Mineral layers stained with ARS in CM or SM culture were quantified at
405 nm (results are mean ± SD, n = 4). (C) HA deposits induced by SaOS-2 cells during CM
or SM cultures were stained with HABP-19 at the indicated time points and visualized by a
Maestro optical molecular imaging system. The acquired images are shown as pseudo color-
enhanced fluorescence superimposed on the white light images. (D) Region of interest (ROI)
covering each culture plate well was used to quantify average signal intensity of HABP-19
(results are mean ± SD, n = 4). Significantly different P value (P < 0.05) between CM and
SM was indicated as asterisk (*).
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