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Pathological mineralizations in breast lesions are closely associated with disease progression and serves as
a critical diagnostic indicator. However, systematic understanding remains lacking regarding the phase
categories, distribution patterns, and proportional occurrences of mineral phases across different breast
lesion types. The diagnostic implications of specific phases, such as calcium oxalate, for distinguishing
benign and malignant lesions remain controversial. This study employed polarizing microscopy,
environmental scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS),
transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), and Raman
spectroscopy to analyze the phase composition of 61 mineralized samples from three lesion types:
Invasive carcinoma, carcinoma in situ and benign lesions. Results demonstrate that breast lesion
mineralizations predominantly comprise calcium phosphates, including hydroxyapatite (HA), amorphous
calcium phosphate (ACP), and whitlockite, occasionally accompanied by calcium oxalate (monohydrate or
dihydrate). Distinct distribution patterns and proportional occurrences of minerals were observed among
the three types of lesion mineralizations. HA, as the predominant phase, was ubiquitously present across
all three lesion categories. ACP, a mineralization precursor phase, emerged during early mineralization
stages across all lesion types. Notably, whitlockite exclusively occurred in benign lesions and carcinoma
in situ, with higher prevalence in benign cases, suggesting a progressive decline in Mg?" concentration
within the lesion microenvironment as malignancy advances. Calcium oxalate coexisted with HA in
mineralized regions across all lesion types, and its presence in invasive carcinoma specimens warrants
heightened clinical attention.

©2025 China Geology Editorial Office.

1. Introduction

and diffuse distribution. However, their strong X-ray
absorption and attenuation properties enable visualization as

Breast lesions encompass various types, which can be
pathologically categorized into benign and malignant entities.
Malignant breast cancer has become the most prevalent
cancer in terms of incidence and mortality among women
worldwide (Siegel RL et al., 2016), posing a significant threat
to female health. Breast lesions are frequently associated with
the formation of abnormal mineralization (O'Grady S and
Morgan MP, 2018). Most breast mineralizations remain
clinically undetectable due to their microscopic dimensions
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bright spots on radiographic images (Fischmann A, 2008),
allowing disease-related information contained in non-
palpable micromineralizations to be utilized for breast disease
diagnosis through medical imaging modalities like
mammography. In challenging clinical cases where
conventional diagnostic methods prove inadequate, imaging-
detected tissue mineralizations often serve as the sole marker
for malignant lesions (Obenauer S et al, 2005).
Micromineralization have emerged as one of the most crucial
early diagnostic indicators for breast cancer (Ling H et al.,
2013; O'Grady S and Morgan MP, 2018), and are postulated
to exacerbate cancer cell dissemination and tissue invasion
(Choi S et al., 2015). Notably, this pathological effect appears
to vary with compositional alterations in the mineralizations
(Scott R et al, 2017). Consequently, the compositional

Copyright © 2025 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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characteristics of breast mineralizations are believed to
encode critical information closely associated with disease
progression and pathogenesis (Fandos-Morera A et al., 1988).

Early classification systems categorized
mineralizations isolated from breast lesions into two primary
types (I and II) based on their chemical composition and
association with benign/malignant pathology. Type I
mineralization, composed of calcium oxalate, is relatively rare
and predominantly observed in benign lesions, with limited
occurrence in malignancies (Frouge C et al., 1996). Type II
mineralization, representing the most prevalent mineral phase
in human breast lesions, consists of calcium phosphates,
primarily hydroxyapatite (HA) or carbonate hydroxyapatite
(CHA), and are detected in both benign and malignant
conditions (Frappart L et al., 1986).

While no direct correlation exists between mineralization
types and lesion malignancy, calcium oxalate has been
proposed as a potential indicator of benign pathologies or
lobular carcinoma in situ (LCIS) (Busing C et al., 1981;
Frappart L et al., 1986; Haka AS et al., 2002; Morgan MP et
al., 2005). Consequently, the detection of calcium oxalate
often precludes further biopsy procedures in clinical practice
(Stone N and Matousek P, 2008; Ghita A et al., 2018).
However, paradoxical detection of calcium oxalate crystals in
ductal carcinoma in situ (DCIS) and invasive ductal
carcinoma (IDC) cases by Winston JS et al. (1992), Martin
HM et al. (1999), and Scimeca M et al. (2014) challenges its
specificity as a benign/LCIS marker. Furthermore, advanced
spectroscopic analyses conducted by Kerssens M (2012),
particularly through infrared spectroscopy and synchrotron
radiation X-ray diffraction (SRXRD), have identified
additional mineral phases such as whitlockite within breast
calcifications, revealing greater compositional complexity
than previously recognized.

Breast mineralizations play a critical role in mammary
disease diagnosis, with its heterogeneous characteristics
demonstrating potential diagnostic value for lesion
classification. However, systematic understanding of phase
composition in pathological breast mineralizations remained
incomplete. The controversy persists regarding the prognostic
significance of mineralization variability in differentiating
benign and malignant lesions. This study conducts an in-depth
investigation into the phase diversity of breast
mineralizations, specifically examining the prevalence and
proportional distribution of distinct mineral phases across
three pathological categories: Invasive carcinoma, carcinoma
in situ, and benign lesions. The research aims to establish
mineralogical evidence elucidating the relationship between
mineralization phase composition and breast lesion types.

micro-

2. Materials and methods

A total of 61 breast tissue specimens with distinct
mineralization were selected from the medical archives of
Peking University Third Hospital, Beijing Hospital, and
Hubei Zhongxiang People’s Hospital, comprising three
diagnostic categories that form a malignancy-gradient test

series (invasive — in situ — benign). The lesion types
included invasive carcinomas (invasive ductal carcinoma and
invasive lobular carcinoma), carcinomas in situ (ductal
carcinoma in situ and lobular carcinoma in situ), and benign
lesions (fibroadenoma, usual ductal hyperplasia, ductal
ectasia, and sclerosing adenosis). The cohort consisted of 25
invasive carcinoma cases (designated JR-1~25), 15 carcinoma
in situ cases (YW-1~15), and 21 benign lesion cases (LX-
1~21). Continuous sectioning of paraffin-embedded tissue
blocks was performed using a Leica ultramicrotome. For each
specimen, one 4-um section was prepared as a standard
hematoxylin-eosin (HE) stained slide, one 8-um section
mounted on a 20 mm x 20 mm silicon wafer, and one 8-um
section placed on a clean glass slide as a blank control.
Multiple consecutive sections were stored in 1.5 mL
centrifuge tubes for subsequent isolation of mineralization
powder following established protocols detailed by Meng FL
etal. (2015).

HE-stained slides were analyzed under a Nikon LV100
POL polarized light microscope (POM) at the Microscopy
Laboratory of School of Earth and Space Sciences, Peking
University to document mineralization size, morphology, and
distribution patterns, while simultaneously enabling sample
selection and preliminary localization for subsequent
analyses. Chromium-coated silicon wafer samples were
examined using a Quanta 650FEG field-emission
environmental scanning electron microscope (ESEM)
equipped with energy-dispersive X-ray spectroscopy (EDX)
at the same institution, revealing mineralization distribution
characteristics and elemental composition. Isolated
mineralization samples underwent ultrasonic dispersion in
anhydrous ethanol for 10 minutes to create homogeneous
suspensions, which were deposited onto microgrids using
disposable pipettes. After air-drying, these preparations were
analyzed with a JEM-2100F field-emission high-resolution
transmission electron microscope (TEM) at Analytical
Testing Center of Peking University to acquire morphological
and structural information, including lattice fringe images and
electron diffraction patterns from selected areas. Fourier-
transform infrared (FTIR) spectroscopy was performed using
a NICOLET iN10 MX microspectrometer at the University’s
College of Chemistry and Molecular Engineering, where
dried mineralization powders were compressed between
diamond anvils and analyzed across the 650-4000 cm
spectral range. Resultant spectra were compared against
reference mineral spectra in the Sadtler database for phase
identification. Raman spectroscopic analysis was conducted
using a Renishaw inVia Reflex confocal microspectrometer at
the Beijing Key Laboratory of Mineral Environmental
Function (School of Earth and Space Sciences, Peking
University), with either adhered powder samples or blank
control slides analyzed across 400-1300 cm ™! spectral range
to characterize phase composition.

3. Results
3.1. Polarized Optical Microscopy (POM) observations

POM examination of hematoxylin-eosin (HE)-stained


https://doi.org/10.31035/cg20250062
https://doi.org/10.31035/cg20250062
https://doi.org/10.31035/cg20250062
https://doi.org/10.31035/cg20250062
https://doi.org/10.31035/cg20250062
https://doi.org/10.31035/cg20250062
https://doi.org/10.31035/cg20250062
https://doi.org/10.31035/cg20250062
https://doi.org/10.31035/cg20250062

Wang et al. / China Geology 8 (2025) 475-486 477

sections from all 61 cases across three pathological types
revealed variably abundant deeply stained mineralization
(Fig. 1). The mineralization exhibited irregular flaky
morphologies (outlined by red solid circles in Fig. 1) or
subrounded shapes (yellow solid circles in Fig. 1), with
substantial diameter variations. Distinct psammoma body-like
concentric lamellar structures were observed in some regions
(indicated by yellow arrows in Fig. 1). Both morphological
types of mineralization occurred across all three lesion
categories.

A characteristic extinction phenomenon with alternating
light-dark variations under cross-polarized light was identified
in selected sections, manifesting as four distinct extinction
positions per full rotation, accompanied by white or
yellowish-white flashes between extinction angles, indicative
of calcium oxalate presence (Chen SG, 1993). This optical
signature was detected in one invasive carcinoma, one
carcinoma in situ, and three benign lesion cases.

In carcinoma in situ sample YW-2, calcium oxalate
mineralization remained unstained by HE under plane-
polarized light, displaying pale amber coloration (green arrow
in Fig. 2a). Under cross-polarized light, these areas exhibited
sharp white flashes with well-defined boundaries (yellow
arrow in Fig. 2b), demonstrating four cyclical bright-dark
transitions during stage rotation. In contrast, type II calcium
phosphate mineralization displayed basophilic staining
properties, appearing dark bluish-purple in HE-stained

sections (Fig. 2c). No resolvable extinction variations were
observed under cross-polarized rotation, exhibiting quasi-
isotropic “complete extinction” behavior (Fig. 2d). The
predominant HA composition in calcium phosphate
mineralization likely accounts for this phenomenon, with
contributing factors including nanocrystalline grain size (<1
um), low birefringence (weak interference colors), and light
absorption by histological stains.

3.2. Environmental Scanning Electron Microscopy (ESEM)
analysis

ESEM observations revealed significant morphological
diversity in breast lesion mineralization, primarily categorized
into two distinct patterns: (1) Extensive sheet-like
mineralization localized within ductal lumina (Fig. 3a) or
associated with collagen fibers, and (2) spheroidal
mineralization with variable diameters ranging from several
micrometers to submicron scales, adherent to collagenous
matrices (Fig. 3b).

Energy-dispersive X-ray (EDX) spot analysis of 61 in situ
silicon-mounted samples across all three lesion types
demonstrated broad Ca/P atomic ratio (At%) variations (1.212—
2.394). Quantitative elemental mapping of sheet-like and
spheroidal mineralization patterns (averaged from n=5
measurements per feature) identified calcium (Ca),
phosphorus (P), carbon (C), and oxygen (O) as primary

Fig. 1. HE-stained sections showing mineralization in various types of breast lesions. a—c—invasive carcinoma; d—f—carcinoma in situ; g—i—be-

nign lesions.
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Fig. 2. Polarized light micrographs of type I and II mineralization in breast carcinoma in situ sample YW-2. a, b-histological images of type I
calcium oxalate mineralization under plane-polarized and cross-polarized light, respectively. ¢, d-histological images of type II calcium phos-
phate mineralization under plane-polarized and cross-polarized light, respectively.

Fig. 3. ESEM backscattered electron images of breast lesion mineralization. a—sheet-like mineralization within a ductal lumen; b—collagen-as-

sociated spheroidal mineralization.

constituents, with a mean Ca/P ratio of 1.645 (Fig. 4). This
value aligns with the theoretical Ca/P range for HA in human
biomineralization systems (Dorozhkin SV, 2010).

ESEM  imaging further identified  amorphous
mineralization regions characterized by loose flocculent
textures containing irregular submicron spheroids and
interstitial amorphous material (Fig. 5). EDX analysis of these
regions (n=10 measurements) revealed a mean Ca/P ratio of
1.320 (Fig. 5), consistent with amorphous calcium phosphate
(ACP) as defined by Mahamid J et al. (2008).

Polyhedral mineralization with well-defined crystallinity
was observed across all lesion types (Fig. 6). Comparative
analysis demonstrated subtle morphological variations among
invasive carcinoma (JR-8, Fig. 6a), carcinoma in situ (YW-7,
Fig. 6b), and benign lesion (LX-4, Fig. 6¢) specimens, with
partial fragmentation noted in invasive carcinoma-associated
mineralization. EDX spot analysis (#=2—5 measurements per
structure) of these polyhedral features detected calcium,
carbon, and oxygen as exclusive constituents (Table 1). The
atomic ratio of Ca: C approximated 1 : 2 across all three
lesion types, corresponding to the stoichiometric composition

of calcium oxalate (Ca[C:04]), suggesting potential calcium
oxalate mineralization coexistence in diverse breast
pathologies.

3.3. Transmission Electron Microscopy (TEM) analysis

The crystalline morphology of mineralization in three
types of breast lesions after isolation was observed under
TEM, revealing diverse microcrystalline configurations and
their aggregates, including rod/particulate (Figs. 7a, d, g),
fibrous (Figs. 7b, e, h), columnar (Fig. 7f), and spheroidal
forms (indicated by red circles in Figs. 7b, c, i). These
mineralization morphologies were identified across all three
types of breast lesion samples, with coexistence of different
crystal forms observed in specific instances (Figs. 7b, c). The
rod/particulate crystals exhibited relatively regular geometry,
with further magnification demonstrating overlapping and
stacking of particles, displaying short-edge dimensions below
10 nm and long-edge dimensions reaching 50 nm. In contrast,
fibrous crystals demonstrated irregular morphology and
comparatively poorer overall crystallinity. The spheroidal
structures in Fig. 7i presented as uniformly rounded entities
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Element

Ca/P(At %)=1.645

Element Wt %

Ca/P(At %)~=1.320

Fig. 6. Polyhedral mineralization in breast lesions. a—invasive carcinoma JR-8; b—carcinoma in situ YW-7; c-benign lesion LX-4.

Table 1. EDX results of three morphologically distinct
mineralization specimens.
Element C (6] Mg Ca Total
a (JR-8) wt% 15.77 54.63 - 29.60 100.00
At% 24.02 62.47 - 13.51
b (YW-7) wt% 16.44 54.09 0.26 29.21
At% 24.93 61.60 0.19 13.28
c (LX-4) wt% 15.25 49.99 - 34.76
At% 24.48 61.84 - 13.68

with high crystallinity and dense architecture, exhibiting

electron beam impermeability. Conversely, spheroidal
structures in Figs. 7b and 7c displayed looser organization,

with detailed observation revealing their composite nature

formed by aggregated smaller particulate crystals.

Lattice fringe imaging and selected-area electron
diffraction (SAED) were performed on ultrathin specimen
edges using Digital Micrograph software for interplanar
spacing measurement and pattern indexing. Calibration
against standard PDF cards (Frondel C, 1943) identified d-
spacings of 2.81 A, 3.51 A,2.27 A, 2.53 A, 2.14 A, and 2.73
A, corresponding to HA lattice planes (2 1 1), (20 1), (31 0),
(301),311),and (3 00), respectively (Figs. 8a, c, e). The
electron diffraction patterns of mineralization exhibited
polycrystalline ring configurations (Figs. 8b, d, f), indicating
that the samples consisted of nanocrystalline polycrystals. A
limited number of diffraction rings were observed, with inner
rings demonstrating relatively sharp definition while outer
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Fig. 7. TEM morphologies of breast lesion mineralization. a—c—invasive carcinoma; d—f-carcinoma in situ; g—i—benign lesions.

rings exhibited diffuse dispersion, collectively suggesting low
crystallinity of the mineralization. Indexing results of all
diffraction rings matched the reference parameters of HA
(Frondel C, 1943), confirming its ubiquitous presence in
mineralization from invasive carcinoma, carcinoma in situ,
and benign lesion specimens.

Non-HA phases were detected in some samples (Fig. 9).
Under TEM imaging, well-crystallized rounded spheroidal
mineralization with a diameter of approximately 350 nm was
observed in the benign breast lesion sample LX-4 (Fig. 9a).
Its selected-area electron diffraction (SAED) pattern (selected
area size about 200 nmx200 nm) exhibited periodically and
symmetrically arranged diffraction spots (Fig. 9b),
corresponding to the characteristic diffraction pattern of a
single crystal.

The diffraction pattern in Fig. 9b was calibrated using
Digital Micrograph software to generate Fig. 10. By
measuring the smallest fundamental unit (characteristic
parallelogram) within the pattern, the distances R;~1.935 nm,
R,=1.240 nm, and R;=5.998 nm were obtained. Using the
diffraction formula R=LMd, the corresponding interplanar
spacings were calculated as 5.17 A, 8.06 A, and 3.33 A,
respectively. These values align with the parameters from the
whitlockite PDF card (Hanawalt J et al., 1938), with the three
diffraction spots corresponding to the (1 1 0), (0 1 2), and (1 2
2) crystallographic planes of whitlockite (Hanawalt J et al.,
1938), confirming its composition as the primary
mineralization phase.

Smaller-diameter spheroids likely represent early-stage
mineralization, as shown by densely packed mineralization
spheroids (diameter <50 nm) with homogeneous internal
structures in Fig. 1la. Imaging of thinner edge regions
revealed indistinct lattice fringes (white solid-line box in
Fig. 11b), while the central white box showed no discernible
lattice features. The SAED pattern from the yellow dashed-
line box in Fig. 11b displayed coexisting diffraction spots and
diffuse rings (Fig. 11c). The diffraction spots, indexed to the
(002),(210),and (11 2) planes of HA (PDF2-2004; 00-
090-0432), indicate localized crystalline regions with sparse
crystal distribution. The diffuse rings, characteristic of
amorphous calcium phosphate, confirm the coexistence of
amorphous and crystalline phases in this region.

3.4. Fourier
analysis

Transform Infrared Spectroscopy (FTIR)

The transmission-mode micro-FTIR testing of mineralized
powders from three types of separated breast tissue samples
revealed characteristic infrared spectra of HA in all samples
(Fig. 12). The strongest peak near 1036 cm ' corresponds to
the antisymmetric stretching vibration v3(PO,>") of phosphate
groups, while the minor peak near 960 cm™' represents the
symmetric stretching vibration v;(PO,) of phosphate groups.
The peak near 3435 cm ' is attributed to the stretching
vibration v(OH") of hydroxyl groups. These peaks
collectively serve as characteristic signatures of HA (Rey C et
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al., 1989), indicating the presence of HA in the mineralization
from invasive breast carcinoma, ductal carcinoma in situ, and
benign lesions. Additionally, the infrared spectra exhibit the
characteristic peak of Amide I near 1626 cm™', suggesting a
close association between mineralization and organic
components. The spectra also display the out-of-plane
bending vibration VZ(CO32') of carbonate groups near 873
cm ! and the antisymmetric stretching vibration v3(CO5>) as a
doublet near 1419 cm! and 1454 cm’!, indicating partial
carbonate substitution in mineralized HA.
Infrared spectra of individual

samples revealed
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Fig. 8. Lattice images and electron diffraction patterns of mineraliz-
ation. a—b—invasive carcinoma; c—d—carcinoma in situ; e—f-benign
lesions.

characteristic peaks of calcium oxalate (Fig. 13). In addition
to HA signatures, the vibrational peaks at 781 cm™! and 665
cm ' were identified as key diagnostic features of calcium
oxalate monohydrate. A bending vibration peak of
coordinated water in calcium oxalate was observed near 1640
cm !, intermediate between the 1620 cm™! peak of calcium
oxalate monohydrate and the 1646 cm ' peak of calcium
oxalate dihydrate. A medium-intensity peak at 1321 cm’!
corresponds to the metal-carboxyl stretching vibration,
positioned between the 1316 cm ™! peak of calcium oxalate
monohydrate and the 1324 cm™' peak of calcium oxalate
dihydrate. A broad, non-split peak near 3430 cm™' typically
represents the symmetric and antisymmetric stretching
vibrations of coordinated water in calcium oxalate. Notably,
the prominent water-related peak of OH ™ between 3300-3400
cm ! often overlaps with vibration peaks from coordinated
water in calcium oxalate. The presence of these spectral bands
confirms the existence of calcium oxalate crystals in this
specific mineralization case.

3.5. Micro-Raman spectroscopy analysis

Micro-Raman spectroscopy analysis revealed that all
samples exhibited characteristic Raman spectra of HA (Fig. 14).
The single peak near 960 cm ' corresponds to the symmetric
stretching  vibration v,(PO,>) of phosphate groups,
representing the characteristic peak of HA (You AF et al.,
2017). The Raman peaks at 434 cm ' and 593 cm™! are
attributed to the in-plane bending vibration v,(PO,*") and out-
of-plane bending vibration v,(PO,>) of phosphate groups in
HA, respectively. The peak at 1070 cm ™' arises from the
asymmetric stretching vibration v3(PO,>) of phosphate groups
and the v;(CO;>) mode of carbonate groups, serving as a
characteristic peak for type B carbonate substitution (CO5>
substituting PO,>). Additionally, a weak peak near 1001 cm ™!
was observed in the benign lesion sample LX-1, which may
originate from C-C vibrations of organic components (Xu CQ
et al., 2009).

Characteristic peaks of whitlockite were detected in some
powdered samples (Fig. 15). Under 50% objective lens, the
mineralization powder from ductal carcinoma in situ sample
YW-7 exhibited rounded microspheres (diameter <5 um) at

% 1

location “a”, with the strongest Raman peak at 968 cm .

Fig. 9. TEM morphology (a) and diffraction pattern (b) of benign lesion LX-4.
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No. h k | d/A 204 1%
1[0 1 2 806996] 10955 11.5
2 1 0 4 644415 13731 167
3 0 0 6 618083 14318 09
4 [ 1 1 0 517500] 17.121 55.4
5 1 1 3 477358 18573 1.0
6 2 0 2 435625 20370 5.1
7 0 1 8 411756 21564 19
8 0 2 4 403498 22011 16.0
9 1 1 6 396786 22388 29 R/nm d/A hkl
10 1 0 10 3.42678 25981 40.6 1,935 517 (110)
11 2 1 1 337378 26396 4.4
1201 2 2 333266] 26728 103 1.240 8.06 (012)
13 1 1 9 322351 27651 52 5.998 3.33 (122)

Fig. 10. Indexing results of diffraction pattern.

(002)
—

Fig. 11. Sub-50 nm mineralization spheres. a—overview morphology; b—high-resolution image; c—diffraction pattern from yellow-dashed re-

gion.

Amide I

Absorbance
1

1000 1500 2000 2500 3000 3500 4000
Wavenumbers/cm™!

Fig. 12. Infrared spectra of three types of breast lesions: samples
JR-1, YW-1, and LX-1 (1#).

Location “b” showed a mixed area of microspheres and
irregular blocks, displaying the strongest Raman peak at 965
cm . Location “c” consisted of densely structured irregular
blocks, with the strongest Raman peak at 961 cm™'. The 960
cm ' Raman shift is recognized as a characteristic peak of HA
(You AF et al, 2017), while the phosphate stretching
vibration peak near 970 cm ' indicates the presence of
whitlockite (Xu CQ et al., 2009; You AF et al., 2017). These
observations suggest that location “a” primarily contains

[TPR L)

whitlockite, location “c” contains HA, and location “b”

Absorbance

4000 3500 3000 2500 2000 1500 1000
Wavenumbers/cm™!

Fig. 13. Infrared spectrum of ductal carcinoma in situ sample YW-2
@2#).

represents a mixture of HA and whitlockite. Samples
exhibiting whitlockite characteristic peaks included 2 cases of
carcinoma in situ and 5 cases of benign lesions, with no such
peaks detected in invasive carcinoma samples.

Micro-Raman analysis was performed on unstained slides
showing quadruple bright-dark extinction phenomena under
polarized microscopy to further verify the presence of calcium
oxalate. Taking invasive breast carcinoma sample JR-8 as an
example (Figs. 16a, b), Raman testing of the arrow-indicated
region yielded a spectrum (Fig. 16c) with the strongest peak at
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912 cm !, accompanied by a medium-intensity peak at 505
em' and a weak peak at 873 cm!. These features are
consistent with previously reported Raman spectra of calcium
oxalate dihydrate (Haka AS et al., 2002; Saha A et al., 2011;
Wang ZT et al., 2014). Comprehensive micro-Raman analysis
demonstrated: Among 25 invasive carcinoma samples, 1 case
showed coexisting type I/l mineralization while the
remaining 24 exhibited only type Il mineralization; among 15
carcinoma in situ samples, 1 case showed coexisting type I/II
mineralization while others displayed pure type 1I
mineralization; Of 21 benign lesions, 3 cases presented mixed
type /Il mineralization with the remaining 18 showing type 11
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3P0y

Intensity
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Fig. 14. Raman spectra of three types of breast lesion samples (1#
JR-1, YW-1, and LX-1).

Intensity/arb. units

mineralization exclusively.
4. Discussion

As the most stable calcium phosphate mineral in
physiological pH environments, HA has long been recognized
as the primary phase composition in mammary lesion
mineralization (Frappart L et al., 1986; Haka AS et al., 2002;
Wang CQ et al., 2011; Meng FL et al., 2015). Systematic
testing of mineral phases in mammary tissue mineralization
from three distinct pathological types - invasive carcinoma,
carcinoma in situ, and benign lesions - conducted in this study
reveals that, in addition to HA, mammary lesion
mineralization also contains ACP, calcium oxalate, and
whitlockite. The proportions of each phase present in the
samples are listed in Table 2.

The calcium phosphate series minerals are prone to have
their signals obscured by the dominant HA due to the close
proximity of their diffraction peaks as well as Raman and
infrared spectral bands. ACP, generating weaker signals, is
particularly susceptible to being overlooked and often treated
as background substrate. Widely recognized as a precursor in
animal hard tissue formation, such as zebrafish skeletal
systems (Mahamid J et al., 2008) and murine enamel (Beniash
E et al., 2009), ACP subsequently transforms into stable HA.
In in vitro calcium phosphate synthesis experiments, ACP has
been confirmed as the initial precipitated phase (Posner AS

961
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Fig. 15. Micro-Raman analysis of ductal carcinoma in situ sample YW-7. Left: Mineralization morphology under 50x objective lens. a—spher-
ical mineralization; b-mixed area; c—blocky mineralization; Right: Corresponding Raman spectra of locations a, b, and c.
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Fig. 16. Polarized light microscopy and Raman spectroscopic analysis of invasive breast carcinoma sample JR-8. a—histological image of type
I mineralization under single-polarized light; b—extinction phenomenon of type I mineralization under cross-polarized light; c-Raman spectrum

of type I mineralization.
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Table 2. Occurrence and proportions of each phase in the
samples.

HA ACP Calcium oxalate ~ Whitlockite
Invasive carcinoma 25/25 25/25 1/25 0/25
Carcinoma in situ 15/15 15/15 1/15 2/15
Benign lesions 21/21 21/21 3/21 5/21
and Betts F, 1975), with ACP spherules gradually

crystallizing into HA spheres during reaction progression.
Dey A et al. (2010) utilized cryogenic transmission electron
microscopy to image various mineralization stages, directly
observing pre-nucleation clusters in solution aggregating on
monolayer surfaces to form ACP spherules, followed by
crystallization into HA. Our findings demonstrate the
presence of ACP phase in breast lesion mineralization, with
TEM observations revealing the coexistence of amorphous
ACP and crystalline HA phases, indicating ongoing
transformation from ACP to HA and suggesting ACP serves
as HA precursor.

Whitlockite (chemical formula Ca;gMg,[HPO,],[PO4];,),
compared with HA, contains substantial magnesium in its
structure, and its formation strongly correlates with
magnesium concentration in the solution environment. Studies
confirm that ACP precursors in solution can only transform
into HA when Mg?" concentration is low (LeGeros RZ,
2001), whereas elevated Mg®" levels inhibit ACP-to-HA
conversion while promoting whitlockite formation (Beniash E
et al., 2009). Our research reveals that whitlockite exclusively
occurs in benign lesions and carcinoma in situ samples, with
higher prevalence in benign lesions (5/21 =23.8%) than in
carcinoma in situ (2/15 =13.3%), while being absent in
invasive carcinoma mineralization. This indicates distinct
chemical environments among different breast lesion types
leading to mineralization product variations. Furthermore,
Baker R et al. (2010) noted that pathological mineralization
properties in carcinoma in situ (carbonate content and
organic/mineral ratio) consistently intermediate between
benign lesions and invasive carcinoma, proposing potential
progression from benign lesions through carcinoma in situ to
invasive  carcinoma. Additional studies demonstrate
magnesium’s bidirectional interaction with carcinogenesis:
elevated Mg levels constitute a risk factor for postmenopausal
breast cancer development (Leidi M et al., 2011), while Mg-
deficient microenvironments impair DNA repair processes
and cellular proliferation/apoptosis regulation (Wolf FI and
Trapani V, 2012). Compared with healthy populations, breast
cancer patients exhibit significantly reduced serum Mg levels
(Abdelgawad IA et al., 2015). This suggests that during early-
stage (benign) breast lesions, relatively high Mg
concentrations in the local chemical environment permit ACP
transformation into whitlockite. With disease progression and
increasing malignancy, decreasing Mg?" concentrations in the
lesion microenvironment eliminate whitlockite = from
mineralization products.

In early studies, calcium oxalate was considered indicative
of benign lesions or lobular carcinoma in situ with favorable

prognosis (Busing C et al., 1981; Frappart F et al., 1986;
Fandos-Morera A et al., 1988; Haka AS et al., 2002; Morgan
MP et al., 2005), leading to insufficient attention towards
calcium oxalate research in breast lesion mineralization.
Concurrently, mineralization products experience partial loss
during sample fixation, embedding, and sectioning processes,
resulting in calcium oxalate detection in less than 5% of
breast mineralization foci (Tse MT et al., 2008). Furthermore,
the inherent difficulty in staining calcium oxalate crystals
with conventional histological methods renders them
particularly susceptible to being overlooked during routine
histological observations.

Our findings reveal that calcium oxalate (either
monohydrate or dihydrate) exists across all three lesion types.
It not only occurs within HA-containing mineralization
regions of benign lesions and carcinoma in situ (manifesting
as Type I/Il mixed mineralization), but also presents in
invasive carcinoma samples. Previous research has
demonstrated that calcium oxalate can promote malignant
transformation of normal mammary epithelial cells by
inducing proto-oncogene c-fos expression and breast cancer
cell proliferation (Castellaro AM et al., 2015). If calcium
oxalate is simplistically attributed to benign lesions and
prognostically favorable lobular carcinoma in situ, while
omitting subsequent biopsy examinations for calcium oxalate-
positive cases, this practice may lead to underdiagnosis and/or
misdiagnosis of substantial numbers of malignant breast
lesions. These observations underscore that detailed
classification of breast mineralization, whether through
imaging,  pathological  analysis or  mineralogical
characterization, enhances diagnostic accuracy for breast
lesions and provides valuable guidance for subsequent clinical
interventions.

5. Conclusion

Breast cancer is one of the most common malignant
tumors in women and a leading cause of cancer death among
females. Its global incidence has been increasing annually in
recent years. In 2022, new cases worldwide reached 2.3
million, accounting for 11.6% of all cancer diagnoses.
Preventing and treating breast cancer has become an urgent
global challenge and constitutes one of the significant issues
addressed by the United Nations Sustainable Development
Goals.

This study provides a detailed analysis of phase
composition in breast lesion mineralization and investigates
the presence and occurrence frequency of different mineral
phases across three lesion types: Invasive carcinoma,
carcinoma in situ and benign lesions. The results demonstrate
that breast lesion mineralization predominantly comprises
calcium phosphates, including ACP, whitlockite, and the
predominant HA, occasionally accompanied by calcium
oxalate. These phases can be differentiated through Fourier
transform infrared spectroscopy combined with Raman
spectroscopic analysis. Distinct variations exist in phase
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distribution and prevalence among the three lesion types. HA
is universally present and dominant across all sample
categories. As a precursor phase, ACP, though widely formed
during early mineralization stages, shows inconsistent
preservation in tested specimens. Whitlockite exclusively
occurs in carcinoma in situ and benign lesions, with higher
prevalence in benign lesions (5/21 =23.8%) than in carcinoma
in situ (2/15 =13.3%). Calcium oxalate is observed not only in
HA-containing mineralization regions of benign lesions and
carcinoma in situ, manifesting as Type I/Il mixed
mineralization, but also in invasive carcinoma mineralization.

Breast mineralizations play a critical role in mammary
disease diagnosis, with its heterogeneous characteristics
demonstrating  potential diagnostic value for lesion
classification. Research in mineralogy offers distinct
perspectives and techniques for the screening and diagnosis of
mineralization-related breast diseases. Multidisciplinary
research is the key to solving problems and has broad
prospects.
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