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The presence of calcification in tumours has been known for decades?®. Indeed, calcified
breast tissue is a fundamental criterion for early breast cancer diagnosis, indicative of ma-
lignancies?, and their appearance is used to distinguish between benign and malignant in
breast biopsies®#. However, an in-depth characterization of the nature and origin of tumour
tissue calcification remains elusive®®. Here, we report the presence of nano and micron-
sized spherical particles made of highly crystalline whitlockite that are exclusively found in
the arterial wall of malignant invasive tumours. By applying nanoanalytical methods to
healthy, benign and malignant tumour breast tissue biopsies from patients, we show that
poorly crystalline apatite can be found in all breast tissue samples, whereas spherical crys-
talline whitlockite particles are present only in invasive cancers, mainly in areas close to
the lumen of the arterial wall. Moreover, we demonstrate that the concentration of these
spherical crystalline particles increases with the grade of disease, and that their size can be

related to tumour type. Therefore, our results not only provide new insight into calcification
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of tumour tissue, but also enable a precise, yet simple route of breast cancer diagnosis and
staging.

The detection of minerals in breast tissue is key to the early diagnosis of breast can-
cer>”!". Breast screenings are widely used to examine for the presence of calcifications,
which are, in many cases, the only detectable sign of a tumour’/. These calcifications are
found in all types and grades of breast tumours’//>/%. A robust understanding of the physico-
chemical characteristics of calcifications may shed light on the nature of the calcification of
tumours, and allow a correlation between calcification and tumour type and grade.

Here, we report the distinct mineral characteristics and features of calcifications of
breast tumour tissue. Initially we carried out a double-blind analysis of histological slides ob-
tained from breast tissue biopsies of 81 patients with tumours of all grades, using density-
dependent colour scanning electron microscopy (DDC-SEM)’’. 11 tissue samples were from
healthy donors, 23 samples from patients with benign tumours, and 47 samples from patients
with malignant tumours, of which 8 tumours had been classed as invasive lobular, 7 as cribri-
form and 16 as ductal carcinomas (Supplementary information Table S1).

The electron micrographs show that calcification occurs in two forms: large deposits
made of compact calcification (Fig. 1a, Supplementary Fig S1) with no specific morphology
and dimensions ranging from 10 um to 300 pm, and spherical particles (Fig. 1b, ¢, d, Supple-
mentary Fig S2). Large deposits of compact calcification were found in 18% of the samples
from healthy donors, in 11% of the samples from patients with benign tumours and in 62% of
the samples of patients with invasive malignant tumours (Fig. le). Interestingly, particles
(with sizes ranging from 46 nm to 2200 nm, average size of 434.0 = 0.2 nm, Fig. 1f) are pre-
sent only in invasive cribriform (Fig. 1b), invasive lobular (Fig. 1¢) and invasive ductal carci-
noma (Fig. 1d) samples. Moreover, compact calcification was observed in different breast tis-
sue types, including the ducts and the stroma; by contrast, particles were only detected in

arteries.
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Figure 1. Representative electron micrographs and chemical analysis of compact calcification and parti-
cles in breast tissue samples. a DDC-SEM representative micrograph of compact calcification present in a be-
nign sclerosing papillary case. Scale bar = 3 um. b DDC-SEM representative micrograph of particles in a malig-
nant invasive cribriform carcinoma. Scale bar = 2 um. ¢ DDC-SEM representative micrograph of particles in a
malignant invasive lobular carcinoma. Scale bar = 300 nm. d DDC-SEM representative micrograph of particles
in a malignant invasive ductal carcinoma. Scale bar = 1 um. Blue and purple colours correspond to dense materi-
al (minerals), whereas structures that appear in green and red correspond to lower density materials (extracellular
matrix and cells). e Histogram indicating the percentage of cases in which calcification was detected. f Size dis-
tribution of 1300 particles observed in malignant invasive tumours. g TEM micrograph of large mineral in a be-
nign phyllodes tumour sample and corresponding SAED pattern, indicating hydroxyapatite of polycrystalline
structure. The full width half maximum (FWHM) indicates a value of 5.302. Scale bar = 100 nm. h TEM micro-
graph of calcified particles in a malignant invasive lobular carcinoma sample, and elemental mapping of the
same particles, showing I calcium (Ca), 11 phosphorus (P) and 111 magnesium (Mg). Scale bar = 100nm. i TEM
micrograph of nanoparticles in a malignant invasive cribriform carcinoma sample, with SAED pattern indicating
whitlockite diffracting as a highly crystalline single crystal. FWHM indicates a value of 1.042. Scale bar = 50

nm.
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After DDC-SEM we then applied transmission electron microscopy with energy dis-
persive x-ray spectroscopy (TEM-EDS) and selective area electron diffraction (SAED) to cal-
cified tissue samples sectioned by focused ion beam (FIB). Compact calcifications have no
consistent internal structure (Fig. 1g), and are composed of calcium phosphate (Supplemen-
tary Fig S3 (EDS spectra)) in the form of polycrystalline hydroxyapatite (Fig. 1g insert). By
contrast, the internal structure of the calcified particles consists of concentric crystals (Fig. 1h
and i). The particles are composed of calcium and phosphorus, with small amounts of magne-
sium (Fig. 1h and Supplementary Fig S3). Their SAED diffraction pattern shows that particles
diffract as a whitlockite single crystal (Fig. 1i). The presence of hydroxyapatite®81° and whit-
lockite” 121820 has previously been acknowledged in breast cancer calcifications; however, to
the best of our knowledge, this is the first report of two distinct mineral structures and the
presence of distinct calcified particles only in malignant breast tumours.

In the arteries, the majority of particles are located close to the lumen (Fig. 2a, Sup-
plementary Fig. S4, S5). Notably, they are concentrated in the internal elastic lamina?* (Fig.
2b), with 90% of particles within 50 um of the lumen, and all particles within 100 um of the
lumen. There is no statistically significant association of particle size and type of invasive
carcinoma (Fig. 2c). However, particle size and grade of cancer can be correlated; the size of
particles in samples of grade 1 tumours was found to be slightly larger than in samples of
grade 2 and grade 3 tumours (Fig. 2d). Moreover, the fact that the average radius of the parti-
cles remains relatively constant across all grades and types of malignancies would maybe
suggests that the particles originate from mineralizing elements which are constantly provided

to the arteries.
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Figure 2. Dimensions and occurrence of whitlockite nanoparticles. a Representative backscattered electron
micrograph of arterial wall tissue with the lumen indicated by a red arrow showing calcified accumulation of
particles within the arterial wall. The end of the arterial wall is indicated by the blue line and arrow. b Position of
3000 nanoparticles as distributed within the arterial wall. Error bars indicate standard deviation. ¢ Particle diame-

ter for different types of malignancy (lobular, cribriform and ductal (n = 300)). (mean + SD). One-way ANOVA
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with Dunnett's T3 multiple comparisons post-hoc test. (*p > 0.9999). d Particle diameter in samples with differ-
ent grades of malignancy (grade 1, grade 2 and grade 3 (h = 30, n = 600, n = 600)) (mean + SD). One-way
ANOVA with Dunnett's T3 multiple comparisons post-hoc test. (*p = 0.1436, **p > 0.9999, ***p =0.0294). e
Spatial density distribution of particles in relation to different grades of malignancy (grade 1, grade 2 and grade 3
(n=2,n=5,n=5)) (mean £ SD). One-way ANOVA with Dunnett's T3 multiple comparisons post-hoc test. (*p
=0.0298, **p = 0.2710, ***p =0.0898).

A correlation was also found between the number of particles and the grade of cancer;
the number of particles in grade 1 tumours are significantly lower than in grade 2 and grade 3
tumours (Fig. 2e). Therefore, the number of spherical particles with tumor grade, indicates
that they may accumulate over time as the cancer progresses.

In summary, the presence of spherical whitlockite particles provides a new biopsy
marker for malignant breast cancer, and their size and concentration can be related to tumour
grade. Also, interestingly, particles with of the same size, composition, morphology and crys-
tallinity have previously been observed in the cardiovascular system'’?2 and on the Bruch’s
membrane of the human eye?. However, their impact on tumour tissue remains to be eluci-

dated.
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Materials and Methods

Sample preparation: 81 samples were analysed (Supplementary Table S1) in total. The sam-
ples were obtained from the Department of Surgery and Cancer at the Imperial Centre for
Translational and Experimental Medicine (UK), Breast Cancer Now Tissue Bank (UK) and
the Cantonal Hospital of St. Gallen (Switzerland). For the collection of these samples, in-
formed signed consent was obtained from either the patient or from next of kin and the sam-
ples were processed, analysed and disposed according to the ethical approval obtained. Histo-
logical specimens were prepared as per standard clinical protocols; 3-5um thick, formalin-
fixed, paraffin-embedded, and mounted on glass slides. The dewaxing of samples, required
for imaging studies, was done using pure xylene solutions, at 5-minute intervals. Samples
were coated with silver conductive paint and with carbon, using a Quorum K975X coater pri-

or to imaging.

Scanning Electron Microscopy: Following sample preparation, a Hitachi S-3499N and a Carl
Zeiss Crossbeam were used imaging with secondary electron (SE) and backscattering electron
(BSE) modes. Using these two imaging modalities, density-dependent images (DDC-SEM)
were also acquired. Energy-dispersive X-ray spectroscopy (EDX) analysis was carried out us-
ing Oxford Instruments EDX detectors, integrated into both microscopes. For this analysis,

accelerating voltages of 5kV and 10kV and a working distance of 10mm were used.

Histology: Histopathological slides of breast cancer biopsies were produced using standard
preparation procedures. The tissue was formalin-fixed and paraffin-embedded, and then cut
into sections of 3-5um in thickness, using a microtome. Haematoxylin and Eosin (H&E)

staining was carried out on the slides, which were scanned using a Leica SCN400 scanner.

Focused lon Beam: A FEI Helios NanoLab 600 DualBeam Focused lon Beam System was
used. A micro region of each sample was coated with a Platinum layer at 30kV and 93pA.
Following this procedure, currents between 93pA and 2.8nA were used for section lift out and

thinning to 100nm.

Transmission Electron Microscopy: FIB prepared sections were imaged using a JEOL JEM
2100Plus Transmission Electron Microscope at 200kV and 120kV.
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Size and distribution of calcific particles: Dimension and count measurements were done
manually using Image J. Data is expressed as mean * standard deviation (SD) and was ana-
lysed using a One-way ANOVA with Dunnett's T3 multiple comparisons post-hoc test. The
statistical significance was evaluated using a p value of 0.05. For all box plots the whiskers
indicate the outlier values outside 1.5 times the interquartile ranges, and the box lines indicate

the upper quartile, median, and lower quartile.
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