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ABSTRACT

Rupture of the cap of an atherosclerotic plaque can lead to thrombotic cardiovascular events. It has been suggested, through computational
models, that the presence of microcalci�cations in the atherosclerotic cap can increase the risk of cap rupture. However, the experimental
con�rmation of this hypothesis is still lacking. In this study, we have developed a novel tissue-engineered model to mimic the atherosclerotic
�brous cap with microcalci�cations and assess the impact of microcalci�cations on cap mechanics. First, human carotid plaque caps were
analyzed to determine the distribution, size, and density of microcalci�cations in real cap tissue. Hydroxyapatite particles with features simi-
lar to real cap microcalci�cations were used as microcalci�cation mimics. Injected clusters of hydroxyapatite particles were embedded in a
�brin gel seeded with human myo�broblasts which deposited a native-like collagenous matrix around the particles, during the 21-day culture
period. Second harmonic multiphoton microscopy imaging revealed higher local collagen �ber dispersion in regions of hydroxyapatite clus-
ters. Tissue-engineered caps with hydroxyapatite particles demonstrated lower stiffness and ultimate tensile stress than the control group
samples under uniaxial tensile loading, suggesting increased rupture risk in atherosclerotic plaques with microcalci�cations. This model sup-
ports previous computational �ndings regarding a detrimental role for microcalci�cations in cap rupture risk and can further be deployed to
elucidate tissue mechanics in pathologies with calcifying soft tissues.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0168087

INTRODUCTION
Rupture of the cap of an atherosclerotic plaque can lead to car-

diovascular events such as myocardial infarction and stroke.1�3 Cap
rupture is a material failure of the tissue, which can be analyzed and
predicted via stress and strain measurements. Where �brous cap thick-
ness was thought to be the main determinant of plaque rupture, it is
now also acknowledged that the tissue composition of the cap plays a
critical role.4,5 The atherosclerotic cap is often characterized by a het-
erogeneous composition and can contain in�ammatory cells, apopto-
tic cells, and microcalci�cations embedded in a collagenous
matrix.1,4�6 According to the current de�nition, microcalci�cations are
calci�ed particles, no larger than 50 lm,1 with the main component

being hydroxyapatite (HA).7�10 Multiple mechanisms for their forma-
tion have been proposed. These include the release of extracellular
vesicles,9,11 osteochondrogenic differentiation of smooth muscle
cells,12�14 apoptosis,15,16 and a combination of these mechanisms.
Microcalci�cations are found to be highly prevalent throughout ath-
erosclerotic plaques,17 both in the necrotic core, where they can be
seen as �oating debris, and in the overlying cap, the latter being possi-
bly critical for cap rupture. Computational studies have suggested an
impact of microcalci�cations in the cap on mechanical stresses and
concomitant rupture risk of the cap.17�23 Microcalci�cations were
shown to increase the stresses in the �brous matrix of the cap up to
twofold17,18,24 and to shift the maximum stress away from the
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shoulders of the cap to the location of the microcalci�cations,23 sug-
gesting a detrimental role for microcalci�cations on cap mechanics
and rupture. These models, however, still require experimental valida-
tion, especially, because the models assumed isotropic and homoge-
nous mechanical behavior for the cap tissue, which is structurally
heterogenous with local dominant collagen �ber orientations.19,25,26

Both calci�cation characteristics as well as collagen content contribute
to plaque instability.17 Furthermore, processes of calci�cation forma-
tion and collagen organization are intertwined,11 showing the impor-
tance of assessing the role and interplay of both components in cap
mechanics. Therefore, systematic experimental studies are needed to
assess the role of microcalci�cations in a collagenous matrix, to pro-
vide further insight into their effect on plaque cap mechanics.

Unfortunately, ex vivo material of already ruptured plaques is
complex due to destroyed morphology while unruptured plaques are
possibly not fully representable of the rupturing plaque. Furthermore,
human ex vivo material has a heterogeneous composition, complicat-
ing elucidating the role of individual cap components. Alternatively,
animal models are frequently used, but these are limited due to not
being able to adequately mimic the human plaque mechanics.
Therefore, to unravel the contribution of microcalci�cations on cap
mechanics, in vitro models are required, with variable but controllable
composition, and suitable for imaging and mechanical testing.
Previously we developed a tissue-engineered (TE) human �brous cap

model, where we created reproducible collagenous tissues that mimic
the mechanical properties of these caps.27 Capitalizing on our previous
studies, here we create a novel cap model with microcalci�cations,
mimicking analyzed human carotid plaque cap samples. We examined
the effect of microcalci�cation inclusion on cap mechanics and found
direct proof that microcalci�cations lowered the ultimate tissue stress,
indicating a role of microcalci�cations in cap vulnerability and
mechanics.

RESULTS
Microcalcification size and distribution in human
carotid plaque caps

In order to accurately model human microcalci�cations, we ana-
lyzed microcalci�cation distribution, size, and abundance in human
atherosclerotic carotid plaques [Fig. 1(a)]. Ninety tissue sections were
histologically analyzed, of which 44 contained cap tissue.
Microcalci�cations were observed to be present in plaque cap, both in
the shoulder and mid-cap regions as well as in the necrotic core and
close to the media layer. In 23 sections, microcalci�cations were
observed in the atherosclerotic cap and analyzed, with the total micro-
calci�cation content (area fraction) within the entire cap being
5% 6 4%. Microcalci�cations were distributed nonuniformly through-
out the cap and in clusters [Fig. 1(a), zoom]. The clusters were of an
ellipsoidal shape in the circumferential direction. In total, 1472

FIG. 1. Comparison of microcalci�cations in the human atherosclerotic cap to HA particles in the TE-cap. (a) A representative image of an atherosclerotic cap sample, stained
with alizarin red for calci�cation. The zoom-in shows a cluster of microcalci�cations. (b) Microcalci�cation size distribution of human CEA samples. (c) Graphical representation
of the TE-cap with a zoom-in showing an alizarin red stained section, showing HA particles. (d) HA particle size distribution in our TE-cap. Scale bars: (a) 1 mm and 100 lm,
(c) 100 lm.
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individual microcalci�cations were identi�ed within these clusters.
Their size ranged between 2 and 52 lm [Fig. 1(b)], with the majority
(84% of all particles) being smaller than 15 lm and only a subset (3%)
being larger than 30 lm. Microcalci�cation particle size varied
between patients (mean from 3.8 6 3.1 lm for the cluster with small-
est mean particles to 10.6 6 6.8 lm for biggest), shown in representa-
tive images and histograms (supplementary material Fig. 1).The
region of interest was established (i.e., the area of the cluster), after
which the percentage of the area taken up by microcalci�cation par-
ticles within this cluster was calculated (14% 6 11%).

HA particles within TE-cap mimic microcalcifications
in human cap

HA particles (n … 780) were analyzed and ranged between 1 and
55 lm, with 82% being between 0 and 15 lm [Figs. 1(c) and 1(d)].

Particle size between human microcalci�cations and purchased HA
particles were similar (p … 0.93). No abundant cell death was observed
of HVSCs after the addition of HA particles compared to control (sup-
plementary material Fig. 2), and MTT data showed no signi�cant dif-
ferences with and without HA particles (supplementary material Fig.
3). Based on the microcalci�cation characteristics of human cap data
[Fig. 1(a)], TE-caps were created with clustered HA particles [Fig.
1(c)]. Multiple clusters were created (on average 5 per sample) and
within each cluster, HA particles comprised 11% 6 6% of the area of
the cluster, as analyzed with bright-�eld microscopy, comparable to
human cap clusters of CEA specimens (p … 0.32). Cluster size and par-
ticle density were further visually compared in Alizarin Red S stained
sections and showed similar size and particle distribution [Figs. 1(a)
and 1(c), zoom]. Additionally, both clusters in human samples as well
as in the TE-cap showed an ellipsoidal morphology, visually orienting
along the �ber directionality [Figs. 1(a) and 1(c), zoom].

FIG. 2. Global tissue comparison of the
TE-cap models with and without clusters
of microcalci�cations. (a) Representative
photographs showing samples at day 5
and day 21 of culture, with and without
microcalci�cations. (b) Compaction of two
groups showing similar compaction over
the culture period. (c) Tile-scan of bright-
�eld microscopy images of a sample with
HA clusters, clearly visible with this imag-
ing method, and a control sample. (d) Cell
number (DNA) and collagen (HYP) levels
normalized to the total tissue mass. (e)
Representative PSR staining of collagen
(red/pink) with zoom-in showing HA
particles located between the �bers. (f)
Representative Von Kossa staining of adja-
cent section for HA particles (black) with
Nuclear Fast Red counterstain (pink). Scale
bars: (e) and (f) 200 lm and zoom-in 50 lm,
arrow indicates same microcalci�cation.
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Composition and geometry of TE-caps
At the end of the 21-day tissue culturing period, all TE-caps

showed compaction in the lateral direction [Fig. 2(a)]. No signi�cant
difference was detected between the TE-caps with and without HA
[Fig. 2(b)]. Visual inspection of the bright-�eld images [Fig. 2(c)] dem-
onstrated ellipsoidal shapes of HA clusters, with the major axis in the
direction of the stretch applied during tissue culturing due to the
Velcro constraints. They had a mean area of 0.8 6 0.6 mm2 per cluster.
DNA content normalized to tissue dry weight showed no differences
in the amount of cells between TE-caps with and without HA [Fig.
2(d)]. Furthermore, no differences between the groups were observed
in collagen produced per DNA [Fig. 2(d)].

PSR and Von Kossa stainings of adjacent sections of the TE-cap
[Figs. 2(e) and 2(f)] demonstrated that the collagen �bers were aligned
predominantly in the direction of the constraints and surrounded the
HA particles, causing the particles to be embedded in the matrix.
Visually, no differences were observed in deposited collagen matrix
and cellular presence, visualized by Nuclear Fast Red staining, in prox-
imity to the HA clusters compared to elsewhere in the same sample
[Figs. 2(e) and 2(f)]. Cellular proximity to HA particles was further
analyzed to rule out the effect of cellular aggregation around HA par-
ticles on local collagen deposition. No signi�cant differences in cell
number in regions with HA particles and without were found (supple-
mentary material Fig. 4). Furthermore, HA morphology could be
observed in the Von Kossa staining, revealing that the bigger HA par-
ticles (i.e., between 10 and 50 lm) consisted of agglomerated micro-
particles [Fig. 2(f), arrow].

Effect of the presence of HA on local collagen
organization

Z-stacks were obtained of 43 control areas (areas measured in
samples without HA clusters) and 36 areas with HA clusters. SHG

microscopy images demonstrated that HA particles were embedded in
the collagen matrix, with collagen �bers bordering the particles [Fig.
3(a)]. Collagen �bers aligned in the direction of the Velcro constraints
(y-direction) in control areas [Fig. 3(b)]. The 3D rendering of a cluster
showed collagen �bers closely surrounding the particles [Fig. 3(c)]. For
control areas the median dispersion (j) was calculated to be 0.14
(0.01, 0.19), while for areas with HA clusters, this was 0.19 (0.12, 0.21)
(p … 0.0022) (Fig. 3(d)], indicating more dispersed collagen orientation
in the areas with HA clusters.

Effect of HA on TE-caps� mechanical behavior
The ultimate tensile stress (UTS), i.e., maximum stress measured,

was found to be signi�cantly lower for samples with HA clusters
(p … 0.0096) [Fig. 4(a)]. No differences were found in strain corre-
sponding to UTS (ultimate strain) between experimental groups [Fig.
4(b)]. Samples with HA clusters were found to be signi�cantly less stiff
in the tensile direction at 10% strain (p … 0.011) [Fig. 4(c)]. These
global stiffness values were correlated with the local dispersion coef�-
cient j, obtained from SHG imaging. A negative correlation was found
between sample stiffness and collagen j values (R2 … 0.691)
[Fig. 4(d)].

DISCUSSION
Within this study, we have created an in vitro TE model of the

human atherosclerotic cap with its collagenous matrix and microcalci-
�cations. This model can serve as an in vitro platform to further eluci-
date the role of microcalci�cations on local and global atherosclerotic
cap mechanics and rupture. In addition, local collagen interactions
with microcalci�cations can be studied, making it suitable for studying
both atherosclerosis and other pathological calci�cation conditions.
To mimic human plaque cap microcalci�cations, commercially avail-
able HA particles were compared to microcalci�cations of human

FIG. 3. Collagen organization and micro-
calci�cation clusters at day 21. (a)
Representative HA cluster visualized (red)
in combination with collagen �bers (blue/
green). 2 z-stacks stitched together. (b)
Control area of collagen, showing collagen
alignment. (c) 3D reconstruction of z-stack
showing collagen matrix surrounding the
HA particles. (d) j values, a dispersion
parameter, show a signi�cantly higher dis-
persion for areas with HA clusters com-
pared to control areas. Scale bars (a)�(c)
100 lm.
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CEA samples, after which they were incorporated in a TE human
�brous cap model. SHG confocal imaging and histological analysis
were performed to assess local collagen organization in proximity to
HA particles, showing that HA particles in�uenced the dispersion of
collagen �bers. Uniaxial tensile testing unraveled the global mechani-
cal effect of the clusters, with lowered UTS and stiffness in samples
with HA clusters, revealing a role for microcalci�cations on cap
mechanics.

Human carotid plaque samples were analyzed for microcalci�ca-
tion size and density in the cap region as input to our TE model.
Microcalci�cations were observed in clusters, consistent with lCT
analysis of microcalci�cations in human coronary plaques.17 Particle
size analysis showed that the majority of the microcalci�cations of
human CEA plaques had a diameter between 2 and 15 lm, while only
a small subset (16%) was larger in size. This was also in line with previ-
ous lCT analysis, where 80% was found to be between 5 and 15 lm.17

In this study, we chose to incorporate clustering and inhomogeneous
distribution in the TE model, matching with our human carotid pla-
que �ndings.

For the creation of this model, we made use of HVSCs to deposit
the collagenous matrix of the TE-samples. The choice for HVSCs, a
type of myo�broblast, was made because of their established role,
obtained from previous experience,27�29 in collagen deposition and
remodeling.30 Since adventitial myo�broblasts are furthermore
thought to play a role in �brous cap formation,31 the HVSCs were
chosen as a suitable cell source for answering the mechanically rele-
vant questions of this research. The �ber alignment of the collagenous
matrix deposited by the HVSCs was assessed using SHG confocal
imaging. In general, collagen �bers aligned along the direction of the
constraints. This correlated well with the in vivo situation, as it was

found that collagen �bers mainly align along the circumferential direc-
tion.32 In our TE human �brous cap model with HA particles, the par-
ticles became embedded in the collagen matrix formed by HVSCs, as
was observed both by confocal imaging and histology. Hutcheson
et al. described that collagen can facilitate microcalci�cation aggrega-
tion and growth, leading to microcalci�cations being formed between
collagen �bers.11,33 Although collagen �bers formed after the addition
of the HA particles in our model, the end result compared well to
Hutcheson�s �ndings and the human carotid plaque caps we analyzed
histologically, with microcalci�cations located in between the collagen
�bers.

Our model serves as a tunable platform in which the interplay
between the collagenous matrix and HA particles can be studied, and
their role on tissue mechanics can be analyzed. Using our model, we
detected that the incorporation of HA particles lowered the UTS,
which was also observed in a recent experimental study by the group
of Cardoso,34 where micro-beads were incorporated in a silicone-
based model. The reduction in UTS could possibly be explained by a
local stress increase at the tensile poles, as described in multiple com-
putational models, which show that microcalci�cations can be seen as
local stress concentrators,17,19,35,36 an effect that could be present in
our model and was also hypothesized by Cardoso.34 However, future
research should focus on rupture path analysis to con�rm the hypoth-
esis that microcalci�cations directly affect cap mechanics and rupture.
Another factor to take into consideration with regard to tissue
mechanics is the collagenous matrix, since this is the main load-
bearing component of the �brous cap.32,37 In our model, it was shown
that HA particles in�uence the dispersion of collagen �bers and since
collagen isotropy was shown to lower rupture stresses,38 the HA-
induced effect on collagen matrix dispersion could play a role in the

FIG. 4. Global mechanical characteriza-
tion of tissues. (a) Normalized ultimate
stress showing a signi�cant decrease for
the samples with HA particles. (b)
Normalized ultimate strain showing no dif-
ferences between groups. (c) Normalized
stiffness value at 10% strain, showing a
signi�cant decrease for groups with HA
particles. (d) Correlation between the dis-
persion values kappa, obtained from SHG
imaging and the normalized stiffness val-
ues, displaying a negative correlation.
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