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An Implantable Artificial Atherosclerotic Plaque as a Novel
Approach for Drug Transport Studies on Drug-Eluting Stents

Francesca Razzi, Matija Lovrak, Dovile Gruzdyte, Yvette Den Hartog, Dirk J. Duncker,
Jan H. van Esch, Volkert van Steijn,* and Heleen M. M. van Beusekom*

Atherosclerotic arteries are commonly treated using drug-eluting stents
(DES). However, it remains unclear whether and how the properties of
atherosclerotic plaque affect drug transport in the arterial wall. A limitation of
the currently used atherosclerotic animal models to study arterial drug
distribution is the unpredictability of plaque size, composition, and location.
In the present study, the aim is to create an artificial atherosclerotic
plaque—of reproducible and controllable complexity and implantable at
specific locations—to enable systematic studies on transport phenomena of
drugs in stented atherosclerosis-mimicking arteries. For this purpose,
mixtures of relevant lipids at concentrations mimicking atherosclerotic plaque
are incorporated in gelatin/alginate hydrogels. Lipid-free (control) and
lipid-rich hydrogels (artificial plaque) are created, mounted on DES and
successfully implanted in porcine coronary arteries ex-vivo. Matrix-assisted
laser desorption ionization mass spectrometry imaging (MALDI-MSI) is used
to measure local drug distribution in the arterial wall behind the prepared
hydrogels, showing that the lipid-rich hydrogel significantly hampers drug
transport as compared to the lipid-free hydrogel. This observation confirms
the importance of studying drug transport phenomena in the presence of
lipids and of having an experimental model in which lipids and other plaque
constituents can be precisely controlled and systematically studied.
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1. Introduction

Heart disease is the main cause of death
worldwide, with coronary artery disease
(CAD) accounting for nearly half of the
victims.[1] The dominant cause of CAD is
atherosclerosis, i.e., the narrowing of coro-
nary arteries due to the build-up of fatty de-
posits in the arterial wall, known as plaque.
Atherosclerotic plaque consists primarily of
cholesterol, fatty acids, cellular waste prod-
ucts, dead cells, calcifications, and fibrin.[2]

Progression, destabilization, and rupture of
plaque may ultimately cause acute coro-
nary events and sudden death.[3,4] The pri-
mary choice for acute treatment of symp-
tomatic atherosclerosis is the implantation
of a stent, with drug-eluting stents (DES)
generally being favored over bare metal
stents (BMS) to reduce the formation of ex-
cessive scar tissue in the healing process fol-
lowing implantation.[5]

Despite successful clinical results, the ef-
ficacy of DES is limited in some groups
of patients and plaque types.[6,7,8] Further-
more, delayed healing, local hypersensitiv-
ity reactions and neoatherosclerosis remain

a concern.[9,10] The efficacy of DES depends on drug uptake by,
and drug distribution within, the arterial wall. However, precise
mechanisms of drug release from DES, and drug transport in the
atherosclerotic arterial wall remain unclear. Such mechanisms
are dependent on many factors including the type of stent, the
physiochemical properties of the drug, and the composition of
the atherosclerotic plaque.[11]

Preclinical research on coronary DES is focused on vascu-
lar healing and the majority of these studies are based on
porcine coronary arteries due to their close resemblance to hu-
man arteries.[12] While most of these studies are performed
in healthy young animals, the field is increasingly aware that
drug transport and vascular healing is different in animals with
atherosclerosis.[13,14] While atherosclerotic plaque was found to
resemble human-like lesions[15] in some atherosclerotic animal
models and the vascular response to DES was similar to that in
patients in terms of endothelialization,[16,17] a major drawback of
such disease animal models is that atherosclerotic plaque devel-
opment, composition, and location in the arterial tree are highly
variable. Additionally, study costs are considerable due to the
time associated with natural plaque development. These issues
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limit the utility of atherosclerotic animal models to systemati-
cally study how plaque properties affect arterial drug distribu-
tion and vascular healing following DES placement. The lack of
low-cost, well-controlled, and readily available experimental mod-
els for atherosclerotic plaque with a predictable and reproducible
composition and location hampers a systematic and cost-effective
study of treatment options for specific types of atherosclerotic
plaque.

The potential and relevance of such experimental models
could significantly impact vascular research.[18,19,20] For an ex-
cellent overview of advances in DESanalysis, design, and per-
formance, we refer to the special issue published in the Annals
of Biomedical Engineering.[21] In this issue, McKittrick et al. re-
viewed in-vitro, ex-vivo, in-vivo and mathematical models to in-
corporate the impact of atherosclerosis on drug uptake and dis-
tribution in the arterial wall, pointing out the different pros and
cons of each model and their relevance to human atherosclerotic
plaques. McKittrick also underlines the lack of knowledge regard-
ing the influence of atherosclerotic plaque on drug uptake and
distribution in the arterial wall.[22]

To date, only a few studies have investigated drug distribu-
tion in an artificial in-vitro model for atherosclerotic plaques.
Several studies have focused on flow-through cell models, which
are based on a hydrogel with a tubular structure, into which a
stent can be implanted in order to study the release of drugs
from DES and the distribution in the hydrogel.[23,24,25] While Sei-
dlitz et al. studied the transport in a homogeneous hydrogel,[24]

other studies incorporated hydrophobic (lipid-rich) domains
to mimic differential tissue composition seen in atheroscle-
rotic arteries.[23,25,26] These studies illustrate that hydropho-
bic/lipophilic drugs like triamterene and fluvastatin partition
over the hydrophilic and hydrophobic regions in the hydrogel,
with partition coefficients in the hydrophobic regions several-
fold higher than in the hydrophilic regions, and increasing with
increasing lipid concentration.[25,26] On top of affinity to lipids,
Tzafriri et al. showed that binding of drugs to intra- and extracel-
lular proteins plays an important role in the distribution of drugs
in human excised vessels containing atherosclerotic plaque, un-
derscoring the potential of artificial atherosclerotic artery mod-
els for DES testing.[27] While the artificial plaque models de-
scribed above aimed to mimic selected in-vivo aspects that in-
fluence drug distribution in a standardized and reproducible
manner, it was not the explicit intention of any of these stud-
ies to simulate atherosclerotic arterial tissue. Furthermore, these
plaque models were not designed for ex-vivo and in-vivo implan-
tation, hence drug transport studies in animal models were not
possible.

In light of these considerations, we hypothesized that a novel
artificial atherosclerotic plaque that can be co-implanted with
DES to obtain a stented atherosclerosis-mimicking artery can
serve as a way to investigate—in the preclinical setting—the in-
fluence of plaque composition on drug transport in the arterial
wall. This approach opens the door to pharmacokinetic and phar-
macodynamic studies of coronary DES on precisely engineered
atherosclerotic arteries. Consequently, the aim of the present
study was two-fold. First, we created an implantable artificial
atherosclerotic plaque, allowing for a designable plaque compo-
sition. For this purpose, we developed gelatin/alginate hydrogels
that carry the most common plaque lipids in concentrations re-

ported for atherosclerotic plaques. Second, we mounted the arti-
ficial plaques on a DES, implanted it in a porcine coronary artery
ex-vivo, and studied drug distribution into the arterial wall for
lipid-free and lipid-rich artificial plaques, using MALDI-MSI, to
provide a proof-of-principle of the potential use of the herein in-
troduced approach for drug transport studies.

2. Results and Discussion

2.1. Artificial Plaque Development

The method we developed to fabricate artificial atherosclerotic
plaque by incorporation of lipids in a gelatin/alginate hydrogel
is illustrated in Figure 1. Lipid type and composition were se-
lected to create a type IV artificial atherosclerotic plaque, which
is defined as a lesion presenting a lipid-rich core with distinct
solid deposits.[28] We determined the composition by combining
data from literature,[29,30] see Table 1. The table describes the only
available data in literature concerning the mass contribution of
the different lipid components, which are for carotid and femoral
atherosclerotic plaques. As our main goal is to understand the in-
fluence of atherosclerosis on drug distribution in the diseased ar-
terial wall, we used this data for our work on coronary atheroscle-
rosis.

The resulting hydrogel appearance is shown in the photograph
in Figure 1. Hydrogels made from biopolymers such as gelatin
and alginate and combinations thereof, have proven their use
as implantable (cardiac) tissue.[31] Furthermore, sodium alginate
has proven to be a great addition to gelatin providing good stabil-
ity and strength to the hydrogel network.[32] Thus, based on previ-
ous work, we hypothesized that gelatin/alginate gels form a good
basis for making an artificial lipid-rich plaque. Two important cri-
teria in this study were the ability to stably incorporate physiologi-
cally relevant lipid levels in the hydrogels and the ability to handle
the gels such that they could be implanted. Therefore, the stability
of films in the HEPES buffer mix at 37 °C and the mechanical re-
sistance towards manual manipulation were also taken into con-
sideration. Incubation in the HEPES buffer mix did not show any
sign of degradation after 5 h, and the hydrogels could be easily
handled, pulled, and stretched with tweezers. The fabricated hy-
drogels hence met the above-mentioned requirements and they
were considered suitable for implantation.

2.2. Lipid Dispersion and Retention within the Artificial Plaque

Lipid dispersion within the artificial plaque was assessed using
confocal microscopy. DOPE-Rhodamine B was added to the lipid
solution during liposome preparation. Similar to the distribution
of lipids in atherosclerotic plaque (Figure 2A–C), lipids in the
artificial plaque were homogeneously dispersed (Figure 2D–E).
In addition, visual inspection of the confocal micrographs indi-
cated that the dispersion of lipids in the hydrogel remained un-
changed over a period of 17 days (Figure 2F). Following the 17
days incubation, the hydrogels did not show any signs of visual
damage. Their ability to be manually handled with tweezers and
to be slightly stretched was comparable to the hydrogels that did
not undergo water incubation. While the current study pursued
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Table 1. Atherosclerotic plaque lipid composition as based on endarterec-
tomy samples (excluding healthy arterial wall) taken from patients’ carotid
and femoral artery plaques and the percentage of the most abundant
cholesterol esters. Dry weight is calculated from mg/g wet weight with
the assumption that ≈79% of tissue is water. Each cholesterol ester com-
position is given as the percentage of the total cholesterol ester amount.
This composition is used for incorporation into the artificial plaque.

Lipids Wet weight Dry weight

[mg g−1] [wt%] [mg g−1] [wt%]

Cholesterol[29] 13.1 1.30 62.4 6.24

Cholesterol ester[29] 9.50 0.95 45.2 4.52

Cholesterol palmitate (C16:0)[30] 16.7% 0.16 16.7% 0.75

Cholesterol oleate (C18:1)[30] 33.3% 0.32 33.3% 1.51

Cholesterol linoleate (C18:2)[30] 50.0% 0.48 50.0% 2.26

Phospholipid[29] 9.70 0.97 46.2 4.62

the creation of a type IV atherosclerotic plaque according to the
modified AHA classification,[28] our approach of an implantable
artificial plaque also allows the incorporation of more complex
materials such as cholesterol crystals, calcifications, and necrotic
core, typically observed in advanced atherosclerosis. This allows
the creation of plaques of specific, well documented, and repro-
ducible complexity to study different strategies geared towards
plaque specific pharmacotherapy, with plaque regression as an
interesting area of application. We illustrate the ability to cre-
ate complex plaques resembling coronary arteries with advanced
plaque components (Figure 3A) with the example of an artificial
plaque with crystalline material in the core (Figure 3B). However,
we will focus on the type IV lesions as a model system for the
work in the remainder of the paper.

2.3. Mounting the Artificial Plaque on DES and Implanting it in a
Coronary Artery

Two consecutive thin strips of hydrogel, one lipid-rich (artifi-
cial plaque) and the other lipid-free (blank) were successfully
mounted on an Everolimus-eluting stent using polypropylene su-
tures, as illustrated for one of the two strips in the schematic in
Figure 4A. Part of the stent is in direct contact with the arterial
wall, while another part is separated from the (healthy) arterial
wall by the artificial plaque (Figure 4B). The hydrogel-loaded stent
was implanted in a coronary artery mounted inside a perfusion
chamber (Figure 4C), with the lipid-rich hydrogel at the distal part
of the artery and the lipid-free hydrogel at the proximal part. This
strategy enabled comparing drug levels in the arterial wall be-
hind the lipid-rich and lipid-free hydrogels in the same artery in
the same perfusion experiment. Mounting the strips of hydro-
gel onto the stent and implanting the assembly inside a coronary
artery mounted in the perfusion chamber was feasible as judged
by the two strips of hydrogel remaining firmly attached to the
stent after passing the guiding catheter, placement in the coro-
nary artery and following inflation and deflation of the stent de-
livery balloon.
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Figure 2. Examples of macroscopy A) and microscopy (B,C; Oil-Red-O staining) of coronary atherosclerotic plaque, and of labeled liposome (DOPE-
Rhodamine B) distribution in the hydrogels (D–E). The presence of plaque is shown from the epicardial view (A, arrow). Histology of that plaque in B
(detail in C) shows lipid droplets as a light red area (*). Confocal micrographs show the distribution of labelled liposomes throughout artificial plaque
before crosslinking D), after crosslinking E), and after 17 days of incubation in water F) and shows no visible difference in distribution. Scale bars B:
1 mm; C: 20 μm; D–F: 50 μm.

Figure 3. Example of coronary artery calcification A,*) surrounded by a lipid-rich plaque (Oil-Red-O staining). Complex artificial plaques can be fabricated
by including components typical of complex plaque such as cholesterol crystals, calcifications and necrotic core. Illustration of a gelatin/alginate hydrogel
filled with lipids (B, stained red) and crystalline material in the core of the gel B,*). Scale bars: 100 μm.

2.4. Drug Distribution in Stented Porcine Coronary Arteries

The left anterior descending (LAD) coronary arteries (n = 4)
were dissected from slaughterhouse porcine hearts. The LAD
was mounted in a perfusion chamber (Figure 4C) to be perfused
with the HEPES buffer mix. The plaque-mounted stent-balloon
system, containing both a lipid-free (control) and a lipid-rich hy-
drogel (artificial plaque), was inserted into the dissected coro-
nary artery and inflated. The arteries were perfused between 30
min and 5 h. The effect of lipids on drug transport was investi-
gated by quantitatively analyzing cross-sections of the artery us-
ing MALDI MS imaging. Examples of MALDI-MS images of ar-

terial wall regions with lipid-free and lipid-rich hydrogels for 30-
and 5 h perfusions are shown in Figure 5A, with the rectangles
indicating where the hydrogels were mounted during the perfu-
sions. A comparison of normalized Everolimus intensities be-
hind the lipid-rich and lipid-free hydrogels (data combined for
perfusions between 30 min and 5 h) is illustrated in Figure 5B.
Everolimus intensity in the artery wall behind the blank hydrogel
was 0.26 [0.01–0.75] (n = 80) while behind the lipid-rich hydro-
gel it was 0.09 [0.01–0.31] (n = 80). Data show that Everolimus
in the arterial wall behind the artificial plaque was significantly
lower than behind the lipid-free hydrogel (p < 0.05), showing
that the lipids in the artificial atherosclerotic plaque present a
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Figure 4. A) Ex-vivo study on drug transport from stent to an arterial wall
through lipid-free and lipid-rich hydrogels. Artist impression of hydrogel
mounted on a stent using sutures. B) Cross-section of a stented artery,
showing that part of the stent is in direct contact with the arterial wall
and another part through the hydrogel. C) Artist impression of a perfusion
chamber mounted with a stented porcine coronary artery.

significant barrier for drug transport from the DES into the ar-
terial wall.

Our finding that the drug concentration in the arterial wall
behind the lipid-rich hydrogel is lower than behind the lipid-
free hydrogel implies that everolimus binds to the lipids and
thereby diffuses slower through the lipid-rich hydrogel, in line
with the findings by Guo et al.[26] While important for the arti-
ficial plaque demonstrated in this work, we note that there may
be other factors even more important for drug transport than the
binding of the drug to lipid-rich environments as demonstrated
by Tzafriri et al.[27] They measured the partition coefficient of pa-

clitaxel, Everolimus, and sirolimus in atherosclerotic plaques of
human aortas and found the partition coefficients in high choles-
terol regions to be lower than in low cholesterol regions. This
points to the importance of drug affinity to extra- and intracellu-
lar proteins. The artificial plaque presented in this work allows a
systematic study of the different roles and mechanisms.

The here presented proof-of-concept on the engineering of
an implantable artificial plaque with controlled composition and
co-implantation with a DES to obtain stented atherosclerosis-
mimicking arteries is an encouraging step towards systematic ex-
vivo drug transport studies. Before concluding, we sketch several
exciting avenues for further research. A first avenue is to gain
mechanistic insights on drug transport by performing longitudi-
nal studies. Such insights are expected to be instrumental in the
further development and validation of predictive mathematical
models, that will increase our understanding of the behavior of
drug and drug release in the context of complex plaques.[33,34,35,36]

While the chosen time window in the present study was relatively
short in comparison to the release of drugs from the stent, this
work already showed the influence of lipids in the first hours
after implantation in which the burst release takes place. Cur-
rent efforts focus on addressing the challenges in keeping ar-
teries viable in ex-vivo cultures by employing a cultured artery
model,[37] enabling studies over several weeks. This opens the op-
portunity to study dynamical effects, for example, the importance
of drug binding/unbinding to plaque constituents, which makes
the plaque act as a reservoir.[33] A second avenue is to unravel the
role of each of the constituents of atherosclerotic plaques on drug
transport, which has remained difficult to study and hence is still
poorly understood.[18,25,26,38] Kakizaki and Nomoto investigated
the relation between plaque composition and vascular healing re-
sponses after DES implantation and reported that human coro-
nary arteries showed thicker neointima growth in the presence
of lipid-rich plaques, as compared to stent struts laying on more
fibrous plaques.[39,40] Additionally, there is evidence of limited ef-
ficacy of DES in different plaques (e.g., complex lesions) and in

Figure 5. MALDI-MS images show the Everolimus distribution in the arterial wall behind the lipid-free and lipid-rich hydrogels after 30 min and 5 h of
perfusion. The rectangles indicate the location of the hydrogels as obtained from images with HE staining (not shown) (A). The Rainbow scale shows
an Ln scale of the total ion count for Everolimus. Analysis shows a difference between normalized Everolimus intensities in arterial wall regions behind
the lipid-free and lipid-rich hydrogel. Intensities in the arterial wall behind the lipid-rich and lipid-free hydrogel were normalized against the maximum
intensity in the corresponding MALDI images, which was found in the tunica media (excluding stent struts) not covered by the hydrogel. The variations
in normalized intensity behind the blank hydrogel run between 0.01 and 0.75. The absolute intensities behind the lipid-rich hydrogel are lower, so are
the variations, which run from 0.01 to 0.31. Data are given as a boxplot illustrating the median and interquartile range, with the ends of the whiskers
indicating the minimum and maximum observed values. Data are combined for all perfusions between 30 min and 5 h (n = 80 ROIs for blank and n =
80 ROIs for lipid-rich) (B). * = p < 0.05
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patient groups presenting comorbidities such as diabetes,[6,7,41]

which might be explained by a differential drug uptake and re-
tention in different tissue types. This clinical evidence under-
lines the necessity to incorporate plaque components in in-vitro,
ex-vivo and in-vivo models to understand the relation between
plaque components and DES efficacy. The creation of an artifi-
cial plaque allows the controlled addition of each of these con-
stituents, the feasibility of which is shown in Figure 3, and allows
systematic study of their effect on the transport of drugs, both in
terms of stent-based and systemic drug delivery. A third avenue
is to implant the artificial plaque in-vivo, both in the presence and
in absence of co-morbidities such as hypertension and diabetes,
to unravel co-morbidity effects. The here proposed approach may
therefore lead to a significant refinement of atherosclerotic ani-
mal models in cardiovascular research. Additionally, the ability to
implant an artificial plaque, and allowing the body to incorporate
it,[42] opens the door to studies on plaque regression and its treat-
ment. We hence also foresee a potential impact of the artificial
plaque and the here presented approach beyond preclinical DES
research.

3. Conclusion

The present study is the first to fabricate an artificial atheroscle-
rotic plaque with the aim to co-implant it with DES in coronary
arteries to obtain stented atherosclerosis-mimicking arteries that
allow systematic studies on the role of plaque properties on drug
transport and DES treatment. In this work, we provided a proof-
of-concept, demonstrating that lipids in the artificial atheroscle-
rotic plaque present a significant barrier for drug transport from
DES. The here presented approach, using (healthy) porcine coro-
nary arteries from the slaughterhouse in ex-vivo perfusion stud-
ies, also provides an important means towards reducing, refining
and replacing animal models in cardiovascular research.

4. Experimental Section
Hydrogel Preparation: Gelatin/alginate hydrogels (mass ratio of 1:3)

were prepared as follows: gelatin (111 mg, Type B, Sigma-Aldrich, St.
Louis, MO) was added to water (5 ml) at 40 °C at constant stirring. Once
dissolved, sodium alginate (333 mg, viscosity: 1% in water at 25 o C is
5.0–40.0 cps, M/G ratio = 1.56, Sigma-Aldrich, St. Louis, MO, product
number: W201502) was added to the solution and stirred until dissolved.

Liposome Solution Preparation: Liposome solutions were prepared as
follows: powdered lipids (cholesterol, cholesterol palmitate, cholesterol
oleate, cholesterol linoleate (all from Sigma-Aldrich, St. Louis, MO) and
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Tokyo Chemical In-
dustry Co., Tokyo, Japan)) were first dissolved in chloroform (VWR Inter-
national, The Netherlands) in a round-bottom glass flask in a 1:10 mass
ratio for full lipid dissolution. The flask was placed on a rotary evaporator
(Buchi Rotovapor R-215, Sigma-Aldrich, St. Louis, MO) until the chloro-
form had fully evaporated. This resulted in a thin lipid film on the wall of
the flask. This film was then soaked in water (MilliQ grade) (also in 1:10
mass ratio) and the flask was left in a sonication bath (Bransonic 2510E-
MTH, Branson Ultrasonics, Brookfield, CT) for 30 min at 35 °C to create a
liposome solution. Lipid concentrations used are shown in Table 1. Given
the low mass fraction of lipids (around 4%), we do not expect that the
incorporation of lipids affects the bulk properties of the hydrogel such as
the porosity.

Artificial Atherosclerotic Plaque Preparation: The prepared liposome so-
lutions were subsequently mixed with gelatin/alginate solutions under

constant stirring at 40 °C until homogenization. The resulting uniform
mixture was poured into plastic Petri dishes (inner diameter of 5 cm) and
left overnight at 40 °C to form thin, dry gel films. Films were then soaked
in an aqueous CaCl2 (100 mM, Sigma-Aldrich, St. Louis, MO) solution for
24 h at room temperature for crosslinking. The procedure to prepare the
artificial atherosclerotic plaque is shown in Figure 1.

Lipid Dispersion within the Artificial Plaque: Confocal microscopy
(Zeiss LSM 710) was used to examine lipid dispersion within hydrogels.
For this, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (DOPE-Rhodamine B) (supplied in chloroform,
Avanti Lipids, Inc., Alabama, USA) was added to the lipid solution in
chloroform during liposome preparation (final DOPE-Rhodamine B
concentration in water not exceeding 4 μM for imaging).

Lipid Retention in Artificial Atherosclerotic Plaque: Lipid retention was
investigated by incubating hydrogels for 17 days in water at room tempera-
ture. Crosslinked hydrogels were left in water (3 ml, MilliQ grade) in tightly
sealed Petri dishes. Hydrogels were imaged with confocal microscopy to
investigate changes during incubation. To assess stability in water follow-
ing water incubation for 17 days, the hydrogels were pulled and stretched
with tweezers.

Ex-Vivo Artificial Atherosclerotic Plaque Implantation and Perfusion in
Porcine Coronary Arteries: Porcine hearts (n = 4, local slaughterhouse)
were transported to Erasmus MC in ice cold KREBS buffer (1.26 M NaCl,
25 mM KCl, 250 mM NaHCO3, 12 mM NaH2PO4, 12 mM MgCl2, 25 mM
CaCl2, 25 mM glucose) within two hours post-excision. The left anterior
descending (LAD) coronary artery together with approximately 1 cm of my-
ocardial tissue was dissected from the hearts in KREBS buffer immersed
in ice, mounted in a perfusion chamber, with large side branches tied off
to maintain flow through the LAD.

The perfusion chamber was placed on a heating plate (37 °C). The
chamber was perfused with HEPES buffer mix (325ml 1x HEPES saline
buffer, 40 ml phosphate buffer containing 62 mg ml−1 sucrose and 8.2 mg
ml−1 mannitol). Prior to perfusion experiments, hydrogels were incubated
at 37 °C in HEPES buffer mix up to 5 h in order to evaluate their stability
in this medium. After incubation, the hydrogels were manually pulled and
stretched with tweezers, and they were sutured around a test catheter to
check if it could be firmly secured around the stent. Two thin strips of hy-
drogel, one with lipids (artificial plaque) and one without (blank), were
cut to size and mounted onto Everolimus-eluting stents (Xience Prime,
Abbott Vascular, Illinois, USA) using polypropylene suture (8–0 Prolene
Blue 2 × 18" BV130-5 Double Armed, Ethicon, USA). The plaque-mounted
stent-balloon system, containing both a lipid-free hydrogel (proximal) and
a lipid-rich hydrogel (distal), was inserted into the artery and inflated for
at least 20 s to ensure full stent expansion. To avoid oversizing and vas-
cular damage while ascertaining stent apposition, balloons were inflated
until slight but visible expansion of the vessel from the outside. Inflation
pressures (13 to 20 atm.) were dependent on artery and stent diameter
(2.5–3.5 mm). After deflation, the catheter was removed. To avoid drug
loss prior to expansion, we did not deploy the stent under flow. After re-
moving the catheter, the perfusion chamber was connected to a heart-lung
machine, with a pressure of approximately 80 mmHg and a flow of 100–
120 ml min−1. The pump used to generate the flow was a roller pump
(Stockert Shiley). We did not measure the flow pattern, but we expect it
to be similar to flow in in-vivo implantation. The perfusion was stopped
between 30 min and 5 h following DES implantation. After experiments, ar-
teries were removed from the chamber, flushed with embedding medium
(polyvinyl alcohol (PVA)), quickly frozen on dry ice and stored at −80 °C
until cryosectioning in preparation for MALDI-MS imaging for further anal-
ysis.

Cryosectioning of Stented Arteries: Arteries (n = 4) were cut into multi-
ple 3 mm blocks for cryosectioning (Microm HM560, Germany). Sections
(12 μm in thickness) were mounted on glass slides and stored at −80 °C
until further analysis. Blocks containing lipid-free or lipid-rich plaque were
selected for sectioning.

Matrix Assisted Laser Desorption/Ionization Mass Spectrometry Imaging
(MALDI-MSI): Matrix was prepared by dissolving 2,5-dihydroxybenzoic
acid (DHB) (5 mg ml−1 , Sigma-Aldrich, St. Louis, MO) in acetone.
10 ml was pipetted on a sublimation device (designed and manufactured

Adv. Healthcare Mater. 2022, 11, 2101570 2101570 (6 of 8) © 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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in-house, Erasmus MC) and heated to 50 °C until acetone was evaporated.
Glass slides containing sections of the artery were mounted onto the sam-
ple holder and subjected to vacuum. At 5 mbar, the matrix table was heated
to 125 °C (10 min) to sublimate DHB. Following sublimation, slides were
subjected to methanol vapor to recrystallize the DHB matrix to enhance
Everolimus detection, and immediately analyzed by MALDI-MS imaging
(MALDI Synapt G2-Si; Waters, Wilmslow UK) with a step size of 75 μm
and laser energy of 150 (arbitrary units). Polarity was positive with target
enhancement at 980 Da for Everolimus.

Drug Distribution Following Ex-Vivo Artificial Plaque Implantation: Raw
data was processed with HD Imaging and Masslynx (version 4.1; Waters,
Wilmslow UK) for m/z values of 980.5 or 980.6 for Everolimus. Data were
analyzed using the regions of interest (ROI) tool to measure Everolimus
intensity in the arterial wall behind the hydrogels. In one MALDI MS image,
ROIs were analyzed behind hydrogels with (n = 20) or without lipids (n
= 20) for all the conditions (n = 4 perfusions between 30 min and 5 h).
Intensities in each image were normalized with the highest intensity in
the arterial wall (specifically excluding the stent struts themselves) in that
same image, in order to allow comparing normalized intensities obtained
in different MALDI-MS images.

Statistical Analysis: Prior to analysis, outliers from data sets were re-
moved by analyzing MALDI MS images to justify the removal of an outlier
(e.g., a piece of stent strut). Everolimus intensities measured in the arte-
rial wall behind the hydrogels were normalized with respect to the high-
est intensity in the same MALDI-MS image, without taking into account
the stent struts themselves, always occurring in the area of the arterial
wall without hydrogel. Results are presented as a median [min, max]. Data
sets were tested for normality taking into account the Shapiro-Wilk test as
well as Q–Q plots. Since the data were not normally distributed, a non-
parametric Mann-Whitney U test was performed to compare arterial wall
regions behind lipid-free (n = 80) and lipid-rich (n = 80) hydrogels. We
considered p values < 0.05 statistically significant. The analysis was per-
formed using SPSS 24 (IBM SPSS statistics).
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