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ABSTRACT

While metal materials historically have served as permanent implants and were designed to avoid degradation, next generation bioabsorbable metals for medical
devices such as vascular stents are under development, which would elute metal ions and corrosion byproducts into tissues. The fate of these eluted products and
their local distribution in vascular tissue largely under studied. In this study, we employ a high spatial resolution spectrometric imaging modality, laser ablation
inductively coupled plasma time-of-flight mass spectrometry (LA-ICP-TOF-MS) to map the metal distribution, (herein refered to as laser ablation mapping, or LAM)
from Mg alloys within the mouse vascular system and approximate their local concentrations. We used a novel rare earth element bearing Mg alloy (WE22) wire
implanted within the abdominal aorta of transgenic hypercholesterolemic mice (APOE—/—) to simulate a bioabsorbable vascular prosthesis for up to 30 days. We
describe qualitatively and semi-quantitatively implant-derived corrosion product presence throughout the tissue cross sections, and their approximate concentrations
within the various vessel structures. Additionally, we report the spatial changes of corrosion products, which we postulate are mediated by phagocytic inflammatory
cells such as macrophages (M®’s).

1. Introduction

It has been recognized that a temporary implant is potentially more
clinically beneficial vs. its permanent implant counterpart for certain
applications such as vascular and orthopedic medical devices [1]. First
generation bioabsorbable materials were polymer based, such as poly-
ethylene glycol (PEG), poly-i-lactic acid (PLLA), and poly
(lactic-co-glycolic acid) (PLGA), and were introduced for use in the
clinic more than 50 years ago [2]. Due to their inferior mechanical
properties, the application of polymer-based materials for complex
loading situations is limited, whereas bioabsorbable metals have
become a promising alternative for implantable devices over the last few
decades [3]. One of the most challenging clinical applications of

Peer review under responsibility of KeAi Communications Co., Ltd.

bioabsorbable metal materials is for vascular stenting [4]. The resorp-
tion of the metal over time allows for regeneration and repair of
damaged vascular tissue that can fully restore function to the vessel,
alleviate long term complications such as very late stent thrombosis, and
neoatherosclerosis [5]. To date, the most explored bioabsorbable metal
material for vascular stenting is magnesium (Mg). The first generation of
bioabsorbable metal stents were made for clinical use from a Mg alloy
with a balance of rare earth elements (REEs), based on the WE43 alloy
formulation (93 % Mg, 3-4% Yttrium (Y), 3-4% other REEs) (Magma-
ris®, Biotronik) [6]. Grain refinement, solid solution strengthening, and
particle dispersion strengthening via the addition of REEs to Mg have
been the dominant pathways of increasing ductility and strength of
typically brittle and weak pure Mg [7].
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As Mg alloys gained use as bioabsorbable metals, concerns regarding
the biocompatibility of non-endogenous elements grew [8-10]. In a
landmark study by Feyerband et al. in 2010, the first recommendations
were made in the general use of REEs based on in vitro cytotoxicity as-
says. It was found that cationic lanthanum (La), cerium (Ce), neodym-
ium (Nd), and praseodymium (Pr) were particularly toxic with
increasing concentrations, whereas yttrium (Y), gadolinium (Gd), and
dysprosium (Dy) were less toxic [11]. Additionally, it has also been
shown that REEs can upregulate expression of inflammatory genes in
smooth muscle cells [12]. While these in vitro studies offered insight into
general toxicity, little work has been done on evaluating in vivo distri-
bution patterns of REEs. Critically, in vivo concentrations of REEs near
the interface of the material and throughout the tissue has been difficult
to determine, allowing for little to no connection on in vitro toxicity with
in vivo biocompatibility. Recent efforts have attempted to describe the in
situ local accumulation and diffusion of REEs with spectroscopic and
spectrometric approaches. Since Mg alloys have advanced significantly
in their development for orthopedic applications, most of our knowledge
about the diffusion of exogenous metals in tissue originates from im-
plants in bone and joint tissues [13-18]. One exceptional example is a
study performed by Amerstofer et al., where laser ablation mass spec-
trometry (LA-ICP-MS) was employed to evaluate Y diffusion from
transcortical WZ21 screws implanted in rat femurs [14]. It was found
that Y was detected as far as 1500 pm from the implant interface at 9
months. The relative distance of REE migration from Mg implants in soft
tissue such as arteries, remains undetermined.

To date, little is known about the spatial distribution of REE based
corrosion products in situ within vessels, or their relative concentrations.
In this study, a high spatial resolution spectrometric imaging modality
termed laser ablation inductively coupled plasma time-of-flight mass
spectrometry (LA-ICP-TOF-MS, herein referred to as laser ablation
mapping, or LAM), is used to analyze the REE distribution from Mg al-
loys within the mouse vascular system and approximate their local
concentrations. A REE bearing WE series Mg alloy (WE22) wire was
implanted within the abdominal aorta of transgenic hypercholesterol-
emic mice (APOE—/—) to simulate a bioabsorbable vascular prosthesis
under pathological conditions for up to 30 d. The APOE—/— mouse was
chosen due to its clinically relevant presentation of lipid filled plaques
and increased inflammatory responses towards implanted vascular
materials [19,20]. WE22 was selected due to its alloy similarity to
commercially available WE43, yet lower REE contents, which may be
more biocompatible. Here, the qualitative and semi-quantitative fea-
tures of implant-derived corrosion product presence throughout the
tissue cross sections, and their approximate concentrations within the
various vessel structures are explored. Corrosion products derived from
Mg biocorrosion have been shown to interact directly with macrophages
(M®’s) and inflammatory signaling in vitro [21-25]. Additionally, the
spatial variability of REE’s, which is postulated to be correlated with
phagocytic inflammatory cells such as M®’s, is described in detail.

2. Methods
2.1. Wire fabrication

WE22 (Mg-2Y-1.5Nd-0.5Zn) wires were produced by vacuum in-
duction melting and casting a 50 mm ingot with inputs of magnesium
(99.98 % pure), yttrium (99.5 % pure), neodymium (99.5 %) and zinc
(Zn) (99.99 %). The ingot was homogenized and extruded to 12.7 mm
diameter, then drawn to fine wire using conventional drawing and
annealing practices. The wire was annealed at 0.2 mm diameter and
then cold drawn to 0.1 mm diameter, imparting 75 % cold work. The 0.1
mm wire was then straightened through a stress-relief treatment at
350 °C to facilitate insertion. Homogenization was carried out at 500 °C
for 16 h. Extrusion was implemented at a temperature of 450 °C, using
methodology similar to prior work [26].
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2.2. In vivo implantation

All protocols for this animal model were approved by the Animal
Care and Use Committee of Michigan Technological University. Wires
were implanted into the abdominal aorta of three 6-month-old APOE—/
— transgenic mice (Charles River Laboratories) using methods previ-
ously described elsewhere [27,28]. We began the experiments with
animal numbers at n = 3. One animal was euthanized after 24 h due to
procedure related complications. The remaining two animals success-
fully survived until 30 d implantation and were evaluated for this study.
The 24 h timepoint was only evaluated for scanning electron microscopy
(SEM) imaging (Fig. 1). Multiple sections from 30 d explants (n = 2)
were evaluated with LAM and SEM. One 30 d specimen was processed
for high resolution transmission electron microscopy (HR-TEM).

2.3. Tissue collection and preparation

The vascular tissue containing the wire was collected after eutha-
nasia by cutting the proximal and distal ends of the aorta-vena cava
bundle. The tissue was placed into cryomolds and surrounded by OCT
media and snap frozen in liquid nitrogen. Samples were cryo-sectioned
(10 pm thick) with a HM525 cryomicrotome at —20 °C, and warm
collected onto HistoBond® slides. After the warm collection, samples
were immediately stored at —80 °C for further processing.

2.4. Electron microscopy

After tissue sections were collected, the bulk wire-tissue samples
were warmed and dehydrated in 200 proof ethanol for 1 h. Samples were
then vacuum dried at 1 x 10> mbar overnight. The wire segments were
embedded in epoxy resin and processed via standard metallographic
processing using an ascending grit series grinding and polishing pro-
cedure. The epoxy pucks were coated with a 20 nm carbon coating and
imaged with a Phillips XL scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray spectroscopy (EDX) system. All x-ray
maps were taken with an accelerating voltage >15 kV. After SEM-EDX
analysis, the pucks were trimmed with a razor blade and ultra-thin
sections were made using a Leica Ultracut UCT ultramicrotome at
room temperature. The ribbon of sections was floated and placed onto a
lacey carbon coated copper TEM grid. The samples were imaged on an
FEI Titan Themis S-TEM. High resolution TEM (HRTEM),electron energy
loss spectroscopy (EELS) mapping, and high- angle annular dark field
imaging (HAADF) were performed.

2.5. LAM

2.5.1. Custom gelatin standard preparation

Two sets of homogeneous 10 % (m/v) gelatin calibration standards
were prepared. Porcine gelatin with 300 bloom strength was used for all
gelatin preparations. Gelatin standards were made by diluting a 5000
pg/mL Ce, Dy, Eu, La, Nd, Y multi-element standard (in 2 % v/v nitric
acid/trace hydrofluoric acid) and a 1000 pg/mL multi-element standard
containing Ca, K, Ba, B, Cr, Cu, In, Pb, Mn, Ag, Sr, Zn, Mg, Al Bi, Cd, Co,
Ga, Fe, Li, Ni, Na, and TI (IV-Stock-IV, in 5 % v/v nitric acid) into 4.5 mL
of ultrapure, deionized water (18.2 MQ cm at 25 °C) at 65 °C and adding
~ 0.5 g of gelatin (see components in Supplement Table 1). Gelatin
standards were then mixed gently using metal free plastic spatulas and
degassed in an ultrasonic water bath set at 65 °C to remove any air
bubbles from mixing. The gelatin standard was then serially diluted into
fresh 10 % (w/v) gelatin in ultrapure deionized water to make 50, 25,
15, 7.5, 1.4, and 0 pg/g elements.

2.5.2. ICP Triple Quadrupole mass spectrometry (ICP-QQQ-MS) trace
analysis of stock 2 gelatin standards

Gelatin standards were analyzed using an Agilent 8900 Triple
Quadrupole ICP-MS (Agilent, Santa Clara, CA, USA) equipped with the
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Element Sitel Site2
(wt.%)
Y 2.1 35
Nd 19 2.5

Fig. 1. SEM-EDX characterization of WE22 implants isolated from mouse abdominal aortas 24h (A) and 30 d after implantation (B). Image shown in (C) describes
two sites of selected area EDX analysis located in the material bulk (Site 1) and oxide film (Site 2). Graphic in (D) shows placement of a line profile which is detailed

by elements in (E).

Agilent SPS 4 Autosampler, integrate sample introduction system (ISiS),
x-lens, and micromist nebulizer. Daily tuning of the instrument was
accomplished using the manufacturer supplied tuning solution con-
taining Li, Co, Y, Ce, and Tl. Global tune optimization was based on
optimizing intensities for Li, ®°Y, and 2°°T1 while minimizing oxides
(**%ce'%0/'*%Ce < 1.5 %) and doubly charged species
(**°Ce++/1%Ce+ < 2 %). Following global instrument tuning, gas
mode tuning in He KED and O3 mode was accomplished using the same
manufacturer supplied tuning solution. In KED mode (using 100 % UHP
He, Airgas), intensities for 59Co, 8%y, and 2°°T1 were maximized while
minimizing oxides (1*°Ce!%0/*°Ce < 0.5 %) and doubly charged spe-
cies (**°Ce++/'*°Ce+ < 1.5 %) with short term RSDs <3.5 %. In O
mode (using 100 % UHP O, Airgas) intensities for 59Co, 89Y, and 2°5T1
with short term RSDs <3.5 %. ICP-MS standards were prepared from a
stock solution of IV-Stock-4 multi-element standard (Ca, K, Ba, B, Cr, Cu,
In, Pb, Mn, Ag, Sr, Zn, Mg, Al, Bi, Cd, Co, Ga, Fe, Li, Ni, Na, and TI) as
well as multi-element standard containing Ce, Dy, Eu, La, Nd, Y, and Ti
(Inorganic Ventures, Christiansburg, VA, USA) that were diluted with 3
% (v/v) trace nitric acid in ultrapure deionized water to a final element
concentration of 1000, 100, 10, 1, 0.1, 0.01, and O (blank) ng/g stan-
dard. Internal standardization was accomplished inline using the ISIS
valve and a 200 ng/g internal standard solution in 3 % (v/v) trace nitric
acid in ultrapure water consisting of Nb (Inorganic Ventures, Chris-
tiansburg, VA, USA) (Supplement Table 2). The isotopes selected for
analysis were 23Na, 24Mg, 27Al, 39K, 52Cr, 55Mn, *7Fe, 59C0, 60Ni, 65Cu,
667n, 71Ga, $8sr, 89y, 109, 1llcd, 1151, 137B,, 1391, 140ce, 143Nd,
153Ey, and 193Dy with °>Nb used for internal standardization.

2.5.3. Gelatin standard sectioning protocol

After making 5 gelatin standards (including one blank gelatin solu-
tion), the gelatin was prepared for cryosectioning using a Leica CM
3050 S (Leica Biosystems, Deer Park, IL, USA) cryostat. After the gelatin
is dissolved and the solution is still at 55 °C, approximately 300 pL of
warmed gelatin standard was pipetted onto a precooled chuck inside the
cryostat (—20 °C). Gelatin was allowed to freeze for no less than 4 min at
—20 °C. Once the gelatin standards were completely frozen, we
sectioned sample with a —21 °C chamber temperature and —20 °C
objective temperature (temperatures were adjusted slightly depending
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on the quality of the sections and whether the section stuck to the blade
or anti-roll plate) and a section thickness of 10 pm to match the section
thickness of the tissue. Gelatin sections were then transferred to pre-
cleaned charged microscope slides (Superfrost plus, Thermo scientific)
and kept at —20 °C until laser ablation.

2.5.4. LAM instrument setup and sample parameters

Glass slides were loaded into a Bioimage 266 nm laser ablation
system (Elemental Scientific Lasers, Bozeman, MT, USA) which is
equipped with an ultra-fast low dispersion TwoVol3 ablation chamber
and a dual concentric injector (DCI3) and is coupled to an icpTOF S2
(TOFWERK AG, Thun, Switzerland) ICP-TOF-MS. Daily tuning of the
LAM settings was performed using NIST SRM612 glass certified refer-
ence material (National Institute for Standards and Technology, Gai-
thersburg, MD, USA). Optimization for torch alignment, lens voltages,
and nebulizer gas flow was based on high intensities for 1*°Ce and >>Mn
while maintaining low oxide formation based on the 2*2Th'60+/232Th
+ ratio (<0.5). A list of instrument parameters for LAM is summarized in
Supplement Table 3. In short, 10 um thick gelatin standards (5 standards
and a blank) were placed directly on charged slides. These 2 slides were
loaded with a sample slide which were warmed to RT and immediately
exposed to —20 °C cold 200 proof ethanol for 30 s. Sections were dried in
a fume hood overnight and then loaded onto the LA sample holder and
loaded into the LA system. The system is purged for 5 min with He gas,
and patterns are selected on the standards and samples of interest using
ActiveView 2 software (ESL, Bozeman, MT, USA). For gelatin standards,
9 lines going across each standard and the blank were drawn using the
same laser parameters as the samples (Supplement Table 3). Specif-
ically, 5 pm circular laser spot sizes at 80 % laser power and 100 Hz
repetition rate were used with an interline distance 4 times greater than
the spot size. This allowed for clean ablation of individual lines without
overlap. For the sample, reference points were made around the sample
and the aforementioned laser parameters were used with an interline
distance equal to the laser spot with no overlap to sample the entire
tissue.

2.5.5. Data acquisition and analysis of LAM data
Data was recorded using TofPilot 1.3.4.0 (TOFWERK AG, Thun,
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Switzerland). The LAM data were saved in the open-source hierarchical
data format (HDF5). Post-acquisition data processing was performed
with Tofware v3.2.0, which is a TOFWERK data analysis package and
used as an add-on on IgorPro (Wavemetric Inc., OR, USA). The data
processing comprised the following steps: (1) drift correction of the mass
peak position in the spectra over time via time-dependent mass cali-
bration, (2) determining the peak shape, and (3) fitting and subtracting
the mass spectral baseline. The data was further processed with iolite
version 4.8.6 (Elemental Scientific Lasers, Bozeman, MT, USA). For
calibration, signal responses for each ablation line per gelatin standard
were fit to a linear regression and spline auto smoothed. Calibration
curves are then generated and using 3D trace elements inside of DRS in
Iolite, we can convert integrated counts per second to pug/g (using the
previous calculations for the gelatin standards via ICP).

2.6. Data analysis

LAM raw data was stored using a.h5 file and visualized by iolite 4
software in.io4 data format. After manually defining the baseline ac-
cording to time series data using the “Total Beam” channel, baseline
subtraction was performed under the data reduction scheme outlined in
iolite. The generated CPS signals for each channel were used for
elemental map visualization. As phosphorus (P) is one of the major el-
ements in cellular and tissue constituents, >'P mapping was used to
provide tissue and corrosion product contrast. To further determine the
uncorroded wire location, >°Fe maps were used due to the low Fe con-
tent of the WE22 alloy (Table 1). Specifically, to select the corrosion
degradation regions where >°Fe signal is not visible when upper pixel
value limits were set to be the 90 % percentile. The vicinity tissues were
selected manually based on their relative locations, and P as well as Fe
mapping. LAM raw data including all channels of interest corresponding
to the designated areas were exported. An imaging area that excludes
tissue was selected as the control area, from which the base-line level of
each channel was determined by using:

BS=3xs

where BS is the baseline of designated channel and s indicates sample
standard deviation of the corresponding channel. Base-line values were
added to the raw data to generate base-line adjusted data, which ensures
all pixel values are positive numbers. The 8%Y/1*3Nd ratio calculation
and plotting were performed using base-line adjusted data. R (Version
4.3.2) programming language was used for 2D plotting, 3D plotting,
principal component analysis (PCA), and hierarchical clustering. Spe-
cifically, before PCA and clustering, data was normalized through data
standardization, converting each original value into a z-score.
Specifically,

. X — mean
Normalized data =——

where x is the raw data; mean is the sample mean; and s is the sample
standard deviation. The correlation matrix was built according to the
normalized data and visualized after hierarchical cluster analysis. The
hierarchical cluster analysis was performed based on the scaled raw
data. PCA was performed by using FactoMineR package and visualized
through factoextra package. It is also required to use other packages to
accomplish PCA and data visualization, including: ggplot2, corrr,
ggeorrplot, FactoMineR, factoextra, devtools, and ggfortify.
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2.7. Statistical analysis

Spearman correlation was calculated with R programming and the
results were indicated by the coefficient p and the p value, where it was
determined to be statistically significant when p < 0.01. For compari-
sons of the quantitative data,Brown-Forsythe and Welch ANOVA tests
were performed with a post hoc Dunnett’s multiple comparison test
executed between groups.

3. Results
3.1. Explant corrosion product characterization

The explant corrosion progression is outlined in Fig. 1, which shows
SEM-EDX characterization of wire implants 24 h (Fig. 1A-C, D, and E)
and 30 d (Fig. 1B) post-implantation. There was a rapid corrosion layer
approximately 5-10 pm thick generated after 24 h. The layer consisted
primarily of Ca, P, and was homogenous in thickness around the circular
cross section. The line scan presented in Fig. 1D and E shows the tran-
sition from the metallic matrix to corrosion layer, with Y and Nd pres-
ence within the corrosion film that is seen on REE Mg alloys [7,29-31].
At 30 d post implantation, the entire wire has fully converted into a
Ca-P-Mg-O corrosion product, which is shown in Fig. 1B, completely
encompassing the original wire metal cross section.

In order to further characterize the corrosion product, HR-TEM and
STEM-EELS/EDX of the corrosion products from the 30 d in vivo implants
were performed. Fig. 2A represents HR-TEM of a selected field within
the corrosion product, showing distinct intermetallic particles/phases
outlined in red (IMP) in addition to a nanopowder substance sur-
rounding the IMP’s. The selected area electron diffraction (SAED)
pattern of the region given in Fig. 2A shows three broad diffraction
rings. The line profile shows they are centered around 3.0, 4.9, and 8.8
nm~!, which correspond to the d-spacings of 0.33 nm. 0.20 nm, and
0.11 nm, respectively. This matches with amorphous-like (Nd, Y)20s3.
Electron diffraction simulation (not shown) suggests the size of the
nanoparticle substance surrounding the IMP’s is about 1-2 nm. Small
diffraction spots in the SAED pattern were observed, originating from
the small crystalline IMP’s [32]. Interrogation of the IMP’s via EDX re-
veals that they are a mixture of Nd and Y rich particles (Fig. 2B). Oxygen
content is seen throughout due to spontaneous oxidation of the sample
either in air or the water bath during sample preparation. An image field
only containing the nano substance (Fig. 2C) was evaluated with high
resolution EELS mapping in Fig. 2D. A combination of yttrium oxide and
neodymium oxide was detected via the Y M edge and Nd,O3 N edge in
comparison to reference spectra (Fig. 2I). The EDX panels in Fig. 2E and
F outline distinct IMP’s, each with different total counts of Y and Nd. A
macroscopic view that includes the EDX scanned region in Fig. 2B is
given in Fig. 2G, and spectra are given in Fig. 2H. The images detail the
variable sizes of electron dense fine IMP’s ranging from 100 nm to above
500 nm. In this disease implant model, the WE22 alloy produced a mixed
rare earth nano-oxide (1-2 nm) with variably sized dispersed IMP’s
(100-500 nm) (Figs. 1 and 2). It was found that the nano substance was
likely a mixture of Y503 and NdO3 via EELS (Fig. 2D and I) and the
IMP’s possessed variable counts of Nd and Y (Fig. 2E and F), alluding to
different phases. The high Cu content seen in the EDS spectra given in
Fig. 2H is due to the copper grid that was used to place sections.

Table 1

Elemental composition of WE22 alloy stock characterized by inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
Element Mg Y Nd Zn Mn Fe Cu Ti Ca
Wt.% Bal 2.04 1.35 0.5 0.02 <10 ppm <10 ppm <10 ppm <0.01

228



W. He et al.

»  0.410nm

Counts.

Counts x 1043

2000 4000 6000 8000 10000 12000 14000 16000
o

B 0.190nm

Bioactive Materials 43 (2025) 225-239

oxygen Neodymium

E£vOL X
Counts x TOA3’

Fig. 2. HRTEM and STEM-EELS/EDX characterization of the corrosion product from WE22 implants on Day 30 post-implantation. Two distinct corrosion products
are observed, variably sized crystalline IMP’s (A-B) surrounded by a nanopowder substance (C-D). (E-F) High resolution STEM-EDX of IMP’s. (G) A macroscopic
view of the high-angle annular dark-field (HAADF) region presented in (B). (H-I) EDX and EELS spectra taken from the region presented in (E).

3.2. Qualitative LAM

3.2.1. Survey tissue scans

Scans from LAM of the entire arterial cross sections of the 30 d im-
plants reveal the spatial distribution of endogenous elements and
implant derived elements (Fig. 3). Major tissue elements such as 31P,
23Na, and >°Fe outline much of the tissue cross section, providing suf-
ficient elemental contrast to identify histological structures (such as
vascular wall, neointima, surrounding tissues, and lymph nodes). The
original position of the wire is clearly seen by identification of the 2Mg,
89y, and 16Nd signals. Different pixel intensity cut-off values can be set
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to visualize the section (Supplement Fig. 1). Examples of minor impu-
rities and trace elemental REE’s of the wire shown in Fig. 3 are given by
ICP-QQQ detection given in Table 2.

3.2.2. Trace and abundant REE cluster behavior

To understand the multidimensional dataset, hierarchical clustering
(h-clustering) and PCA were performed, and the correlations between
each channel across the regions that represent both the corroded
implant and animal tissues were visualized in Fig. 4A. The initial h-
cluster analysis of the entire tissue scan reports a strong clustering and
high correlation of 89y and 143Nd, as well as other REE’s (Fig. 4A). To
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Fig. 3. LAM imaging and regional semi-quantitative analysis of major endogenous elements (*®Na, 3'P, and °Fe), major alloy elements (24Mg, 6671, 8%y, and '°Nd),
minor impurities (2’Al, *’Ti, >*Mn, and °°Ni), and examples of trace REEs (°°Zr, '*'Pr, '*°Tb, and !®*Dy) from 10 pm thick mouse aortic cross sections 30 d post
implantation of WE22 wire. The maps presented in this figure consist of the upper 95 % of intensity values of all pixels presented for the respective element. The
dashed white border is the demarcation of the whole tissue cross section for reference.

understand the spatial component of the clustering, regions were iso- Specifically, the 5°Y channel was clustered closer to 1**Nd in neointimal
lated and processed to delineate selected anatomic regions of the artery areas (Fig. 4B) and shifted to other branches in adventitia tissues
and implant (Fig. 4B and C). 89y and *3Nd remain in the large REE (Fig. 4C). These trends, the decrease of REEs’ correlation and cluster
cluster within the corroded wire implant and neointima regions. Within dissociation of 8°Y and 1**Nd along the distance between the location of
the adventitia, 8°Y and *Nd are less related and have reduced corre- interest to the center of the implant, can be more clearly seen in the
lations when compared to the corrosion product, which was also Supplement Fig. 2. More tissue scans were analyzed (Supplement
confirmed by PCA analysis (Supplement Figs. 5-7). Figs. 3-4), demonstrating a consistent trade-off. This pattern is further

It is noticed that REEs (highlighted by light salmon color) demon- supported by the PCA analysis, where 8%Y and 1**Nd are in proximity to
strated high correlations (red blocks in the heap-map) and stayed each other in the corrosion product region demonstrated in the biplot
together in the h-clustering dendrogram, while implant elements such as map, while 8°Y shift away from the 1**Nd cluster in adventitia regions

Mg, Mn, and Zn had higher correlation with 31p and remained in (Supplementary Figs. 5-7).
proximity with each other. To understand the change of these re-

lationships in different implanted tissue regions (illustrated in Fig. 4A, 3.2.3. Implant derived %°Y and **Nd

on the right), we applied this same analysis to more specific anatomical As the relatedness of multiple REEs has been demonstrated by h-
areas (Supplement Fig. 2); results clearly showed that in the vicinity of clustering and PCA, focus was placed on the most abundant REEs in
the implant, such as in the neointima tissues, REEs had higher correla- WE22, Y and Nd. Fig. 5A demonstrates that when using the same cut-off
tion with each other and stayed closer in the h-clustering dendrogram. values, **°Nd (green) is closer to the wire origin when compared to 7Y
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Table 2
Minor impurity and trace elemental composition of WE22 wire characterized by
ICP-QQQ-MS (unit = mass%).

Element Sample 1 Sample 2 Sample 3 Average Sd.

Al 0.0529 0.0155 0.0189 0.0291 0.0207
Ca 0.0252 0.0068 0.0141 0.0154 0.0092
Cr 0.0075 0.0062 0.0015 0.0051 0.0031
Mn 0.0554 0.0669 0.0272 0.0499 0.0204
Co 0.0007 0.0006 0.0005 0.0006 0.0001
Ni 0.0031 0.0021 0.0019 0.0024 0.0006
Ga 0.0309 0.0323 0.0288 0.0307 0.0018
Sr 0.0007 0.0005 0.0006 0.0006 0.0001
Ag 0.0021 0.0012 0.0005 0.0013 0.0008
cd 0.0006 0.0005 0.0005 0.0005 0.0000
In 0.0005 0.0005 0.0005 0.0005 0.0000
Ba 0.0012 0.0010 0.0007 0.0010 0.0002
La 0.0001 0.0001 0.0001 0.0001 0.0000
Ce 0.0002 0.0001 0.0001 0.0001 0.0000
Eu 0.0000 0.0000 0.0000 0.0000 0.0000
Dy 0.0015 0.0016 0.0014 0.0015 0.0001
Tl 0.0005 0.0004 0.0004 0.0004 0.0000
Pb 0.0047 0.0047 0.0016 0.0037 0.0018
Bi 0.0008 0.0007 0.0007 0.0008 0.0001

(red) and nearly all 1*3Nd signal is masked by the red ®°Y signal, indi-
cating the colocalization of 8°Y and **Nd around the implant. Due to
this variable relationship with respect to distance, the 8y and *3Nd
ratio in all different histological regions was explored (illustrated in
Fig. 5B). %Y increased with the increase of 14*Nd signal across the whole
tissue section (Fig. 5C), whereas 143Nd and 3'P showed no such corre-
lation (Supplement Fig. 8). When looking at the 89y 143Nd distribution
in Figs. 5C, 8°Y and **Nd appear to have higher correlations in areas
closer to the implant (or areas that had high ®°Y+'43Nd signals) and
lower correlations with an increased distance to the implant, which is
supported by Spearman correlation coefficients p between °Y and
143Nd, where a close to 1 p indicates positive correlation between %Y
and 1**Nd strength and close to O p means poor correlation (Fig. SE).
When evaluating distance (e.g. adventitia regions yellow and blue in
Figs. 5D), $Y+!*3Nd total signal can vary over Log 3, clearly showing
distance is not the mere determinant of 8°Y and ***Nd signal strength.
The nearby media and adventitia regions contained more total signal
compared with areas farther away (Fig. 5D). There was a decrease in
total signal of 8Y+13Nd as the distance from the wire origin increases
(Fig. 5D), which is also associated with a reduction in the correlation
coefficient calculated by Spearman’s rank (Fig. 5E).

Regions with relatively high %y and !**Nd and small #v/***Nd
variation were interrogated further. Plotting of 8Y/*3Nd ratio over
8%y +1%3Nd signal and the pixel to wire center distances was performed
(Fig. 6A and B). It is clear that the distribution of 89y/143Nd ratio
converged in areas closer to the implant or areas that had high
89y 193Nd signal, while the distribution of 8°Y/***Nd ratio spreads with
an increased distance or decreased ®°Y+!**Nd signal. This trend was not
shown over 3'P or *°Fe signals (Fig. 6C and D). Instead, a seemingly
more random distribution with high noise was observed. Note that, since
the wire region (dark red) has low 56Fe content and a wide range of Slp
signal, the region distinguished itself from other regions by showing a
relatively converged 8°Y/2**Nd ratio (Fig. 6C and D).

S6Fe rich and >®Fe low regions near the implant and in surrounding
regions were evaluated for 89y and 1*Nd presence, using 99 % pixel cut-
off values as a thresholded metric (Fig. 7). >Fe rich regions possessed
highly correlated 8°Y/***Nd ratios (Fig. 7B), with a significant reduction
in the %°Fe low regions. The 3!P signal was used to verify tissue/cellular
presence, and evaluated both regions against their relative distance from
the implant to demonstrate the distance effect on 3°Y/**Nd ratios. High
resolution scans (spot size 1 pm) of the H&E-stained sections demon-
strate 5Fe rich tissue regions are within the neointima and these regions
correspond highly with F4/80+ M®’s (Supplement Fig. 10), as well as
89y and 13Nd (Fig. 7F-I). Two regions were selected from the adventitia
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layer, which had similar cell density (indicated by 3'P signal strength,
Fig. 7A) and similar distances to the wire center (confirmed in Fig. 7B).
Thus, the main difference is the °°Fe signal strength. Strikingly,
8%y /143Nd ratio converged in the 56Fe rich region and diverged in the
56Fe low region independent of cell density (indicated by 3!P) and dis-
tance. The trend is further supported by the divergent Spearman cor-
relation coefficients (Fig. 7B). To further confirm the results, additional
samples were scanned with higher resolution (Fig. 7F-K). The locali-
zation of >®Fe with ®°Y and **Nd as well as more specific 89y /143Nd
ratio in >®Fe rich region indicates Y and **Nd behavior is to some
degree correlated with °Fe rich regions. In addition, when higher
89y /143Nd correlation is observed in >®Fe rich region, similar >!P levels is
detected in those areas, indicating it is more likely to be cell type, not
cell number that regulates 3%y and 1#*Nd colocalization behaviors.

3.3. Semi-quantitative LAM

To understand metal concentrations in the tissue, tissue sections
were scanned with gelatin standards spiked with elements of interest (0,
1, 5, 10, 20, and 50 ppm). Element concentrations were calculated using
the data reduction scheme provided in iolite. The semi-quantitative
scans are visualized in Fig. 8. Approximations of element concentra-
tion are shown in Supplement Fig. 9. Since normal physiological metal
levels in the tissues can be several magnitudes lower than the levels
caused by the implants, it is difficult to demonstrate the elemental ppm
levels across the whole tissue section with a linear color scale. Therefore,
the Log scale for ppm levels of pixels were plotted and arranged by re-
gions (defined in Fig. 4A), so that the overall trend of metal level change
was demonstrated quantitatively in Supplement Fig. 9B. Alloy elements
such as 2*Mg, 8%y, and '*3Nd remained high in the corroded products
and decreased in the tissues. 2*Mg and 3K demonstrated more uniform
distribution in the tissues. For example, in the neointima, most 2*Mg
signal is between 1000 and 10,000 PPM. However, 89y and 143Nd, varies
from 1 to 10,000 ppm in neointima. The result is consistent with prior
reports where Y nanoparticles from Mg degradation elicit major varia-
tion of Y signal in the vicinity of implants [14]. We roughly estimated
the concentration of elements in mM by assuming the tissue density is 1
g/mL. The dash-line axis on the right of each plot Supplement Fig. 9
represents the corresponding mM concentrations, and tabulated values
can be found in Supplement Tables 4 and 5.

4. Discussion

A significant technical hurdle in the field of bioabsorbable metals is
the lack of efficient and reliable methods to determine in situ elemental
levels within tissue. Insightful attempts have been made to clarify the
implant derived in situ elemental distribution, although most of the focus
has been on orthopedic samples. Additionally, each elemental mapping
technique for biological samples comes with their respective challenges
regarding sample preparation, variable element sensitivity and speci-
ficity, and ease of data collection [33]. This study presents a state of the
art mass spectrometry imaging approach to understand elemental dis-
tribution and semi-quantification in the WE22 wire implanted rodent
aortic model [27]. An APOE—/— knockout transgenic mouse was used to
simulate an atherosclerotic environment. Emphasis was placed on Y and
Nd, two major alloying constituents in the WE22 alloy which are not
endogenously present in the tissue.

4.1. Qualitative observations using LAM imaging

The in vivo corrosion products generated during biocorrosion of
alloyed Mg can vary in presentation, and depends significantly on the
alloy system used, the particular stage of corrosion evaluated, and
microstructure [34,35]. The WE22 alloy described in this work was
found to have significant degradation at 30 d implantation (Fig. 1), and
produced a complex corrosion product consisting of Mg-Ca-P
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(p) where p decreases when Y diverges from Nd (all p < 107°).

containing phases, fine and variably sized REE bearing precipitates, and
a mixed REE nano oxide substance (Fig. 2). Since the products from the
WE22 material contained significant amounts Y and Nd as IMP’s or
(Nd/Y)203, efforts were focused to describe the presence for products of
Y and Nd throughout the tissue sections. However, the in situ localization
of other endogenous and alloy derived elements also display interesting
patterns (Fig. 3). Qualitatively, 3°Y and **Nd presence and relatedness
were not equivalent when distance, anatomical location, and correlation
to other endogenous elements were considered (Figs. 4-7). This can be
interpreted as inherent differences in the biodistribution and interaction
of Y/Nd based products. An example of this can be observed in Fig. 4,
where 8%Y is less related to the REE cluster in the adventitia. The
adventitia appears to be the site of most 8°Y and #*Nd variation, and the
only anatomical location where 5°Y is seen largely without *>Nd pres-
ence (Fig. 6). The observation of 8°Y rich products in the adventitia may
suggest the preferential clearance of Y503, or Mg-Y phases over Nd,O3
or Mg-Nd-Y/Mg-Nd phases. Future studies should precisely clarify the
composition and structure of REE containing phases/oxides which are
differentially detected throughout the various tissue components
(adventitia vs. media vs. neointima), as this was not the focus of the
current study.

In comparison to the other arterial layers, the adventitia of arteries
will experience large inflammatory cell recruitment after injurious
events such as stent implantation or balloon angioplasty [36,37]. The
adventitia is home to resident arterial M®’s, which are able to respond
rapidly to local stimuli and proliferate. Meanwhile, vasa vasorum sup-
plies blood derived monocytes which can further differentiate into M®’s
locally [38]. The adventitial M®’s have extensive contact with vascular
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lymphatic networks, where they can transport phagocytosed degrada-
tion products to local lymph nodes. After the initiation of corrosion, the
inflammatory response is largely responsible for intereacting with metal
remnants and corrosion products, which has been reported previously
[25,35,39,40]. The M®’s transport of degradation products towards
draining lymphatics has been reported for bioabsorbable metals such as
Fe scaffold as early as 2006 by Peuster [41], and recently for the iron
bioresorbable coronary scaffold [42]. The lymphatic clearance pathway
of insoluble products could be critical for bioabsorbable metal
biocompatibility, but it remains understudied [43]. Importantly, mul-
tiple studies have demonstrated that M®’s are capable of phagocytosing
Mg based degradation products [22,23,40,44,45], potentially impli-
cating M®’s in the lymphatic clearance pathway for Mg material derived
degradation products.

F4/80+ M®’s were observed within the neointima and adventitia,
and colocalized with Y and '#*Nd signals from LAM imaging when
serial sections were evaluated (Supplementary Fig. 10). Interestingly,
these patterns appeared to coincide with total >®Fe signal. Character-
izing %°Fe further as it relates to 8°Y and **Nd signal revealed striking
relationships (Fig. 7). °°Fe rich regions were correlated with a higher
ratio and total amount of 3°Y/**3Nd. It has been reported that Md’s
functions are closely related to systemic Fe regulation [46] and excess Fe
storage as ferritin [47]. Additionally, M®’s polarization is intricately
linked to Fe regulated gene expression and overall Fe homeostasis
[48-50]. Importantly, since WE22 and the degradation products contain
low levels of Fe (Fig. 3, Table 1, Supplementary Fig. 9), the authors
speculate that the majority of the °Fe signal observed is biologically
derived, and fluctuations in “°Fe signal could be caused by various
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polarized M®’s populations. Future studies could utilize techniques such
as rare earth isotope tagged antibody labeling, to allow for a robust
concurrent phenotypic description of Fe rich cells using LAM as
described in other studies [51].

Proper tissue regeneration within the original footprint of the stent
strut is critical to fully resolve the inflammatory reaction, and regener-
ation should follow corrosion product removal. M®’s must infiltrate the
product in order to initiate the regenerative response, which would be
followed by other tissue depositing cells [52]. It has been shown that
tissue infiltration can occur for certain Mg materials, such as the Mg-Dy
based alloy system Resoloy [53]. We observed suspected tissue deposi-
tion within the original footprint of the wire upon inspection with
SEM-BSE (Supplement Fig. 11), which corroborates that transport of
product out of the original implant footprint likely occurs.

4.2. Semi-quantitative LAM analysis

It is challenging to determine in vivo concentration of corrosion
products. Currently, the best estimations rely on collecting tissue or fluid
directly from the implant site and performing elemental analysis,
although this approach cannot capture spatial information [54]. To the
authors knowledge, this study for the first time reports relative estima-
tions of the concentrations of Mg, and REE’s near the interface and in the
adjacent tissue surrounding a Mg arterial implant with the spatial origin
of the measurements conserved (Fig. 8A and B). Since the mass spec-
trometry data is measured on a per pixel basis, it is more representative
to visualize the distribution of all mass spectra (pixels) collected.

The concentrations for pixels vary by many orders of magnitude,
which significantly skews interpretation of an average pixel value.
Therefore, the median value of all pixels within the regions is presented
(Supplement Tables 4 and 5). The largest relative Mg concentration

234

originates at the wire, with a decreasing gradient away from the tissue
material interface. The pixels identified within the neointima region
possess a median concentration of 2752 ppm (114.6 mM) for Mg. It
should be noted that Mg is endogenously present throughout the tissue,
and LAM measurements cannot distinguish the origin due to over-
lapping presence of biological Mg isotopes with implant derived
isotopes.

To relate the findings of this study to previous in vitro biocompati-
bility investigations requires some assumptions. In vitro biocompati-
bility studies usually test Mg?" in solution, using dissolved metal salts. If
it is assumed that a moderate fraction of the measured concentration in
each pixel was soluble when close to the implant (30-50 %), more than
half of the pixels within the neointima may remain at or above what is
reported as safe in vitro for Mg [54,55] (approximately 10 mM for L929
cells, 30 mM for RAW 264.7). In the adventitial compartments, median
values of Mg are approximated at 1336 ppm-828 ppm (55.7-34.5 mM),
which are closer to more tolerable Mg concentrations. It has been re-
ported that some cell lines in vitro, such as HUCPV cells, are highly
tolerant to supraphysiological Mg concentrations (LDsy 73 mM) [11].
Importantly, the pixels which have the highest values of Mg are near the
interface of the material. Upon closer inspection of the interface, viable
F4/80 + M®’s (Supplement Fig. 10) are present. Previous work has
shown in vitro that degrading Mg discs are correlated with a highly
viable sub population of co-cultured inflammatory M®’s, which are able
to survive at high Mg concentrations [55]. The proportion of Mg in
various bound and free forms near the bioimplant interface is complex
and dynamic [56]. The local microenvironment created by inflamma-
tory M®’s modulates the pH and secreted extracellular protein profile,
which can ultimately alter the stability of initial corrosion products
(MgO/Mg(OH),), and degree of metal chelation by proteins [55-57]. To
further complicate the matter, phagocytosed Mg based corrosion
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products could experience further digestion within phagolysosomes
[40], which should increase intracellular MgZJr and ultimately force
M®’s to transport excess Mg?" into the extracellular space through
established mechanisms [58], increasing extracellular Mg?*. Ultimately,
determining whether the total Mg concentration detected in LAM scans
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is comparable to in vitro studies which use Mg?" is convoluted by these
factors, since the amount of extracellular Mg?" local to the implant in
vivo is not known.

The interpretation for Y and Nd approximation is slightly more
straightforward since they are not endogenously present in the tissue. In
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the neointima, the median concentration for Y was 64 ppm and 73 ppm
for Nd (0.71 mM, and 0.51 mM respectively). Both values are below the
reported LDsq values for Y and Nd chloride exposure to RAW 264.7 cells
[11]. Interestingly, the concentration values starkly drop-off in terms of
magnitude when evaluating the adventitia. Many pixels in the adven-
titial regions are above the LOD for Y, and not above the LOD for Nd. The
results suggest that proportionally less Nd is present further from the
implant interface, confirming findings in Figs. 4 and 5, that Nd based
products may be less preferential to transport compared with Y.
Although prior studies evaluated salts of Y and Nd, our study found that
a significant amount of Y and Nd were present as nano oxides and IMP’s
(Fig. 2). There has been some biotoxicity work performed on (Nd,Y)203
nano oxides, although the lack of direct Y/Nd comparison and differ-
ences in concentrations limits the interpretation of these works in the
context of this study [59,60]. It is currently unknown why Nd is less
efficient in being transported compared to Y. It may be inferred that the
increased relative toxicity of Nd compared to Y plays a role [11].

4.3. Limitations

Although high estimations of Mg, Y, and Nd are given, a limitation of
the analysis is the lack of metal speciation determination. Metallic
particles cannot be distinguished from oxides, soluble forms of each
element, or bound to proteins, which all possess different biocompati-
bility thresholds. Therefore, the above-mentioned values can be inter-
preted variably if different proportions of potential byproducts are
considered. Furthermore, even if techniques that can discern metal
speciation are used, sample preparation would have to be tightly
controlled in order to prevent inadvertent precipitation of ions. Addi-
tionally, it is not possible to discern biological vs. implant derived
endogenous elements such as Fe or Mg due to the isotope similarity
within the implants and tissue. In the future, co-registration of LAM
scans with techniques that can provide semi-quantitative elemental
species information would improve conclusions drawn from this tech-
nique [33]. This limits the interpretation of the concentration values in
terms of toxicity since the oxidation state of the reported metals is key in
understanding their toxicological implications, as well as the origin of Fe
and Mg (implant vs. biological) throughout tissue sections. Finally,
preparation artifacts such as sectioning and handling could inadver-
tently change the total amount of elements present.

Our estimations must also be contextualized with the degree of
corrosion of the WE22 wire. The material analyzed at 30-day via BSE
and EDX indicates near full conversion of the metallic material into
corrosion products (Fig. 1) in some metallographic sections. Current on
market and next generation Mg scaffolds can maintain metallic cross
sections for more than 2 months [61], which would in turn decrease the
overall amount of liberated Mg and REEs measured in neighboring tis-
sues. The values measured in this study may represent concentrations
caused by rapid bioabsorbtion of Mg, which is occasionally seen in the
clinic [62,63]. It is feasible that our APOE—/— model accelerated the
bioabsorbtion of the WE22 material, due to its documented increase in
local inflammation [19], and the recent relationship demonstrated be-
tween increased local inflammation and increased local Mg stent
corrosion [64]. Future work should precisely measure a time series of
Mg implants, with a range of corrosion rates to determine concentra-
tions of corrosion products more accurately in neighboring tissue.

5. Conclusions

This study demonstrates how a state-of-the-art imaging method (LA-
ICP-TOF-MS, or laser ablation mapping, LAM) can provide in situ qual-
itative and semi-quantitative description of the soft tissue elemental
distribution surrounding a bioabsorbable Mg vascular implant. Here, it
is shown that
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1. The corrosion byproducts of a rare earth containing Mg implant are
complex and possess REE based oxides and secondary phases.

. Using the distribution of 8Y/13Nd ratio as a corrosion product in-
dicator, REE based corrosion products are variable as a function of
location, and distance from implant.

. 89Y s able to diffuse through the vascular tissue more readily than
143Nd.

. Endogenous Fe levels correspond with 8%Y/!**Nd ratio changes,
which is potentially influenced by the presence of M®’s.

. When estimating pixels from the tissue neighboring the implant
(neointima), median values for all species of Mg were approximated
at 2752 ppm, with the pixels containing the most Mg situated at the
interface.

. When estimating all pixels from the adventitial tissue near and far
from the implant, median values of all species of Mg were approxi-
mated between 1336 ppm and 828 ppm.

. Pixels measured in the neointima of the implant for all species of Y
and Nd showed median values of 64 ppm and 73 ppm respectively.
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