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A B S T R A C T   

Biodegradable metals offer a promising means to ameliorate many of the long-term risks associated with vascular 
devices made of conventional biostable stent metals. While numerous biodegradable metal alloys have been 
developed and characterized in animal models, knowledge of their blood reactivity and thrombogenicity remains 
unknown. Metal hemocompatibility is particularly valuable because current generation drug-eluting stents pose 
a significant long-term thrombosis risk. In this study, four pure metals, widely used as degradable base materials 
(Fe, Zn, Mg, and Mo), and three alloys commonly used in cardiovascular devices [NiTi, CoCr, and stainless steel 
(SS)] were evaluated. This work examined how each of these metals activate platelets, coagulation factors, and 
inflammation using in vitro hemocompatibility assays and a clinically relevant ex vivo non-human primate 
arteriovenous shunt model. Testing found that while all metals promoted a downstream activation of platelets 
and coagulation in flowing whole blood, platelet and fibrin attachment to Mg was markedly reduced. Addi-
tionally, Fe and Mo trended toward higher platelet attachment and contact pathway activation. Overall, the 
results suggest that Mg may delay clot initiation, but not eliminate clot formation, indicating the importance of 
understanding thrombosis in Mg alloys that are currently being developed for clinical use as biodegradable 
stents.   

1. Introduction 

Vascular diseases are the leading causes of morbidity and mortality 
globally [1]. Metal stenting is a common and increasingly used inter-
vention to re-establish patency of blood vessels [2,3]. However, current 
bare metal biostable stents composed of stainless steel (SS) or cobalt 
chromium (CoCr) often failed to retain long-term patency due to neo-
intimal hyperplasia causing vessel restenosis [4]. Consequently, drug 
eluting stents (DES) were developed to prevent restenosis by directly 
applying cytostatic agents at the site of vascular stenosis. These stents 
improved clinical outcomes in the first year after implantation [5], but 
the cytostatic agents also prevented reendothelialization, potentiating 
late-stage thrombosis and long-term chronic inflammation in DES 
implanted vessels [6]. Advances in antiplatelet therapies reduced the 
risk of stent thrombosis, but subjected patients to lifelong antith-
rombotic therapies—increasing bleeding risks and requiring close 
monitoring and additional management during secondary procedures 
[7,8]. Biodegradable polymer stents, including Abbott’s Absorb™ stent, 
were subsequently developed to prevent the long-term need for 

antiplatelet and antithrombotic therapies. However, polymer stents 
generally exhibit insufficient radial strength, poor radio-opacity, and 
technical challenges in deployment and manufacturing [9]. The 
Absorb™ stent is no longer marketed, and follow up clinical studies 
showed a higher, although not statistically significant incidence of stent 
thrombosis [10]. Thus, biodegradable metallic stents have emerged as 
an alternative to meet both the mechanical and biological requirements 
of vascular stents while mitigating the long-term thrombotic or in-
flammatory risks of permanent stents. 

Biodegradable metals present an excellent opportunity for cardio-
vascular devices, specifically alloys of Mg, Fe, and Zn have been used as 
based materials for stenting [11]. Considerable work has produced a 
spectrum of various alloys with improved corrosion and mechanical 
properties compared with the unalloyed metal [11,12]. However, far 
less work has investigated the biological healing responses invoked by 
the presence of these metals in the arterial environment. Despite ad-
vances in interventional cardiology [13–16] and anti-thrombotic ther-
apies [17,18], the widely used vascular stents, including DES, still have 
high rates of thrombosis and restenosis from intimal hyperplasia with 
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severe clinical consequences [19–21]. As reviewed elsewhere [22], early 
stent thrombosis with bare metals stents occurs in up to 16% of cases, 
and while that rate has improved with better anticoagulant and anti-
platelet medications, late-stage thrombosis remains an issue with DES 
requiring some patients to remain on anticoagulants for months and 
years. This long-term requirement for anticoagulants is particularly 
concerning in the cases of 1) the need for invasive surgery and 2) flow 
diverting stents for brain aneurysms where anticoagulants are risky and 
contraindicated, respectively. While the need for antiplatelet and anti-
coagulant therapies will likely persist, it is critical to understand the 
mechanisms of material thrombogenicity in the absence of anticoagu-
lants or antiplatelet therapies using clinically relevant models. Deeper 
understanding of metal and device specific risks will inform disease 
management and treatment guidelines, improving treatment regimens 
and reducing morbidity and mortality. Furthermore, degradable metal 
stents, which demonstrate resistance to thrombosis, may improve 
prognoses and outcomes. 

Degradable metals break down into several soluble and insoluble 
byproducts, including the soluble metal ion of the base metal, and alter 
the pH of the physiological fluids at the implant surface [23]. Many of 
these metal ions are biochemically active within the cells and tissues of 
the arterial environment [24]. They are readily able to enter cells where 
they bind proteins and alter their structure and function [25]. For 
instance, previous work found that ionic Zn, at the concentrations pre-
sent at the surface of a degradable pure Zn arterial implant, can activate 
cellular apoptotic signaling pathways, including caspase-3 [26], within 
neointimal smooth muscle cells near the implant surface, thereby 
beneficially reducing the presence and activity of these cells within the 
encapsulating neointimal tissue. Other biodegradable implants that 
include alloying elements have been found to elicit a wide spectrum of 
neointimal and inflammatory responses [11,27–31]. These responses 
may be impacted by the specific corrosion byproducts and their con-
centrations, degradation rates, and microstructural properties of these 
diverse biodegradable materials. Previous work also found that the 
surface properties of biodegradable metals influence their biocompati-
bility [32,33]. The generation of potentially bioactive byproducts at 
high local concentrations and an actively changing biointerface 
contribute to the complexity of biodegradable implants and the local 
cellular and tissue level responses relative to the conventional biostable 
stent metals. 

To investigate thrombogenicity, this work quantified the hemo-
compatibility of the pure metals (Mg, Zn, Fe, and Mo) that are of interest 
in designing biodegradable stents. These results set a baseline for alloy 
testing and development. For comparison, commonly used clinical al-
loys [nitinol (NiTi), CoCr, and SS] were tested. The goal of these studies 
was to comparatively evaluate candidate metals with regard to acute 
pathways involved in thrombosis, including contact pathway activation, 
platelet attachment and activation, fibrin accumulation, and immuno-
genicity on metal wire constructs. The experiments quantified the 
biomaterial-initiated blood response in vitro through factor (F)XIIa 
generation and fibrin generation assays, using human plasma. FXII 
activation is a critical early step in the contact pathway activation 
branch of the coagulation cascade, while fibrin generation is the 
culmination of the common pathway of coagulation. These studies also 
used a strict, non-human primate (NHP) ex vivo thrombosis model of 
whole, flowing blood without antiplatelet or anticoagulant therapies to 
both quantify platelet and fibrin accumulation on the wires and measure 
critical thrombosis markers in the blood after exposure to the metal 
wires. The blood plasma was used to quantify platelet activation 
markers, including platelet factor 4 (PF4), soluble glycoprotein VI 
(sGPVI), and P-selectin, contact pathway markers including thrombin- 
antithrombin complexes (TAT), and immune activation including mye-
loperoxidase (MPO) release and platelet-leukocyte aggregates (PLAs). 
These results will inform the design and implantation parameters of 
clinically useful biodegradable metals for use in blood-contacting 
medical devices. 

2. Materials and methods 

2.1. Materials 

Pure and alloyed metal wires (Goodfellow Corp., Pittsburgh, PA, 
Supplemental Fig. 1 for SEM imaging of untreated wires) were cut into 
straight lengths for in vitro testing or coiled around a 4 mm Teflon rod for 
ex vivo testing. The specific metals were Fe (99.99%, annealed, 0.25 mm 
diameter), Zn (99.99%, as drawn, 0.25 mm diameter), Mo (99.95%, 
annealed, 0.25 mm diameter), Mg (99.9%, as drawn, 0.25 mm diam-
eter), SS (Fe/Cr18/Ni10/Mo3, as drawn, 0.25 mm diameter), CoCr 
(Co40/Cr20/Fe15/Ni15/Mo 7/Mn 2/C/Be, hard temper, 0.25 mm 
diameter), and NiTi (Ni55/Ti45, as drawn, 0.23 mm diameter). All wires 
were sonicated in 200 proof ethanol for 10min prior to testing and stored 
in ethanol to prevent corrosion. 

2.2. In vitro coagulation testing 

In vitro testing was performed, based on previous work [34,35], with 
protocol modifications for the metal wires, described in detail below. 

2.2.1. Blood component isolation 
Pooled platelet poor plasma (PPP) was isolated from healthy, human 

volunteers, as approved by the Oregon Health & Science University 
Institutional Review Board and described previously [36]. Briefly, whole 
blood was drawn into sodium citrate (3.2% w/v at a 1:10 ratio with the 
blood) and centrifuged to isolate a platelet pellet and PPP (once at 200g 
for 20min and once at 1000g for 10min with 0.1 μg/mL prostacyclin). 
PPP was aliquoted and stored at − 80oC until use. 

2.2.2. FXII activation assay 
Straight wire lengths of 6 mm were placed in non-tissue culture 

treated 96-well plates for in vitro testing and rinsed briefly with 1X 
phosphate buffer saline (PBS). Conversion of FXII to FXIIa was quanti-
fied on the wires using pooled human PPP. The PPP was warmed to 37oC 
and added to each sample, followed by the addition of equal parts 
HEPES buffer (25 mM HEPES, 125 mM NaCl, pH 7.4) and chromogenic 
substrate (S-2302™, Diapharma, West Chester Township, OH). Samples 
were immediately read on a plate reader (Infinite M200 spectropho-
tometer, Tecan, Männedorf, Switzerland) using absorbance at 405 nm 
every 1min for 1hr at 37oC. The generated data curves were used to 
determine FXIIa generation from the maximum slope of the curve. Three 
wires were tested on three separate occasions for a total of n = 9, with a 
plasma only negative control. 

2.2.3. Fibrin clotting assay 
Straight wire lengths of 6 mm were placed in non-tissue culture 

treated 96-well plates for in vitro testing and rinsed briefly with PBS. 
Pooled human PPP was warmed to 37oC and added to each sample, 
followed by the addition of equal parts PBS with 25 mM CaCl2. Samples 
were immediately read on a plate reader (Infinite M200 spectropho-
tometer, Tecan) using absorbance at 405 nm every 1min for 1hr at 37oC. 
The generated data curves were used to determine fibrin clotting time 
from the time at which the curve deviated from the baseline by 10% and 
fibrin clotting rate from the maximum slope of the curve. Three wires 
were tested on three separate occasions for a total of n = 9, with a 
plasma only negative control. 

2.3. Whole blood shunt study 

Animal studies were approved by the Oregon National Primate 
Research Center (ONPRC) Institutional Animal Care and Use Commit-
tee. Animals received full time care from the staff at ONPRC and work 
followed the guidelines from the National Research Council and the 
Committee on Care and Use of Laboratory Animals of the Institute of 
Laboratory Animal Resources. 
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2.3.1. Platelets and fibrin quantification using radiolabeling 
For ex vivo testing, 12.7 cm length wires were coiled around a 4 mm 

outer diameter rod to a final length of approximately 2 cm (Fig. 1A). 
NiTi wires were heated over an open flame prior to coiling to reset the 
shape. All coils were contained within fluorinated ethylene propylene 
(FEP, Zeus Inc., Orangeburg, SC) heat shrink tubing—shrunk to a 4 mm 
outer diameter rod. The 2 cm length coils were placed into an exteri-
orized arteriovenous shunt loop made of Silastic tubing (4 mm ID, Dow 
Chemical) and exposed to flowing, whole blood testing without any 
anticoagulant or antiplatelet therapies (Fig. 1B). These NHP shunts were 
performed in three healthy, juvenile male papio anubus baboons 
(11.2–13.1 kg) based on a well-established thrombosis model [35, 
37–43]. In brief, coils were exposed to whole, non-anticoagulated blood 
and blood flow was controlled at 100 mL/min for 1hr using a clamp 
distal to the coils, followed by a saline rinse. Dynamic platelet and 
endpoint fibrin attachment were quantified using radioisotopes, 111-In 
and 125-I, respectively (n = 6). The autologous platelets accumulated on 
the wires and were measured every minute with a Brivo NM615 (Gen-
eral Electric, Boston, MA). After decay of the 111-In isotope, fibrin was 
measured with a 1480 Wizard gamma counter (PerkinElmer, Waltham, 
MA). 

2.3.2. SEM for qualitative assessment of thrombus 
Shorter segments (2 cm) of the metal wires were inserted into the 

shunt loop approximately 0.8 m downstream of the coil for parallel 
testing with 1hr of flowing, whole blood (n = 2). These samples were 
straight wire segments placed longitudinally along the 4 mm inner 
diameter Silastic tubing with 2 cm segments of the FEP tubing inserted 
into either end to secure the wire. After the 1hr of blood flow and saline 
rinse, these samples were rinsed thoroughly with PBS, fixed in 3.7% 
paraformaldehyde (PFA) overnight at 4oC, and dehydrated with in-
cubations of increasing concentrations of ethanol. Samples were stored 
in 200 proof ethanol then further dehydrated in hexamethyldisilazane 
(HMDS, Sigma, St. Louis, MO). After evaporation of the HMDS, samples 
were mounted onto SEM studs with carbon tape and sputter coated with 
platinum (ACE600 Leica). Samples were imaged using a Volumescope 2 
SEM (Thermo Scientific, Waltham, MA) using high vacuum. 

2.3.3. Downstream blood sampling 
Boundary layer blood draws from 1 cm ± 2 mm downstream of the 

metal coils were collected based on a previously verified method [41, 
43]. A continuous blood draw was pulled downstream of the metal coils 
into 10% by volume citrate at 1.5 mL/h, while PPACK (0.5 mg/mL 
Sigma) was infused (0.3 mL/h) just upstream of the blood draw to avoid 
occlusion of the blood draw tubing (Fig. 1B). This technique was shown 
to give a more concentrated solution of blood components that inter-
acted with the surface of the biomaterial [43]. An initial blood draw was 
taken as a bulk draw (not boundary layer) and considered time 0min. 
The boundary layer blood draws were taken from 0 to 30min (hereafter 
labelled “30min”) and from 30 to 60 (labelled “60min”). These blood 
draws were used for quantification of platelet and inflammation markers 

with flow cytometry (described below). Plasma was isolated from the 
remaining blood that was collected from the concentrated boundary 
layer by centrifugation for 3min at 10,000 RPM. This plasma was used 
for the biochemical assays and quantification of metal ions with 
inductively coupled plasma mass spectrometry (ICP-MS). 

2.3.4. ICP-MS for metal degradation ions 
Boundary layer PPP from the biodegradable metal experimental runs 

was tested for Mg, Fe, Zn, and Mo metal ions using ICP-MS (Agilent 
7700x, Santa Clara, CA) at each of the three time points (n = 3). 
Elemental analysis was performed at the OHSU Elemental Analysis Core. 

2.3.5. Flow cytometry 
Whole blood, diluted at a factor of 1:4 with HEPES/Tyrodes (HT) 

buffer, was stimulated with platelet glycoprotein VI agonists, cross-
linked collagen-related peptide (CRP-XL) at 0, 0.1, or 1 μg/mL CRP-XL 
and incubated with CD62-PE (BD Biosciences, Franklin Lakes, NJ) for 
20min at 37 ◦C. For PLA analysis, 1:4 diluted whole blood was incubated 
with CD45-APC (BD Bioscience, Franklin Lakes, NJ) and CD41-FITC 
(Biolegend Catalog, San Diego, CA) for 20min at 37 ◦C. Samples (n =
4) were fixed with 2% paraformaldehyde for at least 30min and stored at 
4 ◦C. Data were collected with a BD FACSCanto II (BD Biosciences, 
Franklin Lakes, NJ) and analyzed using the FlowJo Software (version 
10.7.1). Mean fluorescent intensities are reported for all markers. 

2.3.6. Biochemical assays 
Plasma from downstream sampling was aliquoted and stored at 

− 80 ◦C. Plasma TAT was measured using an ELISA kit from Siemens 
Healthineers (Erlangen, Germany). PF4 in plasma was measured using 
an ELISA kit from R&D Systems (Minneapolis, Minnesota). Plasma 
sGPVI was measured using an ELISA kit from Invitrogen (Carlsbad, 
California). Lastly, plasma MPO activity was measured using a fluores-
cent detection kit from Cell Technology (Hayward, California). All kits 
were run according to the manufacturers’ instructions. 

2.3.7. Statistics 
All data are presented as mean ± standard deviation. In vitro data 

and fibrin ex vivo data were tested for analysis of variance (ANOVA) 
assumptions using Brown-Forsythe tests and quantile-quantile plots. 
Data sets which passed the ANOVA assumptions were tested with a 1- 
way ANOVA and a Tukey’s post hoc when the main effects test was 
significant (p < 0.05). A Greenhouse–Geisser correction was used with 
all ANOVAs. When data sets failed an ANOVA assumption, they were 
tested with a Kruskal-Wallis test and a Dunn’s multiple comparison test, 
as was the case for fibrin clotting time and FXIIa generation rate. ICP- 
MS, flow cytometry, and biochemical data were analyzed with 2-way 
ANOVAs with factors of time and metals type. TAT and PF4 data 
failed ANOVA assumption tests and were log transformed to allow for 
valid statistical analysis. Data in the manuscript are presented in their 
transformed version. The previously mentioned data sets were analyzed 
with GraphPad Prism version 10. Ex vivo platelet data was analyzed with 

Fig. 1. Ex vivo whole blood testing on metal coils. (A) Image of a coil placed in the shunt loop showing the downstream sampling components. (B) Schematic of the 
non-human primate, arteriovenous shunt loop. 
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a repeated measures 1-way ANOVA using SPSS (IBM, version 27). No 
data were excluded from in vitro assays, platelet quantification, fibrin 
quantification, or flow cytometry, although PF4, MPO, and TAT data 
were excluded when the data did not fall within an appropriate standard 
range of the assay. Additionally, downstream blood plasma samples 
were eliminated from analysis, when they contained visible clotting 
which altered the sample hue. 

3. Results 

3.1. In vitro examination 

To examine initiation and completion of the contact pathway by 
biodegradable and biostable metals in vitro, FXIIa and fibrin generation, 
respectively, were measured using biochemical assays with human 
platelet-poor plasma. Plasma only control samples were used to quantify 
the baseline clotting without any added material in both in vitro assays. 
The observed generation of FXIIa over time in the presence of the metal 
wires (Fig. 2A) showed significant differences between metal types (p <
0.0001). Specifically, Fe and SS had significantly higher FXIIa genera-
tion rates compared to the plasma only control. Fe, Mo, SS, CoCr, and 
NiTi had significantly higher FXIIa generation rates compared to the Mg 
wires. The fibrin generation assay also used human plasma in the 
presence of the metal wires to determine both the initiation time of 
fibrin clotting and the rate of fibrin generation. The initiation time of 
fibrin clotting (Fig. 2B) was significantly different between metal groups 
(p < 0.0001). Fe and Mo had a significantly lower initiation times 
(higher thrombogenicity) compared to the plasma only control and the 
Mg wires. The fibrin generation rate (Fig. 2C) also showed a significant 
difference (p = 0.038), but without any significant changes in the post 
hoc test. 

3.2. Whole blood shunt study 

To examine the acute thrombogenicity of the biodegradable and 
biostable metal wires and the measurable biomarkers present in the 
circulating blood downstream from the wires, this work used an ex vivo 
NHP model of flowing, whole blood without any anticoagulants. Spe-
cifically, platelet and fibrin attachment were quantified on the wires, 
while blood was sampled directly downstream of the wires during the 

1hr testing for biochemical analysis of the plasma and platelets. 
To confirm if any detectable metal degradation was present during 

the acute thrombogenicity testing, the downstream blood plasma sam-
ples from the flowing, whole blood were collected and analyzed with 
ICP-MS for Fe, Zn, Mo, and Mg ions (Supplemental Fig. 2). These results 
showed no significant changes in Fe, Zn, or Mo ions between any of the 
different pure metal types (p = 0.959, p = 0.485, p = 0.397, respec-
tively). Mg ion release was significantly different (p = 0.015), but 
without any significant changes between the groups in the post hoc test. 

These studies used whole blood ex vivo shunt testing without any 
anticoagulant or antiplatelet therapies to characterize thrombogenicity 
of the metal wires. All metal coils showed considerable thrombus 
accumulation after 1hr, except for Mg, which showed less overall 
accumulation of thrombosis upon visual inspection (Fig. 4A). SEM 
characterization of the thrombus on the wires after 1hr of testing (Fig. 3) 
confirmed the presence of thrombus components, including platelets, 
neutrophils, erythrocytes, and fibrin fibers on all wires, but with no 
apparent differences between metal types. 

To quantify thrombogenicity on the wire coils, platelets and fibrin 
were radiolabeled in the whole blood testing and quantified over 1hr. 
Platelet and fibrin quantification (Fig. 4) on the metal wires was lower 
for Mg than other metals or alloys. Specifically, there were statistically 
fewer platelets on Mg than Mo, NiTi, or Fe metals (Fig. 4B, p = 0.004); 
however, the rate at which the platelets accumulated was not signifi-
cantly different between the metal types (Fig. 4C). Fibrin accumulation 
(Fig. 4D) was also statistically lower on Mg than Mo, NiTi, or Fe metals 
(p = 0.003). 

By collecting blood samples from immediately downstream of the 
wire coils, the specific markers from blood components that had inter-
acted with the surface of the materials without attaching were analyzed. 
The downstream plasma TAT levels (Fig. 5A) significantly increased 
over time (p < 0.0001) but without a significant change between metal 
type (p = 0.311). Importantly, several of the downstream blood samples 
clotted in the draw line making some samples exceed the standard curve 
of the ELISAs. Specifically, there was one sample each from Fe, Mo, SS, 
and CoCr at 30min that showed visible clotting in the downstream 
sample even with the citrate and infusion of PPACK. Additionally, 
plasma samples from three Fe and Mg, two Mo and NiTi, and one of Zn, 
SS, and CoCr from the 60min time point also contained visible clots. 

In addition to quantifying platelet attachment directly onto the metal 

Fig. 2. In vitro analysis of human platelet-poor plasma on metal wires compared to platelet-poor plasma alone for FXIIa generation and fibrin generation assays. (A) 
FXIIa generation in response to Fe (p = 0.025) and SS (p = 0.019) wires was significantly higher than the plasma only control. Mg wires had a significantly less FXIIa 
generation compared to Fe (p<0.0001), Mo (p = 0.0013), SS (p<0.0001), CoCr (p = 0.0004), and NiTi (p = 0.008) wires. (B) Fibrin clotting initiation times were 
decreased from plasma controls, which was significant for Fe (p = 0.0005) and Mo (p = 0.0006). Mg had a significantly longer clotting time compared to Fe (p =
0.0003) and Mo (p = 0.0004). (C) Fibrin generation rate was unchanged between the metal groups and plasma negative control. * indicates p ≤ 0.05. ** indicates p 
≤ 0.01. *** indicates p ≤ 0.001. **** indicates p ≤ 0.0001. 
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coil surfaces, platelet activation markers in the plasma from the blood 
downstream of the metals were quantified. These downstream platelet 
markers in the blood samples showed no significant change in PF4 
plasma concentration (Fig. 5B), sGPVI plasma concentration (Fig. 5C), 
or the mean fluorescent intensities of platelet surface markers of soluble 
P-selectin (Fig. 5D–F) between the different metal types. PF4, sGPVI, 
and P-selectin (at all concentrations of CRP-XL) showed a significant 
change over time—specifically, increasing for sGPVI, PF4, and P-selectin 
at 0 μg/mL CRP-XL and decreasing for P-selectin at 0.1 and 1 μg/mL 
CRP-XL—suggesting some platelet activation from all metal groups. 
While not statistically different, Fe did trend higher over time and 
appeared depleted in the CRP-XL-stimulated samples. 

To investigate thromboinflammation within this context, MPO was 
quantified in the downstream blood plasma and PLAs in the downstream 
blood. Overall, the inflammation activation was consistent across all 
metal types measured through MPO activity and platelet-leukocyte in-
teractions. Specifically, MPO (Fig. 6A) was significantly increased over 
time (p < 0.0001) but with no differences between metal type (p =
0.811). Platelet-leukocyte interactions (Fig. 6B) were not statistically 
different for either metal type (p = 0.801) or time (p = 0.390). 

4. Discussion 

This work characterized the thrombogenicity of pure, biodegradable 
metals (Fe, Zn, Mg, Mo) and alloys common in clinical cardiovascular 
devices (NiTi, SS, CoCr), using methods previously validated with other 
biomaterials [34,35]. These tests included in vitro quantification of FXIIa 
and the time to initial fibrin formation, representing the activation of the 
contact and common pathways of coagulation, respectively. Within 
downstream whole blood samples, P-selectin (protein on the surface of 
activated platelets) and CD41+/CD45+ ratio (defined as 
platelet-leukocyte interactions and marking an increase in the throm-
boinflammatory response) were quantified, while within downstream 
plasma samples the released TAT (protein complex marking net acti-
vation of coagulation), PF4 (chemokine released from activated plate-
lets), sGPVI (soluble platelet surface marker indicative of platelet 
activation), and MPO (enzyme released by neutrophils indicating early 
inflammation activation) were quantified. Overall, the results from 
these measurements illustrated a dramatic reduction in the activation of 
the coagulation pathway from human plasma in vitro on Mg compared to 
other materials—Fe and Mo in particular. These results were replicated 
in a clinically relevant ex vivo model of flowing, whole blood in an NHP 
without antiplatelet or anticoagulant therapies. However, all the metals 

showed comparable activation of markers for platelet activation, 
thrombin generation, and immune responses from the blood collected 
downstream of the wire in the ex vivo model. This defines the thrombosis 
potential of metals that could be used in the design of biodegradable 
metal stents. 

It is well understood that foreign materials activate the contact 
pathway after exposure to blood [44], which is particularly relevant to 
cardiovascular medical devices ranging from peripheral catheters and 
ports to extracorporeal membrane oxygenation (ECMO) circuits. The 
presence of a foreign material initiates the contact pathway, also known 
as the intrinsic pathway, starting with the activation of FXII to FXIIa or, 
more prominently, the activation of FXII by high molecular weight 
kininogen activating prekallikrein, which activates FXII. This pathway 
continues with the subsequent activation of FXI, FIX, and finally FX. 
Activation of FX is considered a component of the common pathway, 
where the intrinsic pathway meets the extrinsic pathway, the latter of 
which is responsible for non-pathologic clotting and hemostasis. This 
common pathway of coagulation produces thrombin, which converts 
fibrinogen to fibrin. FXII activation has been shown to be important in 
device-related thrombosis [38–42]. In fact, clinicians increasingly pre-
scribe direct-acting oral anticoagulants (DOACs) to prevent activation of 
the coagulation pathway as a more targeted approach than dual anti-
platelet therapy (DAPT, acetylsalicylic acid and clopidigrel) [45]. Most 
currently prescribed DOACs target thrombin or Factor X activation; 
however, ongoing work to block device-related thrombosis by targeting 
FXII and FXI with monoclonal antibodies to block their activation is 
ongoing and has shown efficacy in preclinical and clinical trials with 
ECMO and hemodialysis devices, respectively [42,46]. These therapies 
can prevent clotting without increased risk of bleeding. Preclinical work 
with monoclonal antibodies to FXII and FXI demonstrated a reduction in 
platelet attachment and thrombosis on nitinol stents under venous and 
arterial flow conditions [35]. In this work, the in vitro generation of 
FXIIa and initiation time of fibrin generation in human plasma were 
quantified, with in vitro results correlating to the ex vivo work, as was 
seen with previous biomaterial experiments [34,35]. The generation of 
FXIIa and reduction in the initiation of fibrin clotting time suggests that 
the activation of the contact pathway was initiated by all metals except 
Mg. The lack of activation by Mg wire (as seen in a longer fibrin clotting 
time and lower rate of FXIIa generation) was significant for both metrics 
compared to the Mo and Fe wires. However, the lack of activation of FXII 
by Mg did not result in a significant decrease in TAT downstream of the 
wires in the ex vivo model. While TAT did increase over time, suggesting 
the activation of TAT by the metals, they were not different between the 

Fig. 3. Representative SEM images from wires exposed to whole flowing blood for 1hr showed thrombus elements on all samples. Scale bar = 25 μm.  
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different metal types. As these are downstream measurements, they may 
require longer exposure times for a difference to propagate. Alterna-
tively, as the initiation time of thrombus formation was delayed in the 
shunt model, shorter time points, such as 10min intervals [41], may 
reveal a difference in TAT generation by Mg wires. 

Platelets are a key component of a thrombus, and while they circu-
late in normal blood in the hundreds of billions, they are activated 
through signals that indicate an injury or foreign body. Platelet activa-
tion is complex and multifactorial with links to both inflammation and 
thrombosis, and results in the attachment, spreading, and aggregation of 
the platelets on cardiovascular devices. These aggregated platelets 
become enmeshed with erythrocytes within a fibrin network to form a 
thrombus, with the platelets and fibrin making up the majority of 
arterial thrombus composition [47]. Platelets, as well as fibrin, eryth-
rocytes, and immune cells were seen in the surface imaging of all the 
metal wires after 1hr of exposure to whole, flowing blood without 
anticoagulant or antiplatelet interventions. The quantification of 

platelet attachment on the metal wires showed significantly fewer 
platelets on the Mg wires compared to Mo, Fe, and NiTi wires. Addi-
tionally, to characterize downstream platelet activation, these studies 
quantified the expression of P-selectin on platelets, and the plasma levels 
of sGPVI and PF4 from the blood downstream of the wire coils. In all 
cases, these markers increased over time, suggesting the activation of 
downstream platelets by the wires, but without differences between the 
metals. The reduction in platelet attachment on Mg and Mg alloys has 
been shown previously, most commonly by SEM imaging of materials 
after a short, static incubation in platelet-rich plasma or mechanical 
agitation that may not be representative of physiologic conditions 
[48–52]. The platelet adhesion results presented here were comparable 
to previous work, which used a low flow shear and fluorescent staining 
to demonstrate a dramatic reduction of platelet attachment on Mg alloys 
compared to 316L SS and L605 CoCr [53]. These studies observed 
limited platelet attachment and spreading on the Mg alloys, which the 
researchers used to conclude that many Mg alloys were 

Fig. 4. Ex vivo whole blood testing. (A) Representative images of each metal coil after exposure to flowing whole blood for 1hr at 100 mL/min, with an arrow 
indicating the direction of blood flow. (B) Platelet attachment to metal wires, (C) rate of platelet attachment from 30 to 50 min, and (D) fibrin on pure and alloyed 
metal coils after 1hr exposure to flowing whole blood without anticoagulants. Platelet data were analyzed with a 1-way repeated measures ANOVA. Fibrin data were 
analyzed with a 1-way ANOVA. (*p<0.05, **p<0.01) Mg wires showed significantly lower platelet and fibrin accumulation compared to Fe, Mo, and NiTi. 
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non-thrombogenic. Several of these studies and previous work have 
suggested that the Mg ions blocked Ca ions, which are critical for 
platelet activation [49,54]. In addition to the biomaterial studies cited 
previously, much earlier studies observed an inverse relationship to Mg 
concentration in the blood and platelet activation [55–57], even when 
blood was anticoagulated with a thrombin blocker, suggesting that 
platelet inhibition by Mg was independent of the clotting cascade [58]. 
However, this work and others’ have seen that despite limiting platelet 
attachment, even with the strict flowing whole blood model used here, 
there were data to suggest that platelets were activated by the Mg sur-
face. In a static platelet-rich plasma attachment assay, previous work 

found that pure Mg and Mg alloys had fewer attached platelets than 
CoCr; yet, their quantification of platelet activation with flow cytometry 
showed an increase in P-selectin from those platelets attached to the 
Mg-based materials, which they correlated to an increase in pH from the 
ions released during the Mg degradation [54]. This is comparable to the 
work presented here where Mg had less platelet attachment, but an in-
crease in P-selectin from the downstream blood plasma. This down-
stream increase of platelet activation may be due to the increase in 
thrombin generation over time. It would be interesting, in future work, 
to examine the effects of the pH changes that occurs with Mg degrada-
tion on activated platelet and coagulation cascade proteins to decouple 

Fig. 5. Plasma samples and platelet activation collected downstream of the metal wires during ex vivo whole blood testing. (A) Plasma levels of TAT were measured 
from downstream blood sampling from the metal wires. Values significantly increased over time (p < 0.0001), but no change was observed between metal types (p =
0.311). (B) PF4 released into the blood downstream of the metal wires also showed a significant increase in PF4 released from the thrombus over time (p < 0.0001), 
but with no changes between any of the different metal wire groups (p = 0.938). (C) Quantification of plasma levels of sGPVI from downstream of the metal wires 
also showed a significant increase over time (p < 0.0001), but with no changes between any of the different metal wire groups (p = 0.985). On the platelet surface, 
the mean fluorescent intensities of (D) P-selectin from downstream blood without CRP-XL stimulation, (E) P-selectin with 0.1 μg/mL CRP-XL, and (F) P-selectin with 
1 μg/mL CPR-XL also changed over time at all concentrations (p = 0.008, p < 0.0001, p = 0.011, respectively) with an increase seen over time for 0 μg/mL CRP-XL 
and decreases seen over time for 0.1 μg/mL CRP-XL and 1 μg/mL CRP-XL. No statistical differences were seen between the metal types for P-selectin (p = 0.165, p =
0.845, p = 0.085, respectively). 

Fig. 6. Inflammation activity on plasma samples taken downstream of metals wires during ex vivo whole blood testing. (A) MPO released into the blood downstream 
of the metal wires. MPO significantly increased over time (p < 0.0001), but no change was observed between metal types (p = 0.811). (B) Platelet-leukocyte in-
teractions from flow cytometry detection of the ratio of CD41 to CD45 in blood samples downstream of the wires. PLA was not statistically different for time (p =
0.390) or metal type (p = 0.801). 
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the effects of pH and metal ion changes. 
Overall, Mg wires caused dramatic changes with respect to platelet 

and fibrin attachment in the ex vivo model, as well as in the in vitro 
measurements of FXIIa and fibrin generation. Some preclinical and 
clinical data suggest that Mg can inherently inhibit human platelet 
activation [49,54–57]. However, these platelet-centered thrombosis 
studies do not explain the changes in FXIIa and fibrin generation seen in 
the work presented here, which utilized platelet poor plasma. Future 
work will be required to confirm the mechanisms involved in Mg metal 
prevention of FXII activation and delay of fibrin generation. Previous 
work with a porcine whole blood shunt model also suggested that Mg 
alloys have low thrombogenicity compared to SS [59], and clinical trials 
have shown limited thrombogenicity on Mg alloys; however, these 
clinical trials use antiplatelet therapies, making direct comparison 
challenging [60,61]. It is interesting to note the lack of differences be-
tween the types of metals that were seen for the downstream platelet, 
thrombosis, and inflammation markers in this work. That is, there were 
no significant differences between the metal types in the plasma levels of 
PF4, MPO, TAT from the downstream samples, as well as platelet surface 
measurements of platelet-leukocyte interactions or P-selectin from 
whole blood flow cytometry analysis. This suggests that the activation of 
platelets and inflammation in the blood flowing downstream of the 
material during this timeframe was consistent across all metal types. The 
observations that Mg had a lower thrombosis response, but with similar 
activation is important, since Mg is the most well-studied of the biode-
gradable metals for cardiovascular applications, including use in pa-
tients [11]. The platelet accumulation results suggested that while the 
Mg had lower platelet attachment, it might have been a delay in acti-
vation, since the slope of accumulation after take-off was not signifi-
cantly lower. Additionally, the in vitro tests of fibrin generation clots 
showed a dramatic generation of bubbles on the Mg wires. The rapid 
degradation and reactivity of Mg in aqueous solution suggests that 
biological processes could be inhibited by the physical blocking of 
protein adsorption due to that rapid degradation and reactivity. While 
the ICP-MS data did not show detectable changes in the Mg ion con-
centration in the downstream plasma samples, as was expected, the gas 
generation may be an important biophysical process to consider when 
working with Mg alloys. 

Previous work examining pure and binary Fe alloys noted increased 
platelet attachment to Fe compared to 316L SS [48], where both 
quiescent platelets as well as platelet aggregates were found on pure Fe 
[62]. In the work presented here, there were no significant differences in 
platelet attachment or activation on Fe compared to alloyed metals used 
clinically. However, platelets exposed to Fe had higher levels of surface 
P-selectin in the downstream blood samples, as well as a reduced 
granule secretion in response to platelet agonist CRP-XL, consistent with 
an exhausted phenotype. Previous work has shown a detrimental bio-
logical effect of pure Fe and a Fe–Mn alloy on endothelial cells and 
smooth muscle cells due to the generation of hydroxyl radicals as a 
corrosion byproduct [63,64]. This increase in oxidative stress may also 
explain some of the observed changes with the Fe wires, although 
additional studies with platelets in these extreme corrosion environ-
ments are warranted. 

The understanding of corrosion rates and byproduct generation for 
various metals and alloys, as they relate to thrombosis, is critical for the 
development and design of biodegradable devices. Even though a large 
thrombus may not form directly on a device, downstream clotting and/ 
or an unstable clot could nevertheless form, if a material promotes 
platelet activation and thrombosis. Both unstable clots and platelet 
activation downstream of a device increase the risk of pulmonary em-
bolism, stroke, or myocardial infarction, which represent a huge global 
disease burden [65]. The results described in this work, which suggest 
the potential activation of platelets and coagulation by the Mg wires, as 
was seen in the increase of TAT, PF4, MPO, and P-selectin, indicate the 
need for future study of the risks of downstream platelet activation due 
to a Mg implant. While it is difficult to directly measure clot stability, 

future work may benefit from examination of the role of FXIII in addition 
to the fibrin quantification performed here to better understand clot 
stability and the risk of thromboembolism [66]. Additionally, metal ions 
(e.g. Zn, Fe, and Cu), which are also found endogenously in blood, have 
strong nitric oxide generating effects that impact many biologic re-
sponses (e.g., platelet aggregation and attachment, inflammation, 
smooth muscle cell proliferation and migration, endothelial cell barrier 
functions) and are an important area of research for biodegradable metal 
development [24,67–69]. However, Zn is also known to activate plate-
lets through the GPIIBIIIA receptor [70]. While these effects were not 
observed in the current studies for Fe or Zn, these metal ions have the 
potential to improve cellular functions, which may translate to 
improved healing of the vascular wall and reduction of intimal hyper-
plasia. The ability of biodegradable metal alloys to improve biologic 
healing functionality supports their potential in material development, 
which could prevent the need for polymer-based drug coatings of 
questionable biocompatibility. While DES have been the standard of 
clinical care for many years and their ability to release drugs is powerful 
in altering the healing response, the polymers are strongly thrombogenic 
and increase the need for long-term antiplatelet and anticoagulant 
therapies. 

The studies described here provide a comparison of blood responses 
in a variety of base biodegradable metals to several clinical controls 
using both in vitro and ex vivo assays. The ability to make these physi-
ologically relevant comparisons in both assay types is one of the 
strengths of this work. Specifically, the in vitro work provides functional 
mechanistic studies by examining the time to fibrin generation and the 
extent of FXII activation. The former is an endpoint of the coagulation 
cascade, while FXII activation occurs earlier in the contact pathway of 
the coagulation cascade. Additionally, the ex vivo evaluation in a strict 
animal model enables the testing of the acute thrombogenicity of ma-
terials without any anticoagulant or antiplatelet therapies. This model 
provided both quantitative data of the primary components of arterial 
clotting, platelets and fibrin, and qualitative visual observations of 
thrombus size and composition from SEM imaging. A limitation of this 
study is the focus on the acute response to biomaterials only. Future 
work is needed to evaluate materials over the course of healing and the 
body’s immune response, particularly with the biodegradable metals, 
which need thorough biological characterization throughout the 
degradation timeframe of 6–12 months [11,61]. However, the strict and 
highly thrombogenic nature of the ex vivo model mimics longer term 
thrombosis risk by eliminating the effects of anticoagulant and 
anti-platelet medications, which are often used in animal work. These 
medications reduce the understanding of the mechanisms of thrombus 
initiation on cardiovascular devices. Clinically, there is value in under-
standing thrombogenesis on cardiovascular devices with these medica-
tions, and future work should examine the role of biodegradable metals 
in thrombus formation under either standard antiplatelet therapies [71] 
or more novel DOACs [35] to gain a deeper understanding of thrombus 
development on stents with clinical medications. 

Overall, it is important to note that even the clinical materials tested 
in this model were thrombogenic, illustrating the critical need for an-
tiplatelet and antithrombotic therapies for all stents currently in use. 
Current coronary stent patients are prescribed 1-6mths of DAPT. Pre-
vious work using the same strict ex vivo thrombosis model demonstrated 
the dramatic reduction in platelet and fibrin attachment with DAPT 
[71], but given the increase in bleeding risks, clinicians will benefit from 
a full understanding of the thrombotic potential of any new stent ma-
terials as they consider the medication therapies of the patient after stent 
placement. Future work should identify the distinct mechanisms by 
which metals, metal ions, and metal degradation byproducts alter 
thrombogenesis. Additionally, future work related to research and 
development pursuits should consider alloying and surface modifica-
tions to generate a clinically useful device that improves hemocompat-
ibility and reduces the necessity of antithrombotic and antiplatelet 
therapies. Finally, given the dominance of the contact pathway that was 
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seen in the results of the metals tested here, it may be valuable to look at 
these metals with a therapeutic targeted specifically to the contact 
pathway [35,42,46]. 

5. Conclusion 

All pure and alloyed metal coils showed considerable platelet and 
fibrin accumulation suggesting the necessity of antiplatelet or antico-
agulant therapies with clinical use and the corresponding bleeding risk 
that accompanies those medications. While Mg had a decreased 
thrombosis response in some of the results, it is unclear if this response is 
due to the material itself, the rapid degradation that prevents protein 
adsorption on the surface, and/or degradation byproducts that change 
the local pH. Future work will consider surface modifications and 
alloying to decrease thrombosis. Additionally, the contact pathway 
should be targeted with these materials to prevent thrombosis without 
the bleeding risk associated with current therapies. 
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