
                                                
 
 
 
 
 
 

 
 
 

Final Draft  
of the original manuscript 
 
 
 
 
Tie, D.; Liu, H.; Guan, R.; Holt-Torres, P.; Liu, Y.; Wang, Y.; Hort, N.:  
In vivo assessment of biodegradable magnesium alloy 
ureteral stents in a pig model.  
In: Acta Biomaterialia. Vol. 116 (2020) 415 - 425. 
 
First published online by Elsevier: 16.09.2020 
 
https://dx.doi.org/10.1016/j.actbio.2020.09.023  



In vivo Assessment of Biodegradable Magnesium 

Alloy Ureteral Stents in a Pig Model 

Di Tie 
a
, Huinan Liu 

b,c
, Renguo Guan 

a,
*, Patricia Holt-Torres 

b,c
, Yili Liu 

d
,

Yang Wang 
e
, Norbert Hort 

f,
*

a School of Materials Science and Engineering, Northeastern University, Shenyang 110819, China 

b Department of Bioengineering, Bourns College of Engineering, University of California at Riverside, CA 

92521, USA. 

c Microbiology Program, University of California at Riverside, CA 92521, USA 

d Department of Urology, China Medical University, Shenyang 110084, China 

e Animal Experimental Center, General Hospital of Northern Theater Command, Shenyang 110045, China 

f Magnesium Innovation Center, Helmholtz-Zentrum Geesthacht, D-21502 Geesthacht, Germany 



* Corresponding authors, E-mail addresses:

guanrenguo@126.com (Renguo Guan) 

norbert.hort@hzg.de (Norbert Hort) 



Abstract 

Today, ureteral stent technology is making progress towards the reduction of 

complications and patient discomfort. Therefore, magnesium alloys have become 

excellent candidate materials for manufacturing ureteral stents due to their 

biodegradability and antibacterial activity. Built on our previous work on 

biodegradable magnesium alloys, this article reports a semisolid rheo-formed 

magnesium implant that displays degradability and biocompatibility in vivo, and 

feasibility as ureteral stents in a pig model. Refined non-dendritic microstructure was 

observed in the rheo-formed alloy, whose grain size and shape factor were ca. 25.2 μm 

and ca. 1.56 respectively. Neither post-interventional inflammation nor pathological 

changes were observed in the urinary system during the implantation period of 14 

weeks, and the degradation profile (14 weeks) meets the common requirement for the 

indwelling time of ureteral stents (8 to 16 weeks). Furthermore, histopathological 

observation and urinalysis results confirmed that the alloy had significantly higher 

antibacterial activity than the medical-grade stainless steel control. To our knowledge, 

this is the first in vivo study of biodegradable magnesium alloy as urinary implants in 

large animal models. Our results demonstrate that magnesium alloys may be a 

reasonable option for manufacturing biodegradable ureteral stents. 
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Introduction 

In the 1850s, Dr. Charles Thomas Stent invented the first stent to take 

impressions of teeth, and after whom the stent was named [1, 2]. After that “stenting” 

became the term to describe this type of surgery, which was eventually used in other 

anatomical locations such as placing a supporting device in the urinary tract to 

facilitate urine flow [2, 3]. Stenting was first introduced in urology in the 1970s, when 

Goodwin wrote a brief letter, Splint, Stent, Stint [4]. After that, ureteral stents were 

widely used in urinary-tract operations [2-4]. Silicone and polyurethane became the 

materials of choice in the early stages of stent development because they could reduce 

encrustation [1]. Later, the modern Double-J Stents (DJs) developed by Roy Finney 

and Thomas Hepperlen were widely used in the urinary tract [5]. The objective of this 

most recent stent study has made steps towards meeting clinical demands, including 

reduction of complications, convenience of extraction, and less patient discomfort [6]. 

After serving their function in the body, ureteral stents can be removed by cystoscopic 

procedures under general anesthesia [7]. However, the procedures for ureteral stent 

removal often causes physical discomfort and poses additional economic burdens for 

both the patients and healthcare system. Moreover, repeated exposure to anesthesia is 

undesirable [8-10]. Therefore, alternative stenting devices that can effectively drain 

urine while eliminating the secondary surgeries for stent removal are actively pursued 

[11, 12].  



An ideal material for manufacturing ureteral stents should be fully degradable in 

vivo. Biodegradable materials, also known as bioabsorbable materials, can degrade 

gradually in human body without inducing cytotoxicity [13, 14]. Several studies have 

reported the use of biodegradable polymers for urinary stents. For example, Soria et 

al. [11] reported a biodegradable polymer based urinary stent composed of Glycomer 

631 and polyglycolic acid, and the tensile strength of this polymer stent was 57 MPa. 

Barros et al. [15] developed a biodegradable gelatin-based drug-eluting ureteral stent 

for the treatment of upper tract carcinoma, and the mechanical properties were 

reported to be lower than commonly used polymer materials. In contrast to 

polymer-based biodegradable urinary stents, metallic biodegradable stents have 

attracted significant attention more recently, because mechanical properties of metals 

are inherently better than polymers and are more desirable for stent dilatation. 

Application of biodegradable metals in urology is an innovative concept first 

reported by Lock et al [16]. Specifically, our study on degradability and antibacterial 

activity of pure magnesium, Mg-Y alloys and AZ31 alloy in artificial urine first 

demonstrated the potential of biodegradable magnesium alloys for urological 

applications [12, 16]. Up to now, very few studies have reported on the use of 

biodegradable metallic ureteral stents. In 2017, Zhang et al. [17] demonstrated that 

pure magnesium, Mg-6Zn (mass%) alloy and ZK60 alloy have no significant adverse 

effects on rat bladders and no significant toxicity towards rat livers and kidneys. A 

more recent study by Champagne et al. [12] revealed slower in vitro corrosion rates of 

pure zinc and zinc alloys (Zn-0.5mass%Mg, Zn-1mass%Mg and Zn-0.5mass%Al) 



than pure magnesium and a Mg-Zn-Mn alloy. However, considering that the average 

clinical indwelling time of ureteral stents is 8 to 12 weeks, magnesium alloys 

exhibited the closest degradation period that matches the clinical need [18, 19]. Iron 

and zinc, as another two widely studied biodegradable metals, usually have much 

longer degradation time than magnesium and its alloys according to Bowen et al. [20] 

and Hernandez-Escobar et al. [21]. The antibacterial activity of magnesium alloys 

when used as ureteral implant materials is another advantage [22, 23]. Therefore, 

when compared with other potential biodegradable metallic materials, such as iron and 

zinc, magnesium is a better candidate for manufacturing ureteral stents due to its 

suitable corrosion rate and antimicrobial activities against a wide range of bacteria and 

yeasts that are found in clinical infections. 

This is the first in vivo study in a large animal model to evaluate the feasibility of 

ureteral stents made of magnesium alloys. In our previous studies, we developed a 

Mg-Ag alloy series as biodegradable and antibacterial materials [24], and 

biodegradable Mg-Sr alloys for bone fracture fixation [25]. We also investigated the 

cytotoxicity of Mg-4Zn-1Sr (mass%, ZJ41) with human urothelial cells and their 

degradation behavior in vitro [26]. Built on our previous results, the objectives of this 

study were to fabricate ZJ41 alloy based ureteral stents, characterize their 

microstructure and electrochemical properties, evaluate their in vitro cytotoxicity, 

investigate the in vivo degradability, histocompatibility, and biocompatibility of ZJ41 

alloy based ureteral stents in a large animal model, and determine the feasibility of 

ZJ41 alloy for urological implant applications and clinical translation. To simulate the 



stent implantation in a human body, Guangxi Bama Minipig was selected as an ideal 

animal model for this in vivo study [27]. From application perspective, Mg-based 

ureteral stents are more desirable to replace current permanent metal stents for a 

longer dowelling time rather than short-term usage. Thus, we chose stainless steel as 

the control material, because other ureteral implant materials represented by polymers 

are intended for shorter dowelling time. In this study, a unique semisolid rheo-forming 

process was used for manufacturing the Mg alloy based ureteral stents [28]. 

Rheo-forming process can produce refined non-dendritic microstructures and lead to 

significant differences in mechanical strength between primary solid phases and 

secondary phases [29]. As a result, the microstructure and mechanical properties of 

rheo-formed magnesium alloys are superior when compared with the magnesium 

alloys solidified using traditional metallurgical processing [30]. This study provides 

critical results for demonstrating ZJ41 magnesium alloy as a potential alternative for 

manufacturing biodegradable ureteral stents. 

2．Materials and methods 

2.1. Material preparation 

The alloy material used for this study is ZJ41 and is named according to 

American Society for Testing and Materials’ guidelines. ZJ41 alloy has a nominal 

composition of 4.00 mass% Zn and 1.00 mass% Sr in a Mg matrix. Pure zinc (99.99 

mass%, Zhuye Group, Zhuzhou, China) and Mg-10Sr (mass%) alloy (Norsk Hydro A. 



S., Oslo, Norway) was mixed with pure Mg (99.999 mass%; Luxfer, Manchester, UK) 

and melted according to the nominal composition at 720.0 ℃ under a protective 

atmosphere (pure argon + 2.0 vol.% SF6) in a resistance furnace (Hengli HLJ, Henan, 

China). The semisolid slurry was prepared by a rheological pulping system utilizing a 

vibration device designed by ourselves (Fig. 1a; [28]). The melting temperature was 

ca. 685.0 °C, and within the semisolid temperature range for this alloy. The prepared 

melt was transferred into a continuous rheo-extrusion machine to produce alloy wire 

with a diameter of 1.0 mm [28]. The alloy wire was then made into stents using a 

manual coiler, whose size is depicted in Fig. 1a.  

2.2. Material characterization and corrosion tests 

An inductively coupled plasma optical emission spectrometer (ICP-OES; Varian, 

USA) was employed for the analysis of the actual chemical composition of the ZJ41 

alloy. A tension test was performed using tensile testing (Z050, Zwick, Ulm, 

Germany). Specimens were collected from the cross section of the stent for 

microstructural characterization after mechanical polishing with SiC paper and 

mechanical polishing slurry (Yuanshimoju, Chengdu, China). A visible light 

microscope (DSX-500, Olympus, Japan) was employed to characterize the optical 

microstructure of the alloy in more precise scale. The surface elemental distributions 

were analyzed using scanning electron microscopy (SEM, Ultra Plus, Carl-Zeiss, UK) 

equipped with an energy dispersive X-ray spectrometer (EDS; Ametek, New Jersey, 

USA). The phase identification was conducted by X-ray diffraction analysis (XRD, 

Siemens, München, Germany). The step time was set at 3.00 s and the step size was 



20.0 μm. A high-resolution transmission electron microscope (HR-TEM; Tecnai, FEI, 

Eindhoven, Netherlands) was also utilized for a more accurate phase identification. 

Single sweep voltammetry, cyclic voltammetry and electrochemical impedance 

spectroscopy (EIS) was performed to evaluate the corrosion properties of the alloy 

using an electrochemical workstation (Parstat, Princeton, USA). The reference 

electrode used was a saturated calomel electrode (SHE) and the test potential range 

was from -1.60 V (vs. SHE) to -0.70 V (vs. SHE) for linear sweep voltammetry 

testing. The open circuit potential (OCP) was measured and the cyclic voltammetry 

test was carried out from -0.50 V (vs. OCP) to +0.50 V (vs. OCP). The surface status 

was further analyzed by electrochemical impedance spectroscopy (EIS) analysis 

between 0.10 mHz and 0.01 Hz by a sinusoidal potential of 5.0 mV at OCP. Artificial 

urine (AU) was prepared according to our previous study and used as the corrosion 

media. All the experiments were performed under cell culture conditions (37.0 ºC, 

20.0 vol.% O2, 5.0 vol.% CO2, 95.0% relative humidity). 

After evaluating the material’s corrosion properties via electrochemical tests, the 

stents were tested by immersion in AU (10 mL) to determine the ion release and their 

in vitro corrosion rate. The specimens were incubated under cell culture conditions for 

up to 14 days. The pH value of the extract was determined every 2 days by use of a pH 

meter (PH210, Hanna, Woonsocket, USA). The surface products were removed by 

rinsing with chromic acid solution (200 g·L
-1

) for mass determination. The average 



corrosion rate (CR) of the test stents were expressed as millimeters per year (mm·y
-1

) 

[25]. 

2.3. In vitro cytocompatibility and cell proliferation 

Human normal liver cells (LO2) were provided by Shanghai Cell Bank of 

Chinese Academy of Sciences and cultured in DMEM with 15 vol.% FBS. To 

evaluate the cytocompatibility of the ZJ41 alloy, a widely used metallic material in the 

urinary system, 316L medical stainless steel (SS), was also tested as a reference, and 

with cell-culture treated well-plates as the control group. The seeding density was 

1×10
4
 cells mL

-1 
and the incubation period was 21 days. Fluorescence microscopy 

(Eclipse, Nikon, Shanghai, China) was employed to observe the cellular morphology. 

Cell proliferation was characterized with a Cell Counting Kit (CCK‑ 8; Meilunbio, 

Dalian, China) and the fluorescence of treated LO2 cells was collected using a 

microplate reader (Thermo Fisher, Waltham, USA) at a wavelength of 450 nm. 

2.4. Animals and surgical procedures 

The size of implanted stents and the surgical procedure used are shown in Fig. 

1A. All animal procedures were approved by our local animal welfare committee 

(DB11/T 1463.1-2017) and conducted according to the guidelines issued by the State 

Scientific and Technological Commission, China [31]. Guangxi Bama Minipigs were 

chosen for this study as they are an ideal large animal model for in vivo experiments 

[27]. Eight-week old females (Northern Theater General Hospital, Shenyang, China) 

were divided into three groups: ZJ41 group (n = 3), SS group (n = 3) and blank control 



group (n = 3), and raised for 14 weeks within sterile cages at 25 ℃. Adequate food and 

drinking water (Shenyang Agricultural University, Liaoning, China) was supplied 

without restrictions to the animals.  

2.5. In vivo degradation behavior 

Positron emission tomography computed tomography scanner (PET-CT; 

Discovery VCT, GE, Boston, USA) was employed at 0, 7, and 14 weeks 

post-implantation to examine the degradation of implant materials with corresponding 

post-interventional inflammation or pathological changes in the urinary systems of the 

animals. The residual mass of the stent was calculated by the total urine magnesium 

content using a magnesium ion selective electrode (DX224, Mettler Toledo, Zurich, 

Switzerland). Stents were removed at 7 weeks and 14 weeks post-implantation and the 

surface morphology was observed using SEM. X-ray induced photoelectron 

spectroscopy (XPS; Kratos, Manchester, UK) analysis and Casa software (Casa Soft, 

Teighnmouth, UK) were used to identify the composition of the surface magnesium 

corrosion products. 

2.6. In vivo biocompatibility 

At 14 weeks post implantation, myocardium and liver lobules were harvested 

from the animals. The tissues were sectioned and H/E (hematoxylin and eosin) stained 

for histological examination [32]. A biomicroscope (X71, Olympus, Tokyo, Japan) 

was employed for histopathological observation. Liver function of the test animals 

was assessed every 4 weeks through the measurement of serum concentrations for 



total bile acid (TBA), total bilirubin levels (TBIL), aspartate aminotransferase (AST) 

and alanine aminotransferase (ALT). These four indices can sensitively represent liver 

function because impaired liver function will lead to a rapid upregulation of these 

indices [33]. Furthermore, cardiac function markers including serum lactate 

dehydrogenase (LDH), creatine phosphokinase (CK) and α-hydroxybutyrate 

dehydrogenase (α-HBDH) were assessed every 4 weeks also. These highly specific 

markers are widely utilized as cardiac damage indicators because their concentration 

will immediately increase in blood serum when cardiac damage occurs [34].  

Hematology analyses were completed using blood samples collected every 7 

weeks using a Biochemical Autoanalyzer (Type 7170, Hitachi, Tokyo, Japan), and 

important hematology markers were measured: blood glucose (Glu), red blood cell 

count, white blood cell count, hemoglobin and hematocrit. In addition,, serum albumin 

concentrations were also detected as an inflammation marker due to its sensitive 

downregulation during a host inflammatory response [35].  

2.7. Impact on lower urinary tract and urination 

2.7.1. Optical microscopic and transmission electron microscopic observation 

At 14 weeks post implantation, the ureteral wall surrounding each implantation 

site was harvested from the animals. The tissue was then sectioned and H/E stained for 

histological examination. A biomicroscope (X71, Olympus, Tokyo, Japan) was 

employed for optical microscopic observation of these samples. To identify the 

potential degenerative changes and the alteration in cellular morphology, transmission 



electron microscopy (TEM; JEM-2100F, Jeol Ltd, Mitaka, Japan) was employed. The 

transitional epithelium (ca. 1.0 mm
3
) was fixed in 2.50 vol.% glutaraldehyde solution 

for 3 hours. The specimens were dehydrated and embedded in epoxy resin in capsules 

and polymerized for 24 h at 60 °C. After embedding, the sections were micro-sliced by 

an ultra-microtome (SM2010, Leica Biosystems, Shanghai, China) and the sections 

examined.  

2.7.2. Urination and urinalysis 

To determine the urinary frequency of each test animal, chromatography filter 

paper (GE-Whatman, Kent, GB) placed under culture cages in two-hour increments. 

Each paper was vacuum dried and imaged using a UV-visible-NIR microscope (MJT 

Tech, Beijing, China) to determine the morphology of void spots. Following this, the 

spots were analyzed using ImageJ software (V1.5, Bharti Airtel Ltd., New Delhi, 

India) to calculate the urinary frequency. Midstream urine from all animals was 

investigated microbiologically every two weeks to evaluate the impact of implantation 

on urine and potential peri-implant infection. A urinalysis was performed using an 

automatic urine analyzer (iRicell, Beckman Coulter, Atlanta, USA) that determined 

the pH value, urinary white cell count, and urinary red cell count. Bacteriuria was 

tested via a standard quantitative urine culture method. Here, nonselective 

chromogenic agar plates (Forthright Biotech, Shanghai, China) were used as a 

quantitative reference while selective colistin-nalidixic acid agar plates (Forthright 

Biotech, Shanghai, China) enabled the identification of Gram-positive bacteria. The 



plates were incubated at 35.0 °C for 24 hours before examination and the results were 

measured in the number of colony forming units (CFU ml
-1

). 

2.8. Statistical analysis 

In vitro tests were performed with six duplicates for each in vivo group (ZJ41, SS 

and control) and each group was composed of three animals. Results were presented 

as mean value ± standard deviation (SD), and one-way analysis of variance test using 

SPSS V19.0 (SPSS Inc., Chicago, USA) was applied for comparisons of the means 

between different groups with confidence intervals of 95.0% (*P < 0.05), 99.0% (**P 

< 0.01) and 99.9% (***P < 0.001). NS stands for no significant difference.



3．Results and discussion 

3.1. Material characterization and in vitro assessment 

The ZJ41 alloy was composed of a primary α-Mg solid phase and Zinc rich 

secondary phase due to the dynamical non-equilibrium solidification process. The 

grains were primarily equiaxed and spherical with the average size of 25.2 μm (Fig. 

1b). The actual measured chemical composition of the ZJ41 alloy was Zn 4.11 ± 0.03 

mass%, Sr 1.02 ± 0.01 mass% and balanced Mg. Impurities included Fe (< 0.01 

mass%), Ni (< 0.01 mass%) and Cu (< 0.01 mass %). The ultimate tensile strength and 

the elongation of the rheo-formed ZJ41 alloy was 305.7 ± 4.2 MPa and 14.2% ± 0.3%, 

respectively. According to the SEM micrographs and the EDS maps (Fig. 1c, 1d), it is 

evident that both the eutectic structure and the small-sized Sr rich precipitates were 

generated during the semisolid extrusion process [28]. The precipitates distributed 

along grain boundaries were identified by EDS and XRD analysis (Fig. 1c, 1e), and 

were primarily composed of MgZn2 and Mg17Sr2. The HR-TEM micrograph of the 

interface between the primary solid phase and the secondary grain phase with 

corresponding diffraction patterns of the precipitates in primary solid phase are 

represented in Fig. 1f. The diffraction pattern of the Mg17Sr2 phase can be indexed as 

metastable phases with base-centered orthorhombic structure, which had an equivalent 

diameter of ca. 4.0 nm and was predominantly dispersed inside primary solid phases 

(Fig. 1f) [25, 36]. 



In the later period of semisolid rheo-solidification, the temperature dropped to the 

eutectic temperature and led to eutectic reaction and non-equilibrium solidification 

[28]. During this process, the second phases precipitated at grain boundaries and 

formed a divorced eutectic structure (Fig. 1c). Mg17Sr2 has a body-centered cubic 

structure while MgZn2 has a hexagonal structure [37]. The SEM micrographs and EDS 

maps showed most Mg17Sr2 phases precipitated together with MgZn2 eutectic phases, 

indicating that the eutectic phases provided heterogeneous nucleation points during the 

precipitation process of Mg17Sr2. Therefore, the majority of the precipitates 

concentrated in secondary grain phases and bore shear stress during the 

rheo-solidification process. Sharp strength differences between primary solid phases 

and secondary grain phases further improved the effectiveness of semisolid slurring. 

As a result, a refined non-dendritic microstructure was observed in the rheo-extruded 

ZJ41 alloy, whose grain size and shape factor were only ca. 25.2 μm and ca. 1.56 

respectively. The grain size and aspect ratio of the rheo-extruded ZJ41 alloy were 

much better than most Mg-Zn alloys solidified in traditional methods, leading to 

superior properties [30]. 

In the single sweep voltammogram of ZJ41 alloy (Fig. 2a), a shift of break down 

potential in the anodic direction near -1.04 V (vs. SHE) can be observed due to 

oxidation state changes. Alloying of zinc and strontium caused a lower slope of the 

anodic part of the curve compared to pure magnesium and also changed the pitting 

corrosion potential to the positive direction, hinting that both homogeneous and pitting 

corrosion were inhibited [38]. The cyclic voltammograms (Fig. 2b) show that the ZJ41 



alloy had no hysteresis behavior, which indicates that no pitting corrosion occurred. 

The EIS results are presented in Nyquist diagram (Fig. 2c). At the initial phase, the 

inductive loop was attributed to ion release, while the diameter increase of the 

capacitive arc was ascribed to a thickened corrosion layer [39, 40]. The equivalent 

circuit was fitted by using M. Orazem et al.’s model as applied for the characterization 

of the interfacial processes (Fig. 2c) [41]. The pH value changes and the average 

corrosion rate changes of the samples calculated by mass loss are shown in Fig. 2d. 

The pH value varied within a narrow range from 6.45 to 6.95, and this stable pH 

environment was crucial for the validation of credible corrosion rate data. The highest 

corrosion rate (0.63 ± 0.02 mm∙y
-1

) was observed within 2 days immersion time. With 

increasing immersion time, ZJ41 alloy exhibited a constantly decreasing corrosion rate 

of 0.31 ± 0.02 mm∙y
-1

 by the 14th day. Electron transportation was blocked due to the 

gradually thickening corrosion layer, and therefore the corrosion rate was significantly 

decreased [42]. 

The results for human hepatocyte viability after 7 days, 14 days, and 21 days 

culturing with tested materials are presented in Fig. 2e. These images display the 

fluorescence of hepatocyte cells attachment on the surface of SS and ZJ41 alloy. The 

CCK‑ 8 assays also revealed that the cell proliferation rate of LO2 cells in the ZJ41 

alloy group (750.7% ± 43.2%) was not significantly (P > 0.05) different from SS 

group (710.7% ± 56.1%) after 21 days culturing (Fig. 2e). The cell adhesion and 

proliferation results demonstrated that ZJ41 alloy has an equivalent level of 

cytocompatibility with medical stainless steel, which has been widely applied as a 



non-toxic material in urinary systems [43]. These results also confirmed our previous 

study on the comparison of cytocompatibility among magnesium alloys (including 

ZJ41), titanium, polyurethane, and glass [26]. 

3.2. In vivo degradation and biocompatibility 

Six animals in each test group underwent uneventful operative procedures and all 

nine animals (including three individuals in the control group) survived until the 

predetermined end point of 14 weeks. PET-CT was performed at 0 weeks, 7 weeks, 

and 14 weeks post-implantation. Although PET-CT is one of the most sensitive 

molecular imaging techniques, its resolution still did not allow for a precise 

observation of the implant degradation progress [44]. Therefore, we used PET-CT to 

determine the integrity of the ZJ41 implants as well as inflammatory changes at the 

implantation site (Fig. 3a) [45]. Neither post-interventional inflammation nor 

pathological changes in the urinary tract system were observed by PET-CT 

examination. The ZJ41 alloy stent still maintained its shape integrity after 7 weeks 

implantation, while the degradation process finished no later than 14 weeks 

post-implantation (Fig. 3a).  

The normal urine magnesium content in the control group was 0.552 ± 0.008 

mmol·L
-1

, in comparison to the calculated residual mass of the stents in the test group. 

The residual mass of the ZJ41 alloy decreased from 0.402 ± 0.002 g at 0 weeks to 

0.113 ± 0.003 g at 7 weeks and was fully degraded at 12 weeks. The corrosion rate did 



not fluctuate sharply during the implantation period. This indicated that structural 

failure did not occur as a result of the rheo-solidified microstructure (Fig. 3b) [46]. 

The avoidance of structural failures from high corrosion rates is crucial because 

corrosion failure is the primary limitation of Mg alloys applied as biodegradable 

implant materials [47]. It was also noted that the calculated peak corrosion rate in vivo 

was 4.68 ± 0.06 mm∙y
-1

, which was far higher than the in vitro value (0.63 ± 0.02 

mm∙y
-1

; Fig. 2d). Previously, it has been reported that flow-induced shear stress could 

accelerate the general corrosion as a result of increased mass transfer in the electrical 

double layer [48]. Our results are in agreement with these findings and confirm that 

urine flow might alter the degradation behavior of the ZJ41 alloy, especially when the 

stent is in direct contact with urine during the initial stage. Although the test stent 

showed an appropriate in vivo degradation period according to regular ureteral stent 

indwelling time (8 to 16 weeks), further in situ studies on its degradation behavior 

together with urodynamics analysis are still important in the future to optimize its 

structure and performance [18]. 

The principal difference between semisolid solidification and liquid solidification 

is the presence of rounded primary solid grains of α-phase solidified during the first 

stage of the solidification process [49]. The surface morphology of the ZJ41 stent after 

7 weeks implantation also corresponded to the microstructure of the alloy before 

implantation (Fig. 3c). The secondary solid phases enriched with zinc and strontium 

had a more positive corrosion potential than the primary solid phases, and therefore 

formed a network-like cathode in galvanic corrosion [46, 49]. The cathodic network 

separated anodic areas composed by primary phases, and prevented corrosion products 

from spreading to other anodic areas. As a result, the alloy degraded through a general 



corrosion process rather than localized corrosion (Fig. 3c) [46]. To analyze the in vivo 

degradation behavior of the alloy, we carried out XPS analysis for the surface products 

of the ZJ41 stent. The Mg 2p spectra (Fig. 3d) distributed between 47.0 eV and 53.0 

eV, within which the signal could be deconvoluted to the Mg-(OH) sub-peak at 49.4 

eV, the Mg-O sub-peak at 50.2 eV, and the Mg-PO4 sub-peak at 50.8 eV [25, 50]. 

MgO, Mg(OH)2 and hydroxyapatite were the main degradation products in the 

corrosion layer according to XPS analysis, while small amounts of ZnCl2 and SrCl2 

were also distributed in the corrosion layer. 

We evaluated the selected histological sections of the liver and myocardium at 14 

weeks post-implantation to assess the possible systemic toxicity induced by the stent, 

focusing on lesions, inflammation, and tissue damage (Fig. 4). Integrated cellular 

structures and an absence of necrotic tissue were observed in all tissue sections from 

both test and control groups. No inflammatory infiltrate was found in hepatocytes and 

hepatic portal areas, while occasional necrosis of single cells and sinusoidal widening 

could be observed in both control and test groups (Fig. 4a). The biochemical results 

for hepatic functions determination are also shown in Fig. 4b. Higher expressions of 

AST, ALT, TBIL and TBA in serum were observed in the test groups during the initial 

phase of implantation and recovered to normal levels thereafter. Specifically, the 

highest ALT/AST ratio was measured for the SS group at 8 weeks post-implantation 

(1.88), which hinted at a transient fat metabolism disorder that may be the result of 

peri-implant infection [51]. Among liver function indices, the ALT/AST ratio is a 

powerful predictor of fat metabolism complications [52]. The ZJ41 group showed a 

similar ALT/AST ratio level with the control group, which could be attributed to 



antibacterial activity of the degradation products [16, 51]. We will discuss the 

antibacterial activity of the ZJ41 alloy in more detail in the next section. 

The nuclei and endomysium in the myocardium sections exhibited neither 

evident morphological changes nor hydropic degeneration (Fig. 4c). The results of 

cardiac function markers of test animals is presented in Fig. 4d. The results indicate 

that LDH significantly increased in both SS and ZJ41 groups at 4 weeks (p < 0.001) 

compared with the control group which is used as a main indicator of cardiac function 

[53]. The LDH serum concentration in the test groups rapidly returned to normal 

levels at 8 weeks, indicating recovery from surgery by test animals [54]. There were 

also significant  differences in the serum concentrations of CK and α-HBDH at 4 

weeks (p < 0.001), whereas their levels also returned to normal at 8 weeks in 

comparison with the control group (70.3 ± 8.1 U·L
-1

 and 81.0 ± 3.5 U·L
-1

, 

respectively). Fig. 4e summarizes the results of inflammation and hematological 

analysis and showed no obvious adverse effects on physiological indicators in the 

ZJ41 group. It is worth noting that a significantly higher leukocyte level was found in 

the SS group versus the ZJ41 group at 7 weeks post-implantation (p < 0.01) which 

was a clear demonstration of severe peri-implant infection [55]. Given the ZJ41 stent 

had fully degraded at 12 weeks post-implantation, the main hematological and 

inflammation indices of animals in the ZJ41 group could return to normal levels more 

quickly than those in the SS group. From this point of view, the advantage of a 

degradable stent is not just immunity to a second operation, but also freedom from 

adverse effects brought about by extra indwelling time.  

3.3. Impact on lower urinary tract and applicability evaluation 



Evidence of calcification toward the luminal aspect of the ureter wall was 

identified in the SS group, where a peri-implant infection also occurred (Fig. 5a). 

There was neither loss of transitional epithelium nor von Brunn’s nest in test groups, 

which suggested that severe epithelium lesions were not present. Thicker, newly 

formed muscularis at the implantation site was observed and is considered a normal 

variant found in upper urinary tract operations. On a cellular level, implantation 

induced neither degenerative changes nor enlargement of cell sizes (Fig. 5a). Light 

cytoplasm as well as compact chromatin were observed in transitional epithelium. 

With local Mg
2+

 ion supplies available in the ZJ41 group, we noted a decrease in 

widening of the lamina propria as well as an absence of nucleus fragmentation in 

comparison to the SS group. It is suspected that inhibitions to peri-implant infection 

effectively prevented these changes in ureter structure [56].  

As has been observed previously in post-operative care, stent implantation 

negatively impacted bladder function. SS and ZJ41 stents significantly increased the 

frequency of urination during the first few weeks post-implantation (Fig. 5b). In 

addition, peri-implant infections increased the number of bacteria within the bladder 

and lead to a reduced bladder capacity and frequent small urination events, suggesting 

an increased sensation to urinate post-implantation [57]. Due to its decreasing volume 

and antibacterial activity, ZJ41 stents exhibited significantly (P < 0.001) less influence 

on urination (14.00 urination per day) compared to SS stents (25.33 urination per day) 

at 2 weeks post-implantation. Along with postoperative recovery, urinary frequency in 

test animals was reduced to a normal level after 6 weeks post-implantation. As shown 

in Fig. 5c, a sharp increase in the pH value of urine collected from the ZJ41 group 



corresponded to the degradation of the alloy material. Interestingly, regardless of 

many previous reports on pH value change in in vitro studies, an increase in pH at 

implantation sites is scarcely reported. Notable urinalysis data also included elevated 

white blood cell counts (4.33 in SS and 2.66 in ZJ41 at 7 weeks post-implantation; 

3.00 in SS and 0.66 in ZJ41 at 14 weeks post implantation), and elevated bacteria 

numbers (133 CFU·mL
-1

 in SS and 105 CFU·mL
-1

 in ZJ41 at 7 weeks post 

implantation; 101 CFU·mL
-1

 in SS and 72 CFU·mL
-1

 in ZJ41 at 14 weeks 

post-implantation). Both urinalysis and urine bacterial culture results indicated that 

peri-implant infections did occur, but recovery occurred during the 14 week 

implantation period, whereas no evidence of urinary tract obstruction was noted 

during urination monitoring (Fig. 5b). Urinalysis results confirmed significantly higher 

antibacterial activity by the ZJ41 than the SS stent. This agreed with the hematological 

and inflammation indices results. 

The foremost advantages of a biodegradable ureteral stent include immunity to 

both a second operation and adverse effects brought about by extended indwelling 

time. After urological procedures, a temporary metallic Double-J ureteral stent (DJs), 

usually manufactured of medical stainless steel or titanium, is necessarily implanted in 

the ureter for optimal healing of the suture lines and drainage of the urinary system. 

After serving its purpose, the DJs are removed by cystoscope under anesthesia [7]. 

This additional exposure to anesthesia along with the financial burden of a secondary 

medical procedure, have become important disadvantages for the placement of ureteral 

stents in urological procedures [8-10]. Therefore, some investigators are seeking 

alternate implant materials either to drain the urinary system or to avoid a second 



surgery to remove the implant. Soria et al. [11] reported a polymer-based 

biodegradable ureteral stent composed of Glycomer 631 and polyglycolic acid, whose 

tensile strength is ca. 57 MPa. Barros et al. [15] prepared a biodegradable ureteral 

stent for treatment of upper urinary tract carcinoma, which was composed of 65 

mass% gelatin, 30 mass% alginic acid sodium salt and 5 mass% bismuth (III) 

carbonate and whose tensile strength is even lower than commonly used polymer 

materials. Compared to polymer-based biodegradable urinary stents, metallic 

biodegradable stents have inherent advantages that include similar mechanical 

properties to traditional DJs. For example, the ZJ41 alloy used in our study could 

achieve an ultimate tensile strength of over 300 MPa after rheo-forming due to 

twins-stacking strengthening effects [58]. Compared to other potential biodegradable 

metallic materials, especially iron and zinc, magnesium is a better candidate for 

ureteral stents because its degradation rate is in the suitable range for clinical 

applications and can be adjusted. Given the average clinical stent indwelling time is 8 

to 12 weeks, ZJ41 exhibited the closest matching degradation period (Fig. 3b) [18]. 

Iron and zinc are another two widely studied biodegradable metals, but they degrade 

much slower than magnesium, thus requiring longer periods for their degradation [20, 

21]. 

The antibacterial activity of magnesium alloys when used as ureteral implant 

materials is another significant advantage. Ureteral stents represented by DJs have 

become important integral parts of urological implant devices. However, 

complications such as urinary tract infections still emerge with long-term use of 

indwelling stents [59]. Alternative materials including polyurethane, polyethylene and 



drug delivery materials have been developed to decrease the infection rates of ureteral 

stents [60]. However, management of biofilm-based infections remains problematic 

[61]. For example, systemic antibiotic therapy is one of the most common and 

effective methods to eliminate circulating bacteria, but this usually fails to protect the 

stent surface from bacterial colonization and leaves the patient at continuous risk of 

complications [61, 62]. To illustrate, Kehinde et al. [63] reported that the incidence of 

bacteriuria after DJs implantation was significantly increased with longer indwelling 

time. In comparison, the constantly degrading surface of magnesium alloys could 

inhibit bacterial adhesion because the antimicrobial degradation products could 

interrupt the stability of biofilms, potentially reducing the risk for complications over 

time [16, 64].  

Different from permanent implant materials, biodegradable magnesium alloy has 

a constantly exfoliated surface, on which biofilm can hardly form [16]. Robinson et al. 

[65] reported that the increase of pH due to presence of Mg
2+

 significantly decreased

the number of CFUs. Lellouch et al. [23] reported that MgF2 nanoparticles could 

inhibit the growth of E. coli by attaching and penetrating its cellular membrane. We 

also observed significant decreased bacterial proliferation on the surfaces of pure 

magnesium and several magnesium alloys [16]. Both alkalinity and increased Mg
2+

 

concentration during degradation contributed to inhibition of bacterial growth, and the 

corrosion products including magnesium hydroxide and magnesium oxide particles 

also contributed to bacteria death [66]. Although our results have proved significant 

antibacterial activity of ZJ41 alloy in vivo (Fig. 4 and 5), it is still essential to 



comprehensively study the mechanism of magnesium alloys in the inhibition of 

biofilm formation and bacterial growth when translating magnesium alloys to clinical 

applications. 

When attempting to reduce the adverse effects associated with ureteral stents, 

another crucial issue is the formation of ureteral obstructions [67, 68]. Among surgical 

complications that result from ureteral implantation operations, ureteral obstructions 

are primarily caused by ureteral stones that are present at an incidence rate of over 

10% [68]. Baumgarten et al. [69] examined ureter passage rates of 119 patients after 

DJs implantation, and the average passage rate was 14%. In Kuebker et al.’s study 

[70], 8% of patients treated with a stent implantation experienced ureteral obstruction. 

In contrast to permanent metallic ureteral stents, magnesium ureteral stents are fully 

degradable. The ZJ41 stent tested in our study fully degraded at 12-week 

post-implantation (Fig. 3), and avoided the risk of ureteral obstruction induced by 

extra indwelling time. Furthermore, the antibacterial activity also plays an important 

role in the prevention of ureteral stones. Some bacterial species such as Proteus and K. 

pneumoniae, produce the enzyme urease which hydrolyses urea into ammonia and 

carbonic acid which can contribute to ureteral stone formation [71, 72]. Therefore, 

avoiding ureteral stones is important in the treatment of ureteral obstruction as ureteral 

stones can lead to urinary tract infections, and persistent infections can cause ongoing 

stone formation [73]. Hence, the significant antibacterial activity of ZJ41 alloy (Fig. 

5c) could also be attributed to a reduction in the occurrence of ureteral stones after 

stenting. Previous studies on other potential biodegradable metals have advocated the 



same. An iron-based biodegradable alloy was tested for antibacterial activity and was 

found to effectively kill bacteria and inhibit the formation of bacterial biofilms [74]. 

The antibacterial activity of this alloy primarily resulted from the Cu
2+

 that was 

released from the alloy surface during degradation. Similar with some well-known 

antibacterial metals including silver and copper, the antibacterial activity of 

magnesium alloys mainly relies on ion release and therefore has a broad antibacterial 

spectrum [64, 75, 76]. Compared to other biodegradable metallic materials, 

magnesium has another advantage in the reduction of ureteral stones because of its 

relatively short and adjustable indwelling time [13, 20, 21]. As we discussed in the last 

section, the degradation period of ZJ41 alloy is compatible with an effective treatment 

cycle, and thus the incidence of ureteral stones and other associated adverse effects 

could be further reduced. 

In summary, biodegradable biocompatible ZJ41 magnesium alloys may be a new 

promising option for manufacturing ureteral stents. ZJ41 alloy can be further 

fine-tuned in the processing to have adjustable indwelling time for its applications in 

different stent types. Biodegradable ZJ41 magnesium alloy stents are especially 

desirable for the patients in poor physical condition, if avoiding secondary surgical 

procedures is a priority for them. The major limitation of the study is that this is a 

single center animal study with limited number of animals, which would require from 

additional data from other investigators. Future study will also focus on the direct 

comparison with other magnesium alloys and the treatment effects of long-term 

implantation. 



4. Conclusions

We developed a biodegradable magnesium alloy ureteral stent and compared its 

performance with stainless steel in the porcine ureter models for 14 weeks. In contrast 

to the traditional alloy processing, the rheo-solidification process led to a more refined 

microstructure, higher tensile strength, and more homogeneous corrosion rate in the 

Mg alloys. The degradation period of our magnesium alloy stents perfectly matches 

the expected indwelling time of clinical ureteral stents, and our biodegradable alloy 

stents caused neither post-interventional inflammation nor pathological changes in the 

host urinary system. In comparison with the widely used ureteral stent material such as 

stainless steel, our alloy showed similar biocompatibility but with significantly higher 

antibacterial activity. Our results validated the feasibility of using magnesium alloys to 

manufacture biodegradable ureteral stents, and improved our knowledge on how the 

urinary tract responds to the increase of metallic ion concentration and pH. 
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Figure captions 

 

Fig. 1. Study design and material characterization. (a) Schematic representation of the fabrication 

process and dimensions of the stent, the animal model and the surgical procedure. (b) Optical 

microstructure of the semisolid rheo-formed ZJ41 alloy. (c) SEM microstructure of ZJ41 alloy with 

EDS analysis results. (d) EDS mapping of ZJ41 alloy. (e) XRD pattern of ZJ41 alloy. (f) HR-TEM 

micrograph of the alloy showing the boundary between primary solid phase and secondary grain 

phase and the corresponding electron diffraction pattern. 



Fig. 2. Electrochemical results and cytocompatibility. (a) Polarization curves of ZJ41 alloy 

measured in AU. (b) Cyclic voltammetry curves of ZJ41 alloy in logarithmic scale measured in AU. 

(c) Nyquist diagram of ZJ41 alloy in AU at OCP with its equivalent circuit, where R1 stands for the

solution resistance; R2 stands for the film resistance pore resistance; R3 stands for the charge transfer 

resistance; CPE1 corresponds to the constant phase angle element of the corrosion product film; 

CPE2 corresponds to the double layer capacitance. (d) The changes of corrosion rate and pH value in 

AU as a function of immersion time. (e) Fluorescent microscope images and CCK-8 proliferation 

rate of LO2 cells after 7, 14, and 21 days incubation on SS and ZJ41 alloy, where living cells were 

stained green while dead cells were stained red (scale bars, 50μm).  



Fig. 3. In vivo degradation. (a) PET- CT images 0, 7, 14 weeks after ZJ41 implantation into the 

animals; the framed areas indicate the implantation site. (b) The changes of total urine magnesium 

content and the calculated residual mass of the ZJ41 stents as a function of time. (c) The surface 

SEM morphology of the ZJ41 stent after 7 weeks implantation, where the circled areas correspond to 

the primary solid phases of the ZJ41 alloy. (d) Mg 2p XPS spectra for the surface layer of ZJ41 alloy 

after 7 weeks implantation. 

Fig. 4. Histocompatibility and key biological indices. (a) Representative H/E stained liver sections 

at 14 weeks post-implantation (scale bars, 100μm). (b) Main hepatic function indexes of the test 

animals during the implantation period. (c) Representative H/E stained myocardium sections at 14 

weeks post-implantation (scale bars, 50μm). (d) Main cardiac function markers of the test animals 



during the implantation period. (e) Hematological serum indices at 0, 7, and 14 weeks 

post-implantation. Results are displayed as mean value ± SD. Significant differences are marked 

with * (p< 0.05), ** (p < 0.01) and *** (p < 0.001), and NS stands for no significant difference. 

 

Fig. 5. Impact of the stents on lower urinary tract. (a) Representative ureteral wall tissues at 14 

weeks post-implantation (scale bars, 100μm) with cellular morphology by TEM observation in 

higher resolution (scale bars, 5μm); the circled area in the SS group indicates calcification toward the 

luminal aspect of the ureter wall with peri-implant infection present. (b) The changes of urinary 

frequency of the test animals during the implantation period. (c) Urinalysis results of the test animals 

at 0-, 7- and 14 weeks post-implantation. The results were presented in mean value (six duplicates) ± 

SD. Significant differences are labeled with * (P < 0.05), ** (P < 0.01) and *** (P < 0.001); NS 

stands for no significant difference.  
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