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Abstract— Bacterial infection often causes clinical 

complications and failure of indwelling medical devices. This is 

a major problem of current ureteral stents, which are used 

clinically to treat the blockage of ureteral canals. This study 

investigates the effectiveness and applicability of magnesium as 

a novel biodegradable ureteral stent material that has inherent 

antimicrobial properties. Incubating Escherichia coli with the 

magnesium samples showed a decrease in the bacterial cell 

density as compared with the currently used commercial 

polyurethane stent. Magnesium degradation in the immersion 

solutions (artificial urine, luria bertani broth, and deionized 

water) resulted in an alkaline pH shift. Antimicrobial and 

biodegradation properties of magnesium make it an attractive 

alternative as next-generation ureteral stent material. 

I. INTRODUCTION 

Bacteria can irreversibly adhere to solid surfaces and 

accumulate on biomedical devices, forming biofilms. The 

outer surface of the biofilm is composed of dead bacteria, 

which protect the growing interior colonies from 

antimicrobial treatments. Within the interior of the biofilms, 

the bacteria adhere to each other and to surfaces of medical 

devices through extracellular polysaccharide linkages [1, 2]. 

One specific type of medical device, ureteral stents, is 

highly affected by the prevalence of bacterial infections. 

Ureteral stents help to facilitate urine flow from the kidney 

to the bladder in blocked or wounded ureter ducts [3]. 

Although ureteral stents are effective in treating blockages 

postoperatively, they have three major problems: (1) 

infection due to the accumulation of bacteria; (2) 

encrustation due to organic mineral deposition by bacteria; 

and (3) painful removal which can lead to further damage to 

the ureteral canal [4-6]. Approximately 10–50% of patients, 

who undergo short-term catheterization
 
develop urinary tract 

infections (UTI) due to the adherence and accumulation of 

bacteria on the stent [7, 8]. In addition, all patients with an 

indwelling
 
ureteral stent in place for more than 30 days 

contract
 
UTI [7, 8].  

Ureteral stents maintain an open passage between the 

kidney and bladder, allowing bacteria to enter the urinary 

tract through the urethral tube. More specifically, 

ureterovesical junction valves, which normally close off the 

canal, are held open by ureteral stents [9]. The most 
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common bacteria, known to infect the urinary tract, is 

Escherichia coli (E. coli) [7]. Bacterial attachment and 

proliferation in the ureter result in the formation of biofilm 

on stent surface, which cause irritation of ureteral canal. 

Bacterial colonies cause mineral deposition such as calcium 

phosphates and struvite (magnesium ammonium phosphate) 

on the stent, which can lead to the build-up of solid crystals 

and eventually result in encrustation [4, 10, 11]. Stent 

encrustation damages to ureteral canal and causes pain 

during stent removal because sharp edges of crystals can tear 

the ureteral and urethral tissues. 

Surface coating is a common approach currently used in 

preventing bacterial infection on polyurethane stents. 

Different coating materials and methods have been 

investigated, including anti-adhesion or drug delivery 

coatings [12, 13]. For example, heparin or other charged 

species, are used on polyurethane stent to inhibit bacterial 

adhesion [14]. However, heparin is an anti-coagulant and 

can cause complications with healing of open wounds [12]. 

Recently, it has been shown that a coating of 

chitosan/poly(vinyl alcohol) can reduce friction and protein 

adsorption on polyurethane stents and prevent bacterial 

adhesion to stents [15]. As the currently used ureteral stents 

are all made out of permanent materials, they require 

removal, which causes pain and discomfort for many 

patients. Alternatively, biodegradable stents eliminate the 

need of a secondary procedure for their removal and hence, 

decrease patient pain, risk of complications, and health care 

cost [16]. Magnesium is biodegradable in physiological 

environments and the degradation products are not toxic 

[17]. Additionally, previous work has shown that 

magnesium metal turnings have similar antibacterial effect 

as the antibiotic drug, fluoroquinolone [18]. 

Therefore, the objective of this study is to investigate 

antimicrobial and biodegradable properties of magnesium 

for ureteral stent applications. This study focused on: (1) 

bacterial growth inhibition in the presence of magnesium as 

compared with a commercially available polyurethane stent; 

and (2) degradation of magnesium in artificial urine solution 

and controls measured by change in mass and pH.  

II. METHODS 

A. Preparation of Magnesium Samples and Controls 

Magnesium strips (98% purity, Miniscience, NJ) were 

used for this study. A Universa
TM

 soft polyurethane ureteral 

stent (Cook Medical, IN) was used as control. Fisherbrand 

plain glass slides (Fisher Scientific, IL) and polystyrene 
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Figure 1. Bacterial cell density after 16 hours of incubation with the test 
substrates of interest and controls in artificial urine (AU) solution. The 

initial bacterial seeding density was 7.8×106 cells ml–1. Bacterial cell 

density decreased when incubated with magnesium, but increased when 
incubated with the polyurethane stent, glass, and polystyrene plate. 

Additionally, bacterial cell density was significantly less on magnesium as 

compared to the controls, i.e., polyurethane stent, glass, and polystyrene 
plate. Data are ± SEM (N = 3). *p<0.05 compared to magnesium. 
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plate (BD Falcon) as references. The samples were cut into a 

consistent length to give a total surface area of 208 mm
2
.  

Since the polyurethane stent is tubular, the stent was 

flattened in between two glass slides in order to increase the 

exposed surface area. The polyurethane stent was rolled out 

flat in between two taped glass slides. A change in extreme 

temperature was used to flatten the tubular polyurethane 

stent into a rectangle. Specifically, the stent was submerged 

in 100 °C water for 20 minutes, cooled to room temperature 

for 5 minutes, submerged again in 100 °C water for 10 

minutes, placed in the freezer for 5 minutes, and allowed to 

dry overnight. A thread was tied to hold the stent in a U-

shaped position to optimize surface area exposure. 

To clean all the samples, the magnesium, glass, and 

polyurethane stent were sonicated in 200 proof pure ethanol 

for 5 mins. After drying overnight, samples were exposed to 

ultraviolet (UV) irradiation for at least 1 hr on each side. 

B. Artificial Urine Solution Preparation 

To prepare 500 mL of Artificial Urine (AU) solution, 

deionized (DI) water was heated to 37 °C and the following 

chemicals were added: 0.375 g urea, 0.75 g creatine, 0.12 g 

calcium chloride, 0.43 g ammonium phosphate dibasic, 0.5 g 

magnesium chloride hexahydrate, 1 g potassium chloride, 1 

g sodium sulfate (Sigma-Aldrich). The pH was adjusted to 

rest between 5-8 with Tris buffer or uric acid [19]. 

A 0.22 micron polyethersulfone filter (Fisher Scientific, 

Barrington IL) was used to filter the AU solution. The AU 

solution was UV sterilized in a glass bottle for 24 hrs. The 

AU solution was stored at 4 °C. 

C. Bacterial Co-culture with Materials 

E. coli (ATCC 25922) was grown in 6 mL of luria bertani 

broth (LBB) (Fisher Scientific, IL) in a 37 °C shaker 

incubator for 16 hrs. The bacteria were washed in Tris-

buffer solution, centrifuged for 5 mins at 8,000 RPM, and 

resuspended in AU solution (wash step completed 3 times).  

To determine the antimicrobial properties of magnesium 

in a clinically relevant condition, the magnesium sample was 

placed in the AU solution with E. coli. Three samples each 

of magnesium, polyurethane stent, glass slide were placed 

into separate wells of a 12-well non-tissue culture treated 

polystyrene plate. The last three wells had no samples and 

were used as a reference. Approximately 2 mL of 7.8×10
6
 

bacterial cells/mL AU solution were added into each well. 

The 12 well plate was incubated in a shaker-incubator for 16 

hrs at 250 RPM and 37 °C. After 16 hrs immersion with the 

test substrates, bacteria cell density was determined using a 

hemocytometer.  

D. Degradation in Artificial Urine Solution and Controls 

The degradation rate of magnesium was compared in 

three different solutions: AU, LBB, and DI water. Prior to 

experiment, all samples were weighed using an atomic scale 

and then sterilized for at least 1 hr under UV exposure. 

Samples were immersed in AU solution, LBB solution, and 

DI water for 72 hrs (24 hrs shaker-incubator, 24 hrs 

stationary-incubator, 24 hrs shaker-incubator). After 72 hrs, 

the samples were dried overnight at room temperature and 

weighed. Solution pH was measured using a pre-calibrated 

pH meter (Mettler Toledo). 

III. RESULTS & DISCUSSION 

A. Antibacterial Activity of Magnesium 

After the 16 hr incubation period, the bacterial cell density 

was quantified (Fig. 1). Specifically, in the presence of 

magnesium, the bacterial cell density dropped almost by a 

factor of two. In contrast, the other two test substrates 

(polyurethane stent and glass slide) and polystyrene 

reference did not inhibit bacteria growth and the cell density 

actually doubled. Additionally, bacterial cell density 

decreased for bacteria exposed to magnesium indicating an 

antibiotic property of magnesium. These results showed that 

magnesium inhibited bacterial cell growth while the 

polyurethane stent, glass slide, and polystrene plate control 

promoted bacteria growth.  

Initially about 7.8×10
6
 bacterial cells/mL AU solution 

were added to the test substrates (magnesium, polyurethane 

stent, and glass slide) and polystyrene plate control. This 

seeding density was a factor of ten times greater than that for 

a confirmed urinary tract infection ~10
6
 colony-forming 

units/mL [20]. This seeding density was utilized to account 

for the lack of nutrition of the AU solution. Specifically 

within the ureteral canal, bacteria thrive while feeding on 

umbrella cells in addition to the proteins and amino acids 

released from the nephrons of the kidneys. For the polystrene 

plate control, we observed that the bacteria immersed in 

artificial urine solution were able to proliferate and increase 

in cell density after a 16 hr incubation period (Fig. 1). From 

this observation, the E. coli  were able to still thrive in an 

environment with high salt concentration. This confirmed 

that it was the magnesium, and not the immersion media that 

affected bacterial cell growth.  
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B. Magnesium Degradation in Artificial Urine 

We investigated the degradation of magnesium in three 

different solutions (i.e. AU solution, LBB, and DI water) and 

ascribed magnesium oxidation to the presence of water 

molecules in the solutions. Magnesium reacts with water to 

form magnesium hydroxide and hydrogen gas, resulting in a 

more basic solution [21]. Magnesium hydroxide can further 

interact with physiological anions (i.e. Cl
-
) to form soluble 

magnesium salts. The precipitation of such salts depends 

upon solubility and how well anions interact with the 

hydration sphere around the magnesium ion. Although 

magnesium degrades by this oxidation process, the unique 

composition of each solution also affected the rate and 

process of magnesium degradation. The presence of 

electrolytes in AU solution yields a higher ionic strength 

when compared with DI water and affects how magnesium 

ions dissociate [22, 23]. Proteins present in LBB chelate 

magnesium and lead to magnesium dissolution [23, 24]. 

Within the 72 hrs degradation period, there was only a 

small increase or decrease in weight before and after 

immersion in the different solutions (Fig 2). Although the 

magnesium degrades by reacting with water, salt precipitates 

also form on the magnesium surface. Thus, the short 72 hrs 

degradation period did not result in any significant mass 

change due to the simultaneous mass increase by precipitates 

and loss by dissolution.  

Magnesium oxidation results in a more basic solution due 

to the increase in hydroxide ions. It has been previously 

reported that magnesium corrosion increases the pH of the 

solution, which may contribute to the antibacterial property 

of magnesium [18, 25]. From the degradation studies, a 

similar trend was observed in all three solutions where the 

pH was increased after 72 hrs of incubation (Fig 3). For the 

AU solution, the pH increased from 5.7 to 9.1. The pH of 

LBB solution increased from 6.9 to 10.0. The pH of DI 

water increased from 7.9 to 10.1. There was a significant 

increase of 2-3 pH units when comparing each solution 

before and after immersion. 

C. Magnesium Degradation and Inhibition of Bacterial Cell 

Growth 

Following magnesium degradation in AU solution for 72 

hrs, the solution becomes more basic and there is an increase 

of magnesium ions in the solution. These two factors are 

correlated to the decrease in bacterial cell counts after 16 hrs 

of exposure to magnesium in AU solution. A similar trend 

was previously published in which magnesium turnings had 

an inhibitory effect on the growth of E. coli, Pseudomonas 

aeruginosa, and Staphylococcus aureus (S. aureus) [18]. 

Robinson et al. studied the inhibitory effect of the 

magnesium turnings on bacteria growth in Mueller-Hinton 

broth. Additionally, they showed that simply increasing 

magnesium chloride salt concentration alone did not inhibit 

bacterial growth [18]. In our investigation, we studied the 

growth of E. coli in AU solution to analyze how magnesium 

can be utilized as a novel stent material for urological 

applications. In both studies, magnesium showed an 

inhibitory effect on E. coli bacteria growth and resulted in an 

alkaline immersion solution due to magnesium degradation. 

Additionally, Ren et al. examined how a silicon coating 

on magnesium affected E. coli and S. aureus growth [25]. 

From their experiments, the porous silicon coating reduced 

the degradation rate while still maintaining the antibacterial 

property of magnesium [25]. Coating thickness and porosity 

can be altered to control the rate of magnesium ion diffusion 

from the substrate into the bacterial solution. Although we 

examined the degradation of uncoated magnesium, our 

group has investigated how magnesium degradation can be 

tuned through surface treatment [26, 27]. Specifically, 

electrodeposition of hydroxyapatite coating on a magnesium 

alloy (Mg-4.0Zn-1.0Ca-0.6Zr (wt %)) had a slower 

degradation rate as compared to uncoated magnesium alloys 

[27]. 

Although it is believed that alkalinity of magnesium 

degradation contributed to bacteria death, it may not be the 

sole reason. There may be other mechanisms yet to be 

explored. For example, magnesium hydroxide precipitates 

may contribute to bacteria death as well because recent 

report showed antimicrobial property of magnesium 

 
Figure 2. The mass of magnesium samples before and after 72 hrs of 

immersion in artificial urine (AU) solution, luria bertani broth (LBB), 
and deionized (DI) water. The short immersion did not result in any 

significant change in sample mass, even though the occurrence of 

degradation was observed after immersion. It is speculated that the 
precipitation of insoluble degradation products and solution salts onto the 

samples may have canceled out any mass loss of soluble degradation 

products during the initial degradation period. Data are ± SEM (N = 3). 
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Figure 3. pH measurements of artificial urine (AU) solution, luria bertani 
broth (LBB), and deionized (DI) water before and after immersion of 

magnesium samples for 72 hours. In all three solutions, the magnesium 

samples resulted in the pH increase, that is, a more alkaline solution. Data 
are ± SEM (N = 3). *p<0.05 compared to the pH measurement before 

sample immersion. 
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nanoparticles. Magnesium oxide nanoparticles inhibited the 

growth and resulted in bacterial cell death of both foodborne 

E. coli O157:H7 and Salmonella [28]. Jin and He observed 

that the magnesium oxide nanoparticles resulted in 

significant changes in cell morphology and membrane 

integrity causing cell death [28]. A magnesium fluoride 

nanoparticle also inhibited bacterial growth in a similar 

manner. Specifically, Lellouche et al. found that magnesium 

fluoride nanoparticles attached to the surface and penetrated 

E. coli cells [29]. The underlying antibacterial mechanisms 

of these magnesium nanoparticles need to be further studied 

in order to understand how such magnesium-based 

nanoparticles inhibit bacterial growth and biofilm formation. 

The objective of this initial study was to determine how 

magnesium degrades in AU solution and to characterize the 

material interaction with E. coli. This information provides 

crucial data for the design and fabrication of surface coatings 

to regulate magnesium degradation in vivo while still 

maintaining its antibacterial properties. 

IV. CONCLUSION 

Magnesium samples showed significantly less bacterial 

growth when compared with the FDA approved 

polyurethane ureteral stent. Additionally, magnesium 

degradation resulted in an alkaline shift of the immersion 

media. Magnesium-based ureteral stents can be designed to 

be fully biodegradable in a controllable manner in vivo. 

Thus, the antimicrobial property coupled with the 

biodegradation of magnesium presents a new avenue for its 

use as next-generation ureteral stent materials.  

ACKNOWLEDGMENTS 

The authors would like to thank the NSF BRIGE award 

(CBET 1125801) and the University of California for 

financial support. 

REFERENCES 

 
[1] R. M. Donlan, "Biofilms and device-associated infections," Emerging 

Infectious Diseases, vol. 7, pp. 277-281, Mar-Apr 2001. 

[2] D. J. Stickler, "Bacterial biofilms and the encrustation of urethral 
catheters," Biofouling, vol. 9, pp. 293-305, 1996. 

[3] A. E. Aksoy, V. Hasirci, and N. Hasirci, "Surface modification of 

polyurethanes with covalent immobilization of heparin," 
Macromolecular Symposia, vol. 269, pp. 152-160160, Aug. 2008. 

[4] A. J. Cox, D. W. L. Hukins, and T. M. Sutton, "Infection of 
catheterized pateints - bacterial-colonization of encrusted foley 

catheters shown by scanning electron-microscopy," Urological 

Research, vol. 17, pp. 349-352, Nov 1989. 
[5] M. M. Tunney, D. S. Jones, and S. P. Gorman, "Biofilm and biofilm-

related encrustation of urinary tract devices," Biofilms, vol. 310, pp. 

558-566, 1999. 
[6] G. Bithelis, N. Bouropoulos, E. N. Liatsikos, P. Perimenis, P. G. 

Koutsoukos, and G. A. Barbalias, "Assessment of encrustations on 

polyurethane ureteral stents," Journal of Endourology, vol. 18, pp. 
550-556, Aug 2004. 

[7] G. Reid, J. D. Denstedt, Y. S. Kang, D. Lam, and C. Nause, 

"Microbial adhesion and biofilm formation on ureteral stents invitro 
and invivo," Journal of Urology, vol. 148, pp. 1592-1594, Nov 1992. 

[8] J. W. Warren, "Catheter-associated urinary tract infections," 

International Journal of Antimicrobial Agents, vol. 17, pp. 299-303, 
Apr 2001. 

[9] B. Lojanapiwat, "Colonization of internal ureteral stent and 
bacteriuria," World Journal of Urology, vol. 24, pp. 681-683, Dec 

2006. 
[10] N. S. Morris, D. J. Stickler, and R. J. C. McLean, "The development 

of bacterial biofilms on indwelling urethral catheters," World Journal 

of Urology, vol. 17, pp. 345-350, Dec 1999. 
[11] P. F. Keane, M. C. Bonner, S. R. Johnston, A. Zafar, and S. P. 

Gorman, "Characterization of biofilm and encrustation on ureteral 

stents in-vivo," British Journal of Urology, vol. 73, pp. 687-691, Jun 
1994. 

[12] B. H. Chew and J. D. Denstedt, "Technology Insight: novel ureteral 

stent materials and designs," Nature Clinical Practice Urology, vol. 1, 
pp. 44-48, Nov 2004. 

[13] P. Francois, P. Vaudaux, N. Nurdin, H. J. Mathieu, P. Descouts, and 

D. P. Lew, "Physical and biological effects of a surface coating 
procedure on polyurethane catheters," Biomaterials, vol. 17, pp. 667-

678, Apr 1996. 

[14] J. S. Bae, E. J. Seo, and I. K. Kang, "Synthesis and characterization of 
heparinized polyurethanes using plasma glow discharge," 

Biomaterials, vol. 20, pp. 529-537, Mar 1999. 

[15] S. H. Yang, Y. S. J. Lee, F. H. Lin, J. M. Yang, and K. S. Chen, 

"Chitosan/poly(vinyl alcohol) blending hydrogel coating improves the 

surface characteristics of segmented polyurethane urethral catheters," 

Journal of Biomedical Materials Research Part B-Applied 
Biomaterials, vol. 83B, pp. 304-313, Nov 2007. 

[16] B. A. Hadaschik, R. F. Paterson, L. Fazli, K. W. Clinkscales, S. W. 

Shalaby, and B. H. Chew, "Investigation of a novel degradable 
ureteral stent in a porcine model," Journal of Urology, vol. 180, pp. 

1161-1166, Sep 2008. 

[17] S. Virtanen, "Biodegradable Mg and Mg alloys: Corrosion and 
biocompatibility," Materials Science and Engineering B-Advanced 

Functional Solid-State Materials, vol. 176, pp. 1600-1608, Dec 2011. 

[18] D. A. Robinson, R. W. Griffith, D. Shechtman, R. B. Evans, and M. 
G. Conzemius, "In vitro antibacterial properties of magnesium metal 

against Escherichia coli, Pseudomonas aeruginosa and Staphylococcus 

aureus," Acta Biomaterialia, vol. 6, pp. 1869-1877, May 2010. 
[19] L. Haddad, "Synthetic urine and method of making same," 2006. 

[20] M. G. Coulthard, M. Kalra, H. J. Lambert, A. Nelson, T. Smith, and J. 

D. Perry, "Redefining Urinary Tract Infections by Bacterial Colony 
Counts," Pediatrics, vol. 125, pp. 335-341, Feb 2010. 

[21] G. L. Song and A. Atrens, "Understanding magnesium corrosion - A 

framework for improved alloy performance," Advanced Engineering 
Materials, vol. 5, pp. 837-858, Dec 2003. 

[22] W. D. Mueller, M. L. Nascimento, and M. F. L. de Mele, "Critical 

discussion of the results from different corrosion studies of Mg and 
Mg alloys for biomaterial applications," Acta Biomaterialia, vol. 6, 

pp. 1749-1755, May 2010. 

[23] A. Yamamoto and S. Hiromoto, "Effect of inorganic salts, amino acids 
and proteins on the degradation of pure magnesium in vitro," 

Materials Science & Engineering C-Biomimetic and Supramolecular 

Systems, vol. 29, pp. 1559-1568, Jun 2009. 
[24] G. Manivasagam, D. Dhinasekaran, and A. Rajamanickam, 

"Biomedical Implants: Corrosion and Its Prevention - A Review," 
Recent Patents on Corrosion Science, vol. 2, pp. 40-54, 2010. 

[25] L. Ren, X. Lin, L. L. Tan, and K. Yang, "Effect of surface coating on 

antibacterial behavior of magnesium based metals," Materials Letters, 
vol. 65, pp. 3509-3511, Dec 2011. 

[26] H. N. Liu, "The effects of surface and biomolecules on magnesium 

degradation and mesenchymal stem cell adhesion," Journal of 

Biomedical Materials Research Part A, vol. 99A, pp. 249-260, Nov 

2011. 

[27] R.-G. Guan, I. Johnson, T. Cui, T. Zhao, Z. Zhao, X. Li, and H. Liu, 
"Electrodeposition of hydroxyapatite coating on Mg-4.0Zn-1.0Ca-

0.6Zr alloy and in vitro evaluation of degradation, hemolysis, and 

cytotoxicity," J Biomed Mater Res Part A, vol. Accepted (in press), 
pp. 1-17, 2012. 

[28] T. Jin and Y. P. He, "Antibacterial activities of magnesium oxide 

(MgO) nanoparticles against foodborne pathogens," Journal of 
Nanoparticle Research, vol. 13, pp. 6877-6885, Dec 2011. 

[29] J. Lellouche, E. Kahana, S. Elias, A. Gedanken, and E. Banin, 

"Antibiofilm activity of nanosized magnesium fluoride," Biomaterials, 
vol. 30, pp. 5969-5978, Oct 2009. 

1381


	MAIN MENU
	Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

