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Ureteral stents have been used to relieve ureterostenosis. Complications such as infection and encrustation occur
in the long time of stent implantation, which is a clinical problemneeds to be resolved. Indwelling ureteral stents
have shown to develop microbial biofilm that may lead to recurrent infection and encrustation. This study was
aiming to reduce those complications by using a novel material, Cu-bearing antibacterial stainless steel. The an-
tibacterial performance, encrustation property, and biocompatibility were examined by SEM, image analysis,
MTT and would healing. The in vitro immersion test showed that 316LCu-bearing stainless steel (316LCu-SS)
not only inhibited proliferation of bacteria and formation of biofilm, but also had less encrustation deposition.
Its antibacterial effectiveness against Escherichia coli reached to 92.7% in the artificial urine for 24 h and 90.3%
in the human urine for 6 h. The encrustation surface coverage percentage was 30.2% by 12 weeks, which was
nearly one half of NiTi alloy. The in vitro tests showed that 316LCu-SS had no toxicity, and promoted the migra-
tion of urethral epithelial cells.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Ureterostenosis is a common problem in the urinary system of
human body. The ureteral obstruction inevitably caused by benign and
malignant tumors is challenging for urologists. Ureteral stenting serves
as an important therapeutic option to alleviate the obstruction [1]. Var-
ious designs of ureteral stents have been reported, such as polyurethane
tube, woven NiTi stent and nickel-chromium-cobalt stent [2].The dou-
ble-J ureteral stent has been widely used in the endourology surgery.
It connects the kidney and bladder, and goes inside of ureter. The aim
of stenting is to adequately drain the upper urinary tracts while mini-
mizing the hospitalization and the negative impact on the life quality
[3]. However, infection and encrustation of the stent, which can cause
significant morbidity, occur frequently because of its direct contact
with the urine. Use of a kind of prevalent metal stent in clinic, i.e., the
NiTi stent, has reduced infection and encrustation by easier endothelial-
ization, whereas it remains in body inevitably. Meanwhile, no matter
double-J stent or NiTi stent, urinary tract infections (UTIs) and catheters
encrustation still occur during the long time inserting, which needs to
be resolved urgently [4–6].

Bacterial adherence to biomaterial surfaces is an important step in
the pathogenesis of prosthetic infection [7]. The viability of bacteria

which form biofilm against microbial agents at a concentration is
1000–1500 times higher than that planktonic cells in suspension [6].
The reason for UTIs is that bacteria enter the urinary tract, and then col-
onize and adhere to the ureteral stents through nonspecific interactions
or via specific polysaccharide linkages [8]. UTIs are caused primarily by
uropathogenic Escherichia coli (E. coli),which is themost common infec-
tious bacteria in patients with foreign bodies. E. coli is responsible for
N85% of all UTIs in statics [9]. Usually, infection is defined as the coloni-
zation number of organisms ≥105ml−1 in freshly voided urine [10]. Ap-
proximately 10–50% of patients develop UTIs in a short time
catheterization (up to 7 days), and nearly 100% of patientswith indwell-
ing ureteral stent suffer a catheter associated UTIs for N30 days [11]. Al-
though infections are generally asymptomatic, patients are at risk from
a range of complications which make them more vulnerable than non-
catheterized patients [12].

It has been confirmed that urine from normal individuals have the
self-antibacterial and defensive activity, which is more greater at
lower pH (between a range of 5.0–6.5) [13]. Urinary acidification has
long been used as an aid in the treatment of urinary tract infection
due to large amounts of bacteriostatic gas NO produced from acidifica-
tion of nitrite. Unfortunately, once the urine is infected, the bacteria
have the capacity of producing ammonia from urea leading to increas-
ing urinary pH to levels that nitrite is not converted to toxic NO [14].
Moreover, the biofilm makes embedded bacteria less accessible to the
human defense system, and significantly decreases antibiotic suscepti-
bility, i.e., even though the urine has the antibacterial ability, the
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bacteria adherent to the surfacemay still be alive. Besides, urinewith in-
fectious bacteria accumulated on the surface of implants is aggressive to
human. Glucose in the urine of diabetic patients provides a better medi-
um for multiplication of E. coli [15].

The antibacterial effect of copper (Cu) might be firstly used by
Milharde in 1885. Cu as an alloying element added into themedical aus-
tenitic stainless steel has been studied in order to develop a novel kind
of Cu-bearingmedical stainless steel with function of inhibiting bacteri-
al infection [16]. Continuous release of trace amount of Cu ions from the
surface of Cu-bearing stainless steel (Cu-SS) should contribute to the
antibacterial function. Some work has been done on the application of
Cu-SS in the area of implantation, such as bone, coronary artery stent,
and so on [17]. However, there is no study about Cu-SS for the applica-
tion in the ureter. It is well known that the initial step for encrustation of
any urinary drainage device (catheters, stents, nephrostomy tubes) is
thought to be from bacterial colonization [18]. Cu-SS may have advan-
tage on inhibiting encrustation and infection due to its strong antibacte-
rial ability. The aim of this study is to focus on the in vitro anti-infection
and inhibition of encrustation of this novel Cu-SS bymeans of antibacte-
rial tests, observation on scanning electron microscope (SEM), Live/
Dead stain and MTT assay, hoping to provide some experimental evi-
dences for its possible application in urine system.

2. Materials and methods

2.1. Samples preparation

Antibacterial type 316LCu-bearing stainless steel (316LCu-SS with
nominal composition of Fe-19Cr-14Ni-2Mo-4.5Cu, wt.%), medical
grade 316L stainless steel (316LSS with nominal composition of Fe-
19Cr-14Ni-2Mo,wt.%) and nitinol alloy (NiTi with nominal composition
of 50Ni\\50Ti, at.%) for experiments were prepared by normal metal-
lurgical processes, in which 316LSS and NiTi were served as control
groups in this study. All the samples were cut into sizes of
Ф10mm× 1mm and 10 mm× 10mm× 1mm. The samples were me-
chanically polished sequentially with SiC papers of grits 180, 400, 800,
1200, 1500 and 2000, then ultrasonically cleaned with acetone and de-
ionizedwater for 5min at room temperature, and dried in air thorough-
ly. Each side of samples was sterilized under UV light for 30 min before
experiments.

2.2. Artificial urine and human urine preparations

Artificial urine (AU) solution was prepared based on patent
#7109035 [19], whichwas employed containing the inorganic constitu-
ents of human urine in comparable concentration. The concentration of
the chemicals in the AU solution is listed in Table 1.

To prepare the AU solution, the above chemicals besides CaCl2 were
added into the deionized water, and the pH was adjusted to 6.4 with
ammonium hydroxide or hydrochloric acid after chemicals dissolving
completely. The solution was sterilized under the condition of 121 °C
for 20 min and cooled to room temperature. Then, CaCl2 was
decontaminated by UV light radiation for 30 min and added into the

sterilized solution. The AU solution was sonicated till completely dis-
solved and stored at 4 °C.

The human midstream urine (HU) samples used in the experiment
were collected from six fasting healthy volunteers with no history of
urinary tract infection. None of the volunteers were receiving antimi-
crobial agents and special diets. The sampleswerefiltered through a cel-
lulose acetate filter (0.45 μmpore size) and collected in glass containers
that had been sterilized [20]. The urine was divided in tubes in 5-ml al-
iquots. Tubes with urine that were not used in test the same day were
stored at −20 °C. The urine was stored at 4 °C until analysis was per-
formed, with a minimum possible delay.

2.3. Bacterial strain and antibacterial test

A gram negative bacteria, E. coli (ATGG 25922), were obtained from
theAmerican Type Culture Collection. It was chosen as themodel bacte-
rium because it is the most prevalent specie in UTIs and the most clini-
cally relevant. The strain was cultured with nutrient agar and grew in
nutrient broth. In order to determine the antibacterial properties of
samples under clinically relevant conditions, the bacteria growing over-
nightwere diluted to 105 cfu/ml in the AU andHU solutions, respective-
ly. All the samples (316LCu-SS, 316LSS and NiTi) were incubated
directly with bacteria suspension (50 μl) in triplicate in a 24-well plate
at 37 °C, alongwith blank reference (no sample) served as blank control.
Then the samples were washed in centrifuge tubes with 1ml 0.9% sodi-
um chloride (NaCl) by shaking in a vortex generator for 1 min. Bacteria
were counted at 24 h in the AU solution and 4, 6, 8, 24 h in the HU solu-
tion of incubations. 100 μl solution was diluted serially with 0.9% NaCl.
After each dilution step, 50 μl were pipetted onto nutrition agar plates
in duplicate incubating overnight at 37 °C. Afterward, the colonies
were counted and back-extrapolated to the original volume. The anti-
bacterial effectiveness was determined by following equation:

Antibacterial effectiveness %ð Þ ¼ A−Bð Þ � 100%=A

where B represents the bacterial count after contacting with experi-
mental materials (316LCu-SS, 316LSS and NiTi), and A represents the
blank group.

Biofilm formation assay was used to visualize bacteria that adhered
to the surface of samples. Each samplewas co-culturedwith 1ml bacte-
rial suspension (AU solution) at the concentration of 5 × 108 cfu/ml for
24 h. Bacteria adhesion ability on samples in HU solution was evaluated
by co-culturing with bacterial suspension at 2 × 105 cfu/ml for 4, 6, 8
and 24 h. Following this, samples were removed from the bacterial sus-
pension to determine the number of adherent bacteria. Non-adherent
microorganisms were removed bywashing with 2 ml volume of AU so-
lution for three times. The samples were prepared for SEM observation
by fixation in 2.5% glutaraldehyde and dehydrated in a series of aqueous
ethanol solutions (30%, 50%, 75%, 95% and 100%). Before observation,
the surfaces of samples were gold-coated.

2.4. Live/Dead stain

Bacteria viability adhered on the surface of samples were measured
by Live/Dead BacLight Bacterial Viability Kit (Invitrogen Molecular
probes, Darmstadt, Germany). The combination of the two dyes distin-
guishes live and dead bacteria based on the membrane integrity. The
green fluorochrome (SYTO 9) can penetrate intact membranes, while
the larger red fluorochrome (propidium iodide) penetrates the only
compromised bacterial walls of dead bacteria, resulting in red fluores-
cence by binding to the nuclear material of the bacteria.

The samples were washed with HU solution after co-culture with
1 ml suspension for 4, 6, 8 and 24 h, respectively. After that, the surface
of samples were added 100 μl mixed stain solution (SYTO9: PI = 1:2)
according to the manufacturer's instruction strictly and then analyzed
on a confocal laser scanning microscopy (CLSM, C2 Plus, Nikon, Japan).

Table 1
Chemical concentration of the AU solution.

Component Quantity (g) Concentration (mmol · L-1)

NaCl 6.17 105
NaH2PO4 4.59 37
Na3C6H5O7 0.944 3.7
MgSO4 0.463 3.9
NaSO4 2.408 20
KCl 4.75 64
Na2C2O4 0.043 0.3
CaCl2 0.638 5.7
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