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Abstract

The aim of this work was to determine which part of a double-J ureteral stent (DJ stents) showed the highest tendency
to crystal, calculi, and biofilm deposition after ureterorenoscopic-lithotripsy procedure (URS-L) to treat calcium oxalate
stones. Additionally, the mechanical strength and the stiffness of DJ stents were evaluated before and after exposure to
urine. Obtained results indicated that the proximal (renal pelvis) and distal (urinary bladder) part is the most susceptible for
post-URS-L fragments and urea salt deposition. Both, the outer and inner surfaces of the DJ ureteral stents were completely
covered even after 7 days of implantation. Encrustation of DJ stents during a 31-day period results in reducing the Young’s
modulus by 27-30%, which confirms the loss of DJ stent elasticity and increased probability of cracks or interruption.
Performed analysis pointed to the need to use an antibacterial coating in the above-mentioned part of the ureteral stent to
prolong its usage time and to prevent urinary tract infection.
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Introduction

Nephrolithiasis is a frequent cause of morbidity (12%) in
the world population, and half of those affected will have
recurrent stone disease [1]. Previous research on urinary
stones considered only adult patients, completely omitting
the paediatric population, whereas there is mounting evi-
dence for increased stone formation in younger patients [2].
Shock wave lithotripsy is in majority of the cases the first-
line treatment method to eliminate the kidney stones. In case
of ureteral stones, especially in the lower part of the ureter
ureterorenoscopic-lithotrypsy (URS-L) procedure might be
performed. After surgery, the implantation of a double-J
ureteral stent may be needed. There are absolute indications
for stent insertion, which include relief of obstructed pyelo-
nephritis, bilateral ureteral obstruction, ureteric injuries,
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and post-treatment of urolithiasis in patients with a solitary
kidney [3, 4]. As no ideal stent, many problems of stent
migration, occlusion, encrustation, fragmentation, and stone
formation were noticed.

The materials used for the production of ureteral stents
should comply with a number of specifications. Materials
required for urinal catheterization should have a smooth sur-
face (low surface roughness) [5], high mechanical strength,
and flexibility [6], and they should be biocompatible, anti-
microbial, and antifouling (being able to prevent microbial
accumulation or to interfere with the biofilm structure) [7].
Furthermore, these materials should be able to resist bacte-
rial adherence and subsequent biofilm formation [8]. The
most common materials used as a ureteral stent are poly-
ethylene, polyurethane, and silicone. Rigidity and tendency
to break are the serious problems in using these materials
in clinical setting, which presents a variable tendency to
encrustation. Among these materials, the silicone surface is
smoother than the others, and has the best performance in
the long term, showing 30% less encrustation at 10 weeks,
and indicates low susceptibility to calcium deposition [9].
On the other hand, there can be differences in the composi-
tion of encrustation at each end of a stent [10]. The rate of
encrustation was 18.33% in the first 5 weeks, 56% between
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week 6 and 12, and 75% thereafter [11]. Additionally, the
calculi or crystal deposition promoted the biofilm formation,
which affected the urinary tract infection.

Adhesion is a key determinant, which initiates every stage
of the pathogenesis of urinary tract infection [12]. The main
process of biofilm formation is binding bacteria to a ureteral
stent. The type of materials used in the ureteral stent has a
significant impact on microbial cell adhesion and the rate of
bacterial biofilm development [7, 13—15]. The biofilm form-
ing on the surface of the ureteral stent may form the core for
urinary stones. The aggregation of the biofilm produced by
the bacteria and the precipitated urinary components cause
the formation of kidney stones on the surface of ureteral
stents [16, 17]. Stents become blocked due to encrustation
caused by the formation of these structures [18]. To reduce
the adhesion of microbial cells and the rate of bacterial
biofilm development, urological catheters are coated with
different substances, such as nano-silver [7, 19, 20], metal-
lic nanoparticles [20, 21], Lysostaphin [22], Chlorhexidine
[23], antifouling zwitterionic moieties (containing an equal
number of positively and negatively charged functional
groups) [24], polyvinylpyrrolidone (PVP, a water-soluble
polymer) [8], nitrofurazone [19], polytetrafluoroethylene
(PTFE), hydrogel [5], and impregnation with a combina-
tion of rifampicin, sparfloxacin, and triclosan [25]. Bacterial
biofilm formation and encrustation may cause obstruction or
blockage of ureteral stents [8].

Limited work has been conducted to carry out the
mechanical characteristic of the ureteral stents before and
after exposure to artificial urine (30 days) in static condi-
tions [26]. Only a few studies have been performed to evalu-
ate the effect of a stent’s rigidity on patients’ quality of life
[27-29]. No correlation between the material composition
and the patients’ quality of life was observed [27]; however,
the stiffness of the ureteral stent was associated with higher
incidences of dysuria and pain [28, 29]. Hitherto, studies
of ureteral stents included determination of effective urine
flow from the kidney to the bladder [30], investigation of
structural and chemical composition [11], and shape and
size optimization [31]. The urine flow consists of in-stent
(luminal) and out-of-stent (extra luminal) flows, whereby
lower flow rates were observed with larger DJ stents, and
increasing the number of side holes increased the overall
flow rate [30].

Trends in research on the ureteral stent focus on the
development of effective methods of combating biofilm,
preventing kidney stone formation, and improving the
patients’ quality of life. Mainly, these trends come down to
impregnating the ureteral stent with antimicrobial substances
(antibiotics or antiseptics) [32]. However, in the literature,
there is no definite answer concerning the effectiveness of
these layers in the elimination of infection or obstruction of
microbial colonization of the catheter wall in comparison
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to uncoated stents. Therefore, there is a need to study not
only the mechanism of formation of kidney stones or bio-
film on the catheter surface and methods to prevent these
processes, but also to study the influence of these structures
on the properties of ureteral stent. This paper focuses on
determining which material factors show the highest affin-
ity for the ureteral stent surface and the distribution of these
components along the entire length of the stents. Moreover,
the effect of the time of implantation in child patients on
kidney stone formation in both brand new and used catheters
was evaluated.

Materials and methods
Materials

A total of 15 double-J ureteral stents (DJ stents) were placed
during 15 procedures in the 15 children patients. The ure-
teral stents were built with a proprietary silicone-modified
styrene/ethylene/butylene block copolymer. The mean length
of the double-J ureteral stents was 20 + 2 cm (range 8-32
cm). The mean placement duration was 17.25 + 10.21 days
(range 7-31 days).

Microscopic analysis of stents

An analysis using scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM/EDS) was
performed on the brand new ureteral stents as the reference
analysis, as well as on the separate ureteral stents implanted
after the ureterorenoscopic-lithotrypsy (URS-L) to treat
calcium oxalate stone. Additional energy-dispersive X-ray
spectroscopy (EDS) analyses provided information on the
elemental composition of every sample.

The microscopic analysis was performed by the scan-
ning electron field-emission microscope JEOL JSM 7600F
equipped with an X-ray analyser INCA OXFORD according
to the previously elaborated procedure [14, 15]. The micro-
scopic observation of the ureteral stents required the use of
an additional sample preparation procedure which includes:
the immersing of samples in a 25% solution of glutaralde-
hyde in a phosphate buffer (pH 7.2) and rinsing (3 times)
in a deionized water at room temperature. Samples were
then dehydrated in 10 ml portions of acetone—water solu-
tions with concentration rising from 10 to 100%. Drying
was carried out at the critical point of CO,, using the critical
point E3000/E3100 drying apparatus (CPD). The ureteral
stent surface was covered with a chromium layer with the
thickness of 5 nm. The glutaraldehyde and acetone were
purchased from Sigma-Aldrich.
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Determination of mechanical properties

Tensile strength or stiffness was tested for all double-J ure-
teral stents before and after urinary exposure. Each DJ stent
had 3-5 stents tested. The tensile strength was determined
using an MTS Micro Bionix Testing System (Laboratory of
Prototyping of Medical Devices, Department of Biomedi-
cal Engineering, University of Zielona Gora) equipped with
Testworks II software, vibration isolation table, and grips,
using an 5 N load cell. Uniaxial tension was applied to each
stent with a testing rate of 1 mm/s for 1 s. A preconditioning
run was done for each stent, including a 3-min hold time at 5
mm with 30 s between the preconditioning run and the first
trial. Force was reduced to O between each trial. Each DJ
stent (brand new and removed from the patient’s body) was
examined using the tensile test minimum times, keeping the
same manner of reposition. To determine the impact of the
above conditions on susceptibility to damage to the stent,
mechanical characteristics tests were used through deter-
mining the parameters: Young’s modulus, i.e., the elasticity
of the material (the greater the Young’s modulus, the more
elastic the material is and the lower the risk of its damage)
and ultimate force, i.e., the maximum force that must be
applied to the stent to tear it apart (the lower the strength,
the more fragile the stent is).

Results and discussion
Microscopic analysis of the surface of ureteral stents

The surface morphologies of double-J ureteral stents (DJ
stents), with identical shapes and number of side holes, have
been investigated using scanning electron microscopy and
are shown in Figs. 1, 2, 3, 4 and 5. The structure of brand
new DJ stents with markings used in the text is shown in
Fig. 1, where the proximal part of double-J ureteral stents

means “pigtail”’, which is situated in the renal pelvis, while
the distal coil is situated in the urinary bladder.

A separate batch of double-J ureteral stents was implanted
after ureterorenoscopic-lithotrypsy to treat calcium oxalate.
The period of implantation in child patients’ bodies was 7,
13, 18, and 31 days, respectively. As can be seen in Figs. 2,
3,4 and 5, the kidney stone was deposited on the outer and
inner surfaces of each analysed ureteral stent. Representative
scanning electron micrographs of a ureteral stent (Fig. 2)
confirmed the encrustations and biofilm formation after
post-URS-L implantation for 7 days. SEM imaging indi-
cated thick crystal-containing layers in distal section of the
DJ stents, confirmed in the literature as the weddellite, fre-
quently in a tetragonal dipyramidal shape (calcium oxalate
dihydrate, CaC,0, - 2H,0) [33]. Moreover, the side hole
located in the distal section of the DJ stents was completely
filled by calcium oxalate film. Each site of the middle part
of the DJ stent was covered by a thin, compact layer of post-
URS-L encrustation. The proximal inner part of the DJ stent
showed NaCl dendrites starting and growing from the sur-
face irregularities. The dendritic growth is the first stage of
NaCl crystal formation. When urea reaches the dendrite, it
forms a square crystallite whose size depends on the size of
the liquid blob. Crystal growth is initiated in their corners
causing their further linear attachment at a right angle. This
network of branches with an intricate rectangular pattern
has been shown to be multi-fractal [34]. The most extensive
agglomeration observed during the seventh day of implanta-
tion could be the result of cleaning the kidney of post-URS-
L residues. This is a crucial moment in blockage of the DJ
stents. If the diameter of the DJ stent is to large, the flow rate
is too low, which extends the contact time of post-URS-L
fragments with the surface of the DJ stent, resulting in its
blockage.

After 13 day implantation of the double-J ureteral stent
(Fig. 3), the post-URS-L fragments were deposited in each
fragment of the inner part of the stents. However, the proxi-
mal part showed greater affinity. It can be observed that the
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Fig. 1 SEM micrographs of brand new double-J ureteral stents
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Fig.2 SEM images of a ureteral stent implanted during 7 days, where: a is the proximal, b is the middle, and c is the distal part of the stent

outer surface was more covered by the crystals, which form
the compact layer that cracks during sample preparation.
If the diameter of the DJ stent has been chosen correctly,
the extension of implantation time results in a continuous
increasing of the thickness of the multi-layer on the inner
side of the proximal part of the stent.

Extension of implantation time to 18 days (Fig. 3)
resulted in increasing the amount of crystals (fragments of
kidney stones) in the proximal inner part of the double-J
ureteral stent, almost closing it. It can been observed that
crystals of calcium oxalate are located primarily in the inner
side, and embedded also on the holes in the middle of the
DJ stent. The outer, distal part was completely covered by
a uniform layer of kidney stone fragments, which formed a
multi-layered structure.

@ Springer

Analysis of the DJ stent implanted during 31 days (Fig. 4)
confirmed that the deposition of calcium oxalate formed a
uniform layer on the whole surface of the ureteral stent, on
both the inner and outer sides. Extension of implantation
time resulted in the formation of a compact layer, leading
to pain and a difficult removal. After 31-day implantation, it
can be seen that the outer (Fig. 5) side is completely covered
by small calculi, growing on one another.

Among the clinical problems related to using the dou-
ble-J ureteral stent, major complications, such as encrusta-
tion, vesicoureterical reflux, urinary infection, migration,
stent fracture, ureteroarterial fistula, and necrosis, are dis-
tinguished [36]. Furthermore, the ureteral stent patency,
defined as seeing flow from the distal end of the stent
in the urinary bladder or iodinated contrast in the renal
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Fig.3 SEM images of a ureteral stent implanted during 13 days, where: a is the proximal, b is the middle, and c is the distal parts of the stent

pelvis, is difficult to assess [37]. Hitherto, the investiga-
tion on flow and encrustation of ureteral stents pointed
out that long-term stent use is associated with infection
and precipitation of salts from the urine, which can lead
to a build-up of crystalline deposits on the stent surface,
making stent removal difficult and painful. This hypothesis
was confirmed and extended by this study.

Performed EDS study (Table 1) showed that the inner
and outer surfaces of the ureteral catheter were covered
and deposited with the crystals of urea and, more impor-
tantly, also by the post URS-L fragments. Such a distribu-
tion of film components suggests that the blockage of the
ureteral stent is due to not only large kidney stones but
also to a continuous flow of small calculi growing on one
another.

Additionally, a performed analysis showed that the region
of ureteral stents most susceptible to crystal, calculi, and
biofilm deposition was distal and proximal parts (Figs. 2,
3, 4 and 5). This is extremely dangerous due to the risk of
biofilm formation in this region as well as urinary infection.
Performed results indicate the necessity to use antibacte-
rial and anticoagulation coatings in the distal and proximal
pigtail of DJ stents [35]. Additional in-depth microscopic
analysis of ureteral stents after implantation (Fig. 7) con-
firmed the above-mentioned conclusions. The surface of
the DJ stents made of silicone-modified styrene/ethylene/
butylene block copolymer was covered with a more complex
multi-layer consisting mostly of dentritic (Fig. 7a) and pre-
cipitated crystals of NaCl (Fig. 6b), post-URS-L fragments
(calcium oxalate stone in a tetragonal dipyramidal shape

@ Springer
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Fig.4 SEM images of a ureteral stent implanted during 18 days, where: a is the proximal, b is the middle, and c is the distal parts of the stent

Fig. 6¢). The bulk of the encrustations appeared to consist
of crystals or fibrous organic deposits (Fig. 7a—c). Imaging
revealed that only a few samples exhibited visible bacteria,
likely to include Streptococcus anginosus or Anaerococcus
tetradius (Fig. 7d) and Lactobacillus jensenii (Fig. 7e) [33].

Prevention of stone-crystal-layer formation on DJ stents
is also extremely important due to the resultant increased
pressure in the blocked stent, causing a reflux (retrograde
flow of urine from the bladder to the kidney), which may
result in infections, scarring, and even renal failure [38].
Moreover, the build-up of deposits on the stent surface
influences the stent’s mechanical strength, which results in
increasing stiffness and greater susceptibility to cracks and
fracture. The mechanical properties of unused stents and
stents retrieved from patients following insertion from 7 to
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31 days, all containing side-drainage holes are presented in
Fig. 7. The Young’s modulus (E) was calculated for each
DIJ stent using the engineering stress, which assumes no
changes in the cross-sectional area. The DJ stent before
implantation was the stiffest (£ = 14464120 kPa), and
the DJ stent implanted for 31 days was the least stiff (£
= 1064+90 kPa). These results are consistent with sev-
eral studies to date [26, 39, 40]. Whereas highly elastic
and flexible materials may be more likely to kink or bend
in vivo, more rigid materials could cause severe bladder
urgency and haematuria or fracture during long-term stent-
ing [41]. In general, there was no significant change in
ultimate force of DJ stents following implantation during
7 days in comparison to 31 days. Increased implantation
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Fig.5 SEM images of a ureteral stent implanted during 31 days, where: a is the proximal, b is the middle, and ¢ is the distal parts of the stent

Table 1 The results of EDS analysis of outer, proximal part of DJ
ureteral stent, implanted in children body during 13 days

EDS Spectrum Element Weight [%]

Specnun 2 C 54.15 +2.34
(6] 19.87 + 1.74
Na 10.80 + 1.23
Cl 9.63 + 1.88
Ca 4.56 +0.52

time caused an increase in Young’s modulus, indicating
that decreased stent rigidity had occurred.

Conclusion

Analysis of surface morphologies of double-J ureteral stents
implanted after utilizing ureterorenoscopic-lithotripsy pro-
cedure to treat calcium oxalate for 7-31 days indicated that
crystalline and calculi deposition was observed even 7 days
after implantation in children patients. The stone-crystal
layer was formed both on the outer and inner sides of the
ureteral stents. However, the distal and proximal parts of
stent are the most susceptible for post URS-L fragments and
urea salt deposition. Residues deposited on the surface form
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Fig.6 SEM micrographs of
ureteral stent encrustations

and biofilms, where: a NaCl
dendrimer; b NaCl crystals and
calcium carbonate particles, ¢
calcium oxalate dihydrate, d S.
anginosus or A. tetradius, and e
L. jensenii

Fig.7 The effects of implanta-
tion time in vitro on the Young’s
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block copolymer ureteral stents é’ 1200
(containing side-drainage holes) % 1000
= 800
"~ 600
2 400
2 200
0

0 7

Implantation time [days]

a homogeneous multi-layer, which close the lumen of the DJ
stents and significantly affect the flow of urine. Mechani-
cal tests indicate that insertion of DJ stents results in slight
decrease of Young’s modulus; however, it cannot be the rea-
son of ureteral stent cracking. The surfaces of the ureteral
stents need improvement to minimize salt and kidney stone
deposition, causing pre-biofilm formation, as well as the
occurrence of defects and cracks. Performed analysis con-
firms the bacteria adsorption on ureteral stent and its contri-
bution to the encrustations, despite the low bacterial load in
urinary tract sample. Performed analysis pointed to the need
to use an antibacterial coating in the above-mentioned part
of the ureteral stent to prolong its usage time and to prevent
urinary tract infection.
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