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Abstract Polyurethane stents are used when there is an
obstruction to the flow of urine. A majority of the patients
with such stents are at the risk of urinary tract infection and
salt encrustation. The present study is aimed at analyzing
the in vitro encrustation of calcium oxalate and other salts
in the presence of common uropathogens (E. coli and
P. mirabilis) on films made from Tecoflex®, a commercial
grade polyurethane. In the absence of uropathogens,
sodium ions and ammonia favor calcium adsorption
whereas magnesium ions greatly depress it, resulting in
increased hydrophillicity of the stent. With E. coli, Mg ions
enhance the encrustation of calcium, whereas the other salts
decrease its deposition. In case of P. mirabilis, irrespective
of the type of salt, it enhances calcium encrustation except
in the presence of sodium ions. Adhesion of uropathogens
to the stent surface was higher in the presence of bovine
serum albumin. Understanding the dynamics between vari-
ous salts and microorganism in the urine, and urine—stent
interface would aid in designing stents that are inert, resist
encrustation and biofilm formation.
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Introduction

Ureteral stent is a narrow hollow plastic tube that runs
inside the ureter between the kidney and the bladder. It aids
the flow of urine and is profoundly used in the treatment of
patients with urological disorders including obstructive
uropathy, ureteric injury, primary or malignant carcinomas,
and radiation or retroperitoneal fibrosis [1]. Long term ure-
teral stenting is hindered by encrustation, biofilm forma-
tion, and stent fracture. Encrustation or formation of crust
develops due to the rapid precipitation of urinary salts with
the increasing alkalinity, and this is attributed to the effect
of urease-producing organism, Proteus mirabilis, resulting
in the blockage of stent lumen. Bacterial colonization
begins with the deposition of protein on the biomaterial sur-
face, ureteral stent does not induce proteinuria; but adsorp-
tion of the host protein to the surface of polymer is an
immediate event after stenting, resulting in conditioning
film formation which provides multiple binding sites for
bacterial adhesion, and in turn this binding proceeds from
an reversible attachment to irreversible adhesion leading to
biofilm formation which contains proteins, glycoprotein,
electrolytes, and others synthesized by the bacteria [2]. Bio-
film is the consequence of adherence and multiplication of
a single bacterium forming the base film, followed by sur-
face film, eventually causing urinary tract infection (UTI)
[3]. The reported rates for bacterial colonization in adults,
in less than a week after stenting ranges from 28 to 90%,
and the rates for UTI range from 7 to 34% [4]. It is hypoth-
esized that increased risks are due to the formation of an
organic layer on the polymer surface, consisting of proteins
which can bind ions, aggregate crystals, and support micro-
bial attachment [5, 6]. Bacterial adhesion is attributed to the
development of a localized gel-like organic medium which
surrounds the bacterial cell; this capsule consists of an
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exopolysaccharide glycocalyx polymer which facilitates
the adhesion of individual bacterial cells to the stent surface
[7]. Many studies have highlighted the presence of an
organic matrix in the calculi, formed by urinary proteins
which aggregate with lipids and polysaccharides, forming
macromolecular templates where salts precipitate [8].

Most widely used biomaterials include silicone, polyure-
thane, and polyurethane-based polymers [9] and they are
not satisfactory owing to the issues stated above. Coating of
antimicrobial agents or hydrogels on the polymer surface
and use of various polymer blends by modifying the sub-
strate polymer are followed in order to enhance the inert
nature of the biomaterial towards encrustation and bacterial
colonization [10]. But all these approaches have proved to
be less effective clinically. Many studies are carried out on
encrustation and bacterial colonization, but there is not
enough studies on the kinetics of encrustation under various
conditions and the interplay between different salts in the
sterile urine and bacterial urine. The present study is aimed
at analyzing the in vitro encrustation of calcium oxalate
(predominant encrustant on ureteral stents) and other salts
on films made from Tecoflex®, commercial grade polyure-
thane which is used for making ureteral stents. Encrustation
in the presence and absence of uropathogens, effect of
encrustation, and conditioning film on the polymer surface
are also analyzed. E. coli and P. mirabilis are the common
uropathogens involved in this study; the former is a com-
mon intestinal pathogen and it colonizes from the bladder
to the kidney and is responsible for the ascending urinary
tract infection. P. mirabilis is of great importance because it
is an urease positive organism, which catalyzes the hydro-
lysis of urea to ammonia and carbon dioxide, thereby
increasing the alkalinity of urine and enhancing the precipi-
tation of inorganic salts [11].

Materials and methods
Chemicals

Calcium chloride, Sodium oxalate, Magnesium sulfate
hepta-hydrate, Ammonium chloride, Urea, Sodium sulfate,
Sodium phosphate, Sodium dihydrogen phosphate, and
Sodium citrate were purchased from Merck, India. Bovine
Serum Albumin (BSA), Nutrient agar and Nutrient broth
were purchased from Himedia, India.

Preparation of polyurethane film
The commercial Tecoflex® polyurethane (PU) stents were
dissolved in 5% (w/v) chloroform for 24 h. 30 ml of this

solution was transferred to a glass petri-dish and was cov-
ered with an inverted funnel and placed in a fume-cupboard
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at room temperature for a period of 24 h during which the
chloroform evaporates, leaving a thin film of PU. The cast
film was incised into 1 x I cm dimension and kept
immersed in 99% ethanol for 24 h before further use [12].

Preparation of salt solution

Various combinations of salt solutions (urea + sodium
hydrogen phosphate; urea + magnesium sulfate heptahy-
drate; urea + ammonium chloride) used as a media are tab-
ulated in Table 1. 10 ml of 0.909 M calcium chloride
solution and 60 ml of 0.05 M sodium oxalate solution were
added to all these combinations. The pH of the solution was
made 6 by adding either 1 N hydrochloric acid or sodium
hydroxide. Artificial urine and salt solutions were sterilized
by a method as reported earlier [13].

Preparation of protein solution

Bovine serum albumin fraction-V was considered as a
model for HSA since it mimics the human serum albumin
with respect to amino acid residues and also shares a func-
tional similarity which is a reflection of their structural sim-
ilarity, sharing 6 antigenic sites. The immunologic
relationship between HSA and BSA is very similar that
there was only 15% cross-reaction between them. More-
over, the non-specific protein-binding property of bovine
albumin makes it an ideal molecule, as a substitute for HSA
to understand the protein—bacterial and protein—polymer
interaction in the urinary environment [14]. 10 mg of BSA
was dissolved in 100 ml of ultra pure water and was steril-
ized before further use.

Bacterial strains and media

Gram negative, E. coli and P. mirabilis strains, for this
study, were purchased from NCIM (National Collection of
Industrial Microorganisms, Pune, India). The strains from
the stock were cultured with nutrient agar and grown with
nutrient broth. Bacteria grown overnight were diluted to
1:10 and grown further under similar conditions for 2 h in
the artificial urine solution. This incubated culture was
plated on nutrient agar plate to determine the initial inocu-
lum dosage [15].

Experimental protocol

1. Encrustation of salts

The kinetics of encrustation of salts on PU film was
assessed in McCartney bottles, with few modifications to a
previously reported method [16]. Around 5 ml of these test
solutions (Table 1) was added to sterile tubes. Three steril-
ized polyurethane films were then dropped into each tube
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Table 1 Composition of vari-

ous solutions used in the current Solution Combination of salts Concentration (g LY
study Solution 1 Urea 1.6
Solution 2 Sodium hydrogen phosphate 6.8
Urea 1.6
Solution 3 Magnesium sulfate hepta hydrate 1.143
Urea 1.6
Solution 4 Ammonium chloride 4.643
Urea 1.6
Solution 5 Artificial urine Equal volume
of solution A and B
Solution A
Calcium chloride dehydrate 1.765
Sodium sulfate 4.862
Magnesium sulfate hepta hydrate 1.143
Ammonium chloride 4.643
Potassium chloride 12.130
Solution B
Sodium hydrogen phosphate- 6.8
monobasic
Sodium hydrogen phosphate 0.869
Tri sodium citrate dehydrate 1.168
Calcium chloride = 0.909 M, Sodium chloride 13.545

disodium oxalate = 0.05 M

under sterile condition. These tubes were incubated in an
orbital shaker at 200 rpm and 37°C for 5 weeks.

2. Encrustation in the presence of E. coli or P. mirabilis
500 pl of 2 h incubated culture of gram-negative E. coli or
P. mirabilis was added to the test tubes containing 5 ml of
the test solution (prepared as mentioned before). Then these
tubes were incubated in shaker at 200 rpm and 37°C for
5 weeks. Experiments were carried out in triplicates. The
amount of salt encrusted, pH, and the amount of microbial
colonies adhered were analyzed on weekly basis [15].

3. Protein adhesion in the presence of E. coli
or P. mirabilis

Protein solution was prepared and sterilized in six conical
flasks which were grouped into three sets. Around five to
six sterile PU films were added into each of the flasks under
sterile conditions. The first set of flasks served as a control.
To the second and third test sets 500 pl of 2 h incubated
culture of E. coli and P. mirabilis were added, respectively.
The experiments were carried out in duplicates. The
amount of protein adhered was measured by Bradford assay
and the number of colony-forming units was measured by
spread plate method [16].

Chemical analysis of encrustation

Films were removed on weekly basis and soaked in 5%
(vol/vol) of hydrochloric acid, sonicated at low frequency

in water to remove the adhered encrustants. The amount of
calcium and magnesium encrusted on the films was deter-
mined with Inductively Coupled Plasma—Optical Emission
Spectrometer (Perkin Elmer-Optima 5300 DV ICP-OES)
[17].

Bacterial adhesion assay

After incubation, each film was transferred to a sterile
eppendorf tube containing 1 ml of saline and was sonicated
in water for 30 s. After a tenfold serial dilution they were
spread on nutrient agar plates. The number of viable bacte-
ria dislodged in saline after sonication was calculated as
colony-forming units (CFU). These values represent the
maximum number of bacteria that are able to adhere to the
film [18, 19], and the average results from multiple read-
ings are reported here.

Contact angle measurements

The surface hydrophobicity and heterogeneity of the films
were determined by measuring the contact angle using a
Kruss Easy drop goniometer (KRUSS, DSA II GmbH,
Germany). A drop of ultra pure water was placed on the
polymer film and the angle formed at the solid-liquid inter-
face was measured on each side, and the mean values were
determined by averaging the measurements on two
independent specimens [20].
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AFM imaging

Surface topography was determined with a scanning probe
atomic force microscope (NANOSURF EASY SCAN 2
AFM VERSION 2) in contact mode. A rectangular silicon
nitride cantilever of 200 pm length and 40 pm width with a
force constant of 3 Nm™' was used for the measurement.

FTIR analysis

Films removed on weekly basis were sonicated to remove
the adherent particles. FT-IR (Bruker Tensor-27) spectra of
the samples were recorded in 400-4,000 cm™' range with
an accuracy of 4 cm™! in the transmittance mode.

Results

ICP analysis gives an insight into the amount of cations
encrusted in the (1) presence and absence of uropathogens
and (2) role of individual salt on its encrustation.
Figures 1 and 2 explain the kinetics of encrustation of cal-
cium with calcium oxalate and artificial urine, respec-
tively, in the presence and absence of E. coli/P. mirabilis.
In the case of artificial urine, the amount encrusted
reached equilibrium by the third week, whereas with the
organisms, the encrustation prolonged (Fig. 2). In the case
of sterile solution 1, encrustation reached equilibrium
only by the fifth week. Figure 3 shows the amount of cal-
cium encrusted from each of the five solutions at the end
of 5 weeks in the presence and absence of E. coli/P. mira-
bilis. With E. coli, calcium encrustation was less in the
case of solutions 2 and 4 and with P. mirabilis it was less
only in solution 2, whereas in case of solutions 3 and 5
both the organisms increased calcium encrustation.
Encrustation also included a significant amount of magne-
sium and phosphorous on the polymer surface. Figures 4
and 5 show the surface density of magnesium and phos-
phorous at the end of fifth week. P. mirabilis also favors
the encrustation of magnesium (Fig. 4). The contact angle
of virgin polymer was 87.6° and after analysis there was a
significant decrease in all the cases (surface became more
hydrophilic). The surface of the film became more hydro-
philic upon encrustation in the absence of organisms than
in their presence (Fig. 6). Protein deposition was higher
with P. mirabilis than with E. coli (Fig. 7). Total protein
reported here includes bovine serum albumin as well as
the extra cellular protein secreted by the microorganisms,
which was higher with P. mirabilis. Adsorption of bovine
serum albumin alone makes the surface hydrophilic but
with an increase in time it turns the surface hydrophobic
whereas E. coli turns the surface more hydrophilic than
P. mirabilis (Fig. 8).
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Fig. 1 Kinetics of encrustation of calcium with solution 1 in the pres-
ence of E. coli and P. mirabilis. Filled diamonds without microorgan-
isms, grey squares with E. coli, filled triangles with P. mirabilis
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Fig. 2 Kinetics of encrustation of calcium with solution 5 in the pres-
ence of E. coli and P. mirabilis. Filled diamonds without microorgan-
isms, grey squares with E. coli, filled triangles with P. mirabilis
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Fig. 3 Calcium encrustation from solution 1-5 at the end of the
fifth week. Open squares without microorganisms, grey squares with
E. coli, filled squares with P. mirabilis
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Fig. 4 Magnesium encrustation from solution 3 and solution 5 at the
end of the fifth week. Open squares without microorganisms, grey
squares with E. coli, filled squares with P. mirabilis
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Fig. 5 Phosphorous encrustation from solution 2 and solution 5 at the

end of the fifth week. Open squares without microorganisms, grey
squares with E. coli, filled squares with P. mirabilis

At the end of fifth week pH of the solutions with
P. mirabilis increased from an initial value of 6 to 12-13
(Fig. 9) and the highest pH range was with solution 5. The
number of bacterial cells adhered per square centimeter of
PU was higher in protein solution (~10'>-10'®) than the
salt solutions which was in the range of 10>-10° (Fig. 10).

Microscopic irregularities on the surface of the film
before and after encrustation were observed with AFM
(Fig. 11). The surface roughness increased on encrustation
from 12 nm (virgin film) to 140 nm (sol: 1 + E. coli) and
330 nm (sol: 1+ P. mirabilis). The average roughness of
the film treated with solution 1 are tabulated in Table 2.

FTIR spectra of all the samples were analyzed in the
range of 1,700-1,750 cm™! for the carbonyl group and
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Fig. 6 Changes in hydrophobicity upon encrustaion in the fifth week.
(—) contact angle of virgin PU (87.6°) (sol 2 without organisms could
not be measured). Open squares without microorganisms, grey
squares with E. coli, filled squares with P. mirabilis
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Fig. 7 Surface density of total protein adhered in the presence of
E. coli and P. mirabilis. Open squares BSA, grey squares BSA +
E. coli, filled squares BSA + P. mirabilis

3,288-3,304 cm™! 1 for the NH and OH groups. No signifi-
cant changes were observed in the spectrum of samples
analyzed, indicating the absence of any chemical reaction
on the surface (Fig. 12).

Discussion
Urine is a complex milieu whose contents influence bacte-
rial adhesion to the biomaterial. Encrustation of ureteral

stents is due to the deposition of (1) organic layer (condi-
tioning film) (2) uropathogens, and (3) salts in the urine.
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Fig. 8 Changes in the hydrophobicity upon BSA and bacterial adhe-
sion. Grey diamonds BSA, grey squares BSA + E. coli, filled triangles
BSA + P. mirabilis
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Fig. 9 Increase in pH with P. mirabilis in the fifth week
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Fig. 10 Adherent bacteria in the fifth week. Grey squares, E. Coli
filled squares, P. mirabilis

Surface properties of the stent, including microscopic irreg-
ularities, hydrophobicity, and its charge affect the quantity
as well as the type of deposition. Calcium oxalate is a com-
mon encrustant because of its poor solubility (0.2 mmol/L).
The rate of encrustation is affected by the concentration of
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C,0, as opposed to the amount of Ca®* ions in the solution
[21]. Salts used in this study are the basic salts of hydroxyl
apatite [22] and struvite [23]. Artificial urine [19] is used to
mimic the in vivo encrustation pattern on stents and the
concentrations of individual salt solutions (sol 1-4) used
are same as that of artificial urine.

The concentration of individual salts encrusted on the
polyurethane film clearly demonstrates that the presence of
sodium ions and ammonia enhances calcium encrustation,
whereas magnesium ions depress calcium adhesion. Mag-
nesium ion is well known for its anticalcification activity
[24] and the current experiment also validates it. Both the
organisms increase calcium encrustation in the presence of
magnesium, whereas the rate of encrustation with other
salts. The increased pattern of encrustation in the presence
of E. coli in sol 1, sol 3, and sol 5 is due its biomineraliza-
tion effect [25]. The negatively charged biomolecules inside
and outside the bacterium interact with the Ca** ions to pro-
vide nucleation sites and act as a modifier to induce nucle-
ation, growth, and aggregation of COM crystals. The CaOx
crystal transforms itself to a stable crystalline form calcium
oxalate monohydrate (COM) from the calcium oxalate
dihydrate (COD) form.

Increased encrustation with magnesium and E. coli is
attributed to the stabilization effect of this ion on E. coli
[26], which leads to its decreased anti-calcification activity.
Formation of struvite stones containing Mg?* ions is due to
the fact that these ions are also governed thermodynami-
cally by their solubility product; exceeding the solubility
product on increased pH range results in the formation of
ion clouds and precipitation of crystals [2]. In the case of
sol 2 the amount of calcium encrusted is higher due to the
salting out effect of the sodium ions present in this solution
[27], whereas effect of these sodium ions are reduced in the
presence of E. coli because these ions regulate the acid
resistance genes namely gadE, gadA, and gadBC which
helps the organisms to survive even at the lowest pH (2)
[28]. The amount of calcium encrusted in the case of sol 4
with E. coli is less when compared to that of P. mirabilis
and without any organism. This could be due to the fact that
ammonia is an essential growth factor for E. coli and is
transported by the organism’s ammonia transport channel
AmtB [29], thereby decreasing its amount. With P. mirabi-
lis, except for sol 2, irrespective of the type of salt, encrus-
tation of calcium was higher. This could be due to the fact
that these swarming cells exhibit high urease activity [30]
which was also seen in the form of increased pH (Fig. 7).
An increased encrustation of calcium was found in sol 4
and sol 5 with P. mirabilis than in the presence of E. coli,
which is attributed to the increased urease activity induced
by citrate ions in the artificial urine (sol 5) [31] and high
concentration of ammonia in case of sol 4, which turns the
solution more alkaline. In the case of sol 2, sodium ion acts
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Fig. 11 a FTIR spectra of NH
region located between 3,288
and 3,304 cm ™! bands b FTIR
spectra of C==0 region located
between 1,700 and 1,750 cm ™
P1-Virgin PU film, P2-sol 4
treated, P3-sol 4 + E. coli
treated, P4-sol 4 + P. mirabilis
treated

Transmittance [%]

—_

P2

P3

Table 2 Roughness of the films after encrustation (5th week solution
1 treated sample)

Mean roughness (nm)

Virgin film 12
Solution 1 + E. coli 140
Solution 1 + P. mirabilis 330

as an inhibitor of the enzyme urease [32] as a result of
which the salting out effect of sodium as well as the urease
activity is reduced. This leads to less encrustation when
compared with the control (without organisms) and with
E. coli. There exists a negative correlation between the
amount of calcium encrusted as a function of time and the
hydrophobicity of the corresponding polyurethane surface
(for sol 1 =-0.98, sol 3 =-0.65, sol 4=-0.96, sol 5:
—0.97) in the absence of micro organisms. This indicates
that as salts deposit the surface turns more hydrophilic.
Hydrophilic E. coli (determined by water contact angle)
adheres to the film, so a decrease in the hydrophobicity of
the polymer surface could be attributed to the number of
bacterial cells adhered (CFU) [33], but there exists a poor
correlation between the CFU adhered and the change in
hydrophobicity of the surface, which could be due to the
fact that encrusted salts affect the polymer surface proper-
ties. Nanoscale roughness facilitates encrustation in two
ways: (1) by providing more active sites for greater reactiv-
ity, and (2) by facilitating stronger adhesion of particles to
the surface [34]. It is also clear from the current study, that
the roughness of the film increases after encrustation which
demonstrates that encrustation leads to rough surfaces. It is
well documented that rough surfaces favor attachment of
microorganisms. The FTIR spectrum revealed no signifi-
cant chemical shift after encrustation, indicating that no
chemical bonds have been formed between the salts and the
base polymer.

Wavenumber cm’’'

1730.4 —
1556.10 —
1275.08

/-

Wavenumber cm’’

The second part of the study deals with the analysis of
simultaneous adhesion of bacteria and bovine serum albu-
min on PU. Deposition of a conditioning film on the surface
of a material is an important event which takes place imme-
diately after implantation. The characteristic of this condi-
tioning film plays a crucial role in the later attachment of
the microorganisms [35]. There are two main factors which
are to be considered while analyzing the surface modifica-
tion due to encrustation and bacterial colonization, namely
(1) the actual nature of the polymer films and (2) the effect
of this polymer on the deposition and composition of the
conditioning film. These in turn affect bacterial colonization
[36].

It is hypothesized that binding of most abundant pro-
teins, namely human serum albumin, tamm horsfal protein,
and ol-micro globulin [37] found in urine form a defense
against infection by binding to these organisms and flush-
ing them out of the urinary tract. But in the current studys, it
is seen that surface density of protein increases with time
and also more in the presence of microorganisms. The
attachment in the presence of P. mirabilis is higher than in
the presence of E. coli. There are studies which report that
higher levels of calcium in urine increases bacterial adhe-
sion to the uroepithelial cells, but their effect on stent is not
clear [38]. Metabolic disorders such as hypercalciuria,
hypocitraturia, hyperuricosuria, or hyperoxaluria acceler-
ates encrustation of implants in a sterile environment [39].
Though encrustations in case of stone formers are higher
when compared to the normal conditions, it could be due to
the fact that excess of calcium ions could mediate adhesion
of microorganisms and encrustation [34]. Although phys-
ico-chemical explanations to elucidate the mechanism
of encrustation or infection-inhibiting materials are not
available, some antibacterial agents serve as a binding
for salts and induce encrustation. Certain antibacterial
agents like heparin, phosphoryl cholin encompass both the
properties, they inhibit bacterial adhesion with strong
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Fig. 12 AFM Image of (a) Virgin film (b) Encrusted fifth week film incubated with sol 1 + E. coli (c) sol 1 + P. mirabilis

electronegativity, with a considerable decrease in encrusta-
tion also [40]. As encrustation and biofilm formation are
patho-biochemically associated, an ideal material is yet to
be explored, but polyurethane and coated polyurethane
materials find wide applications as they give satisfactory
results in short period [10]. The current findings also indi-
cate that surface properties of the polymer are significantly
affected by the surrounding body fluid.

Conclusion

In the sterile urine solution, magnesium ions depress the
encrustation of calcium, whereas sodium ions and ammonia
enhance it. In the case of bacterial urine, encrustation of
calcium was enhanced by magnesium. Calcium precipita-
tion was higher in the presence of ammonia, urea, and ure-
ase. Hydrophobicity of the polymer surface decreases with
encrustation, whereas protein adhesion turns the surface
hydrophilic initially and later hydrophobic which needs
rationalization. The interaction between the biomaterial and
the individual urinary component must be well established
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to devise an ideal surface that resists bacterial adhesion and
encrustation. The above-described methodology is a quick,
efficient, and easy method that can be used to validate any
new biomaterial under in vitro conditions before testing it
on animal models and human trials.
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