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Abstract

In this work, unidirectional valves made of bare polydimethylsiloxane (PDMS) and

PDMS provided with a micrometric diamond-like carbon (DLC) coating were fabri-

cated and characterized, in terms of surface properties and opening pressure. The

valve performance was also tested over 1250 repeated cycles of opening/closure in

water, finding a slight decrease in the opening pressure after such cycles (10%) for

the PDMS valves, while almost no variation for the PDMS + DLC ones. The valves

were then immersed in urine for 126 days, evaluating the formation of encrustations

and the trend of the opening pressure over time. Results showed that PDMS valves

were featured by a thin layer of encrustations after 126 days, but the overall encrus-

tation level was much smaller than the one shown by PDMS in static conditions.

Furthermore, the opening pressure was almost not affected by such a thin layer of

crystals. DLC-coated valves showed even less encrustations at the same time-point,

with no significant loss of performance over time, although they were featured by a

higher variability. These results suggest that most encrustations can be removed by

the mechanical action of the valve during daily openings/closures. Such a self-

cleaning behavior with respect to a static condition opens exciting scenarios for the

long-term functionality of mobile devices operating in the urinary environment.
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1 | INTRODUCTION

Urinary incontinence (UI) is a frustrating and embarrassing condition

that has a profound influence on patients' quality of life as well as on

health care costs.1 The number of people who experience UI world-

wide significantly increased in recent years, rising from 348 to 386 mil-

lion between 2008 and 20132 and overcoming 400 million in 2017.3

The related costs are enormous: The global incontinence care

products and devices' market was valued at US$ 9,861.3 million in

2014 and at US$ 13,747.7 million in 2019, with a CAGR of 6.9% from

2015 to 2019.4Depending on the severity level, different solutions

have been adopted to face UI.5 Recently, especially for severe stress

UI, artificial urinary sphincters (AUS) proved to be promising solutions.

AUS can be classified in extra-urethral and endo-urethral ones.
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The extra-urethral AUS constitute the most common solution

commercially available at present. In particular, the AMS 800 (Boston

Scientific) represents the gold standard. This device is installed around

the urethra through an invasive surgical operation and restores conti-

nence by circumferentially compressing it.6,7

On the other hand, endo-urethral AUS consist of miniaturized

devices, featured by significantly smaller invasiveness, placed inside

the urethral canal by an endo-luminal procedure with standard urinary

tools under local or total anesthesia or by self-insertion by the patient.

Only a few endo-urethral solutions are currently on the market, such

as the Reliance System (UroMed Inc.)8 and the FemSoft Insert

(Rochester Medical Corp.).9

Recently, the authors proposed an innovative endo-urethral

AUS based on a unidirectional polymeric valve and a magnetic acti-

vation/deactivation system.10 Such a device can be inserted/

removed in a minimally invasive fashion such that it does not alter

the body scheme and can be applied to both women and men.

Bench tests and ex vivo tests on a human cadaver demonstrated

that the device was able to restore continence and to allow urina-

tion when desired. However, efficient long-term functionality after

implantation in patients still has to be demonstrated. One of the

most critical risks affecting endo-urethral AUS is related to their

permanence in a rather hostile environment, being in continuous

contact with the urine. Encrustations and infections, indeed, still

represent an open issue for medical devices to be employed in the

urinary system: Urine alters the device properties and functional-

ity, raising the need for frequent replacements.11 Regarding the

AUS reported in Reference 10, the main component subjected to a

risk of functional failure due to encrustations is the polymeric

valve, made of polydimethylsiloxane (PDMS).12 Anyhow, there are

many other endo-urethral devices based on silicone.9 Thus,

assessing the functionality over time of silicone components (the

PDMS valve in this case) would provide important hints on the

possible long-term stability of these devices in the urinary system.

Cardona et al. investigated the behavior of PDMS samples in

terms of formation of encrustations, also testing the effect of urine-

resistant coatings (nanostructured diamond-like carbon [DLC], MoS2

nanoparticles, and WS2 nanoparticles) in comparison with the bare

polymer.13 However, in this study, the materials were maintained in

static conditions (without opening the valve) for 4 weeks. At present,

no studies focused on the dynamic performance (in terms of opening

pressure, which is critical for guaranteeing AUS function) of polymeric

valves after several weeks of contact with the urine. To fill this gap,

this study compares the performance of bare PDMS and DLC-coated

unidirectional valves for AUS, both in terms of fatigue behavior and

opening pressure, over 126 days of immersion in different types of

urine with daily openings. We hypothesize that such a dynamic condi-

tion (the periodic opening of the valve and the flow of urine through

it) prevents the risk that encrustations block the valve, hampering its

functionality.

In this work, we demonstrated that PDMS-based valves,

whose constitutive material typically undergoes massive encrustation

after a few weeks, in both sterile and urease-enriched urine,13 have

unchanged performance over time, in terms of opening pressure. The

polymeric valves made of such a material, in this study, outperformed

even the long-term indwelling catheters (that after 12 weeks fail),

demonstrating that the periodical mechanical opening of the valve

(multiple times per day) is effective in “resetting” the chain of events

that bring from the first small crystalline deposit to the large struvite,

apatite, or calcium oxalate crystals, not giving them the time they

need to form. Being fully effective over 4 months, it is reasonable

assuming that this “mechanically induced progression-breaking effect”
of urinary encrustations would be maintained in the following months,

suggesting long-term stability of the device over several months/

years.

2 | RESULTS

2.1 | Fabrication and surface characterization

Polymeric PDMS valves were successfully fabricated through a

molding procedure (Figure 1A). Some valves were then coated with

DLC (Figure 1B). In fact, DLC has been recently proposed as a coat-

ing for urinary stents, especially those made of polyurethane,14,15

for reducing crystalline fouling.16 It is thus interesting to verify its

behavior in dynamic conditions, with respect to the bare PDMS.

Plasma-enhanced chemical vapor deposition (PE-CVD; T < 180�C)

was first used to deposit a first soft DLC layer (with a relatively low

number of sp3 bonds), aimed at improving the adhesion on PDMS

substrates. Such a layer had a thickness of �50 nm. On top of it, a

hard-DLC layer (with a higher number of sp3 bonds, to guarantee

chemical inertia) was fabricated using the same technique. The

thickness of the second layer was �50 nm too. Such a double-layer

structure avoided an abrupt transition of elastic modulus between

the substrate and the coating, thus preventing the formation of

cracks that could compromise the long-term resistance to urine. The

coating of DLC layer was performed by NCD Technologies Inc.17

PDMS and PDMS+DLC valves were then characterized in terms

of contact angle (Figure 1C,D), surface morphology (Figure 1E), and

roughness (Figure 1F). Opening pressure was also evaluated through a

custom setup (Figure 1G). The opening pressure, indeed, is a crucial

property of unidirectional valve that determines their functionality:

An alteration of the opening pressure implies that the artificial sphinc-

ter is activated (and the patient urinates) at a different intravesical

pressure.

Results showed a hydrophobic behavior of both valve types (con-

tact angle values were θPDMS = 119.0 ± 0.2�; θDLC = 108 ± 3�). Opti-

cal profilometric analyses revealed a rather flat surface for both valve

types, with a peculiar microstructure in the case of DLC-coated valves

(Figure S1). The surface roughness values were respectively equal to

RPDMS ffi 0.8 ± 0.4 μm and RDLC ffi 2.7 ± 0.9 μm. The valve opening

pressures were measured through the setup shown in Figure 1G

(more details are reported in Section 4). Results (Figure 1H)

showed that the initial opening pressure values resulted different:

Popening,PDMS = 4.2 ± 0.1 kPa; Popening,DLC = 5.5 ± 0.7 kPa.
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2.2 | Fatigue tests

Fatigue tests were performed through the setup shown in Figure 1H.

These tests allowed to evaluate the capability of the valves to keep

their performances over time and to check the adhesion and the sta-

bility of the DLC coating after repeated opening cycles. The valves

(three samples for each type) were subjected to 1350 cycles of open-

ing/closure, corresponding to a simulated lifetime of 9 months

(assuming five urinations per day), by flowing 200 ml of water at each

cycle and measuring the valve opening pressure. Results are shown in

Figure 2. The trend of the valve opening pressures shows that the

performance remains almost unvaried over time in both cases: The

valves in PDMS showed a slight decrease in the opening pressure

value, which presented a loss of �0.56 kPa (corresponding to 12%) in

the simulated 9 months, while the vale in PDMS + DLC showed: (i) a

slight increment of the opening pressure corresponding to 11% and

(ii) a significant reduction of the deviation standard corresponding to

44%. The performances recorded in terms of opening pressure at

Cycle 1 and Cycle 270 for each valve (PDMS and PDMS + DLC) did

not show statistically significant differences (Figure 2C).

The surface of the different valves was qualitatively analyzed

through optical profilometry and scanning electron microscopy (SEM;

F IGURE 1 Fabrication and testing of the valves. (A) Scheme of fabrication for the PDMS valves. (B) Scheme of the procedure used to provide
PDMS valves with a DLC coating (blue is PDMS, yellow is DLC coating). The two types of valves have been characterized in terms of contact
angles (C) and (D), surface morphology and roughness (E) and (F), and opening pressure (G), through a custom setup shown in (H). DLC, Diamond-
like carbon; PDMS, polydimethylsiloxane
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Figure 3). The PDMS surface showed no visible alterations after 1350

stress cycles, with respect to the non-stressed samples. As regard the

PDMS + DLC valves, they were featured, in the initial state, by a uni-

form coverage of the substrate, characterized by small cracks running

along the entire valve surface. Following the fatigue test, the initial

cracks become deeper and more evident. The roughness values pas-

sed from RDLC = 2.73 ± 0.9 μm to RDLC_fatigue = 5.23 ± 3.2 μm. The

DLC layer appeared, in certain points, slightly exfoliated. However,

overall, it still covered mostly the substrate surface. Therefore, the

DLC coating resulted in capable of resisting valve movements.

2.3 | Behavior after immersion in urine

This experiment aimed at evaluating the resistance of the PDMS and

PDMS + DLC valves to the formation of urinary encrustations and

their performance (in terms of opening pressure) over time in urine

when the valves were opened five times per day with the setup

shown in Figure 1H by flowing 200 ml of water through the valve.

This mimicked the urination frequency of a standard subject. The val-

ves were incubated for 16 weeks (with experimental time-points at

2 and 8 weeks, for SEM imaging) in artificial urine solutions. Because

the urine parameters such as pH and protein content are subjected to

a considerable variability depending on the subject and his/her overall

conditions, three different urine solutions were considered. This

allowed testing standard as well as altered precipitation conditions in

which the encrustations are more favored.13,18 The used formulations

were (i) sterile artificial urine (Sterile); (ii) artificial urine with the addi-

tion of the urease enzyme, to simulate the presence of a bacterial

infection (Urease); and (iii) artificial urine with the addition of the ure-

ase enzyme and the albumin protein (Albumin) to evaluate the role of

the protein component in the encrustation process.

Figure 4 shows the surface morphology obtained through SEM

images of the different sample types for each time-point of immersion

in the different urine formulations and kept under continuous

mechanical agitation at 37�C. In “Sterile” urine, even after 8 and

16 weeks, the presence of encrustations on the PDMS valves are

rather scarce, while more encrustations were formed on valves

immersed in “Urease” urine and in “Albumin” urine. However, such

encrustations constituted a thin layer, without the formation of large

brushite or struvite crystals. The valves provided with the DLC coating

showed a similar behavior, but with even less crystals formed on top

of them, showing more pronounced antifouling characteristics

(Figure 5).

The analysis of the opening pressures over time showed that, for

the PDMS valves, the overall functionality remained good in the con-

sidered time period: The opening pressure remained in fact below

6 kPa, which is the threshold for a suitable operation of an endo-

urethral artificial sphincter, in the three urine types, despite the thin

layer of encrustations on the valve surface (Figure 6A). In the “Sterile”
conditions, the opening pressure decreased over time of 0.6 kPa

corresponding to a reduction of 16%. In the “Urease” condition, the

opening pressure decreased by 2%. However, in the “Albumin” condi-
tion, the valve rigidity increased but, as mentioned, keeping its perfor-

mance below the 6 kPa threshold. The average percentage variation

in the opening pressure was 20%.

As regard the PDMS + DLC valves, the opening pressure in

the “Sterile” condition showed a slight increase equal to 5% while

in the “Urease” condition it decreased by 6%. In the “Albumin”
condition, the opening pressure increased by 12%. Analyzing the

average performance in terms of opening pressure of the PDMS

valves and those coated with DLC, statistically significant differ-

ences were not found at Day 1. However, during the immersion

test, statistically significant differences appeared between the two

valve types, at Day 63 and Day 126, regardless of the type of urine

(Figure 7A). No statistically significant differences were found in

the performance of each type of valve over the three time-points

(Figure 7B).
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F IGURE 2 Fatigue test: opening pressure versus time for PDMS valves (a) and PDMS + DLC valve (b). (c) Shows a parametric comparative
analysis Normality tests (D'Agostino-Pearson) were performed on all experimental data to assess the data distribution, obtaining not normal data.
Results were expressed as mean ± SD. Data analysis performed by applying the Kruskal–Wallis with Dunn's post hoc tests were adopted for
multiple comparisons. Statistical analyses were carried out using GraphPad Prism (v 8.0.2). DLC, Diamond-like carbon; PDMS,
polydimethylsiloxane. The significance threshold was set at 5% (*p < .05)
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3 | DISCUSSION AND CONCLUSIONS

The functionalization procedure used to apply the DLC coating on the

PDMS valve altered the surface properties of the material as follows:

(i) the contact angle varied from 119.0 ± 0.2� to 108 ± 3� (Figure 1C,

D, (ii) the surface roughness changed from 0.8 ± 0.4 μm to

2.7 ± 0.9 μm (Figure 1E,F, and (iii) the initial opening pressure did not

change (Figure 1H), but the valves provided with a DLC coating

showed higher variability in terms of opening pressure during the

4-month fatigue cycles compared to bare PDMS valves, which how-

ever was reduced in the time due to elimination of the DLC coating.

The slight decrease in contact angle values due to the DLC coat-

ing confirms previous findings.13 Differently, the marked increase in

surface roughness values does not reflect the results obtained in

previous studies.19,20 This can be due to the deposition method and

the parameters used for depositing the DLC layer, which were slightly

different from previous reports. Interestingly, the additional rigid DLC

layer had no influence on the initial valve opening dynamics. The coat-

ing was stable even after numerous fatigue cycles, but presented a

small degree of exfoliation and cracking, which in turn increased the

average roughness of the surface reaching a value of 5.23 ± 3.2 μm.

This is probably the reason for the higher variability in terms of open-

ing pressure during the 4-month fatigue cycles, for the PDMS + DLC

valves. DLC coatings have been proposed in the cardiovascular field

and claimed as possible functional coatings to improve the

hemocompatibility of cardiac and aortic valves.20-23 Such coatings did

not interfere with the opening performance of the valves; however,

the opening dynamics of cardiac/aortic valves are very different from

F IGURE 3 Fatigue test: SEM images. Comparison between PDMS and PDMS + DLC valves before and after continuous working cycles in
water. Here, a zoom view of the valves in the center (right, different zooms) and in the peripheral area (left) is reported. DLC, Diamond-like
carbon; PDMS, polydimethylsiloxane; SEM, scanning electron microscopy
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F IGURE 4 Urine test: SEM images (a zoom and image in the opening part). First, second, and third time-points (2, 8, and 16 weeks) for PDMS
in three types of artificial urine solutions: sterile (left), infected (middle), and infected + albumin (right). DLC, Diamond-like carbon; PDMS,
polydimethylsiloxane; SEM, scanning electron microscopy

F IGURE 5 Urine test: SEM images. First, second, and third time-points (2, 8, and 16 weeks) for PDMS + DLC valves in three types of
artificial urine solutions: sterile (left), infected (middle), and infected + albumin (right). DLC, Diamond-like carbon; PDMS, polydimethylsiloxane;
SEM, scanning electron microscopy
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the one featuring the polymeric valve proposed in this study and

usable in artificial sphincters. Also, the long-term stability of DLC

coatings was assessed in previous studies,24 but in very different con-

ditions (without any deformation of the polymeric structure below

them). To the best of our knowledge, the results shown in this article

demonstrate, for the first time, the role of a DLC coating in the open-

ing performance of a polymeric valve with features suitable for appli-

cation as a component of artificial sphincters, thus providing useful

information to this purpose.

The valves were then tested in terms of resistance to urinary

encrustations. Encrustations are solid elements that form due to salt

saturation in aqueous solutions. Through the generation of a first

crystalline nucleus, a cascade mechanism is activated, progressively

facilitating the growth of new crystallization nuclei that lead to urinary

concretions.25 Crystallization pathways can happen without or in the

presence of bacteria, giving rise, respectively, to sterile or bacteria-

dependent crystallization.26 Sterile crystallization depends on the sur-

face properties of materials in contact with urinary fluids: Large

roughness, surface defects, high surface energy, and other features

promote the nucleation process.27 Instead, in the case of bacteria-

dependent crystallization, a pH variation is induced by urease-

producing bacteria (e.g., Proteus mirabilis): This causes a decrease in

solubility of the urine salts, which leads to an increase in the crystal

precipitation.28 Furthermore, bacterial infections lead to the formation

of biofilms on surfaces. These are characterized by defects that

increase the surface roughness offering an optimal condition for

nucleation and growth of urinary fouling.11,18

In order to reduce encrustations and infections, various solutions

have been considered.29-39 However, these solutions are not suitable

for long-term applications (over several months/years): In the first

case, the bactericidal coatings are able to act for only a limited period

of time, linked to inevitable depletion of the used agent, and in the

second case, the used antibiofouling coatings are normally featured

by a rather weak adsorption affinity to the substrate resulting in a low

stability.40 Thus, the search for the “optimal coating” is still an open

issue in the state-of-the-art of urinary devices. However, this con-

cerns static devices. No hints are available on the dynamics of encrus-

tations and their role in modulating the performance (in terms of

opening pressure) of dynamically moving urinary devices.

We found that, after 126 days of immersion in urine, PDMS

showed some encrustations. However, they constituted only a rather

thin layer of the polymer surface, without the formation of large

brushite and wurtzite aggregates that were already documented on

PDMS after 28 days of immersion.13 Furthermore, the performances

(a)

(b)

F IGURE 6 Urine test. Opening pressure versus time for (A) PDMS valves and (B) PDMS + DLC valves immersed in three types of artificial
urine solutions: sterile (left), infected (middle), and infected + albumin (right). For each types of artificial urine, six valves in PDMS and six valves in
PDMS + DLC were immersed for 126 days and tested five times per day with the setup shown in Figure 1H by flowing 200 ml of water. The
blue points are the experimental data, the purple and the cyan lines, respectively, show the linear fitting of the maximum and the minimum value
of the experimental data recorded each day while the blue line shows the linear fitting of the experimental data. DLC, Diamond-like carbon;
PDMS, polydimethylsiloxane
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(a)

(b)

F IGURE 7 Comparative analysis: (A) Comparison between the two valve types (PDMS and PDMS + DLC) in the three urine formulations
(“Sterile”, “Infected,” and “Infected + albumin”) at three time-points at the bottom of (A) an overview table is shown in order to simplify the reading

of the comparative analysis: The yellow box highlights the comparative analysis results between PDMS + DLC valves while the blue one highlights
the comparative analysis results between the PDMS valves; (B) comparison at three time-points of single valve types immersed into the respective
urine formulation. Normality tests (Shapiro–Wilk) were performed on all experimental data to assess the data distribution, resulting in non-normal
ones. Results were expressed as median and 5–95 percentiles. Kruskal–Wallis with Dunn's post hoc tests were adopted for sample comparisons.
Statistical analyses were carried out using GraphPad Prism (v 8.0.2). DLC, Diamond-like carbon; PDMS, polydimethylsiloxane. The significance
threshold was set at 5% (*p < .05)
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(opening pressure) remained almost unvaried over time. DLC coatings

also guaranteed a low level of encrustations and constant perfor-

mance over time, although with a higher variability between samples.

Our results shed new light in the field of urinary devices based on

moving polymeric elements. In fact, the performance invariance of the

polymeric valves suggests a self-cleaning behavior due to the daily open-

ing: Most encrustations that form in the previous 24 h are probably

removed by the mechanical action of the valve, whose leaflets shift

down and the flux of urine cleans the surface, before the valve closes

again. This marks a crucial difference with a stationary condition (with

no valve opening), in which crystals with dimensions greater than

0.1 mm and organized in several layers form in less than 1 month

(Figure S2). Results also highlighted that the formation of encrustations

can be further reduced with a DLC coating. However, the valves pro-

vided with such a coating showed a higher variability in the opening

pressure. Thus, a polymeric valve made of PDMS, even with no coatings,

can be considered a suitable solution guaranteeing long-term functional-

ity in the urinary system, if it is opened at least once per day. This condi-

tion is a conservative one, considering endo-urethral AUS as a possible

clinical application. In fact, the typical urination frequency is five times

per day, which would make the self-cleaning effect even more effective.

The results reported in this article can be useful not only for endo-

urethral AUS, but also for the design of other devices placed in the uri-

nary system and in contact with urine (thus subjected to encrustations),

based on movable elements (e.g., artificial bladders, flexible catheters).

4 | EXPERIMENTAL SECTION

4.1 | Fabrication of valves and coating

Polymeric valves were fabricated by exploiting dedicated molds. The

molds were composed of three parts, provided with through holes,

needed for aligning the parts, and closing the mold. To achieve the die

cut on the valve surface, a proper frame (designed to constrain the poly-

meric valve) and a custom blade were used. Both cutting frame and

molds were fabricated in INOX AISI 316 L by Ognibene srl (Bologna,

Italy). The valve fabrication process was based on the following steps:

(1) PDMS preparation: Monomer and curing agent were mixed with a

20:1 ratio, then the mixture was degassed for 20 min in a vacuum

chamber; (2) PDMS casting: Once the mixture was well degassed, it was

casted into the mold; (3) polymerization: After PDMS casting, the mold

was closed and thermally treated at 70�C for 2 h, to allow full-valve

polymerization; and (4) valve extraction and cutting: The mold was

opened and the polymeric valve was removed. It was then subjected to

die-cutting by the dedicated frame and custom blade.

PE-CVD (T < 180�C) was first used to deposit a first soft DLC layer

(with a relatively low number of sp3 bonds), aimed at improving the

adhesion on PDMS substrates. Such a layer had a thickness of

�0.05 μm. On top of this, a hard-DLC layer (with a higher number of

sp3 bonds, to guarantee chemical inertia) was fabricated using the same

technique. The thickness of the second layer was also �0.05 μm. Such

a double-layer structure avoided an abrupt transition of elastic modulus

between the substrate and the coating, thus preventing the formation

of cracks that could compromise the long-term resistance to urine.

4.2 | Surface characterization

Contact angle measurements were carried out by means of an optical

tensiometer (Attension, Biolin Scientific) using the sessile drop tech-

nique; 5 μl water droplets were deposited on PDMS and PDMS +

DLC samples prior to image acquisition. Three independent samples

were analyzed for each sample type. For each sample, measures were

done in three different areas.

To assess surface roughness, a DCM 3D optical profilometer

(Leica, Wetzlar, Germany) was used. The analyzed parameter was Ra

that represents the arithmetic average height parameter defined as

the average absolute deviation of the roughness irregularities from

the mean line. The postprocessing workflow consisted of (i) spatial

median filtering in order to equalize all data due to the roughness

introduced by the waviness components which is defined as “the
irregularities whose spacing is greater than the roughness sampling

length” and to eliminate the noise components and (ii) Gaussian filter-

ing (with a cutoff of 250 μm) to separate the waviness components

from the real-roughness components. All these operations were per-

formed using the Leica Map software.

4.3 | Opening pressure assessment

The valve opening pressures were measured through a custom setup

(Figure 1G). The setup consisted of a fluidic system with continuous rec-

irculation of distilled water thanks to a pump (RS Pro MG2000, RS Com-

ponents Ltd., UK). The setup included a sensing system based on two

pressure sensors (MPXHZ6400A, FreeScale Semiconductor Inc.) and one

flow sensor (FCH-midi-POM, Biotech, Germany), managed by Arduino

DUE (Arduino SRL, Monza, Italy) and a dedicated program developed in

MATLAB environment (MathWorks, Apple Hill Drive, Massachusetts).

4.4 | Fatigue test

Fatigue tests were performed by using the setup shown in Figure 1G.

The valves (six samples for each type) were subjected to 1350 cycles

of opening/closure, corresponding to a lifetime of 9 months, assuming

five urinations per day. At each cycle, 200 ml of water was flushed

through the valve, opening it and measuring the corresponding pres-

sure generated. In addition to the measurements of the opening pres-

sure, the surface morphology was also qualitatively assessed through

optical profilometry (same instrument and parameters described

above) and SEM (ZEISS EVO 10, Carl Zeiss, Oberkochen, Germany).

Samples were analyzed under high vacuum conditions (pressure: 10�5

Pa). The magnifications used for stability tests vary in the range from

350� up to 700� at a voltage of 5 kV. Representative images were

acquired from two different areas of the samples.
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4.5 | Experiments in artificial urine

Three urine formulations were developed to perform encrustation experi-

ments: (i) sterile artificial urine (Sterile); (ii) artificial urine with the addition

of the urease enzyme, to simulate the presence of a bacterial infection

(Urease); and (iii) artificial urine with the addition of the urease enzyme

and the albumin protein (Albumin) to evaluate the role of the protein

component in the encrustation process. Many researchers, in fact, con-

sider albumin to be a catalyst of the encrustation process, as it is the main

component found in the organic matrix of crystals.

The “Sterile” formulation was prepared as reported by Lock.18 All

chemicals were purchased from Sigma-Aldrich (Saint Luis, Missouri),

and distilled water was heated and kept at 37�C. The following

chemicals were then added: 1.70 g/L ammonium phosphate dibasic,

0.24 g/L calcium chloride, 1.50 g/L creatine, 0.50 g/L magnesium

chloride hexahydrate, 2.02 g/L potassium chloride, 2.02 g/L sodium

sulfate, and 0.76 g/L urea. The pH was adjusted to 6 by adding

hydrochloric acid (37 vol/vol %). The solution was filtered through a

0.22-μm poly(ether sulfone) filter (Sartorius) and stored at 4�C to

avoid the spontaneous precipitation of crystals. The “Urease” formu-

lation was obtained by adding urease (3 mg/L) to the “Sterile” one.

The “Albumin” formulation was obtained by adding bovine serum

albumin (13 mg/L) to the “Urease” one.
Twelve PDMS valves and twelve PDMS + DLC valves were

immersed in each of the three types of urine. They were kept under

continuous mechanical agitation at 37�C and were subjected to five

cycles of opening/closing per day by flowing 200 ml of water at each

time. The opening pressures were measured every day during such

opening/closure actions. At certain time-points (2, 8, and 16 weeks),

three samples underwent SEM imaging (and were thus excluded from

the set of samples continuing the immersion in urine). Encrustations

were analyzed through SEM imaging, using the same equipment and

parameters described for the fatigue tests.
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