1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

HHS Public Access

Author manuscript
Acta Biomater. Author manuscript; available in PMC 2020 January 15.

Published in final edited form as:
Acta Biomater. 2019 January 15; 84: 231-241. doi:10.1016/j.actbio.2018.11.005.

Freeze-Casting Porous Chitosan Ureteral Stents for Improved
Drainage

Kaiyang Yin, Prajan Divakar, Ulrike G.K. Wegst
Thayer School of Engineering, Dartmouth College 14 Engineering Dr., Hanover, NH 03755, USA

Abstract

As a new strategy for improved urinary drainage in parallel to the potential for additional functions
such as drug release and self-removal, highly porous chitosan stents are manufactured by radial,
bi-directional freeze-casting. Inserting the porous stent in a silicone tube to emulate its placement
in the ureter shows that it is shape conforming and remains safely positioned in place, also during
flow tests, including those performed in a peristaltic pump. Cyclic compression tests on fully-
hydrated porous stents reveal high stent resilience and close to full elastic recovery upon
unloading. The drainage performance of the chitosan stent is evaluated, using effective viscosity in
addition to volumetric flow and flux; the porous stent’s performance is compared to that of the
straight portion of a commercial 8 Fr double-J stent which possesses, in its otherwise solid tube
wall, regularly spaced holes along its length. Both the porous and the 8 Fr stent show higher
effective viscosities when tested in the silicone tube. The performance of the porous stent
improves considerably more (47.5%) than that of the 8 Fr stent (30.6%) upon removal from the
tube, illustrating the effectiveness of the radially aligned porosity for drainage. We conclude that
the newly-developed porous chitosan ureteral stent merits further in vitro and in vivo assessment
of its promise as an alternative and complement to currently available medical devices.

Keywords

1.

bi-directional freezing; flow; flux; cyclic loading; radial structure

Introduction

The healthy ureter in an adult is a narrow, muscular tube of 24-30 cm in length and 2-4 mm
in intraluminal diameter [1]. It carries the urine from the kidney to the bladder. Ureteral
stents are tubes that are implanted in the ureter to drain urine from the kidney to the bladder.
Typical indications fall into three categories: i) placement after surgical intervention
performed as treatment of congenital obstructions, surgical reconstruction of the renal pelvis
(pyeloplasty), the treatment of ureteral fistulae [2] or other ureteric repair with the goal to
promote healing of the urothelium and ureteral wall, and, where required, also aiding the
alignment of the ureteral walls, and decrease inflammation [3,4]; ii) placement after ureteric
and kidney stone-related procedures (e.g. nephrolithotomy, nephrolithotripsy), or after
endourological procedures, and iii) placement to maintain long-term patency of a ureter that
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is obstructed by a tumor [3,4]. Over 650,000 ureteral stent procedures are performed
annually in the U.S., mostly utilizing traditional non-degradable, rigid polymeric or metallic
ureteral stents [5].

The ideal ureteral stent, which is yet to be developed: i) can easily be inserted from any
access point, ii) is resistant to migration, iii) possesses optimal flow characteristics, and iv) is
non-refluxing, v) is biocompatible, vi) biodurable/biodegradable (depending on the
indication), vii) resistant to encrustation, viii) radio-opaque/echodense (i.e. easily located
using X-rays or ultrasound), ix) easily replaced, x) well tolerated by the patient (causing
minimal pain and irritation), and xi) cost effective [3,4]. The typical polymeric ureteral stent
currently in clinical use has a stiff and straight central stent region and ends in coils at either
end to hold it in position in the ureters; these coils give rise to the name double-J stent [6].

Ureteral stents are available in a large range of lengths (18 — 32 cm) and diameters (typically
5—8 Fr, 1 Fr = 0.33 mm). Stent length selection depends primarily on the patient’s height.
This is because a patient’s height is a more reliable indicator than a direct ureteric
measurement, particularly, when the ureter is dilated and tortuous [7,8]. In children, a good
predictor of required length is stent length = patient age in years + 10 [9].

Stent diameter selection is less rigorous, with larger diameters being favored over smaller
ones, because they tend to migrate less distally and dislodge less often, while pain and
irritative symptoms are not significantly affected by size. The stent’s size is defined by the
device’s outer diameter. Frequently, stents in the range of 5 Fr to 8 Fr are used both in adults
and children. The dimeter of the stent lumen typically varies from 1.0 mm to 2.0 mm.
Interestingly, recent studies comparing stent sizes from 4.8-14 Fr show that, stent diameter
does not correlate with stent-related voiding symptoms and pain. [10-12]

A hydrophilic surface of stents leads to the formation of a water film that enhances flow for
given lumen and outer diameters [13]. To enhance drainage, and preserve drainage under the
circumstances of stone and adjacent tumor, some stent designs include holes along the
length; these are typically ~1 mm in diameter, spaced 10 mm apart from each other and
rotated by 90° hole-to-hole. The benefits of such side holes in commercial polymeric stents
due to extraluminal flow, which is complementary to intraluminal flow, has been quantified
in both in vivo and in vitro studies, and complemented with numerical simulations [14-18].
These studies also confirmed Poiseuille flow, thus laminar flow, through the long and narrow
lumen of the stent. Additionally, the flow rates through modified stents including those with
a dual-lumen[19] and 3D printed stents [20] have been studied and compared and analyzed
for their drainage performance.

Since flux, which is flow normalized for cross sectional area, is rarely reported, a fair
comparison of drainage between the different stent designs is difficult. Similarly, advantages
and disadvantages of stiffer versus more flexible stent designs require further analysis.
Noteworthy is, however, that an early clinical study comparing stiff and flexible double-J
stents of standard designs revealed that stiffer stents resulted in a higher flow resistance [21].
This is an important finding, because for a constant outer diameter, tube stiffness can be
reduced and intraluminal flow can be increased through a decrease in tube wall thickness,
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while a stiffer material could be used for the stent wall to allow a decrease in stent wall
thickness to achieve the same for a retained overall stent stiffness [14]. Finally, an important
clinical observation with the current indwelling stiff ureteral stent designs is that, after their
placement, the ureter significantly enlarges, enabling significant flow on the stent surface,
and that peristalsis is significantly reduced or stopped entirely [22]. Not yet reported in the
literature are systematic studies concerning the in vivo performance of flexible or “soft”
stents, including their effect on the ureter diameter and peristalsis. Least investigated are
porous ureteral stents: the only report in the literature, to date, is the description of a ureteral
stent manufactured by a bead-templating method [23]. Entirely absent from the literature, to
date, is an analysis and comparison of fluid flow through a porous stent wall with
submillimeter-size pores in comparison to a perforated stent with considerably larger ~1 mm
diameter holes. This is what we explore in this study.

Porous stents offer alternatives and complement existing solid-walled stent options with the
potential for drug release to reduce the pain typically associated with their placement [24—
291, which is highly desirable, since intravesical treatment of such pain frequently has
relatively limited success[30-34]. Similarly, a porous drug eluting stent could find
application for the management of inflammation and short- and long-term cancer therapies.
Additional advantages over existing designs are due to a lower stiffness that results in
excellent shape conformity and frictional properties, which hold the stent in position, thus
without the need of a J-shaped tail, which is known to be the prime cause for patient
irritation [35-37]. Similar benefits are expected thanks to improved flow due to the porous
stent walls, which is known to reduce the risk of reflux [38].

One way of manufacturing porous stents is freeze-casting, the directional solidification of,
most frequently, water-based solutions and slurries followed by lyophilization (freeze
drying), resulting in porous materials with a well-defined, highly aligned pore structure and
associated anisotropic properties [39-43]. Freeze-casting is a cold, chemically benign
process to manufacture porous structures, thus allow several path of incorporating drugs
during the process: freezing in small molecules or capsules, soaking in to decorate the cell
wall materials, and filling the porosities [44]. The pore alignment is determined by the
thermal gradient along which the ice crystals grow. The pore size can be controlled through
material composition and processing conditions, the more basic the pH of the polymer
solution or slurry and the higher the applied cooling rate, the smaller the pores [41,45]. The
pore geometry can be custom-designed through solution or slurry composition and additives,
such as ethanol [45-47]. Combined, pore size, geometry, and alignment determine the
scaffolds’ mechanical and flow properties. Thus, through the careful choice of solution and
slurry composition and processing conditions, stents can be tailor-made for optimized fluid
flow on the one hand and appropriate mechanical properties for both surgical handling and
patient comfort on the other.

Chitosan is the material of choice for this first exploration of a freeze-cast, porous stent
design because it offers additional parameters for the custom-design of scaffold properties:
such as the molecular weight and degree of deacetylation. [48-54] Another advantage is that
it is a naturally antimicrobial [55,56] and biodegradable [57-59] material, properties that
reduce and possibly prevent biofilm formation, preventing stone formation by surface
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degradation, enable controlled drug release and enhance penetration, [60-65] and the self-
removal of the stent [66-68].

We focus in this study on the microstructure, mechanical properties, and flow characteristics
of this newly developed, freeze-cast stent design. Porous chitosan stents were manufactured
by freeze-casting using a bi-directional, radial thermal gradient (Figure 1A) [69,70]. The
stent microstructures were investigated both in the dry and fully hydrated states. Mechanical
properties were evaluated through cyclic loading which mimics the ureter’s peristalsis to
prove that despite the comparatively low stiffness of the stent, which is expected to increase
patient comfort, an open lumen is preserved for urine flow also after severe deformation.
Additionally, demonstrated could be the ability of the stent to self-expand, and that the stent
stays securely in place after implantation.

The flow performance of the freeze-cast porous chitosan stents was tested in comparison
with a standard 8 Fr double-J stent (Universa® Soft Ureteral Stent with Hydrophilic
Coating, Cook Medical, Bloomington, IN, USA) using a custom-designed /n vitro flow
testing apparatus (Figure 1B). The flow characteristics (including volumetric flow, Q, flux,
V/ hydraulic loss, /, etc.) of both stent designs, with and without holes, were analyzed
assuming a Poiseuille flow pattern.

Materials and Methods

Materials and Reagents

All chemical were used as received: chitosan powder (95% degree deacetylation (DD), 150—
350 mPas viscosity for 1% wi/v chitosan in 1% acetic acid at 20 °C, as specified by the
manufacturer Heppe Medical Chitosan GmbH, Germany; acetic acid (Glacial, ACS grade,
EMD Millipore, Burlington, MA, USA); sodium hydroxide (anhydrous, reagent grade), 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and fluorescein sodium
salt (all by Sigma-Aldrich, St. Louis, MO, USA); phosphate buffered saline (PBS,
biotechnology grade) and 200 Proof ethanol (both by VWR, Radnor, PA, USA).

2.2. Stent Manufacture

2.3.

Porous chitosan stents were fabricated by injecting 3.5% w/v chitosan in 1.5% v/v acetic
acid solution into a mold assembly consisting of an outer aluminum cylinder (3 mm inner
diameter; 0.356 mm wall thickness), inner 316 stainless-steel rod (1.5 mm), and custom-
designed plastic holders to center the assembly (Figure 1A). The filled molds were placed in
a —80 °C freezer (Model 5705, VWR, Radnor, PA, USA) for 20 minutes, gently punched
out, and lyophilized for 24 hours (Freezone 6 Plus, Labconco, Kansas City, MO, USA).
Once freeze-dried, the porous stents were immersed in 0.4% v/v saturated sodium hydroxide
solution in 95% ethanol to neutralize the positive charges, followed by a 6-hour wash in
deionized water to remove residual neutralizing solution.

Microscopy

Transverse and longitudinal sections, inner and outer surfaces of the porous stent, and inner
surface of the 8 Fr standard stent were imaged dry and fully hydrated. They were gold
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sputtered with a 10 nm thick coating (Hummer 6.2, Anatech, Hayward, CA, USA) for
imaging with a scanning electron microscope (Tescan Vega3, Brno-Kohoutovice, Czech
Republic). For imaging with a confocal microscope (Nikon A1R, Nikon Instruments Inc.,
Tokyo, Japan) and 10x lens at 488 nm excitation wavelength, the samples were stained in
0.05 mg mL~1 fluorescein sodium salt solution and 0.05 M EDC in PBS for 6 hours at room
temperature, followed by three washes in PBS. The dimensions of the porous chitosan stent,
8 Fr stent, and silicone tube were determined by optical microscopy (M205C, Leica
Microsystems, Wetzlar, Germany). All measurements on images were conducted using
Image J.

2.4. Mechanical Testing

Radial compression testing was performed on an Instron 5498 (Instron, Norwood, MA,
USA) with a 50 N load cell and a displacement rate of 0.2 mm s~1. The porous stent (20 mm
in length) was fully hydrated in PBS for 24 hours before testing. The fully hydrated porous
stent was placed between Teflon coated compression platens; 500 uL PBS were added to
keep the stent fully hydrated throughout the testing. The porous stent was compressed
radially 100 times to a maximum displacement of 2.4 mm (80% of the porous stent
diameter) and unloaded, emulating the regular contractions of peristalsis, which typically
occur every 30 s, in humans [71].

The self-expanding and self-stabilizing tests were conducted in vitro using a 1.5 mm
diameter stainless steel rod as the guide wire and a silicone tube of 2.65 mm inner diameter
to represent the ureter. The porous stent was hydrated and slid into the rod. The water was
gently squeezed out with a paper wipe before placing the rod into the tube. The set up was
then rinsed with water, and the stainless-steel rod was retracted. This positioning method is
analogous to the operative procedure using the clinical double-J stent. The entire process
was recorded by a CCD camera (Edge AM3715TB, Dino-Lite, Taipei, Taiwan).

The friction between the porous chitosan stent and the silicone tube was measured in a
BioPuls bath (Instron, Norwood, MA, USA) on the Instron. To determine the frictional
forces, a porous stent of 60.0 mm length was inserted into the silicone tube for 47.5 mm.
The accessible ends of the chitosan stent and the silicone tube, respectively, were glued into
plastic straws for gripping to avoid stress concentrations and premature failure at the sample
ends. The straws were held in pneumatic grips for testing using a 50 N load cell. Frictional
forces were determined until the porous stent started to slide at a displacement rate of 0.01
mm s~1 with the sample fully immersed in PBS at 37°C.

2.5. Flow Testing

To compare the flow performance of the porous chitosan with that of the standard 8 Fr stent,
both with and without the additional flow paths of pores in the first and side holes in the
latter case, 50 mm long sections of each were slid into a silicone tube of 2.65 mm inner
diameter and 50 mm length. The silicone tube emulated the ureter and offered conformal
contact and minimum strain to the stents positioned inside. Five configurations were tested,
the porous stent and 8 Fr stent with and without silicone tubes, respectively, and the silicone
tube alone (Figure 1B). Serological pipettes (D= 7.99 mm), with the top cut open to the
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atmosphere and bottom trimmed and polished to fit the devices to be tested, were vertically
held with a clamp and stand. For testing, the devices were slid into the bottom of the
serological pipettes (Figure 1B). The junction was first wrapped with a PTFE film to prevent
leakage and additionally sealed by a wider paraffin film to securely connect the silicone tube
with the pipette. The setup was rinsed with PBS, capped with a PTFE film at the bottom, and
filled with PBS to the 270 mm mark, which falls within the typical pressure range of 18-20
cmH-0 in the healthy human kidney. Once the liquid was static, the bottom cap was
removed and the PBS allowed to drain through the respected device. The changes in liquid
level were recorded with a high-speed camera (Flare 4M180-CL, 10 Industry, London,
Canada) at 100 fps. Each device was tested in triplicate.

The energy equation [72] for the liquid column between its top and bottom surfaces of the
tested device (position 1 and position 2 in Figure 1B):

2 2
Py aVy Py Vs
— 4+ 55—+ =—+—F5—+z+h 1
pg 28 VT pg 28 20/
where
4
V]=—Q2 2
D
and
40
V,=—= 3
2 erz

1, oo are the external pressure, i.e. atmosphere pressure in this case, at position 1 and 2,
respectively; V4 and V5 are the flux at each position [m s71]; zand 2 are the height of the
liquid level; a1 and a., are the kinetic energy correction factors; /x is the hydraulic (or
frictional) loss [m]; Qis the volumetric flow rate [mL s™1]; dis the diameter of the lumen of
the tested device (as indicated in in Figure 1B); o= 1.01 g mL™1 is the density of PBS; g =
9.8 m s~ is the gravitational constant.

To confirm laminar flow (/e < 2000) in the tested devices, the maximum Reynolds number
was calculated from the maximum flux V5, max:

_ pVZ, maxd

max u

Re

where = 1.00 cP is the dynamic viscosity of PBS. Applying Hagen-Poiseuille and Darcy-
Weisbach theories for the phenomenological laminar flow and assuming a smooth, circular
cross-section of the lumen, the hydraulic losses that encompass the overall resistance to flow
can be calculated [72]:
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Note that since O*>>@*, only the friction along the tested device, but not the pipette, are
taken into account.
To evaluate the effect of stent wall properties on flow — in contrast to earlier studies in
which friction losses were evaluated after normalization of the lumen diameter, d[73] — we
replaced in Equation 5 the dynamic viscosity ¢ = 1.00 cP with the effective viscosity fesf:
1284, .LQ
hy=——1"= T 6
npgd
From the height of the PBS column, / (Figure 1B), determined from every twentieth frame
(time difference A¢= 0.2 s) using Image J:
—a; 128u, . L
hmsimnp = e Blors ZHL 7
g\ D d zpgd
The corresponding Qwas calculated as:
AV(t) = 4xD*[h(t — A1) — h(t + An)] 8
_AV()
o0 = 24t S
The effective viscosity s was calculated from the expression of Equation (6).
The porous chitosan stent (60.0 mm in length) was slid into 100.0 mm silicone tube. The
entire section of the porous chitosan stent was accommodated in the peristaltic pump (Figure
S1). The pump was running at a moderate speed. The mass of PBS pumped through the
pump was measured. An empty silicone tube was tested as control.
3. Results
3.1. Microstructure

The structural analysis of the dried porous stent by SEM revealed an anisotropic architecture
with multidomain texture (Figure 2A) and highly aligned, preferentially radially oriented
lamellar porosity. The pores closer to the inner and outer stent surfaces were more spherical
than lamellar and had shorter pore axes, s< 25 pum; they were also smaller in size and more
precisely radially aligned than those in the stent wall center, where the structure was more
lamellar and the shorter pore axes ranged from 40-60 pm. In contrast to our earlier findings
for conduits made by freeze-casting the same chitosan solution between a 4 mm inner
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diameter aluminum tube and 2 mm diameter copper rod[69], no distinct membrane that
separates the stent wall into an inner and an outer layer was observed. The observed pore
structure was preserved also in the fully hydrated state (Figure 2B), however some swelling
occurred with the diameter of the porous stents increasing from 2.51 + 0.05 mm in the dry
state t0 2.99 + 0.02 mm in the wet.

Similar size and alignment patterns of the pores were also found in the longitudinal cross-
sections of the stents (Figure 2C) Additionally observed were circular and elliptical
openings in the cell wall material with diameters of about 20 pm. Both the inner (Figure 2D)
and the outer (Figure 2E) surfaces of the stents exhibited porosity; both the overall porosity
of the inner surfaces (Figure 2D) was greater with larger individual openings (~50 pm in
diameter) than that of the outer surfaces. In comparison, the inner surface of the 8 Fr stent
(Figure 2F) was with a roughness <10 um (the amplitude of surface morphology, estimated
based on a comparison with dust particles) considerably smoother than the freeze-cast stent.

3.2. Mechanical Properties

3.3.

The porous chitosan stent preserved the shape and mechanical properties after 100 loading
and release cycles followed by a 30 s dwell time (Figure 3A).

The hysteresis of the five presented cycles after the 15t were almost identical. The maximum
load dropped by 7% from 0.86 N to 0.80 N between the 15t and the 100t loading cycle, with
the largest drops occurring during the first 40 cycles. To ease sliding the chitosan scaffold
into the silicone tube, the water of the fully hydrated chitosan scaffold was gently squeezed
out by concentrically pressing against a stainless-steel rod positioned in its lumen. Upon
rehydration, the porous chitosan stent expanded and remained in situ in the silicone tube,
after the rod was removed (Figure 3B). The static friction force of a 47.5 mm porous stent in
the silicone tube was measure to be 321 mN and with it the static friction per unit length
determined to be 67.6 mN mm-L.

Flow Characteristics

Both the porous chitosan stents and the standard stents exhibit a higher flux for the entire
pressure range when not placed in the silicone tube (Figure 4). The flux in the porous
chitosan stents was lower than that of the commercial stents, both when placed in the
silicone tube, and when not. Neither the porous stent nor the 8 Fr stent migrated in the
silicone tube before, during, or after fluid drainage.

The Reynolds numbers Re calculated from the maximum flux in each case <2000 for all
stent designs (Table 1) confirming laminar flow; it was >2000, and thus in transition to
turbulent, only in the case of empty silicone tube, in which the highest flux was observed
among all.

The effective viscosities zqf for each stent design and configuration were calculated
assuming the laminar flow (Table 1). The effective viscosities decreased in the following
order: porous stent with tube, porous stent without tube, commercial 8 Fr stent with tube and
commercial 8 Fr stent without tube. The porous chitosan stents had larger effective
viscosities than the 8 Fr stents, both when placed in the silicone tube, and when not. Both
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the 8 Fr stent and porous stent showed higher effective viscosities when tested in the silicone
tube: the effective viscosities decreased by 30.6 % for the commercial stent and by 47.5%
for the porous stent, upon removal of the silicone tube.

Flow tests were performed in a peristaltic pump with a 3 mm outer and 1.52 mm inner
diameter porous chitosan stent of 96% overall porosity inserted into a model ureter
represented by a 2.65 mm diameter silicone tube and, for comparison, an empty silicone
tube. The volumetric flow rate of the silicone tube with the porous stent present was 13.68
mL min~1 or 88% of hat without 15.47 mL min~2; the silicone tube did not dilate passively
(Supplementary Video 1).

4. Discussion

4.1. Stent Microstructure

The thin layer of cellular porosity observed adjacent to both the inner and outer stent
surfaces, were formed by the initially high density of ice nuclei that form due to the high
undercooling in the —80°C freezer at the beginning of the freezing process [74].
Increasingly, favorably oriented crystals dominate crystal growth, the thermal gradient
decreases in the mold, slowing the growth rate towards the center. The result are larger, less
aligned pores in the center of the stent wall.

Freeze-cast tubular structures were also fabricated by a spinning technique offering intimate
contact between the outer surface and the coolant; this resulted in smaller pores at the
outside layer and highly radially aligned pores[75-78]. The mechanical properties of the
structure in this study likely benefits from a higher number of domains that support each
other as oppose to a radially aligned porous structure with few domains.

Noteworthy is that in contrast to the porous tubular structure of an earlier study, which had
twice the thickness[69], no central membrane was observed, This is likely due to the fact
that the center of the thinner layer of the chitosan solution can cool considerably faster, so
that the stent solidifies before a quasi-steady regime of solidification, which is required for
the membrane formation, can be reached [79]. As a result, no distinctive membrane forms,
where the two freezing fronts meet.

4.2. Mechanical Properties

Two attractive stent properties were observed during mechanical testing: the ability to
conform to the silicone tube, which emulated the ureter, and an elastic and resilient
response. Under cyclic loading, which mimicked the frequency and dwell time of peristalsis,
the porous chitosan stent deformed and reliably recovered after 100 cycles with 7% drop in
strength. The two regions of the loading curve of different modulus agreed with the previous
observations of similar tubular scaffold [69]. No plastic collapse was observed, however a
slightly increased permanent plastic deformation, which decreases with increasing loading
cycles, is expected for more extended cyclic loading. The load required to achieve a
displacement of 2.4 mm, which is 80% of the diameter of the porous stent, was less than 1
N, indicating the low stiffness of the highly porous, but resilient stent, which fully recovers
its shape upon removal of the load. Thus, the porous stents were soft but durable. The
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“softer” feel is expected to improve patient comfort after implantation. The resilience of the
chitosan structure also resulted in a shape conforming [80] effect, which allowed the stent to
remain in place during fluid flow by exerting radial forces on the silicone tube side walls.
We anticipate this mechanism of stabilization and biopolymer conformity in tubular
structures [81] to translate to the ureter thereby eliminating the need for the double-J design
in current clinical devices.

4.3. Flow Characteristics

The 8 Fr stent had millimeter size side holes along the length to serve as additional pathways
for flow [82]. As one of the first porous ureteral stents, the porous chitosan stents of this
study have highly aligned radial porosity through the stent wall, which, we believe, aid flow
as effectively as the side holes in the standard 8 Fr stent. The aligned porosity it thought to
guide the radial flow across the wall eliminating the longitudinal flow within the stent wall,
thus increasing the extraluminal flow[83,84]. The higher flux through the 8 Fr stents
compared to that of the porous chitosan stents can be attributed to their large lumen
diameter.

For a fair comparison solely between the device designs, which include material choice and
geometric properties of the stent wall, but not the effect of absolute stent dimensions, a non-
dimensional parameter independent of the stent diameter was calculated, ¢*, which
describes the effective viscosity. The difference in effective viscosity for the different
designs illustrates differences in interactions between the liquid and the stent wall. The
higher effective viscosity measured in the freeze-cast stent is likely due to the larger and
more irregular roughness of the inner stent surface, which causes local turbulences in the
flow.

The observed decrease in effective viscosities in all stent designs upon the removal of the
silicone tube were likely due to the outside stent surface offering a new, additional path for
flow leading to improved drainage. The comparison of the effective viscosity of the five
different stent types and wall designs was used to evaluate their respective effectiveness to
promote flow. A larger decrease (48%) in the effective viscosity of the porous chitosan stents
after tube removal in comparison to the 8 Fr stent (31%) suggests that their radially aligned
pores function as ‘side holes’ facilitating a superior flow performance. In addition to the
demonstrated benefits that the radial porosity of the freeze-cast stents provides in its current
form, namely a symmetrical pore geometry, in which the pore diameter increases from the
stent wall surfaces to the center of the wall, it will be interesting to investigate, benefits of
asymmetric pore geometries. A decrease in pore diameter from the outside to the inside wall
surface, for example, might increase flow into the lumen, taking advantage of capillarity as
demonstrated in ceramic scaffolds [75]. Further studies are required to explore such effects
systematically and determine structure-property-processing correlations for freeze-cast
tubular structure and the resulting drainage properties.

The in vitro testing of the flow through a porous stent in a model ureter in a peristaltic pump
demonstrates its capability of draining with 88% of flow in comparison to the empty model
ureter, assuming that the porous stent does not lead to a dilatation of the ureter.
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4.4. Clinical Relevance

Ureteral stent design requirements are not universal, but depend on a given indication.
Keeping the ureter patent in the presence of an extrinsic/intrinsic stricture such as a tumor or
malignancy, for example, requires such a high lateral stiffness of the tube to prevent
ovalization and collapse that successful stents for this application can only be made from
metals due to their intrinsic materials stiffness, i.e. their high Young’s modulus, £. The
desired ease of placement and removal of the stent and patient comfort puts practical upper
and lower limits on the longitudinal stiffness of the stent, which is described by their
product, £/, and determined by both the stent material (through its intrinsic material
stiffness, £)and tube geometry (the stent’s second moment of area, /, which for a tubular
stent is defined by the tube radius and the tube wall thickness).

Porous stents such as the one assessed in this study are promising alternatives to the current
double-J stend models, not only, because they can be custom-designed but also, because they
ideally lend themselves for systematic studies to determined yet little-explored correlations.
The custom-design of material properties and architecture allows, for example, to obtain the
required lateral and longitudinal stiffness and strength, and the respective surface and flow
characteristics. They are also a good model with which to explore correlations between
stent-stiffness, ureter dilatation, and peristalsis, and the effect of biodegradation on biofilm
formation and encrustation. Finally, they are well suited for local short- and longer-term
drug delivery for reduced pain, irritation, and cancer therapies.

A large range of stent material-architecture combinations is commercially available;
standard stents are mostly made from polymers, which are highly biocompatible and
sometimes also biodegradable, and have a double-J tail design to secure the stent in place.
This standard stent design is sometimes modified to include, for examples, holes or a mesh
or a spiral architecture, for improved drainage. However, in their bare form, many of the
polymeric and metal stents a prone to biofilm formation and encrustation.

Both biofilm formation and encrustation, which must ideally be avoided or at least be
delayed and minimized to avoid complications such as inflammation and stone formation,
and possible reduced drainage, are encouraged or discouraged by the stent’s surface
chemistry and topography. At the same time, surface chemistry and topography also affect
stent wettability and fluid flow dynamics, and through these, again, biofilm formation and
encrustation. While surface coatings and drug-eluting stent materials can be introduced to
reduce these risks, no true optimal stent design exists that simultaneously satisfies all of the
key design requirements.

Clinicians report that, despite the existence of a considerable number of material-
architecture-surface property combinations that are currently available for application in the
clinic, none of the current designs are truly ideal; there is a desire for alternatives with
improved performance, and for stents that offer properties which go beyond those currently
available. Desirable would be, in addition to truly fully biodegradable designs that would
eliminate complications associated with forgotten stents, also stents with considerably
increased patient comfort. Designs that would reduce or eliminate the frequently
encountered irritations, which are mostly caused by the current J-tail would achieve the
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latter goal. Of similar merit would be stents that offer significantly improved pain
management and cancer therapy options, through short- and long-term drug release.

Noteworthy with respect to functionality is that in the current double-J stent designs the
majority of urine can flow on the outside of the stent rather than through the lumen, because
the placement of a double-J stent and the resulting partial blockage of the lumen causes a
passive ureteric dilatation by about 1.5 to 2 times from a typical ureter diameter of 1-2 mm
(3-6 Fr) to about 2-4 mm (6-12 Fr) in response to the stent placement. It appears that the
passive dilatation of the ureter after the placement of a stent in vivo is due to an increase in
flow resistance that is caused by the reduction in lumen diameter and cross-section; since the
flow resistance increases with the power of 4 with a decrease in lumen radius (see for
example equation 7), a seemingly small lumen diameter reduction has a considerable effect
on the flow dynamics. The considerable passive dilatation response to the stent placement is
frequently utilized to obtain a ureter of sufficient diameter for a second procedure to be
performed using a ureteroscope naked over a guidewire or an access sheath that has been
placed in the desired position.

Not reported in the literature to date is the response to a porous and compressible stent,
which conforms with the ureter at all times, without dilating it. The authors hypothesize that
the response to a compliant porous stent might be continued peristalsis, and therefore
performed flow tests with a 3 mm outer and 1.52 mm inner diameter porous chitosan stent
with 96% overall porosity, and compared flow through a model ureter, represented by a 2.65
mm diameter silicone tube, in both its presence and its absence. The volumetric flow rate of
the silicone tube with the porous stent present was 88% that of the unstented silicone tube,
which did not dilate passively, as reported above.

While the authors consider this result highly promising for the flow performance of the
porous stent, they consider it premature to make predictions as to its in vivo performance,
since there is currently no data on the basis of which it would be possible to anticipate
whether a compliant, compressible stent that deforms along with the ureter during
peristalsis, might cause the same passive ureteric dilatation as the stiff standard stent of
current practice.

Last, but not least, it appears that the porous stent design holds promise for reduced
morbidity for the following reasons. The antimicrobial properties of chitosan itself reported
in the literature, is expected to help reduce, possibly even eliminate entirely the need for
surface modification [85] or drug elution [66] to prevent biofilm formation, stone formation,
and infection [86,87]. Chitosan’s biodegradability, which can be controlled, for example,
through the choice of molecular weight and degree of deacetylation, is additionally expected
to enhance the materials antimicrobial performance, and to prevent the nucleation and
growth of stones to a critical size by continuously shedding surface material. The
biodegradation of chitosan has been reported to be consistent, meaning uniform and without
the production of fragments that could obstruct urine flow [59]. Optimization of the
biodegradability of chitosan will also allow for a biodegradable stent design for self-removal
after a clinically relevant timeframe, avoiding forgotten stent morbidity, which cannot only
lead to potential kidney loss but even death [88].
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Finally, the porous design and drug loading capability of chitosan [61,62] are highly
promising as a means to enhance the functionality of porous stent for pain management and
even cancer therapy, for which no truly satisfactory solution for longer-term drug release
currently exists in the clinic [30-32]. Further research, beyond the scope of this study, will
be required to assess systematically in vitro and in vivo biodegradability, antimicrobial
properties, and drug release efficacy of the porous stents. The exploration of these properties
is beyond the scope of this first exploratory study as a proof of concept of a new biomaterial
and one possible application.

5. Conclusion

The newly designed porous chitosan ureteral stent design was manufactured from chitosan
by radial, bi-directional freeze-casting. The resulting structure had radially aligned pores
organized in domains, with smaller, better aligned pores closer to the surfaces from which
the solidification started. The stent was shown to be elastic and resilient; it self-expanded
and remained safely positioned in the silicone urinary track mimic during the flow tests.
Emulating peristalsis by cyclic loading for up to 100 cycles, the maximum load dropped by
7%, however, no significant permanent deformation was observed in the stent. While
displaying a lower /n vitro flux, the performance of the porous chitosan stent improves
considerably more (47.5%) than that of the 8 Fr stent (30.6%) upon removal from the tube,
illustrating the effectiveness of the radially aligned porosity for drainage. With the observed
drainage performance and additional benefits of biodegradability, antimicrobial properties,
drug release, and potentially improved patient comfort due to a lower stiffness than current
commercial designs, we conclude that porous chitosan stents are highly attractive candidates
for ureteral stenting
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(A) Tubular mold for the bi-directional freezing of a chitosan slurry, and freezing directions
within the mold; (B) schematic of the flow measurement apparatus with schematics of the
cross-sections of the five different device configurations tested.
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Figure2.
SEM micrographs of the (A) transverse cross-section, (C) longitudinal cross-section, (D)

inner and (E) outer surface of the porous chitosan stent, and inner surface of the 8 Fr stent
(F). Confocal micrograph of (B) a transverse cross-section of the porous chitosan stent. The
dust particles in (F) was created for imaging purpose. The scale bar on (D) is shared with

(B).
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Figure 3.
(A) Displacement and load plotted against time (left) and observed hysteresis (right) during

radial compression of the porous chitosan stent. (B) Illustration of the placement and self-
expansion and robust positioning of the porous chitosan stent in the silicone tube.
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Figure 4.

Volumetric flow (A) and flux (B) in the 8 Fr stents, porous chitosan stents with and without
silicone tubes, and silicone tubes at different heights.
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Table 1

Diameter of the lumen d, effective viscosity fefr, and maximum Reynolds number Repqx of flow for different

designs.

: 8 Fr Stent Porous Stent Silicone
Desgns  ith Tube SF" SNt ith Tube  PorousStent  gphe
dmm 1.708 171 1.381 1,529 2.647
Remax 1838 1946 929 1403 3845
LeglcP 3.796 2.636 9.267 4.861 trans.
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