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 Ureteral stents are one of the most commonly used devices in urological practices. Ureteral 

stents are used for temporary or permanent relief of ureteral obstruction to maintain the flow of 

urine through the ureter after urological surgical procedures or in case of intrinsic or extrinsic 

obstruction. Nonetheless, they are related with common problems including encrustation, infection, 

pain and discomfort. As these problems restrict optimal stent function, including maintenance of 

suitable urine drainage and decrease of hydronephrosis, new ureteral stent biomaterials and 

designs are required. In last years, progress has been made in the development of biodegradable 

ureteral stents (BUS) and drug-eluting ureteral stents. These new technologies may provide ureteral 

stents with increased biocompatibility, decreased vulnerability to encrustation and improved drug-

elution features. In the present thesis, it is proposed a BUS based on natural origin polymers (i.e., 

gelatin, alginate and gellan gum) produced after a combination of template gelation and critical 

point drying. The proposed biodegradable ureteral stent underwent an improvement in mechanical 

properties and indwelling time throughout the thesis, by testing different formulations and 

optimizing process parameters. The BUS developed was first successfully validated in vitro showing 

a degradation profile which occurs by surface erosion, without any fragmentation, in artificial urine 

solution. The performance of the BUS developed was also tested in vivo, in a porcine model, 

supporting the biocompatibility and the homogenous degradation observed in vitro. In vivo testing 

of the BUS compared with a commercial non-degradable ureteral stent has shown less 

hydronephrosis and capacity to provide a temporary urine drainage as good as the non-degradable 

commercial stents. In this thesis, the drug-eluting capacity of the developed BUS was also 

investigated. BUS was impregnated with anti-inflammatory (ketoprofen) and anti-cancer (paclitaxel, 

doxorubicin, epirubicin and gemcitabine) compounds by supercritical carbon dioxide impregnation. 

The ketoprofen-eluting biodegradable ureteral stents developed showed a very promising locally 

delivery of the active compounds within the 72h, which is the timeframe for the description of anti-

inflammatory agents after the surgical procedure. In the case of drug-eluting BUS impregnated with 

anti-cancer drugs, cancer cells, when in contact with this stents, after 72h reduced their viability by 

75% Results further demonstrate minimal cytotoxic effect of the stents on non-cancer cells used as 

control. These novel biodegradable ureteral stents might overcome some of the common problems 

associated with ureteral stenting and avoid the second surgical procedure for stent removal. 

ABSTRACT 



     

xii 

 



    

xiii 

Os cateteres ureterais são dos dispositivos mais comumente utilizados em Urologia. Estes 

dispositivos são utilizados para o alívio temporário ou permanente da obstrução ureteral no sentido 

de manter o fluxo de urina através do ureter dos rins para a bexiga, após procedimentos cirúrgicos 

urológicos ou em caso de obstrução intrínseca ou extrínseca. No entanto, estão relacionados com 

problemas comuns como incrustação, infeção, dor e desconforto. Estes limitam a função do 

cateter, nomeadamente a manutenção da drenagem urinária e a atenuação da hidronefrose, daí a 

necessidade de desenvolvimento de novos biomateriais e modelos de cateteres ureterais. Nos 

últimos anos, observaram-se progressos no âmbito do desenvolvimento de cateteres ureterais 

biodegradáveis (BUS) e de cateteres ureterais com libertação de fármacos. Estas novas 

tecnologias levam à produção de cateteres ureterais com uma melhor biocompatibilidade, menor 

vulnerabilidade à incrustação e possibilidade de libertação localizada de fármacos. Na presente 

tese, propõe-se um BUS baseado em polímeros de origem natural (i.e., gelatina, alginato e goma 

de gelano) produzidos por uma combinação de vários passos de processamento e secagem 

supercrítica. O cateter ureteral biodegradável proposto foi sendo melhorado noque diz respeito as 

propriedades mecânicas e ao tempo de permanência, testando-se diferentes formulações e 

otimizando-se diferentes parâmetros do processo. O BUS desenvolvido foi inicialmente validado 

com sucesso In vitro, mostrando numa solução artificial de urina um perfil de degradação que 

ocorre por erosão superficial, sem qualquer fragmentação. Posteriormente, o BUS foi testado in 

vivo, num modelo suíno, mantendo a biocompatibilidade e degradação homogénea observada in 

vitro. Na comparação in vivo do BUS desenvolvido com um cateter ureteral comercial não 

degradável, o primeiro mostrou menor hidronefrose e semelhante capacidade de drenagem 

urinária temporária. Neste trabalho foi também investigada a capacidade de libertação de 

fármacos. Os BUS foram impregnados com compostos anti-inflamatórios (cetoprofeno) e 

anticancerígenos (paclitaxel, doxorrubicina, epirubicina e gencitabina) por impregnação com 

dióxido de carbono supercrítico. Os BUS com cetoprofeno revelaram uma libertação local muito 

promissora dos compostos ativos dentro das 72h, período de tempo para a prescrição de agentes 

anti-inflamatórios após cirurgia. No caso dos BUS impregnados com fármacos anticancerígenos, 

foi verificado que as células cancerígenas, quando em contacto com estes cateteres, reduziram a 

sua viabilidade em 75% após 72h. Os resultados demonstraram para além disso um efeito 

citotóxico mínimo dos cateteres impregnados sobre células não cancerígenas utilizadas como 
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controlo. Os resultados obtidos no âmbito desta tese demonstram a possibilidade destes novos 

cateteres ureterais biodegradáveis desenvolvidos poderem superar muitos dos problemas comuns 

associados aos cateteres comerciais, evitando assim um segundo procedimento cirúrgico para 

remoção dos mesmos. para alem disso foi ainda demonstrada a capacidade destes cateteres 

poderem vir a ser utilizados como agentes de libertação controlada.   
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The present thesis is divided into five main sections containing ten chapters. This structure 

was adopted to allow a proper organization of the data presented in the various chapters, preceded 

by a general introduction (first section), as well as an overall materials and methods section 

(second section). The third section shows the experimental results obtained in the context of this 

thesis and their discussion, focusing on biodegradable and drug-eluting ureteral stent based on 

natural origin polymer-based. The fourth section shows a business plan approached to translate 

into the urologic market the patented biodegradable ureteral stent. And the fifth section finalizes 

this thesis with concluding remarks. 

The main body of the thesis is based on a series of publications published in international 

journals or submitted for publication. Each chapter is presented in a manuscript form, i.e., 

abstract, introduction, experimental section, results and discussion (or in two separate sections, 

i.e., results plus discussion), conclusion, and acknowledgements. A list of relevant references is 

also provided as a subsection within each chapter. The contents of each part and chapter are 

described below in more detail. 

Section I – General introduction - Background 

Chapter I – Ureteral Stents Technology: Biodegradable and Drug-eluting Perspective: This 

chapter provides a general introduction to the ureteral stent technologies focus on last advances 

regarding biodegradable ureteral stents as drug-eluting ureteral stents.  

Section II – Detailed description of experimental materials and methodologies 

Chapter II – Materials and Methods: A list of the materials used and methods applied to 

obtain the results described further on is provided, being the basis to the whole work described in 

this thesis. 

Section III – Development of biodegradable ureteral stents 

Chapter III – Biodegradable ureteral stents from natural origin polymers: This chapter 

describes the production of biodegradable ureteral stent from natural origin polysaccharides, 

following a combination of templated gelation and critical point carbon dioxide drying. 
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Chapter IV – Ketoprofen-eluting biodegradable ureteral stents by CO2 impregnation: In vitro 

study: This chapter describes the production of biodegradable ureteral stents impregnated with 

ketoprofen by CO2 impregnation. The ketoprofen release was evaluated in artificial urine solution 

while stent degraded.  

Chapter V – Gelatin-based biodegradable ureteral stents with enhanced mechanical 

properties: Similarly, to chapter I, biodegradable ureteral stents were developed using the process 

previous optimized and different stent formulation was studied. In this case, besides the 

mechanical properties, the degradation study and cytotoxicity of the leachables were also 

evaluated. Conventional surgical procedure in In vivo model was performed.  

Chapter VI – Drug-eluting biodegradable ureteral stent: New approach for urothelial tumors of 

upper urinary tract cancer: In this chapter, the impregnation of anticancer drugs by CO2 

impregnation process in biodegradable ureteral stent was studied. Non-degradable conventional 

ureteral stent was also impregnated using the same process and compared with biodegradable 

stent. The killing effect was evaluated using a urothelial cancer cell line.   

Chapter VII – In vitro and ex-vivo permeability studies of paclitaxel and doxorubicin drug-eluting 

biodegradable ureteral stents: This chapter aims to understand the permeability profile of the anti-

cancer drugs released from the anti-cancer biodegradable ureteral stents developed in the chapter 

VI. Transurothelial permeability was evaluated using an ex vivo porcine approach.  

Chapter VIII – Natural origin polymers-based biodegradable ureteral stent: In vivo evaluation in 

a porcine model: In this chapter the biodegradable ureteral stents developed in Chapter V, with an 

enhance in crosslinking were used in In vivo porcine model study. The objective was to confirmed 

the in vitro results and to provide a better understanding of its complexity. 

Section IV – Business Plan 

Chapter IX – Business Plan - HydrUStent: This section of the thesis presents an overview of 

the ureteral stent market and the explore the steps to place the biodegradable ureteral stent 

developed into the market. 
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Section V – Concluding remarks 

Chapter X – General Conclusions, Final Remarks and Future Perspectives: The final section of 

the thesis presents the general conclusions and implications, current limitations and potential of 

the work described for biodegradable ureteral stents. 
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Chapter I 

Chapter I -  Ureteral Stents Technology: 

Biodegradable and Drug-eluting perspective * 

ABSTRACT 

An ureteral stent is a versatile and indispensable common medical device in the 

management of several urological diseases. Nonetheless, the actual stent technology is far 

from the ideal. The ureteral stents available in the market are associated with clinical 

complications including bacterial adhesion, infection, encrustation development, pain and 

discomfort for the patients. Innovative stent materials and more research of new ureteral 

stent designs are necessary in order to avoid these complications and pursue the ideal 

stent, i.e., a stent that can maintain the adequate urine flow from the kidney to the bladder 

and mitigation of hydronephrosis. In past years different approaches have been explored, 

including novel stent coatings, drug-eluting stent and biodegradable ureteral stents. The 

common goal of these new technologies is to increase the biocompatibility of the 

biomaterials and avoid the stent-related symptoms. New developments in ureteral stent 

field, namely drug-eluting biodegradable ureteral stents, are also envisaged to address 

new urological clinical scenarios. In summary, there is no perfect ureteral stent that 

avoids all ureteral stent associated complications but there have been significant advances 

in last years in stent technology and particularly technologies such biodegradable drug-

eluting stents are seen as very promising.  

 

 

                                                

* This chapter is based on the following publication: 

Barros AA, Oliveira C, Lima E, Duarte ARC, Healy K, Reis RL. Ureteral stents technology: biodegradable and 
drug-eluting perspective, Reference Module in Materials Science and Materials Engineering, DOI: 
10.1016/B978-0-12-803581-8.10189-4, 12 January 2017 (Online). 
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 INTRODUCTION 

Every day thousands of ureteral stents are placed worldwide in urological practice, as a 

routine medical device. In 1978, Finney et al.(1) presented to the urology community the double-J 

and single-pigtail stent, and since than this medical device has become one of the most standard 

procedures and crucial device in urology. Ureteral stent design and materials have been improved 

in the last decades improving the efficacy of this medical device. The clinical scenarios that 

normally required the use of ureteral stents are the treatment of urolithiasis, to avoid obstruction of 

the ureter particularly in stone-forming patients, to stimulate ureteral restorative or to help urinary 

function. It can also be placed preoperatively to signalize the ureter during the operation (2). 

However, after all these years of use and intense research the ureteral stents available in the 

market may produce significantly stent symptoms, like infection, encrustation, patient discomfort 

and all required a second procedure to take out the stent by cystoscopic removal. Figure I-1 

shows the steps following stent insertion that lead to bacterial adhesion, infection and encrustation. 

The problems start when, after placement of stent in the ureter, upon the passage of urine, the 

deposition of ion and minerals occurs, and the urine components begin to deposit around the 

surface of the stent, creating anchor points where bacteria may adhere and start to grow. This 

situation facilitates the creation of a “conditioning film” and therefore the development the 

encrustation on the surface of the device (3-5). The ideal ureteral stent biomaterial would be able 

to prevent all of these problems it does not allow any deposition of material on the surface (6, 7). 

Research in this field has been focused on improving the safety and the comfort of stents. The 

design of stents is changing to make stents with anti-bacterial surfaces, e.g. like hydrogel-coated 

stents (8) , surfaces that allow the delivery of drugs (9, 10) avoiding encrustation and designs that 

make stents more flexible, allowing the device to adjust to the morphology of the ureter as the 

patients moves (11). The urologist prescribes oral agents as a management strategy to overcome 

pain and discomfort, however this procedure is associated with minimal efficacy and side effects 

(12, 13). Drug-eluting ureteral stents is one of the approaches explored based on the delivery of 

drugs incorporated on the ureteral stents, either by drug-coated or by drug-eluting technologies, 

with the objective to deliver the drug locally and accelerate the cure or preventing any side effects 

(14). From an other perspective, biodegradable ureteral stents have been appointed as the next 

generation of ureteral stents and may be the solution for the ureteral stent associated 
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complications. Biodegradable ureteral stents would avoid the second procedure for stent removal 

and theoretically be more comfortable for the patients as they are made from softer materials. 

Regarding the bacterial adhesion and encrustation problems these ureteral stents have a dynamic 

surface due the constantly degradation not promoting the appearance of the anchor points which 

lead to “conditioning film” development (11, 15, 16). The combination of the eluting-technology 

with ureteral stents made of biodegradable materials starts to get some attention in urology (17, 

18) but have already been extensively used in some cardiovascular applications.  

This review provides an overview of the last developments in ureteral stents focused on 

biodegradable ureteral stents technologies. It provides a description of the different approaches 

reported in literature with a comprehensive understanding of the problems reported with previous 

biodegradable ureteral stents and prospectively the drug-eluting biodegradable ureteral stents.  

 

Figure I-1 Mechanism of bacterial adhesion, after ureteral stent insertion, 1) urine components 
deposits on stent surface 2) allowing create an ions and minerals spots on surface 3) 
building of the urinary conditioning film 4) bacterial adhesion and consequently infection. 
5) In addition the interaction of ions and minerals with biofilm components and bacterial 
induced crystallization and the encrustation occurs in the stent surface. 
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 Medical Motivation for development of biodegradable ureteral stents 

Since their introduction in 1967 by Zimskind et al.(19), ureteral stents have become an 

invaluable tool in the urologist's armamentarium.  They are widely used in routine urological clinical 

practice to establish or improve drainage in cases of extrinsic or intrinsic obstruction of urinary 

passage. They are also used after iatrogenic injuries to the ureter and prophylactically in complex 

urinary tract reconstructive surgeries. As it is a foreign body inside the genitourinary system, it has 

the potential to cause complications. It was reported that more than half of the patients with a stent 

would suffer from frequency, urgency, dysuria, feeling of incomplete emptying and pain (20, 21). 

These symptoms have a negative impact in the general health status, sexual activity, and work 

performance in about 78% of cases (22). After a stent insertion, the quality of life was reported to 

be affected in 45%–80% of the patients (23). Another major problem of current use stents is the 

high rate of development of incrustations. These increase the probability and severity of adverse 

effects including flank pain, infection, irritative urinary symptoms, stent fragmentation, stent 

migration, hematuria, hydronephrosis, renal failure and even death (24-26). One of the major 

factors for the development of incrustations is the time that stent is left inside the body. El-Faqih et 

al. (27) reported encrustation rate of 9.2% if the stent was kept for up to 6 weeks; however, 

encrustation rate rose to 76.3% if the stent was left in place for up to 12 weeks. So the 

management of patients after stent insertion is a longstanding challenge in order to perform the 

treatment and, at the same time, minimizing the side effects. The stent removal is a surgical 

procedure done in ambulatory. It is performed under local anesthesia. And it requires an 

endoscope and forceps. It is usually done by a urologist assisted by a nurse. A resorbable ureteral 

stent would be a major breakthrough in the management of these patients as it would obviate the 

need for multiple procedures and would minimize the risk of incrustation and other adverse side 

effects. Another major breakthrough in urological management would be a stent capable of 

delivering drugs at a controlled rate. The urothelium is source of oncological disorders as 

Carcinoma in Situ (CIS). Up to date the only effective treatment for CIS is immunotherapy 

instillation. The instillation is effective in the bladder but delivering into the ureter and renal pelvis is 

a technical challenge. Currently there is no effective way of performing such treatment. A ureteral 

stent that is in close contact to target area capable of delivering such drugs would represent 

another revolution in the management of these patients.  
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 BIOMATERIALS IN URETERAL STENTS 

 Polymeric ureteral stents 

An ureteral stent is a thin tube, which is inserted in the ureter to prevent or to treat the 

obstruction of urine flow from the kidney to the bladder (28). Ideal ureteral stent should reach a 

similar performance of what archived with cardiovascular stents, combining perfect efficacy in a 

long-term indwelling with no stent-related complications. But, what we learn from all of these years 

is what works in vascular environment may not be directly appropriate in ureteral stents (3, 9). 

Ureteral stents can be used as a temporary measure in order to prevent damage to a blocked 

kidney until a procedure to remove the stone is performed. Indwelling times for these cases are 

typically from 15 up to 60 days and in this case polymeric-based stents are more common (15, 

29). Polyethylene, a synthetic polymer, was one of the first materials to be used, due the rigidity of 

the plastic for stent placement, but was discarded due the tendency to fragment as well as its 

stiffness and brittleness properties (30). Since then, silicone has been the standard gold 

biomaterial because is a very biocompatible material that resulted in decreased of infections and 

encrustations and is one of the most lubricious materials available (31). However regarding the 

mechanical properties for stent placement this material is difficult to handle due their softness and 

elasticity, particularly in the presence of tortuous ureters and extrinsic compression. Polyurethane 

(PU), combines the elastic properties of silicone with the rigidity of polyethylene and because of this 

feature it is one of the materials that are nowadays used in stents, together with polyvinyl chloride 

(PVC) and ethylene vinyl acetate (EVA) (2). PU still is not the ideal biomaterial to be used in ureteral 

stents because is a stiff biomaterial and cases of ureteral erosion and ulceration in animal studies 

and discomfort in patients have been reported (32, 33). Companies have been focus in 

development of new proprietary materials and new blend of materials that are more comfortable 

and soft to limit the discomfort of the patients and at the same time to be easier to handle by the 

surgeons during the placement in the urinary tract. Percuflex®, is one of the most common 

materials used in ureteral stents and is property of Boston Scientific Corporation (Marlborough, 

MA, USA), together with C-Flex®, property of Consolidated Polymer Technologies (Clearwater, FL, 

USA), Silitek® property of Surgitek (Racine, WI, USA) and Tecoflex® property of Thermedics 

(Wilmington, MA, USA).  
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 Metal Ureteral Stents 

Metal-based stents have been developed in last years with the objective to overcome the 

disadvantages of polymeric-based ureteral stents, including low load resistance. Pauer and 

Lugmayr in 1992 (34) for the first time introduced the concept and these have shown to be more 

adequate in the treatment of malignant ureteral obstruction (MUO) or retroperitoneal fibrosis (35-

39). Metal-based stents, as polymer-based stent, have problems like biofilm formation, infections 

and migration. But a common problem of metal stent is that it induces local tissue hyperplasia, 

with ingrowth of urothelial tissue through the structure of the stent which in a long term may result 

in recurrent obstruction (36, 39). Metal-based stents can have different designs including the 

conventional double-J stents and self-expandable.  Resonance™ stent (Cook Medical, USA), is a 

double-J stent composed by nickel-cobalt-chromium-molybdenum-alloy, with the objective to be 

applied in malignant ureteral cases to provide long term urinary function (40). Kadlec et al in 2013, 

reported a five-year experience with Resonance™ stent in 47 patients with chronic ureteral 

obstruction for both malignant and benign disease, with a total of 139 metallic stents used. The 

results showed 28% failure rate due to patient’s pain, renal insufficiency, stent migration and 

encrustation with an average indwelling time of 8 months. Apart from there complications, this 

study showed that Resonance™ metallic stents are an adequate management strategy for benign 

and malignant ureteral obstruction (41). Regarding self-expandable metal stents, long term follow-

up studies in humans have been made with a thermos-expandable metallic stent, Memokath® 051 

(Pnn Medical, Denmark)(42) and a self-expandable metal mesh stent (36). The results of these 

studies continue to show common complications as stent migration, encrustation, fungal infections, 

hyperplastic reaction and tumour ingrowth. Novel metal stent designs have been suggested in 

order to overcome all the complications mentioned above. More flexible, drug-eluting metallic 

stents as well biodegradable stents are the concepts that are receiving more attention and showing 

more potential to overcome the common complications associated with metal and polymeric 

ureteral stents. Flexible metal stents is one of the areas of research with the focus to develop more 

comfortable metal stents for patients. The design of these metal stents makes them more flexibles, 

allowing them to adapt to the morphology of the ureters when the patients moves. Spiral-coiling 

and snake (golden-plated) configuration of metal stent are two different designs of the metal stent 

called Passage™ (Prosurg, USA). This stent has proven to increase the flexibility and the durable 

radial compression (43). In a recent study, Passage™ stent was compared with Resonance™ and 
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with double-J metal stent called Silhouette® (Applied Medical, USA) composed by polyurethane and 

metal. The study showed that Passage™ stent had higher resistance to radial compression and 

much lower tensile strength compared with others (43). The lower tensile strength of the stents 

showed to increase the patient comfort and avoid stent migration. Higher resistance to extrinsic 

radial compression is essential to avoid obstruction in case of stent compression or tumour 

ingrowth (39, 43). Other metal stents are also reported in some recent studies: the Allium URS 

(Allium Medical, Israel) is composed of an undulating nitinol wire fully covered with a thin 

membrane of ElastEon (polyurethane and silicone elastomer) and Uventa™ (TaeWoong Medial, 

South Korea) has a two layered nitinol mesh tubular body with a polytetrafluoroethylene layer 

between them (44, 45). Metal stents have been successfully applied in coronary vessels, however, 

in urology, new materials are necessary to develop in order to avoid stent-related problems.  

 URETERAL STENTS COATINGS 

Surface coatings for ureteral stents normally address the issues of stent tolerability and the 

prevention of inflammation and encrustation and infection by inhibiting bacterial adhesion and 

growth on the stent surface, together with urinary crystal formation and adherence. Different 

approaches have been developed and tested, in vitro, in animal models and in humans. Distinctive 

strategies have been made based upon the application of anti-adhesive surfaces by surface charge 

modification, hydrophilicity and/or roughness; drug-eluting and antimicrobial (silver, antibiotics, 

others) compounds and a dynamic surface (biodegradable ureteral stents) (Figure I-2). The 

several stent coatings strategies developed and studied in the past 20 years are extensively 

reported in Table I-1. 
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Figure I-2 Strategies to avoid the ureteral stent-associated problems, a) Hydrophilic coatings have a 
significant water content decrease the bacterial fixation b) Ureteral stents surface coated 
with antimicrobial peptides, not allowing the bacterial reach the stent surface and break 
up the bacterial membrane c) Drug-eluting technology, stent release specific drugs 
(antibiotics) in the ureter, allowing it to interact with the bacteria d) biodegradable 
ureteral stents, with dynamic surface due the constant degradation would provide non 
stable surface for bacteria to attach. 

 Hydrophilic Coating 

Hydrogels constitute a group of polymeric materials with hydrophilic nature that renders them 

capable of holding large amounts of water in their three-dimensional networks. Due to their 

significant water content they have mechanical properties, very similar to natural tissues like 

flexibility for example (46). Hydrophilic coatings on ureteral stent surfaces have drastically decrease 

the friction, increasing the lubricity and elasticity, and act as a deterrent to hydrophobic bacterial 

surfaces and crystal deposits within the urine (47). These properties facilitate the stent placement 

in a dry state, but when in contact with the urine, the hydrogel starts to absorb and accumulate 

water in its polymer network, making it more flexible and more comfortable for the patient (15). 

The studies reported in literature using hydrogels as a coating, are summarized in Table I-1. 

These studies have been shown that relating to encrustation and infection in some cases reduce 

(30) and in other study shown an increase (48), but regarding the patient comfort the results are 

satisfactory. Hydrogel coating also have been used as a support for the delivery of active 

compounds like anti-inflammatory drugs and antibiotics (18, 47).  
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 Glycosaminoglycan coatings 

Glycosaminoglycan (GAG) coating have also been tested as a surface coating for ureteral 

stents. GAGs are a common constituent of urine and is a natural inhibitor of crystal formation. 

Zupkas et al coated a silicone surface with pentosan polysulfate (PPS) (49) and showed that were 

able to reduce the encrustration compared with the uncoated silicone stents. Other novel stent 

coatings include phosphorylcholine (PC) (50), a constituent of human erythrocytes that mimics a 

natural lipid membrane, and poly-N-vinyl pyrrolidone (PVP) (51) that is a hydrophilic coating, that 

absorbs water similaring to a hydrogel. Heparin is a highly-sulfated glycosaminoglycan used as an 

anticoagulant in vascular medicine and has been shown to inhibit bacterial adhesion (52). Due the 

high negative charge, its relative safety and their prior use in vascular stents, heparin has been 

applied to coating ureteral stents. Its  ability to reduce the bacterial adhesion and encrustation 

formation (Endo-Sof™ and Radiance™, Cook Medical, USA) was been tested and Riedl et al (52) 

compared heparin-coated and uncoated PU ureteral stents in a human trial. In their work they 

observed that, in contrast to uncoated PU stents, heparin-coated stents did not show any biofilm or 

crystal deposits after being in humans for up to 6 weeks, effectively inhibiting the encrustation 

process. Other human trial reported by Cauda et al support the results observed by Riedl, in a long-

term study involving patients with bilateral ureteral obstructions treated with heparin-coated 

ureteral stent into one ureter, and an uncoated control stent into the other ureter. After 1 month, 

the uncoated stents showed encrustation and bacterial biofilm formation while the heparin-coated 

stents remained visibly free of encrustation as long as 10 months. Heparin-coated ureteral stents 

have been introduced in the market and have been shown to be successful in decreasing 

encrustation and biofilm formation in human trials, but no significant improvement in the patient 

discomfort and pain control (52-54) has been reported.  

 Biostable coatings 

Another class of materials that have been applied for ureteral stent coatings is plasma 

deposited diamond-like carbon coatings (DLCs) in an attempt to prevent encrustation. This material 

has been suggested based upon its monocrystalline structure, outer monomolecular layer of non-

polar hydrogen atoms and the possibility to be applied as a thin film on surface. The coating is 

biocompatible, super lubricious, chemically inert and extremely durable. Laube et al (55) did a 
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human trial with ten patients who needed temporary a stent and were treated with 26 DLC-coated 

stent. The indwelling average time was 14 weeks.  The results demonstrated that this coating 

decreased the friction, the biofilm formation and the encrustation. Different thicknesses of the 

coating layer were also studied and films with lower thickness, 100-200 nm (1.8 refractive index), 

have shown the highest resistance to bacterial adhesion and encrustation development in in vitro 

test. Additional coating exhibiting super lubricious properties is the polytetrafluoroethylene (PTFE) 

or commercially call Teflon®. PTFE coefficient of friction (0.05-0.1) is one of the lowest of any 

known substance, it is also resistance to Van der waals forces, normally used by bacteria for initial 

adhesion to the stent surface. These properties make it a promising material to prevent bacterial 

adhesion and biofilm formation. In last years, different in vitro studies demonstrated that PTFE-

coated ureteral stents reduce protein and bacterial adhesion against the controls, other studies 

also found hydrophobic-like proteins and bacteria are not affected (14, 56). Arguinarena et al(57) 

did a 2-years human trial in 20 patients using an expanded PTFE-coated nitinol stent and shown 

the safety, the resistance to calcification and effectiveness in cases of ureteral stenosis. 

Polycarbonate (PC) elastomer coated wire stents were studied in dog model. The results of using 

this biostable material for coating the wire stents have shown to be success in preventing 

inflammation and for urothelial hyperplasia (58). 

 Biomimetic coatings 

A novel coating, mPEG- DOPA
3,consisting of a mussel strong adhesive protein mimic – 3,4-

dihydroxyphenylalanine (DOPA), combined to an antifouling PEG layer, also has the ability to avoid 

biofouling in the marine environment. Ko et al (59), applied this coating to silicone disks and the 

results shown strong resistance to bacterial adhesion and biofilm formation, in vitro. In 2009, 

another study In vivo, using a rabbit E. coli cystilis model (60), showed that DOPA-coated stents 

were successful in preventing bacterial adhesion, however it was incapable to avoid non-bacterial 

mediated encrustation. A highlight in this coating should be made because it has shown to prevent 

bacterial adhesion of the common found uropathogens, in vitro. More research will need to be 

done, particularly with clinical trials for an optimal understanding of the ability of this coating to 

avoid stent related symptoms.  
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Other study shown the use of hydrogel coating as a support for a controlled release of 

Immunoglobulin-G and shown the ability to reduce the bacterial adhesion, in vitro (61).  

Table I-1 Ureteral stents coatings 

Year Material Structure Degradation Ref 

1997/1998 
Poly-L-lactide-co-
glycolide (PLGA) 

Self-reinforced co-polymer L-lactide and 
glycolide containing 80% lactic acid and 
20% glycolic acid with 20% barium sulfate 
additive 

Dependent on the urine 
pH; Stable at pH lower 
than 7.0, dissolves in 
48h in pH greater or 
equal to 7.0 

(29, 
62) 

1999 
Poly-L,D-lactide 
copolymer (PLA) 

Double-helical spiral self-reinforced poly-
L,D-lactide copolymer (SR-PLA 96; L/D 
ratio 96/4) 

Degradation in blocks, 
fragments remain after 
12 weeks causing 
obstruction. 

(63-
66) 

2002 
Poly-L-lactide-co-
glycolide (PLGA) 

Self-reinforced co-polymer L-lactide and 
glycolide containing 80% lactic acid and 
20% glycolic acid.  

PLGA stents degraded 
in 6–8 weeks and was 
feasible after Acucise 
endopyelotomy in a 
porcine model 
compared with control 
but with less favorable 
biocompatibility. 

(67) 

2002 
Poly-L-lactide-co-
glycolide (PLGA) 

SR-PLGA horn stent, (PLGA; L:G ratio 
80/20) 

The degradation time 
of the material was 2 
to 2,5 months 

(68) 

2002 

Poly-L-lactic and 
poly-L-glycolic acid 
(SR-PLGA) 
copolymer 

Self- reinforced poly-L-lactic and poly-L-
glycolic acid (SR-PLGA) copolymer spiral 
design urethral stent 

Stent degraded in 6–8 
weeks and resisted 
encrustation at 4 
weeks in artificial urine 

(69, 
70) 

2003 Alginate-based 
Alginate with a proprietary polymer that is 
made radiopaque using 7% by weight 
bismuth sub-carbonate powder 

Designed to stay in 
place for at least 48 
hours after 
uncomplicated 
ureteroscopy 

(71, 
72) 

2010 

L-lactide and 
glycolide with 
lactic acid, glycolic 
acid 

Biodegradable copolyester components 
and L-lactide and glycolide with lactic 
acid, glycolic acid, and barium for 
radiopacity 

Dissolves within 1 to 4 
weeks in a porcine 
model 

(16, 
73) 

2011 

Poly-L-lactic acid 
(PLLA) and Poly-
DL-lactic acid 
(PDLLA) 

The stent used in this experiment was 
manufactured using poly-L-lactic acid 
(PLLA) and poly-DL-lactic acid (PDLLA) 
mixed together in mass proportion. A 25% 
barium sulphate additive 

Stable for more than 
120 days in a canine 
model 

(74) 

2012 Magnesium-based 

Mg–4 wt % yttrium (MgY) alloy, Mg–3 wt 
% aluminum–1 wt % zinc (AZ31) and 
commercially pure Mg (98% purity with 
aluminum as major impurities), and these 
alloys with thermal oxide layer on the 
surfaces (MgY_O and Mg_O) 

Stable during 3 days in 
AUS, microcracks on 
surface by corrosion.  

(75, 
76) 

2014 
PGA and PLGA 
multifilaments 

Designed a braided thin-walled 
biodegradable ureteral stent made of PGA 
and PLGA multifilaments, using textile 
techniques 

Stents began to 
degrade at 1 week, and 
had completely 
degraded by the 4th 

(77, 
78) 
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week in a canine model 

2015 

Poly(ε-
caprolactone) 
(PCL)/poly(lactide-
co-glycolide) 
(PLGA) 

Nanostructured ureteral stent. Poly(ε-
caprolactone) (PCL)/poly(lactide-co-
glycolide) (PLGA) ureteral stent composed 
of nanofibers with micropores fabricated 
by double-needle electrospinning 

Stent gradually 
degraded from the 
distal end to proximal 
terminal, and all stents 
were completely 
degraded at 10 weeks 
post-insertion. 

(79) 

2015 
Polysaccharides-
based 

Hydrogel of Gelatin/Alginate and 
Gelatin/Gellan Gum blends fabricated by 
supercritical fluid process. 

Complete dissolution of 
the stent occured 
between 14 and 60 
days in artificial urine 

(15, 
18) 

 BIODEGRADABLE URETERAL STENTS MATERIAL 

Despite the fact that novel coating stent designs have been improved over the last years the 

core ureteral stent has one basic drawback, it requires a secondary procedure to remove the stent 

if the suture is removed. Avoiding the ureteral stent removal procedure, it is expected a decrease in 

patient morbidity and also a decrease on the treatment cost. In the last years different studies with 

different materials have been reported in the literature, attempting to developed a biodegradable 

ureteral stents. This type of ureteral stent design is one of the most appealing stent designs with 

high potential to overcome the actual ureteral stent-associated complications (11). The biomaterial 

to be used in biodegradable ureteral stent should be biocompatible, maintain intact the properties 

after sterilization, the degree of swelling and degradation rate should take in consideration the 

treatment time, always allowing the flow of the urine from the kidney to the bladder (2). 

Biodegradable ureteral stents concept will eliminate the “forgotten stent” problem, that consists on 

the ureteral stents which remain more time than it is necessary for the treatment, most probably 

leading to bacterial infection and more serious cases of encrustation (20). The benefit of the 

biodegradable ureteral stent is the fact that the physical properties of the stent surface are 

constantly changing as the stent degrades due to erosion, decreasing the bacterial adhesion and 

encrustation development. Additionally, biodegradable materials might be favorable for patient 

comfort because tend to be softer. One of the key points involving the design of biodegradable 

ureteral stents is the control of degradation profile, i.e. rate and direction of the degradation. Lange 

et al suggested an early degradation of bladder coil, could prevent  bladder irritation and 

vesicoureteric reflux during voiding (11). Some materials used in the design of biodegradable 

ureteral stents, can be divided in synthetic materials, natural origin materials and a more recent 
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research some metal biodegradable materials (Figure I-3). In Table I-2 are summarized the 

most important studies reported in literature about different approaches of biodegradable materials 

used for development of biodegradable ureteral stents.  

 

Figure I-3 Biodegradable ureteral stents a) degradable braided thin-walled ureteral stent composed of 

multifilaments of PGA and PLGA (4) b) Uriprene™ (Poly-Med Inc, Grenville, SC) composed 
of L-lactide, glycolide, and copolyester components (5) c) Natural polymer based ureteral 
stents composed by fully hydrogel of gelatin and alginate (15).  

 

 Synthetic polymers 

The first concept of biodegradable ureteral stent was reported by Schlick and Planz in 1997 

(29), composed by one of two property plastics (G100X-15LB and G100X-20LB) involving the 

concept that the degradation can be mediated by changing pharmacologically the pH of the urine 

(29, 62). in vitro studies with artificial urine solution showed that material was stable in pH<7.0 for 

at least 30 days, but the full degradation occurred within 48h at pH>7.  The idea behind this 

concept is that stent could be stable in physiological urine (pH 5-6), but degradation can be 

triggered. This approach has some limitations when envisaging for human applications. Changing 

the pH of the urine it will be expected an additional crystallization in urothelial environment that can 

be already supersaturated. The presence of uropathogens has already been reported to increase 

the urine pH, which can affect the degradation of the stent In vivo and from the other side can 
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favour bacterial survival and increase calcium phosphate and struvite stones formation(80). No 

recent studies using this pH degradation approaches are found in literature.  

Other studies showed a good performance in animal model using polylactic acid and poly 

(lactic-co-glycolic acid) blends as biodegradable materials (67). Lumiaho et al (63, 64) developed a 

biodegradable ureteral stents using a degradable polylactic acid in two porcine model studies and 

the results have shown satisfactory drainage characteristics with antireflux properties but regarding 

the degradation the stent degraded in blocks and the biocompatibility results were insufficient. The 

same material was used in a different study with a canine model and such stents had completely 

degradated after 12 weeks, showing good biocompatibility compared with the controls (65). Li et al 

reported a study demonstrating the effectiveness of polylactic acid ureteral stents in preventing 

hydronephrosis in a canine model of ballistically induced ureteral injury. Poly (lactic-co-glycolic acid) 

(PLGA) is other material extensively studied as a degradable material for biodegradable ureteral 

stent design. A study using PLGA-based ureteral stent demonstrated good radiographic and flow 

characteristics in a porcine model after endopyelotomy, but unsatisfactory biocompatibility (67). In 

a similar study no complications were observed using PLGA-based horn ureteral stents after 

antegrade endopyelotomy (68). Lumiaho et al, in 2011, continued the study of biodegradable 

ureteral stents using a short biodegradable helical spiral ureteral stents, with the same material, 

and the results shown better drainage and antireflux properties compared double-J stent control, 

but the biocompatibility was not reported (66). Uriprene™ ureteral stent (Poly-Med Inc.,USA) was 

developed from a radiopaque, glycolic-lactic-acid formula (81). The materials used to construct this 

biodegradable ureteral stents are materials similar to those found in absorbable sutures (82). In a 

first study, Uriprene™ stent degraded in 7-10 weeks. However, while it provided excellent drainage 

with minimal hydronephrosis compared with the controls (biostable stents), difficulty of insertion 

was experienced due too soft axial rigidity of the stent. This study has shown less bacterial 

adhesion in the Uriprene™ biodegradable stent in comparation to the controls but the authors 

concluded that the time frame of degradation was too long. In a more recent study, the authors 

improved the Uriprene™ stent formulation with a reinforcement to provide better axial rigidity which 

resulted in favourable insertion and better handling characteristics. This new generation 

demonstrated a faster degradation profile, 2-4 weeks, while supporting excellent drainage and 

decreasing the incidence of hydronephrosis, demonstrating less irritation compared with biostable 

ureteral stents (16, 83). The problem of the use this class of materials is the tendency to degraded 
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by hydrolysis, creating blocks that can affect the urine flow, and also can be a starting point for 

bacterial adhesion and biofilm formation. Zhang et al reported a canine model study using a 

manufactured braided thin-walled biodegradable ureteral stent using multifilament’s of PGA and 

PLGA and barium sulfate. The stent shows a good biocompatibility and physical characteristics. 

The degradation started at 1 week and complete degradation was achieved after 4 weeks. In this 

study it is not clear the way that stent degraded and the authors do not refer if they had any 

presence of block during the degradation. These synthetics materials studied until now, were 

successful applied in absorbable sutures but the same results cannot be expected in the design of 

biodegradable ureteral stents due to the amount of bulk material that needs to be degraded in a 

fast and homogeneous way. 

 Natural origin polymers 

Natural origin polymers have been extensively studied as biodegradable materials specially in 

tissue engineering and regenerative medical applications (15, 84). Lingeman et al (71, 72) 

reported the first studies using a natural origin polymer based material to fabricate biodegradable 

ureteral stents. This biodegradable ureteral stent was one of the most extensive clinical evaluated 

and was made by a proprietary alginate-polymer-based formulation. Phase I and Phase II clinical 

trials in 88 patients demonstrated that alginate-based stent facilitated urinary drainage with good 

biocompatibility. The stent was designed to be intact during 48h and after this the stent started to 

degrade. The clinical trials have shown an insufficient degradation rate and resulted in the need for 

second intervention to remove the fragments of the patients. The studies reported that the average 

time to fully achieve stent degradation was 15 days, but three patients kept fragments after 3 

months, requiring extracorporeal shockwave lithotripsy and ureteroscopic manipulation for 

fragments removal. The authors of this chapter are currently involved in the development of a fully 

hydrogel natural origin based biodegradable ureteral stent. The principle behind the development of 

a fully hydrogel biodegradable ureteral stent relies on the advantages of hydrophilic coatings and 

the dynamic surfaces of the stent that authors believe to be an interesting approach to avoid 

bacterial adhesion and biofilm formation. A first study, involved a variety of different alginate, gellan 

gum and gelatin blends(15). To developed this biodegradable stents, the authors used a process 

called supercritical carbon dioxide (scCO2), that, after solvent exchange and drying process, help to 

enhance the mechanical properties of the hydrogel stent. The in vitro study demonstrated that 
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polysaccharides-based stent was able to maintained their mechanical properties during the 

degradation. The degradation occurs, in vitro, between 2 weeks and 2 months and can be tailored 

changing the ratio of raw materials used. These materials have shown no significant differences 

results regarding bacterial adhesion to gram-negative and significant differences were observed for 

gram-negative bacteria compared with a biostable control stent. Authors evaluated the 

biocompatibility in vitro and no differences were found compared with a Biosoft Duo stent, as a 

control (Porges, Coloplast, Denmark) (15). These type of stent are also being investigated as a 

drug-eluting stents for different urological clinical scenarios explained in the drug-eluting stents 

section of this chapter (17, 18).  

 Magnesium-based metal  

A new class of materials suggested in literature to be used as a based material for the 

development of biodegradable ureteral stents is magnesium and its alloys. Magnesium is a 

lightweight and biodegradable metallic material with advantageous properties for use in medical 

devices, such in cardiovascular applications. Magnesium-based stents are expected to corrode 

gradually In vivo, with an appropriate host response elicited by released corrosion products, then 

dissolve completely upon fulfilling the treatment (85). Lock et al (75, 76) investigated the 

antibacterial and biodegradable properties of magnesium and its alloys for biodegradable ureteral 

stent applications. In this study the authors used Mg–4 wt % yttrium (MgY) alloy, Mg–3 wt % 

aluminum–1 wt % zinc (AZ31) and commercially pure Mg (98% purity with aluminum as major 

impurities), and these alloys with thermal oxide layer on the surfaces. The results have shown that 

magnesium alloys decreased Escherichia coli viability and reduced the colony formation units after 

3-day incubation period in an artificial urine solution (AUS) when compared with commercial 

polyurethane stent. Furthermore, the results of magnesium degradation have shown an increase of 

magnesium ion concentration in AUS and consequently an increase of pH (more alkaline). The 

degradation of magnesium-based materials only was measured during the 3 days. Macroscopic 

photographs showed all materials had micro cracks on surface in the first day, with a decrease of 

magnesium concentration on surface after 3 days. In vivo or clinical trials have not been 

undertaken but the in vitro testing look promising for the clinical translation of biodegradable 

metallic ureteral stents. 
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Table I-2 Biodegradable Ureteral Stents 

Year Material Structure Degradation Ref 

1997/1998 
Poly-L-lactide-co-
glycolide (PLGA) 

Self-reinforced co-polymer L-
lactide and glycolide containing 
80% lactic acid and 20% glycolic 
acid with 20% barium sulfate 
additive 

Dependent on the urine pH; 
Stable at pH lower than 7.0, 
dissolves in 48h in pH greater or 
equal to 7.0 

(29, 
62) 

1999 
Poly-L,D-lactide 
copolymer (PLA) 

Double-helical spiral self-
reinforced poly-L,D-lactide 
copolymer (SR-PLA 96; L/D 
ratio 96/4) 

Degradation in blocks, fragments 
remain after 12 weeks causing 
obstruction. 

(63-
66) 

2002 
Poly-L-lactide-co-
glycolide (PLGA) 

Self-reinforced co-polymer L-
lactide and glycolide containing 
80% lactic acid and 20% glycolic 
acid.  

PLGA stents degraded in 6–8 
weeks and was feasible after 
Acucise endopyelotomy in a 
porcine model compared with 
control but with less favorable 
biocompatibility. 

(67) 

2002 
Poly-L-lactide-co-
glycolide (PLGA) 

SR-PLGA horn stent, (PLGA; L:G 
ratio 80/20) 

The degradation time of the 
material was 2 to 2,5 months 

(68) 

2002 

Poly-L-lactic and 
poly-L-glycolic acid 
(SR-PLGA) 
copolymer 

Self- reinforced poly-L-lactic and 
poly-L-glycolic acid (SR-PLGA) 
copolymer spiral design 
urethral stent 

Stent degraded in 6–8 weeks 
and resisted encrustation at 4 
weeks in artificial urine 

(69, 
70) 

2003 Alginate-based 

Alginate with a proprietary 
polymer that is made 
radiopaque using 7% by weight 
bismuth sub-carbonate powder 

Designed to stay in place for at 
least 48 hours after 
uncomplicated ureteroscopy 

(71, 
72) 

2010 

L-lactide and 
glycolide with 
lactic acid, glycolic 
acid 

Biodegradable copolyester 
components and L-lactide and 
glycolide with lactic acid, 
glycolic acid, and barium for 
radiopacity 

Dissolves within 1 to 4 weeks in 
a porcine model 

(16, 
73) 

2011 

Poly-L-lactic acid 
(PLLA) and Poly-
DL-lactic acid 
(PDLLA) 

The stent used in this 
experiment was manufactured 
using poly-L-lactic acid (PLLA) 
and poly-DL-lactic acid (PDLLA) 
mixed together in mass 
proportion. A 25% barium 
sulphate additive 

Stable for more than 120 days in 
a canine model 

(74) 

2012 Magnesium-based 

Mg–4 wt % yttrium (MgY) alloy, 
Mg–3 wt % aluminum–1 wt % 
zinc (AZ31) and commercially 
pure Mg (98% purity with 
aluminum as major impurities), 
and these alloys with thermal 
oxide layer on the surfaces 
(MgY_O and Mg_O) 

Stable during 3 days in AUS, 
microcracks on surface by 
corrosion.  

(75, 
76) 

2014 
PGA and PLGA 
multifilaments 

Designed a braided thin-walled 
biodegradable ureteral stent 
made of PGA and PLGA 
multifilaments, using textile 
techniques 

Stents began to degrade at 1 
week, and had completely 
degraded by the 4th week in a 
canine model 

(77, 
78) 

2015 
Poly(ε-
caprolactone) 
(PCL)/poly(lactide-

Nanostructured ureteral stent. 
Poly(ε-caprolactone) 
(PCL)/poly(lactide-co-glycolide) 

Stent gradually degraded from 
the distal end to proximal 
terminal, and all stents were 

(79) 
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co-glycolide) 
(PLGA) 

(PLGA) ureteral stent composed 
of nanofibers with micropores 
fabricated by double-needle 
electrospinning 

completely degraded at 10 weeks 
post-insertion. 

2015 
Polysaccharides-
based 

Hydrogel of Gelatin/Alginate 
and Gelatin/Gellan Gum blends 
fabricated by supercritical fluid 
process. 

Complete dissolution of the stent 
occured between 14 and 60 days 
in artificial urine 

(15, 
18) 

 DRUG-ELUTING URETERAL STENTS 

Apart from the coatings strategies, developed in last years, ureteral stent design has evolved 

to include drug-eluting technology. Drug-eluting technology is an easy way technology to 

incorporated, which has been used extensively in cardiovascular applications (86). Different 

strategies have been studied, with different active compounds and they have shown to be most 

promising for the inhibition of bacterial adhesion, biofilm formation and encrustation. Strategies for 

avoiding the inflammation in the surround urothelial tissues were also reported. In Table I-3 the 

most relevant studies are summarized and the different approaches along the last 10 years using 

anti-inflammatory and antibacterial drug elution technology in ureteral stents are presented.  

 Anti-bacterial eluting  

Many strategies to avoid bacterial adhesion on stent surface have been applied, some with 

significant success in controlling bacterial development and biofilm formation.  Chew et al (87) 

have developed a triclosan-eluting stent. Triclosan is a biocide with antibacterial and antifungal 

properties. The results of the study with triclosan-eluting stents showed that the triclosan elution is 

able to inhibited the growth of E. faecalis, S. aureus, P. mirabilis and K. pneumoniae, and decrease 

the expression of E. coli in vitro and in animals studies. Additionally, in the animal studies, a 

decrease of inflammation was observed in the bladder of animals implanted with triclosan-eluting 

stents comparing with controls, suggesting that triclosan-stents not only address the infection but 

also the discomfort cause by the ureteral stent. However, when evaluated in human trials the 

results showed limited success (9, 87-89). A sustained release of chlorhexidine, has been 

developed and demonstrated inhibition on formation of biofilm on the urinary catheter surface, In 

vitro (90). Another strategy reported in literature includes antibiotic loading in hydrogel-coated 

stents (47). Studies using combinations of silver nitrate (91, 92), rifampin (93) and ofloxacin (92) 
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have been tested in animal models while stents with cefazolin, tobramycin, gentamicin, ceftriaxone, 

and ciprofloxacin alone or in combination with N-acetylcysteine have only been tested In vitro and 

with good results (94). The main challenge in this type of approaches is to maintain an efficient 

release and resistance of antibiotic during all treatment time. A novel antiquorum and cationic 

proteins coated stents have also been tested as a strategy to prevent the bacterial adhesion and 

mineral encrustation. Quorum-sensor inhibitor RNAIII-inhibiting peptide (RIP)-coated ureteral stent 

has shown to reduce bacterial growth and biofilm formation after 5 days in rat bladders infected 

with S. aureus. The inhibition was higher when teicoplanin was also administrated (95). Minardi et 

al., in 2007, reported a study using an antimicrobial peptide called tachyplesin III that coated the 

stent surface and was implanted in rat infected with P. aeruginosa, with or without intraperitoneal 

(IP) piperacillin/tazobactam. The results showed that the use of this system prevented biofilm 

formation and growth of P. aeruginosa by up to 1000 times. More recent, studies with cathelicidin 

(BMAP-28) impregnated in ureteral stents were also evaluated (96). Cathelicidin is a polypeptide 

that serve a critical role in mammalian innate defense against bacterial infection. The BMAP-28-

stent showed a reduction of bacterial adhesion alone and when used in combination with 

vancomycin. These studies show that the antimicrobial peptide works in synergy with the antibiotic, 

making the approach more effective. However, while these peptide-coated systems with antibiotic 

are very promise in inhibiting the bacterial adhesion and biofilm formation, human trials are need 

to corroborate the results observed in animal model. 

 Anti-inflammatory eluting 

Drug-eluting technology has also investigated in order to prevent stent-associated discomfort 

and pain symptoms using anti-inflammatory compounds. Liatsikos et al. developed a paclitaxel-

eluting metal stent that has proven to decrease the inflammatory response and hyperplasia in the 

surrounding tissues of the implant site when tested in a pig model (97). As far we know this 

particular stent is still waiting human clinical trials. Human trials with non-steroidal eluting stents 

showed limited success in pain and discomfort reducing, possibly because of limited drug delivery 

to the ureteral tissues. Krambeck et al. in 2010 reported a study with ketorolac-eluting stent 

(Lexington™, Boston Scientific) that showed a substantial pain reduction in a subset of patients 

after ureteroscopy (98). Indomethacin, another nonsteroidal anti-inflammatory drug (NSAID), when 

impregnated in the stents has shown to decrease inflammatory mediators in rabbit urethra model, 
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but did not suceed in the decrease of fibrosis (99). Halofuginone-coated stents were study in rats 

with urethral damage and successfully suppressed spongiofibrosis (100). Kallidonis et al., in 2011, 

reported a study with zotarolimus-eluting stent (ZES) that have shown promising anti-inflammatory 

and antihyperplastic activity in pig and rat ureters (101). Dexamethasone-eluting stent were 

produced and tested In vitro. Dexamethasone was eluted from multilamellar liposome coatings 

applied to the metal stents. The results showed slow release of dexamethasone over 48 hours 

period in AUS, proving the concept, but further studies are needed(102). 

 Biodegradable designs  

Biodegradable ureteral stent technology will have an important function in the future of 

ureteral stent design. With the degradation feature this class of stent can address new clinical 

scenarios in urology (2). As described above, different coatings and eluting technologies have been 

applied in ureteral stents design in general in order to avoid bacterial adhesion and mineral 

encrustation. Combination of this new knowledge into the design of biodegradable ureteral stents is 

a new area. Kotsar et al (103), in 2009, reported a human trial study with a biodegradable braided 

poly (lactic-co-glycolic acid) urethral stent that was design to elute 5α -reductase inhibitor  directly 

into the prostate of patients with benign prostatic hyperplasia (BPH) and urinary retention. In this 

study the release was not sustainable, with 50% of the patients requiring insertion of a suprapubic 

catheter within 1 month. The authors of this chapter have published, in 2015, a study reporting the 

development of a ketoprofen-eluting biodegradable ureteral stent (18). As far we know this was the 

first description of a drug-eluting degradable ureteral stent. Ketoprofen is a NSAID that has been 

shown excellent to treat renal colic. The objective of the development of this new stent is to help 

patients in the future reducing associated stent complications and at the same time avoiding the 

procedure for stent removal. The kinetic of ketoprofen release was studied In vitro in artificial urine 

solution. The study involved a variety of biodegradable natural polymers in different concentrations 

and the results demonstrated that gellan gum-based stents were able to be impregnated with the 

most ketoprofen compared with alginate-based biodegradable stents(18). The release of 50% of 

ketoprofen occurs in the first 10 h and then the other 50% occurs over the next 60 h. These results 

should to be confirmed in a human trial study. The authors of this review are also currently 

involved in the development of an anti-cancer biodegradable ureteral stent to target upper urinary 

tract urothelial tumors (17). In this case the conventional method of drug administration is via drug 
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instillation. This has several drawbacks, such as high concentration dosage required, increased 

side effects, short residence time and poor bioavailability. To avoid these problems, the authors 

proposed the use of biodegradable ureteral stents impregnated by supercritical fluid CO2 with four 

different anti-cancer drugs (paclitaxel, doxorubicin, epirubicin and gemcitabine). The anti-cancer 

drugs eluted by the degradable stent showed to be able to reduce 75% of urothelial cancer cell 

(T24) after 72 hours, In vitro, with no toxicity observed in the non-cancer cells (HUVEC cells), used 

as a control. The use of biodegradable ureteral stents in urology clinical practice not only reduces 

the stent-related symptoms but also open new treatment options. 

Table I-3 Drug-eluting Technologies 

Year Type material Methodology Result ref 

1997 
In vitro 
study 

 

Antibiotic immersed 
stent and 
biodegradable 
prostatic stents; 
Silicone, silver-coated, 
hydrogel-coated, PGA 
and PLA ureteral 
stents 

Stents incubated with E. coli and 
E. faecalis with and without 
immersion in tobramycin, 
ceftriaxone, or ciprofloxacin 
solutions. 

Bacterial adhesion was not 
influenced by stent material 
surface. Ceftriaxone, or 
ciprofloxacin solutions 
drastically reduced 
bacterial adhesion while 
tobramycin did not. 

(104, 
105) 

2000 
In vitro 
study 

Liposome-
coated metal stents 

Gradual release of 
dexamethasone during 48 hours 
from multilamellar liposomes in 
artificial urine was assessed. 

The principle was proven 
with a suitable release. 

(106) 

2000 
In vitro 
study 

Silver nitrate-coated 
SR-PLLA ureteral stent 

Study of the bacterial adhesion 
inhibition with five urophatogens 
(Pseudomonas aeruginosa, 
Enterococcus faecalis, Proteus 
mirabilis and two strains of 
Escherichia coli) in silver nitrate-
coated PLLA ureteral stents 

Silver nitrate coating 
reduced the amount of 
bacteria in urine. All 
urophatogens do not 
adhered to the stent except 
for E. faecalis. 

(91) 

2002 
Animal 
study 

Silver nitrate-
/ofloxacin-coated SR-
PLLA stents 

Evaluate the 
biocompatibility, encrustation 
and biodegradation properties of 
silver nitrate and ofloxacine. 
Stents coated were placed in 18 
male rabbit posterior urethra for 
1 or 6 months. 

Silver nitrate provide 
possibilities of preventing 
bacterial adhesion and 
encrustation to 
biodegradable stents. 

(92) 

2005 
Animal 
study 

Paclitaxel eluting 
polyurethane uretral 
stent 

Evaluate a paclitaxel-
eluting stent in respect to the 
reduction of tissue hyperplasia 
after stent placement in a 20 
canine urethral model. 

Lower hyperplastic 
reaction and less degree of 
stenosis in paclitaxel-coated 
stents group. 

(107) 

2006 
In vitro 
study 

Triclosan eluting 
ureteral stent 

Triclosan eluted from a 
drug-loaded ureteral stent was 
suspended in artificial urine with 
bacterial pathogens (Escherichia 
coli, Proteus mirabilis, 
Enterococcus faecalis, Klebsiella 
pneumoniae, Staphylococcus 

Triclosan coated 
influence significantly the 
decreasing of bacterial 
adhesion on stents surface. 

(87) 
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aureus, Pseudomonas 
aeruginosa) to assess bacterial 
adherence to the stent. 

2006 
Animal 
study 

Triclosan eluting 
Percuflex stent 

48 male rabbits were 
instilled transurethrally with P. 
mirabilis. A stent curl from a 
triclosan eluting, Percuflex Plus 
or Optima ureteral stent was 
placed intravesically. Urine was 
cultured on days 1, 3 and 7. 
Stents were assessed for 
encrustation and viable 
organisms. 

P. mirabilis growth 
decrease in presence of 
triclosan-eluting stents. No 
differences in encrustration 
while less inflammation 
observed in bladder. 

(89) 

2007 
Animal 
study 

Paclitaxel eluting 
metal stent 

Compare the standard 
bare metal stents (BMS) with 10 
Paclitaxel-Drug Eluting Stent 
(DES) in the ureter of 10 pigs 
during 21 days. Patency was 
measured by radiograph of the 
nephrostomy tract. 

Paclitaxel-DES, 
generated less 
inflammation and/or 
hyperplasia of the 
surrounding tissues, thus 
maintaining ureteral 
patency. 

(97) 

2007 
Animal 
study 

Quorum-sensor 
inhibitors RNAIII-
inhibiting peptide 
(RIP) 

Ureteral stents coated with 
the quorum-sensing inhibitor 
RNAIII-inhibiting peptide (RIP) 
were implanted in rat bladders 
infected with S. aureus. Stents 
and urine were cultured on agar 
plates. 

Coating ureteral 
stents with RIP increased 
the efficacy of teicoplanin in 
preventing ureteral stent-
associated staphylococcal 
infections. 

(95) 

2007 
Animal 
study 

Cationic peptides- 
tachyplesins III 

Tachyplesin III alone or 
combined with piperacillin-
tazobactam (TZP) coated stent 
segments were implanted by 
subcutaneous pouch model in 
rat infected with P. aeruginosa. 

Coating ureteral 
stents with Tachyplesin III 
alone or in combination 
with TZP is able to inhibit 
bacterial growth up to 
1,000 times. 

(108) 

2008 
Animal 
study 

Cathelicidin BMAP-28 
immersed stent 

Efficacy of stents coated 
with BMAP-28 alone and in 
combination with vancomycin in 
Rat model with infection due to 
E. faecalis and S. aureus. After 5 
days implantation, the biofilm 
was evaluated. 

The results highlight 
the potential usefulness of 
the BMAP-28 coating with 
IP combination in 
preventing ureteral stent-
associated in gram-positive 
infections. 

(96) 

2009 
In vitro 
study 

Ciprofloxacin/N-
Acetylcysteine (NAC) 

Evaluate the effect of 
ciprofloxacin (CIP), N-
acetylcysteine (NAC) alone and 
in combination, on biofilm 
production and pre-formed 
mature biofilms on ureteral stent 
surfaces. 

CIP/NAC 
combinations had the 
highest inhibitory effect on 
biofilm production and the 
highest ability to eradicate 
pre-formed mature biofilms. 

(94) 

2009 
Human 
study 

Triclosan eluting stent 

Eight patients with long-
term stents were enrolled 
prospectively for 3 months with 
pre and postoperative 
antibiotics; After 3 months, the 
control stent was removed, and 
a triclosan-eluting stent was 
placed for 3 months with no 
antibiotics. 

Antibiotic use with 
control stents resulted in 
bacterial antibiotic 
resistance, which was not 
the case with the triclosan-
eluting stents. The 
triclosan-eluting stent alone 
is not sufficient to reduce 
device-associated 

(9) 



Chapter I – Ureteral Stents Technology: Biodegradable and Drug-eluting 
perspective 

 

26 

infections. 

2009 
Animal 
study 

Triclosan eluting and 
heparin-coated 
proprietary stent 

Heparin-coated stents, 
triclosan-eluting stent and 
control stents were incubated in 
artificial urine with E. coli, K. 
pneumoniae, E. faecalis, S. 
aureus and P. aeruginosa for 7 
days. Bacterial adhesion was 
quantified. 

Heparin coating did 
not decrease bacterial 
adherence to ureteral 
stents. Drug eluting 
antimicrobials have an 
inhibitory effect on bacterial 
adherence. 

(109) 

2010 
Animal 
study 

Ketorolac eluting stent 

A total of 92 pigs were 
each implanted with a control 
stent and administered oral 
ketorolac during 5 days, or 
stented with 7, 13 and 15% 
ketorolac coated stents. 
Ketorolac levels were measured. 

Ketorolac-eluting 
ureteral stents proved to be 
safe in a porcine model. 
Ureteral tissues displayed 
the highest levels of 
ketorolac and dose-
dependent manner. 

(73) 

2010 
Human 
study 

Ketorolac eluting stent 

Prospective, double-blind 
study; 276 patients randomized 
received, after ureteroscopy, 
ketorolac-eluting stent or control 
stent. The primary end point was 
an intervention for pain defined 
as unscheduled physician 
contact, change in pain 
medication or early stent 
removal. 

The safety of the 
ketorolac loaded stent was 
confirmed. A trend toward a 
treatment benefit was 
noted for patients receiving 
drug loaded stents, 
specifically young male 
patients appeared to 
require less pain 
medication. 

(98) 

2011 
Animal 
study 

Zotarolimus eluting 
stent (ZES) 

10 pigs and 6 rabbits were 
inserted with a ZES and bare 
metal stent (BMS) in each 
ureter. CT or IVU were 
performed every week for the 
following 4 weeks for pigs and 8 
weeks for rabbits and renal 
scintigraphies on week 3. 
Luminal and intraluminal 
patency evaluated by optical 
coherence tomography, ureter 
histology. 

ZESs in the pig and 
rabbit ureter were not 
related to hyperplastic 
reaction resulting in stent 
occlusion. These stents 
were related to significantly 
lower hyperplastic reaction 
in comparison with BMSs 
while inflammation rates 
were similar for both stent 
types. 

(101) 

2012 
Human 
study 

Triclosan eluting stent 

20 patients prospectively 
randomized were stented during 
7-15 days with triclosan eluting 
stent alone or control stent plus 
3 days levofloxacin. 

Triclosan eluting stent 
had no marked impact on 
biofilm formation, 
encrustation or infection 
development in short-term 
stented patients, but 
decrease pain on activity 
and urination. 

(10) 

2012 
In vitro 
study 

Chlorhexidine (CHX) 
eluting stent 

Evaluated growth inhibition 
on ureteral stent segments 
coated with chlorhexidine (CHX). 
The tests were conducted using 
common urinary pathogens: 
Enterococci, Pseudomonas, and 
Escherichia coli. Coated stent 
segments were inserted into 
bacterial suspensions and 
counting by culture and turbidity 

Bacterial growth 
measured as turbidity and 
as colony-forming units 
showed a significant 
inhibition effect of initial 
bacteria adhesion to the 
CHX coated stent 
compared with the controls. 

(90) 
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2012 
Animal 
study 

Rifampin and 
tigecyline immersed 
ureteral stents 

Efficacy of tigecycline and 
rifampin alone or combined in 
preventing ureteral stent 
infection due to E. faecalis 
inoculated rat bladders. 

Rifampin in 
combination with 
tigecycline demonstrated 
no bacterial cultivated in 
urine or in stent. 

(93) 

2012 
Animal 
study 

Indomethacin eluting 
absorbable urethral 
stent 

Evaluate the effect of an 
indomethacin-eluting 
biodegradable urethral stent on 
the production of inflammatory 
cytokines in vitro and the 
degradation and biocompatibility 
of the new stent in vivo during 3 
months. 

Indomethacin-eluting 
can be safely added to 
biodegradable stents 
without major influence on 
the degradation time. Less 
severe epithelial polyposis 
at 3 weeks, but no 
difference at 3 months. 

(99) 

2015 
In vitro 
study 

Ketoprofen-eluting 
biodegradable stent 

Biodegradable ureteral 
stent impregnated with 
Ketoprofen by CO2 high 
pressure vessel. Ketoprofen 
release evaluated in vitro. 

50% of ketoprofen 
release occurred in the first 
10 h and then the final 50% 
over the next 60 h, while 
stent degrade during 2 
weeks. 

(18) 

 TISSUE-ENGINEERED STENTS 

From the last developments in stent-engineering developments, we expect these devices to be 

applied in other fields or in new clinical scenarios in particularly in the regeneration the ureters and 

urethra. One of the most innovative ideas for ureteral stents is their application in tissue 

engineering field. Amiel et al (110), to the best of our knowledge, were the first to suggest the use 

of a natural urethral stent made of polylactic-co-glycolic acid (PLGA) in combination with autologous 

chondrocytes. These systems would be advantageous due to its biocompatibility. In this study the 

authors investigated the feasibility of engineering cartilage stents In vitro and In vivo. Xu et al (111) 

engineered an artificial ureter and performed a transplantation of In vitro expanded autologous 

urothelial cells (chondrocytes) onto an In vivo prefabricated capsular absorbable stent using tissue 

engineering methods. The absorbable stent made by PLLA were transplanted into the 

subcutaneous of rat model for a period until 3 weeks to induce the formation of connective tissue 

capsules on their surfaces, and the results of this study showed that absorbable stents could be an 

alternative cell carrier for tissue engineered ureters, especially with embedding time from 2 to 3 

weeks. Stents coating with autologous tissue should be more biocompatibility and have a more 

favorable host response compared with conventional stents. Collagen and fibroblasts was found in 

stents surface after explanation indicating tissue restoration (112).  
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 CONCLUSIONS AND FUTURE PERSPECTIVES  

Ureteral stents continue to be an indispensable medical device in the daily urological clinical 

practice, even featuring various complications such bacterial adhesion, development of 

encrustation and patients discomfort. To date none of the technological developments has lead to 

the “ideal stent”, but much progress has been made in the stent design by improving the physical 

characteristics of the biomaterials and the application of new coatings. Developments regarding 

biodegradable metal-based stents could, in the future, be applied in design of stents that can 

maintain patency and degrade in the desired time period. The development of biodegradable 

materials that can be combined with drug-eluting technologies shows to be a promise in improving 

patient’s symptoms both by the degradation and the elution of drugs, that could help reduce the 

most frequent complications.  The new technologies developed are envisaged to be applied not 

only in the next generation of ureteral stents but the application of these ureteral stents will open 

new treatment possibilities in a variety of different urological clinical scenarios 
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Chapter II 

Chapter II -  Materials and Methods 

OVERWIEW 

In this chapter are described the different materials, methodologies and procedures used in 

the development of biodegradable ureteral stents (BUS) and drug-eluting BUS. BUS developed and 

studied under this thesis are based on different polymer formulations composed by gelatin, 

alginate, gellan gum, as main components, bismuth as radiopaque agent and polycaprolactone as 

a coating. In terms of production technologies, the supercritical fluid technology was used both for 

drying and impregnation of BUS. Within the drug-eluting BUS, different types of active 

pharmaceuticals compounds (APIs) were impregnated, namely (i) ketoprofen, (ii) paclitaxel, (iii) 

doxorubicin, (iv) epirubicin and (iv) gemcitabine. Different characterization techniques were applied 

to the BUS developed to evaluate morphological and mechanical properties, in vitro stability, 

biocompatibility and in vivo performance in a pig model. Figure II-1 presents an overview of the 

formulations studied as well as the respective processing and characterization methodologies. 

Many of the materials used in this thesis were purchased. The detailed specifications of the 

suppliers can be found in the experimental subsections of each chapter. Likewise, equipment 

suppliers are also discriminated in those subsections. 
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Figure II-1. Schematic overview of the materials studied, processing and characterization 
techniques. Essentially, five materials were used throughout the thesis for the 
formulation of the biodegradable ureteral stent (BUS): gelatin; alginate; gellan gum; 
bismuth and polycaprolactone (PCL). Two crosslinking agents were used: calcium 
chloride (CaCl2) and genipin. Five active pharmaceutics ingredients (APIs) were tested in 
the development of drug-eluting BUS: ketoprofen (Chapter IV), paclitaxel, doxorubicin, 



Chapter II – Materials and Methods 

 

39 

epirubicin and gemcitabine (chapter VI and VII). The techniques used to characterize the 
materials/ structures are here summarized. (SEM - Scanning electron microscopy; FTIR- 
Fourier transform infrared spectroscopy; DSC - Differential scanning calorimetry; GPC - 
Gel Permeation Chromatography; ICP – Ion coupled plasma; IC50 - half maximal 
inhibitory concentration; IVP – Intravenous pyelogram).  

 MATERIALS 

 Biodegradable ureteral stents core material  

Biodegradable ureteral stents (BUS) developed under the scope of this thesis were based in 

natural origin polymers, such as gelatin, alginate and gellan gum. Natural origin polymers derived 

from renewable resources, namely from algae, animal, plant, and microorganisms, offer the 

advantage of specific degradation rates, chemical versatility, similar biological macromolecules, 

which biological environment is prepared to identify and to deal metabolically with, present a good 

biological performance with low cytotoxicity or adverse immunological reactions, frequently noticed 

with synthetic polymers(1). Therefore, the characteristics of the natural origin polymers, like the 

ability to uptake high amount of water and create hydrogels, are important for the design of drug-

eluting devices that can also deliver active pharmaceutical compounds (APIs) locally avoiding 

common side effects(2). Bismuth was used in the stent formulation to provide the radiopaque 

properties to the developed BUS. 

II-1.1.1. Gelatin 

Gelatin was used as a core material in the development of BUS. Gelatin is a natural origin 

polymer derived from partial acid (gelatin type A) or alkaline hydrolysis (gelatin type B) of collagen 

obtained from different sources, such as bovine and porcine which are the most widely used(3-5). 

Collagen is a protein composed of linear, fiber-like structures. Different physical properties and 

chemical heterogeneity, such as molecular weights (MWs) and isoionic points, can be obtained 

depending the collagen source and the preparation technique(6, 7). Gelatin in last years has 

extensive been used in foods, cosmetics, pharmaceuticals and biomedical fields due to its 

remarkable properties, such as biodegrability, biocompatibility, low antigenicity, does not produce 

dangerous byproducts upon enzymatic degradation, contain motifs such as Arginine-Glycine-

Aspartic acid sequences that can modulate cell adhesion, high number of accessible functional 
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groups for modification (e.g crosslinking) and targeting ligands (e.g drug delivery vehicles), as well 

commercially available at low cost and abundantly available(7, 8). Gelatin molecules are mainly 

composed by four groups of amino acids, being in every 1000 gelatin’s amino acid residues, 330 

are glycine, 132 are proline, 112 are alanine and 93 are hydroxyproline. The remainder 

corresponds to other different residues(4). A typical structure of gelatin is –Ala-Gly-Pro-Arg-Gly-Glu-

4Hyp-Gly-Pro-(4, 9). The triple helical structure of gelatin is related with (GlycineX-Proline)n 

representation, where X signifies the amino acids mostly e, arginine, methionine, lysin and valine. 

Gelatin surface has mixed anion and cation character (polyampholyte). Nonetheless, at lower pH 

gelatin is positively charged and negatively charged at higher pH(5, 10). Gelatin is polyampholyte 

approximately at pH 9 (for gelatin type A) and pH 5 (for gelatin type B)(11). At ideal concentrations, 

gelatin solutions are in the sol state at around 40ºC and change into gels when they are cooled 

down to room temperature. This gelation normally occurs by physical crosslinking, which results in 

the formation of intersection regions and finally a three-dimensional branched network(12, 13). The 

sol-gel transformation is due to a conformational disorder-order alteration of the gelatin chains 

forming thermo-reversible networks by associating helices in intersection regions stabilized by 

hydrogen bonds(7, 12, 14). Physico-chemical characteristics of gelatin gels can be modified using 

a chemical crosslinking. The most commonly used chemical crosslinkers include formaldehyde, 

glutaraldehyde, polyepoxy compounds, dimethyl suberimidate, carbodiimides, and acyl azide, and 

are normally used to bond functional groups of amino acids(7-9, 15). However, these compounds 

present generally cytotoxicity conditioning their use in biomedical applications(15). In this thesis, 

biodegradable ureteral stents (BUS) were developed using gelatin type A from porcine skin. Besides 

the physical crosslinking used in all chapters in chapter IX, genipin was used as a chemical 

crosslinking. Genipin is naturally occurring reagent extracted from the fruits of Gardenia 

jamisnoides Ellis with low toxicity(8, 15, 16). Genipin is a chemical crosslinking reacting with amino 

acid or proteins and polysaccharides, and has the advantage to have lower toxicity than most of the 

synthetic crosslinkers mentioned above. Citotoxicity of genipin has been shown to be 10,000 times 

less toxic than glutaraldehde(17). The concentration and the number of amino groups available to 

react with genipin molecules will influence the degree of crosslinking(18-20). Genipin was used as 

crosslinker of gelatin in BUS formulation 3 in order to improve the In vivo stability of the BUS. 
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II-1.1.1.1 Genipin crosslinking gelatin  

To date, chemical crosslinking is the most popular approach to crosslink gelatin. Chemical 

crosslinking agents can covalently link amine residues or covalently link carboxylic acid and amine 

residues. Genipin binds to the gelatin network structure, typically by bridging the free amine groups 

of lysine. The crosslinking reaction between genipin and gelatin is not fully understood but it has 

been hypothesized that happens by two distinct reactions (figure II 2). First a rapid nucleophilic 

attack of a lysine amino group to the ring structure of genipin causes the dihydropyran ring opening 

and the creation of a tertiary amine (Michael addition). The second reaction is slower and results in 

the crosslinking process by nucleophilic replacement of lysine amino group with a second piece of 

gelatin(21). During the reactions, a blue pigment is presumably formed through the oxygen radical-

induced polymerization and dehydrogenation of several intermediary pigments(15, 21). This gelatin 

crosslinking process is slower compared with other the crosslinking reactions, namely using 

glutaraldehyde(15, 17, 21). In the preparation of BUS the time of reaction revealed to be ideal for 

the injection of the polymer solution into the mold. 

 

Figure II-2 Crosslinking reaction of gelatin by genipin with: a) first reaction through Michael addition to 

form stable intermediate; and b) second reaction with nucleophilic substitution of free 
lysine amine molecules into genipin activated ester. Adpated from Rose et al.(13) 

II-1.1.2. Alginate 

Alginate is one of the most studied polysaccharides as a biomaterial, being relatively abundant 

in nature (22). Alginate is an anionic polymer typically extracted from brown algae, such as 
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Laminaria hyperborea and lessonia, after an alkaline process. Succinctly, after filtration, alginate 

salt is obtained after the addition of calcium chloride or sodium. Alginic acid can be after obtained 

by treatment with diluted hydrochloric acid. Ultimately, upon purification and conversion, a water-

soluble sodium alginate powder is obtained(23). Structurally, alginate is a linear unbranched 

copolymer composed by homopolymeric blocks of consecutive or alternating β (1→4) linked D-

mannuronic acid (M-blocks) and α (1→4) linked L-gluronic acid elements (G-Blocks) (Figure II 

3)(23, 24). The source of alginate influence the length and distribution of the M and G-blocks along 

the polymer chain(25). Moreover, both blocks present carboxyl groups that can be deprotonated 

exceeding the pH values of 3.2 and 4, respectively for G and M-blocks(23, 26). Consequently, 

alginate above the pKa ≈ 3.4 or 3.65 for glucuronic and mannuronic acid units, respectively, 

behaves as polyacid and exhibits polyanionic behavior, and the carboxyl groups became 

protonated(27, 28). Alginate has been extensively used to produce hydrogels for biomedical 

applications due to its low toxicity, In vivo biocompatibility, low cost as well as bacteriostatic, 

fungistatic, anti-microbial, haemostatic properties and mild gelation conditions(24). Alginate 

hydrogels are normally produced by an ionic crosslinking, due has an ionotropic sol transition, 

requiring the presence of ions for gelation(27-30). The type of ions used influences the stability of 

the ionic crosslinking, being stronger with divalent cations (such as Ca2+, Mg2+, Ba2+) compared with 

monovalent cations (such as Na+ and K+). Ionic interations are established between the G-blocks 

presents in the polymer chain of the alginate and the divalent cations through interactions with the 

carboxylic groups(23). The formation of a three-dimensional network that is frequently described by 

the “egg-box” model is developed due the replace of the hydrogen bonds between the carboxyl 

group of D- mannuronate and the 2-OH and 3-OH groups of the subsequent L- guluronate by 

divalent ions, by the creation of ionic inter-chain bridges(28, 31). These properties make alginate a 

suitable biomaterial to blend with gelatin and to be used in the BUS development.  

 

Figure II-3 Chemical structure of Alginate (M: manuronic repeating unit; G: glucuronic repeating unit). 
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II-1.1.3. Gellan Gum 

Gellan gum is an anionic extracellular polysaccharide, produced by aerobic submerged 

fermentation of Sphingomonas elodea(32-34). Gellan gum is a linear and anionic polymer 

composed by approximately, 60% glucose, 20% glucuronic acid, and 20% rhamnose as a repeating 

unit, and two acyl groups, acetate and glycerate bound to glucose residue adjacent to glucuronic 

(Figure II 4)(33). Gellam gum can be founded in two different forms, native (high acyl form) of 

deacetylated (low acyl) and is frequently coupled with significant amounts of impurities, such as 

cell protein that can be purified by filtration or centrifugation. Gellan gum in high acyl form shows 

two acyl groups on the glucose residue unlike in the low acyl form that is removed by alkaline 

treatment(32). Gellan gum is a thermally reversible gel with excellent stability and high gel 

strength. Nevertheless, in its high acyl form, gellan gum creates transparent, elastic and flexible 

gels, while in the low acyl form originate brittle gels(33, 35, 36). These characteristics and due to 

the capacity of forming injectable solutions and creating hydrogels with decreasing temperatures 

(physical crosslinking) and addition of ions (ionic crosslinking) have encouraged different 

applications and techniques to use it in food applications, in cosmetics, and as a drug delivery 

system(35, 37). The sol-gel transition of gellan gum is ionotropic, as in alginate(36, 37). Thus, the 

presence of cations is necessary for the formation of a stable hydrogel. The physical hydrogels 

should have a quite low water uptake (because the carboxylic groups are involved in the formation 

of the double helices) and, at the same time, a relevant elastic behaviour, which increases with the 

amount of the junction zones(34). On the other hand, chemical hydrogels, due to the presence of 

disordered chains, should have a high-water uptake (inversely proportional to the crosslinking 

degree) and, correspondingly, a small elastic behaviour(32). Under the scope of this thesis the 

gellan gum was used in the formulation of BUS in chapter III and IV. 
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Figure II-4 Repeating units of chemical structure of a) native and b) deacetylated gellan gum. 

II-1.1.4. Bismuth (III) carbonate basic 

Bismuth subcarbonate was used in chapter IV until chapter VIII (formulation 2 and 3) 

to induce the radiopaque properties on BUS developed. Today’s medical devices such as stents 

are used to diagnose and treat smaller and more distal areas of the vascular or urological pathway, 

requiring smaller device components than ever before. Many of these devices must be visible 

under fluoroscopy to ensure proper placement during the surgical procedure; yet, plastics used for 

the manufacture of these medical devices are inherently transparent to x-ray and fillers must be 

blended into the polymers to provide the required radiopacity (38). Bismuth Subcarbonate 

(BI2O2(CO3)) is one of these fillers and tends to have more radiopacity than barium compounds and 

can be used in smaller amounts than barium for similar results(39). The use of bismuth 

subcarbonate has been limited because reported of heat stability issues as it tends to degrade at 

225ºC(39). However, under the scope of this thesis the process used to produce the BUS used 

mild temperature conditions, the highest temperature being 90ºC.  

 Biodegradable ureteral stents coating material 

Poly (ε-caprolactone) (PCL) was used in chapter chapter V until chapter VIII as coating 

material to improve the mechanical properties of the BUS developed (formulation 2 and 3). PCL 

is a synthetic biodegradable aliphatic polyester which has attracted considerable attention in last 
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years, particularly in the biomedical field of absorbable surgical sutures, drug-eluting systems, and 

3D scaffolds, for use in tissue engineering. The versatility of this polymer allows the development of 

microspheres, microcapsules, nanoparticles, pellets, implants, and films(40-43). This polymer is 

biodegradable in physiological conditions, because the ester bonds present in its structure are 

hydrolyzed into non-toxic natural metabolites and are eliminated from the body(44, 45). PCL is 

hydrophobic, semicrystalline, with a melting point of around 60°C and a glass transition 

temperature of about -60 °C. PCL is a Food and Drug Administration (FDA) approved material(42, 

43, 46).  

 PRODUCTION OF BIODEGRADABLE URETERAL STENTS 

Biodegradable ureteral stents (BUS) were produced from natural origin polysaccharides 

following a combination of template gelation and critical point carbon dioxide drying steps. Figure 

II 5 shows the schematic representation of the processing steps used to prepare the BUS and 

their evolution along this thesis from the ideation phase to scale-up.  

 

Figure II-5 Schematic representation of methodologies adopted to fabricate the biodegradable ureteral 

stents and their evolution. 

In chapter III a tubular structure was prepared by first dissolving the polymers in hot distilled 

water (90ºC) at different concentrations, and stirred for 1h. A template of appropriate geometry 
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was dipped in the polymeric solution and immersed at room temperature in a stirred CaCl2 

crosslinking solution. This step allows the gelification of the polymer surrounding the template. 

After this the gelified polymer was immersed in ethanol and dried in a high-pressure vessel by 

supercritical carbon dioxide (scCO2) at 40ºC and 100 bar for 2h, in a continuous mode. The 

conditions were chosen in order to ensure complete miscibility between the CO2 and ethanol. After 

the drying process the tubular structures were immersed in distilled water in order to remove the 

template and to obtain the hollow tube which was then dried at room temperature.  

A first injection mold was designed and used in chapter IV and V. Small changes in the 

methodology were introduced in order to obtain a hollow tube with the real ureteral stent size and 

adequate mechanical properties. Briefly, polymers were dissolved in hot distilled water (70ºC) at 

different concentrations. The solutions were stirred for 1h and the polymeric solution was injected 

in the mold. After 1h the BUS was taken out of the mold and placed in an alcohol solution (100% 

ethanol) for 1h, for compact the polymeric layers of the stent wall. The stents were then transferred 

into a crosslinking solution of calcium chloride (CaCl2) at room temperature to promote the 

crosslinking of the alginate. After crosslinking, the stents were relocated in an alcoholic solution 

(100% ethanol) to obtain an alcohol gel which was then dried in a high-pressure vessel with scCO2 

under controlled pressure (100 bar) and temperature (40ºC) and a continuous flow of the scCO2 

during 90min. Finally, the dried BUS were immersed in distilled water for 30 min and in ethanol 

100%, for 1h, to remove the template, and were left to dry at room temperature conditions, during 

1 day. To enhance the mechanical performance of the BUS after the first surgical In vivo failure a 

coating was applied to the BUS by the end of process. BUS were coated by immersion in a 10% of 

polycaprolactone (PCL) resin 787 (Mw 80,000 g mol−1) dissolved in chloroform. The stents were 

dried at ambient conditions overnight. 

 In chapter V, VI and VII, the procedure steps were the same but a new mold was designed 

to allow the preparation of more stents simultaneously. The formulation of the BUS was modified 

along the thesis in order to obtain a successful In vivo, porcine model, biodegradable ureteral stent. 

 In chapter VIII, genipin was added to the initial stent formulation to promote the gelatin 

crosslinking while calcium chloride crosslink the alginate polymer network. Table II 1 present the 

different formulations used to prepare the BUS and drug-eluting BUS along the thesis.  
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Table II-1 Polymer, cross-linking agent concentrations and active pharmaceutical compounds (APIs) 
used along the thesis. 

Chapter 
Polymer Conc. 

(wt%) 

Gelatin 

% 

Alginate 

% 

Gellan Gum 

% 

Bismuth 

% 

PCL 

% 
Cross-linking APIs 

III 

6 

4 

6 

4 

- 

- 

40 

40 

100 

- 

60 

- 

- 

100 

- 

60 

- 

- 

- 

- 

- 

- 

- 

- 

0.24 M CaCl2 - 

IV 
6 

4 

40 

40 

60 

- 

- 

60 

- 

- 

- 

- 
0.24 M CaCl2 Ketoprofen 

V 6 

85 

65 

50 

45 

10 

30 

45 

50 

- 

- 

- 

- 

5 10 

0.24 M CaCl2 

0.48 M CaCl2 

1 M CaCl2 

- 

VI and 

VII 
6 65 30 - 5 10 0.48 M CaCl2 

Paclitaxel 

Doxorubicin 

Epirubicin 

Gemcitabine 

VIII 6 65 30 - 5 10 
0.48M CaCl2 

15mM Genipin 
- 

Two essential processes were used in the preparation of BUS; supercritical carbon dioxide 

drying and supercritical fluid impregnation for the development of drug-eluting BUS.  

II-2.1.1. Supercritical carbon dioxide drying  

Supercritical fluid drying is one alternative process to conventional drying procedures that 

uses supercritical fuid as the drying medium. This technique has been developed in recent years 

and has found its space in polymer processing(18, 47, 48). Advantages of this process compared 

with the conventional is the fact that no surface tension effects occur, i.e. no liquid-gas phase 

transitions occur during the drying process. Surface tension is what commonly causes problems in 

drying highly porous materials since the solid structures can collapse as the water in liquid phase 

is removed due to conventional drying (e.g. freeze-drying). Supercritical fluids have distinctive 

properties regarding density and solubility that are similar to liquids and their compressibility is 

similar to that of the gases(49). Carbon dioxide (CO2) is being used progressively and encouraged 

at small, pilot, or large scales to dehydrate high-value natural bioactive ingredients, aerogels or 

scaffolds fabrication(50-52). Figure II 6 shows the phase diagram of CO2. The critical temperature 

of supercritical CO2 (scCO2) is as low as 31.1°C, which can be appropriate for thermosensitive 

materials to avoid thermal degradation. The structure shapes can be simply controlled by operating 
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conditions, modifying the temperature and pressure of the system(52-55). scCO2 drying process 

was used to dry the BUS due their advantages compared with the conventional dry processes. 

Under the scope of this thesis the scCO2 process demonstrated to be an important step to enhance 

the mechanical properties of the BUS and in keeping the BUS lumen open upon hydration 

(chapter V). 

 

Figure II-6 The Phase Diagram of Carbon Dioxide. Adapted from Silberberg et al(56) 

II-2.1.2. Supercritical fluid impregnation process2  

Supercritical CO2 (scCO2) assisted impregnation has been used for loading active 

pharmaceuticals ingredients (APIs) in order to developed drug-eluting biodegradable ureteral 

stents. The preparation of drug-release products using an impregnation process demands the use 

of a mobile phase dissolve and transport the APIs, which at the same time should be able to swell 

the polymeric matrix, allowing the diffusion of the drug into the polymer bulk, increasing the 

impregnation rate (50). Typically, the preparation of drug-release systems requires three steps: 

solubilization of the APIs in an adequate solvent, APIs diffusion through the polymer matrix and 

removal of the residual solvent (57). In Figure II 7 the schematic representation of the three 

phases of the impregnation process is presented.  

                                                
2 This section is based on the following publication: 

Barros AA, Silva J, Craveiro R, Paiva A, Reis RL, Duarte ARC, “Green solventes for enhanced impregnation 
processes in biomedicine”, Accepted in Current opinion in green and sustainable chemistry, 2017. 
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Figure II-7 Schematic representation of the three phases of the impregnation process. 

In this sense, scCO2 assisted impregnation has proven to be feasible when the pharmaceutical 

compound is soluble in carbon dioxide and the polymer can be swollen by the supercritical fluid. 

Different yields of impregnation can be obtained by scCO2 assisted impregnation. The principal 

factors that affect the yield directly are the pressure and temperature of the system due to the 

influence on density and solvent capacity of CO2. According to Kazarian et al.(58, 59) there are 

mainly two mechanisms which describe scCO2 assisted impregnation. One is highly dependent on 

the swelling ability of the polymeric matrix, when in contact of the scCO2 the drug is solubilized in 

CO2 and is placed in contact with the polymer, upon depressurization, the CO2 rapidly leave the 

polymer matrix, the solubilized drug precipitates and is deposited within the polymeric matrix. 

Second mechanism said to be more dependent on the affinity of the CO2 with the drug and the 

drug towards the polymeric matrix. One of the major advances of this manufacturing process is the 

fact that after impregnation the drug-eluting device can be recovered free of any solvent residue 

and the impregnation is carried under mild temperature and pressure conditions which enables the 

impregnation of thermosensitive APIs (60, 61). scCO2 have been in the last decades claimed as a 

good candidate to replace conventional organic solvents in order to developed a sustainable 

chemical process and to meet the regulatory requirements (61, 62). scCO2 offers advantages over 

other impregnation solvents mostly due to the diffusivity and the density properties of scCO2 which 

can be adjusted by pressure and temperature control thus making scCO2 a flexible media for 

impregnation (57). CO2, it is an environmentally friendly, non-flammable, non-toxic, highly abundant 

and low cost solvent. Furthermore, the recovered CO2 can be easily separated from other 
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compounds such as APIs and/or co-solvent and recycled (60). In this thesis, scCO2 impregnation 

was used in chapter IV for the impregnation of an anti-inflammatory compound (ketoprofen) and 

in chapter VI and VII for the impregnation of anti-cancer drugs (paclitaxel, doxorubicin, epirubicin 

and gemcitabine). 

 METHODS 

The next section will give further details on the methods and rationale used for the 

characterization of the BUS developed and described in the previous section. 

 Physicochemical characterization of BUS developed  

II-3.1.1. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is an imaging techniques that gives high resolution 2D 

images of a sample. By scanning sample’s surface with a focused beam of electrons which interact 

with the atoms of the sample at various depths, scattered electrons produce diverse type of signals 

which are detectable by the SEM equipment, and transformed into a 2D image. SEM provides 

qualitative information regarding sample’s surface morphology, including microstructure, lumen 

and wall thickness, topography and composition. The morphology of produced hollow tubes, in 

chapter III, was analyzed on a Leica Cambridge S360 scanning electron microscopy (SEM). The 

samples were fixed with mutual conductive adhesive tape on aluminum stubs and covered with 

gold/palladium using a sputter coater.  

SEM, in chapter III, was also used to monitor the deposition of crystals in the surface of the 

hollow tubes after immersion in AUS. This technique was also used in chapter IV to analyze the 

morphology of the ketoprofen-eluting stents before and after impregnation process (JEOL SEM, 

model JSM-6010LV). The samples were fixed with conductive adhesive tape on aluminum stubs 

and covered with gold/palladium using a sputter coater. In chapter V was used the same 

equipment to analyze the BUS before and after the coating.   
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II-3.1.2. Artificial Urine Uptake and swelling studies 

BUS are composed by polyelectrolytes with abundant hydrophilic groups such as hydroxyl, 

amine, and carboxyl groups, which can promote urine uptake (63, 64). Thus, the study of the 

swelling kinetic of these stents when immersed in artificial urine solution (AUS) is important to 

predict the behaviour of BUS In vitro and In vivo. The AUS uptake capability of the samples was 

measured, in chapter III, for a period up to 60 days after immersion in AUS. Pre-weighted stents 

were immersed in 10 mL of AUS and placed in a water bath at 37C, 60° rpm for 1, 7, 14, 28, and 

60 days. All the experiments were executed in triplicate. At the predetermined time periods, the 

samples were weighted in order to determine the uptake capability of the stents. AUS uptake was 

determined using the following equation: 

!"#$%$&$'(	*"$+,	*-#'.,	(%) =
34 −36

36
×100				 

Equation II-1 Determination of Artificial Urine Uptake 

where ww is the weight of the wet sample and wf is the final weight (dried after immersion). 

The presented data is the average of at least three measurements.  

To determine the swelling of the stent, images of dry and wet samples were taken using a 

Stereo Microscope 1 Lamp (Schott KL 200), stemi 1000 model (ZEISS), with a magnification 32 

and the swelling of the matrix was evaluated by the measurement of the thickness of the wall using 

Image J software. The presented results are an average of at least five measurements (±SD) of 

each sample. 

 Study the biodegradation of the BUS developed in Artificial Urine Solution 

II-3.2.1. In vitro and In vivo degradation studies 

Biodegradable ureteral stents should have a degradation rate that takes into account the 

treatment time. The main challenge of these biodegradable devices is to have a uniform and 

homogenous degradation. Along the thesis the degradation of BUS developed was evaluated In 

vitro and In vivo as function of the weight loss of the BUS. In the In vitro degradation BUS samples 

(10 mg) were immersed in AUS. Samples immersed were dried and weighted to determine the 
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weight loss at predetermined time points. In chapter VIII, the In vitro and In vivo degradation of 

the BUS was compared. The values of In vivo degradation were assessed from the stents taken 

from the pigs sacrificed at day 5, 7 and 10 days. The weight loss of stents for both In vitro and In 

vivo was calculated according to the following equation: 

%	Weight	loss	 = 	
36 −3C

3C
∗ 100 

Equation II-2 Determination of wight loss. 

Where Wf is the final weight of the stent (dried after immersion/placement) and Wi is the initial 

weight of the stent.  

II-3.2.2. Tensile mechanical tests 

The mechanical performance of stents is an important property that needs to be full 

characterized In vitro to understand the behavior In vivo. Along the thesis, the mechanical 

properties of BUS were studied using an Instron universal testing machine (INSTRON 5540, Instron 

Int. Ltd, High Wycombe, UK ) with a load cell of 1 kN. The universal testing machine is a testing 

instrument designed to test the strength of a wide variety of materials in tension, compression, or 

bending mode. The primary function of this assay is to create a stress-strain curve. Figure II 8 

shows the setup with the BUS as well as the typical stress-train curve. From this test we can 

obtained values of Young modulos (E), ultimate stress (�max) and ultimate strain (�max). Basically, 

the system is made-up of a load frame, in which a specimen of the test material is mounted, a 

control console that provides the calibration, test setup, and test operating controls. For tensile test 

the tensile force is recorded as a function of the increase in gauge length. The tensile properties of 

the BUS were tested during the In vitro degradation in chapter III, V and VIII at predetermined 

time points in AUS and during the In vivo degradation, in chapter VIII, at day 0, 5, 7 and 10. The 

dimensions of the specimens used were 50 mm of length, 2 mm diameter, and 0.5 mm of 

thickness of the stent wall. The load was placed midway between the supports with a span (L) of 

30 mm. The crosshead speed was 1:5 mm min-1. For each condition the specimens were loaded 

until core break. The In vivo recovered stents in chapter VIII, were cut in equal parts along it 

lenght and compared. The results presented are the average of at least three specimens and are 

presented as the average ± standard deviation. 
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Figure II-8 A) Tensile test on BUS using a tensile universal machine and B) Typical stress-strain curve 

with the different regions depicted on the graph. 

II-3.2.3. Gel permeation chromatography 

Gel Permeation Chromatography (GPC) is a type of size exclusion chromatography used to 

determine the molecular weight and molecular weight distribution of a polymer. This technique 

involves the use of a stationary phase column with porous beads which retain smaller analytes for 

longer periods of time and larger analytes for lower periods of time and, consequently, analytes are 

eluted from the column according to their retention time, i.e. analytes with lower retention times 

are eluted first than analytes with longer retention times. It enables the separation of analytes from 

a sample according to their size and, in comparison to samples with recognized molecular weight, 

the molecular weight of the analytes can be determined. GPC was used in chapter V to analyze 

the degradation of the BUS. 5 mg of alginate, gelatin and bismuth were dissolved in 5 ml of an 

aqueous solution of sodium phosphate dibasic 0.01 M containing 0.1 M of sodium azide (pH 6.6) 

and used as controls, while the immersion solutions obtained by degradation test of stents at 

specific time point (1, 3, 6 and 9 days) were lyophilized and then dissolved in 5 ml of the same 

eluent. The solutions were filtered through a 0.22 µm filter and analyzed on a gel permeation 

chromatograph (Malvern, Viscotek TDA 305) with refractometer, right angle light scattering and 

viscometer detectors on a set of four columns: pre-column Suprema 5 m 8×50 S/N 3111265, 

Suprema 30 A ̊ 5 m 8 × 300 S/N 3112751, Suprema 1000 A ̊ 5 m 8 × 300 S/N 3112851 PL 

and Aquagel-OH MIXED 8 m 7.5 × 300 S/N 8M-AOHMIX-46-51, with refractive index detection (RI-

Detector 8110, Bischoff). Elution was performed at 30ºC using a flow rate of 1 ml min−1. The 

elution times and the RI detector signal were calibrated with a commercial calibration 
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polysaccharide set from Varian that contains 10 Pullulan calibrants with narrow polydispersity and 

Mp (molecular mass at the peak maximum) ranging from 180 Da to 708 kDa. 

II-3.2.4. Ion coupled plasma 

Inductively Coupled Plasma (ICP) techniques can be very powerful tools for detecting and 

analyzing trace and ultra-trace elements. ICP was performed to quantify the release of Bismuth (Bi) 

concentration during the different degradation times (Chapter V). The immersion solutions from 

the degradation test of the stents, were filtered and analyzed. The sample absorption at specific 

wavelengths (k=206.17nm for Bi) was measured, and the bismuth concentration was determined 

using calibration curves previously obtained with Bismuth standard for ICP (Sigma) (R2 = 0.96). 

Data analysis was performed as a cumulative release assay. 

 Bacterial Adhesion Studies 

Bacterial infection is one of main problems associated with the conventional ureteral stents. 

For this reason, anti-bacterial properties of the developed BUS were evaluated. Bacterial adhesion 

studies were performed according to Khandwekar and Doble(65). A quantitative short-term 

adhesion (4h) study was performed with Staphylococcus aureus (NCIM 5021), a Gram-positive 

organism, and two Gram- negative organisms Escherichia coli DH5 alpha and Klebsiella oxytoca. 

These organisms were selected due to be the most common in the urinary tract infections. 100 mL 

of lysogeny broth (LB) medium (1% bacto tryptone, 5% bacto yeast extract, and 1% sodium 

chloride) was inoculated with a single colony of bacteria from a LB agar stock plate. Cells were 

grown at 37 °C and 200 rpm, overnight. Cells were then split between two falcon tubes, 

centrifuged at 3500 rpm for 20 min and resuspended in phosphate buffered saline (PBS). Cell 

suspension was washed twice with PBS and resuspended at a concentration of 13 x108 cells/mL. 

Three tubes (3 mm length) of each formulation were placed in a 24-well plate and were incubated 

with 1 mL of the cell suspension for 4 h at 37 °C with shaking. The bacterial cells were eluted 

from the surfaces into 2 mL sterile PBS. The procedure involved 4 min sonication followed by 1 

min mild vortexing (repeated three times) using an ultrasonic cleaner (Bandelin Sonorex Digitec) 

with an ultrasonic frequency of 35 kHz. A known volume of the sample was inoculated into LB agar 
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and incubated at 37 °C for 24 h. The colony forming units (CFUs) were counted indicating the total 

number of bacteria retained on the surface. 

 Drug-eluting BUS impregnation study 

II-3.4.1. Impregnation Yield 

The ketoprofen (chapter IV) and anticancer drugs (chapter VI) impregnation yield (I) on the 

biodegradable ureteral stents after scCO2 impregnation was calculated from Equation II 3: 

EF-",G+'#$H+	I$,(J	(%) =
FKLMN

FOPQRP + FKLMN`
×100				 

Equation II-3 Determination of impregnation Yield. 

where mstent is the initial mass of the stent and the mdrug is the mass of ketoprofen released from 

the stent after immersion in AUS. The total drug amount impregnated was obtained after the 

plateau was reached and complete degradation of the stents in AUS solution. All the experimental 

results are the average of three samples and are presented as average ± standard deviation. Drugs 

concentration was calculated from a calibration curve prepared from standard solutions. The 

samples were analyzed by UV-spectroscopy using a microplate reader (SpectraMax i3, Molecular 

Devices, USA) at the maximum absorbance for each drug (260 nm for ketoprofen, 227 nm for 

paclitaxel, 254 nm for epirubicin and doxorubicin and 268 nm for gemcitabine). 

II-3.4.2. In vitro release kinetics in AUS 

The ketoprofen (chapter IV) and anticancer (chapter VI) release kinetics of developed BUS 

was measured in AUS. The In vitro ketoprofen and anticancer drugs release from the impregnated 

BUS was performed in triplicate. The impregnated sample were weighted and immersed in 10 ml 

of AUS at 37 °C with 60 rpm stirring. At pre-determined time periods (0 min, 5 min, 15 min, 30 

min, 1 h, 3 h, 5 h, 7,5 h, 24 h, 48 h, 72 h, 7 days and 10 days), an aliquot (0.5 ml) of the release 

solution was taken and the volume replaced with fresh AUS. Drugs concentration was calculated 

from a calibration curve prepared from standard solutions. The samples were analyzed by UV-

spectroscopy using a microplate reader (SpectraMax i3, Molecular Devices, USA) at the maximum 



Chapter II – Materials and Methods 

 

56 

absorbance for each drug (260 nm for ketoprofen, 227 nm for paclitaxel, 254 nm for epirubicin 

and doxorubicin and 268 nm for gemcitabine). 

II-3.4.3. Scanning calorimetry analysis 

Differential scanning calorimeter (DSC) is an important instrument in thermal analysis being 

useful to understand amorphous and crystalline behaviour, eutectic transitions, curing and degree 

of cure, and many other material’s properties used to design, manufacture, and test products. This 

technique allows to study the material’s heat capacity (Cp) as function of the temperature. A 

sample of known mass is heated or cooled and the changes in its Cp are tracked as changes in the 

heat flow, which allows the detection of transitions such as melting, glass transitions, among others 

parameters. DSC was performed in chapter IV to confirm the amorphization of the ketoprofen 

upon BUS impregnation. The DSC experiments were performed using DSC Q100 V9.8 Build 296 

apparatus. The samples were placed in aluminum pans and heated at a rate of 10 °C/min from 

20 to 220 °C, cooled to 20 °C and heated at 5 °C/min until 200 °C. Standard calibrations were 

performed using indium leads. 

II-3.4.4. Fourier Transformed InfraRed spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) was performed to verify the presence of the 

ketoprofen (chapter IV) after scCO2 impregnation. FTIR is a cost-effective technique that identifies 

polymers and analyze polymer chemical modification. Fourier transformation algorithm allied to IR 

spectroscopy gives a spectrum of IR absorption per frequency/wavelength. Similar chemical 

groups absorb in the IR at similar frequencies, enabling to identify the chemical structure of a 

compounds, and to identify chemical modifications. IR spectrum is specific for each compound. A 

transmittance spectrum was obtained on an IR Prestige-21 FTIR spectrometer (Shimadzu)by 

performing 32 scans in each spectrum over a range of 400-4400 cm-1 and with a resolution of 4 

cm-1. 
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II-3.4.5. Permeability studies  

In chapter VII, permeability studies on drug-eluting BUS impregnated with paclitaxel and 

doxorubicin were performed thought three different membranes: polyethersulphone membrane 

(PES), HUVECs cell monolayer and an ex vivo porcine ureter. The permeability tests were 

conducted using two different systems, Franz-cell and Transwell® diffusion test (Figure II 9).  

 

Figure II-9 Schematic representation of the a) Franz-cells and b) Transwell® diffusion test used in the 
permeability studies with drug-eluting BUS. 

A glass Franz-type diffusion cell (PermeGear) with 8 mL receptor compartment, and an 

effective mass transfer area of 1 cm2. Two different membranes were used using this diffusion cell, 

a polyethersulphone (PES) membrane (Santorius), with 150 µm thickness and 0.45 µm, pore size 

and an ex vivo porcine ureter tissue. The membranes were placed between the two compartments 

and held with a stainless-steel clamp. The ex vivo porcine ureter tissue was open and cut into 1.5 

cm2 sections and placed in the glass Franz-type diffusion cells with the urothelium facing the donor 

compartment upward. To avoid any damage of the urothelial layer this was handled with extreme 

caution, preventing disruption and cell detachment. The receptor compartment was immediately 

filled with AUS, and air bubbles were removed. Finally, the donor compartment was filled with a 

solution of 20 µg mL−1 of drug alone (paclitaxel or doxorubicin) or with 100 mg of BUS impregnated 

with drugs immersed in AUS. Aliquots of 200 µL were withdrawn from the receptor compartment 

at fixed time points (0 min, 5 min, 15 min, 30 min, 1 h, 3 h, 5 h, 8 h) and replenished by fresh 

AUS (pH 5.5). The experiments were performed at 37 °C, and the receptor compartment was 

stirred at 400−600 rpm using a magnetic bar to eliminate the boundary layer effect.  

A) B)

DONOR	CHAMBER

MEMBRANE

RECEIVER	CHAMBER

SAMPLING	ARM

TRANSWELL	INSERT

LOWER	COMPARTMENT	
(Cell	culture	medium)
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Transwell® diffusion test was used to study the permeability of paclitaxel, doxorubicin and the 

stents impregnated with these drugs through a HUVEC cell monolayer. A collagen matrix (0.7%) 

was applied previously to the Transwells®. The HUVEC were seeded into 3 µm pore Transwell® 

inserts (polyester membrane, FALCON, USA) in a 6 well plate at 50,000 cells/cm2. The HUVEC’s 

were grown for 8 days on the Transwells® filters incubated at 37 °C in a 5% CO2 with 1.5 ml of 

EndoGRO-VEGF medium in the insert (donor compartment) and 2.5 ml of EndoGRO-VEGF medium 

in the receiver compartment. The confluency of the cell monolayer cells was confirmed using an 

inverted microscope for cell culture (AxioVert A1 FL LED, Zeiss, USA) and images were taken at the 

end of the experience to ensure that the monolayer remain intact. To start the experiment, the 

donor solution was suctioned off and replace with a 1.5 ml of fresh EndoGRO-VEGF medium 

containing 20 µg mL−1 of paclitaxel or doxorubicin or 100 mg of stents with drugs (medium, pH 

7.8). At fixed time points (0 min, 5 min, 15 min, 30 min, 1 h, 3 h, 5 h, 8 h), 100 µl aliquots were 

removed from the receptor compartment and replaced with fresh medium. Between each time 

point the samples were maintained at 37 °C in a 5% CO2 atmosphere. The amount of paclitaxel 

and doxorubicin in the receptor compartment was measured by UV, at their maximum absorbance 

at a wavelength of 227 nm and 254 nm respectively, using a microplate reader (Synergy HT, Bio-

TEK, USA). The ureter tissue (about 5 cm) from a porcine with 70 Kg was obtained fresh from a 

surgical room within 5 minutes of sacrifice and immediately immersed in cold oxygenated Krebs 

buffer and covered specimen temporarily in a cool area. 

In both cases the permeability (P) of paclitaxel and doxorubicin was calculated by equation II 

4 where Ct is the concentration in the receptor compartment at time t, C0 is the initial concentration 

in the donor compartment, V is the solution volume in the two compartments, and A is the effective 

area of permeation. The permeability coefficient can be calculated from the slope of the curve – 

(V/2A)·ln (1−2Ct/C0) versus t. (2) 

− ln 1 −
2WP
WX

=
2!

Y
×Z×#						 

Equation II-4 Determination of permeability 

The diffusion coefficient (D) of solutes across the membranes was calculated according to 

Fick’s law of diffusion, where D is the diffusion coefficient (cm2 s-1); Ci and Cf are the initial and final 

concentrations and Ct is the concentration at time t of solute in the receptor side, respectively 

(mol L-1); V1 and V2 correspond to the volume of the liquid in the donor compartment and that in the 
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receptor compartment (cm3), respectively; h is the thickness of the membrane (cm); and A is the 

effective diffusion area of the membrane (cm2) (66). 

[ =
Y\Y]
Y\ + Y]

×
ℎ

!
×
1

#
(+

W6 − WC
W6 − WP

 

Equation II-5 Determination of the diffusion coefficient 

The partition coefficient (Kd) is defined as a measure of the solubility of the solute in the 

membrane. The partition coefficient for the system was calculated using Equation II 6, where P is 

the permeability, h is the thickness of the membrane and D is the diffusion coefficient (2, 67). 

								_K 		=
Z×ℎ

[
	 

Equation II-6 Determination of partition coefficient 

 In vitro biological evaluation of the developed BUS 

II-3.5.1. Cells Sources 

II-3.5.1.1 Cell lines 

Cells lines are immortalized cells that present the ability to proliferate indefinitely either due to 

a random mutation or due to a programmed modification. In the present thesis mouse lung 

fibroblast L929 (European Collection of Cell Cultures (ECCC), UK) were used as cell line. L929 

fibroblasts are widely used as preliminary cytotoxicity screenings of biomaterials. Cell lines are 

useful models for doing research, because they provide reliability in experimental results due to the 

possibility to obtain large amounts of cells for prolonged use. L929 cell line is the usual choice in 

many standard tests, such as material biocompatibility testing, drug cytotoxicity testing and cell 

biology studies (111, 112). L929 were used in chapter III, IV and VIII of this thesis.  

II-3.5.1.2 Primary Cells  

Primary cell cultures are typically obtained directly from a subject and have a limited lifetime. 

In the present thesis two different primary cell cultures were used: human umbilical vein 

endothelial cells (HUVECs) and human urothelial carcinoma cell line (T24). In chapter VI and 
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VII, human urothelial carcinoma cell line, T24 (ATCC, U.S.A.) was used as a cancer cell line to 

model the urothelial carcinoma and human umbilical vein endothelial cells, HUVEC, (ATCC, U.S.A.) 

as a control, non-cancerous cell line. The T24 cell line and HUVEC cells were cultured in RPMI-

1640 and EGM™-2 medium, respectively, with (10% fetal bovine serum (FBS), 1 mM L-glutamine 

and 1% penicillin/streptomyocin), cells were maintained at 37°C in a humidified 5% CO2 

atmosphere. T24 and HUVECS cells were used in the calculation of the half maximal inhibitory 

concentration (IC50) against the anti-cancer drugs studied and for the In vitro anti-cancer effect of 

anti-cancer drug-eluting.  

II-3.5.2. Cytotoxicity assay  

BUS and the leachables of BUS were tested for cytotoxicity using a MTS colorimetric assay. 

Cell viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy- methoxyphenyl)-2-(4-

sulphofenyl)-2H-tetrazolium (MTS) assay after 72 h. This assay is based on the bioreduction of a 

tetrazolium compound MTS into a water-soluble brown formazan product. The cytotoxicity of the 

BUS and leachable materials during the ureteral stent degradation in AUS was accessed according 

to ISO/10993(68). The cytotoxicity of the samples was assessed using an immortalized mouse 

lung fibroblasts cell line (L929) purchased from the European Collection of Cell Cultures. First, the 

immersion solutions obtained by degradation test at specific time point (1, 3, 6 and 9 days) of 

stents were lyophilized. The leachables were dissolved in basal medium DMEM (Dulbecco’s 

modified Eagle’s medium; Sigma–Aldrich, Germany) 10% FBS (heat- inactivated fetal bovine 

serum, Biochrom AG, Germany), and 1% antibiotic-antimycotic (Gibco, UK). In case of direct 

contact studies stents were placed directly in contact with cells. Cells were seeded at a density of 

10,000 cells cm-2 and cultured in a humidified incubator at 37°C in a 5% CO2 atmosphere. The 

effect of the leachables on the cellular metabolism was evaluated using a standard MTS (Cell Titer 

96® Aqueous Solution Cell Proliferation Assay, Promega, USA) viability test. A latex rubber extract 

was used as positive control for cell death; while cell culture medium was used as negative control 

representing the ideal situation for cell proliferation. This was quantified by UV-spectroscopy, 

reading the formazan absorbance at 490 nm in a microplate reader (Synergy HT, Bio-Tek 

Instruments, USA). Each sample formulation and control was tested using 12 replicates. 
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II-3.5.3. Half maximal inhibitory concentration (IC50) determination 

To understand the cytotoxic limit of the anticancer drugs against the cancer and non-cancer 

cells, the half maximal inhibitory concentration (IC50) was calculated by a cytotoxic test, in chapter 

VI. The IC50 is the concentration of an inhibitor where the response (or binding) is reduced by half 

(Figure II 10). The cytotoxicity of paclitaxel, epirubicin, doxorubicin and gemcitabine was 

evaluated by determining the viability of T24 and HUVEC cells after exposure to medium containing 

the free drug at a range of concentrations from 0.01 to 2000 ng/ml. Free drugs in medium were 

prepared by first dissolving the anticancer drugs in DMSO (50 mg/ml) and this solution was then 

diluted in culture medium to achieve the desired concentration. A standard MTT assay (CellTiter 

961 Aqueous One Solution Cell Proliferation Assay) was used to test cell viability and was 

performed on both cell lines to determine the IC50 of each drug. 5000 cells per well were seeded in 

a 96-well plate with 100mL medium for both T24 and HUVEC cells. After incubation for 24 h, the 

medium in each well was aspirated and the cells were exposed to fresh medium containing the 

drugs at various concentrations for 4 h and 72 h. The cells after 4 h treatment were further 

cultured for 72h in fresh (drug-free) medium. After that, the culture medium in each well was 

replaced by 100 mL of medium and 20 mL of CellTiter 961 AQueous One Solution Reagent, 

followed by 4 h incubation at 37°C. A latex rubber extract was used as negative control for cell 

death; while cell culture medium was used as positive control. Cell viability was quantified by UV-

spectroscopy, reading the formazan absorbance at 490nm in a microplate reader (SpectraMax i3, 

Molecular Devices, USA). Each sample formulation and control was tested using 12 replicates. The 

IC50 was determined from the fitting of the curve of cell viability, measured by MTT and the drug 

concentration. The fitting was performed using GraphPad software (GraphPad Prism 6.00 software, 

San Diego, USA).  
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Figure II-10 Conventional method of determining IC50 using the dose-response curve. 

II-3.5.4. In vitro anti-cancer effect of anti-cancer drug-eluting BUS 

The anti-cancer effect of the anti-cancer drug-eluting BUS in human urothelial carcinoma cell 

line was evaluated by determining the viability of T24 cells by indirect and direct contact, in 

chapter VI. HUVEC was used as non-cancerous, control cell line. The T24 cell line and HUVEC 

cells were cultured in RPMI- 1640 and EGMTM-2 medium, respectively with (10% fetal bovine 

serum (FBS), 1 mM L- glutamine and 1% penicillin/streptomyocin). By indirect contact, the effect of 

the released drug as well as leachables from the BUS were evaluated, placing the stents in fresh 

medium after 4 h and 72 h. On the other hand, by direct contact 10 mg of stent was placed 

directly in contact with a cell layer in each well. Both tests were performed for 4h and 72h. The 

viability of the cells was performed using a standard MTT test. Briefly, 5000 cells per well were 

seeded in a 96- well plate with 100mL medium for T24 and HUVEC cells. After incubation for 24 h, 

the medium in each well was aspirated and the cells exposed to medium containing the extracts of 

the stents in the indirect contact study. In the direct contact the cells were exposed to 100 mL of 

fresh medium in the presence of the stent. The cells after 4 h treatment were further cultured for 

72 h in fresh medium. After that, the culture medium in each well was replaced by 100 mL of 

medium and 20 mL of CellTiter 961 AQueous One Solution Reagent, followed by 4 h incubation at 

37°C. Cell culture medium and the non-impregnated stents (BUS and commercial stent) were 

used as negative controls. Each sample formulation and control was tested with 3 replicates. 
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 In vivo studies of BUS development 

II-3.6.1. Surgical procedure validation 

The In vivo studies carried out in chapter V and VIII were conducted at ICVS, University of 

Minho, Braga, Portugal (Figure II 11). The BUS developed under this thesis were placed in 

female porcine model which is the standard model used in these types of studies. The protocols of 

the studies were formally approved by the institution’s review board and it is in accordance with its 

internal ethical protocol for animal experiments. Female domestic pigs, weighing ≈30 kg, were 

used in this study. The pigs were not given food or water for 12 h before the procedure. All 

procedures were performed under general anesthesia and mechanical ventilation as previously 

described in detail(69, 70). After emptying the bladder, a semi rigid 7-Fr ureteroscope (Karl Storz, 

Tuttlingen, Germany) was inserted through the urethra and saline solution was instilled. The full 

procedure was performed according to the standard technique of ureteroscopy. A 0.035-in. flexible 

tip guidewire (AQUATRACK® Hydrophilic Nitinol, Cordis®, Johnson & Johnson) was inserted into 

the ureters under direct visualization, and then the stents were inserted over the guidewire into the 

kidney. The guidewire was then removed and the position of the stents was confirmed by X-ray 

(Examion® DR810). In chapter V, conventional ureteroscopy was performed in order to verify the 

degradation and the presence of any fragment and the morphology of the ureters after 3 and 10 

days. In chapter VIII, a total of 7 pigs were unilaterally stented with biodegradable ureteral stent 

(BUS) and 3 pigs with the commercial stent. The stents were randomly placed on the right or left 

ureter. At day 5 one pig died and at day 7 one was euthanized, both stented with BUS and the 

degradation level of the stent was assessed. The other 8 were euthanized at day 10. Blood and 

urine samples were collected from all animals before the day of surgery. Blood tests (WBC, Hb), 

serum creatinine, urine culture tests were performed at day 0, 5 and 10.  
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Figure II-11 Schematic representation of the BUS placement at ICVS, University of Minho, Braga, 

Portugal and the materials used. 

II-3.6.2. Hydronephrosis level  

After the placement of the BUS and the commercial stents in pig model, in chapter VIII, the 

hydronephrosis level were measured by intravenous pyelograms (IVP). IVP X-rays were carried out 

at 0, 1, 3, 5, 10, 20 and 30 min after intravenous injection of 1200 mg/Kg of Iohexol 

(Omnipaque™ 300, GE Healthcare). IVP was used to evaluated the degree of hydronephrosis at 

day 0, 1, 5 and 10. The renal function was measured by the rate of contrast material movement at 

day 0. IVP severity score is based on the time until the contrast appears in the kidneys and ureters 

after the intravenous injection, hydronephrosis was graded as: none – level 0 (<3min), mild – level 

1 (3-10 min), moderate – level 2 (10 – 20 min) or severe – level 3 (>20 min)(71).  

II-3.6.3. Histological procedures and stainings  

In chapter VII an ex vivo porcine ureter tissue and in chapter VIII after In vivo BUS 

degradation, porcine ureters were collected and processed in an automatic ethanol-xylene spin 

tissue processor for histological analysis (Microm STP 120, Thermo Scientific, USA). Afterward, 

samples were embedded in paraffin and cut into sections of 5 μm thickness using a microtome. 

Sections were subsequently deparaffinized, rehydrated, and stained. 

Ureteroscope

Guidewire
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II-3.6.3.1 Hematoxylin & eosin 

Hematoxylin is a natural dye that colors in blue basophilic substances, such as the nuclei of 

cells, and eosin Y is a synthetic dye that colors in various shades of red acidophilic substances, the 

acidic proteins of the cytoplasm and connective tissue. The ureters samples collected for the 

permeability study (chapter VII) and ureters after pre-determined periods of In vivo BUS 

implanted (chapter VIII) were automatically processed for hematoxylin and eosin (H&E) staining. 

Briefly, histological sections were subsequently immersed in hematoxylin and after bluing in an 

ammonia solution (1% v/v) in eosin y. Samples were then mounted and analyzed by microscopy. 

II-3.6.3.2 Masson’s trichrome  

Masson’s Trichrome (MT) staining is a mixture of three different dyes that selectively colors in 

red the muscle fibers, in light red the cytoplasm, in blue or green the collagen and dark brown to 

black the cell nuclei. The ureters samples collected for the permeability study (chapter VII) and 

ureters after pre-determined periods of In vivo BUS implanted (chapter VIII) were processed for 

Masson’s trichrome staining. Sections were stained for 5 min in a solution containing azure B (0.5 

g), ammonium iron (5 g, ammonium iron sulfate (III) dodecahydrate) and distilled water (100 mL). 

Sections were then subsequently stained with hematoxylin and picric ethanol (1% w/v) for 5 min 

each. After 10 min washing in running tap water, sections were stained with the solutions from the 

Trichrome Stain Masson kit according to the manufacturer’s specifications.  

 STATISTICAL ANALYSIS 

All quantitative data are presented as mean ± standard deviation (SD). Statistical analysis was 

performed using Graph Pad Prism 6.00 software (San Diego, USA). Statistical significances (�p ≤ 

0.05, ��p ≤ 0.01 and ���p ≤ 0.001) were determined using specific statistical tests described in 

the subsection of materials and methods in the different chapters. An average of three to twelve 

replicates were used.  
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Chapter III 

Chapter III -  Biodegradable ureteral stents from natural 

origin polymers‡ 

ABSTRACT 

In this work, stents were produced from natural origin polysaccharides. Alginate, gellan gum 

and a blend of these with gelatin were used to produce hollow tube (stents) following a combination 

of templated gelation and critical point carbon dioxide drying. Morphological analysis of the surface 

of the stents was carried out by scanning electron microscopy. Indwelling time, encrustation and 

stability of the stents in artificial urine solution was carried out up to 60 days of immersion. In vitro 

studies carried out with simulated urine demonstrated that, the tubes present a high fluid uptake 

ability, ca. 1000%. Despite this, the materials are able to maintain their shape and do not present 

an extensive swelling behavior. The biodegradation profile was observed to be highly dependent on 

the composition of the stent and it can be tuned. Complete dissolution of the materials may occur 

between 14 and 60 days. Additionally, no encrustation was observed within the tested timeframe. 

The ability to resist bacterial adherence was evaluated with Gram-positive Staphylococcus aureus 

and two Gram-negatives Escherichia coli DH5 alpha DH5 alpha and Klebsiella oxytoca. For 

Klebsiella oxytoca no differences were observed in comparison with a commercial stent (Biosoft® 

duo, Porges), although, for S. aureus all tested compositions had a higher inhibition of bacterial 

adhesion compared to the commercial stents. In case of E. Coli the addition of gelatin to the 

formulations reduced the bacterial adhesion in a highly significant manner compared to the 

commercial stents. The stents produced by the developed technology fulfill the requirements for 

ureteral stents and will contribute in the development of biocompatible and biodegradable urinary 

stents. 

                                                

‡ This chapter is based on the following publication: 

Barros AA, Duarte ARC, Pires RA, Sampaio-Marques B, Ludovico P, Lima E, Mano JF, Reis RL. 2014. 
Bioresorbable ureteral stents from natural origin polymers. J Biomed Mater Res Part B 2014:00B:000–000. 
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 INTRODUCTION 

Stents have a wide range of applications in urology. Stent-based strategies are usually applied 

in the ureter to ensure its patency, which may be compromised, for example, by a kidney stone. 

This method is sometimes used as a temporary measure to prevent damage to a blocked kidney 

until a procedure to remove the stone is performed. Indwelling times for these cases are typically 

from 15 up to 60 days. In the case of tumors, stents are indicated to hold open ureters, which 

have been compressed in the area of the tumor or by the tumor itself. Stents, used to guaranteed 

drainage of urine flow through the ureter should have, in these cases, indwelling times of 12 

months or longer (1). The main complications with ureteral stents are dislocation, infection, and 

blockage by encrustation (2, 3). Currently, nearly 100% of the people who have an urological stent 

are likely to develop a bacterial infection within 30 days, which increases morbidity threefold (4). 

Different types of temporary and permanent stents have been introduced into urological practice to 

relieve obstructions (5, 6). In terms of ureteral stents composition materials, the gold standard are  

polymeric compounds from different families, including silicone, polyurethane Siliteck, among 

others (7). However in some cases, polymeric stents demonstrate certain limits in their ability to 

resist external compression forces and in certain cases metallic materials have been introduced as 

they are more resistant stents (8). 

Despite the fact that stent designs have improved over the years, they present one major key 

disadvantage, which is the fact that they have to be removed by second intervention. Avoiding a 

secondary procedure to remove the ureteral stents is highly desirable. The development of 

biodegradable ureteral stents has been pursued previously. However, regardless of early positive 

results with various models (9-12) these attempts were abandoned due to biocompatibility issues 

in porcine ureters (13) or because they degraded in inhomogeneous, premature or delayed fashion 

(14, 15). Hydrogels can be applied as a coating surface modification to ureteral stents. Hydrogel-

coated stents have advantages such as improved material biocompatibility, hydrophilization and 

lubrication (16, 17). Hydrogels are polymeric networks which may present relevant mechanical 

properties, appropriate degradation rates, reduced biofilm formation (18-20) and constitute per se, 

an interesting alternative to conventional urological stents. An ideal stent for the lower urinary tract 

would provide adequate support to the duct wall, like the urethra or ureter, keeping the lumen open 

during and after the healing process, and then biodegrade totally from the body (2, 21). The 
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material needs to fulfill the biocompatibility demands according to the guidelines of tissue 

biocompatibility analysis and risk assessment of new medical devices. The rigidity of the material 

has to be suited to the place of application; the degradation products should be biocompatible; and 

the rate of degradation adequate to allow healing. The devices also need to be easily sterilized 

without change in the morphological and mechanical properties (22). It has been reported in the 

literature that the coating of polymeric stents with hydrogels is able to improve the properties of the 

stent, like anti-bacterial properties (2, 16), however, to our knowledge, simple hydrogel stents have 

not been reported. The concerns regarding existing stents are the motivation to design new 

biodegradable urological stent systems based on natural polymers, which present inherent 

biocompatibility, anti-bacterial properties and can be tailor-made into a custom suitable stent for a 

particular patient. The characteristics of an ideal temporary stent include easy placement under 

local anesthesia, minimal local side-effects, such as tissue hyperplasia or encrustation, and a low 

risk of migration. The device must also be easily removable or, preferably, biodegradable to reduce 

the necessity of further surgical intervention. 

The compositions herein tested were based on polysaccharides of natural-origin, in particular 

alginate, gellan gum and their blends with gelatin. These polysaccharides have advantages over 

other polymers currently used to produce stents. As a main advantage, they are biodegradable and 

its use does not require a second surgery to remove the stent. The mechanical properties of these 

materials suggest that they can be used for this purpose, since they present elasticity and, at the 

same time, they allow urine flow through the obstructed region. With the properties of the proposed 

stents it is expected a reduction of the pain experienced by patients when compared to 

conventional stents as the stents prepared are softer. Furthermore, it is expected that the stent 

implantation is easier, due to the lubricity properties of the hydrogels, being hereafter more 

comfortable for the patient. Conventional stents coated with hydrogels have been reported to 

provide an improvement to the resistance to bacterial adhesion, and biofilm formation (23). 

Furthermore, the developed stents also exhibited adequate resistance to encrustation. The 

development of these stents with the above-mentioned properties anti-bacterial, biodegradable and 

appropriate geometry will be pursued in this work. 
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 MATERIALS AND METHODS 

 Materials 

Gelzan CM (gellan gum), alginic acid sodium salt, gelatin, urea, potassium chloride, calcium 

chloride and ethanol were purchased from Sigma-Aldrich (Germany). Potassium dihydrogen ortho-

phosphate (99.5%) and magnesium chloride hexahydrate (99%) were obtained from Riedel-de Hae ̈n 

(Germany). Carbon dioxide (99.998 mol%) was supplied by Air Liquide (Portugal). All reagents were 

used as received. 

 Preparation of polymer solutions 

Polymers were dissolved in hot distilled water (90ºC) at different concentrations, and stirred 

for 1 hour. The polymeric solution was injected in a template of appropriate geometry and 

immersed at room temperature in a stirred CaCl2 cross-linking solution. This step allows the 

gelification of the polymer. In Table III-1 the concentrations of polymers and cross-linking agents 

used to prepare the aerogel-based stents are summarized. 

Table III-1 Polymer and cross-linking agent concentrations used to prepare the stents 

Polymers 
Polymer conc. (wt%) 

Cross-linking 

agent 

Cross-linking agent 

conc. (M) 

Alginate 
6 

CaCl2 0.24 

Alginate : gelatin (60:40) 

Gellan gum 
4 

Gellan gum : gelatin (60:40) 

 Sample drying 

Supercritical fluid drying with CO2 is an alternative process to the conventional drying 

techniques, which preserves the properties of the wet gel in the dry form. The stents were dried in 

a high-pressure vessel with carbon dioxide at 40 ºC and 100 bar for 2 hours, in a continuous 
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mode, with a CO2 flow rate of 15 g/min. The conditions were chosen in order to ensure complete 

miscibility between the CO2 and ethanol. Different processing times were tested and 2 hours was 

established as the necessary drying timeframe. 

  Characterization 

III-2.4.1.  Scanning electron microscopy (SEM) 

The morphology of the stents was analyzed on a Leica Cambridge S360 SEM. The samples 

were fixed with mutual conductive adhesive tape on aluminum stubs and covered with 

gold/palladium using a sputter coater. After immersion in artificial urine solution (AUS) the inner 

section of the stents was also analyzed to monitor the deposition of crystals. 

III-2.4.2. Artificial urine uptake 

AUS was prepared as described by Khandwekar et al (23), with the composition presented in 

table III-2: 

Table III-2 Composition of the artificial urine solution (AUS) 

 Component % wt/v 

Solution A Potassium dihydrogen ortho-phosphate 0.76 

Magnesium chloride hexahydrate 0.36 

Urea 1.60 
Solution B Calcium chloride hexahydratate 0.53 

Chicken ovalbumin 0.2 
Urease 0.125 

The AUS uptake capability of the samples was measured for a period up to 60 days by their 

immersion in AUS. Pre-weighted stents were immersed in 10 ml of AUS and placed in a water bath 

at 37ºC, 60 rpm for 1, 7, 14, 28 and 60 days. All the experiments were executed in triplicate. At 

the predetermined time periods, the samples were weighted in order to determine the uptake 

capability of the stents. AUS uptake was determined using the following equation: 

%!*`	a-#'., = 	
34 −36

36
b	100 



Chapter III – Biodegradable ureteral stents from natural origin polymers 

 

79 

Equation II-1 Determination of Artificial Urine Uptake 

where ww is the weight of the wet sample and wf is the final weight (dried after immersion). 

The presented data is the average of at least three measurements. 

III-2.4.3. Swelling 

Images of dry and wet samples were taken using a Stereo Microscope + Lamp (Schott KL 

200), stemi 1000 model (ZEISS), with a magnification 2x and the swelling of the matrix was 

evaluated by the measurement of the thickness of the wall using Image J software. The presented 

results are an average of at least 5 measurements (± SD) of each sample.  

III-2.4.4. Indwelling time 

The indwelling time was measured as function of the weight loss of the samples. Samples 

immersed in AUS were dried and weighted to determine the weight loss, which was calculated 

according to the following equation: 

%	cdefgh	ijkk =
lm −le

le
	n	opp 

Equation II-2 Determination of wight loss. 

where wf is the final weight of the sample (dried after immersion) and wi is the initial weight of 

the sample. Each formulation was tested in triplicate. 

 Tensile mechanical analysis 

Tensile mechanical analysis of the materials produced (A – Alginate; AG - Alginate:Gelatine, 

GG – Gellan Gum; GGG: Gellan Gum:Gelatine) was measured using an INSTRON 5540 (Instron Int. 

Ltd, High Wycombe, UK) universal testing machine with a load cell of 1 kN. The samples were 

hydrated before testing in simulated urine for 30 min. The dimensions of the specimens used were 

5 mm of length, 2 mm width and 0.5 mm of thickness. The load was placed midway between the 

supports with a span (L) of 3 mm. The crosshead speed was 1:5 mm.min-1. For each condition the 
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specimens were loaded until core break. The results presented are the average of at least 3 

specimens and the results are presented as the average ± standard deviation. 

 Encrustation development 

The evaluation of the deposition of crystals on the surface of stents was performed following 

the procedure described by Tunney et al. (24). Samples of the different stents were immersed in 

AUS for predetermined time periods. They were removed and rinsed gently with distilled water to 

remove any salts (which might be only deposited on the surface). Energy dispersive X-ray 

spectroscopy (EDS) was performed together with SEM in a Link Exl-II spectroscope (Oxford 

Instruments, United Kingdom) for elemental analysis, with an energy of 15.0 keV. Samples were 

fixed as described for SEM analysis and carbon coated using high vacuum carbon deposition. 

 Bacterial adhesion studies 

Bacterial adhesion studies were performed according to Khandwekar et al (23). A quantitative 

short-term adhesion (4h) study was performed with Staphylococcus aureus (NCIM 5021), a Gram-

positive organism, and two Gram-negative organisms Escherichia coli DH5 alpha and Klebsiella 

oxytoca; 100mL of lysogeny broth (LB) medium (1% bacto tryptone, 5% bacto yeast extract and 1% 

sodium chloride) was inoculated with a single colony of bacteria from a LB agar stock plate. Cells 

were grown at 37ºC and 200 rpm, overnight. Cells were then split between two falcon tubes, 

centrifuged at 3500 rpm for 20 min and resuspended in phosphate buffered saline (PBS). Cell 

suspension was washed twice with PBS and resuspended at a concentration of 1 x 108 cells/ml. 

Three tubes (3 mm length) of each formulation were placed in a 24 well plate and were incubated 

with 1 ml of the cell suspension for 4 h at 37ºC with shaking. The bacterial cells were eluted from 

the surfaces into 2 ml sterile PBS. The procedure involved 4 min sonication followed by 1 min mild 

vortexing (repeated three times) using an ultrasonic cleaner (Bandelin Sonorex Digitec) with a 

ultrasonic frequency of 35 kHz. A known volume of the sample was inoculated into LB agar and 

incubated at 37ºC for 24h. The colony forming units (CFUs) were counted indicating the total 

number of bacteria retained on the surface.  
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 Cytotoxicity and cell adhesion studies 

III-2.8.1. Cell culture 

An immortalized mouse lung fibroblasts cell line (L929) purchased from the European 

Collection of Cell Cultures, was maintained in basal culture medium DMEM (Dulbecco’s modified 

Eagle’s medium; Sigma–Aldrich, Germany), 10% FBS (heat-inactivated fetal bovine serum, 

Biochrom AG, Germany) and 1% antibiotic-antimycotic (Gibco, UK). Cells were cultured in a 

humidified incubator at 37ºC in a 5% CO2 atmosphere. 

III-2.8.2. Indirect cytotoxicity studies 

The cytotoxicity of the stents developed was assessed using an immortalized mouse lung 

fibroblasts cell line (L929) purchased from the European Collection of Cell Cultures. The effect of 

the leachables released from the stents (during 24 h) on the cellular metabolism was performed 

using a standard MTS (Cell Titer 96® Aqueous Solution Cell Proliferation Assay, Promega, USA) 

viability test, in accordance with ISO/EN 10993 guidelines. A latex rubber extract was used as 

positive control for cell death; the extracts from a commercial stent (Biosoft® duo, Porges) was 

used as a reference material; while cell culture medium was used as negative control representing 

the ideal situation for cell proliferation. Cell viability was evaluated by the MTS assay after 72 h. 

This assay is based on the bioreduction of a tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulphofenyl)-2H-tetrazolium (MTS) into a water-soluble purple 

formazan product. This was quantified by UV-spectroscopy, reading the formazan absorbance at 

490 nm in a microplate reader (Synergy HT, Bio-Tek Instruments, USA). Each sample formulation 

and control were tested using 12 replicates.  

III-2.8.3. Direct contact studies 

Confluent L929 cells were harvested and seeded in the stents as follows: stents were 

distributed in a 48-well cell culture plate (BD Biosciences, USA); samples were initially immersed in 

sterile PBS in order to swell; afterwards, PBS was removed and a drop (20µl) of a cell suspension 

with a concentration of 1 x 105 cells/ml was added to each material. Cell seeding on the 
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commercial stent was also carried out as control. The cells-stents constructs were statically 

cultured for 1, 3 and 7 days under the culture conditions previously described. Cell adhesion to the 

surface of the materials was determined after the pre-determined culture times by the MTS assay 

described above. The cell-stents were transferred to a new culture plate in order to evaluate the 

presence of viable cells only on the surface of the developed materials. Optical density (wavelength 

of 490nm) was determined for each time point and compared to polystyrene tissue culture plate, 

used as a positive control. All cytotoxicity screening tests were performed using three replicates. 

 STATISTICAL ANALYSIS 

Statistical analysis was performed to compare the results obtained using GraphPad Prism 5. 

Shapiro-Wilk test was used to verify the normality of the data obtained. Normally distributed data 

was analyzed by t-student test comparing each tested stent with the commercial stent, in case of 

bacterial adhesion study. Non-parametric tests were performed in the case of cytotoxicity and cell 

adhesion samples with deviation of the data from the normal distribution. Mann-Whitney test was 

performed to pairs of independent samples in order to compare the medians of the results. 

Statistical significant differences were considered when p<0.05.  

 RESULTS  

 Stents from natural origin polymers 

Stents were prepared following the processing steps represented in Figure III-1. The tube is 

formed from an initial aqueous solution of biopolymer from which gelation is induced. Gelation in 

the case of alginate tubes was promoted by ionic cross-linking with a CaCl2 solution. In the case of 

gellan gum lowering the solution temperature induces gelation, which is a physical crosslinking 

method. In order to confer stability to the tubes, and avoid their premature dissolution in aqueous 

solutions, gellan gum, was also ionically cross-linked with KCl and CaCl2 solution, respectively. The 

hydrogels were, then, dehydrated and subject to a solvent exchange step where an alcohol gel was 

formed. In this process, ethanol replaced water and the material was further dried using 

supercritical carbon dioxide (25).  
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Figure III-1 Methodology used to generate the different stents. 

III-4.1.1.  Scanning electron microscopy 

Figure III-2 presents a SEM image of the hollow tubes after drying. This procedure allowed 

the preparation of a stent with a diameter of 1 mm in dry sate, which did not show any 

dependence on: the type of biopolymer used; on the polymer concentration in solution; nor on the 

type of crosslinking. 

 

Figure III-2 SEM micrographs of the gellan gum : gelatin stent (60:40% wt/wt) 

 Characterization 

III-4.2.1. Artificial urine uptake and indwelling time 

The micrographs in Figure III-3 show that, upon hydration, the inner diameter of the stents 

increased from 1.0 (SD ±0.3) to 1.8 (SD ±0.2) mm. These stents are able to maintain their shape 
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and integrity upon immersion in simulated body fluids, as observed for periods up to 60 days of 

immersion. 

In clinical practice the indwelling time is defined as the time ranging from the implantation of 

the stent until its removal, which is dependent on the clinical treatment defined for each patient 

(26). Therefore, it would be desirable to tune the degradation of the stents to accommodate the 

devices for a given indwelling time. The weight loss, measured as the percentage of mass lost 

when immersed in AUS for a predetermined time period, was assessed for the different 

formulations of stents developed (Figure III-4). 

 

Figure III-3 AUS uptake by the developed stents (A—alginate; AG—alginate:gelatine, GG—gellan gum; 

GGG—gellan gum:gelatine) during a timeframe of 60 days, and swelling images using a 
magnifying lens (2×), showing a change in the internal diameter from 1.0 mm to 1.8 mm. 
Biosoft® duo, Porges Stent was used as a control. 
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Figure III-4 Weight loss of the developed stents (A—alginate; AG—alginate:gelatine, GG—gellan gum; 
GGG—gellan gum:gelatine) during a time frame of 60 days (indwelling time). Biosoft® 
duo, Porges Stent was used as a control. 

Using the processing methodology herein detailed it is possible to tune the degradation rate of 

the stents by selecting the materials used to produce them. Furthermore, the extent of crosslinking 

can confer different properties to the stents. In vitro performance demonstrates that the indwelling 

time of the proposed materials in solution can be tuned from 14 up to 60 days. The stents based 

on alginate were the ones that presented a faster dissolution and after 21 days of immersion the 

materials was completely dissolved in the solution.  

III-4.2.2. Mechanical tests 

The mechanical properties of the stents prepared were evaluated in tensile mode. Table III-3 

presents the results obtained for the different formulations tested. The results presented were 

determined in the wet state, in artificial urine solution, mimicking the real application conditions. 

Table III-3 Mechanical properties of the stents prepared 

 
Maximum load (N) Maximum tensile strain (%) Young modulus (Mpa) 

A 0.73 ± 0.01 11.75 ± 0.60 18.17 ± 1.04 

AG 0.56 ± 0.02 15.84 ± 0.58 13.19 ± 0.82 

GG 1.11 ± 0.04 20.93 ± 0.78 28.25 ± 1.47 

GGG 0.96 ± 0.04 29.68 ± 0.54 26.62 ± 1.24 

III-4.2.3. Encrustation development 

The deposition of salts was evaluated by SEM and EDS. In Figure III-5 is presented a 

micrograph of the inner surface of the stents after immersion and the corresponding EDS spectra. 

The results point out that no encrustation was detected in any of the materials herein proposed.  
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Figure III-5 SEM micrographs and EDS spectra of the surface of the stents prepared with the different 
polymers before and after immersion in AUS—last time point corresponds to 14 days for 
alginate-based stents and 60 days for gellan gum-based ones. Biosoft® duo, Porges Stent 
was used as a control. 

III-4.2.4. Bacterial adhesion studies 

Bacterial adhesion is a serious concern related with the formation of biofilm on the surface of 

the stents. The ability of bacteria to adhere and proliferate on the surface of the materials was 

studied for 3 different bacteria: Staphylococcus aureus (Gram-positive); and Escherichia coli DH5 

alpha and Klebsiella oxytoca (Gram-negative) and the obtained results are presented in Figure 6. 

Statistical analysis indicated a significant reduction in adhesion of both Staphylococcus aureus and 

Escherichia coli DH5 alpha to alginate gelatin and gellan gum + gelatin stents in comparison with 

the commercial stent (~12X, ~41X and ~2X, respectively). The extent of reduction was found to 

be greater for Staphylococcus aureus when compared to Escherichia coli DH5 alpha (Figure III-

6). Relatively to Klebsiella oxytoca, no alteration on the adhesion profile was observed for any of 

the tested stents. Moreover, it is relevant to notice that, the stents prepared with gelatin present 
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significantly lower bacterial adhesion, suggesting that these materials may be the ones that have 

higher potential in the development of biodegradable ureteral stents.  

 

Figure III-6 Bacterial adhesion on the stents incubated with approximately 1 × 108 (a) S. aureus 

bacterias (Gram+), (b) E. coli DH5 alpha (Gram−), and (c) K. oxytoca (Gram−) for 4 h. 
Values indicate mean ± standard deviation from a single experiment performed in 

triplicate, which was representative of three independent experiments. Fold adhesion 
reduction between each tested stents and the commercial stent is indicated on top of 
each bar. Significance of the values between each tested stents and the commercial stent 
was determined by the t-student test (***p < 0.001). A—alginate; AG—alginate:gelatine, 

GG—gellan gum; GGG—gellan gum:gelatine. 

III-4.2.5. Cytotoxicity and cell adhesion studies 

The cytotoxicity of the six developed stents was evaluated in accordance with the protocol 

described in ISO/EN 10,993 (27). As a control, the commercial stent Biosoft® duo (Porges) was 

used. The viability of the cells cultured in a tissue culture plate, in the presence of the stents was 

determined as a function of the cells cultured in DMEM culture medium. Figure III-7a presents 

the cell viability after 72 hours in contact with the material. The obtained results were compared to 

cell growth on tissue culture plate. 
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Figure III-7 Cytotoxicity and cell adhesion studies: (a) cell viability measured after 72 h and (b) cell 
adhesion on the surface of the different stents. Biosoft® duo, Porges Stent was used as a 
control. Statistical significant differences were considered as ***p < 0.001; **p < 0.01; 

*p < 0.05. 

No significant differences were observed for the cell viability in the presence of the developed 

stents in comparison with the one obtained for the commercial stent, which was used as a negative 

control. 

In this context, cells were seeded directly on the surface of the stents and the adhesion was 

studied after 1 and 3 days of culture by MTS viability assay. Cells seeded on tissue culture plate 

were used as control (Figure III-7b).  

MTS analysis revealed that no cells are present in the surface of the materials after 1 or 3 day 

of culture. As it can be observed from Figure III-7b the developed stents present a behaviour 

similar to the commercial stent. Clear differences between cell growth on the tissue plate and on 

the stent surfaces are observed. This observation would be expected due to the hydrophilic nature 

of the tested biopolymers. Nonetheless there are reports in the literature which indicate that cells 

are able to adhere and grow on the tested substrates (28-30). 

 DISCUSSION 

An urological stent is defined as a thin tube, which is inserted in the ureter to prevent or treat 

the obstruction of urine flow from the kidney to bladder. Biodegradable natural-origin hydrogels 

present characteristics, which confer them several advantages, such as, biocompatibility, interface 

lubricity, as well as resistance to biofilm formation and encrustation (31). The main objective of the 

present research work is the preparation of hollow tubes from natural origin polymers, namely, 
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alginate, gellan gum and their blends with gelatin and to evaluate suitability, to be used as ureteral 

stents. Different blends of natural polysaccharides with gelatin have been reported in the literature 

(31-33). The variability of gelatin chemical composition confers this biopolymer different molecular 

weight and polydispersity, which per se have shown to substantially influence mechanical and 

thermal properties of physical gels (34). The combination of polysaccharides with gelatin is 

expected, to induce changes in the water uptake, degradation profile and the In vitro biological 

performance of the ureteral stents. These changes were particularly noticeable in the bacteria 

adhesion studies, which have demonstrated that the presence of gelatin in the blend lower the 

number of adhered bacteria. 

The technology developed for the preparation of the hollow tubes, although not new, has not 

been applied for the purpose reported in this work (Figure III-1). One of the main advantages of 

the process is the use of supercritical carbon dioxide as drying agent. This has demonstrated 

several advantages over conventional drying methods, such as freeze-drying or vacuum drying (28). 

Both freeze-drying and vacuum drying involve a phase transition, solid-vapor and liquid-vapor, 

respectively. The phase transition is responsible for an interfacial tension, which results in the 

shrinkage and deformation of the produced matrices. On another hand, supercritical drying with 

carbon dioxide is a process which the matrices do not undergo any phase transition and therefore 

the integrity of the structures is not compromised (33). In the supercritical drying process, carbon 

dioxide replaces the solvent molecules within the polymeric matrix and removes the organic solvent 

due to their miscibility at the drying conditions. The production of hollow tubes by the proposed 

technology (Figure III-2) foresee its versatility as the change of the template allows the 

preparation of materials with different shapes, making it possible to control the thickness of the 

wall, the inner diameter and the mechanical properties. It is also possible to create a material with 

different layers by dipping the template, sequentially, in different polymeric solutions. Such bottom 

up approach to obtain multilayered hydrogels was validated before on spherical objects (25). 

The biopolymers used in the preparation of the stents are highly hydrophilic. An inherent 

characteristic of these stents is the fact that, in the presence of water, an hydrogel is formed (35). 

This behavior is usually coupled with a high swelling ability, which may disrupt the structure of the 

matrices. The prepared stents have high water uptake ability, up to approximately 1000%, after 1 

day of immersion (Figure III-3). However, the devices do not present an extensive swelling 

behavior as observed by a magnifying lens. Augst and co-workers refer that ionic cross-linked 

alginates dissolve upon losing the divalent cations responsible for the cross-linking (33). The 
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observed dissolution rate might also be due to the ionic change between Ca2+ ions by monovalent 

ions, which weaken the structure (36). Hydrogels of alginate occurs as a result of the formation of 

ionic cross-links between carboxyl groups in guluronic acid residues within the polysaccharide. 

Each calcium ion is then chelated by two alginate molecules, forming crosslinks, thus resulting in 

gelation. When immersed in distilled water alginate the mechanical properties will be conserved, 

however, in the presence of monovalent ions (K+ or Na+), in our work in artificial urine solution,  

ion exchange will occur with the cross-linking Ca2+ resulting in a rapid reduction in mechanical 

properties (33, 36-38). 

 In our experiments, the variation of the ratio of polysaccharide:gelatin did not show a 

significant effect on the biodegradation profile of the samples, although it has been reported that it 

may tune the resorption kinetics of hydrogels for a wide range of applications and conditions (32, 

39). In this perspective, it is possible to design polymeric stents with the dissolution timeframe that 

best fits the treatment strategy (Figure III-4). Consequently, the need for a second surgery to 

remove the stent can be avoided using the proposed natural-based stents. 

The mechanical properties of urinary stents are an important parameter in order to access the 

feasibility of the hydrogel tubes to withstand the forces applied when the stent is inserted in the 

patient, assuring that the material does not break obstructing the ureter and preventing the flow of 

urine. Results reported in the literature for a polyurethane double J stents refer an ultimate tensile 

strength between 18 and 35 MPa, an elongation at break between 104 and 509 % and a Young 

modulus between 38 and 41 MPa (40). As expected these values are significantly higher than the 

ones reported in our work for the hydrogels prepared. The tensile properties of the stents produced 

change in the presence of gelatin and the results indicate that the presence of gelatin increases the 

maximum tensile strain while decreasing on the other hand the maximum load and the Young 

modulus. Few reports in the literature provide comparable data to the one presented in this work. 

Nandakumar and coworkers, report the development of hydrophilic high glycolic acid−poly(DL-

lactic-co-glycolic acid)/ polycaprolactam/polyvinyl alcohol blends as ureteral materials and tensile 

tests carried out refer tensile stresses at maximum load in the range of 0.66 up to 8.82 MPa, 

depending on the formulation (41). Nonetheless, the data reported was measured in thin films and 

not in hollow tubes. Furthermore, there is no indication that the results were determined in the wet 

state. Another work, by Jones and coworkers who evaluated the possibility to prepare stents from 

poly(e-caprolactone) and poly(e-caprolactone)-polyvinylpyrrolidone-iodine blends, refer also the 

tensile mechanical properties of the films prepared which, disregarding possible geometrical effects 
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is in the same order of magnitude of the polyurethane commercial stents (42). A straightforward 

comparison of the results should not, hereafter, be carried out. The alginate and gellan gum-based 

stents prepared in this work reveal good mechanical properties and provide the stability and 

strength necessary for manipulation during the placement process and its function in ureter. 

A major concern in urology is the development of encrustation on urological stents. This 

phenomenon is related with the deposition of salts (present in the urine) on the surface of the 

stent. When encrustation occurs urine flow is blocked, causing distress and pain to the patients. 

Particularly relevant are magnesium salts in the form of struvite and or calcium salts in the form of 

hydroxyapatite. Alginate and gellan gum stents, as well as the ones prepared with their mixture with 

gelatin, were immersed in AUS for different time periods. In order to study this effect SEM 

micrographs (Figure III-5) show a smooth inner surface of the stents at the initial time points. The 

micrograph for the last data point shows some rugosity, which can be explained by the polymeric 

dissolution. However, these results do not indicate any evidence of deposited crystals and 

demonstrate that no encrustation was developed during the lifetime of the stent when in contact 

with AUS. Furthermore, these observations are consistent with EDS analysis presented in Figure 

III-5. The EDS spectra clearly indicated the absence of ions that could suggest struvite or 

hydroxyapatite formation. The Ca2+ and Cl- ions detected in the spectra of all polymers are from the 

cross-linking agent, as they appear only the spectra of the materials before immersion and 

disappear after immersion in AUS. The hydrophilicity of the tested biopolymers can explain these 

observations, as the high hydration capacity of hydrogels prevents the deposition of soluble salts. 

Concerning biofilm formation and bacterial adhesion, reports in the literature suggest that 

coating commercial stents with hydrogel may lead to a significant decrease in bacterial adhesion 

(23, 35). In the study of Khandwekar et al. (23) commercial stents (Tecoflex®) were compared to 

stents made of polyurethane (Tecoflex®) modified vinylpyrrolidone-iodine (PVP-I) complex. In their 

work, the PVP-I modified stent was highly hydrophilic and more lubricious than the control 

polyurethane. Adherence of both Gram positive Staphylococcus aureus (by 1x106 CFU/cm2) and 

Gram-negative Pseudomonas aeruginosa (by 2x106 CFU/cm2) was significantly reduced on the 

modified surfaces. Our results obtained for the commercial stent (Biosoft® duo, Porges), following 

the same experimental procedure indicated the presence of ~1,8 x105 CFU/cm2 for the three tested 

bacteria’s (Staphylococcus aureus, Escherichia coli DH5 alpha and Klebsiella oxytoca). The 

materials tested demonstrated a lower bacterial adherence, particularly for the Gram-positive 

bacteria Staphylococcus aureus, whereas a reduction of about 12X to 41X of bacterial adhesion 
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was observed. For the Gram-negative bacteria, the tested materials demonstrated a behavior 

similar to the commercial stent, although with Escherichia coli DH5 alpha, it was observed an 

adhesion reduction of about 2X with two of the used biomaterials (alginate gelatin and gellan gum 

+ gelatin). These results can be explained by the bacterial cell surface structure, since cell-surface 

hydrophobicity is an important factor in the adherence and proliferation of microorganisms on solid 

surfaces (23, 24). Consistently, it was reported that Staphylococcus aureus has higher 

hydrophobicity ability in comparison with Escherichia coli (Cell surface hydrophobicity (CSH) of 

Escherichia coli, Staphylococcus aureus and Aspergillus niger and the biodegradation of Diethyl 

Phthalate (DEP) via Microcalorimetry (43, 44). Considering the implications of cell surface 

hydrophobicity on cell adhesion, our results suggest that including gelatin on the formulations will 

be a promising approach in the reduction of bacterial adhesion as demonstrated by the data 

described in Figure III-6.  

Another crucial concern, in products for medical use and human consumption, is the 

evaluation of the cytotoxicity of the developed materials. Reports in the literature have described 

the non-cytotoxicity of the polysaccharides used in this study, althought, it is not straightforward the 

extrapolation for the developed stents (45). Different processing techniques may influence the 

characteristics of the materials and may induce an undesirable toxic response. The experiments 

carried out following an ISO (27) guideline have shown that neither the materials non its leachables 

are toxic as cell viability in the experiments with the developed stents is comparable to the ones in 

tissue cultured plates. In addition, ureteral stents should not induce cell adhesion because they 

could promote an abnormal cell growth which may compress the stent, and consequently 

constrain the normal urine flow (1). In fact, These materials have been reported for other tissue 

engineering applications in which it is possible to promote cell adhesion (46). It is also well 

documented that cells respond to particular morphological and topological cues (24). Our findings 

suggest that the stents prepared did not induce cell adhesion at the surface. The observed 

differences may be related to the processing methodology which results in a smoother surface, not 

favorable to cell adhesion.  
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 CONCLUSION 

The present work constitutes an important step towards the development of biodegradable 

urological stents. Here we described a methodology to prepare stents using natural-origin polymers 

templated gelation and drying, using critical point carbon dioxide, generated stents able to compete 

with the commercially available ones. Biopolymers, such as, alginate and gellan gum, as well as 

their blends with gelatin, present different advantages compared to the commercial products, such 

as: adequate biodegradation rates; no development of encrustation; and anti-bacterial properties. 

Stents prepared from alginate present the fastest biodegradation rate, corresponding to an 

indwelling time of 21 days. Longer indwelling periods may be achieved with the use of gellan gum. 

The addition of gelatin to the blends decreases the bacterial adhesion demonstrating to be a 

promising strategy to reduce the bacterial adhesion. Furthermore, the technology proposed is 

highly versatile, allowing a wide range of stent designs. The described stents, when in contact with 

a physiological medium, become hydrogels, exhibiting biocompatible and non-cytotoxic 

characteristics. The presence of a high equilibrium water content, provides soft, lubricious and 

flexible characteristics to the devices, similar to natural tissue. The obtained results demonstrate 

the feasibility to develop biodegradable stents from natural origin polysaccharides. 
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Chapter IV 

Chapter IV -  Ketoprofen-eluting biodegradable ureteral 

stents by CO2 impregnation: In vitro study§ 

ABSTRACT 

Ureteral stents are indispensable tools in urologic practice. The main complications associated 

with ureteral stents are dislocation, infection, pain and encrustation. Biodegradable ureteral stents 

are one of the most attractive designs with the potential to eliminate several complications 

associated with the stenting procedure. In this work we hypothesize the impregnation of 

ketoprofen, by CO2-impregnation in a patented biodegradable ureteral stent previously developed in 

our group. The biodegradable ureteral stents with each formulation: alginate-based, gellan gum-

based were impregnated with ketoprofen and the impregnation conditions tested were 100 bar, 2h 

and three different temperatures (35ºC, 40ºC and 50ºC). The impregnation was confirmed by FTIR 

and DSC demonstrated the amorphization of the drug upon impregnation. The in vitro elution 

profile in artificial urine solution (AUS) during degradation of a biodegradable ureteral stent loaded 

with ketoprofen was evaluated. According to the kinetics results these systems have shown to be 

very promising for the release ketoprofen in the first 72h, which is the necessary time for anti-

inflammatory delivery after the surgical procedure. The in vitro release studied revealed an 

influence of the temperature on the impregnation yield, with a higher impregnation yield at 40ºC. 

Higher yields were also obtained for gellan gum-based stents. The non-cytotoxicity characteristic of 

the developed ketoprofen-eluting biodegradable ureteral stents was evaluated in L929 cell line by 

MTS assay which demonstrated the feasibility of this product as a medical device. 

                                                
§ This chapter is based on the following publication: 

Barros AA, Oliveira C, Reis RL, Lima E, Duarte ARC. Ketoprofen-eluting biodegradable ureteral stents by CO2 
impregnation: In vitro study. International Journal of Pharmaceutics 2015;495:651-9. 
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 INTRODUCTION 

The double-J ureteral stent was introduced in 1978 by Finney et al. (1) and since then, they 

are usually applied in the ureter to ensure its patency, in the treatment of either benign or 

malignant urological diseases (2). The main complications associated with ureteral stents are 

dislocation, infection, pain and blockage by encrustation (3). In urological practice some clinical 

requirements need a temporary duration of stenting, normally few weeks, which can be covered by 

a biodegradable ureteral stent (2). Biodegradable ureteral stents are one of the most attractive 

designs with the potential to eliminate several complications associated with the stenting 

procedure. Particularly it avoids a second procedure to remove the stent, reduces patient morbidity 

and decreases of bacterial adhesion and no encrustation on the surface (4). Different 

biodegradable materials have been proposed to fabricate the ureteral stents with natural and 

synthetic polymers (5-9). On the other hand different reports suggest several coatings and eluting 

technologies in ureteral stents, which can improve the biocompatibility and decrease the ureteral 

stent discomfort (10-12). Drug-eluting stent technology allows the local delivery of a drug. The use 

of drug-eluting designs has been used extensively in cardiovascular applications, but in 

biodegradable ureteral stents it is yet an unexplored area (4, 13). Even though, different drugs have 

already been reported to be loaded in the conventional ureteral stents. For example, drugs like 

triclosan (14), with the objective to reduce stent-associated bacterial adhesion, biofilm formation 

and encrustation, and ketorolac (10, 15) with the purpose to improve the comfort of patient 

decreasing the flank pain. The first study to report the effectiveness of drug-eluting and 

biodegradable stents was published in 2009 showing the release of 5a-redutase inhibitor directly 

into the prostate in patients with urinary retention and benign prostatic hyperplasia (BPH) (16). In 

the future, others drugs may be used in urologic practice like mitomicin C, paclitaxel, epirubicin 

and doxorubicin can be loaded in ureteral stents with different urological targets, such as chronic 

pelvic pain syndromes, upper tract urothelial cancer and neurogenic bladder (4).  

Lange et al (4) in a recent review concluded that the stent of the future will be degradable, in a 

control manner, and able to be coated or elute with active compounds, to address the current 

problems. In this work, we hypothesize the impregnation of ketoprofen, by supercritical fluid 

technology (SCF) in a biodegradable ureteral stent. Ketoprofen ((RS) 2-(3-benzoylphenyl)-propionic 
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acid) is one of the propionic acid class of nonsteroidal anti-inflammatory drugs (NSAID) with 

analgesic and antipyretic effects. (17-19). In current urological clinical practice ketoprofen is one of 

the prescribed medicines to be taken orally to decrease patient discomfort, known to be caused 

shortly after stent implantation (15). Supercritical fluid technology (SCF) has found its space in 

polymer processing, especially using supercritical carbon dioxide for processing pharmaceutical 

active compounds. This interest is mostly due to the mild processing conditions, the high diffusivity 

and low viscosity which enables delivering active compounds into polymer matrices (20-26). In 

literature, different studies demonstrated the solubility of ketoprofen using the supercritical carbon 

dioxide, which allows the impregnation of this active compound in matrices like our developed 

biodegradable ureteral stent (27-29). The purpose of this investigation is thus to evaluate the in 

vitro elution profile of ketoprofen impregnated in the biodegradable ureteral stent during its 

degradation.  
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 MATERIAL AND METHODS 

 Materials 

Gelzan CM (gellan gum), alginic acid sodium salt, gelatin, urea, urease type IX from Canavalia 

ensiformis (Jack Bean), calcium chloride, ketoprofen and ethanol were purchased from Sigma-

Aldrich (Germany). Potassium dihydrogen ortho-phosphate (99.5%) and magnesium chloride 

hexahydrate (99%) were obtained from Riedel-de Haën (Germany). Carbon dioxide (99.998 mol%) 

was supplied by Air Liquide (Portugal). All reagents were used as received. 

 Preparation of biodegradable ureteral stents 

The biodegradable ureteral stents were developed according to the procedure described by 

Barros et al. (5). Briefly, the polymers were dissolved in hot distilled water (90ºC) at different 

formulations (Table IV-1), and stirred for 1 hour. The polymeric solution was injected in a mold of 

appropriate geometry and immersed at room temperature in a stirred CaCl2 cross-linking solution 

for 2 hours. This step allows the gelification of the polymer. the biodegradable ureteral stents were 

immersed in ethanol for 1 hour, to be subject to a solvent exchange step where an alcohol gel was 

formed. In this process, ethanol replaced water and the material was then dried in a high-pressure 

vessel with supercritical carbon dioxide at 40 ºC and 100 bar for 2 hours, in semi-continuous 

mode. 

Table IV-1 Polymer and cross-linking agent concentrations used to prepare the biodegradable stents 

Formulation Polymers 
Polymer conc. 

(wt%) 
Cross-linking Agent 

Cross-linking agent 
conc. (M) 

AG Alginate : gelatin (60:40) 6 
CaCl2 0.24 

GG Gellan gum : gelatin (60:40) 4 
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 Supercritical CO2 impregnation of ketoprofen  

To remove the stents from the template a second hydration-dehydration step is necessary. 

The hollow tubes are dehydrated in ethanol. The two formulations of biodegradable ureteral stents 

alginate: gelatin (AG) and gellan gum : gelatin (GG), in the form of an alcohol gel were placed in 

high-pressure vessel with ketoprofen (10 mg) according the apparatus sketched in figure IV-1. 

The CO2 supercritical impregnation conditions used for the impregnation of ketoprofen were 100 

bar and 2 hours. The impregnation took place in continuous mode and three different operating 

temperatures were studied (35ºC, 40ºC and 50ºC).  

 

Figure IV-1 Supercritical fluid process impregnation and apparatus. TIC—temperature controller, P—
pressure transducer, FM—flow meter. 

 Characterization 

IV-2.4.1. Surface Morphology  

The morphology of the ketoprofen-eluting stents before and after impregnation process was 

analyzed on a JEOL SEM, model JSM-6010LV. The samples were fixed with mutual conductive 

adhesive tape on aluminum stubs and covered with gold/palladium using a sputter coater.  

IV-2.4.2. Fourier transform infrared spectroscopy.  

 Infrared spectra of the different samples before and after impregnation was assessed by 

Fourier transform infrared spectroscopy (FTIR). Powdered samples were mixed with potassium 

bromide and the mixture was mold into a transparent pellet using a press (Pike, USA). 
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Transmission spectra were acquired on an IR Prestige-21 spectrometer (Shimadzu, Japan), using 

32 scans, a resolution of 4 cm-1 and a wavenumber range between 4400-400cm-1. 

IV-2.4.3. Scanning calorimetry analysis (DSC) 

The DSC experiments were performed using DSC Q100 V9.8 Build 296 apparatus. The 

samples were placed in aluminum pans and heated at a rate of 10 °C/min from 20 to 220 °C, 

cooled to 20 °C and heated at 5 °C/min until 200 °C. Standard calibrations were performed 

using indium leads. 

IV-2.4.4. In vitro release Kinetics in Artificial Urine Solution (AUS) 

The release kinetics of developed ketoprofen-eluting stents was measured in artificial urine 

solution (AUS). AUS was prepared as described by Khandwekar et al,(30) with the composition 

presented in table IV-2: 

Table IV-2 Composition of the artificial urine solution (AUS). 

 Component % wt/v 

Solution A 
Potassium dihydrogen ortho-phosphate 0.760 
Magnesium chloride hexahydrate 0.360 
Urea 1.600 

Solution B 
Calcium chloride hexahydratate 0.530 
Chicken ovalbumin 0.200 

Urease type IX from Canavalia ensiformis (Jack Bean) 0.125 
 

The In vitro ketoprofen release from the impregnated biodegradable ureteral stents of AG and 

GG was performed in triplicate. The impregnated sample were weighted and immersed in 10 ml of 

AUS at 37ºC with 60 rpm stirring. At pre-determined time periods (0 min, 5 min, 15 min, 30 min, 

1h, 3h, 5h, 7,5h, 24h, 48h, 72h, 7 days and 10 days), an aliquot (0.5 ml) of the release solution 

was taken and the volume replaced with fresh AUS. Ketoprofen concentration was calculated from 

a calibration curve prepared from standard solutions. The samples were analyzed by UV-Vis at 260 

nm using a microplate reader (Synergy HT, Bio-Tek Instruments, USA) in a quartz microplate with 

96 wells (Hellma). 
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IV-2.4.5. Diffusion coefficient calculation procedure 

The release curves were modelled and the correspondent kinetic parameters were calculated 

using the Korsmeyer–Peppas equation, Equation II 5 (31) 

qh

qr
= sht 

Equation II-5 Determination of the diffusion coefficient 

Where Mt and M� are the absolute cumulative amounts of bioactive substance released at 

time t and at infinite release time, respectively; n is the release exponent, which provides 

information on the involved release mechanisms and k is the kinetic constant, which incorporates 

structural and geometric characteristics of the release material, in our case a cylinder geometry 

(32).  

IV-2.4.6. The impregnation yield of ketoprofen-eluting biodegradable ureteral stents 

The ketoprofen impregnation yield (I) on the biodegradable ureteral stents was calculated from 

Equation II 3: 

u % =
vwdhjxyjmdt

(vkhdth + vwdhjxyjmdt)
	n	opp 

Equation II-3 Determination of impregnation Yield. 

Where mstent is the initial mass of the stent and the mketoprofen is the mass of ketoprofen released 

from the stent after immersion in AUS. The total drug amount impregnated was obtained after the 

plateau was reached and complete degradation of the stents in AUS solution. All the experimental 

results are the average of three samples and are presented as average ± standard deviation.  

IV-2.4.7. Indirect cytotoxicity studies 

The cytotoxicity of the ketoprofen-eluting stents developed was assessed using an 

immortalized mouse lung fibroblasts cell line (L929) purchased from the European Collection of 

Cell Cultures. The effect of the leachables released from the biodegradable stents (during 24 
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hours) on the cellular metabolism was performed using a standard MTS (Cell Titer 96® Aqueous 

Solution Cell Proliferation Assay, Promega, USA) viability test, in accordance with ISO/EN 10993 

guidelines. A latex rubber extract was used as positive control for cell death; while cell culture 

medium was used as negative control representing the ideal situation for cell proliferation. Cell 

viability was evaluated by the MTS assay after 72 h. This assay is based on the bioreduction of a 

tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphofenyl)-2H-

tetrazolium (MTS) into a water-soluble brown formazan product. This was quantified by UV-

spectroscopy, reading the formazan absorbance at 490 nm in a microplate reader (Synergy HT, 

Bio-Tek Instruments, USA). Each sample formulation and control were tested using 12 replicates. 

 RESULTS AND DISCUSSION  

Our group previously developed an In vitro tested biodegradable ureteral stent from natural 

origin polymers (5). The results reported demonstrate that supercritical fluid processing is crucial 

for the development of such hollow tubes, which have a shape memory effect and when hydrated 

swell to the exterior and hence do not constrict the inner lumen of the stent. In this work, we 

developed an alginate and gellan-gum-based ketoprofen-eluting biodegradable ureteral stent and 

evaluated the In vitro elution profile in AUS. The impregnation process took place during the 

second drying procedure of the preparation of the stents, avoiding additional processing steps. The 

CO2 supercritical impregnation conditions used for the impregnation of ketoprofen were hence, the 

same as used for the drying of the stents, i.e., 100 bar of pressure and 2 hours of contact time. 

The use of supercritical fluid impregnation in polymeric materials presents interesting advantages 

over conventional processes, such as the opportunity to take advantage of the high diffusivity, low 

surface tension of carbon dioxide and the ease to separate and recover the solvent and new 

polymeric material (24, 33). Upon depressurization of the process the stents are recovered in the 

dry form and can be used as collected.  

 Morphological analysis 

The 6 Fr double J biodegradable ureteral stent developed are illustrated in figure IV-2. These 

stents were obtained for two formulations, one alginate-based (AG) and a second one gellan gum-
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based (GG). The produced ureteral stents were designed in a mold with real scale dimensions, 

mimicking the commercially available stents.  

 

Figure IV-2 Biodegradable ureteral stent with the formulation AG (diameter 6 Fr). 

In order to evaluate the influence of impregnation at the different temperatures, on the surface 

morphology the samples were analyzed by scanning electron microscopy (SEM). SEM images of 

the stents before and after ketoprofen impregnation are shown in figure IV-3. The images 

represent the surface morphology alginate-based and gellan gum-based stents impregnated at 

50ºC, 100 bar, AG50 and GG50. The images show the smooth surface observed before 

impregnation in the case of AG stents, however the GG stents present a rougher structure. 

Nonetheless, the surface of the stents does not seem to be affected by the CO2 impregnation 

process.  
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Figure IV-3 Scanning electron microscopy image of the biodegradable stents before (AG—alginate-
based; GG—gellan gum-based) and after ketoprofen CO2 impregnation (AG50, GG50–
50 °C at 100 bar). 

Fourier Transform Infrared Spectroscopy (FTIR) and differential scanning calorimetry (DSC) 

analyses were performed to verify the presence of the ketoprofen and the crystallinity of the 

samples after CO2 impregnation, respectively. FTIR spectroscopy allowed the identification of most 

of the vibrational modes of ketoprofen present in the stents after CO2 impregnation. FTIR spectrum 

of ketoprofen showed characteristic absorption peaks at 1697, and 1654 cm-1 denoting stretching 

vibrations of aromatic C = O stretching of acid and C = O stretching of ketone, respectively. The 

absorption peaks at 1589 and 1446 cm-1 were due to C = C stretching of aromatic ring (34). 

Similar absorption peaks were observed in the spectra of stents after CO2 impregnation. In figure 

IV-4, as an example the formulations AG35 and GG35 are presented. It is noticeable the 

appearance of the characteristic absorption peaks of ketoprofen comparing with the standard 

reference spectra for AG and GG, respectively. 
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Figure IV-4 Fourier Transform Infrared Spectroscopy spectra of raw material alginate (AG), gellan gum 
(GG), gelatin (GLT), ketoprofen (KET) and after the ketoprofen impregnation by CO2 
(AG35, GG35–35 °C at 100 bar). 

Figure IV-5 presents the thermal behavior of the pure ketoprofen and the two formulations 

AG and GG together with the thermal behavior of the ketoprofen-eluting stents prepared under 

different conditions. Ketoprofen (Figure IV-5a) demonstrated a characteristic peak at 96.60°C, 

which corresponds to its melting temperature. This highlights the fact that the raw material 

ketoprofen is in pure crystalline state. The thermal behavior of AG, GG and the ketoprofen-eluting 

stents prepared under different conditions in Figure IV-5b did not show any peak correspondent 

to crystalline ketoprofen as the initial raw material. This may be an indication that precipitating 

from the supercritical solution the drug presents a different crystalline state from the initial raw 

material. Other authors in the literature have reported this observation. (20, 21, 24, 35). The 

amorphization of the drugs is a preferred way in pharmaceutical sciences of enhancing the 

bioavailability and increasing solubility, optimizing delivery of the drug (36, 37). Hence, this is 

another major advantage of the supercritical impregnation process. 
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Figure IV-5 Differential scanning calorimetry spectra of ketoprofen (a) and biodegradable stents before 
and after the ketoprofen impregnation (b). 

 In vitro release kinetics in Artificial Urine Solution (AUS) 

The In vitro release kinetics was performed in AUS in order to mimic the real conditions In 

vivo. Released mass of ketoprofen per mass of stent impregnated at different temperatures (35ºC, 

40ºC and 50ºC) and 100 bar for a released period of 72 h in AUS is present in figure IV-6a for 

gellan gum-based and in figure IV-6b for alginate-based stents. The higher amount of ketoprofen 

released for both polymers used, was achieved at 40ºC of operating condition and the lowest at 

35ºC. Comparing the two polymers used alginate-based stents reached the highest value of 

accumulative mass of 919 µg after 72h of release. In case of the gellan gum-based stent the value 

of accumulative mass released after 72h was 805 µg. 
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Figure IV-6 Accumulative mass of ketoprofen released of (a) alginate-based stent (b) gellan gum-based 

stent, impregnated at 35 °C, 40 °C, 50 °C and 100 bar during 2 h for the release period 
of 72 h. 

Results of released kinetics modeling in terms of the percentage of total ketoprofen released 

for the impregnation experiment performed at 40ºC are present in figure IV-7. As it can be 

observed in figure IV-7 a fast release for both polymers was verify in the first 7h30 with nearly 

40% of the total ketoprofen impregnated in biodegradable stents being released. No differences 

were noticeable in percentage of release comparing the gellan gum and alginate-based stent. 

However, a deeper analysis requires the modeling of the results obtained. The data was modeled 

following the Korsmeyer-Peppas equation (Equation IV-1). The results of the model parameters 

are presented in table IV-3. From the results, for different temperatures studied and the two 

formulations tested the value of released exponent (n) was calculated to be between 0.45<n<0.89 

implying anomalous transport of drug release mechanism. (32, 38, 39). Together with this, the 

study on the release kinetics constant indicates that there seems to be a much faster release from 

the gellan-gum based stents, as evidenced by the calculation of the constant k. 

 

Figure IV-7 Percentage of ketoprofen released from alginate and gellan gum-based impregnated at 

40 °C and 100 bar during 2 h for the release period of 72 h. 
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Table IV-3 Correlated parameters of the ketoprofen released kinetics. 

Temperature (ºC) Formulation n k  R2 

35 
AG 0,85 0,0203 0,96 
GG 0,75 0,0459 0,99 

40 
AG 0,79 0,0251 0,98 
GG 0,83 0,0486 0,95 

50 
AG 0,61 0,0108 0,99 

GG 0,69 0,0642 0,99 
 

The first 3 days of indwelling are normally the time during which anti-inflammatory post-

operative drugs are prescribed, due the higher risk of tissue inflammation (14). The anti-

inflammatory agents are usually administered orally, which may decrease their efficacy and the 

ability to reach and target the site of action. Therefore, the delivery in situ is extremely beneficial 

(10, 14). The quantity and homogeneity of drug loaded into hydrogels may be limited, particularly 

in the case of hydrophobic drugs like ketoprofen, however this seems to be circumvented in this 

work. The release of drugs from hydrogels results from combination of classical diffusion in the 

polymer network and the limitations of mass transfer (32). The release in most hydrogels typically 

results in relatively rapid release of drugs from the hydrogel over the period of hours or days, 

particularly in the case of hydrophilic drugs due the higher water content (40). Release profile of 

active compounds from hydrogels can be influenced by various factors as well as the medium 

conditions like surface area, pH and temperature. The ketoprofen, like others non-steroidal anti-

inflammatory drugs (NSAIDs), is solubility pH-dependent due their weak acid character dissolution 

rate in acidic conditions (41). The pH of AUS is slightly acidic (6.4) and this may have an influence 

in the release profile. The impregnation temperature demonstrated to have an influence in the 

amount of ketoprofen release, particularly due to the fact that this parameter is strongly influencing 

the impregnation yield. 

The influence of temperature on the final loading of ketoprofen in the stents was evaluated 

through the determination of the yield of impregnation and the results are summarized in table IV-

4. In our study, results demonstrate that the lowest impregnation yields were obtained for AG35 

and GG35, i.e, the lowest temperature operating condition, and the highest yield was obtained for 

AG40 and GG40, at 40ºC of operating condition. For the highest temperature operating condition 

studied (50ºC) values below those obtained at 40°C in both polymers were obtained. An increase 

on the temperature increased the ketoprofen release in AUS. In terms of relative mass of 
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ketoprofen released in percentage for alginate and gellan gum-based stents the profile is similar for 

both polymers, however the release kinetic constant indicates that ketoprofen has a faster release 

when impregnated in the gellan-gum based stents in opposition to the alginate-based stents. This 

can be explained by the interaction of the ketoprofen with the hydroxyl group presents in hydrogel 

by hydrogen bonding through the carbonyl and carboxyl groups present in this drug molecule (41-

43). Other possibility is due swellability of these polymers which influenced the easier released of 

the drug in the first 7 hours, near 40%. Because of their nature, hydrogels can be used in many 

different types of controlled release systems. Peppas and co-workers developed a theory to explain 

the mechanism controlling the release of the drug from the swellable materials. Hydrogel-based 

drug delivery systems are mainly classified as diffusion-controlled systems (Fickian diffusion) or 

swelling-controlled systems. However, in some cases, drug release occurs due to a combination of 

macromolecular relaxations and Fickian diffusion. This type of transport is known as anomalous or 

non-Fickian transport (31, 32, 39). In our study, the drug release mechanism seems to be by 

anomalous transport according the n obtained for all the conditions. For a cylinder geometry values 

of n between 0.45 and 0.89 were reported as an indicator for the superposition of diffusion and 

swelling-controlled drug released (39). The solubility of the ketoprofen in acidic conditions 

contributes to the diffusion of the drug and on the other hand the swelling of the alginate-based 

and gellan gum-based stents in AUS, quantified in the previous work (5),  also contribute to the 

release kinetic profile of ketoprofen from the biodegradable stents developed. The combination of 

the diffusion of ketoprofen and the swelling of the polymer matrix suggests that the impregnation 

with supercritical fluids renders a more homogeneously dispersed material, in which, the drug is 

able to penetrate into the bulk of the material, unlike the conventional methods in which the drug is 

dispersed mostly on the surface. 

Table IV-4 Impregnation yield of the experiments carried out during 2 h at 100 bar. 

Temperature (ºC) Yield ±STD (%) 

35 
AG 3,29 ±0,46 

GG 4,84 ±0,31 

40 
AG 8,74 ±2,53 

GG 16,64 ±3,56 

50 
AG 7,64 ±1,87 

GG 13,29 ±1,51 
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Additionally, the gellan gum-based stents show highest impregnation yields comparing with 

the alginate-based ones. The yield of SCF impregnation are influenced for different parameters like 

temperature, pressure, solubility of the drug in carbon dioxide and the presence of ethanol which 

acts as a co-colvent in the first minutes (44, 45). In this study, we evaluated the effect of three 

different temperatures in the impregnation yield. The other parameters were kept constant 

relatively to the previously described procedure (5), in order to minimize the changes in processing 

conditions, which may ultimately influence the properties of the stents developed. According the 

work of Sabegh et al (27) the temperature and pressure have a direct effect on the solubility of 

ketoprofen in carbon dioxide. An increase on the temperature and pressure leads to an increase on 

the solubility of ketoprofen, but the temperature is dependent on the pressure and vice-versa, 

particularly due to the simultaneous effect of these two variables on density and solvation power of 

carbon dioxide. In the conditions studied in this work, the impregnation performed at 40ºC reached 

higher yields for both alginate-based and gellan gum-based stents. It would be expected that at 

50°C condition a higher impregnation was achieved, nonetheless, the lower value can be explained 

by the temperature/pressure dependency reported on the studies on ketoprofen solubility in 

carbon dioxide. The higher yields obtained for 40ºC operating condition are justified due the higher 

solubility of ketoprofen in CO2, which at 100 bar is higher than at 50ºC (27-29). Comparing the two 

formulations gellan gum-based material present in general higher impregnation yields. This can be 

explained by the interaction drug-polymer. In this sense, probably the interaction ketoprofen-gellan 

gum is higher than ketoprofen-alginate, due to the higher density of hydroxyl groups. According to 

our results the impregnation of ketoprofen in alginate and gellan gum-based biodegradable stents 

we conclude that not only the solubility of the ketoprofen in carbon dioxide is a crucial variable in 

the impregnation process but also the impregnation is governed by the drug-polymer interactions 

(46, 47). 

 Cytotoxicity studies 

 Concerning the application of the ketoprofen-eluting biodegradable stents in medical use the 

cytotoxicity needs to be evaluated. Althought the polymeric materials used in this studied were 

already reported in literature as non-cytotoxic (5, 48), the concentration of the ketoprofen may 

induce a cytotoxic response. The cytotoxicity of the ketoprofen-eluting biodegradable stents 

impregnated at 35ºC and 50ºC was evaluated in accordance with the protocol described in ISO/EN 
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10-993 (49). The viability of the cells cultured in a tissue culture plate in the presence of the 

medium with leachables from ketoprofen-eluting biodegradable stents was determined as a 

function of the cells cultured in the DMEM culture medium. Figure IV-8 presents the cell viability 

after 72 h in contact with the material’s leachables. The obtained results were compared to cell 

growth on the tissue culture plate using culture media (positive control), and latex leachables, 

which were used as negative control. The results demonstrate that the alginate and gellan gum-

based stents impregnated at different conditions do not compromise the metabolic activity of the 

cells.  

 

Figure IV-8 Cell viability measured after 72 h of ketoprofen-eluting biodegradable stents. 

 CONCLUSION 

Biodegradable stent technology coupled with the possibility to release active compounds, such 

as anti-inflammatory agents like ketoprofen is an important development for the future of ureteral 

stents. In this work, we designed a ketoprofen-eluting biodegradable ureteral stent prepared by 

supercritical CO2 impregnation. The studied herein presented revealed the influence of the 

operating conditions, particularly temperature on the impregnation yield, which was found to be 

higher at 40 ºC for both alginate-base stents and gellan-gum based stents. Regarding the two 

formulations studied, higher yields were obtained for gellan gum-based stents. According to the 

release kinetics profiles evaluated these systems were able to the release ketoprofen in the first 

72h in artificial urine solution. These results are very promising and a good indication that the 

stents are able to meet the purpose for which they are designed, i.e, be able to act when fast and 

local delivery is desirable. The non-cytotoxicity characteristics of the developed drug-eluting 

biodegradable ureteral stents demonstrate the feasibility of this product as a medical device. The 
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elution of the drug and the same time the degradation of the stent occurs is a major progress in 

the state of the art in which concerns the development of new medical devices for urological 

practices. The next step to validate this type of systems is to evaluate the safety and effectiveness 

in an In vivo model. 
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Chapter V 

Chapter V -  Gelatin-based biodegradable ureteral stents 

with enhanced mechanical properties ** 

ABSTRACT 

A first generation of biodegradable ureteral stents based on natural origin polymers developed 

in a previous work has proven to be an interesting alternative to conventional stents, but it has 

however demonstrated to fail upon the first In vivo validation in a pig model. In this work, with the 

objective to overcome the low mechanical performance encountered and to make the 

biodegradable ureteral stents by origin polymers a success In vivo, four formulations with different 

concentrations of gelatin and alginate and different concentrations of crosslinking agent were 

tested in order to obtain higher mechanical properties. Bismuth was added to confer radiopaque 

properties to the stent. Not only a new formulation was developed but also the processing method 

to fabricate the stents was optimized. The biodegradable ureteral stents were coated with a 

biodegradable polymer. X-ray scan demonstrated the radiopacity of this second generation of 

biodegradable stents. The degradation of the biodegradable ureteral stents was assessed in 

artificial urine solution and it was observed that the degradation of the materials occurs In vitro 

between 9 and 15 days. Degradation was followed by weight loss of the samples and by chemical 

analysis of the solutions both by inductive couple plasma (ICP) and gel permeation 

chromatography (GPC). Formulation with highest amount of gelatin has shown good mechanical 

performance in terms of tensile properties when compared with the commercial stent (Biosoft® 

duo, Porges, Coloplast), and the crosslinking concentration has shown not to have a great 

influence on the mechanical behavior of the stents. The In vivo performance of this second 

                                                

** This chapter is based on the following publication: 

Barros A, Oliveira C, Lima E, Duarte ARC, Reis RL. Gelatin-based biodegradable ureteral stents with 
enhanced mechanical properties. Applied Materials Today. December 2016; (5): 9-18. 
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generation of the ureteral stents was herein validated. The biodegradable ureteral stents were 

placed in the ureters of a female pig, following the normal surgical procedure. The animals 

remained asymptomatic, with normal urine flow, the stents remain intact during the first 3 days 

and after 10 days the ureteral stents were totally degraded. This new formulation combined with a 

new production process overcome the problems verified with the first generation of natural-based 

biodegradable stents 
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 INTRODUCTION 

The most frequent adverse effects reported by patients experiencing ureteral stenting are pain 

and difficulties in urinary tract (1). These problems can significantly impact patient quality of life 

with loss days of working, urinary leakage and sexual difficulties (2). In last years, new ureteral 

stent designs have been tested with novel polymers, coatings and the incorporation of active 

compounds in an attempt to significantly reduce the most common problems like bacterial 

infection and encrustation (2-4). Lange et al (1) in a recent review concluded that the stent of the 

future will be degradable, in a control manner, and possible to coat or elute active compounds. No 

biodegradable ureteral stent is currently available on the market, although in the past years there 

has been a crescent interest in this field (1). Polymers like polylactic acid, polyglycolic acid, 

poly(lactic-co-glycolic acid) and alginate-based materials have been used to develop the 

biodegradable ureteral stents (5-9). Lumiaho, J. et al reported an In vivo studies in pig model using 

polylactic acid and poly(lactic-co-glycolic acid) based stents which have shown good properties like 

antireflux properties and favourable drainage but the biocompatibility and the degradation profile 

were proven to be insufficient for clinical use (5, 10, 11). The same ureteral stents showed a 

different behaviour in a canine model, presenting a good biocompatibility and degradation which 

occurred in 12 weeks (12). Other studies using poly(lactic-co-glycolic acid)-based ureteral stents 

reported favorable radiopaque and drainage properties, but the biocompatibility was compromised, 

according to what is reported in the literature (5, 13-15). The degradation of the ureteral stents 

must be uniform and homogenous or dissolving based on directionality, preventing the formation of 

fragments during the degradation process that can block the ureter (1, 6, 16). Uriprene stent (Poly-

Med, USA), a radiopaque, glycolic-lactic acid based stent has been designed to degrade in the 

direction of the bladder coil to renal coil preventing ureteral obstruction secondary to degrading 

stent fragments (1). The In vivo pig model studies of Uriprene reported a good stability and 

biocompatibility, with a predictable degradation during 2–4 weeks while maintaining drainage. In 

our previous study, we reported an ureteral stent produced with natural-based polymers processed 

by critical point drying with carbon dioxide (16). This study was however not the first in literature to 

report alginate-polymer-based temporary ureteral stents. Lingeman et al (9, 17) showed in a phase 
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I and phase II clinical trials that these ureteral stents were designed to be intact at least 48 h 

before degradation with facilitated urinary drainage, favorable tolerability and safety profiles. The 

problem of these alginate-based stents is the fact that it presented a nonhomogeneous dissolution 

profile and fragmentation resulting in the need for secondary procedures to remove fragments in 

some patients. 

To avoid these problems, we hypothesized the use of two biodegradable materials instead of 

one, with the objective to reinforce the mechanical properties of the stent (18). Additionally, the 

combination of template gelation with critical point carbon dioxide drying also contribute to 

enhance the features of the stent. In the first generation biodegradable ureteral stents were 

produced using alginate, gellan gum and a blend of these with gelatin. The bacterial adhesion of 

Gram-positive and Gram-negative was assessed and compared with a commercial stent (Biosoft® 

duo, Porges, Coloplast) showing a decrease of adhesion. The biodegradation profile was observed 

to be highly dependent on the composition of the stent, with a complete dissolution of alginate-

based during 14 days and the gellan gum-based up to 60 days (16). A first generation of 

biodegradable ureteral stents based on natural origin polymers developed previously has proven to 

be an interesting alternative, but it has however demonstrated to have mechanical properties upon 

the first In vivo validation. Following these results, we developed a second generation of these 

ureteral stents. Gelatin was used as a base material for these stents and a hydrophobic coating 

was applied to improve the mechanical properties and allow the placement of the stent In vivo by 

the conventional surgical procedure. A preliminary In vivo validation was performed in a pig model. 

 MATERIALS AND EXPERIMENTAL 

 Materials 

Alginic acid sodium salt, gelatin, urea, urease type IX from Canavalia ensiformis (Jack Bean), 

calcium chloride, chlorophorm, ethanol, bismuth (III) carbonate basic, sodium phosphate dibasic 

and sodium azide were purchased from Sigma-Aldrich (Germany). Potassium dihydrogen ortho-

phosphate and magnesium chloride hexahydrate were obtained from Riedel-de Haën (Germany). 
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Bismuth standard for ICP was obtained from Sigma-Aldrich (Germany). Polycaprolactone resin PCL 

787, commercially available as TONETM polymer, was obtained from Union Carbide Chemicals 

and Plastics Division, Bound Brook, New Jersey. Carbon dioxide (99.998 mol %) was supplied by 

Air Liquide (Portugal). All reagents were used as received without any further purification. 

 Preparation of second generation of biodegradable ureteral stents 

Polymers were dissolved in hot distilled water (70ºC) at different concentrations as described 

in table V-1. The solutions were stirred for 1 hour and the polymeric solution was injected in a 

mold to obtain a tubular structure. After 1 hour the piece was taken out of the mold and placed in 

an alcohol solution (100% ethanol) for 1 hour. The stents were then transferred into a crosslinking 

solution of calcium chloride (CaCl2), with different concentrations (table V-2) at room temperature. 

After crosslinking, the stents were relocated in an alcoholic solution (100% ethanol) to obtain an 

alcohol gel which can be dried in a high-pressure vessel with supercritical carbon dioxide (scCO2) 

under controlled pressure (100 bar) and temperature (40ºC) and a continuous flow of the scCO2 

during 90 minutes. Finally, the dried stents were immersed in distilled water for 30 min and in 

ethanol 100%, for 1 hour, to remove the template. The stents were finally dried at room 

temperature conditions, during 1 day. The coating of the stents was performed by immersion in a 

10% of polycaprolactone (PCL) resin 787 (Mw 80,000 g mol-1) dissolved in chloroform. The stents 

were dried at ambient conditions overnight. Commercial Biosoft® duo, Porges, Coloplast used as a 

control in this study is also shown. 

Table V-1 Summary of the formulations tested to prepare the different biodegradable ureteral stents. 

Formulation 
Material conc. (wt. %) 
1 2 3 4 

Alginate 10 30 45 50 
Gelatin  85 65 50 45 
Bismuth (III) carbonate basic 5 5 5 5 
Coating 10% PCL resin PCL 787 
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Table V-2 Crosslinking agent concentrations used to prepare the different biodegradable ureteral 

stents. 

  Crosslinking agent conc. (M) 

Crosslinking agent CaCl2 0.24a 0.48b 1a 

aFormulation 2 ; b Formulation 1, 2, 3 and 4 

 Scanning electron microscopy  

The morphology of the biodegradable stents was analysed on a JEOL SEM, model JSM-

6010LV. The samples were fixed with mutual conductive adhesive tape on aluminium stubs and 

covered with gold/palladium using a sputter coater. 

 Postoperative X-ray 

The radiopaque characteristics of the biodegradable ureteral stent developed were evaluated 

in a postoperative X-ray equipment located at the Department of Imaging Hospital de Braga, 

Portugal. The radiographs were taken in abdomen mode with magnification of 0.27x. 

 Degradation Study 

The degradation of biodegradable stents was measured as function of the weight loss of the 

samples. Samples (10 mg) were immersed in artificial urine solution (AUS) prepared according 

Khandwekar et al (19) with the composition presented in table V-3. Samples immersed were 

dried and weighted to determine the weight loss, which was calculated according to the following 

equation: 
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%	ldefgh	izkk =
(lm −le)

le
	n	opp 

Equation II-2 Determination of wight loss. 

Where Wf is the final weight of the sample (dried after immersion) and Wi is the initial weight of 

the sample. Each formulation was tested in triplicate. 

Table V-3 Composition of the artificial urine solution (AUS). 

 Component % wt/v 
Solution A Potassium dihydrogen ortho-phosphate 0.76 

Magnesium chloride hexahydrate 0.36 
Urea 1.60 

Solution B Calcium chloride hexahydratate 0.53 
Chicken ovalbumin 0.2 

Urease type IX from Canavalia ensiformis (Jack Bean) 0.125 

V-2.5.1. Gel permeation chromatography (GPC) 

5 mg of alginate, gelatin and bismuth were dissolved in 5 ml of an aqueous solution of sodium 

phosphate dibasic 0.01 M containing 0.1 M of sodium azide (pH 6.6) and used as a controls, while 

the immersion solutions obtained by degradation test of stents formulation 2 at specific time point 

(1, 3, 6 and 9 days) were lyophilized and then dissolved in 5ml of the same eluent. The solutions 

were filtered through a 0.22μm filter and analysed on a gel permeation chromatograph (Malvern, 

Viscotek TDA 305) with refractometer, right angle light scattering and viscometer detectors on a set 

of four columns: pre-column Suprema 5 μm 8 × 50 S/N 3111265, Suprema 30 Å 5 μm 8 × 300 

S/N 3112751, Suprema 1000 Å 5 μm 8 × 300 S/N 3112851 PL and Aquagel-OH MIXED 8 μm 7.5 

× 300 S/N 8M-AOHMIX-46-51, with refractive index detection (RI-Detector 8110, Bischoff). Elution 

was performed at 30°C using a flow rate of 1 ml min−1. The elution times and the RI detector 

signal were calibrated with a commercial calibration polysaccharide set from Varian that contains 

10 Pullulan calibrants with narrow polydispersity and Mp (molecular mass at the peak maximum) 

ranging from 180 Da to 708 kDa. 
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V-2.5.2. Inductive coupled plasma (ICP) 

The immersion solutions from the degradation test of the stents, formulation 2, were filtered 

and analyzed by inductive coupled plasma (ICP) to follow Bismuth (BI) concentration during the 

different degradation times. The sample absorption at specific wavelengths (k = 206.17 nm for Bi) 

was measured, and the bismuth concentration was determined using a calibration curves 

previously obtained with Bismuth standard for ICP (Sigma) (R2= 0.96). 

V-2.5.3. Cytotoxicity evaluation of the leachables 

The cytotoxicity of the leachable materials during the ureteral stent degradation in AUS was 

accessed according to ISO/10993 (20). The cytotoxicity of the samples was assessed using an 

immortalized mouse lung fibroblasts cell line (L929) purchased from the European Collection of 

Cell Cultures. First, the immersion solutions obtained by degradation test at specific time point (1, 

3, 6 and 9 days) of stents formulation 2 were lyophilized. The leachables were dissolved in basal 

medium DMEM (Dulbecco’s modified Eagle’s medium; Sigma-Aldrich, Germany) 10% FBS (heat-

inactivated fetal bovine serum, Biochrom AG, Germany), and 1% antibiotic-antimycotic (Gibco, UK). 

Cells were cultured in a humidified incubator at 37 C in a 5% CO2 atmosphere. The effect of the 

leachables on the cellular metabolism was performed using a standard MTS (Cell Titer 96® 

Aqueous Solution Cell Proliferation Assay, Promega, USA) viability test. A latex rubber extract was 

used as positive control for cell death; while cell culture medium was used as negative control 

representing the ideal situation for cell proliferation. Cell viability was evaluated by the MTS assay 

after 72 h. This was quantified by UV-spectroscopy, reading the formazan absorbance at 490 nm 

in a microplate reader (Synergy HT, Bio-Tek Instruments, USA). Each sample formulation and 

control was tested using 12 replicates. 

 Tensile mechanical analysis 

Tensile mechanical analysis of the biodegradable stents was evaluated using an INSTRON 

5540 (Instron Int. Ltd, High Wycombe, UK) universal testing machine with a load cell of 1 kN. The 
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wet samples were hydrated before testing in AUS for 4 hours. The dimensions of the specimens 

used were 5 mm of length, 2 mm width, and 0.5 mm of thickness. The load was placed midway 

between the supports with a span (L) of 3 mm. The crosshead speed was 1:5 mm min-1. For each 

condition the specimens were loaded until core break. The results presented are the average of at 

least three specimens and the results are presented as the average ± standard deviation. 

 Surgical procedure and In vivo placement validation 

The In vivo placement validation study was conducted at Minho University, Braga, Portugal, 

after formal approval by the institution’s review board and in accordance with its internal ethical 

protocol for animal experiments. Females domestic pigs, weighing »30 kg, were used to validate 

the procedure and the stent degradation. The pigs were not given food or water for 12 h before the 

procedure. All procedures were performed under general anesthesia and mechanical ventilation as 

previously described in detail (21, 22). After emptying the bladder, a semi rigid 7 Fr ureteroscope 

(Karl Storz, Tuttlingen, Germany) was inserted through the urethra and saline solution was instilled. 

The full procedure was according the standard technique of ureteroscopy. A 0.035-inch flexible tip 

guidewire (AQUATRACK® Hydrophilic Nitinol, Cordis®, Johnson & Johnson) was then inserted in 

the ureters. The biodegradable ureteral stents (6Fr with 22 cm length) were guided by the 

guidewire until placed in the right and in the left ureter the commercial stent (Biosoft® duo, 

Porges, Coloplast) was placed as a control. Conventional ureteroscopy was performed in order to 

verify the degradation and the presence of any fragment and the morphology of the ureters after 3 

and 10 days. 

 Statistical analysis 

All data values are presented as mean ± standard deviation (SD). Statistical analysis was 

performed using Graph Pad Prism 6.00 software (San Diego, USA). Statistical significances (�p < 

0.05, ��p < 0.01 and ���p < 0.001) were determined using one-way analysis of variance 

(ANOVA) for an average of three to twelve replicates, followed by post hoc Tukey’s test for all pair-

wise mean comparisons. 
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 RESULTS AND DISCUSSION 

In our previous work, we developed a biodegradable ureteral stent based on different natural 

polymers. One of the drawbacks of these stents was the poor mechanical properties that result in 

failure upon In vivo implantation.  

To prepare the second generation of biodegradable ureteral stents made by origin polymers 

new formulations were tested and the method of injection molding and drying was optimized. 

Gelatin and alginate are very hydrophilic polymers. In order to delay the hydration of the materials 

upon implantation we decided to coat the hydrogel with a polymeric layer of polycaprolactone resin 

PCL 787. Polycaprolactone resin PCL 787 was chosen as it is a safe material and has a fast 

degradation in comparison with other biodegradable polymers. The biodegradable ureteral stents 

are prepared from an initial aqueous solution of alginate-gelatin from which gelation is induced by 

decreasing the temperature followed by an ionic crosslinking with a CaCl2 solution. Gelatin and 

alginate were chosen because of their versatility to form gels and the results obtained in the 

previous study (16) combining gelatin with other polysaccharides it is possible to induce changes in 

the water uptake, degradation profile and particularly were benefices regarding bacteria adhesion. 

In this work we have added bismuth to the formulation. The use of bismuth in the new formulation 

provides radiopaque properties to the ureteral stent due the inherent radiopaque characteristics of 

this compound. This material was already used and prove to be safe and it is already FDA 

approved (23). After crosslinking a combination of steps in ethanol and supercritical carbon dioxide 

was further employed to dry the biodegradable ureteral stents. Supercritical drying process 

parameters were kept as in the first version of these stents as they had already been optimized 

supercritical fluid drying process used is a process in which the matrices do not undergo any phase 

transition and therefore the integrity of the lumen of the stents is not compromised (24). Different 

other drying methods were tested namely air drying but the integrity of the lumen of the stents was 

compromised, unlike what was observed when using supercritical fluid CO2. 
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 Morphology 

Figure V-1 presents the SEM images of the cross-sections of biodegradable ureteral stent 

developed according to the formulation 2. In figure V-1 a we can see the uncoated stent and in 

figure 1b the stent with PCL coating. Figures V-1c and V-1d are the magnifications of stent wall. 

It is possible to distinguish the two layers, outer layer from PCL coating and the inner layer the 

alginate-gelatin plus bismuth matrix. From the SEM images we can observe a poor interfacial 

bonding between the polymers (alginate/gelatin and PCL 787). The inner diameter, i.e. the lumen 

of the stent is 2 mm. The inner and outer diameter and the length of the stents are only dependent 

on the injection mold used to prepare them, and do not depend on the formulation tested. Like in 

the first generation of the biodegradable ureteral stents the surface obtained without coating is 

similar (16). 

	

Figure V-1 SEM micrographs of the biodegradable ureteral stent (6 Fr, formulation 2, 0.48M) a) 
before coating, b) after coating, c) higher magnificence of one-layer hydrogel d) higher 
magnificence of two layers coating and hydrogel. 

 X-Ray validation 

An important feature of the ureteral stents is its radiopacicity. The possibility to assess by 

postoperative X-ray, localize the stent in the body and follow the degradation during time is of major 

importance and for this we used a standardized product, namely bismuth (III) carbonate basic, 

however, others can be used. In figure V-2 it is possible to confirm the radiopacicity, in wet state, 

of the biodegradable ureteral stent developed (figure V-2b) in comparison with commercial stent 
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(figure V-2a). In this work we used a lower concentration of this compound in the formulation as 

compared to the Lingeman et al (23), demonstrating that low amounts are suitable to provide this 

feature to the stent. 

	

Figure V-2 Radiograph in abdomen mode of a) commercial ureteral stent (Biosoft® duo, Porges, 
Coloplast) and b) biodegradable ureteral stent developed (formulation 2, 0.48M). 

 In vitro degradation study 

The In vitro degradation of the biodegradable ureteral stents with the different formulations 

and different concentrations of crosslinking agent was assessed measuring the weight loss of the 

samples. The weight loss, measured as the percentage of mass lost when immersed in AUS for a 

predetermined time period is presented in figure V-3. All the conditions tested demonstrated In 

vitro that no degradation occurs during the first 3 days of immersion. After 9 days, the stents have 

shown complete degradation. Comparing the different formulations tested, the results suggest that 

higher concentration of alginate formulations 4 and 5, figure V-3a) increase the degradation time. 

Comparing the different concentrations of crosslinking agent (figure V-3b) the results show that 

stronger cross-linking lower is the degradation even though not statistically significant. This can be 

justified due to the presence of more calcium crosslinks with guluronic acid (G) blocks, increasing 

their covalently cross linked network (25). The divalent cations of the ionic crosslinking agent, bind 
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exclusively to the G-blocks of the adjacent alginate chains, since the structure of the L-guluronate 

offers a greater flexibility than the D-mannuronate chains. By creating ionic inter-chain bridges, 

divalent ions replace the hydrogen bonds between the carboxyl group of D-mannuronate and the 2-

OH and 3-OH groups of the subsequent L-guluronate, originating the gelation of aqueous alginate 

solutions (26, 27). The G-block length, concentration of polymer and molecular weight are thus 

critical factors affecting the physical properties of alginate and its resultant degradation. On the 

other hand, gelatin can form hydrogels by increasing and decreasing temperature, which is merely 

a physical crosslinking phenomena. The mechanism behind the crosslinking of gelatin molecules is 

a conformational change from a random coil to a triple helix. The degradation occurs then because 

the noncovalent associations are easily disrupted at temperatures higher than 30–35°C, therefore 

at body temperature (28). This helps to understand that with higher amounts of gelatin in the 

formulation a faster degradation will take place. In our previous study, the alginate-based ureteral 

stents showed a slower degradation comparing with this work, for the same reason (16). The 

polymer blend with the alginate is however unknown and hence a work correlation is difficult to 

establish compared with our formulation.  

 Gel permeation chromatography (GPC) 

The polymeric leachables from the ureteral stent degradation at 1, 3, 6 and 9 days were first 

lyophilized and then dissolved in an appropriate eluent to be analyzed by GPC. As a control the raw 

materials alginate and gelatin was injected. GPC pattern of alginate and gelatin show an overlap of 
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Figure V-3 Weight loss of developed biodegradable ureteral stents a) Different formulations tests and 
b) Formulation 2 with different crosslinking concentration. 
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the eluting peaks between 18 ml and 21 ml of retention volume and hence it is not easy to 

distinguish both. The leachables are composed essentially by the mixture of alginate and gelatin 

present in the biodegradable ureteral stent formulation. The overlap of the raw materials makes it 

difficult to identify separately the presence of the alginate and gelatin. However, it is possible to see 

an increasing intensity of the peaks on the elution curve with degradation time. Considering the 

retention volume of the peaks on the different elution curves, we observe a major contribution of 

gelatin instead of alginate. This was expected because this formulation (formulation 2) is composed 

of 65% gelatin and 30% alginate.  

 

Figure V-4 GPC chromatograms of stent raw materials (alginate and gelatin) and the leachables at 1, 
3, 6 and 9 days’ time points. 

 Inductive Couple Plasma (ICP) 

The ICP analysis of bismuth concentration in the immersions solutions from different time 

points from formulation 2 is present in table V-4. The results show a gradual release of bismuth 

during the degradation process from the stent to the artificial urine solution. According to the 

degradation profile (figure V-3a) of ureteral stents, formulation 2, and the bismuth measured in 

the immersion solutions we can see that the release of bismuth is associated with the degradation 
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and it does not occur due to swelling of the stent or diffusion from the stent to the AUS. To support 

this observation and considering a homogenous distribution of bismuth in the stent, it would be 

expected to have a correlation between the degradation profile and the amount of bismuth in 

solution. On day 3 the ureteral stent with formulation 2 presents a degradation around 5%, 

corresponding the value of bismuth in solution is 0.271 g/L, that is approximately 5% of the total 

bismuth present in the stent. The same is observed at time point day 6 in which the value 1.285 

g/L is 20% of the total bismuth and again is close to the value of the degradation observed in 

figure V-3a. 

Table V-4 Concentration of bismuth obtained by ICP, in immersion solution (AUS) during the 

degradation. 

Days Bismuth (g/L) Std Release (%) 

1 0.0570 0.0058 ~ 1% 

3 0.271 0.0496 ~ 5% 

6 1.285 0.0600 ~ 20% 

9 5.953 0.1912 100% 

 Leachables cytotoxicity 

The cytotoxicity of the leachables obtained from stent degradation was evaluated in 

accordance with the protocol described in ISO/EN 10.993 (20). The viability of the cells cultured in 

a tissue culture plate, in the presence of the leachables, was determined as a function of the cells 

cultured in Dulbecco’s modified Eagle medium (DMEM) culture medium. Figure V-5 presents the 

cell viability after 72 h in contact with the material dissolved in the culture medium. Significant 

differences were observed for the cell viability in the presence of the leachables in comparison with 

the latex, which was used as a positive control. The results demonstrate that there is no toxic 

interaction between the leachables from day 1 to day 9 and L929 cells. 
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Figure V-5 Cytotoxicity study by cell viability measured after 72 h. 

 Tensile mechanical tests 

The tensile mechanical properties like maximum load (N), maximum tensile strain (%) and 

Young modulus (MPa) of the biodegradable ureteral stents developed are presented in figure V-6 

and figure V-7. Figure V-6 presents the results in dry and wet state of the four different 

formulations of stents when using a concentration of 0.48M crosslinking agent. As a control the 

tensile results for the commercial stent (Biosoft® duo, Porges, Coloplast) are also presented. 

Comparing all studied formulations, significant differences were observed before and after 

hydration and with and without coating, in terms their mechanical properties. In all formulations 

and as expected of hydration in AUS (figure V-6d) the values of tensile properties decrease in 

terms of Young modulus but increase in terms of maximum tensile strain. Furthermore, the 

ureteral stents after hydration become more elastic than in dry state. The results for the hydrated 

samples are far more important for the clinical purpose as if complications occur it may be 

necessary to pull out the stent. Regarding the highest values, the maximum load was 78.7 N and 

in terms of Young’s modulus it was 49.8 MPa after hydration for the coated stents of formulation 

2. Compared with 41.2 N and 24.6 MPa, respectively, for the commercial stent. On the other 

hand, in terms of maximum tensile strain (%) or elongation at break the control present values 

around 736.5 % compared with 339.1 % obtained for formulation 2. In general, the contribution of 
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gelatin seems to increase the mechanical properties of the biodegradable stents. The hydration of 

the stents further contributes to increase the elasticity of the material. Analyzing the effect of the 

PCL coating it also contributes to increase the elasticity and the ductility of the stents with 

significant differences. With the objective to study the influence of calcium ions concentration as 

crosslinking agent three different concentrations were tested with the formulation 2. This 

formulation was selected according the results obtained, due to the balance in terms of ductility 

and elasticity of biodegradable ureteral stent.  

Figure V-7 shows herein the results for the ureteral biodegradable stent with formulation 2, 

using different concentrations of crosslinking agent, namely 0.24M, 0.48M and 1M. Comparing the 

different concentrations, the results suggest that the crosslinking concentration does not have a 

great impact in the final mechanical properties of the biodegradable ureteral stent although, a 

slight increase is observed in the calcium ions concentration. These results have been previously 

reported in the literature. The presence of calcium ions enhances the crosslink of alginate matrix. 

Nonetheless we do not observed in this work significant changes in the mechanical properties 

changing the calcium concentration (29).  

The maximum tensile strain (%) during the degradation process were measured (figure V-7d) 

and the results show decrease of the mechanical properties during time of degradation. 

Nonetheless on day 6, before the complete degradation, the ureteral stent (formulation 2) shows 

an average maximum tensile near 200 %. Although the mechanical properties decrease during the 

degradation process the properties seem to be enough to maintain the function of the ureteral 

stent before the total degradation. These observations are extremely important in case there is the 

clinical need to remove the stents without compromising the obstruction of the ureter by possible 

fragments left.  

In the first generation of biodegradable ureteral stents made by natural polymer the values 

obtained were three times lower compared with the second generation (16). Clearly, increasing the 

gelatin concentration, the modification of the fabrication process and an incorporation of a new 

biodegradable coating allow the preparation of a biodegradable ureteral stent capable to be used In 

vivo following conventional ureteroscopy an ideal ureteral stent is expected to have adequate 

performance in terms of mechanical properties. 
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Comparing our maximum tensile strain results with a resorbable ureteral stents made from 

PGA and PLGA (15, 30) the natural origin materials here used present higher elongation comparing 

with the synthetic materials. In terms of global mechanical performance obtained in this study 

demonstrated to be similar or better than commercial stent available, Biosoft® duo, Porges, 

Coloplast. 

 

Figure V-6 Mechanical properties of the biodegradable stents (0.48M crosslinking concentration) 
before and after PCL coating in terms of a) maximum load (N) b) maximum tensile strain 

(%) and c) young modulus (MPa). d) Images of biodegradable stents before and after 
coating in dry state and in wet state immersion in AUS (scale bar 2mm). Ctr - (Biosoft® 
duo, Porges, Coloplast). Values are represented as average ± SD, n = 3. Statistical 
differences (�p < 0.05, ��p < 0.01) using one way-ANOVA followed by a Tukey post-test. 
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Figure V-7 Mechanical properties of the biodegradable stents prepared with the formulation 2 with 

different concentrations of crosslinking agent before and after PCL coating in terms of a) 
maximum load (N), b) maximum tensile strain (%), c) young modulus (MPa) and d) 
maximum tensile strain (%) of ureteral stent formulation 2 during the degradation time. 
Values are represented as average ± SD, n = 3. Statistical differences (�p < 0.05, ��p < 

0.01) using one way-ANOVA followed by a Tukey post-test. 

 In vivo placement technique validation 

The validation of the stent placement In vivo was performed in different female domestic pigs. 

Conventional ureteroscopy was employed to implant the developed stents. The first stent tested In 

vivo was the first generation of biodegradable ureteral stents based on natural origin polymers 

reported by Barros et al (16). The first generation demonstrated upon surgical procedure the stents 

slipped perfectly into the cystoscope and the hydrophilic guidewire into the bladder through the 

urethra. The ureteral stent developed remains intact throughout the procedure and is not 

fragmented and removal proved to be easy. However, it was not ductile enough in order to be able 

to be positioned correctly in the ureter. On the contrary, this new second generation of 

biodegradable ureteral stents, was successfully implanted In vivo. The new formulation together 

with the PCL 787 coating and the poor interfacial bonding between the polymers is an important 
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feature for the success of the in vivo studies. The PCL 787 layer provides a hydrophobic layer that 

delay the hydration of the material upon implantation and after implantation it will be delaminated 

from the surface of the stent. The thin layer delaminated is eliminated in the early stages of 

implantation and after 3 days we did not observed any fragments of PCL in the bladder or ureter. 

The biodegradable ureteral stents of this second generation at formulation 2 were placed in the 

right ureters without any complication and as a control a commercial stent (Biosoft® duo, Porges, 

Coloplast) was placed in the left ureter, following the conventional surgical procedure. In figure V-

8 it is possible to see the second generation of biodegradable stent placed in the ureters of the pig 

model. During the experiments, all the animals remained asymptomatic and with a normal urine 

flow. After 3 days, an ureteroscopy was performed to evaluate the morphology of the ureters and 

the stents. The biodegradable stent remains intact and maintain its stability (figure V-8c). 

Furthermore, no undesired side effects were observed in ureters (figure V-8d). On day 10, we 

performed again an ureteroscopy. At this time point the stents had completely degraded and no 

signs of fragments of the biodegradable ureteral stents were found. The morphology of the ureters 

remains normal with no major signs of inflammation or adverse reactions (figure V-8e and V-8f) 

at least at macroscale level. These biodegradable ureteral stents prepared from formulation 2 were 

demonstrated to be intact during the first 3 days and after 10 days they are completely degraded 

and no stent residues were observed in the urinary tract. Three independent experiments were 

carried out and all procedures lead to the same observation. In comparison with the first 

generation of stents reported in our previous work we herein demonstrate the improvement of the 

mechanical properties of the biodegradable stent allowing its placement in the ureter and validation 

of its degradability within 10 days. However, an extensive In vivo study needs to be performed to be 

able to validate clinically the material produced.  
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Figure V-8 Conventional ureteroscopy of the stented ureter in vivo in a pig model: a) biodegradable 
ureteral stent placement b) biodegradable ureteral stent inside the right ostium pig 
ureter at placement time c) biodegradable ureteral stent after 3 days at the entrance of 
the right ostium pig ureter d) after 3 days with the biodegradable ureteral stent (image 
taken in the middle of the stent) e) after 10 days of the biodegradable ureteral stent f) 
right ostium pig ureter after the degradation at day 10. 



Chapter V – Gelatin-based biodegradable ureteral stents with enhanced 
mechanical properties 

 

 

146 

 

 CONCLUSIONS 

The results obtained from the experiments performed demonstrate that different mixtures of 

alginate and gelatin and different concentrations of crosslinking agent can be used to obtain a 

biodegradable ureteral stent from natural origin polymers which may be used for the treatment of 

urological disorders. In this work, we show that this second generation of stents, presents 

radiopaque properties even in the wet state. Furthermore, we demonstrate that in vitro a higher 

concentration of gelatin in the biodegradable stent resulted in higher mechanical properties, and a 

higher concentration of alginate slows the degradation in vitro. The leachables and the degradation 

products have shown to be non-cytotoxic and the degradation of the stent has shown to be 

homogenous as the degradation occurs by erosion of the material. The second generation of 

biodegradable ureteral stents herein developed could be implanted following the conventional 

surgical procedure performed daily in the clinical practice. The ureteral stent remains intact during 

the first 3 days starting to degrade after that. Full degradation is achieved after 10 days, without 

any presence of stent remaining’s inside the ureter. The stents developed demonstrated to be safe 

and fulfilled the function of keeping the flow of urine from kidney to bladder while implanted in the 

ureter. 

ACKNOWLEDGEMENTS 

The research leading to these results has received funding from the European Union Seventh 

Framework Programme (FP7/2007-2013) under grant agreement number REGPOT-CT2012-

316331-POLARIS and from the project “Novel smart and biomimetic materials for innovative 

regenerative medicine approaches” RL1 - ABMR - NORTE-01-0124-FEDER-000016) cofinanced by 

North Portugal Regional Operational Programme (ON.2 – O Novo Norte), under the National 

Strategic Reference Framework (NSRF), through the European Regional Development Fund (ERDF). 

Alexandre Barros acknowledges his FCT PhD grant SFRH/BD/97203/2013. 



Chapter V – Gelatin-based biodegradable ureteral stents with enhanced 
mechanical properties 

 

147 

 

REFERENCES 

1. Lange D, Bidnur S, Hoag N, Chew BH. Ureteral stent-associated 
complications[mdash]where we are and where we are going. Nat Rev Urol. 2015;12(1):17-25. 
2. Mendez-Probst CE, Goneau LW, MacDonald KW, Nott L, Seney S, Elwood CN, et al. The 
use of triclosan eluting stents effectively reduces ureteral stent symptoms: a prospective 
randomized trial. BJU International. 2012;110(5):749-54. 
3. Krambeck AE, Walsh RS, Denstedt JD, Preminger GM, Li J, Evans JC, et al. A Novel Drug 
Eluting Ureteral Stent: A Prospective, Randomized, Multicenter Clinical Trial to Evaluate the Safety 
and Effectiveness of a Ketorolac Loaded Ureteral Stent. The Journal of Urology. 2010;183(3):1037-
43. 
4. Liatsikos EN, Karnabatidis D, Kagadis GC, Rokkas K, Constantinides C, Christeas N, et al. 
Application of paclitaxel-eluting metal mesh stents within the pig ureter: An experimental study. Eur 
Urol. 2007;51(1):217-23. 
5. Olweny EO, Landman J, Andreoni C, Collyer W, Kerbl K, Onciu M, et al. Evaluation of the 
use of a biodegradable ureteral stent after retrograde endopyelotomy in a porcine model. Journal of 
Urology. 2002;167(5):2198-202. 
6. Al-Aown A, Kyriazis I, Kallidonis P, Kraniotis P, Rigopoulos C, Karnabatidis D, et al. Ureteral 
stents: new ideas, new designs. Therapeutic advances in urology. 2010;2(2):85-92. 
7. Venkatesan N, Shroff S, Jayachandran K, Doble M. Polymers as Ureteral Stents. Journal of 
Endourology. 2010;24(2):191-8. 
8. Chew BH, Lange D, Paterson RF, Hendlin K, Monga M, Clinkscales KW, et al. Next 
Generation Biodegradable Ureteral Stent in a Yucatan Pig Model. Journal of Urology. 
2010;183(2):765-71. 
9. Lingeman JE, Schulsinger DA, Kuo RL. Phase I trial of a temporary ureteral drainage stent. 
Journal of Endourology. 2003;17(3):169-71. 
10. Lumiaho J, Heino A, Tunninen V, Ala-Opas M, Talja M, Valimaa T, et al. New bioabsorbable 
polylactide ureteral stent in the treatment of ureteral lesions: An experimental study. Journal of 
Endourology. 1999;13(2):107-12. 
11. Lumiaho J, Heino A, Kauppinen T, Talja M, Alhava E, Valimaa T, et al. Drainage and 
antireflux characteristics of a biodegradable self-reinforced, self-expanding X-ray-positive ploy-L,D-
lactide spiral partial Ureteral stent: An experimental study. Journal of Endourology. 
2007;21(12):1559-64. 
12. Lumiaho J, Heino A, Pietilainen T, Ala-Opas M, Talja M, Valimaa T, et al. The 
morphological, in situ effects of a self-reinforced bioabsorbable polylactide (SR-PLA 96) ureteric 
stent; An experimental study. Journal of Urology. 2000;164(4):1360-3. 
13. Talja M, Multanen M, Valimaa T, Tormala P. Bioabsorbable SR-PLGA horn stent after 
antegrade endopyelotomy: A case report. Journal of Endourology. 2002;16(5):299-302. 
14. Lumiaho J, Heino A, Aaltomaa S, Valimaa T, Talja M. A short biodegradable helical spiral 
ureteric stent provides better antireflux and drainage properties than a double-J stent. Scand J Urol 
Nephrol. 2011;45(2):129-33. 



Chapter V – Gelatin-based biodegradable ureteral stents with enhanced 
mechanical properties 

 

 

148 

 

15. Zou T, Wang L, Li WC, Wang WZ, Chen F, King MW. A resorbable bicomponent braided 
ureteral stent with improved mechanical performance. J Mech Behav Biomed. 2014;38:17-25. 
16. Barros AA, Duarte ARC, Pires RA, Sampaio-Marques B, Ludovico P, Lima E, et al. 
Bioresorbable ureteral stents from natural origin polymers. J Biomed Mater Res B. 
2015;103(3):608-17. 
17. Schlick RW, Planz K. Potentially useful materials for biodegradable ureteric stents. Brit J 
Urol. 1997;80(6):908-10. 
18. Wen C, Lu L, Li X. Mechanically Robust Gelatin–Alginate IPN Hydrogels by a Combination 
of Enzymatic and Ionic Crosslinking Approaches. Macromolecular Materials and Engineering. 
2014;299(4):504-13. 
19. Khandwekar A, Doble M. Physicochemical characterisation and biological evaluation of 
polyvinylpyrrolidone-iodine engineered polyurethane. J Mater Sci: Mater Med. 2011;22(5):1231-46. 
20. Biological Evaluation of Medical Devices. Part 5. Test for Cytotoxicity In Vitro Methods: 8.2 
Test on Extracts., (1992). 
21. Lima E, Rolanda C, Osorio L, Pego JM, Silva D, Henriques-Coelho T, et al. Endoscopic 
Closure of Transmural Bladder Wall Perforations. Eur Urol. 2009;56(1):151-7. 
22. Oliveira CAR, Ferreira C, Quattrone C, De Sio M, Autorino R, Pinto JC, et al. Endoscopic 
Closure of Transmural Bladder Wall Perforations. Journal of Endourology. 2012;26:A501-A. 
23. Lingeman JE, Preminger GM, Berger Y, Denstedt JD, Goldstone L, Segura JW, et al. Use of 
a temporary ureteral drainage stent after uncomplicated ureteroscopy: Results from a phase II 
clinical trial. Journal of Urology. 2003;169(5):1682-8. 
24. Duarte ARC, Santo VE, Alves A, Silva SS, Moreira-Silva J, Silva TH, et al. Unleashing the 
Potential of Supercritical Fluids for Polymer Processing in Tissue Engineering and Regenerative 
Medicine. The Journal of Supercritical Fluids. 2013. 
25. Kong HJ, Kaigler D, Kim K, Mooney DJ. Controlling Rigidity and Degradation of Alginate 
Hydrogels via Molecular Weight Distribution. Biomacromolecules. 2004;5(5):1720-7. 
26. Blandino A, Macías M, Cantero D. Formation of calcium alginate gel capsules: Influence of 
sodium alginate and CaCl2 concentration on gelation kinetics. Journal of Bioscience and 
Bioengineering. 1999;88(6):686-9. 
27. Jejurikar A, Lawrie G, Martin D, Grondahl L. A novel strategy for preparing mechanically 
robust ionically cross-linked alginate hydrogels. Biomedical materials. 2011;6(2). 
28. Mohanty B, Bohidar HB. Microscopic structure of gelatin coacervates. Int J Biol Macromol. 
2005;36(1-2):39-46. 
29. Augst AD, Kong HJ, Mooney DJ. Alginate Hydrogels as Biomaterials. Macromolecular 
Bioscience. 2006;6(8):623-33. 
30. Zhang MQ, Zou T, Huang YC, Shang YF, Yang GG, Wang WZ, et al. Braided thin-walled 
biodegradable ureteral stent: Preliminary evaluation in a canine model. International Journal of 
Urology. 2014;21(4):401-7. 
  



Chapter V – Gelatin-based biodegradable ureteral stents with enhanced 
mechanical properties 

 

149 

 

 
 





 

151 

 

 

 

 

Chapter VI 

 

 

 

 

 

Drug-eluting biodegradable 

ureteral stent: new 

approach for urothelial 

tumors of upper urinary 

tract  

 

 



Chapter VI - Mechanism of the formation of proteinaceous microspheres - Highlights from peptide size and sequence 

152 

 

 



Chapter VI – Drug-eluting biodegradable ureteral stent: new approach for urothelial 
tumors of upper urinary tract cancer 

 

153 

Chapter VI 

Chapter VI -  Drug-eluting biodegradable 

ureteral stent: new approach for urothelial tumors 

of upper urinary tract cancer†† 

ABSTRACT 

Upper urinary tract urothelial carcinoma (UTUC) accounts for 5-10% of urothelial carcinomas and is 

a disease that has not been widely studied as carcinoma of the bladder. To avoid the problems of 

conventional therapies, such as the need for frequent drug instillation due to poor drug retention, 

we developed a biodegradable ureteral stent (BUS) impregnated by supercritical fluid CO2 (scCO2) 

with the most commonly used anti-cancer drugs, namely paclitaxel, epirubicin, doxorubicin, and 

gemcitabine. The release kinetics of anti-cancer therapeutics from drug-eluting stents was 

measured in artificial urine solution (AUS). The In vitro release showed a faster release in the first 

72h for the four anti-cancer drugs, after this time a plateau was achieved and finally the stent 

degraded after 9 days. Regarding the amount of impregnated drugs by scCO2, gemcitabine showed 

the highest amount of loading (19.57 µg drug /mg polymer: 2% loaded), while the lowest amount was 

obtained for paclitaxel (0.067 µg drug /mg polymer: 0.01% loaded). A cancer cell line (T24) was exposed to 

graded concentrations (0.01 to 2000 ng/ml) of each drugs for 4 and 72 hours to determine the 

sensitivities of the cells to each drug (IC50). The direct and indirect contact study of the anti-cancer 

biodegradable ureteral stents with the T24 and HUVEC cell lines confirmed the anti-tumoral effect 

of the BUS impregnated with the four anti-cancer drugs tested, reducing around 75% of the viability 

of the T24 cell line after 72h and demonstrating minimal cytotoxic effect on HUVECs. 

                                                

†† This chapter is based on the following publication: 

Barros AA, Browne S, Oliveira C, Lima E, Duarte ARC, Healy K, Reis RL. Drug-eluting biodegradable ureteral 
stent: new approach for urothelial tumors of upper urinary tract cancer. International Journal of 
Pharmaceutics. 2016; 513(1-2):227-237. 
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 INTRODUCTION 

Upper tract urothelial carcinoma (UTUC) can be located in the lower (bladder and urethra) or 

upper (renal pelvis and ureter) urinary tract (1). UTUC are aggressive urologic cancers with 

propensity for multifocality, local recurrence, and metastasis (2). They are uncommon compared to 

bladder cancer, but 60% of UTUCs are invasive at diagnosis. Urothelial carcinomas (UCs) are the 

fourth most common type of tumors (3). The treatments available fall into two categories: a kidney-

sparing surgery with the application of the adjuvant topical agents such as bacillus Calmette-Guêrin 

(BCG) vaccine, mitomycin C or other anti-cancer drugs; and, in the majority of the cases, radical 

nephrectomy is performed, followed by chemotherapy. The UTUC are urothelial tumors, therefore 

drugs such paclitaxel, doxorubicin and gemcitabine are expected to have a similar therapeutic 

efficacy as in bladder cancer (2, 4). Some studies examined the role of chemotherapy for UTUC, 

and there appears to be an overall survival and disease-free survival benefit for anti-cancer drugs 

based adjuvant chemotherapy (4). 

Drugs like paclitaxel, mitomicin C, doxorubicin and gemcitabine have been reported in 

different studies as a drugs that can be incorporated in polymeric materials in order to obtain an 

intravesical drug delivery (IDD) system in urological tract (5-7) .For intravesical chemotherapy, 

hydrophobic anti-cancer drugs offer a distinctive benefit of superior permeability through the 

urothelium as compared to hydrophilic drugs (6, 8). One innovative idea explored by Lifshitz et al. 

(MitoGelTM) is the use of an hydrogel with mitomicin C which solidifies at body temperature and can 

provide prolonged retention of the therapeutic agent and a slow, sustained release (9). 

In this study we hypothesized a new concept for the delivery of these anti-cancer drugs using a 

drug-eluting biodegradable ureteral stent, combining hydrogel technology with conventional ureteral 

stents. Different drug-eluting ureteral stents have been used extensively in cardiovascular and 

different applications (10, 11), but in urology it is still a new area (12). Some studies reported the 

impregnation of drugs like triclosan (Triumph®) (13) and ketorolac (Lexington™) (14) in 

polyurethane based stents, with the objective to reduce bacterial adhesion, biofilm formation and 

encrustation to improve  patient comfort by decreasing flank pain. These studies have 

demonstrated that in preclinical and clinical tests, drug-eluting conventional double-J ureteral stents 

have limited effectiveness possibly because of poor drug delivery to the ureteral tissues (12-14).  
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In this context, the idea is to use a biodegradable ureteral stent to increase the contact-time 

between the anti-cancer drugs and the ureter. In addition, after the drug has been delivered the 

stent degrades without the need for a second procedure to remove the stent (figure VI-1). In our 

previous work we developed a biodegradable ureteral stent from natural polymers (15, 16). This 

biodegradable ureteral stent allows for the facile incorporation of drugs, that can then be locally 

released. As a proof of concept ketoprofen was impregnated in the stent as this anti-inflammatory 

agent is commonly prescribed in urology after surgical procedures (15).  

In this work, three hydrophobic anticancer drugs, paclitaxel, doxorubicin, epirubicin and one 

hydrophilic drug, gemcitabine were impregnated by supercritical fluid technology in a 

biodegradable ureteral stent. The impregnation of drugs in a polymeric matrix requires always the 

use of a mobile phase able to dissolve and carry the active pharmaceutical ingredient. When this 

mobile phase has additionally the ability to swell and stretch the polymer matrix, it facilitates to a 

great extent the diffusion of the drug into the bulk of the matrix, hence, increasing drug 

impregnation (17, 18).When the mobile phase uses a fluid in its supercritical state, a high purity 

product, free of residual solvents is obtained, since no organic solvents are involved in the process. 

The most commonly used supercritical fluid is carbon dioxide, due to its mild critical parameters 

(critical pressure 74 bar and critical temperature 31 ºC), non-toxicity and non-flammability (19). 

Furthermore, the use of supercritical fluids can take advantage of their high diffusivity in polymers, 

in combination with the high solubility and plasticizing action (20-23). 

 

Figure VI-1 Illustration of the concept of anti-cancer drug eluting biodegradable ureteral stent as a 

potential drug delivery system for UTUC therapy. 
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 MATERIAL AND METHODS 

 Materials 

Alginic acid sodium salt, gelatin, calcium chloride, chlorophorm, ethanol and bismuth (III) 

carbonate basic were purchased from Sigma-Aldrich (Germany). Potassium dihydrogen ortho-

phosphate (99.5%) and magnesium chloride hexahydrate (99%) were obtained from Riedel-de Hae ̈n 

(Germany). Polycaprolactone resin PCL 787, commercially available as TONETM polymer, was 

obtained from Union Carbide Chemicals and Plastics Division, Bound Brook, New Jersey. Artificial 

urine solution (AUS), paclitaxel 99.5% (PA), doxorubicin 98% (DOX), epirubicin 99% (EP) and 

gemcitabine 99% (GEM) were obtained from Fisher Scientific (U.S.A.). Carbon dioxide (99.998 mol 

%) was supplied by Air Liquide (Portugal). All reagents were used as received without any further 

purification.  

 Preparation of biodegradable ureteral stents 

Biodegradable ureteral stents (BUS) were developed according to the procedure described by 

Barros et al.(15). The stents were composed of 30% alginic acid sodium salt, 65% of gelatin and 5% 

of bismuth (III) carbonate. The cross-linking solution was calcium chloride (CaCl2) at 0.48M. Briefly, 

polymers were dissolved in hot distilled water (70ºC). The solution was stirred for 1 hour and the 

polymeric solution was injected in a mold to obtain a tubular structure. After 1 hour the piece was 

taken out of the mold and placed in an alcohol solution (100% ethanol) for 1 hour. BUS were then 

transferred into a crosslinking solution of calcium chloride (CaCl2), at room temperature.  After 

crosslinking, BUS were relocated in an alcoholic solution (100% ethanol) to obtain an alcohol gel. 

BUS were dried using a high-pressure vessel with supercritical carbon dioxide (scCO2) at 40 ºC and 

100 bar for 90 min, in continuous mode. The coating of the stents was performed by immersion in 

a 10% of polycaprolactone (PCL) resin 787 (Mw 80,000 g mol-1) dissolved in chloroform.  

 Supercritical CO2 impregnation of anti-cancer drugs  

The prepared BUS were placed in a high-pressure vessel with anticancer drugs (10 mg) 

according to figure VI-2. The anti-cancer drugs were impregnated in the stents with and without the 
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presence of a co-solvent. The scCO2 impregnation conditions used were 100 bar at 40ºC. Carbon 

dioxide was liquefied and pumped to the desired pressure using a membrane pump (MCPV-71, 

Haskel, Germany). Impregnation took place in batch mode for 90 min followed by fast 

depressurization of the system. When a co-solvent was employed, 10% ethanol was used. A 

commercial non-degradable ureteral stent (Biosoft® duo, Porges, Coloplast) was impregnated with 

the same drugs at the same conditions, and used as a control. To enhance the mechanical 

properties of the stent a PCL coating was applied. To evaluate the effect of coating on the release 

of the drugs the condition BUS + Co-Solvent was prepared twice and one of this batches was 

coated with PCL resin. The nomenclature used for each condition is presented in table VI-1. 

 

Figure VI-2 Supercritical fluid process impregnation and apparatus of the anticancer drugs used in 
biodegradable ureteral stent. 

Table VI-1 Nomenclature of each condition study of anti-cancer drugs impregnated by supercritical 
fluid process. 

 BUS BUS + Co-Solvent* 
(BUS+Co-Solvent) + 

PCL Coating 
Commercial 

stent 
Paclitaxel (PA) PAbio PAEtOH PAcoat PACom 

Epirubicin (EP) EPbio EPEtOH EPcoat EPCom 

Doxorubicin (DOX) DOXbio DOXEtOH DOXcoat DOXCom 
Gemcitabine (GEM) GEMbio GEMEtOH GEMcoat GEMCom 
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 Characterization 

VI-2.4.1. Impregnation yield 

 The anticancer drugs impregnation yield (I) was calculated from Equation II 3: 

E % =
FKLMN

F{PQRP + FKLMN
	b	100 

Equation II-3 Determination of impregnation Yield. 

Where mstent is the polymer mass at the beginning of the process and the mdrug is the mass of 

the respective anticancer drug released after complete degradation of the stents in AUS. Anti-

cancer drugs concentration was calculated from a calibration curve prepared from standard 

solutions. The samples were analyzed by UV-spectroscopy using a microplate reader (SpectraMax 

i3, Molecular Devices, USA) at the maximum absorbance for each drug (227nm for PA, 254nm for 

EP and DOX and 268nm for GEM). All the experiments were performed in triplicate.  

VI-2.4.2. Determination of anti-cancer drugs release from biodegradable ureteral 

stents.  

The release kinetics of developed anti-cancer drug-eluting biodegradable ureteral stents was 

measured in artificial urine solution (AUS). The In vitro release of anti-cancer drugs (paclitaxel, 

epirubicin, doxorubicin and gemcitabine) from the impregnated biodegradable ureteral stents was 

performed in triplicate. 10 mg of impregnated sample were weighted and immersed in 10ml of 

AUS at 37ºC with 60 rpm stirring. At pre-determined time periods (0 min, 5 min, 15 min, 30 min, 

1 h, 3 h, 5 h, 7.5 h, 24 h, 48 h, 72 h, 6 days and 10 days), an aliquot of 0.5 ml of the release 

solution was taken and the volume replaced with fresh AUS. The concentration of drug was 

determined by UV-spectroscopy as described above.  

VI-2.4.3. Cell culture  

 In this study we used a human urothelial carcinoma cell line, T24 (ATCC, U.S.A.) as a 

cancer cell line to model the urothelial carcinoma and human umbilical vein endothelial cells, 
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HUVEC, (ATCC, U.S.A.) as a control, non-cancerous cell line. The T24 cell line and HUVEC cells 

were cultured in RPMI-1640 and EGM™-2 medium, respectively, with (10% fetal bovine serum 

(FBS), 1 mM L- glutamine and 1% penicillin/streptomyocin), Cells were maintained at 37 °C in a 

humidified 5% CO2 atmosphere.  

VI-2.4.4. In vitro efficacy of anti-cancer drugs against T24 cells and HUVECs - IC50 

determination  

The cytotoxicity of paclitaxel, epirubicin, doxorubicin and gemcitabine was evaluated by 

determining the viability of T24 and HUVEC cells after exposure to medium containing the free 

drug at a range of concentrations from 0.01 to 2000 ng/ml. Free drugs in medium were prepared 

by first dissolving the anticancer drugs in DMSO (50 mg/ml) and this solution was then diluted in 

culture medium to achieve the desired concentration. A standard MTT assay (CellTiter 96â 

Aqueous One Solution Cell Proliferation Assay) was used to test cell viability and was performed on 

both cell lines to determine the half maximal inhibitory concentration (IC50) of each drug. 5000 cells 

per well were seeded in a 96-well plate with 100 µL medium for both T24 and HUVEC cells. After 

incubation for 24 h, the medium in each well was aspirated and the cells were exposed to fresh 

medium containing the drugs at various concentrations for 4 h and 72 h. The cells after 4 h 

treatment were further cultured for 72 h in fresh (drug-free) medium. After that, the culture 

medium in each well was replaced by 100 µL of medium and 20 µL of CellTiter 96® AQueous 

One Solution Reagent, followed by 4 h incubation at 37 °C. A latex rubber extract was used as 

negative control for cell death; while cell culture medium was used as positive control. Cell viability 

was quantified by UV-spectroscopy, reading the formazan absorbance at 490 nm in a microplate 

reader (SpectraMax i3, Molecular Devices, USA). Each sample formulation and control was tested 

using 12 replicates. 

 The IC50 was determined from the fitting of the curve of cell viability, measured by MTT and 

the drug concentration. The fitting was performed using GraphPad software (GraphPad Prism 6.00 

software, San Diego, USA). 
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VI-2.4.5. In vitro anti-cancer effect of anti-cancer drug-eluting biodegradable ureteral 

stents by indirect and direct contact with T24 cells and HUVECs 

The anti-cancer effect of the anti-cancer drug-eluting biodegradable ureteral stents in human 

urothelial carcinoma cell line was evaluated by determining the viability of T24 cells by indirect and 

direct contact. HUVEC was used as non-cancerous, control cell line. The T24 cell line and 

HUVEC cells were cultured in RPMI-1640 and EGM™-2 medium, respectively with 

(10% fetal bovine serum (FBS), 1 mM L- glutamine and 1% penicillin/streptomyocin). By 

indirect contact, the effect of the released drug as well as leachables from the biodegradable 

ureteral stents were evaluated, placing the stents in fresh medium after 4 h and 72 h. On the other 

hand, by direct contact 10 mg of stent was placed directly in contact with a cell layer in each well. 

Both tests were performed for 4 h and 72 h. The viability of the cells was performed using a 

standard MTT test. Briefly, 5000 cells per well were seeded in a 96-well plate with 100 µL medium 

for T24 and HUVEC cells. After incubation for 24 h, the medium in each well was aspirated and the 

cells exposed to medium containing the extracts of the stents in the indirect contact study. In the 

direct contact the cells were exposed to 100 µL of fresh medium in the presence of the stent. The 

cells after 4 h treatment were further cultured for 72 h in fresh medium. After that, the culture 

medium in each well was replaced by 100 µL of medium and 20 µL of CellTiter 96® AQueous 

One Solution Reagent, followed by 4 h incubation at 37 °C. Cell culture medium and the non-

impregnated stents (BUS and commercial stent) were used as negative controls. Each sample 

formulation and control was tested with 3 replicates.  

VI-2.4.6. Light microscopy 

Cells cultured on the bottom of the well plate, after 4 and 72 h direct contact were observed 

by light microscope (Axio Imager Z1m, Zeiss, Germany) in order to visually assess the effect on 

morphology. Images were taken with a magnification of 10x of T24 cells after 4 h and 72 h of 

exposure by direct contact to biodegradable ureteral stents impregnated with the anti-cancer drugs. 

Control experiments were carried out in T24 cells and drug-free stents for 72 h.  
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VI-2.4.7. Statistical analysis 

All data values are presented as mean ± standard deviation (SD). Statistical analysis was 

performed using Graph Pad Prism 6.00 software (San Diego, USA). Statistical significances (p < 

0.05, ��p < 0.01 and ���p < 0.001) were determined using one-way analysis of variance 

(ANOVA) for an average of three to twelve replicates, followed by post hoc Tukey’s test for all pair-

wise mean comparisons. 

 RESULTS AND DISCUSSION 

 Preparation of biodegradable ureteral stents impregnated with anticancer 

drugs  

 The biodegradable ureteral stents from natural origin polymers were prepared as 

previously described (Figure VI-3), and the anticancer drugs were loaded in BUS by scCO2, as 

illustrated in Figure VI-2. scCO2 offers advantages over other impregnation solvents as it is an 

environmentally friendly, non-flammable, and non-toxic solvent, highly abundant and low cost. 

Furthermore, at the end of the impregnation process, and after the depressurization step, the final 

product is obtained in a dry form avoiding the need for subsequent drying and purification steps. 

Furthermore, the solvent can be recycled and reused (24).  

According to Kazarian et al. (25, 26) there are mostly two mechanisms which describe 

impregnation by supercritical fluids. One is the simple deposition of the drugs in the swollen matrix 

when the system is depressurized. In this mechanism, the drug is solubilized in CO2 and is placed 

in contact with the polymeric matrix for a predetermined time. After this procedure, and upon 

depressurization, the CO2 molecules rapidly leave the polymer matrix, the solubilized drug 

precipitates and is deposited within the polymeric network. This mechanism is highly dependent on 

the swelling ability of the polymeric matrix when in contact of the supercritical fluid. On the other 

hand, a second mechanism of impregnation described by Kazarian et al., is said to be more 

dependent on the affinity of the drug towards the polymeric matrix. 

The conditions used for the impregnation of anti-cancer drugs were the same as used for the 

drying of the stents (100 bar at 40ºC and 90 min) with and without the presence of a co-solvent. 
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The addition of polar solvents to scCO2 such as ethanol is known to increase the solubility of many 

polar substances, like the drugs used in this study, which have a large molecular weight and/or 

molecular polarity and hence low solubility in carbon dioxide (27). The use of 10% ethanol was 

determined by the solubility of drugs in supercritical CO2 reported in literature (28-30). 

 

Figure VI-3 Section of commercial non-degradable ureteral stent (Biosoft® duo, Porges, Coloplast) BUS 
coated with PCL resin and BUS stents prepared after impregnation. 

The impregnation efficiency of anti-cancer drugs in the biodegradable ureteral stents (BUS) 

was determined as a function of mass (µg) of anti-cancer drugs per mass (mg) of the polymer. The 

results are presented in Table VI-2. In the DrugEtOH conditions, the amount of anti-cancer drug 

impregnated in the stents is higher, as it would be expected due to the co-solvent effect of ethanol 

in the enhancement of drug the solubility in CO2. The amount of impregnated paclitaxel in pure 

scCO2 (PAbio) was 0.046 µg mg-1, whereas those in PAEtOH condition was 30% higher (0.067 µg mg-

1). A similar percentage was reported by Yoda et al. (27) in which the authors report the 

impregnation of paclitaxel in an amorphous poly(DL-lactic acid) (PDLLA) matrix. The amount of 

paclitaxel impregnated by Yoda et al. in PDLLA was 2-3 times higher compared with the 

alginate/gelatin matrix obtained in this work. This can be justified by the higher affinity of the drug-

CO2 solution in the hydrophobic PDLLA matrix (25). Furthermore, PDLLA may also have greater 

swelling in the presence of scCO2 than the alginate/gelatin polymer blend (27, 31). Regarding the 

other drugs, the results show a 15% increase in the impregnation yield for EP, 12% for DOX and 8% 

for GEM when ethanol was used as a co-solvent. In the case of the Biosoft® duo, Porges, Coloplast 
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stents the amount of drug impregnated is 6-times lower compared with BUS impregnated with 

paclitaxel under the same conditions. The lower amount of drug impregnated can be related with 

lower swelling ability of the polymeric matrix of the commercial stent in scCO2 and/or by lower 

affinity of the drugs with composition material of the Biosoft® duo, Porges, Coloplast stent. 

Table VI-2 Quantity of drug impregnated by scCO2 (operating conditions 90 min, 100 bar and 40 ºC) 

(µg drug /mg polymer). 

 
Paclitaxel Epirubicin Doxorubicin Gemcitabine 

Drugbio 0.046 ±0.001 1.498 ±0.070 3.297 ±0.153 18.183 ±0.769 
DrugETOH 0.067 ±0.001 1.779 ±0.032 3.748 ±0.202 19.572 ±0.053 

DrugCom 0.014 ±0.001 0.118 ±0.022 0.208 ±0.057 2.312 ±0.131 

 In vitro release kinetics in Artificial Urine Solution 

 The release of anti-cancer drugs from the impregnated BUS and Commercial ureteral 

stents was performed in AUS at 37ºC in order to mimic the conditions In vivo. Artificial Urine 

solution (pH 5.5) was chosen as the release medium and this medium was regularly replaced to 

provide sink conditions. Figure VI-4 shows the release profile of the drugs from the stents. Similar 

release for the four anticancer drugs impregnated in the BUS was observed. Comparing the 

condition where the BUS is coated (Drugcoat) with the non-coated conditions, it is possible to 

conclude that the PCL coating of the BUS did not affect the release of the drugs in AUS. The PCL 

layer is delaminated from the surface of the stent due to the poor interfacial adhesion between the 

hydrophilic polymers gelatin + alginate and the hydrophobic PCL. Upon immersion in the 

physiological AUS the PCL coating detaches from the surface, hence no significant differences 

between the release profile of the different drugs from the coated or uncoated stents are observed. 

In the case of the Commercial stent all drugs impregnated are released in the first 24 h. For the 

biodegradable system, it is noticeable that in the first 4 h a release of nearly 50% of the amount 

drug impregnated and the remaining drug was sustainably released until 72 h in AUS. The stent 

degraded after 9 days.  

In the non-degradable stent, we observed a faster release when compared with the BUS. This 

faster release may be justified due the poor impregnation on the synthetic polymer. In this case 

due to the highly dense polymer network the drugs did not penetrate deeply into the bulk of the 

polymeric matrix, but rather are located on or close to the surface of the stents and hence are 
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more easily released to the medium (6). In the case of the biodegradable stent, it is composed of 

94% water with a highly porous polymer network. Furthermore, the acidic and high ionic strength of 

AUS may swell the stent facilitating the release. The release profile of these four anti-cancer drugs 

shown in figure VI-4 is promising for intravesical chemotherapy in UTUCs (6). 

 

Figure VI-4 Cumulative anti-cancer drugs release from biodegradable and non-biodegradable ureteral 
stents in Artificial Urine Solution AUS (pH 5.5) at 37ºC, for different conditions tested. 
The stent degraded after 9 days. 

 Determination of IC50 of anti-cancer drugs against T24 and HUVEC 

The effect of the anti-cancer drugs when in contact with T24 and HUVEC cells was 

investigated by a cell viability test, namely the MTT assay. From this, the IC50 was calculated for 

each of the four drugs in each of the two cell lines. In this case, IC50 is a measure of the 

concentration needed to inhibit cell survival, and is routinely used to specify the In vitro potency of 

a drug (32). The T24 cell line was chosen as a muscle invasive urothelial cancer and the HUVEC 

cells were used as non-cancerous control cells. The cytotoxicity evaluation was carried out either 

0 50 100 150 200 250
0

50

100

150

**
**
*
*
*
*

*

*
*

* *

Time (h)

M
Pa
cl
ita

xe
l/M

∞
(%

)

Paclitaxel 
PAcom
PAbio*
PAEtOH
PAcoat

0 50 100 150 200 250
0

50

100

150

****
*
*
*

*

*

*

*
* *

Time (h)

M
Do

xo
ru
bi
ci
n/
M
∞
(%

)

Doxorubicin

0 50 100 150 200 250
0

50

100

150

****
*
*
*

*

*

*

*
*

*

Time (h)
M

Ep
iru

bi
ci
n/
M
∞
(%

)

Epirubicin

0 50 100 150 200 250
0

50

100

150

****
**
*
*

* *
*

* *

Time (h)

M
G
em

ci
ta
bi
ne
/M

∞
(%

)

Gemcitabine



Chapter VI – Drug-eluting biodegradable ureteral stent: new approach for urothelial 
tumors of upper urinary tract cancer 

 

166 

after 4 h or 72 h of exposure of the cells to the free drugs at different concentrations (figure VI-5). 

The four anti-cancer drugs showed to have a concentration-dependent inhibition profile of the 

survival of both the cancer cell line and HUVEC cells. In figure VI-5 it is possible to see, for both 

cell types the trend of concentration-dependent cytotoxicity. These are similar, in all cases and as it 

would be expected the 72h exposure present a higher killing efficacy. Comparing the results 

between the two cells it is possible to conclude that the cancer cells are much more sensitive to 

the anti-cancer drugs compared with the HUVEC cells. 
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Figure VI-5 In vitro viability of T24 cells and HUVEC cells after exposure to the anti-cancer drugs at 

different concentrations for 4 h or 72 h. Cell viability is expressed as % of control. 
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Vertical line represents the amount of drug impregnated by scCO2 in BUS. Data shown is 
the average of at least 3 independent experiments. 

In Figure VI-5, a vertical line is plotted which corresponds to the amount of drug 

impregnated in BUS for each drug. The results show for all drugs that the amount of drugs 

impregnated in BUS is higher than IC50 value of T24 cells and lower than IC50 value of HUVEC cells. 

Importantly, this shows that the BUS impregnated in this study may have a cytotoxic effect against 

T24 cells but no effect against HUVEC cells. In the case of gemcitabine, the amount of drugs in 

BUS is still lower than the IC50 of HUVECs but the amount of drug in theory has the ability to affect 

the HUVEC cells, reducing the cell viability near to 50% during the 72 h.  In the case of direct 

contact method no effect on HUVECs was observed, Browne et al, suggested that delayed release 

can reduce the toxicity (33).  

The four drugs have shown different cytotoxicity concentrations for the T24 and HUVEC cells. 

The results show to have time- and concentration-dependent cytotoxicity of T24 and HUVEC against 

the anti-cancer drugs tested. The IC50 values are presented in Table VI-3. For T24, IC50 at 4 h 

exposure time for paclitaxel is 281.98 ng/ml which is ~3 times lower than the corresponding value 

for HUVEC (849.81 ng/ml). When the exposure time is increased to 72 h the difference between 

the two [cells are even higher 7.30 ng/ml for T24 and 501.50 ng/ml to HUVEC cells. For the other 

drugs, the cells seem to be less sensitive. In these cases, the IC50 values are in the range of µg/ml 

and not ng/ml as observed in paclitaxel profile. Comparing with the literature, the value obtained 

for paclitaxel after 72 h (7.30 ng ml-1) is higher than with the IC50 value obtained by Hadaschik et al. 

(2.85 ng ml-1) (5). Lu et al. (6) and Yu et al. (34) report the IC50 of doxorubicin for T24 cancer cells 

and the results have also shown to be concentration-dependent cytotoxicity, but presenting a 

different range of IC50 values, 11.6 ng ml-1 and 4 µg ml-1, respectively. In the case of the 

gemcitabine, Papadopoulos et al. (7) reported an IC50 of 0.79 µg ml-1 which is comparable with our 

data.  

Table VI-3 IC50 of the anti-cancer drugs at 4 h and 74 h for the T24 and HUVEC cells (± STD) 

 
IC50 Paclitaxel (ng/ml) Epirubicin (µg/ml) Doxorubicin (µg/ml) Gemcitabine (µg/ml) 

T24 
4h 281.98 ± 3.06 67.02 ± 2.34 187.07 ± 5.18 98.97 ± 1.29 

72h 7.30 ± 0.88 15.74 ± 1.02 29.28 ± 10.01 0.89 ± 0.27 

HUVEC 
4h 849.81± 6.48 2051.08 ± 33.21 2149.32 ± 58.21 413.57 ± 2.68 

72h 501.50± 7.67 139.11 ± 13.64 646.60 ± 21.35 237.24 ± 16.73 
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 In vitro study of anti-tumoral effect of anti-cancer biodegradable ureteral 

stents 

The anti-cancer effect of the biodegradable ureteral stents developed here was evaluated by 

determining the viability of both T24 cells and HUVEC by indirect and direct contact of the stents 

with cells. Figure VI-6 presents the results for four drugs tested by indirect contact against T24 

cancer cell after 72 h of exposure. The controls used were the T24 cells in a drug-free medium and 

the stents without drugs impregnated. The T24 cancer cells display similar behaviour when in 

contact with drug-loaded stents as to when exposed to the different drugs tested. After 4 h and 72 

h in contact with drug-released-medium the viability of cancer cells decreases in most cases 

around 25% and 50%, respectively. The condition when ethanol was used as a co-solvent 

(DrugEtOH), and thus had more drug impregnated in the stent, also presents a higher killing efficacy, 

around 65% for all drugs after 72 h of exposure. Considering the effect of the coating of the BUS 

(DrugCOAT) these present a slightly lower efficacy when compared with the non-coated stents. On 

the other hand, the commercial stent (DrugCom) shows a significantly lower killing efficacy (~10%) 

which may be due the lower amount of drug impregnated in the stent as observed in the 

impregnation results. 

 

Figure VI-6 Cell viability of T24 cancer cell line after 72 h exposure by indirect contact. Statistical 
significant differences were considered as *p < 0.05, ��p < 0.01 and ���p < 0.001. 
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The results obtained and the new concept of using ureteral stents with anti-cancer drugs for 

the treatment of carcinomas in the ureter justify the evaluation of the cancer cells viability in a 

closer way. The impregnated stents were placed in direct contact for 4 h and 72 h with the T24 

cancer cells and as a control HUVEC were also used. Figure VI-6 shows the cytotoxicity assay of 

T24 cancer cell line and HUVEC cells after 72 h exposure by direct contact. A similar result to what 

was observed by indirect contact for T24 cancer cells, comparing the different conditions tested 

with killing efficacy of the impregnated stents. Nonetheless, all the conditions present a higher 

killing efficacy increasing around 10% in comparison with the indirect contact results. DrugEtOH 

conditions have once again shown have the highest anti-cancer effect, due to the higher amount of 

drug impregnated. The HUVEC cells, used as control cells, did not show compromised viability 

after incubation for 72 h in any of the conditions tested. Looking back to figure VI-5 it was 

expected see a cytotoxic effect particularly in the conditions with gemcitabine in contact with 

HUVEC cells, due to the close concentration of drug impregnated in the stent with the IC50 value 

determined, but this was not observed and the cell viability remained nearly 100%. Thus, the 

amount of anti-cancer drug impregnated in biodegradable ureteral stents by scCO2 had a killing 

efficacy of 75 % in T24 cancer cells, but this did not affect the non-cancer cells (HUVEC).  

In the treatment of UTUC there is still no standard chemotherapy defined. The doses used for 

e.g in bladder cancer are in the order of 50 mg m-2 for paclitaxel, 30 mg m-2 for doxorubicin and 

epirubicin, and 75 mg m-2 for gemcitabine during the first 1- 3days. It is hence, difficult to establish 

a comparison between the concentrations determined here (table VI-2) and the values reported. 

Nonetheless, the In vitro results presented here indicate that the systems developed have a 

significant potential in the delivery of such drugs in the upper urinary track, with a demonstrated In 

vitro efficacy. To increase the killing efficacy of the BUS more than one drug could be impregnated 

into the polymer matrix (35), as different studies have demonstrated the higher cytotoxic and 

synergistic effect of combining more than one drugs administrated such as cisplatin with paclitaxel 

(5, 36). 
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Figure VI-7 Cell viability of T24 cancer cell line and HUVEC cells after 72 h exposure by direct contact. 

BUScoat is the BUS with the PCL coating without anti-cancer drugs impregnated. 
Statistical significant differences were considered as *p < 0.05, ��p < 0.01 and ***p < 

0.001. 
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The effect of the biodegradable ureteral stents impregnated with the different anti-cancer 

drugs in the T24 cancer cells was investigated by light microscopy. Figure VI-8 shows the light 

microscopy images of T24 cancer cells in contact with the BioStent impregnated with the four 

different anti-cancer drugs tested. In controls, it is possible to see that the cells are normal 

confluent. After 4 h exposure time it is possible to see that majority of the T24 cells are confluent 

with some cells starting to be in a rounded shape. When the exposure time is increased to 72 h the 

cells shown only the rounded shape morphology, confirming the killing efficacy of the impregnated 

biodegradable ureteral stent against to T24 cancer cells. 

 

Figure VI-8 Light microscopy images (10x) of T24 cells morphology after 4 h and 72 h of exposure by 
direct contact to biodegradable ureteral stents impregnated with the anti-cancer drugs. 
Control experiments were carried out in T24 cells and drug-free stents for 72 h. 
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 CONCLUSION 

Biodegradable ureteral stents and a commercial stent (non-degradable) were impregnated 

with four anti-cancer drugs (paclitaxel, epirubicin, doxorubicin and gemcitabine) by supercritical 

carbon dioxide (scCO2). The anti-cancer drugs were successfully impregnated into the 

biodegradable ureteral stents and the release was sustainable in an artificial urine solution. In all 

cases, when BUS was used as support a release of 100 % of the impregnated drug was achieved 

after 72 h. In the case of the commercial stent the amount of drug impregnated was lower and the 

release was faster for all drugs, achieving 100% release within 24 h. The In vitro killing efficacy by 

direct contact with the anti-cancer biodegradable stents was similar for all the drugs tested. Our 

results indicate that the impregnated biodegradable ureteral stents developed may serve as 

carriers of anticancer drugs and potentially be an effective and sustained IDD system for upper 

tract urothelial carcinoma therapy. 
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Chapter VII 

Chapter VII -  In vitro and ex-vivo permeability 

studies of paclitaxel and doxorubicin from drug-

eluting biodegradable ureteral stents ‡‡ 

ABSTRACT 

A drug-eluting biodegradable ureteral stent (BUS) has been developed as a new approach for 

the treatment of urothelial tumors of upper urinary tract cancer. In a previous work, this system 

has proven to be a good carrier for anticancer drugs as a potential effective and sustainable 

intravesical drug delivery (IDD) system. BUS has revealed to reduce in 75% the viability of human 

urothelial cancer cells (T24) after 72 h of contact and demonstrated minimal cytotoxic effect on 

human umbilical vein endothelial cells (HUVECs) which were used as a control. In this work, we 

studied the permeability of the anticancer drugs, such paclitaxel and doxorubicin, alone or released 

from the BUS developed. We used three different membranes to study the permeability: 

polyethersulphone membrane (PES), HUVECs cell monolayer and an ex vivo porcine ureter. The 

ureter thickness was measured (864.51 µm) and histological analysis was performed to confirmed 

the integrity of urothelium. Permeability profiles, were measured during 8 hours, for paclitaxel and 

doxorubicin. The drugs per se have shown to have a different profile and as expected, increasing 

the complexity of the membrane to be permeated, the permeability decreased, being the PES more 

permeable and the ex vivo ureter tissue less permeable. The molecular weight has also shown to 

influence the permeability of each drug and a higher percentage for doxorubicin (26%) and lower 

for paclitaxel (18%) was observed across the ex vivo ureter. The permeability (P), diffusion (D) and 

partition (Kd) coefficients of paclitaxel and doxorubicin through the permeable membranes were 

calculated. Finally, we showed that paclitaxel and doxorubicin drugs released from the BUS were 

                                                

‡‡ This chapter is based on the following publication: 

Barros AA, Oliveira C, Reis RL, Lima E, Duarte ARC. - In vitro and ex-vivo permeability studies of paclitaxel 
and doxorubicin from drug-eluting biodegradable ureteral stents. Accepted in Journal of Pharmaceutical 
Sciences, 2017. 
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able to remain in the ex vivo ureter and only a small amount of the drugs can across the different 

permeable membranes with a permeability of 3% for paclitaxel and 11% for doxorubicin. The 

estimated amount of paclitaxel remains in the ex vivo ureter tissue shown to be effective to affect 

the cancer cell and did not affect the non-cancer cells. 
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 INTRODUCTION 

The incidence of upper urinary tract cancer (UTUC), although rare, has increased in the last 

30 years and is now about 2 cases per 100,000 person/year (1). UTUC is commonly a 

consequence of previous bladder cancer that is the fourth most common tumor type. The 

diagnosis of UTUC is usually done at an advanced stage of the disease due to limited 

symptomology, originating poor prognosis with an overall 5-year survival rate of less than 50% (2). 

Normally the UTUC is significantly more invasive and violent compared with bladder cancer (2, 3). 

Patients with UTUC are generally given immunotherapy, such as Bacillus Calmette-Guerin (BCG) or 

chemotherapy, such as mitomycin C, paclitaxel or doxorubicin (4, 5). In last decade, these anti-

cancer drugs have been suggested as drugs that could be incorporated in polymeric matrix in order 

to prepare an intravesical drug delivery (IDD) system (6-8). IDD has been the usual form of 

transurothelial drug delivery (9, 10). IDD overcomes the limitations of systemic therapy, 

demonstrated to be ineffective due the poor bioavailability and presenting severe adverse effects 

(11). However, in upper urinary tract, the effectiveness of IDD is limited by the poor bioavailability 

and the low contact time between drug and cancer cells due the peristaltic movements of the 

ureter and the urine flow. Upper and lower urinary tract are composed by a highly impermeable 

epithelial layer, called urothelium. This tissue is the primary barrier that prevents the urine 

compounds from going to the blood stream but limits the amount of drugs can permeate the ureter 

and bladder wall (12, 13). Moreover, the urine flows from the kidney to the bladder at a constant 

rate (~1 mL min-1) which will dilute the concentration of instilled anti-cancer drugs (12). Due to 

these reasons it is expected that future developments will seek to improve the control and 

sustainability of chemotherapeutic approaches by using medical devices, such as ureteral stents 

impregnated with anti-cancer drugs (11). With the objective to increase the contact time between 

these anti-cancer drugs and the UTUC, our group developed a new concept for the delivery of these 

drugs namely using a drug-eluting biodegradable ureteral stent (BUS) (14). The idea is to have a 

local delivery with a more sustainable drug release using the hydrogel-based biodegradable ureteral 

stent and after the treatment the stent degrades without the need for a second intervention to 

remove it (14-17). In the previous work (14), we impregnated four different anti-cancer drugs three 

hydrophobic paclitaxel, doxorubicin and epirubicin and one hydrophilic, gemcitabine. The study 

demonstrated the successful impregnation of these anti-cancer drugs in the BUS by supercritical 
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carbon dioxide (scCO2). The total release of the drugs was achieved after 72 hours and when in 

contact In vitro with urothelial cancer cell line (T24), the drugs delivered from BUS were able to kill 

75% of the cancer cells (14). BUS was designed, so that, when placed In vivo, it swells in order to 

promote a closer contact with ureter wall, specifically with the cancer cells, and enhancing the 

bioavailability. 

The aim of the current study is to understand the relation between the drugs delivered from 

BUS and the ureter permeability. Before the recent studies from Williams et al. (11, 13), the 

accepted dogma was that urothelial permeability was consistent throughout the urinary tract, but 

the results demonstrated an evidence of nonuniformity in urothelium barrier function between the 

upper urinary tract and bladder in a porcine model. Porcine is an established and well 

characterized model of the human urinary tract with a tissue structure, tissue composition and 

physiology similar to those of humans (18, 19). In this study, we used an ex vivo porcine model to 

assess the permeability of the anti-cancer drugs delivered from BUS across porcine ureter. To this 

end, we used the BUS impregnated with paclitaxel (PAStent) and doxorubicin (DOXStent). The 

permeability of the drugs alone was also study with the objective to understand the permeability 

properties of each particular system. 

 MATERIAL AND METHODS 

 Materials 

Alginic acid sodium salt, gelatin, calcium chloride, chloroform, ethanol, bismuth (III) carbonate 

basic, formaldehyde solution (4%) and oxygenated Krebs buffer were purchased from Sigma-Aldrich 

(Germany). Potassium dihydrogen ortho-phosphate (99.5%) and magnesium chloride hexahydrate 

(99%) were obtained from Riedel-de Hae ̈n (Germany). Polycaprolactone resin PCL 787, 

commercially available as TONE™ polymer was obtained from Union Carbide Chemicals and 

Plastics Division, Bound Brook, New Jersey. Artificial urine solution (AUS), paclitaxel 99.5% (PA) 

and doxorubicin 98% (DOX) were obtained from Fisher Scientific (U.S.A.). EndoGRO-VEGF 

medium was supplied by Milipore (Germany). Carbon dioxide (99.998 mol %) was supplied 

by Air Liquide (Portugal). All reagents were used as received without any further purification.  
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 Preparation of biodegradable ureteral stents 

Biodegradable ureteral stents (BUS) were developed according to the procedure described by 

Barros et al.(15). The ureteral stents were composed of 30% alginic acid sodium salt, 65% of 

gelatin and 5% of bismuth (III) carbonate. The cross-linking solution was calcium chloride (CaCl2) at 

0.48 M. Briefly, the polymers were dissolved in hot distilled water (70 °C). The solution was stirred 

for 1 h and the polymeric solution was injected in a mold to obtain a tubular structure. After 1 hour 

the piece was taken out of the mold, and placed in an alcohol solution (100% ethanol) for 1 h. BUS 

were then transferred into a crosslinking solution of calcium chloride (CaCl2), at room temperature. 

After crosslinking, the BUS were relocated in an alcoholic solution (100% ethanol) to obtain an 

alcohol gel. The BUS were dried using a high-pressure vessel with supercritical carbon dioxide 

(scCO2) at 40 °C and 100 bar for 90 min, in continuous mode.  

 Supercritical CO2 impregnation of Paclitaxel and Doxorubicin 

The prepared BUS were placed in a high-pressure vessel with anticancer drugs according to 

Figure VII-1. Paclitaxel and doxorubicin were impregnated in the stents in the presence of 10% of 

ethanol, which was used as co-solvent. The operational scCO2 impregnation conditions were 100 

bar and 40 °C. Carbon dioxide was liquefied and pumped to the desired pressure using a 

membrane pump (MCPV-71, Haskel, Germany). Impregnation took place in batch mode for 90 min 

followed by fast depressurization of the system.  

 

Figure VII-1 Paclitaxel and doxorubicin impregnation apparatus by supercritical fluid process in 

biodegradable ureteral stent, 100 bar, 90 min at 40°C. 
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The impregnated stents were coated by immersion in a 10 wt% solution of polycaprolactone 

(PCL) resin 787 (Mw 80,000 g mol−1) dissolved in chloroform. 

 Franz-cell diffusion test  

VII-2.4.1.  Experimental permeability setups.  

The permeability tests were conducted using a glass Franz-type diffusion cell (PermeGear) 

with 8 mL receptor compartment, and an effective mass transfer area of 1 cm2 (table VII-1). Two 

different membranes were used using this diffusion cell, a polyethersulphone (PES) membrane 

(Santorius), with 150 μm thickness and 0.45 μm, pore size (figure VII-3A) and an ex vivo porcine 

ureter tissue (figure VII-3C). The membranes were placed between the two compartments and 

held with a stainless steel clamp. The ex vivo porcine ureter tissue was open and cut into 1.5 cm2 

sections and placed in the glass Franz-type diffusion cells with the urothelium facing the donor 

compartment upward. Care was taken to prevent contact the urothelial layer with hands to avoid 

any damage. The receptor compartment was immediately filled with artificial urine solution (AUS), 

and air bubbles were removed. Finally, the donor compartment was filled with a solution of 20 

μg·mL−1 of drug alone (paclitaxel or doxorubicin) or with 100 mg of stent impregnated with drugs. 

Aliquots of 200 μL were withdrawn from the receptor compartment at fixed time points (0 min, 5 

min, 15 min, 30 min, 1 h, 3 h, 5 h, 8 h) and replenished by fresh AUS (pH 5.5). The experiments 

were performed at 37 °C, and the receptor compartment was stirred at 400−600 rpm using a 

magnetic bar to eliminate the boundary layer effect. The amount of paclitaxel and doxorubicin in 

the receptor compartment was measured by UV, at their maximum absorbance at a wavelength of 

227 nm and 254 nm respectively, using a microplate reader (Synergy HT, Bio-TEK, USA). The 

ureter tissue (about 5 cm) from a porcine with 70 Kg was obtained fresh from a surgical room 

within 5 minutes of sacrifice and immediately immersed in cold oxygenated Krebs buffer and 

covered specimen temporarily in a cool area. 
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VII-2.4.2. Histology and morphology of the ureter tissue layer 

 Tissue samples were fixed using dilute formaldehyde solution 4%, buffered at pH 6.9, 

sectioned and stained with Masson Trichrome and Hematoxylin and Eosin (H&E) before 

examination by stereo microscopy. Tissue layer depth was measured directly from the 

photomicrographs obtained from the inverted microscope (Axiovert 40, ZEISS), using AxioVision 4 

(version 4.8.2) software (figure VII-2C). Measurements were calculated as the distance between 

the top and the base of the layer and were performed across the whole micrograph and the mean 

thickness of the tissue layers was calculated (table VII-1). 

 

 

Figure VII-2 Representative Representative photomicrographs show ureter sections from single ex vivo 
porcine urinary tract obtained by stereo microscope (A and B). Masson trichrome 
staining (C) of ureter section with measures and Hematoxylin and Eosin (H&E) staining 
(D)of ureter section. Scale bar indicates 200 µm (A, C and D) and 100 µm (B). 

 

 

A) B)

C) D)

200	µm 100	µm

Urothelium

Lamina propriaSmooth muscle
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Table VII-1 Tissue layer measurements of ex vivo porcine ureter. 

 Transwell® diffusion test  

VII-2.5.1. Cell culture  

 In this study, human umbilical vein endothelial cells, HUVEC, (Invitrogen, Canada), 

mimicking the ureter tissue were used. HUVEC cells were cultured in EndoGRO-VEGF complete 

culture media (Millipore S.A.S. France) supplemented with 10% fetal bovine serum (FBS), 1 mM L- 

glutamine and 1% penicillin. The culture was maintained at 37 °C in a humidified 5% CO2 

atmosphere.  

VII-2.5.2. Experimental setups  

Transwell® diffusion test was used to study the permeability of paclitaxel, doxorubicin and the 

stents impregnated with these drugs through a HUVEC cell monolayer. A collagen matrix (0.7%) 

was applied previously to the Transwells®. The HUVEC were seeded into 3 μm pore Transwell® 

inserts (polyester membrane, FALCON, USA) in a 6 well plate at 50,000 cells/cm2. The HUVEC’s 

were grown for 8 days on the Transwells® filters incubated at 37 °C in a 5% CO2 with 1.5 ml of 

EndoGRO-VEGF medium in the insert (donor compartment) and 2.5 ml of EndoGRO-VEGF medium 

in the receiver compartment (figure VII-3B). The confluency of the cell monolayer cells was 

confirmed using an inverted microscope for cell culture (AxioVert A1 FL LED, Zeiss, USA) and 

images were taken at the end of the experience to ensure that the monolayer remain intact. To 

start the experiment, the donor solution was suctioned off and replace with a 1.5 ml of fresh 

 

Mean Tissue  

Layer Thickness* 

Urothelium 30.32 µm (± 1.24) 

Lamina propria 269.87 µm (± 2.76) 

Smooth muscle 353.28 µm (± 2.41) 

Whole Wall 864.51 µm (± 2.69) 

* Total of 20 measurements per layer from ureter porcine 
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EndoGRO-VEGF medium containing 20 μg·mL−1 of paclitaxel or doxorubicin or 100 mg of PAStent 

or DOXStent (medium, pH 7.8). At fixed time points (0 min, 5 min, 15 min, 30 min, 1 h, 3 h, 5 h, 

8 h), 100 μl aliquots were removed from the receptor compartment and replaced with fresh 

medium. Between each time point the samples were maintained at 37 °C in a 5% CO2 

atmosphere. The amount of paclitaxel and doxorubicin in the receptor compartment was measured 

by UV, at the maximum absorbance, i.e. a wavelength of 227 nm and 254 nm, respectively using a 

microplate reader (Synergy HT, Bio-TEK, USA). 

 

 

Figure VII-3 Schematic of A) Franz-type diffusion cell load with PES, B) Transwell® diffusion test with a 
HUVEC cells monolayer C) Franz-type diffusion cell load with porcine ureter tissue. 

 

 

Figure VII-4 Inverted microscope images of confluent monolayer HUVEC cells on Transwell® before (A, 

B) and after diffusion test with paclitaxel (C) and doxorubicin (D). E) donor compartment 
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of Franz-cell setup with the delivery of paclitaxel from BUS and permeation through the 
ureter tissue after 5 min, 30 min and 60 min. 

 

VII-2.5.3. Calculations and mathematical model 

The permeability (P) of paclitaxel and doxorubicin through the membranes studied (on Franz-

cells and Transwell®) was calculated by the following equation (Equation II 4) (20): 

−(+ 1 −
2WP
WX

=
2!

Y
	×	Z	×# 

Equation II-4 Determination of permeability 

Where Ct is the concentration in the receptor compartment at time t, C0 is the initial 

concentration in the donor compartment, V is the solution volume in the two compartments, and A 

is the effective area of permeation. The permeability coefficient can be calculated from the slope of 

the curve −(V/2A)·ln(1−2Ct/C0)	versus	t. 

The diffusion coefficient (D) of paclitaxel and doxorubicin across the PES, HUVEC cell layer 

and ureter (ex-vivo) was calculated according to Fick’s law of diffusion, as follows (Equation II 

5)(21):  

[ =
Y\Y]
Y\ + Y]

×
ℎ

!
×
1

#
×(+

W6 − WC
W6 − WP

 

Equation II-5 Determination of the diffusion coefficient 

where D is the diffusion coefficient (cm
2

·s
−1

); Ci and Cf are the initial and final concentrations, 

and Ct is the concentration at time t of solute in the receptor side, respectively (g L
−1

). V
1 and V

2 

correspond to the volume of the liquid in the donor compartment and that in the receptor 

compartment (cm
3

), respectively; h is the thickness of the membrane (cm) and A is the effective 

diffusion area of the membrane (cm
2

).  

The partition coefficient (K
d
) is defined as a measure of the affinity of the solute in the 

membrane. The partition coefficient for the system was calculated as follows (Equation II 6) (22):  



Chapter VII – In vitro and ex-vivo permeability studies of paclitaxel and doxorubicin from 
drug-eluting biodegradable ureteral stents 

 

189 

_K =
Z×ℎ

[
 

Equation II-6 Determination of partition coefficient 

 where P is the permeability, h is the thickness of the membrane, and D is the diffusion 

coefficient. 

Table VII-2 Characteristics of experimental setups used in the present study to assess the permeability 

of paclitaxel through the PES, HUVEC cell layer and porcine ureter (ex-vivo). 

 
Donor volume 

(cm3) 

Receptor volume 

(cm3) 

Membrane surface 

(cm2) 

Franz’s Cells 2.00 8.00 1.00 

Transwell® 1.50 2.60 4.67 

VII-2.5.4. Statistical analysis 

All data values are presented as mean ± standard deviation (SD). Statistical analysis was 

performed using Graph Pad Prism® 6.00 software (San Diego, USA). For all comparisons 1-way 

ANOVA with the Tukey post hoc test for multiple comparisons was used. 

 RESULTS AND DISCUSSION 

In our previous work, we developed a drug-eluting biodegradable ureteral stent (BUS) 

impregnated with different anticancer drugs as a new concept for the delivery of anti-cancer drugs 

to urothelial tumors of the upper urinary tract (14). The idea was to use a biodegradable ureteral 

stent to increase the contact-time between the anti-cancer drugs and the cancer cells in the ureter 

and hence the bioavailability of the drugs. The direct contact study of the anti-cancer biodegradable 

ureteral stents with the T24 cancer cell line and HUVEC (cell line used as a control) showed a 

reduction around 75% of the viability of the T24 cell line after 72 h and demonstrated minimal 

cytotoxic effect on HUVECs (14). The aim of this study was to investigate the transurothelial 

delivery of paclitaxel and doxorubicin from the drug-eluting biodegradable ureteral stent using a 
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comparative study In vitro and ex vivo with porcine model in order to understand the efficacy of this 

drug-eluting stents against urothelial tumors of upper urinary tract cancer (figure VII-3).  

 Permeability study of paclitaxel and doxorubicin 

The permeability of paclitaxel and doxorubicin delivered from BUS was quantified, using a 

comparative study, with three different barriers, In vitro through a PES membrane, or a HUVEC cell 

monolayer, and using a porcine ureter ex vivo.  

Figure VII-5 shows the representative permeability profile of paclitaxel and doxorubicin 

through the PES, HUVEC monolayer and ex vivo ureter. All the membranes demonstrated to be 

permeable to paclitaxel and doxorubicin. Permeability profiles have shown to be different regarding 

the membrane used and as expected, increasing the complexity of the membrane the permeability 

decreased, with PES, less complex, and ex vivo ureter tissue more complex. Permeability profile of 

the drugs through HUVEC and ureter setup show for both drugs tested, an initial lag phase in the 

receptor cell due to the time required for the drugs cross the HUVEC cells and the ureter tissue 

(23). After 8 hours, the two drugs tested show a permeation, across the PES of 65% (±5.5) for 

paclitaxel and of 70 % (±13.7) for doxorubicin, for equal period. In the ureter setup, the permeation 

of these drugs was near 3 times less, being 18% (±3.2) for paclitaxel and 26% (±9.6) for 

doxorubicin. The difference between the drugs permeability can be justified with the molecular 

weight of both, where paclitaxel weight, 853,91 g/mol, doxorubicin is smaller weighting, 543,52 

g/mol. The diffusion of paclitaxel and doxorubicin in the ex vivo porcine ureter has shown to be 

lower due the complexity and higher thickness of the tissue compared with the other two 

membranes. Sections of ureter tissue were histologically stained with Masson trichrome and 

Hematoxylin and Eosin (H&E) (figure VII-2). The mean thickness of the tissue layers was 

calculated (table VII-2) and a value of 864.51 µm (± 2.69) was obtained. The results show a 

good transurothelial permeation across the porcine ureter composed by different tissues like 

urothelium, lamina propria and the smooth muscle, visible in figure VII-2, for both drugs 

paclitaxel and doxorubicin. Williams et al.(13) reported the permeability of another anti-cancer 

drug, namely mitomycin C (MW 334.33 g/mol) in an ex vivo porcine ureter obtained a 9.07 µg cm 

-2 after 60 min instillation of 1mg ml-1. Our results have shown, after the same time, lower 

permeability for paclitaxel (0.018 µg cm -2) and higher permeability in the case of doxorubicin 
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(21.45 µg cm -2). Different studies demonstrated by concentration-depth studies a permeability 

dependent on the specific urothelial tissue, with a linear decrease in drug concentration over the 

urothelium, followed by an exponential decrease in concentration over the lamina propria and 

muscle (11, 13, 24, 25).  

 

Figure VII-5 Permeation of paclitaxel and doxorubicin through PES and ex vivo porcine ureter using a 

Franz-cell setup and through a confluent monolayer HUVEC cells on Transwell®. 

The permeability coefficient was determined (Eq.VII-1) in the linear permeation region 

(26).The permeability coefficient (P) of paclitaxel and doxorubicin decreased when the complexity 

of the setup increase (table VII-3) as expected and higher permeability coefficient was obtained 

for doxorubicin compared with paclitaxel. The diffusion coefficients (D) were inferred from Eq. VII-

2 and the partition coefficients (Kd) from Eq. VII-3 (table VII-3). The diffusion coefficient is a 

fundamental factor to estimate the mass of solute diffusing in time through our different 

membranes (27). In our study, the diffusion coefficient demonstrated to be barrier-size and 

molecular weight dependent, with a higher value obtained for doxorubicin (9.37 x 10-8 cm2/s) in 

PES membrane. The affinity of the membranes to the solutes was assessed from the calculation of 

partition coefficients (28, 29). Ex vivo ureter shows a lower Kd value meaning that, the tissue may 

have the ability to trap the drugs and consequently there is a decrease in the amount of drug in the 

receptor compartment. 
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Table VII-3 Permeability (P), Diffusion (D) and Partition (Kd) coefficients of paclitaxel and doxorubicin 

on PES, HUVEC cell layer and porcine ureter (ex vivo). 

 
Paclitaxel Doxorubicin 

  D (10-8 cm2/s) Kd P (10-6 cm/s) D (10-8 cm2/s) Kd P (10-6 cm/s) 
PES 6.59 1.50 4.87 9.37 1.40 5.26 

HUVEC Cells 3.53 1.41 1.42 6.03 1.12 2.13 

Ex vivo Ureter 3.26 1.21 0.88 4.92 1.10 1.43 

 

According to the biopharmaceutics classification system (BCS) the drugs can be 

categorized in four main groups based on their solubility and permeability (30). Paclitaxel and 

doxorubicin are BCS classified class IV drugs (31). These drugs are classified as a low 

solubility, low permeability resulting in poor bioavailability. They are usually not rapidly 

absorbed by the tissues and a high variability is expected. According to the values described 

in the literature a highly permeable drug is one that has a permeability higher than 6 x 10-6 

cm/s (32). The permeability results obtained for paclitaxel and doxorubicin corroborate the class IV 

type of these drugs reported in the literature, with the values lower than 6 x 10-6 cm/s. These 

demonstrated the need for the development of highly efficient drug delivery systems. 

 Permeability study of drugs delivery from biodegradable ureteral stent  

The biodegradable ureteral stents (BUS) impregnated by scCO2 with paclitaxel (PAStent) and 

doxorubicin (DOXStent) were prepared as previously described and illustrated in figure VII-1 (14, 

15, 17). The PAStent and DOXStent were placed in the donor compartment of the setups and the 

permeability of the drugs delivered from the BUS was assessed. Figure VII-6 shows the 

permeability profiles for both drugs comparing the drug alone and the drugs delivered from BUS for 

each membrane tested. A lower permeability was observed in the three membranes for the drugs 

delivered from BUS compared with the permeability profile of drugs alone. These results can be 

justified with the release profile of the drugs from the BUS to the medium in donor compartment. 

Only after being released, the drug molecules start to cross the permeable membranes to the 

receptor compartment. Hence, it is possible to observe a higher lag phase in the permeability 

profile of the drugs delivered from BUS. 



Chapter VII – In vitro and ex-vivo permeability studies of paclitaxel and doxorubicin from 
drug-eluting biodegradable ureteral stents 

 

193 

 

Figure VII-6 Permeability profile of Paclitaxel (PA) and Doxorubicin (DOX), and Stent impregnated with 

paclitaxel (PAStent) and doxorubicin (DOXStent) through PES, HUVEC cell layer and 
porcine ureter (ex-vivo). 

Figure VII-6 presents the results for permeability profile of the paclitaxel (PAStent) and 

doxorubicin (DOXStent) delivered from the BUS in the three membranes studied in comparison 

with the release profile of each drug from the BUS calculated from the previous work (14). The In 

vitro release showed a faster release in the first 72 h for the anti-cancer drugs and after this time a 

plateau was achieved and finally the stent degraded after 9 days (14). Observing for the percentage 

delivered from the BUS and the drug that crossed the ex vivo ureter, after 8 hours, only 3% of 

paclitaxel and 11% of doxorubicin are detected on the for the receptor compartment. 
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Figure VII-7 Release profile in the donor compartment and permeability profile obtained with the A) 
paclitaxel and B) doxorubicin delivered from BUS. 

Table VII-4 presents the cumulative mass (µg) after 8 hours in the receptor compartment, in 

the case of PES, HUVEC monolayer cells and ex vivo ureter membranes, for each drug alone and 

the drugs delivered from BUS. From the initial 40 µg of paclitaxel (PA) and doxorubicin (DOX) 

dissolved directly in the donor compartment only 7.1 µg (±1.3) and 10.3 µg (±3.9) passed through 

the ex vivo ureter, for paclitaxel and doxorubicin respectively. In the case of drugs delivered from 

the BUS, the initial amount of drug is much lower. In the donor compartment 0.2 µg (±0.1) of 

paclitaxel (PAStent) and 41.6 µg (±6.3) of doxorubicin (DOXStent) have permeated through the 

ex vivo ureter. The difference between the amount of paclitaxel and doxorubicin delivered from the 

stent, and detected in the receptor compartment, can be justified by the different amount of 

paclitaxel and doxorubicin impregnated by scCO2 in the first place. The amount of drug impregnated 

in each stent was calculated to be 0.067 μgdrug·mgpolymer
−1 in case of stents impregnated with paclitaxel 

(PAStent) and 3.7 μgdrug·mgpolymer
−1 in case of stents impregnated with doxorubicin (DOXStent). 

Table VII-4 Drug permeated and Cumulative paclitaxel and doxorubicin mass after 8h permeation test 

in the receptor compartment through different membranes studied for drug alone (PA 
and DOX) and paclitaxel or doxorubicin release from the BUS (PAStent and DOXStent). 
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Drug permeated 

(%) 
Cumulative mass  

(µg) 

PES membrane 

PA 64.5 25.8 (±2.2) 
PAstent 7.5 0.5 (±0.1) 
DOX 69.6 27.8 (±6.2) 
DOXstent 17.2 63.5 (±4.2) 

HUVEC Cells 
PA 56.2 22.5 (±1.7) 
PAstent 6.3 0.4 (±0.1) 
DOX 68.6 27.4 (±2.5) 
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Williams et al (11, 13) reported the capacity of the ureter retain the drug inside the tissue. It is 

essential that the drugs can remain in the ureter to increase the bioavailability and act against the 

tumors cells and not disperse to the blood system. Figure VII-8 shows the estimated percentage 

of paclitaxel and doxorubicin after 8 hours in the ex vivo ureter porcine tissue. This estimation takes 

into account the total drug impregnated in the BUS and the amount recovered in the donor and 

receptor compartment. The estimated percentage of drugs in the ex vivo ureter was between 2.9 % 

(PAStent) and 11.3% (DOXStent). As previous mentioned the total released of the drugs from the 

stents occurs within 72h, therefore after 8h there is still a significant amount that was not released 

to the medium. The amount of paclitaxel (40%) and doxorubicin (38%) which was not yet released 

from the BUS after 8 h are in accordance with the release profile observed in figure VII-7. The 

results demonstrated that a small percentage of paclitaxel and doxorubicin are able to across the 

entire ex vivo ureter, but a higher percentage is found within the thickness of the ex vivo tissue. 

Taking into account the IC50 values obtained in the previous work (14), the amount of paclitaxel 

estimated to be in the ex vivo ureter tissue after 8 hours, 0.6 µg (10%), is higher than the IC50 value 

obtained for the human urothelial carcinoma cell T24 (0.28 µg) and lower than the IC50 values 

obtained for HUVEC cells (0.8 µg). This suggests that the amount of drug remain in the ex vivo 

ureter can affect the cancer cells and not affect the non-cancer cells. On the other hand, the 

amount of doxorubicin estimated to be present in the ex vivo ureter (44 µg) did not reach the drug 

concentration required to affect the cancer cells (187 µg), according to the IC50 values determined. 

According to our previous work, the amount of paclitaxel impregnated in the stents was less when 

compared with the stent impregnated with doxorubicin under the same conditions but the cancer 

cells T24 have shown to be more sensitive to paclitaxel than doxorubicin (14). Therefore, the 

results suggested the PAStent may be more effective an In vivo scenario compared with the 

DOXStent. The amount of paclitaxel and doxorubicin that was estimated to be able to cross the ex 

vivo ureter is lower than the drug trapped in the tissue. This value according the IC50 values 

determined is such that it does not affect the non-cancer cells, providing an indication that the 

system could be suitable to treat such pathologies. 

DOXstent 16.8 62.1 (±2.5) 

Ureter (ex-vivo) 

PA 17.7 7.1 (±1.3) 
PAstent 2.9 0.2 (±0.1) 
DOX 25.9 10.3 (±3.9) 
DOXstent 11.3 41.6 (±6.3) 
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Figure VII-8 Percentage of Paclitaxel (PA) and Doxorubicin (DOX), and Stent impregnated with 

paclitaxel (PAStent) and doxorubicin (DOXStent) recovered after 8 h of permeability test 
in donor and receptor compartment, in BUS and in ex vivo porcine ureter. 

The amount of drug to be impregnated in this type of biodegradable stent should then take 

into account the permeability values of the tissue, which is essential for the efficacy in In vivo 

scenario.  It is still expected some loss of the drugs with the urine flow, but it is obvious that the 

use of biodegradable ureteral stent as an IDD can increase the contact time of the anti-cancer 

drugs against cancer cells. The versatility of the impregnation process together with the ability to 

tailor degradation of the stent allow the design of a stent with an adequate amount of the drugs to 

be release and have efficacy In vivo. An In vivo model would be essential to validate these results 

but little has been described in the literature concerning this and it is hard to find a right animal 

model to validate such experiments.    

 CONCLUSION 

 In conclusion, using an ex vivo porcine approach we have studied the transurothelial 

permeation of paclitaxel and doxorubicin and verifying the permeation of this drugs delivery from a 

drug-eluting biodegradable ureteral stent. Three different membranes were used as a permeable 

membrane, PES and HUVEC monolayer cell and an ex vivo porcine ureter in order to determine the 

permeability, diffusion and partition coefficients. Using this type of approach, we can understand if 

the delivery of the drugs impregnated in the drug-eluting biodegradable stents will be 

pharmacologically viable In vivo. In this study, the permeability results were found to be dependent 

of molecular weight of drugs and naturally by the release time of the drug from the stent. Our 

results suggest that the amount of paclitaxel and doxorubicin impregnated in biodegradable 
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ureteral stents can remain in the ureter tissue and only a small fraction can cross the tissue. The 

amount of paclitaxel which remains in the ex vivo ureter seems to be effective to affect the viability 

of the cancer cells and not affect the HUVEC cells. Doxorubicin, on the contrary has shown higher 

diffusion and permeability trough the membranes and the amount of drug which remains in the 

tissue seems to be lower than what is necessary for affect to T24 cancer cells. This study supports 

the hypothesis that drug-eluting biodegradable ureteral stents impregnated with chemotherapy 

drugs may serve as sustainable IDD systems with the ability to increase the bioavailability of drugs 

to target upper urinary tract urothelial carcinoma, particularly those impregnated with paclitaxel. 
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Chapter VIII 

Chapter VIII -  Natural origin polymers-based 

biodegradable ureteral stent: In vivo evaluation in a 

porcine§§ 

ABSTRACT 

We have developed a biodegradable ureteral stent (BUS) based on natural origin polymers and 

we evaluated its performance In vivo. A total of 10 female Yorkshire pigs were used in this study. 

Seven BUS 6-Fr stents and three commercial (Biosoft® duo, Porges, Coloplast) 6-Fr stents were 

unilaterally inserted by cystoscopy. Intravenous pyelography (IVP), blood and urine tests were 

carried out. During the in vivo degradation, the mechanical characteristics of stents were tested in 

tensile mode and compared with the in vitro degradation performed in artificial urine solution 

(AUS). After degradation pigs were euthanized. Histopathogical analysis was performed. All BUS 

stents had completely degraded by day 10, without the presence of any fragments in the ureter 

and bladder. From day 1 to day 10, hydronephrosis was significantly less with the BUS in 

comparation with the commercial stent. Preoperative and postoperative blood and urine results 

were similar in all samples from the animals implanted with BUS, unlike the commercial stent 

group with significant differences in values of serum hemoglobin. The BUS stents collected at day 

5 and day 7, after sacrificing the animals, demonstrated to have mechanical properties similar to 

the commercial stents and confirmed that BUS stents degraded by surface erosion. 

Histophatological analysis of the ureters showed that the stent-related tissue reaction of the two 

type of stents was different and lower histopathology changes were observed in BUS group. BUS 

developed is biocompatible, presents a homogenous degradation with no fragments with less 

                                                

§§ This chapter is based on the following publication: 

Barros AA, Oliveira C, Ribeiro AJ, Reis RL, Lima E, Duarte ARC. Natural origin polymers-based biodegradable 
ureteral stent: in vivo evaluation in a  porcine model. Submitted 2017. 
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hydronephrosis and capacity to provide a temporary urine drainage as good as the non-degradable 

commercial stents. 
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 INTRODUCTION 

Ureteral stents are a versatile and indispensable medical device in the management of 

urological practices like to enable urine drainage during surgery of ureteral stones, after 

ureteroscopy and endopyelotomy, ureteropelvic junction obstruction, extracorporeal shockwave 

lithotripsy, and extrinsic malignant ureteral obstruction 1-2. After all these years of use and intense 

research, the ureteral stents commercially available still produce significant stent symptoms, like 

infection, encrustation, patient discomfort and all required a second procedure to take out for the 

stent removal by cystoscopy. Nowadays, the forgotten stent syndrome is associated with a 

significant morbidity which may result in kidney loss or even death3. One of the main demands in 

the field of ureteral stents is to confer biodegradable features to the stents. Specialists consider this 

to be the best approach to avoid most of the stent-associated complications2, 4. Biodegradable 

ureteral stents would avoid the second procedure for stent removal and theoretically be more 

comfortable for the patients as they are made from softer materials2, 5. The dynamic surface of 

these ureteral stents due the constant degradation will hypothetically eliminate the bacterial 

adhesion and encrustation problems not promoting anchor points2, 6. Several biodegradable 

ureteral stent systems have been reported in last years, but all of them faced poor biocompatibility 

or unsuitable degradation5-11. The use of new biomaterials has increased the biocompatibility of 

these internal devices, reported in recent publications12-14. The main challenge of these 

biodegradable devices is to have a uniform and homogenous degradation or dissolving based on 

directionality, preventing the formation of fragments during the degradation process that can cause 

obstruction2, 14-15. Chew et al.12 reported the design of a glycolic-lactic acid based stent has 

been designed to degrade in the direction of the bladder coil to renal coil preventing ureteral 

obstruction. Zhang et al.13 reported a different design using glycolic-lactic acid based 

multifilament. Using a textile technique, they design a braided thin-walled stent with the same outer 

diameter but with a thinner wall claiming fewer degradation products decreasing the possibility of 

obstruction. Both studies were done in vivo using a porcine and canine model, with good results 

regarding biocompatibility and urine drainage during the degradation. However, none of these are 

commercially available and problems still remains, as in both studies fragments of the stents were 

found in the body. In our previous studies, we reported the design of a biodegradable ureteral stent 

produced with natural based polymers and processed by critical point drying with carbon 
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dioxide14, 16. Gelatin was used as a base material for these stents and a hydrophobic coating was 

applied to improve the mechanical properties and allow the placement of the stent in vivo by the 

conventional surgical procedure. The radiopaque hydrogel-based ureteral stent has shown to have 

an homogenous degradation as the degradation occurs by erosion of the material14. The 

leachables and the degradation products have shown to be non-cytotoxic. A preliminary in vivo 

validation was performed in a porcine model and the ureteral stent remained intact during the first 

3 days and started to degrade after that. Full degradation was achieved after 4-5 days, without the 

presence of any stent fragments inside the ureter or bladder14. In this study, the formulation was 

adjusted and a new crosslinker, genipin, was added in order to increase the in vivo stability of the 

stent. Genipin is a natural crosslinking agent that have been used to crosslink natural-based 

polymers in many different applications17-18. It has already proven its feasibility, presents low 

toxicity and have a characteristic dark blue color when reacting with amino groups in amino acids 

or proteins19. We evaluated in vitro and in vivo, in a porcine model, the biodegradable ureteral 

stent (BUS) developed. The degradation, mechanical properties, drainage, physiological and 

histological results were compared with a commercially available ureteral stent (Biosoft® duo, 

Porges, Coloplast). 

 MATERIALS AND METHODS 

 Materials 

Gelatin, alginic acid sodium salt, urea, urease type IX from Canavalia ensiformis (Jack Bean), 

calcium chloride, chlorophorm, ethanol, bismuth (III) carbonate basic, sodium phosphate dibasic 

and sodium azide were purchased from Sigma-Aldrich (Germany). Potassium dihydrogen ortho-

phosphate and magnesium chloride hexahydrate were obtained from Riedel-de Haën (Germany). 

Genipin was obtained from Wako Chemicals GmbH (Germany). Polycaprolactone resin PCL 787 

(Mw 80,000 g mol-1), commercially available as TONE™ polymer, was obtained from Union 

Carbide Chemicals and Plastics Division, Bound Brook, New Jersey. Carbon dioxide (99.998 mol%) 

was supplied by Air Liquide (Portugal). All reagents were used as received without any further 

purification. 
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 Preparation of biodegradable ureteral stents (BUS) 

Biodegradable ureteral stents (BUS) were manufactured according our last publication(1), with 

some modifications. Briefly, gelatin, alginic acid sodium salt and bismuth (III) carbonate basic 

(65:30:5 wt.%) were dissolved in distilled water at 70ºC. After the obtention of a homogenous 

solution, 15mM of the crosslinking agent, genipin, was added to the solution and the solution was 

injected in a mold to obtain a 6-Fr ureteral stent with the total length of 20 cm, wall thickness of 

500 µm and internal diameter of 1000 µm. After 1 hour, the stents were taken out of the mold 

and placed in an alcohol solution (100% ethanol) for an additional hour. The stents were then 

transferred into a second crosslinking solution of 0.48M calcium chloride (CaCl2), at room 

temperature, for one hour. After crosslinking, the stents were relocated in an alcoholic solution 

(100% ethanol) to obtain an alcohol gel which can be dried in a high-pressure vessel with 

supercritical carbon dioxide (scCO2), under controlled pressure (100 bar) and temperature (40ºC) 

and a continuous flow of scCO2 during 90 minutes. The dried stents were immersed in distilled 

water for 30 min and in ethanol 100%, for 1 hour, to remove the inner template used. The stents 

were subsequently dried at room temperature conditions, during 1 day. The coating of the stents 

was performed by immersion in a 10 wt.% solution of polycaprolactone (PCL) resin 787 with 2 wt.% 

of bismuth (III) carbonate basic in chloroform. The stents were dried at ambient conditions 

overnight. The stents were sterilized with ethylene oxide at 42ºC for 3h. The control group used in 

this study was the 6-Fr commercial double-j Biosoft® duo stents (Porges Coloplast, Denmark). 

VIII-2.2.1. In vitro cytotoxicity 

The cytotoxicity of the new stents developed was evaluated using an immortalized mouse lung 

fibroblasts cell line (L929) purchased from the European Collection of Cell Cultures. The effect of 

the leachables released from the biodegradable stents (during 24 h) on the cellular metabolism 

was performed using a standard MTS (Cell Titer 96® Aqueous Solution Cell Proliferation Assay, 

Promega, USA) viability test, in accordance with ISO/EN 10993 guide-lines(2). A latex rubber 

extract was used as positive control for cell death; the extracts from a commercial stent (Biosoft® 

duo, Porges) were used as a reference material; while cell culture medium was used as negative 

control representing the ideal situation for cell proliferation. Cell viability was evaluated by the 3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-metho xyphen yl)-2-(4-sulphof eny l)-2H-tetrazolium (MTS) 
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assay after 72h. This assay is based on the bioreduction of a tetra-zolium compound MTS into a 

water-soluble brown formazan product. This was quantified by UV-spectroscopy, reading the 

formazan absorbance at 490nm in a microplate reader (Synergy HT, Bio-Tek Instruments, USA). 

Each sample was tested using 12 replicates. 

 In vivo evaluation in a porcine model 

VIII-2.3.1. Stent insertion technique  

The In vivo study was conducted at ICVS, University of Minho, Braga, Portugal. The protocol of 

the study was formally approved by the institution’s review board and it is in accordance with its 

internal ethical protocol for animal experiments. A total of 10 female domestic pigs, weighing ≈30 

kg, were used in this study. The pigs were not given food or water for 12 h before the procedure. 

All procedures were performed under general anesthesia and mechanical ventilation as previously 

described in detail(3). After emptying the bladder, a semi rigid 7-Fr ureteroscope (Karl Storz, 

Tuttlingen, Germany) was inserted through the urethra and saline solution was instilled. The full 

procedure was performed according to the standard technique of ureteroscopy. A 0.035-in. flexible 

tip guidewire (AQUATRACK® Hydrophilic Nitinol, Cordis®, Johnson & Johnson) was inserted into 

the ureters under direct visualization, and then the stents were inserted over the guidewire into the 

kidney. The guidewire was then removed and the position of the stents was confirmed by X-ray 

(Examion® DR810). A total of 7 pigs were unilaterally stented with biodegradable ureteral stent 

(BUS) and 3 pigs with the commercial stent. The stents were randomly placed on the right or left 

ureter. At day 5 one pig died and at day 7 one was euthanized, both stented with BUS and the 

degradation level of the stent was assessed. The other 8 were euthanized at day 10.  

Blood and urine samples were collected from all animals before the day of surgery. Blood 

tests (WBC, Hb), serum creatinine, urine culture tests were performed at day 0, 5 and 10.  

VIII-2.3.2. Excretory Urogram  

Intravenous pyelograms (IVP) X-rays were carried out at 0, 1, 3, 5, 10, 20 and 30 min after 

intravenous injection of 1200 mg/Kg of Iohexol (Omnipaque™ 300, GE Healthcare). IVP was used 
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to evaluated the degree of hydronephrosis at day 0, 1, 5 and 10. The renal function was measured 

by the rate of contrast material movement at day 0. IVP severity score is based on the time until 

the contrast appears in the kidneys and ureters after the intravenous injection, hydronephrosis was 

graded as: none – level 0 (<3min), mild – level 1 (3-10 min), moderate – level 2 (10 – 20 min) or 

severe – level 3 (>20 min)(4).  

VIII-2.3.3. In vitro and In vivo degradation study 

The In vitro and In vivo degradation of the stents was compared. The In vitro degradation of 

biodegradable ureteral stents was measured as function of the weight loss of the samples. 

Samples (10 mg) were immersed in artificial urine solution (AUS) prepared according  to the 

procedure described in a previous article(1). Samples immersed were dried and weighted to 

determine the weight loss at 0, 1, 5, 7, 10 and 12 days. The values of In vivo degradation were 

assessed from the stents taken from the pigs sacrificed at day 5, 7 and 10 days. The weight loss of 

stents for both In vitro and In vivo was calculated according to the following equation: 

%	Weight	loss	 = 	
36 −3C

3C
∗ 100 

Equation II-2 Determination of wight loss. 

Where Wf is the final weight of the stent (dried after immersion/placement) and Wi is the 

initial weight of the stent.  

VIII-2.3.4. Tensile mechanical analysis 

The tensile properties of the biodegradable ureteral stents were tested during the In vitro 

degradation at day 0, 1, 5, 7 and 10, and for In vivo degradation at day 0, 5, 7 and 10. Tensile 

mechanical analysis of the biodegradable ureteral stents was evaluated using an INSTRON 5540 

(Instron Int. Ltd, High Wycombe, UK) universal testing machine with a load cell of 1 kN. The 

dimensions of the specimens used were 50 mm of length, 2 mm diameter, and 0.5 mm of 

thickness of the stent wall. The load was placed midway between the supports with a span (L) of 

30 mm. The crosshead speed was 1:5 mm min-1. For each condition the specimens were loaded 
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until core break. The In vivo recovered stents were cut in equal parts along it lenght and compared. 

The results presented are the average of at least three specimens and are presented as the 

average ± standard deviation. 

VIII-2.3.5. Euthanasia and Necropsy 

At 5, 7 and 10 days, animals were sacrificed and necropsy was performed. A midline incision 

was carried out to excise the kidneys, ureters and bladder en bloc. The kidneys and ureters were 

measured and a representative section of each organ was fixed in 10% formalin and was stained 

with Hematoxylin-Eosin and Masson’s Trichrome. Tissues were compared between the stented 

groups (biodegradable vs commercial stents) as well as between the non-stented contralateral 

(control) ureters and stented ureters in each group. Biocompatibility parameters were assessed 

histopathologically and grading according to described by Chew et al(5). Histophatological grading 

was assigned as Normal (Grade 0) – no inflammation and normal arquitectures; Early stage (Grade 

1) – mild edema, congestion and inflammation with some destruction of epithelium in ureters and 

renal pelvis mucosa in kidneys; Progessive (Grade 2) – remarkable edema, congestion and 

inflammation with tissues destruction; and Advanced (Grade 3) – severe edema, congestion, 

inflammation presence of renal parenchyma with large cystic calices in kidneys and hyperplastic 

mucosa and/or papillary outgrowth.  

 Statistical analysis 

All quantitative data are presented as mean ± standard deviation (SD). Statistical analysis was 

performed using Graph Pad Prism 6.00 software (San Diego, USA). Statistical significances (�p ≤ 

0.05, ��p ≤ 0.01 and ���p ≤ 0.001) were determined using one-way analysis of variance 

(ANOVA) for an average of three to twelve replicates, followed by post hoc Tukey’s test for all pair-

wise mean comparisons. Hydronephrosis scores with time were compared using two-way repeated 

measures ANOVA followed by the Bonferroni post test. 
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 RESULTS AND DISCUSSION 

Our group developed a biodegradable ureteral stent made of natural origin polymers(1, 6). 

However, the stents designed still presented some drawbacks, which were overcome with this new 

formulation herein presented and tested. In our previous work, BUS were prepared from an initial 

aqueous solution of alginate and gelatin and physical and ionic gelation was induced. The gelation 

was first induced by decreasing the temperature followed an ionic crosslinking with a calcium 

chloride (CaCl2) solution. The divalent cations (Ca2+) crosslink the carboxyl groups of alginate, but 

gelatin is not crosslinked by the calcium chloride (CaCl2) solution(7). In this study, we changed the 

formulation in order to increase In vivo the stability of the stent, using a new crosslinking agent, 

genipin. Gelatin suffered a physical crosslinking phenomena, by increasing and decreasing 

temperature with gelatin molecules changing the conformation from a random coil to triple helix(8). 

In this sense, genipin was used as a chemical crosslinker agent for gelatin, that has been proven 

its feasibility for biomaterials containing primary amino groups (9, 10)(figure VIII 1a). Genipin 

was chosen among the available crosslinking agents due to its natural origin and reported low 

toxicity(10). Supercritical drying process was used to dry the stents. Figure VIII 1b presents 6-Fr 

stents used in this study, on the left, the biodegradable ureteral stent (BUS) developed and on the 

right, used as a control, a commercial stent from Porges, Coloplast. Figure VII 1c presents the In 

vitro cytotoxicity of the new formulation of BUS. The results demonstrate that there is no citotoxic 

effect of the new stent formulation with genipin on L929 cells.  
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Figure VIII-1 a) Schematic illustration of the BUS cross-linking. b) 6-Fr Biodegradable ureteral stent – 

BUS (left) and 6-Fr Biosoft® duo, Porges, Coloplast - commercial (right). c) Cytotoxicity 
study by cell viability measured after 72h. 

 In vivo evaluation in a porcine model  

Biodegradable ureteral stents (BUS) were compared In vivo with a commercial ureteral stents, 

using a porcine model. All 10 pigs were successful stented with biodegradable and commercial 

ureteral stents, randomly placed in right or left ureters. The duration of the In vivo study was 10 

days. One pig implanted with BUS died at day 5, due to preexisting pneumonia, but the stent was 

recovered and analysed. From the 6 pigs stented with BUS only one pig demonstrated migration of 

the BUS stent, which occurred at day 4. The BUS stent has thus shown to have the appropriate 

design to remain in the ureter. All biodegradable ureteral stents were futher designed to be 

radiopaque under X-ray, due the bismuth present in the formulation. However, upon X-ray 

exposure, they were only visible in the first 24 hours, after this time BUS could not be followed by 

X-ray (figure VIII 2ab). The contrast of the stent under X-ray is higher for the commercial stent 

(figure VIII 2c) than BUS (figure VIII 2a).  
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Figure VIII-2 X-ray image of biodegradable ureteral stent at a) day 0 and b) day 1. c) Commercial 

ureteral stent at day 1. 

Hematological values of the animals were not affected by the placement of biodegradable 

stent. In table VIII 1 the analytical values obtained from the blood and urine collected 

preoperatively (day 0) and postoperatively (day 10) are presented. A significant change in values of 

serum hemoglobin was noted in the commercial stent group. The results of serum WBC and urine 

culture showed no urinary tract infections in both groups. Creatinine levels during the study 

demonstrated to be relatively stable and not be affected by biodegradable or commercial stent 

placement.  

Table VIII-1 Preoperative (day 0) and postoperatively (day 10) follow-up serum and urine parameters of 

commercial and BUS ureteral stent. 

Group Category Preoperatively Postoperatively P-value 

Commercial Serum hemoglobin (g/dL) 10.82 ± 1.47 19.73 ± 0.89 0.03*  

 

Serum WBC (10^3/µL) 13.52 ± 2.31 15.63 ± 2.24 0.75 

 

Serum creatinine (µmol/L) 0.96 ± 0.16 1.00 ± 0.10 0.73 

 

Urine pH 7.17 ± 0.62 7.67 ± 0.47 0.99 

    
   

BUS Serum hemoglobin (g/dL) 9.40 ±1.02 7.84 ± 3.19 0.81 

 

Serum WBC (10^3/µL) 17.31 ± 5.09 18.83 ± 5.98  0.75 

 

Serum creatinine (µmol/L) 0.69 ±0.16 0.80 ± 0.20 0.99 

 

Urine pH 6.83 ± 0.24 8.00 ± 1.00 0.70 
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Data presented as average ±SD. *significant changes. 

 In vitro and In vivo stent degradation  

The In vitro degradation of the biodegradable ureteral stents was assessed measuring the 

weight variation of the samples. The weight loss, measured as the percentage of mass lost when 

immersed in AUS for a predetermined time period is presented in figure VII 3. BUS 

demonstrated In vitro that no degradation occurs during the first 3 days of immersion and after 12 

days, the stents have shown complete degradation. Comparing the results obtained from our 

previous work(1), In vitro, with this new formulation we were able to extend the stability of the stent 

from 9 to 12 days. The increase of the stability of the BUS stent can be justified by the genipin 

crosslinking in this new stent formulation. In vivo degradation of the BUS was followed at 

predetermined time points, by direct visualization and by sacrificing the animals at day 5 and day 

7. All of the five BUS were completely degraded (100% weight loss) in urine after 10 days, which 

was confirmed at sacrifice. No fragments of the stents were seen in the renal pelvis, ureter or 

bladder after sacrificed. Figure VIII 3c shows the BUS recovered after 5 days with the total length 

and a weight loss off 24% from the initial weight. At day 7, the BUS recovered shown to be also 

intact with a mass reduced about 38% (figure VIII 3d). It was visible the homogeneous 

degradation by erosion along the entire stent surface, while the lumen remains open. All 

biodegradable stents are composed with PCL coating and hydrogel core. The degradation of the 

stent started by the peeling of the coating, however it was observed that after 5 days not all the 

coating disappears. On the other hand, in the stent recovered after 7 days, only the hydrogel part 

of the stent was presented. The In vivo results show the stability of the biodegradable stent during 

7 days. This stability can be justified by the counterbalancing effect of the ionic and covalent 

crosslinking upon variation on the urinary tract enviroment. Between 7 and 10 days the stents have 

a fast degradation (≈62%). This fast degradation can be justified by the urine enviroment (pH and 

ionic content) which influence a multimode of the intermolecular interactions present in BUS such 

as eletrostatic interations, hydrogen bonding and hydrophobic interations, occurred after the 

peeling of the coating(7, 11). In addtion it is important to point out that the divalent calcium cation 

can be chelated by the physiological conditions influencing the stability of the polymeric chains(11, 

12). The In vitro degradation in AUS shown a similar degradation profile but the complete 
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degradation only occurs after 12 days, which can be justified due the dynamic conditions In vivo, 

like urine flow and peristaltic movements of the ureters. Fragments of the stent degradation is one 

of the problems that need to be overcome and this is still the main reason why biodegradable 

stents are not avilable in the market. The first studies in the field reported an obstruction caused by 

the stent degradation products. Fragments can act as a nucleation point for bacterial adhesion 

and/or encrustration development leading to futher complications(13-17). Chew et al.(4, 18) 

developed a biodegradable stent, Uriprene, that was investigated In vivo, in a porcine model. Zhang 

et al(19) developed a similar glycolic-lactic acid fiber based biodegradable ureteral stent and 

reported results In vivo, in a canine model. Both studies presented good results regarding the 

degradation and biocompatibility, however upon degradation they reported fragments of the stent 

in the renal pelvis and bladder. The time of degradation of these glycolic-lactic acids based 

biodegradable ureteral stents is around 4 weeks. In the clinical practice an ureteral stent is 

generally removed between 48 hours to 4 weeks, after an uncomplicated ureteroscopy. In our 

study, the time of degradation was lower, 10 days. This may limit the therapeutic prescription of 

these stents. However, and most important any BUS stent fragments were observed during the 

degradation process which occurs by surface erosion. The modification of the stent formulation, 

incorporating new polymers or different cross-linkings may result in higher indwelling times. 

 

Figure VIII-3 a) In vitro BUS degradation in AUS and b) in vivo degradation in a porcine model. BUS 

intact recovered after d) 5 days and e) 7 days in a porcine model. 
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 Tensile mechanical tests 

The In vitro and In vivo tensile mechanical properties, namely maximum tensile strain (%) and 

Young’s modulus (MPa) of the biodegradable ureteral stents during the degradation process are 

presented in figure VIII 4. As a control the tensile results for the commercial ureteral stent are 

also presented. As expected, during the degradation process the mechanical properties of the BUS 

decreased, while the commercial ureteral stents remained constant. The maximum tensile strain 

and Young’s modulus were measured at day 0, in wet state. BUS demonstrated to have lower 

maximum tensile strain and higher Young’s modulus compared with the commercial ureteral stent. 

Comparing the mechanical values obtained in our previous work, In vitro, it should be noted that 

genipin had a slight influence on the increase of the mechanical properties (49.8 MPa to 61.7 MPa 

of Young’s modulus). The In vitro and In vivo profile obtained are similar, with In vivo values lower 

compared with In vitro for each time point. The In vivo BUS stents, were cut in equal parts before 

the mechanical test. The lower standard deviation obtained in each time point supports the 

hypothesis of homogeneous erosion degradation along the stent surface. BUS shown less 40%, at 

day 5 and 65%, at day 7 of maximum tensile strain after In vivo degradation. In terms of Young’s 

modulus, BUS were significantly more resistant than the control until day 10 (In vitro) and day 7 (In 

vivo), the time that both stents presented similar values. Mechanical characteristics of ureteral 

stents determine their drainage ability or disability to relieve obstruction. As expected, our 

biodegradable ureteral stent had different physical and mechanical characteristics compared with 

commercial ureteral stents progressively decreasing during the degradation process. Nonetheless, 

the mechanical properties obtained of our biodegradable ureteral stent allowed the placement 

easily in a porcine model by the conventional procedure. The physical characteristics of the BUS 

stent also allowed the recovery of the stent in one piece, without cracking, after 7 days from the In 

vivo model. 
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Figure VIII-4 In vitro and in vivo values of maximum tensile strain (%), young modulus (MPa) and Mass 
loss (%) of BUS and commercial ureteral stents. Aterisks mark – data from in vitro 
results. 

 Hydronephrosis 

Intravenous pyelograms (IVP) X-rays were performed in all animals before the operation (day 

0), and all pigs were defined as not having hydronephrosis and a healthy kidney function. Figure 

VIII 5a shows a representative image of 10-min pyelogram at day 10 after BUS degradation. 

Figure VIII 5b presents the hydronephrosis score obtained for all animals stented with BUS and 

commercial stents. At all time-points after stent insertion, the hydronephrosis level of all pigs was 

not higher than grade 2. Statistical differences were observed in hydronephrosis score on day 5 

between BUS and Commercial stented pigs. The level of hydronephrosis increased significantly in 

the Commercial ureteral stent group by day 5 (p≤0.01) with a slightly decrease by day 10 

(p≤0.05). It remained constant in the BUS group. Overall, animals stented with BUS had an 

average of slightly less hydronephrosis compared with the control, commercial stent. The 

hydronephrosis was further confirmed by the histopathological analysis. It is well documented that 

the placement of conventional ureteral stents may result in a certain level of hydronephrosis (20, 
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21). While ureteral stents can alleviate obstruction, and improve urine drainage, the urine flow is 

not the same as freely as that in a non-stented ureter(22). The degradation process of BUS has 

shown no effect on the urine flow and did not increase the hydronephosis score. Satisfactory urine 

flow is one of the most important features of a ureteral stent to decrease kidney pressure caused 

by obstruction(21). Excitingly, hydronephrosis results suggested that BUS developed provides 

better flow compared with control stent. This can be supportabled by the water uptake capacity of 

hydrogel-based materials which has higher absorbing properties then the conventional material 

used in the non-biodegradable ureteral stents(23-25). Previous In vivo studies comparing 

biodegradable ureteral stents with commercial stents showed similar hydronephosis score to our 

BUS(4, 19). One of the major complications nowadays is the discomfort and pain that patients feel 

due to inflammation caused by the stent movement, which can originate irritation of the kidney, 

ureter and bladder epithelium(5, 26). BUS stent demonstrated to cause less level of hydronephosis 

compared with the conventional stent tested suggesting less pain and discomfort for the patients in 

the future.  

 

Figure VIII-5 a) A 10-min pyelogram at day 10 after BUS degradation. b) Hydronephrosis score 

measured by mean of IVP of all animals at day 0,1, 5 and 10 days of BUS and commercial 
ureteral stent, based on time until contrast (Omnipaque™ 1200mg/Kg) was seen in 
kidneys and ureters. 0.0, less than 3 minutes. 1.0, 3 to 10 minutes. 2.0, 10 to 20 
minutes. 3.0, greater than 20 minutes. Values are represented as average. Statistical 
differences (*p≤0.05, **p≤0.01, ***p≤0.001). 
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 Histopathological analysis  

Ureteral stents are in close contact with uroepithelium and because of that biocompatibility of 

the materials used is an important requisite(19). The In vivo biocompatibility of BUS and 

commercial stents was assessed essentially based on the inflammatory reaction produced in the 

urothelium of the kidney and ureter. In figure VIII 6 are presented macroscopic images 

representative of urinary tract collected at different time points. Figure VIII 6a, 6b and 6c shows 

the urinary tracts from the BUS stented pigs. One case of clear hydronephrosis was observed in a 

pig stented with commercial stent (figure VIII 6e). The grade obtained by the IVP at day 10, for 

the same animal, was grade 2 which corresponds to moderate hydronephrosis. Based on 

histopathological grades for nephropathy and ureteral pathology, kidneys and ureters stented with 

BUS shown better pathological conditions, and hence better biocompatibility when compared with 

the pathological grades obtained with commercial ureteral stents (table VIII 2). There were no 

statistically significant difference between kidneys stented with BUS and commercial stent. On the 

other hand, statistically significant differences (p≤0.05) were obtained in ureters pathology, higher 

grade was obtained for ureters stented with commercial stent.  

 

 

Figure VIII-6 Macroscopic images representative of urinary tract after a) 5 days, b) 7 days and c) 10 
days with BUS. d) Representative image of urinary tract after stented with commercial 
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stent. e) Hydronephrosis case verified after stented with commercial stent. Asterisks 
mark the ureters that were stented. Arrow points the BUS stent after 7 days indweeling. 

 

Table VIII-2  Biocompatibility parameters of BUS and commercial stents group in the kidney and the 

ureters 

Group BUS Commercial P-value 

Nephropathy 0.17 ± 0.37 0.67 ± 0.47 0.24 

Ureteral pathology 0.33 ± 0.47 1.67 ± 0.33 0.04* 

Data presented as mean ±SD. *significant changes. 

 

Stented and non-stented kidney and ureters width was measured (figure VIII 7). Ureters 

width was measured in 3 sections, upper, mid and distal. Confirming what we observed by the 

biocompatibility parameters, no significant differences were observed between the stented kidney 

and non-stented and between the two type of stents. Overall the ureteral width of BUS stented 

ureters was not statistically significantly larger when compared to the non-stented ureter. In 

contrast, commercial stented ureters were statistically significantly greater when compared to the 

ureters non-stented, in mid (p≤0.01), upper and distal (p≤0.001) ureter sections. Between the two 

groups of stents significant differences were obtained along the ureter width, ureters stented with 

BUS shown lower size compared with ureters stented with control, commercial stent. Similar 

results were observed by Chew et al.(4) demonstrating the ability of biodegradable ureteral stents 

to be less abrading when compared with conventional ureteral stents. 
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Figure VIII-7 Width of BUS and commercial stented kidneys and ureters vs respective non-stented 

controls, including upper, mid and distal ureter. Values are represented as average. 
Statistical differences (*p≤0.05, **p≤0.01, ***p≤0.001). 

 

Histological analysis was performed in the kidneys and ureters stented with BUS and 

Commercial stent, on day 10. Non-stented ureters were used as a control. Figure VII 8 shows 

representative Hematoxylin and Eosin (H.E) and Masson’s Trichrome (M.T.) images of the ureters. 

Generally, histological analysis revealed that greater ureter changes were more frequent in stented 

ureters than in non-stented ureters in each group. Kidneys histology, with exception of the pig with 

higher hydronephrosis (figure 6e), showed similar histological conditions compared to the control. 

Ureters are composed by three essential layers, a fibrous tissue (outer layer), a middle layer 

essential muscle and an inner layer composed by the stratified epithelium(27). It is well 

documented that the placement of commercial ureteral stents can cause irritation of the ureteral 

epithelium(5, 26). Results suggest higher ureter changes in the stented ureters compared with the 
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non-stented ureters. The histological analysis in the urothelium of ureter has shown a different 

behaviour for the two stents used in the present study. Ureter epithelium after BUS placement and 

degradation remains intact without any major change compared to the control. The thickness of 

ureter mucosa remains similar and no inflammation or hydronephrosis was observed in all animal 

stented with BUS. In contrast, commercial group has shown to be more aggressive to ureter 

epithelium. Irregular surface, edema and epithelium destruction were found in the histological 

samples of commercial stent group. In figure VIII 8 it is possible to see the differences in the 

mucosa thickness between the control and the commercial ureteral stent group. A small edema 

and mucinous cytoplasmic vacuolation (mcv) of the epithelium was developed in the presence of 

conventional stents, the same was not observed in the presence of biodegradable ureters stent 

(BUS). Overall, no significant inflammatory or necrotic cells were found in each group. The 

histology outcomes support the results obtained and described before. Biodegradable stented 

animals have shown less ureters changes compared with animals stented with conventional stents, 

and more frequent cases of severe epithelium disintegration. Previous studies using commercial 

ureteral stents reported the same observations namely, presence of edemas and urothelium layer 

destruction (4, 26). Another work on biodegradable ureteral stents, developed with different 

materials, presented severe inflammatory reaction, with stent material entrenched in the ureteral 

wall(28). This reaction was not observed in any pig of this study. The characteristics of the base 

material of the stents are essential for a good preservation of ureteral histophatology. BUS is a 

hydrogel-based stent, shown to be ureteral urothelium friendly material, and the degradation 

products not induced any ureteral inflammatory response. Hydrogel-based materials have been 

used in the conventional stents to reduce the stent-related problems as a coating, howerever full 

hydrogel stents have not yet been introduced in the market (29). The results in this study suggest 

that the biodegradable ureteral stent (BUS) developed will be more comfortable for the patient with 

lower stent associated symptoms. 
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Figure VIII-8 Representative Hematoxylin and Eosin (H.E) and Masson’s Trichrome (M.T.) images of 
ureters stented with biodegradable ureteral stent (BUS), Commercial stent (commercial) 
and non-stented ureters (control), on day 10. Examples of: mcv - mucinous cytoplasmic 
vacuolation, i – infiltrated, m – muscle, ep- epithelium, l- lumen ureter, e – edema, a – 
adipose tissue, arrow - epithelium destruction; arrow dashed- blood vessels, and arrow 
head – erythrocytes; All images were taken with a 4x, 10x and 40x magnification 
microscope objectives.  
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  CONCLUSIONS 

In the current study, we developed a natural origin polymer-based biodegradable ureteral stent 

(BUS). The results supported the hipothesis of homogeneous degradation by surface erosion, 

within 10 days, remain intact during 7 days, in a porcine model. BUS demonstrated to loose the 

radiopaque lost properties after 24 hours, making it difficult follow under X-ray. Regarding 

biodegradation, no ureteral obstruction was observed and no BUS fragments were founded in the 

renal pelvis, ureter or bladder. BUS demonstrated to have encouraging physiological and 

histopathological responses In vivo. Urine drainage, based on intravenous pyelograms (IVP), was 

significantly better in BUS compared with the commercial ureteral stented. BUS has also shown to 

be more biocompatible compared with the commercial ureteral stent concerning nephropathy and 

urophaty. Foreign body reactions, urothelium damage and edema were barely detected on 

histologically sections post BUS stent implantation unlike in control stent. In the present In vivo 

study, biodegradable ureteral stents based on natural origin polymers shows advances regarding 

prior biodegradable stents reported in literature. Next steps will be to increase the stability of the 

biodegradable ureteral stent In vivo, not compromising the degradation by erosion, without 

fragments and improve the radiopaque features of the stent. Clinical studies are required to 

determine the feasibility in humans. 
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Chapter IX 

Chapter IX -  Business Plan - HydrUStent 

 EXECUTIVE SUMMARY 

 Elevator Pitch: 

FOR patients who need temporary urological stents, WHO need to have a second surgery for 

stent removal, OUR PRODUCT is a degradable stent that will revolutionize the market, PROVIDING 

lower treatment cost, avoiding second surgery for stent removal, while reducing the risk of infection 

and eliminates the cases of “forgotten” stents. 

 Market Validation: 

HydrUStent was validated through a series of contacts with Urologists, experts in the field. All 

the doctors answered positively when asked if they would you be willing to use biodegradable 

stents as long as their safety and ease of placement would be demonstrated. Dr. De La Fuente de 

Carvalho from Hospital de Santo António, Porto stated: “Advantages for patients and less 

associated costs to health system are two strong reasons for the development of this type of 

stents”. 

 Problem: 

Patients who have a ureteral stent require a second surgery for stent removal. Long 

implantation times, increase the problem of infection and encrustation, which becomes more 

severe when the stent is “forgotten” in the body. This is often due to lack of availability of the 

urologist or the patient's own move in the hospital. The crystal deposition on the surface of the 

stent and infections associated with these stents due to the excessive time may result in loss of the 

kidney or potentially even death. 
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 Solution: 

HydrUStent is a biodegradable, anti-bacterial urological stent, which eliminates the need for a 

second surgery, required nowadays for catheter removal. HydrUStent also avoids further 

complications from infections, due to its antibacterial properties. HydrUStent hydrogel degrades by 

dissolution of the material in urine avoiding crystal deposition. The dissolution profile is controlled 

and depending on the material used for stent production, the degradation rate can be tuned from 

15 to 60 days of implantation, according to the specific treatment requirements. 

 Technology: 

The patented technology underlying the production of HydrUStent provides the product its 

unique advantages. The methodology developed for the preparation of stents with a high water 

content makes them soft, lubricious and flexible, as well as having adequate biodegradation rates, 

no encrustation development and anti-bacterial properties. The ability to create a ureteral stent safe 

for the patient antibacterial and biodegradable it is the main technical advantage of HydrUStent. 

 Market Opportunity: 

Overall market consumes every year around 137,500 urethral stents, both in Europe (98,000) 

and USA (39,500), meaning an estimated global revenue of 12 million Euros with an estimated 

annual growth rate of 8.9%. Furthermore, nearly 78,000 stets are placed worldwide per year in the 

case of kidney transplants. 

 Why Invest: 

HydrUStent is provides an innovative solution in ureteral stents and it is a major breakthrough 

in urological market. HydrUStent sales intends to reach 25% of the market by 2020, year in which 

the breakeven will be achieved. This corresponds to a net profit of 4,948 K€. To seize this 

opportunity, we need to start now. 
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 BUSINESS OPPORTUNITY 

Urological disorders greatly affect patients’ quality of life. Ureteral stents are used in urological 

practice in different procedures, in order to minimize pain caused by obstruction of urine flow. 

Different types of temporary and permanent stents have been introduced into urological practice 

depending on the treatment and the patients´ needs. The indwelling time, i.e, the time of stent 

implantation, depends on the type of procedure and the complexity of the situation. Available data 

for Europe refers to the need to implant 97,881 ureteral stents in 2014 (estimation based on sales in 

2010) in patients with kidney stones, with an annual growth rate of 8.3%, based on an estimated of a 

market report from 20109. Figure XI 1 presents different procedures to manage kidney stones and 

the number of stents implanted in different countries. The implantation time varies according to the type 

of procedure and is also presented in figure IX-1.  

 

Figure IX-1 Incidence of ureteral stents in urological disorders 

The need for a stent is not limited to the treatment of renal calculus. Statistics worldwide show 

an upward trend in demand for urological stents to address several diseases related to increase life 

expectancy. 

Ureteral stents available on the market are far from the ideal solution. Stents are commonly 

associated with infections and encrustations. Currently, 80% of the people who have a urological 

stent are likely to develop a bacterial infection within 30 days of implantation, increasing morbidity 

                                                
9    Stone Treatment Device Market, Report from iData Research Inc., 2010,  
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threefold10. So there is still an unmet medical need to reduce the risk of infection associated to 

urological stents. The existing commercial stents try to overcome this and the last generation of 

ureteral stents are coated with a hydrogel layer, i.e., HydroPlusTM (Boston Scientific), UniversiaTM 

(Cook Medical), Superglide DDTM (Teleflex), SilhouetteTM (Applied Medical) and pAguamedicinaTM (Q 

Urological) that is a fully hydrogel stent, but only in use in the pediatric market. To the best of our 

knowledge, CR Bard and Coloplast do not have, to the best of our knowledge stents with hydrogel 

coatings in their portfolio. The presence of a hydrogel layer and the high hydration capacity of 

hydrogels may lead to a significant decrease in bacterial adhesion, as reported in different scientific 

studies and prevents the deposition of soluble salts and therefore encrustation11. 

Some studies reported that for almost 5.9% of patients the stent is left in the body too long12. 

This is often due to lack of availability of the urologist or the patient's own move to the hospital for 

stent removal. The encrustations and infections associated with these stents due to the excessive 

time may result in loss of the kidney or potentially even death. The problem of infection and 

encrustation becomes more severe when the stent is “forgotten”. 

Another very interesting market for degradable stents is the kidney transplant market. Per 

year, nearly 78 000 kidney transplants are performed worldwide and each patient requires a 

temporary stent13. In this case, however, the indwelling time corresponds to 6-8 weeks post-op. 

This field of research is also quite intensive in academia. The development of biodegradable 

ureteral stents has been pursued previously, however, despite the positive results obtained with 

various models, these attempts were abandoned due to biocompatibility issues in porcine ureters 

or because they degrade in a non-homogeneous, premature or delayed fashions. Poly-Med Inc. has 

acquired the Uriprene stent, a stent designed to degrade in 10 weeks. A scientific report in 2010 

and 2013 claims the validation of the stent after In vivo studies performed in a pig model. These 

studies show that the degradation of the stent may result in some cases in its fragmentation which 

                                                
10    Dirk Lange, Chelsea N. Elwood and Ben H. Chew (2011). Biomaterials in Urology - Beyond Drug Eluting and 

Degradable (Ed.), ISBN: 978-953-307-418-4, InTech 

11    Khandwekar A, Doble M. Physicochemical characterization and biological evaluation of polyvinylpyrrolidone-
iodine engineered polyurethane. J Mater Sci Mater Med 2011;22:1231–1246 

12    Tang, V. C., et al. (2008). "Ureteric stent card register - a 5-year retrospective analysis." Ann R Coll Surg Engl 
90(2): 156-159. 

13  http://ec.europa.eu/health/blood_tissues_organs/docs/ev_20141126_factsfigures_en.pdf 
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may lead to the obstruction of the ureter14,15.Poly-Med filed an application to start the first phase of 

clinical trials of Uriprene in the United States in January 2014. Although Uriprene is not a marketed 

product this is a direct competitor of our product, HydrUStent. In case the clinical trials are 

successful Uriprene can reach the market first.  

HydrUStent is a biodegradable hydrogel stent designed for temporary treatments. The major 

opportunity is to offer the market a degradable stent capable of preventing the development of 

infections and encrustations and overcoming the associated problems. Despite the fact that stent 

designs have improved over the years, they present one major key disadvantage, which is the fact 

that they have to be removed surgically. Avoiding a secondary procedure to remove the ureteral 

stent is highly desirable, as it would decrease patient morbidity and make this technology 

attractive. Figure IX 2 highlights the uniqueness of HydrUStent in comparison with commercially 

available stents. 

The introduction of this new generation of bioresorbable urological stents in clinical practice 

will, in which concerns the kidney stone management:  

• Reduce by 137,500 the number of surgical procedures in Europe and the United 

States,  

• Reduce the hospital costs associated with these second surgeries by 137.5 million 

euros; 

• Increase patients’ comfort and 

• Improve the quality of care. 

                                                
14    Chew, B. H., et al. (2010). "Next generation biodegradable ureteral stent in a yucatan pig model." J Urol 

183(2): 765-771. 

15    Chew, B. H., et al. (2013). "In vivo evaluation of the third generation biodegradable stent: a novel approach 
to avoiding the forgotten stent syndrome." J Urol 189(2): 719-725. 
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Figure IX-2 Uniqueness of HydrUStent in comparison with commercially available stents 

Some of the doctors we have contacted corroborate our assumptions: 

 

“The problem of lower urinary tract symptoms (LUTS) and encrustation are the main ones. 

The short life of this stent means that encrustation will not be a problem, although the LUTS 

remain.” 

Dr. Fin Macneil, Member at Royal Australian College of Surgeons (RACS) Board of Urology 

 

“I think stent symptoms can be quite disabling. A more flexible stent would help.” 

Dr. Deepak Batura, Consultant Urological Surgeon at Ealing Hospital NHS Trust 

 

“No symptoms (LUTS) and no need to remove while still doing its job of draining the kidney” 

Dr. Hilten Patel, (Professor of Surgery & Urology, and Director of Robotic Urological 

Surgery, University Hospital North Norway and Director of Surgical Urology Simulation Training, 

Bart’s & The London, Queen Mary University of London) 

 

“My reflex response is that a biodegradable stent for kidney transplantation is a gift to the 

surgeon and the patient.”   
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Dr. Peter Madras, (Kidney transplant surgeon, Lahey Health) 

 

HydrUStent hydrogel degrades by dissolution of the material in urine circumventing the 

degradation in blocks and hydrolysis of the material in toxic residues, which may compromise the 

product biocompatibility. The dissolution profile is controlled and depending on the material used 

for stent production, the degradation rate in urine can be tuned from 15 to 60 days of implantation 

and no large crystal deposits which can obstruct the ureter are observed16. 

The patented technology underlying the production of HydrUStent provides the product its 

unique advantages. The process developed for the preparation of stents with a high water content 

makes them soft, lubricious and flexible, as well as having adequate biodegradation rates, no 

encrustation development and anti-bacterial properties. The main technical advantage of 

HydrUStent is the ability to degrade within the therapeutic window, overcoming the possibility of 

bacterial colonization, biofilm formation and infection and being able to be eliminated from the 

body without the need for surgery to remove it.  

In 2012, after a provocative presentation of Dr. Estevão Lima, on the panel “Ideas Out of the 

Box” at the 1st ICVS/3B’s Associated Laboratory meeting, the team started this project. Lima’s 

vision was to develop a degradable ureteral stent that could avoid stent removal as well as possible 

infections due to long term implantation. The team has been working together since then to design 

and mitigate the technological risks associated with HydrUStent. The Feature-Advantage-Benefit 

(FAB) analysis of HydrUStent is represented in table IX-1. 

Table IX-1 Feature-Advantage-Benefit (FAB) model of HydrUStent 

Feature Advantage Benefit 
Degradable Avoids second surgery Reduce costs 

Anti-bacterial 
Avoids biofilm formation and 

encrustation 
Reduce risk of 

infection 
Hydrogel (constituted by 94% 

water) 
Soft and flexible material 

Increase patient 
comfort 

Even though our product is targeted to urological patients our payers will be health insurances 

or the National Health System, depending on the country’s healthcare systems. The benefits 

associated will not only be advantageous for the patients but also for the payer. In Portugal the 

                                                
16    Barros, A. A., et al. (2014). "Bioresorbable ureteral stents from natural origin polymers." J Biomed Mater Res 

B Appl Biomater. 
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costs associated with the procedure for stent removal were estimated to be nearly 1000 

euros/patient, according to Dr. La Fuente from Santo António Hospital, Porto, Portugal. Citing Dr. 

La Fuente:  

“Another great advantage is that it does not need a second surgery, to remove the stent, and 

so the patient has no job loss or admission to hospital, facilitates recovery and professional and 

social integration. There is a reduction in costs for the health system.”  

In the United States, according to the US Medicare reimbursement plan for ureteral stent 

placement and removal, in 2014, the costs associated with the removal of the ureteral stent vary 

between 634€ and 1871 € depending on the complexity of the procedure17. 

The major benefit for the payer is a reduction of 60% of the costs of the kidney 

stone treatment, due to the fact that a second surgery is avoided. Currently, per year, 

nearly 39,500 patients in the United States and 98,000 patients in Europe require a ureteral stent 

for kidney stone managment. These account for 137,500 surgical procedures in Europe and 

in the US. That can be avoided with HydrUStent, saving up to 137.5 million Euros. The 

costs estimated do not account for the infection problems that may be associated and the increase 

in treatment costs that may arise hereafter. The cost of commercially available stents from 

Coloplast, Porges is within the range of 25 to 90 euros, according to Ângelo Maria, sales 

representative from Iberia. These stents however do not provide the same value as HydrUStent. 

The HydrUStent price can be estimated at 180 €. 

 BACKGROUND 

The technology has been developed under a quality management system (QMS), established 

at the 3B´s research group. The QMS follows the ISO 9001:2008 that complies with ISO 13485 

and is a quality management system standard specifically for the medical devices industry.18 In 

particular, this technology relates to a process based on several successive steps which comprise: 

i) formation of a flexible polymer tube from an aqueous solution of a natural polymer; ii) injection of 

                                                
17    Lam, J. S. and M. Gupta (2002). "Tips and tricks for the management of retained ureteral stents." J Endourol 

16(10): 733-741. 

18 http://www.3bs.uminho.pt/sites/default/files/iso9001_2008.pdf 
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the polymer solution in a mold, iii) gelification of the tube by physical crosslinking iv) dehydration 

and drying of the product.16 

According to the technology readiness level (TRL) the team classifies the proposed technology 

at TRL 619, i.e., the main components have been validated and a prototype has been developed. 

The team has been granted 10 thousand euros funding by the Associated Laboratory ICVS/3B’s to 

start working on the development of materials to proceed to the first In vivo testing. The scale up of 

the technology has been done and the demonstration of the product has been assessed in a pig 

model bringing the technology to TRL 6. The formulation is now freezed, biocompatibility, 

extractables and leachables testing were carried out and the results indicate that the material is 

indicated and do not present signs of toxicity for human use. Figure IX 3 demonstrates the stage 

of development of HydrUStent and the envisaged next steps. 

The project has been awarded the grand prize Innovation Award from Novo Banco (Lisboa, 

Portugal, 2015), has won the Venture Forum Competition (Worchester, Massassuchets, USA 2015) 

and was awarded an honorable mention by Bluepharma/University of Coimbra Innovation Award 

(Coimbra, Portugal, 2015). 

The technology has been protected by a patent application submitted in Portugal. PT Patent 

PI106593, registered on 19/10/2013, was published in Revista de Propriedade Industrial, 

77/2014, on March 21, 2014. The team has recently submitted the PCT application with 

reference PCT/IB2016/052875 on the 17.05.2016, related with the national patent application to 

the National Patent Office (INPI) with priority date of 14.05.2015 number 108476, entitled “A 

composition for ureteral stent and method thereof”, Rui L. Reis, Ana Rita C. Duarte, Alexandre A. A. 

Barros, Estêvão de Lima, Carlos Oliveira e Jorge Correia-Pinto and to the European Patent Office 

(EPO) on the 26.05.2015 number 15169249.8. The team has submitted a patent application 

which entitled: “Biodegradable ureteral stents: new approach for urothelial tumors of upper urinary 

tract cancer”, Rui L. Reis, Ana Rita C. Duarte, Alexandre A. A. Barros, Estêvão de Lima, Carlos 

Oliveira, to the Biodegradable ureteral stents: new approach for urothelial tumors of upper urinary 

tract cancer", application 109229, registered on 11/03/2016. The applicant of the patent is 

A4TEC, Association for the Advancement of Tissue Engineering Cell based Technologies & 

Therapies who has signed a technology transfer agreement to HydrUStent. 

                                                
19 Technology readiness levels (TRLs) are measures used to assess the maturity of evolving technologies. 
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Figure IX-3 HydrUStent stage of development and next steps. 

To validate our product, we prepared a survey and we have sent it to 54 urologists. The 

objective of the survey was to understand the problems associated with the current solutions and 

to evaluate the willingness to change to a new product. 47% of the doctors answered our survey. 

Table IX 2 summarizes the results obtained. The doctors were also asked about the desired 

features a ureteral stent should have in order to meet patients’ needs and improve their comfort. 

Figure IX 4 summarized the features preferred. 

Table IX-2 Results obtained from the doctors survey about the problems associated with the current 
solutions for ureteral stents. 

Question Yes No Comments 

Do you have experience of 
complaints of Lower Urinary Track 

Symptoms (LUTS) in your patients with 
double J ureteral stents? 

100% 0% 

 

Dr. Herrmann from Hannover Medical 
School states that: “from our database more than 

60% (presents LUTS symptoms), 15 % (take) 
medication, 1.7% can´t stand double Js at all” 

Do you think your patients would be 
happy if it would be possible to avoid a 

second term intervention for stent 
removal? 

92% 8% 
8% stated they usually use a stent with a 

thread for stent removal 

Do you think biodegradable double J 
ureteral stents would be beneficial? 

100% 0% 

 
Dr. Günter Janetschek, from the Dept. of 

Urology, Salzburg Medical School further refers 
that “This would solve the problem of the 

cystoscopy for removal as well as that of the 

"forgotten stent”. 

Would you be willing to use 
biodegradable stents as long as their 

safety and ease of placement would be 
demonstrated? 

100% 0% ------------------- 

 
Do you consider that the 

introduction in the market of a 
80% 20% 

Two of the doctors referred that price would 
dictate the adoption of these type of stents. 
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biodegradable stent would definitely 
change the current clinical practice in 

urology? 

 

Figure IX-4 Desired features of ureteral stents as referred in the survey 

Doing good with science is our vision. Our mission is to develop new medical devices that 

meet patient needs, improving their quality of life. The road between research and 

commercialization is still long and one of the goals of the team when participating in a program like 

BGI – Building Global Innovators – is to be able to leverage our research into marketed products, 

which can in fact touch people’s lives and make a difference. 

We estimate that in 3 years after investment we will reach the market after having the 

required regulatory approvals. To successfully achieve this, we need 1.5 M Euros for the first pre-

clinical and clinical trials, respectively. Table IX 3 presents the project roadmap where the 

milestones and the funding required to achieve them are presented.  

Table IX-3 HydrUStent project roadmap (Months after Investment) 

Milestone 
Completion 
date 

Funding 
Need 

Investment 
required 

In vivo II 6 months 25 k€ 25 k€ 
Clinical Evaluation Report 6 months 30 k€ 30 k€ 
Production process under GMP conditions 6 months 100 k€ 100 k€ 
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IP - National applications 6 months 6 k€ 6 k€ 
Product development 1 year 10 k€ 10 k€ 
Personnel and administrative Costs - 175 K€ 175 K€ 
Subtotal 

 
256 k€ 256 k€ 

Completion of pre-clinical trials (GLP 
conditions) 

1 year 100 k€ 100 k€ 

Clinical trials 3 years 653 k€ 653 k€ 
FDA 510k premarket application 3 years 100 k€ 100 k€ 
Personnel and administrative Costs - 296 k€ 296 k€ 
Subtotal 

 
1,149 k€ 1,149k€ 

TOTAL 
 

1,405 k€ 1,405k€ 

The regulatory process is long and we believe we have the opportunity to start now. 

HydrUStent intends to pursue clinical trials and prepare and submit the FDA 510(k) premarket 

notification. A regulatory affairs consultant will be hired to ensure the success of the process. After 

approval the team intends to initiate sales to specialized distributors in Europe and US that have a 

strong foothold in the ureteral stent market.  

The team intends to continue inventing new medical devices and develop a portfolio of 

products for urological complications, driving innovation in the urology field. The “Silver Tsunami” 

of an aging population and the continued rise of chronic diseases like obesity and diabetes which 

are connected with urological disorders offer a growth opportunity in the future. To seize this 

opportunity, we need to start now. 

 . GO TO MARKET STRATEGY 

The HydrUStent team of the University of Minho will establish a strategic partnership with the 

Clinical Academic Center – Braga (2CA-Braga) for the translation of research into clinical practice 

as a showcase pilot to demonstrate the success of the proposed new medical device. This center 

provides services in which clinicians and researchers monitor and manage the health status of the 

population while at the same time have a comprehensive clinical platform for data gathering and 

retrieval. 

 Value Proposition  

For the 215,500 patients who need temporary urological stents that require a second surgery 

for stent removal, our product is a biodegradable stent that reduces bacterial adhesion by 98%16 



Chapter IX – Business Plan - HydrUStent 

 

241 

and decreases the treatment costs by 60%. Unlike our competitors’ marketed products, our 

product is degradable and avoids the need for a second surgery. Our product is a kit which 

includes not only the biodegradable HydrUStent, but also a guidewire and a pusher for insertion. 

Competitors’ kits also have the accessories for stent insertion.  

 Industry Analysis/Competitive Environment 

The urological medical device industry is a consolidated industry dominated by few major 

players, namely Boston Scientific, Cook, Coloplast and C.R. Bard. Boston Scientific and Cook 

Medical have a high share of their resources invested in research and development. Boston 

Scientific reports in their 2013 annual report an investment of 12% of sales in R&D. Boston 

Scientific reports in the annual report of 2012 a decrease in sales of the division of urology and 

women's health from 2011, but still standing at € 386 M and corresponding to 7% of the total 

sales of the company20. This decrease is due to a contraction of the market justified by new 

regulations enforced by the FDA in 2011. However, in their annual report Boston Scientific shares 

their vision to increase the market share and growth in the urological market. A similar trend was 

reported in the annual report of the C.R.Bard. C.R. Bard reports in 2013, total sales of € 2.31B, of 

which 25% is sales in urology.21 C. R. Bard also reports in their 10K 2013 report a growth of 

consolidated sales of 1% of urological basic drainage devices, in which the stents are included. 

Table IX-4 summarizes the competitive landscape of the urological device market. 

Table IX-4 Competitive landscape of urological device market 

 
HydrUstent 

Boston 
Scientific 

C.R. Bard Coloplast Cook Medical 

Products and 
services 

Ureteral 
stents 

Medical 
devices 

Medical 
devices 

Medical devices Medical devices 

Net Sales - € 5,791 M22 € 2,436 M15 € 4.2 M23 € 1,590 M 

Net Income - € 475 M € 551 M  € 1.1 M  

                                                
20 http://www.bostonscientific.com/templatedata/imports/HTML/2012ar/downloads/BostonScientific-2012-Form-10-K.pdf 

21 http://www.sec.gov/Archives/edgar/data/9892/000119312514058921/d624566d10k.htm 

22 US Dollars to Euros - exchange rate used was 0.7882 USD/EUR. 

23 DK Danish Krone to Euros - exchange rate used was 0.134 DK/EUR 
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Target market 
(urological 
sales) 

- €386 M €588 M €151 M   

Annual growth 
(%) 

- 5% 3% 6% 7% 

R&D 
investment  

12% 9.7% 11%  

Competitive 
advantage 

Degradable 
stent 

Hydrogel 
stent with 
reduced risk 
of infection 

--- --- 
Hydrogel stent 
with reduced risk 
of infection 

State of 
development 

In vivo 
validation 

Market Market Market Market 

 

 

Figure IX-5 HydrUStent Porter´s five force analysis 

The two features that make HydrUStent difficult to replicate by other players are the designed 

degradation profile and the degradation of the material itself. HydrUStent presents a slow 

dissolution profile in urine, which confers it the degradation properties required, in the time frame 

necessary for kidney stone management. Other products have been designed to degrade within 

two weeks of implantation, yet in some cases residues of the material block the ureter and obstruct 

the urine flow. The production method of HydrUStent has been patented and the unique 

characteristics of our product can only be achieved following the described methodology. Patent 

infringement by other companies can be, hereafter, policeable. The team is further working on a 

patent landscape report. 
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The major barriers to market entry are related with the threat of a new product entering the 

market is also possible due to the long time to market associated with the estimated time for 

completion of the clinical trials and the regulatory approval. HydrUStent intends to enter a fearless 

competitor market dominated by a few major players, however these major players do not present 

any degradable stent in their portfolio. BARD claimed when asked if they would see this as 

competition that “it is much more an opportunity for BARD to have a differentiating 

product”, Ben Jackson, Biomedical division BARD. 

HydrUStent’s business model (figure IX-6) takes into account the threats but also the 

opportunities in this market. To overcome some of the identified threats we need to engage key 

opinion leaders (KOL) in the urology field starting with the demonstration of our product at the 

European Association of Urology section on Uro-Technology24. We already have validated our 

concept, with some members of this group, whom we have contacted to answer our survey. The 

endorsement of our product by this prestigious group in the area of urology, who are strong KOL’s 

will be a starting point to gain credibility in other countries outside Europe. 

 

Figure IX-6 HydrUStent business model canvas 

 

                                                
24 http://www.uroweb.org/sections/uro-technology-esut/?no_cache=1 



Chapter IX – Business Plan - HydrUStent 

 

244 

Manufacturing of HydrUStent will be outsourced. The team has contacted Stanipharm25 as our 

contract manufacturing organization (EOM), a specialized company in the development of 

pharmaceutical/medical products using supercritical fluid technology in GMP conditions, located in 

France. The team has already identified different suppliers to guarantee the manufacturing of our 

product. In this sense the possibility to switch suppliers with low costs does not offer a major threat 

to the business. 

Key activities and key resources are related with the major strengths of HydrUStent, i.e., the 

knowledge generated, the IP protected technology and the possibility to create a product portfolio. 

In this sense the team has been working on the development of drug-eluting stents, particularly for 

addressing upper urinary tract urethelial cancer. The team has submitted a provisional patent 

application. 

Hospitals already buy ureteral stents and in this sense we envisage that HydrUStent will be 

sold to hospitals as consumable products for daily procedures. Typically medical devices are sold 

to healthcare providers who are not always the ultimate payers of the product. HydrUStent may 

also be sold directly to physicians who perform the procedure in their own private practices. The 

payers will be, depending on the country, the National Health System and/or insurance 

companies. HydrUStent will hire a sales manager in each country, where sales are planned. The 

presence of a sales representative will contribute to the acceleration of market penetration through 

a direct contact with the providers. Medical devices are mostly promoted directly to healthcare 

professionals. Two approaches will be followed to promote and advertise our product.  

Promotion of HydrUStent to doctors, who are the influencers and to the providers, will be done 

by technical team at major urological conferences and meetings or trade fairs. When the product 

has been accepted by the medical community, HydrUStent will need a strong sales force in order 

to promote and disseminate the novel product and increase sales.  

Distribution of HydrUStent products will be outsourced. Companies that already have an 

established distribution network for medical devices will be subcontracted to maximize the 

distribution and increase market penetration. The company sales manager will work together with 

the distributors in the region to promote HydrUStent sales. 

                                                
25 http://www.stanipharm.fr/ 
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  Pricing and Costing  

 The different categories in the HydrUStent production cost of are shown and estimated in 

Table IX-5 for a single unit. 

Table IX-5 Unit Cost breakdown for HydrUStent production 

Description Units 
Product 
Type 

Component 
Cost (€/unit) 

Input 
Quantity  

Yield 
(%) 

Product  
Cost (€) 

raw material 126 kg Purchased 415.00 0.00092 90.00 0.34 

raw material 2 kg Purchased 133.00 0.00048 90.00 0.06 

raw material 3 Kg Purchased 107.40 0.00534 100.00 0.57 

raw material 4 L Purchased 4.00 0.10 100.00 0.40 

raw material 5 L Purchased 0.75 0.22 100.00 0.17 

raw material 6 Kg Purchased     

raw material 7 Kg Purchased 1.81 0.05 100.00 0.09 

Processing -stage 1 hours Manufactured 0.2081 0.75 100.00 0.00 

Labour I hours Purchased 6.50 1.00 100.00 0.07 

Processing stage 2 
 

Manufactured 0.2081 0.75 100.00 0.01 

Labour I hours Purchased 6.50 5.00 100.00 0.33 

Processing stage 3 
 

Manufactured 0.2081 0.75 100.00 0.00 

Labour I hours Purchased 6.50 3.00 100.00 0.20 

Distributors      8.5327 

     
TOTAL 10.77 

                                                
26 Raw materials costs were based on the prices from Sigma-Aldrich, an academic R&D supplier. The suppliers of our 
raw materials will be other who sells in larger scale for production purposes. 

27 Quotation obtain from Palex medical (member a network of European Medical Device Distributors –EMDDA) for a 
2000 stents/year for sale in Europe-www.palexmedical.com 



Chapter IX – Business Plan - HydrUStent 

 

246 

The value generated to the payer comes from the savings that the payer will have from the 

elimination of a second surgery. The cost of the treatment decreases by 60% when 

HydrUStent is chosen instead of currently available stents. Our pricing will take this into 

consideration.  

HydrUStent will be sold at 180€ each corresponding to an approximate gross margin of 

94% per device. The price is in average twice as much as the commercially available stents. This 

number is justified by the 60% savings provided to hospitals with the elimination of a second 

intervention and the reduction of infections currently associated with ureteral stents. To justify the 

higher price and address Doctor’s concern about pricing we will need to generate robust health 

economics reports that clearly show how booth payers and patients economic benefits from 

adopting HydrUstent. 

 MILESTONES AND ACTION PLAN 

HydrUStent has been developed at laboratory scale and the team has already scaled up the 

technology for up to a prototype development. HydrUStent product development needs to be in 

accordance with the guidelines of FDA regulation for Ureteral Stents, 21 CFR 876.4620 (a)28. 

Furthermore, it is also required to be in accordance with the guidelines of the European 

commission MEDDEV. 2.7.1 Rev.329 and the guidelines reported on the European Guidance 

documents NBOG BPG 2009-1 (Guidance on design dossier examination and report content)30 the 

preparation of the dossier for approval requests the presentation of information related with: i) 

Manufacturer details; ii) Details relating to the application and Notified Bodies review (including 

staff and experts involved in the review and the aspects assessed by each, signatures of 

responsible reviewers etc.); iii) Device description and product specification; iv) Classification; v) 

Requirements regarding manufacturing; vi) Requirements regarding design and construction; vii) 

Pre-clinical evaluation; viii) Clinical evaluation/performance evaluation; ix) Other applicable 

Directives; x) Risk analysis and risk management; xi) Review of declaration of conformity; xii) Post-

market surveillance and xiii) Summary of review. 

                                                
28 http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/GuidanceDocuments/ucm081346.htm 

29 http://ec.europa.eu/health/medical-devices/files/meddev/2_7_1rev_3_en.pdf 

30 http://www.nbog.eu/resources/NBOG_BPG_2009_1.pdf 
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The team’s objective within the next 18 months is to start the preparation of the application 

dossier for approval. The team will need to contract a regulatory affairs consultant with a strong 

insight on both US and European regulations. Particularly the team will be strongly committed to 

fulfill the requirements for product manufacturing, design and production as well as in the pre-

clinical evaluation. The milestones, actions and timescale are hereafter envisaged to achieve this 

goal. Particularly pre-clinical evaluation involves the following31: 

1- a list of all materials in direct or indirect contact with the patient or user, including the 

concentration of the materials 

2- detailed information on biocompatibility testing and biological evaluation and must clearly 

show the suitability, safety and biocompatibility of all materials used (biocompatibility – 

EN ISO 10993) 

3- detailed information on any studies in animal models, i.e., study objectives, methodology, 

results, analysis and conclusions including rational and limitations for the selected 

model(s) 

1 and 2 have been addressed by the team and have been reported in a scientific article 

published by the HydrUStent team32. The first studies on animal models have started in early March 

2015 and since then the team has worked to optimize the formulation and ensure a good In vivo 

performance of the biodegradable stents. The validation in a pig model has been successfully 

achieved. The In vivo validation was performed at the ICVS – Life and Health Sciences Research 

Institute, where state of the art equipment is available to do so. 

The Product Roadmap involves the In vivo validation of the product in GLP conditions and after 

the design and implementation of the clinical trials. HydrUStent is classified as a class II medical 

device. The extension of the clinical trials necessary will be done after the design of a product 

development plan for which the team has already met with different CRO, namely BlueClinical in 

Portugal, Med Pass in France and NAMSA and Health R&D, LLC in the US to provide us 

consultancy on this matter. 

HydrUStent team has contracted legal advisors, namely Dr. Anabela Carvalho from Patents.PT 

to follow the PCT patent application and the family of patents hereafter. Additionally, HydrUStent 

                                                
31 Park, J. C., et al. (1999). "Preclinical evaluation of prototype products." Yonsei Med J 40(6): 530-535. 

32 Barros, A. A., et al. (2014). "Bioresorbable ureteral stents from natural origin polymers." J Biomed Mater Res B 
Appl Biomater. 



Chapter IX – Business Plan - HydrUStent 

 

248 

has also worked with the attorney company Garrides and has a complete full patent landscape 

report on the subject. 

Table IX-6 Milestone Actions and deadline set for HydrUStent development. 

 Milestones Actions 
Funding 

€ 

1 In vivo validation 
 – part II 

Conduct a study of stent biocompatibility and performance 
with clinical evaluation in a pig model 

25,000 
Document the evolution of drainage capacity as a function 
of time and the degree of degradation of the material 
Conduct necropsy study with histological evaluation of 
renal and ureteral tissue 

2 Prototype product 
Develop HydrUStent, following the guidelines required for 
the first in-human studies 

80,000 

Product development Design of brand and package 10,000 
3 IP Protection National applications 6,000 

The next steps of the product development plan include the development of the HydrUStent 

package. The team has started working on the design of the packaging and product leaflet 

(Instructions for Use, or IFU). Furthermore, key validations associated with product development 

are selection of the guidewire and pusher from commercially available products. The second key 

validation is the design and development of packaging. It is necessary to select the appropriate 

packaging materials able to be sterilized and ensure that the sterility of the product is maintained 

when stored. Part of this key validation is development the product brochure and labeling of the 

package, in accordance with the guidelines. In this brochure, the instructions for use of HydrUStent 

and accessories will be described. According to the milestones defined and the resources needed 

the team has estimated the necessary budget, as shown in table IX 7.  

Reducing the risk of failure of HydrUStent is the objective of the team when setting these 

Milestones-Actions-Deadlines. The team is actively committed towards the development of the 

product and has been pursuing other sources of funding to ensure that the milestones defined are 

achieved. Each milestone reached will increase the HydrUStent value. HydrUStent value can be 

further increased if KOL’s validate our product. Expert urologists will be contacted to participate in 

the first clinical trials. In this sense they will be engaged in the project from the beginning, 

contributing to the promotion and validation of the product.  

In case something goes wrong and we run out of funds the team will continue to raise money 

with different joint-venture and affiliate partners to finish product development. The team may 

invest their own money in the company to reach the milestones. The team is also pursuing funding 
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through the application of project proposals in different scientific grant proposals both via National 

and European scientific agencies. In case the bootstrapping strategy of the team fails the team can 

sell part or all of the company 

 INVESTMENT AND KEY FINANCIAL INDICATORS 

The team has estimated the pro forma financial statements to project the financial 

performance of HydrUStent through the next eight years of operation. These statements take into 

account the costs estimated and presented in table IX 7 and estimated figures however they are 

supported on sound assumptions and market data (attached are disclosed the assumptions made). 

Table IX 8 and table IX 9 present the forecast P&L and cash flow figures, estimating that 

HydrUStent will be able to start commercialization by 3 years after investment.  

The industry reference numbers used in these assumptions balance the uncertainty due to the 

very early stage of the project. The following assumptions were considered: 

• The entry market segment will be uncomplicated kidney stone management (8% ureteral stent 

market); in the second year, we intend to consolidate this market and prepare the uteroscopic 

lithotripsy market to start selling in the 3rd year.  

• At the same time HydrUStent intends to start selling, in 4th year for kidney transplant market 

• Regarding the region segments HydrUStent will start selling in Europe in 3rd year, entry into the 

US in 4th year and rest of the world in 6th .  

• The finance account takes into consideration the cost of stent produced including the 

distribution cost with a final cost of 10,70€. HydrUStent will be sold at 180€/stent. 

• The industry spends on average, 10% of the revenues on R&D and 30% of the revenues on 

administrative and marketing expenses. 

Table IX-7 Forecasted P&L statement (all figures in ‘000 EUR) 

Years after 
 investment 1 2 3 4 5 6 7 8 

Total Sales 0 0 0 300 2,671 5,723 13,339 18,322 

Cost of goods 0 0 0 18 163 349 815 1,120 

Gross Profit 0 0 0 281 2,508 5,373 12,524 17,201 

R&D 175 150 850 30 267 572 1,334 1,832 

SG&G 100 90 160 175 202 202 202 310 

EBITDA (275) (240) (1010) 76 2,038 4,599 10,987 15,060 
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Net Profit (275) (240) (1010) 95 2,202 4,948 11,803 16,179 

Table IX-8 Forecasted Cash Flow statement (all figures in ‘000 EUR) 

Years after 
investment 1 2 3 4 5 6 7 8 

Net Profit (275) (240) (1010) (576) 2,202 4,948 11,803 16,179 

Capex (-) 27 5 0  4 0  0  0  0  

Depr./Amortization (+) 0  0 0 18 163 350  815  1,119  

Free Cash Flow (275)  (245)  (1010)  117  2,365  5,298 12,618 17,299 

Cumulative Cash Flow (275)  (492)  (1502)  (1,385)  980 6,278 18,895 36,194 

Break Even Year 2020 
       

The financial projections in revenues and cash flow (million €) are presented in figure IX-7. 

 

Figure IX-7 Eight years’ financial projections for HydrUStent 

According to the investment required; costs of product development and time to market the 

team projects that breakeven will be achieved in 5th year after investment, the 2nd year of 

sales. 

Our exit strategy envisages the possibility to be acquired by one of the major players in the 

market. For companies like Boston Scientific or Bard it is easy to implement our product in their 

product portfolio, because they already have all the structure required, distribution channels 

secured and contacts to launch the product. The team has met BARD and Boston Scientific in their 

facilities in Boston, MA in the past month of September and the feedback the team had was very 

enthusiastic. Boston Scientific has visited our facilities late September following our meeting and 

was very impressed with the product, demonstrating interest in partnering with us after the first in 

vivo validation has been successfully completed. 
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 MAJOR RISKS AND MITIGATIONS STRATEGIES 

The team has identified different types of risks associated with the proposed project. We have 

ranked them according to the likelihood of occurring as 1 being low risk and 5 high risk (table IX-9). 

Table IX-9 Risk assessment of HydrUStent 

Type of risk Specification Comments Rank 

Technological 
risks 

In vivo I 
Animal model 

This study will be a first validation of the product. The 
results from this study will evaluate potential changes 
caused by biodegradable stents, assess the complete 
degradation / residual catheter and evaluate evaluation in 
the case of fragments of their dimensions and assessment 
of bacterial leakage. 

2 

In vivo II 
Animal model 

The second study is a study of survival with clinical 
evaluation and analytical specimens with documentation of 
the evolution of renal function and signs of infection. It is 
expected to get the documentation of the evolution of 
drainage capacity as a function of time and the degree of 
degradation of the material as well as a necropsy study 
with histological evaluation of renal and ureteral tissue. 

3 

Pre-clinical 
evaluation 

Prepare the clinical dossier for submission.  3 

Clinical trials 

The product translation from pig model to humans may 
fail.   
When approved, minimize FDA/ EMEA warning letters 
relating to our product. 

4 

Duration risk 
The extended duration of the project increases the product 
risk. The risk of a similar product to enter the market within 
this timeframe should not be disregarded. 

2 

Product risk 

Entry of a 
competitor 
product 

This does not invalidate the commercialization of 
HydrUStent but to be the first to market would be 
advantageous. 

3 

Quality 
Defects, failures or quality issues can result in serious 
consequences for patients. 

3 

Regulatory risks 
FDA approval The failure to be accepted as a new medical device that 

can be used in current clinical practice may invalidate the 
project. 

2 
CE certification 

Entrepreneurial 
risk 

Business 
The entrepreneurial risk will be mitigated by the team set 
up by the proponents of the project with the help of the 
network of contacts the team has. 

1 
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  Mitigation strategy 

From the above listed risks the team considers that the technology risks are the most likely to 

occur. The milestones determined by the team, namely In vivo studies, pre-clinical evaluation and 

the clinical trials have an inherent risk of failure. The probability of failure decreases as the project 

evolves and the milestones set are completed. The high risk associated with the first tasks can, 

however, be mitigated by the know-how and expertise of the team. The design of an iterative 

process to optimize HydrUStent will be done following the results of the in vivo tests. The protected 

technology allows the customization of the material in case unexpected side-effects are observed. 

The probability of failure is however present until the moment the regulatory entities certify the 

product and sales start. 

In these projects the duration estimated may be exceeded. Longer times for product validation 

and product development than estimated may occur. The duration risk will be mitigated defining 

specific deliverables within the timeframe of the project. This will allow milestones to be reached 

within the expected date and no delays on the course of the project. 
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Chapter X 

Chapter X -  General conclusions, Final Remarks and 

Future Perspectives 

 GENERAL CONCLUSIONS AND FINAL REMARKS 

Ureteral stents are a useful and crucial daily medical device in the management of numerous 

urological disorders. Ureteral stents are normally implanted in the treatment of urolithiasis, 

malignant or benign obstruction, to promote ureteral healing, manage urinary leak, or they can be 

placed preoperatively to aid in intraoperative ureteral identification, during particular surgical 

procedures. However, despite their extensive use, conventional ureteral stent technology is far from 

the ideal. Conventional ureteral stents are associated with clinical complications including bacterial 

adhesion, infection, encrustation development, pain and discomfort for the patients. A complete 

understanding of usual and unusual complications and past fails is required to find how ureteral 

stent design and clinical stent use can be improved. In past years, different methodologies have 

been explored, including novel stent coatings, drug-eluting stents and biodegradable ureteral 

stents. The major goal of the work developed under the scope of the present thesis was to develop 

a biodegradable ureteral stent based on natural origin polymers. The technology herein proposed 

and studied procured to match the main drawbacks identified in the literature in the development 

of biodegradable ureteral stents and overcome them. In chapter III, biodegradable ureteral stents 

were successfully developed from natural origin polysaccharides. A method combined of templated 

gelation and critical point drying lead to the creation of hollow tubes, using alginate and gellan 

gum, as well as their blends with gelatin. The have results shown adequate biodegradation rates in 

artificial urine solution; no development of encrustation; and anti-bacterial properties. Stents 

prepared from alginate presented the fastest biodegradation rate. The ureteral stents developed, 

when in contact with a physiological medium, become hydrogels, exhibiting biocompatible and non-

cytotoxic characteristics. Biodegradable stent technology joined with the possibility to release active 

compounds, such as anti-inflammatory agents like ketoprofen is an important development for the 

future of ureteral stents. In chapter IV, a ketoprofen-eluting biodegradable ureteral stent was 
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prepared by supercritical CO2 impregnation. The study revealed the influence of the operating 

conditions, particularly temperature, on the impregnation yield, which was found to be higher at 40 

°C for both alginate-base stents and gellan-gum based stents. According to the release kinetics 

profiles, ketoprofen is released in the first 72 h in artificial urine solution. The results showed a 

good indication that the drug-eluting ureteral stents developed are able to meet the purpose for 

which they were designed, i.e, be able to act when fast and local delivery is desirable. The elution 

of the drug at the same time the degradation of the stent occurs is a major progress in the state of 

the art. In chapter V, the objective was to overcome the low mechanical performance 

demonstrated in the formulation of the stent designed in chapter III which fail, upon the first In 

vivo validation in a pig model. Stent formulation was revised and different concentrations of gelatin 

and alginate and different concentrations of crosslinking agent were tested in order to enhance the 

mechanical properties. Furthermore, bismuth was added to confer radiopaque propertied to the 

biodegradable ureteral stent. This second-generation of stents, presents radiopaque properties 

even in the wet state. Additionally, In vitro results showed that a higher concentration of gelatin in 

the biodegradable stent resulted in higher mechanical properties, and a higher concentration of 

alginate slowed the degradation In vitro. The leachables and the degradation products have shown 

to be non-cytotoxic and the degradation of the stent has shown to be homogenous as the 

degradation occurs by erosion of the material. The In vivo placement under conventional procedure 

was successfully validated and the female pigs remained asymptomatic, with normal urine flow. 

The stents remain intact during the first 3 days and after 10 days the ureteral stents were totally 

degraded. In Chapter VI, using the formulation developed in the previous chapter and the 

supercritical carbon dioxide (scCO2) impregnation process used in the chapter III, a drug-eluting 

biodegradable ureteral stent as new approach for urothelial tumors of upper urinary tract cancer 

was developed. Paclitaxel, epirubicin, doxorubicin and gemcitabine were impregnated in the 

biodegradable ureteral stents developed and in commercial ureteral stent, as a control. The release 

was sustainable in artificial urine solution and 100% of the impregnated drug was released after 

72h, while stent degraded in 9 days. In the case of the commercial stent the amount of drug 

impregnated was lower and the release was faster for all drugs. In this case 100% of the drug was 

released within 24 h. The anti-cancer drug-eluting biodegradable ureteral stents developed 

confirmed the anti-tumoral effect against T24 urothelial cancer line reducing around 75% of cell 

viability after 72 h and demonstrating minimal cytotoxic effect on HUVECs which were used as 

control. In chapter VII, the permeability of paclitaxel and doxorubicin from the drug-eluting 
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ureteral stents developed in the previous chapter was studied, using three different membranes: 

polyethersulphone membrane (PES), HUVECs cell monolayer and an ex vivo porcine ureter. The 

permeability results were found to be dependent on the molecular weight of drugs and naturally by 

the release time of the drug from the stent. The results supported the hypothesis of biodegradable 

ureteral stents impregnated with chemotherapy drugs may serve as sustainable IDD systems 

increasing the bioavailability of drugs and the ability to target upper urinary tract urothelial 

carcinoma, particularly those impregnated with paclitaxel. In chapter VIII, the biodegradable 

ureteral stents developed were tested in a large In vivo porcine model. The study, demonstrated 

that biodegradable ureteral stents made from natural origin polymers developed are biocompatible, 

with suitable mechanical properties and present a homogenous degradation. The results obtained 

have proven that this biodegradable ureteral stent has the capacity to provide a temporary urine 

drainage as good as the non-degradable commercial stents with significantly less edema and 

hydronephrosis. In chapter IX, presents a business plan strategy towards the commercialization 

of the technology developed under the scope of this thesis. The business plan demonstrated the 

feasibility and the demand as well as the market potential of the patented technologies. 

 FUTURE RESEARCH DIRECTIONS 

Ureteral stent design is an interesting and exciting field which has gained more attention 

particularly in last years. To date none of the technological developments has led to the “ideal 

stent”, but much progress has been made in the ureteral stent design by improving the physical 

characteristics of the biomaterials and the application of new coatings. The future direction in this 

field will incorporate all the research developed and might be in the form of a biodegradable 

ureteral stent engineered to be coated or impregnated with and active compounds to address not 

only stent-associated complications but also new clinical urologic scenarios as tumors of upper 

urinary tract. Developments regarding biodegradable metal-based stents could, in the future, be 

applied in design of stents that can maintain patency and degrade in the desired time period. The 

development of new biomaterials that can be triggered from an external stimulus and because of 

that the degradation of the stent can be controlled instantly and be another promising approach. 

Hydrogel-based materials with suitable mechanical properties, proved in this thesis to be a good 

approach to minimize inflammation and lower urothelium irritation. In the next years, new natural 

hydrogels or new biodegradable synthetic polymer-based can be developed and applied to the 
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design of ureteral stents. Supercritical fluid process has revealed in this thesis to be a unique 

process for drying biodegradable ureteral stents and to impregnate active compounds within the 

polymeric matrix. With the knowledge generated by this work, it is expected that the proposed 

biodegradable ureteral stents from natural origin polymers will have a strong impact in urologic 

field and can find the way to go to market. The most characteristic and promising feature of the 

proposed biodegradable ureteral stent is the unique homogenous stent-fragment free degradation 

process confirmed in vivo in a porcine model. Incontestably, the clinical trials in humans it are 

necessary to corroborated the promising results obtained so far. 
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