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Ovarian cancer is the eighth most common cancer in women and has the highest mortality rate of gynecological 

malignancies. Because of the non-specific nature of the symptoms, the majority of patients (>70%) is diagnosed 

in an advanced stage of the disease, stage III or IV. Advanced ovarian cancer is characterized by the presence of 

metastases in the peritoneal cavity, known as peritoneal carcinomatosis, and has a poor prognosis. The standard 

treatment modality is a combination of cytoreductive surgery and intravenous chemotherapy. Since peritoneal 

metastases remain mainly confined to the peritoneal cavity and because of the lack of effective intravenous 

chemotherapy, intraperitoneal (IP) chemotherapy has been added to the modality. Despite an improvement of 

overall and progression free survival rates, approximately 80% of advanced ovarian cancer patients relapse 

within 5 years. This can be partly attributed to the short residence time of chemotherapeutics in the abdominal 

cavity, hampering their antitumoral efficacy, and a lack of drug formulations specifically designed for IP 

administration. Additionally, if no complete cytoreduction was achieved, the risk of recurrence is high. 

Following cytoreductive surgery, severe peritoneal adhesions are observed. Peritoneal adhesions are 

pathological attachments between tissues and organs of the abdominal cavity. They compromise quality of life 

by causing small bowel obstruction, chronic abdominal pain and female infertility. Peritoneal adhesions are not 

only a complication after surgical debulking for abdominal malignancies but are also observed after general 

intra-abdominal and open gynecologic surgery with high incidence rates up to 97%. The drawbacks of 

commercially available anti-adhesive barriers are difficulties in handling, incompatibility with laparoscopy and 

a limited effectiveness. 

Therefore, the general aim of this thesis is the development of a novel postsurgical IP adjuvant depot system 

for the treatment of advanced ovarian cancer that can simultaneously prevent peritoneal adhesions and improve 

the efficacy of IP chemotherapy by providing a prolonged drug delivery of a chemotherapeutic agent. 

Chapter 1 described the formulation of gelatin microspheres designed for IP administration via a modified 

emulsification solvent extraction method. Subsequently, the microspheres were crosslinked using genipin, a 

natural crosslinking agent. Genipin-crosslinked gelatin microspheres (GP-MS) were in vitro characterized in 

terms of size, morphology, resistance to degradation and influence on cell viability. 

The effectiveness of GP-MS for the prevention of postsurgical peritoneal adhesions was evaluated in Chapter 2. 

First, the distribution pattern of GP-MS was evaluated since it is important that they are able to spread 

throughout the abdominal cavity without manipulation of the surgeon. Also, GP-MS must not cause inflammatory 

reactions and has to be biodegradable. Therefore, in vivo biocompatibility and -degradability was assessed by 

visual inspection and histopathological examination of abdominal organs and tissues. The effectiveness of GP-



 

4 
 

MS for the prevention of postsurgical peritoneal adhesions was evaluated in a standardized abraded abdominal 

wall-cecum mouse model. Peritoneal adhesions were scored 14 days after induction of the adhesions using 

multiple scoring systems taking into account type, extent, tenacity and site of adhesions. The efficacy of GP-MS 

was compared to 0.9% saline and the commercially available Hyalobarrier® gel. 

Because of the intended dual application of the formulation, Chapter 3 described the loading of GP-MS with 

paclitaxel (PTX). Paclitaxel is a potent chemotherapeutic agent for ovarian cancer and has a favorable 

pharmacokinetic profile for IP use. Incorporation efficiency of GP-MS using two different types of loading 

medium, an ethanolic PTX solution and a PTX nanosuspension was assessed. Subsequently, in vitro and in vivo 

drug release behavior and pharmacokinetics of PTX-loaded GP-MS (PTX-GP-MS) were studied. The influence of 

PTX-loaded GP-MS on viability of different ovarian cancer cell lines, SK-OV-3, OVCAR-3, SK-OV-3 Luc IP1 was 

evaluated. Finally, one of the intentions of this work was the establishment of an in vitro-in vivo correlation for 

the PTX-loaded GP-MS. Therefore, attempts were made to establish various levels of in vitro-in vivo correlation. 

Ultimately, Chapter 4 evaluated the efficacy of PTX-GP-MS in the IP treatment of peritoneal carcinomatosis from 

ovarian origin. The efficacy of PTX-loaded GP-MS was compared to controls (0.9% saline and blank GP-MS) and 

an immediate release formulation Abraxane®, a nanoparticular albumin-bound PTX formulation, in a microscopic 

peritoneal carcinomatosis xenograft model in Balb/c Nu mice to simulate the post-cytoreductive state. Survival, 

peritoneal carcinomatosis index score, weight change and ascites score were assessed for each animal. 

Subsequently, histopathological examination of abdominal organs and tissues was performed to evaluate the 

extent of peritoneal disease and possible local toxicity of the PTX-treatment. Furthermore, a pharmacokinetic-

pharmacodynamic model was constructed to describe the competing effects of PTX treatment and toxicity on 

survival of mice. In addition, the potential of caspase-cleaved cytokeratin 18 as a biomarker to monitor treatment 

response was evaluated. 
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1. Peritoneal adhesions 

1.1 Incidence and pathophysiology 

The peritoneum is the largest and most complexly arranged serous membrane in the body. The parietal 

membrane lines the abdominal wall and pelvis and covers the diaphragm between thorax and abdomen, 

whereas the visceral peritoneum covers the intraperitoneal organs.  The peritoneum consists of two layers 

(Figure 1). The first layer, the mesothelium, is a single layer of mesothelial cells supported by a basement 

membrane. The second layer is a submesothelial connective tissue layer. The peritoneum is associated to an 

underlying extracellular matrix which contains fibroblasts, endothelial cells, collagen and other molecules as a 

barrier to transport macromolecules. Mesothelial cells secrete a small quantity of anti-adhesive serous fluid 

consisting of phospholipids and glycosaminoglycans which ensures gliding of the abdominal viscera upon 

another and against the abdominal wall.1–4  

 

Figure 1. Anatomy of the peritoneum, consisting of a single layer of mesothelial cells and underlying connective 

tissue, associated to an interstitial matrix (reprint from Flessner et al. 20054) 

Peritoneal adhesions are defined as pathological attachments between tissues and organs, usually between the 

omentum, bowel loops and abdominal wall. They can be classified as congenital or acquired. Congenital 

adhesions are present from birth as an embryological anomaly in the development of the peritoneal cavity and 

are extremely rare.5–7 The majority of adhesions is acquired and can be further subdivided into inflammatory or 

postsurgical. Inflammatory adhesions are a response of the peritoneum following appendicitis, acute 

cholecystitis, pelvic inflammatory disease and the use of an intrauterine contraceptive device, etc.5–8 Postsurgical 

adhesions grow when injured tissue, following incision, cauterization or suturing, fuse together to form scar 

tissue. The incidence of postsurgical adhesions varies from 67 to 93% after general surgical abdominal surgery 

and up to 97% after open gynecologic pelvic procedures.5,8–12  
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Postsurgical intraperitoneal adhesions severely affect quality of life of millions of people worldwide. Small 

bowel obstruction is the most common complication of peritoneal adhesions, accounting for 60-70% of all cases 

in the Western World. Other complications include chronic abdominal and pelvic pain, difficult re-operative 

surgery and female infertility. Besides the physical and emotional impact of the complications of peritoneal 

adhesions, they also have a massive impact on the economic and healthcare system. Existing peritoneal 

adhesions lead to elevated rates of reoperation, longer operation time due to the difficulty and risk of the 

procedure, surgical site infections and longer hospitalization. The costs of abdominal adhesions account for 

billions of dollars in the United States alone.5,6,9,10,12,13 The need for an effective strategy to prevent peritoneal 

adhesions is clear, therefore an understanding of the pathophysiology of adhesion formation is crucial.   

The mechanism of adhesion formation is considered as a variation of the normal physiological healing process 

(Figure 2).5,7,14 Injury or inflammation of the peritoneum leads to submesothelial damage and injured blood 

vessels, resulting in an inflammatory response, activation of the coagulation cascade and simultaneous fibrin 

deposits at site.7,10 Chemical messengers as cytokines, interleukin (IL)-1, IL-6 and tumor necrosis factor- (TNF-

) are released as a response to trauma. The cytokines attract and activate macrophages. Postsurgical 

macrophages differ from resident macrophages and secrete variable substances, including cyclooxygenase and 

lipoxygenase metabolites, plasminogen activator, plasminogen activator inhibitor (PAI), collagenase, elastase, 

IL-1 and 6, TNF- etc. They recruit new mesothelial cells to induce peritoneal remesothelialization in response 

to macrophage-secreted mediators.5,7,14,15 Parietal wounds remesothelialize within 5-6 days for the parietal 

peritoneum and within 5-8 days for both the visceral mesothelium covering the terminal ileum and the 

mesothelial layer of the parietal mesothelium.5  

In response to the released chemical messengers, the fibrin gel matrix is initiated. The fibrin clot, also called 

peritoneal scar, is formed in several stages from fibrinogen to fibrin monomer, which in turn polymerizes to 

soluble fibrin polymers and becomes insoluble by coagulation factors. The latter interacts with proteins to form 

the fibrin gel matrix. Formation of the fibrin matrix is considered as the basis of adhesion formation. Two 

damaged peritoneal surfaces in apposition while covered with fibrin gel matrix may form an adhesion. The 

balance between deposition and degradation of fibrin differentiates between normal peritoneal healing or 

adhesion formation.5–8,16 
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Figure 2. Normal peritoneal repair mechanism versus adhesion formation cascade, based on imbalance between 

plasminogen activator and inhibitor. PAI = plasminogen activator inhibitor, tPA = tissue plasminogen activator, 

uPA = urokinase-like plasminogen activator (based on Arung W. et al. 2011) 

Normally most of the fibrin depositions are dispersed by fibrinolysis. The fibrinous mass that remains, results in 

the organization and formation of adhesions. Fibrinolytic activity usually begins three days after peritoneal 

injury and increases to a maximum by day 8. Therefore, peritoneal adhesions will remain when 

remesothelialization is completed by day 8. Normal peritoneum has a high fibrinolytic activity to prevent 

adhesion formation.5,7,10 Fibrinolysis is initiated by plasmin, converted from plasminogen by the action of 

plasminogen activators (PAs). Tissue plasminogen activator (tPA) present in mesothelial cells is responsible for 

the production of 95% of the plasmin generated in response to peritoneal injury. Plasmin fragments the fibrin 

clot and lyses fibrinous adhesions. Fibrinolytic activity is significantly inhibited at sites of surgical or 

inflammatory injury since levels of PAI are increased, preventing the production of plasmin by binding to tPA 

and uPA (urokinase-like plasminogen activator). Additionally, deficient blood supply and reduced tissue 
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oxygenation, typically for surgical injury, decrease fibrinolysis resulting in adhesion development. Fibrovascular 

adhesions will mature into fibrous bands with collagen, elastin fiber and blood vessels and may be lined by 

mesothelial cells.5,7,8,10,16 

 Several strategies, including physical barrier devices and pharmacological agents, are used in attempt to prevent 

postsurgical peritoneal adhesions. 

1.2 Current strategies in prevention of peritoneal adhesions 

1.2.1 General and technical measures 

Damage of the peritoneal surface following trauma during surgical procedures is the basis for peritoneal 

adhesion formation. Denudation of the superficial mesothelial layer and subsequent bleeding causes an 

inflammatory response, an imbalance between fibrinolysis and fibrinogenesis and thus promotes adhesion 

formation. An optimal surgical technique and avoidance of the contact between traumatized peritoneal areas 

with each other or surrounding tissue is crucial in the prevention of peritoneal adhesions.5,6,10,17  

The Halstead Principle of gentle tissue handling, hemostasis and delicate dissection techniques are critical to 

limit tissue injury, inflammation and serosal damage. Other general principles include moisturizing of tissues, 

avoiding unnecessary dissection, using micro- and atraumatic instruments, application of non-reactive suture 

material and the prevention of foreign body reaction and infection. Foreign bodies (e.g. glove powder, lint from 

pack, drapes or gown, suture material) initiate peritoneal inflammation and can consequently induce 

adhesions.5,6,10,17 

Limitation of surgical trauma is essential. Therefore, minimally invasive and laparoscopic surgical techniques are 

encouraged rather than laparotomy procedures. Nevertheless, it seems that the dimension of damaged tissue is 

more crucial than the surgical approach itself.5,10,17 Conflicting results have been reported regarding the reduced 

incidence of postoperative adhesion when comparing laparoscopy to open procedures.18–24 Additionally, 

minimally invasive techniques will result in a reduction of the frequency, extent, severity and type of adhesions 

but not in an elimination. However, contamination with foreign bodies and risk of infection are decreased using 

laparoscopy.10,17  

1.2.2 Pharmacological therapy 

A wide variety of pharmacological agents have been used in an attempt to prevent postoperative peritoneal 

adhesions. The drugs interfere with the adhesion cascade and most commonly target inflammation and/or favor 

fibrinolysis.5,6,9,12,14 Several anti-inflammatory drugs have been tested including non-steroidal anti-inflammatory 
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drugs (NSAIDS), corticosteroids and antihistamines. NSAIDs, e.g. ibuprofen and indomethacin, alter arachidonic 

acid metabolism by changing cyclooxygenase activities. By inhibiting prostaglandin and thromboxane synthesis, 

they decrease vascular permeability, plasmin inhibitor, platelet aggregation and coagulation and enhance 

macrophage function. NSAIDs have shown effect in many animal studies but failed to prove effectiveness in 

clinical trials. Corticosteroids, e.g. dexamethasone and hydrocortisone, reduce vascular permeability and release 

of cytokines and chemotactic factors. Studies also use combination therapy with antihistamines as promethazine 

or diphenhydramine. Antihistamines inhibit fibroblast proliferation. The use of corticosteroids in clinic is impeded 

since conflicting results are reported about the effectiveness and there is a risk of side-effects as 

immunosuppression.5,6,9,14,25  All anti-inflammatory drugs have the potential side effect of delayed wound healing 

and therefore their use is limited. The steroidal hormone progesterone showed a reduced adhesion formation in 

animal models but human studies did not report significant evidence.5,6  

Pharmacological agents addressing the fibrinolytic system and coagulation cascade are fibrinolytics and 

anticoagulants. Heparin is the most extensively investigated anticoagulant in the prevention of peritoneal 

adhesions and acts by tempering the activation of the clotting cascade and by decreasing fibrin deposition. Side 

effects associated with the use of heparin are hemorrhages and delayed wound healing. An intraperitoneal (IP) 

administered low dose of heparin did not show any advantage in adhesion reduction. Similarly, fibrinolytic drugs 

interfere with wound healing and may cause hemorrhagic complications. The use of recombinant tPA showed in 

animal models, when applied locally, a reduction in adhesions without complications. Yet, fibrinolytics are not 

recommended because of limited clinical efficacy and the risk of side effects.5,6,14 

A variety of other compounds has been tested to prevent peritoneal adhesions. Broad spectrum antibiotics are 

used for prophylaxis against postoperative infections and may consequently be useful as an anti-adhesive drug. 

Despite their effectiveness in animal models, several studies reported an increase in adhesion formation and 

therefore their single use in adhesion prevention is not recommended.5,6 Different approaches like antibodies to 

transforming growth factor-beta or a neurokinin-1 receptor antagonists have been investigated to promote 

fibrinolysis.6,9,10 Additionally, antioxidants, vitamins, chemotherapeutic agents and immunosuppressive drugs 

have been considered as a prevention strategy.6,9,10,25 

All of the mentioned molecules interfere with relevant pathways in the adhesion formation cascade and despite 

promising results in animal studies, clinical results rarely show any effect.5,6,10,12,17 There are several reasons 

reported for the poor effectiveness in adhesion prevention. First, systemically administered drugs cannot reach 

ischemic sites at the injured surfaces. These sites are known to be favorable regions for adhesion development 

but systemically administered drugs fail to reach these regions because of the insufficient blood supply.5 
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Secondly, the rapid peritoneal clearance limits the half-life and efficacy of IP administered agents.5,10 

Incorporation of pharmacologicals into mechanical barriers has been suggested to improve treatment 

outcome.6,9,14,25 

1.2.3 Physical barriers 

Physical barriers may prevent postoperative adhesions by keeping the injured peritoneal surfaces separated 

until completion of peritoneal remesothelialization. During the first critical days of this process, contact between 

damaged serosal surfaces must be avoided.6,17 An ideal barrier has to meet several specifications, besides being 

safe and effective. The barrier should be biodegradable, non-inflammatory and non-immunogenic. An efficient 

tissue separation must be ensured during the remesothelialization phase and the barrier must entirely cover 

the damaged peritoneum. It should be easy to apply during both laparoscopic and open procedures and stay in 

place without sutures or staples. Furthermore, it has to remain active in the presence of blood. Degradation 

products should not be toxic and the barrier cannot interfere with normal wound healing process.5,6,9,10 Barriers 

can either be liquids or (semi)solid. Table 1 displays an overview of barriers that were or are currently approved 

by the United States Food and Drug Administration (FDA) and/or European Medicines Agency (EMA) or are 

marketed in Europe for adhesion prevention and/or reduction in the abdominopelvic cavity. 

The use of liquids or low-viscosity barriers is appealing because of the easy administration and application via 

instillation in minimally invasive surgery and coverage of the entire peritoneal cavity. Crystalloid solutions, e.g. 

saline and Ringer’s lactate, separate affected surfaces by hydroflotation. Studies could not show a significant 

effect in adhesion prevention mainly due to the rapid peritoneal absorption. Complete peritoneal clearance is 

achieved within 12 hours. Consequently, attempts to increase residence time of liquids in abdominal cavity lead 

to the experimental and clinical use of polysaccharides, hyaluronic acid (HA) and icodextrin. Initially, a 

polysaccharide solution, 32% Dextran 70 was frequently used. Absorption of the solution was slow but clinical 

trials could not show a reduction in adhesion formation and disclosed severe side effects as ascites, pleural 

effusion and liver malfunction.5,6,9,10 A HA solution can form a viscous solution due to its water binding capacity 

which is thought to be advantageous in adhesion prevention. Sepracoat®, a HA solution demonstrated promising 

results in both animal and clinical studies after gynecological surgery via laparotomy. However, the product has 

been discontinued in 2000 because of poor sales.5,10 Adept®, a 4% icodextrin solution, is approved by the FDA since 

2006 as an adjunct to good surgical practice for the reduction of post-surgical adhesions in patients undergoing 

gynecological laparoscopic procedures. After instillation of a large volume (2-3 liters) of Adept® into the 

abdominal cavity, the solution remains in the abdominal cavity for several days because of the presence of the 

high-molecular weight glucose polymer. Adept® was shown to be safe to use and demonstrated a decrease in 
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the number of adhesions upon second laparoscopy when compared to lactate Ringer’s solution.266,9,10,17 However, 

a large multicentre, double-blind, randomized study did not show any evidence of clinical effect (no significant 

reduction of adhesions) but also confirmed its safety.27 

Table 1. Anti-adhesive barriers previously or currently approved by FDA and/or EMA or have an European CE mark 

for adhesion prevention and/or reduction in the abdominopelvic cavity 

Brand name Chemical composition Legislation Indication 

Liquids 

Adept® Icodextrin EMA/FDA approval 

 

Reduction of post-operative adhesions in 

patients undergoing gynecological 

laparoscopic surgery 

Sepracoat® Hyaluronic acid discontinued 

(2000) 

Reduction of adhesions following 

abdominopelvic and thoracic surgery  

Semi-solids 

SprayShield® Polyethylene glycol European CE Mark 

 

Reduction of postsurgical adhesion formation 

in patients undergoing laparotomy or 

laparoscopic abdominopelvic surgery 

Coseal® Polyethylene glycol European CE Mark 

Off-label use USA 

Prevention or reduction of adhesions 

following abdominopelvic surgery 

SepraSpray ® Hyaluronic acid, 

carboxymethylcellulose 

discontinued Reduction of adhesions following 

abdominopelvic procedures performed by 

laparotomy 

Hyalobarrier®  

Hyalobarrier Endo® 

Hyaluronic acid European CE Mark Prevention or reduction adhesions following 

abdominopelvic surgery 

Solid membranes 

Seprafilm® hyaluronic acid, 

carboxymethylcellulose 

EMA/FDA approval 

 

Prevention or reduction of adhesions 

following open general and gynecological 

surgery 

Interceed® Oxidized regenerated 

cellulose 

EMA/FDA approval 

 

Reduction of adhesions after open 

gynecological surgery after achieving 

meticulous hemostasis 

Preclude Peritoneal 

Membrane® 

Expanded 

polytetrafluoroethylene 

discontinued 

(2011) 

Prevention or reduction adhesions following 

open abdominopelvic surgery 
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Solid films or membranes are widely used as adjuvant in the prevention of postsurgical adhesions next to good 

surgical practice. There are both non-absorbable and bio-absorbable films. Since this type of barriers must be 

directly applied onto the injured surface and thus potential site of adhesion, their benefits are limited to these 

sites and their application is restricted to open surgery. Additionally, some barriers require suturing or staples 

to stay in place which itself can cause adhesion formation. Also, solid barriers are often ineffective in the 

presence of blood and generally difficult to apply. Despite their drawbacks, solid membranes are up to now the 

most frequently used prevention adjuncts in abdominopelvic surgery.7,9,10,23  

Preclude Peritoneal Membrane® is a synthetic, non-resorbable adhesion barrier made of expanded 

polytetrafluoroethylene. Randomized trials demonstrated a decrease of adhesions after myomectomy and pelvic 

sidewall adhesions. However, the membrane is not easy to handle. It needs fixation by suturing and second 

surgery for removal. Consequently, Preclude® was rarely used in clinic and it was withdrawn when absorbable 

barriers were marketed.5,6,9,10,17 

The most commonly used films are the bioabsorbable Seprafilm® and Interceed®. Seprafilm® is a transparent and 

resorbable membrane made of sodium hyaluronic acid and carboxymethylcellulose. It forms a hydrophilic gel 

within 24 h after application thereby separating traumatized tissues for 7 days.5,6,10,17 Seprafilm® is routinely used 

in clinic because of the proven safety and efficiency in reducing adhesion formation in several prospective 

randomized multicentre trials.5,6,10,17,28–31 Small bowel obstruction cannot be prevented but a study showed a 

significant decrease in chronic abdominal pain.32 Drawbacks include an increased risk of anastomotic leak and 

fistula formation and the high fragility of the material.6,17 Interceed® is an oxidized regenerated cellulose 

membrane which is placed over and between injured surfaces. It forms a gelatinous substance immediately after 

placement and is absorbed within 3-10 days. The membrane has proven its effect in several animal and human 

studies. Interceed® is approved for open gynecological surgery. Importantly, complete hemostasis must be 

achieved before application of Interceed® since the membrane becomes ineffective in the presence of 

blood.5,6,9,10,23 

Semi-solid (in situ) gels are of increasing interest because of their potential laparoscopic use. SprayShield® 

consists of two different polyethylene-glycol-based fluids which can be applied to damaged surfaces via an air 

pump or spray applicator. The barrier has a blue color to facilitate identification of already treated areas. It is 

easy to handle, biocompatible and -degradable but efficacy results are conflicting.10 A small randomized, 

prospective, multicentre study in patients undergoing myomectomy showed good adhesion prevention33, whilst 

a similar study could not demonstrate significant effects.34 Another prospective multicentre randomized study 

showed a lower incidence of adhesions in patients following ileostomy but due to the low number of included 
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patients, no significant data were obtained.35 Coseal Surgical Sealant® is a synthetic hydrogel composed of two 

synthetic polyethylene glycols. It is designed to act as a sealant around a sutured site in cardiovascular and 

thoracic surgery and indicated in Europe for patients undergoing laparotomy or laparoscopic abdomino-pelvic 

surgery as an adjunct to good surgical technique to reduce the incidence, severity and extent of postsurgical 

adhesion formation. One human trial with 71 patients undergoing open myomectomy proved the safety and 

efficacy of Coseal®.36 The barrier is more frequently used in the prevention of adhesions following cardiac surgery 

because of its dual application as sealant.37–41 A sprayable form of Seprafilm®, SepraSpray®, was approved in 

certain countries in Europe and Asia. Encouraging safety and efficacy data in animal experiments and a 

randomized trial in patients undergoing myomectomy encouraged further investigation.42,43 A following 

multicentre, randomized controlled trial for the assessment of safety and efficacy of SepraSpray® in colorectal 

laparoscopic surgery demonstrated significantly higher rates of (severe) adverse effects in the SepraSpray® 

treated group. The study was terminated before inclusion criteria were achieved because of the elevated risk for 

postoperative comorbidity and SepraSpray® was discontinued.44 Hyalobarrier® (Endo) Gel, a HA auto-crosslinked 

highly viscous gel, is available in Europe as anti-adhesive agent. The effect of Hyalobarrier® was demonstrated 

in animal models in open and laparoscopic surgery.45,46 Small clinical trials showed its effect in gynecological 

surgery.47,48  

Currently, the barrier method is the only useful adjunct in the prevention and reduction of postoperative 

adhesion formation. Despite a wide range of anti-adhesive agents, there are up to now only prospective, 

randomized clinical trials available for Seprafilm® and Adept® in general surgery. Most clinical studies mainly 

evaluate effectiveness of barriers in gynecological surgery. Disadvantages of current available barriers include 

a brief residence time at the site of administration, difficulties in handling and incompatibility with laparoscopy. 

Furthermore, barriers and pre-formed hydrogels are unable to cover all peritoneal surfaces. Although studies 

have shown that physical barriers minimize the formation of postoperative adhesions, significant improvement 

in adhesion-related complications (reoperation rates, chronic abdominal pain or infertility) is not seen. Also, 

increased risk of intra-abdominal abscesses and anastomotic leak, if the barriers are placed near anastomosis, 

and higher costs are limitations of physical barriers.6,9,17,28,49,50 There is a need for large, prospective multi-centre, 

randomized clinical trials for already marketed anti-adhesive products to record and evaluate all their potential 

applications in reduction and prevention of post-operative adhesions. Additionally, novel effective anti-adhesive 

barriers are needed, meeting the requirements for a perfect barrier as previously described since the optimal 

material or formulation for adhesion prevention has not yet been identified. 
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1.3 Ongoing research and future perspectives 

A lot of research has been done and is still ongoing to find the perfect anti-adhesive agent. Barrier materials, 

both natural agents and synthetic polymers, are engineered to obtain optimal biological, mechanical and even 

controlled drug release properties. Thermo- or fluid-sensitive materials which are liquid at room temperature 

and become viscous or solid-like at body temperature, are particularly appealing because of their potential 

application in minimal invasive surgery. Moreover, biomaterials arranged in a particular structure such as (in 

situ) hydrogels, microspheres, micelles… might improve effectiveness in adhesion prevention because of their 

easy administration and potential to cover all peritoneal surfaces without manipulation of the surgeon. 

Furthermore, pharmacological functionalization of barriers might increase their effect. Up to now, 

administration of drugs has not yet led to prevention or reduction of adhesions, mainly because of their fast 

clearance from the peritoneal cavity. Incorporation of potential active agents like anti-inflammatory drugs, 

fibrinolytic agents or cytokine antibodies into barriers could increase their residence time and subsequently their 

effect.5,10,17,25  

Biomaterials, e.g. HA, chitosan, gelatin and derivatives, are frequently used in anti-adhesive barrier research 

because of their biocompatibility and -degradability. In situ crosslinking and thermosensitive hydrogels have 

been designed using HA and cellulose derivatives51, modified chitosan52, a combination of HA and chitosan53; 

modified chitosan and gelatin54, and demonstrated the ability to prevent postsurgical adhesions in animal 

models (rat, mice, rabbit) using an abraded sidewall-cecum model. A poloxamer-chitosan-gelatin 

thermosensitive anti-adhesive with sol-gel transition properties has been developed to reduce the incidence of 

postoperative scar formation and to prevent peritoneal adhesions after laminectomy.55 The product is marketed 

in Korea as Mediclore® and is currently in clinical trial (NCT03007654) to evaluate the anti-adhesive effect and 

safety after gynecological surgery. Polysaccharides are also often investigated because of their biocompatibility 

and their potential to increase residence time. A novel spray-type dextrin hydrogel was evaluated under 

laparoscopic conditions in a porcine uterine horn adhesion model. The hydrogel, Adspray®, is marketed in Japan 

and showed excellent adhesion prevention capability and good biocompatibility in pigs.56 A starch-based novel 

adhesion barrier, 4DryField PH® is developed and marketed in Germany and certified for both adhesion 

prevention and hemostasis. The efficacy of the product in the field of adhesion prevention has been shown in 

experimental studies.57,58 In a small human study with 20 patients 4DryField PH® also demonstrated effective 

adhesion prevention in gynecological surgery59 and following a case presentation of 5 patients, it showed 

promising adhesion prevention after open adhesiolysis.60 Further investigation and prospective randomized 

trials are required to examine its potential. 
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Besides natural or biomaterials, numerous studies have been conducted using synthetic polymers, most 

commonly a modification of polyethylene glycol (PEG). Animal models evaluated the effect in adhesion 

prevention of (thermosensitive) hydrogels composed of poly(ε-caprolactone)-PEG-poly(ε-caprolactone) (PCL-

PEG-PCL)11, PEG-PCL-PEG12,61 and  poly(ɛ-caprolactone-co-lactide)-PEG-poly(ɛ-caprolactone-co-lactide)62. A new 

investigational adhesion barrier device, ActamaxTM Adhesion Barrier, consists of two aqueous solutions, dextran 

aldehyde and PEG amine polymers and forms a thin, tissue-adherent degradable hydrogel on surgically 

traumatized surfaces when sprayed together. A prospective, randomized, multicentre clinical study of 78 

patients undergoing gynecologic laparoscopic abdominopelvic surgery proved its safety and suggested 

effectiveness as an anti-adhesive agent, especially following myomectomy.63  
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2. Ovarian cancer 

2.1 Incidence, classification and staging of ovarian cancer 

Ovarian cancer (OC) is one of the leading causes of death from gynecological cancers in the western world.  OC 

is the eighth most common cancer worldwide for females with about 239 000 new cases annually diagnosed 

and the eighth leading cause of cancer death among women with 152 000 deaths annually.64–66  Age-

standardized incidence rates are highest in Northern and Central Europe.64,65 Ovarian tumors can originate from 

three cell types: epithelial (>90%), stromal (5-6%) and germ cells (2-3%).  

 

Figure 3. Five main types of epithelial ovarian carcinoma based on cell type: (a) high-grade serous carcinoma, (b) 

low-grade serous carcinoma, (c) mucinous carcinoma, (d) endometrioid carcinoma, (e) clear-cell carcinoma 

(Reprint from Prat et al. 2012) 

Epithelial ovarian cancer (EOC) is a heterogenous disease that can be further subdivided based on 

histopathology,  origin and molecular genetics into high-grade serous carcinoma (HGSC), low-grade serous 

carcinoma (LGSC), endometrioid carcinoma (EC), clear-cell carcinoma (CCC) and mucinous carcinoma (MC) (Figure 

3).64,67–72 The most common carcinoma HGSC, with a 70% incidence, shows papillary and solid growth with slit-

like glandular lumens. The tumor cells are intermediate sized exhibiting scattered mononuclear giant cells with 

prominent nucleoli and a high mitotic index.67,70 Previously, EOC was subdivided into two types, type I and II 

carcinoma. HGSC was considered as a type II carcinoma and the other tumors (LGSC, EC, CCC and MC) were 

assigned as type I. Type I tumors are thought to evolve from borderline tumors and endometriosis in a stepwise 
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manner. They are characteristically present as large masses that are confined to one ovary, have a good 

prognosis and are relatively genetically stable. Type II tumors have an aggressive phenotype, are mostly present 

in an advanced stage, grow rapidly and have generally a poor prognosis. Furthermore, they are chromosomally 

unstable and typically p53 mutations are found, which is rarely seen in type I tumors.64,67,70,72,73 The classification 

into just two types of EOC is artificial and ‘type I tumors’ are each clinically, morphologically and molecularly 

different diseases as described in Table 2. 

Table 2. Incidence, clinical and molecular characteristics of the five main types of epithelial ovarian cancer 

 HGSC LGSC MC EC CCC 

Incidence 70 10 10 3 <5 

Type II I I I I 

Origin Fallopian tube 

epithelium 

Fallopian tube 

epithelium 

Ovary 

Fallopian tube-

peritoneal junction? 

Endometrium Endometrium 

Patten of spread Very early 

transcoelomic 

Transcoelomic Usually confined to 

ovary 

Usually confined to 

pelvis 

Usually confined 

to pelvis 

Molecular 

abnormalities 

BRCA, p53 BRAF, KRAS KRAS, HER2 PTEN, ARID1A HNF1, ARID1A 

Chemosensitivity High Intermediate Low High Low 

Prognosis Poor Intermediate Favorable Favorable Intermediate 

CCC: clear-cell carcinoma, EC: endometrioid carcinoma, HGSC: high-grade serous carcinoma, LGSC: low-grade serous carcinoma, MC: 

mucinous carcinoma,  

Based on previous classification of OC, The International Federation of Gynecology and Obstetrics (FIGO) 

classified ovarian cancer in four stages with its specific characteristics as depicted in Table 3. The main objective 

of this staging system is to assign patients to prognostic groups that specify the most convenient treatment.72 

The disease is confined to the ovaries or fallopian tubes in stage I.  Stage II OC involves one or both ovaries or 

fallopian tubes with direct extension, implants on surface of the uterus, implants on the fallopian tubes or 

combinations and has spread to other organs within the pelvis (uterus, fallopian tubes, bladder, sigmoid colon 

or rectum) or primary peritoneal carcinomatosis. In stage III, tumor involves one or both ovaries or fallopian 

tubes and has spread to the abdominal peritoneum and/or lymph nodes. In stage IV or distant metastatic disease 

extends the cancer to the liver parenchyma, the lungs or other viscera located outside the abdominopelvic cavity. 

71,72,74,75 
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The majority of OC patients (>70%) is diagnosed at an advanced stage of the disease (FIGO stage III or IV) with 

peritoneal metastases present because of the nonspecific nature of the symptoms. Abdominal pain and swelling 

or gastrointestinal complaints are commonly occurring symptoms. Occasionally, urinary symptoms or vaginal 

bleeding predominate.76–81 The stage of OC at the time of diagnosis strongly determines survival. Overall 5-year 

survival rate for early stage ovarian cancer, stage I or II varies from 90 to 66%. The prognosis at advanced stages 

III and IV remains poor with a 5-year overall survival rate of 27 and 21%, respectively.76,82 

Despite the progress and ongoing research in the treatment strategies of ovarian cancer, overall survival of 

advanced ovarian cancer remains low, mainly because of the high percentage of recurrence of peritoneal 

disease.2,78,82 A better knowledge of the development of peritoneal carcinomatosis (PC) might increase response 

rate.  

Table 3. FIGO (International Federation of Gynecology and Obstetrics) staging of ovarian cancer (revised version 

of 2014) 

STAGE I: tumor confined to the ovaries or fallopian tubes 

IA Tumor confined to one ovary, intact capsule, no tumor on surface, no tumor cells in ascites or washings 

IB Tumor involves both ovaries or fallopian tubes, otherwise like stage IA 

IC Tumor involves one or both ovaries  

IC1: intraoperative spill 

IC2: capsule rupture before surgery or tumor on ovarian or fallopian tube surface 

IC3: positive peritoneal washings or ascites 

Stage II: Tumor involves one or both ovaries or fallopian tubes with pelvic extension (below the pelvic brim) or primary 
peritoneal cancer 

IIA Extension and/or implant on uterus and/or fallopian tubes 

IIB Extension to other pelvic intraperitoneal tissues 

Stage III: Tumor involves one or both ovaries with involvement of the peritoneum outside the pelvis, metastasis to the 
retroperitoneal lymph nodes, or both 

IIIA IIIA1(i) metastasis of ≤ 10 mm to the retroperitoneal lymph nodes 

IIIA1(ii) metastasis of > 10 mm to the retroperitoneal lymph nodes 

IIIA2: microscopic, extrapelvic peritoneal involvement (above the brim) with or without involvement 

of retroperitoneal lymph nodes 

IIIB Macroscopic, extrapelvic, peritoneal metastasis ≤ 2 cm with or without involvement of retroperitoneal 

lymph nodes (includes extension to capsule of liver or spleen) 

IIIC Macroscopic, extrapelvic, peritoneal metastasis > 2 cm with or without involvement of retroperitoneal 

lymph nodes (includes extension to capsule of liver or spleen) 
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STAGE IV: distant metastasis excluding peritoneal metastasis 

IVA Pleural effusion with positive cytology 

IVB Distant metastasis including parenchymal metastasis to liver, spleen, or extra-abdominal organs 

(including inguinal lymph nodes and lymph nodes outside of the abdominal cavity) 

 

2.2 Development of peritoneal carcinomatosis  

Intraperitoneal dissemination is the primary metastatic route of ovarian cancer and unlike other cancers, initial 

metastases outside of the peritoneal cavity are rarely seen. Detachment of cancer cells from the primary tumor 

is the first step of dissemination. Once in the peritoneal cavity, the detached tumor cells spread rapidly through 

the cavity.2,73,83–85 Tumor cells spread through the peritoneal cavity by two main approaches. The first is by 

transversal growth. At an early stage of ovarian cancer, the disease is limited to the ovaries. By tumor growth, 

the ovarian capsule disrupts and the tumor spreads beyond the confines of the ovaries by direct extension and 

invasion of adjacent tissues. Some malignant cells exfoliate from the primary tumor and are transported 

throughout the abdominal cavity.2,73,85,86 The second mechanism is intraperitoneal spread where surgical trauma 

can cause release of tumor cells from the primary tumor or through the lymphatics that drain the ovaries to the 

pelvic and para-aortic lymph nodes.73,83,86 Intraperitoneal spread is directed by the flow of the peritoneal fluid 

secondary to bowel peristalsis and movements by the diaphragm during respiration.2,73,83,85,87,88 The repetitive 

pattern of peritoneal fluid flow is considered as the basis for the preferred areas for metastases. Metastatic 

deposits are predominantly found at sites of peritoneal fluid stagnation. These preferential areas include the 

small pelvis, the end of the ileal mesentery, the sigmoid colon and the right paracolic dome (cecum, ascending 

colon).87,89 

Once in the abdominal cavity, malignant cells attach and penetrate the mesothelial lining of the peritoneum. It 

is stated that mesothelial cells play a significant role in the prevention of metastatic growth. Their protective 

and anti-adhesive effect is compromised by the presence of inflammatory cytokines released by tumor and 

immune cells. Inflammatory mediators cause retraction and detachment of the protective mesothelium and 

expose the underlying extracellular matrix to which the cancer cells preferentially attach. Surgical injury or 

stress can also expose the extracellular matrix by damaging the fragile mesothelium.2,73,83 
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Figure 3. Peritoneal metastasis pathway. Epithelial ovarian cancer (EOC) cells detach from primary ovarian tumor 

(1) and spread through the peritoneal cavity (2). Once in the peritoneal cavity, EOC cells attach and penetrate the 

mesothelial cells (3) mediated by inflammatory cytokines causing retraction and detachment of the 

mesothelium. After invasion of EOC into the mesothelium and stroma, EOC grow and proliferate because of the 

access to proteases, angiogenic factors, growth factors, cytokines… (4) 

Once EOC cells have invaded into the mesothelium and underlying submesothelial stroma, they have access to a 

source of mediators for survival and proliferation, e.g. proteases, angiogenic factors, growth factors, cytokines... 

The production of pro-inflammatory cytokines and attraction of stromal cells creates a tumor-favorable 

microenvironment to promote the growth and dissemination of the cancer cells over the peritoneal 

surface.2,73,83,85   

Malignant accumulation of peritoneal fluid, so-called ascites, is generally associated with peritoneal metastases. 

The presence of ascites causes additional discomfort to patients in an advanced stage of EOC like pain, dyspnea, 

loss of appetite, nausea and reduced mobility.90 Ascitic fluid consists of malignant cells, proteins, mesothelial 

cells and immune cells. Accumulation of peritoneal fluid occurs when the balance between production and 

clearance is disturbed. This can be caused by blockage of lymphatic stomata by EOC cells, secretion of vascular 

endothelial growth factor by cancer cells or liver failure due to liver metastasis. Peritoneal dissemination is 

facilitated by the presence of ascites.2,73,83,85,88  
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2.3 Treatment of advanced ovarian cancer 

In the past, OC patients with peritoneal metastases were only treated palliatively and the disease was considered 

as a lethal condition. Since the mid-90s cytoreductive surgery (CRS) combined with 6 courses of platinum-taxane 

based intravenous (IV) chemotherapy in a 3-week cycle has been the standard frontline therapy in advanced 

ovarian cancer.76,91,92 

The aim of surgery is complete cytoreduction of all visible disease. Prior to surgery, the Peritoneal Cancer Index 

(PCI) score is assigned intraoperatively based on size and distribution of the IP nodules. The PCI score determines 

the extent of the peritoneal spread based on distribution and volume of tumor nodules. The abdominopelvic 

area is divided into 13 regions and for each region a score from 0 to 3 is given based on tumor nodule size (Figure 

4). A maximum PCI score of 39 can be given. The PCI score is indicative for prognosis and survival. A low PCI score 

generally has a better prognosis. However, a low PCI score but with cancer present at crucial anatomical sites 

unable to resect, will not have a good survival outcome. Therefore, the completeness of cytoreduction (CC) is 

scored after surgery (Figure 5).93,94 

 

Figure 4. The Peritoneal Cancer Index (Sugarbaker). PCI combines lesion size score (0 to > 5 cm) and distribution 

pattern (13 abdominopelvic regions). Summation of lesion size score in each abdominopelvic region is the PCI 

ranging from 0 to 39. 

Surgical debulking is considered complete when no macroscopic residual cancer is visible at the end of the 

surgery (CC-0). A CC-1 score indicates that remaining tumor nodules have a size of less than 2.5 mm. A CC-2 score 

means that tumor nodules after surgery are between 2.5 and 25 mm, nodules larger than 25 mm are scored CC-

3. Surgery is considered incomplete at a score of 2 and 3. Optimal surgical debulking increases short-term 

morbidity but survival outcome is significantly associated with the extent of surgery and completeness of 

resection.78,91,94–96    
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Figure 5. Completeness of cytoreduction score 

Standard combination therapy of debulking surgery followed by systemic chemotherapy initially achieves 

complete remission in 80% of advanced OC patients. Unfortunately, the majority (>80% of the patients) will 

relapse within 5 years. Despite complete or nearly complete cytoreduction, essential for cure, peritoneal minimal 

residual disease persists in the peritoneal cavity and patients will relapse.  As a result, adjuvant IP chemotherapy 

has been suggested for the treatment of advanced ovarian cancer to improve treatment outcome since 

metastatic disease is mainly limited to the abdominal cavity. IP chemotherapy should eliminate residual 

microscopic disease and free floating cancer cells.76,97–99 

The rationale for IP chemotherapy is based on pharmacokinetic (PK) advantages associated with locoregional 

therapy. Peritoneal tumors are exposed to higher concentrations of cytotoxic agents and the systemic exposure 

will be minimized, thereby reducing toxic side effects because of the presence of a peritoneal-plasma barrier. IP 

chemotherapy is only indicated for patients with microscopic disease or very small volume macroscopic cancer 

(CC-0 or CC-1 score) because of the limited depth of penetration of drugs directly into the tumor by free-surface 

diffusion. The increased concentration of a drug in the peritoneal cavity might provide a sufficient concentration 

gradient, which is the driving force for drug diffusion and may enhance tumor penetration. Additionally, the 

increased concentration gradient following IP delivery is beneficial for the treatment of small peritoneal 

metastases (less than 1 mm diameter) since they characteristically lack vasculature and are hypoxic which 

compromises IV drug delivery.1,76,88,98–103 

Chemotherapy can be administered IP in two ways. Cytotoxic drugs can be delivered as a chemoperfusate in 

repeated cycles using an inflow catheter and outflow drains after cytoreductive surgery.1,76,98,100 Early 

postoperative intraperitoneal chemotherapy (EPIC) is administered after CRS, typically at day 1 and is continued 

for 4 to 5 days.76,88,100,104,105 Some surgeons prefer to administer adjuvant IP chemotherapy after recovery from 

CRS, however the presence of peritoneal adhesions might hamper uniform distribution of chemotherapeutics to 

all peritoneal surfaces. While EPIC is initiated before the start of the peritoneal adhesions cascade, disadvantages 

of this therapeutic strategy are risk of infection and postoperative complications.88,100,104,105 Numerous clinical 
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trials have evaluated postoperative adjuvant IP chemotherapy including large prospective randomized 

controlled trials.77,106,107 The results of these phase III trials showed an improvement of disease-free and overall 

survival which lead the US National Cancer Institute in 2006 to recommend a treatment regimen containing IP 

cisplatin and a taxane following optimal cytoreduction for stage III ovarian cancer patients.76,98,100,108 

Nevertheless, postoperative IP chemotherapy remains debatable despite level 1 evidence showing its benefit. 

The locoregional toxicity, technical problems, poor tolerance (mainly catheter-related complications) and 

heterogeneity of treatment protocols limits its routine clinical application.76,88,100,105  

Another setting for IP administration of chemotherapeutics is intraoperative chemoperfusion immediately after 

CRS, as part of the surgical procedure. The peritoneal cavity is continuously perfused for 30-120 min with a 

solution of chemotherapeutic agent(s) followed by drainage. Intraperitoneal chemotherapy (IPEC) can be 

performed under normothermic (37°C) or hyperthermic conditions at 38-43°C (HIPEC). (H)IPEC is the most 

extensively examined modality and becomes more and more standard of care. (H)IPEC allows a homogeneous 

drug distribution in the abdominal cavity, enhances penetration of the drug into remaining tumor nodules and 

since there is no need for implementation of peritoneal access devices, catheter-related complications are 

reduced.1,76,88,100,104 Intraoperative chemoperfusion can be performed with open or closed abdomen. During the 

open or so-called ‘coliseum’ technique, the abdominal wall is attached to a retractor frame (Figure 6A). This 

allows the surgeon to manipulate the abdominal viscera to ensure homogeneous drug exposure and the 

administration of a larger chemoperfusion volume is possible. The closed technique (Figure 6B) avoids heat loss 

and prevents contamination of the operative environment. There is also the possibility of enhanced drug 

penetration by the increased intra-abdominal pressure.86,88,100,101 

 

Figure 6. (A) Open or coliseum technique of intraperitoneal chemotherapy. Chemoperfusion is performed through 

inflow (white arrows) and outflow (black arrows) tubes that are inserted in the abdominal cavity and connected 

with a pump, which installs an ongoing circulation.1 (B) Closed technique: two inflow and four outflow catheters 

used for HIPEC administration. The skin of the surgical wound is temporarily closed.109  
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The reason for hyperthermic drug administration is mainly based on thermal enhancement of the cytotoxicity of 

many cytostatic drugs and/or an increase of drug penetration. Moreover, hyperthermia increases tumor blood 

supply and oxygenation resulting in a higher chemotherapy sensitivity. However, the benefit of heating 

intraperitoneal chemotherapy has never been unambiguously demonstrated in clinical trials.78,100,102  

The combination therapy of CRS and HIPEC has consistently shown survival benefit in treatment of recurrent EOC 

in many phase II and III clinical trials97,110–113, including a large prospective randomized phase III study96. Morbidity 

and mortality rates are not negligible but stay within the range of other major abdominal procedures.76,100 The 

favorable outcomes of clinical trials strongly support the use of CRS and HIPEC in the treatment of advanced 

ovarian cancer. Further advantages in favor of CRS and HIPEC are an even distribution of the chemotherapeutic 

fluid in the abdomen, avoidance of catheter-related complications and avoidance of side-effects (nausea, 

reduced mobility) related to fluid present in the abdominal cavity during postoperative IP chemotherapy.76,100,112,114  

However, there has been criticism questioning the design, patient selection and reported morbidity of phase III 

clinical trials with favorable outcomes (PFS and OS) for HIPEC-CRS compared to CRS alone. There is an urgent 

need for more prospective and well-designed randomized trials to clearly define the role of HIPEC in the 

treatment modality advanced OC patients based on reliable scientific results.115,116 Additionally, there are no 

standardized IP chemotherapy treatment modalities. Current IP chemotherapeutic regimens are based on 

clinical experience and extrapolation of evidence from IV chemotherapy. Variables are normothermic versus 

hyperthermic IP chemotherapy, closed versus open (H)IPEC technique, duration of (H)IPEC, dose and type of 

chemotherapeutic agent. Also, there are no randomized trials comparing survival outcomes of (H)IPEC versus 

postoperative IP chemotherapy.76,100,104,117 

2.4 Selection of a chemotherapeutic drug for intraperitoneal administration 

An optimal IP chemotherapy treatment modality requires careful selection of the chemotherapeutic drug for use 

within the peritoneal cavity. There is a wide variety in terms of schedule, residence time, drug or carrier solution 

used in IP treatment for advanced EOC and other peritoneal malignancies. Clinicians now aim to obtain standard 

regimens to uniformize the treatment.100,102,104,105  The ideal drug for IP chemotherapy has a high peritoneal tissue 

concentration and a limited peritoneal clearance, which increases drug exposure time to residual disease and 

minimizes systemic toxicity. Additionally, a high penetration into the cancer nodule is a prerequisite. Following 

parameters must be evaluated to select the ideal chemotherapeutic agent for IP therapy with a maximal efficacy: 

ratio of the area under the concentration versus time curve (AUC) in the peritoneal cavity versus plasma, systemic 

absorption, depth of tumor penetration, and intrinsic activity of the agent against the primary tumor type.102,104 
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Table 4 displays pharmacological characteristics of chemotherapeutics selected for IP application in the 

treatment of advanced EOC. 

Table 4. IP pharmacological properties of chemotherapeutic agents with known activity in ovarian cancer 

Chemotherapeutic 

agent 

MW (Dalton) Water 

solubility 

IP dose (mg/m²) Peritoneal to 

plasma AUC ratio 

Penetration 

depth 

Remarks 

Alkylating agents 

Cisplatin 300 Good 50-250 7.8-21 1-5 mm Dose limiting 

nephrotoxicity 

Carboplatin 371 Good 200-800  1.9-10 0.5-9 mm Slow activation 

Melphalan 305 Poor 50-70  93 NA Rapid 

degradation 

Antimicrotubule agents 

Paclitaxel 854 Poor 20-175 1000 >80 cell 

layers 

Cell-cycle specific 

Abdominal pain 

Docetaxel 862 Poor 45-150  552 NA Cell-cycle specific 

Antitumor antibiotics 

Doxorubicin 544 Poor 15-75 474 4-6 cell 

layers 

Liposomal 

formulation 

available 

Antimetabolites  

Gemcitabine 300 Good  50-1000  500 NA Cell-cycle specific 

5-Fluorouracil  130 Poor 650 250 0.2 mm Cell-cycle specific 

NA = not available 

The rationale of IP drug delivery is based on the ‘peritoneal-plasma barrier’. A high IP dose will result in a 

moderate systemic drug exposure since the peritoneal clearance is much slower than systemic clearance. 

Theoretically, the regional PK advantage will be inversely proportional to the plasma clearance. The PK behavior 

of the IP administered drug can be expressed by the ratio AUCIP/AUCplasma. In general, water insoluble molecules 

with a high molecular weight and a high cavity-to-plasma AUC ratio are preferred for IP treatment since they 

remain longer in the peritoneal cavity.100,102,118–120  

The efficacy of a chemotherapeutic drug does not only depend on a high AUC ratio. The pharmacodynamic (PD) 

effect of a cytotoxic drug is the result of several physicochemical variables. Following IP administration of a 

drug, transport of the drug into the tumor tissue is based on two main mechanisms. Small molecules (MW < 

6000 Da) are mainly transported by diffusion through the tumor interstitium. Large compounds, such as 
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proteins, diffuse more slowly and their transport is typically determined by convection. A high interstitial fluid 

pressure will be a barrier for drug transport by convection, which is typically observed in malignant tumors. The 

second route of drug delivery to peritoneal nodules is recirculation of the drug absorbed from the peritoneal 

cavity. Since systemically absorbed drug delivery is aimed to be as low as possible in order to minimize systemic 

side effects, the efficacy of IP chemotherapy depends on its ability to cross and penetrate tissue barriers from 

the peritoneal cavity to its (intra)cellular target.100,102,120 

The main problem associated with regional anticancer therapy is the limited depth of penetration of drugs 

directly into the tumor by free-surface diffusion. Tumor penetration distance measured experimentally following 

IP drug delivery is limited from a few cell layers to a maximum of 3-5 mm. Therefore, IP therapy is only 

recommended for patients with optimally debulked peritoneal disease and microscopic disease. The efficacy of 

the drug ultimately depends on the intracellular concentration that results from active and passive transport 

across the cell membrane.99,100,102,119,120 

Finally, there are cell-cycle and non-cell-cycle specific drugs. HIPEC is a single instillation of drugs and thus cell-

cycle independent chemotherapeutics as alkylating agents and platinum compounds are perfect candidates for 

this IP therapeutic regimen. Their activity is a function of concentration. The activity of cell-cycle dependent 

agents, such as taxanes, is primarily time-dependent and requires prolonged exposure time. Based on their 

pharmacological characteristics, cell-cycle dependent drugs are used in EPIC regimens. Multiple drug cycles are 

administered each with a dwell time of around 23 h before renewal to ensure all residual tumor cells are 

susceptible to the cytostatics.100,104 

The platinum compounds and taxanes are the backbone of IP therapy of advanced EOC. They have different PK 

and PD characteristics influencing their specific side effect profile and activity after IP administration. Platinum 

agents are highly water soluble and have a low molecular weight. Subsequently they are rapidly redistributed 

to the systemic circulation after IP injection. Taxanes are large, hydrophobic molecules with minimal diffusion 

into the systemic circulation.121 

2.4.1 Platinum compounds 

Cisplatin is the oldest member of the platinum compounds and is already more than 30 years the single most 

important drug in the management of OC. The discovery of cisplatin lead to the development of newer platinum 

agents as carboplatin and oxaliplatin. Cisplatin and carboplatin are most commonly used in the treatment of OC 

and their molecular structures are shown in Figure 7.122,123 They are alkylating agents and their mechanism of 

action lies within the formation of DNA crosslinks which interrupts cellular DNA functioning and subsequently 
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induces apoptosis. Furthermore, they cause apoptotic cell death by formation of covalent DNA adducts with other 

subcellular components such as proteins, lipids, RNA and mitochondrial RNA.104,122 

 

Figure 7. Molecular structure of cisplatin and carboplatin 

IP administration of cisplatin shows a 10- to 20-fold PK advantage for exposure to the peritoneal cavity 

compared with the systemic compartment. Several clinical trials demonstrated the possibility to administer 

cisplatin IP with no to minimal abdominal discomfort. The dose-limiting side effects of IP cisplatin delivery are 

shown to be systemic rather than local. High cisplatin concentrations are reported after IP treatment indicating 

a fast clearance from the peritoneal cavity. The main concern and limitation of the use of cisplatin is 

nephrotoxicity since the agent is eliminated by renal excretion. Other side-effects are neurotoxicity, severe 

emesis and nausea. Randomized phase III clinical trials have shown a significant survival benefit when 

comparing IP cisplatin treatment with IV treatment in advanced OC therapy. Reduction of IP cisplatin dose (from 

100 mg/m² reported in clinical trials to 75-80 mg/m²) has been suggested to increase the tolerability of the 

regimen.99,104,105 

The substitution of IP cisplatin by IP carboplatin has been proposed. Carboplatin has a similar PK advantage after 

IP delivery and significantly reduces non-hematological toxicity (avoidance of renal toxicity and severe nausea 

and vomiting). A small number of clinical trials confirmed the potential use of IP carboplatin in woman with OC. 

Additionally, animal studies demonstrated a better tumor penetration by carboplatin, but the compound is more 

slowly activated than cisplatin. There is a lack of randomized clinical trials to justify the replacement of cisplatin 

by carboplatin. The role of carboplatin in IP therapy is currently under investigation (NCT00951496).99,105,124  

Despite the primary role of platinum compounds in the treatment of OC and other malignancies, their 

effectiveness is limited because of the development of resistance. Platinum resistance is defined as tumor 

progression during or within six months after completion of prior platinum therapy. Resistance to platinum 

compounds can be intrinsic or acquired and may be mediated by factors outside or within the cancer cell or at 

the cell membrane.  DNA repair mechanisms appear to play a role in the development of platinum resistance.125,126 
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2.4.2 Taxanes 

Paclitaxel (PTX), member of the taxane family, was discovered as the cytotoxic component of the bark of Pacific 

yew (Taxus brevifolia) in the early 1960’s. PTX is one of the most effective antineoplastic agents for the 

treatment of many forms of advanced and refractory cancers. It is active against a wide variety of tumors 

including ovarian, breast, lung and colon cancer. PTX is a complex tricyclic diterpenoid pseudoalkaloid whose 

entire molecule is necessary for anti-tumor activity (Figure 8). PTX acts as a chemotherapeutic agent by 

stabilizing microtubuli. PTX binds selectively to β-tubulin subunits, promotes their polymerization and assembly, 

thereby stabilizing the formation of microtubules. This impedes the normal microtubule dynamic, leading to the 

formation of a dysfunctional mitotic spindle and a mitotic arrest at G2/M  phase in the cell cycle and eventually 

cell death by apoptosis.91,127–130 

 

Figure 8. Molecular structure of paclitaxel. 

PTX is theoretically an ideal candidate for IP treatment. Because of its high molecular weight of 854 Da and poor 

water solubility, there is little absorption of PTX from the peritoneal cavity and the exposure time to the tumor 

site is prolonged. Its predominant hepatic metabolism further minimizes systemic exposure after IP 

administration. The PK advantage of IP delivered PTX is profound with peak levels in the peritoneal cavity a 

1000-fold higher than those in plasma. The poor water solubility however, impedes the clinical use of PTX and 

little is known about tumor penetration and drug accumulation. The first formulation of PTX, Taxol®, caused 

severe hypersensitivity reactions associated with the vehicle Cremophor® EL. Novel formulations of PTX are 

under investigation.99,104,105,121,131,132     

In contrast to the platinums, local side effects, e.g. abdominal pain, are the dose limiting side effects after IP 

delivery of PTX and were significant at doses greater than 175 mg/m². A subsequent phase I trial explored weekly 

IP PTX and concluded that this treatment schedule resulted in an acceptable toxicity profile and a major PK 

advantage for cavity exposure. The recommended dose and schedule for IP PTX is 60-65 mg/m² weekly.105,133 
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Docetaxel is a novel semisynthetic taxane with the same mechanism of action as PTX and a similar molecular 

weight and a high PK advantage for IP use. In vitro studies showed a greater potency of docetaxel and different 

toxicity profile. A phase I trial exploring the IP delivery of docetaxel demonstrated that it is safe to administer 

at a dose of 100 mg/m² on a three-weekly base and was well tolerated in patients.134 There are only a limited 

number of studies investigating the feasibility and effectiveness of IP docetaxel. Phase I/II studies described its 

potency in disseminated gastric cancer135–137 and one study described the use of docetaxel in HIPEC for patients 

with peritoneal malignancies of gynecological origin.92,138 Up to now, there are no data indicating the superiority 

of docetaxel over paclitaxel in the treatment of EOC.  

2.5 Intraperitoneal drug delivery systems 

Despite major advances in treatment strategies of stage III and IV EOC, the risk of recurrent peritoneal disease 

remains significant.1,139 There is an urgent need to improve the treatment of advanced EOC even further. IP 

therapy has several challenges to encounter. Up to now, there are no products approved by the FDA specifically 

designed for IP therapy. Subsequently, current local therapy is based on off-label use of IV chemotherapeutics. 

These conventional small molecular weight drugs are rapidly absorbed from the peritoneal cavity, therefore 

repeated administration or continuous dosing is required which leads to catheter-related problems.1,88,98,102 

Additionally, off-label used IV chemotherapeutics lack tumor specificity and systemic toxicity is seen caused by 

the high blood concentrations after systemic absorption.88,98,102 

Also, tissue penetration distance of IP drugs into cancer nodules is limited to merely a millimeter. Therefore, IP 

chemotherapy is only recommended for optimally surgically debulked stage III patients with tumors of less than 

1 cm. Limited penetration is attributed to a high interstitial fluid pressure, dense extracellular matrix and 

chemical effects (binding, metabolism, degradation) that hinder the drug to adequately penetrate and 

accumulate in tumor tissues.88,98,140 Research has been done to extend the residence time of chemotherapeutic 

agents in the peritoneal cavity and to optimize IP treatment. Drug delivery strategies include microspheres, 

nanoparticles, liposomes, micelles, implants and injectable depots.140,141 It has been shown that exposure time is 

equally important as the drug concentration for antitumor efficacy. A prolonged residence time of 

chemotherapeutics will avoid rapid clearance of the drug from the peritoneal cavity, thereby maintaining a high 

local drug concentration gradient as the driving force for drug diffusion into the tumor. A prolonged cytotoxic 

drug exposure might improve tumor penetration since drug diffusion is a slow process.102,140 

It should also be considered that HIPEC is mainly performed in specialized centres with adequate experience 

and with the presence of dedicated perfusion devices to heat and circulate the chemotherapy in the abdominal 
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cavity. The use of IP drug delivery systems also has practical benefits over HIPEC as it does not require additional 

machinery or training and is less time-consuming.139 

2.4.1 Nanoparticular systems 

Particulate nanocarriers such as liposomes, polymeric micelles and polymeric nanoparticles seem promising 

delivery systems for local OC treatment. They have unique features including the ability to cross biological 

barriers and deliver therapeutics into cells due to their size, their surface can easily be modified, and hydrophobic 

drugs can be encapsulated. They can be functionalized to selectivity accumulate at the tumor site without 

affecting healthy tissues by incorporating antibodies or targeting ligands at their surface. In OC, the folate 

receptor, human epidermal growth factor receptor 2 and luteinizing hormone receptor are identified as possible 

targets.1,102,142–144  

Nanocarriers can theoretically delay systemic absorption and increase peritoneal retention when compared to 

unentrapped drugs. Yet, due to their size, conventional nanoparticles (NPs) are rapidly cleared from the 

abdominal cavity within several hours. After IP administration, particles are drained into lymphatic circulation. 

Particles larger than 500 nm in size tend to remain entrapped in the lymph nodes, while smaller particles pass 

through lymph nodes and reach the systemic circulation via lymph ducts. On the other hand, smaller particles 

should efficiently allow tumor penetration and allow the drug to function at site. However, the particles must 

remain for a sufficient time in the abdominal cavity to permit penetration.1,98,102,142 Research is ongoing to adjust 

NP to increase their residence time e.g. stimuli-responsive nanoparticles or hybrid systems with hydrogels (see 

2.4.4).1,102,139,145 

Furthermore, drug solubility is an essential factor in drug and formulation development. Hydrophobic drugs are 

difficult to formulate, and their clinical application is impeded. The use of nanocarriers, especially liposomes and 

micelles, offers an additional benefit to incorporate hydrophobic chemotherapeutic agents as PTX or 5-

fluorouracil (5-Fu). Liposomes, lipid-based NPs, are spherical vesicles made of phospholipid bilayers and have 

been widely studied as potential carriers for hydrophobic drugs. Peritoneal retention can be increased up to a 

few days by adjustment of lipid composition, surface modification and charge.102,146 Micelles are widely used in 

drug delivery because of their intrinsic core-shell architecture. They are composed of both hydrophobic and 

hydrophilic blocks. The hydrophobic blocks are packed together (core) and serve as a nanocontainer of 

hydrophobic agents, the hydrophilic segments (shell) serve as stabilizing interface of the particles.102,147 

PTX, one of the most effective antineoplastic agents in many forms of advanced cancer including EOC, is an 

extremely hydrophobic molecule. Severe side effects were associated with the vehicles of the conventional 



INTRODUCTION 

33 
 

formulation of PTX, Taxol®, limiting its optimal clinical use. Alternative PTX nanoformulations have been 

developed to overcome those limitations and improve its efficacy. Historically, PTX was formulated in a vehicle 

composed of 50/50 (v/v) polyoxyethylated castor oil (Cremophor® EL) and dehydrated ethanol to improve its 

solubility. Taxol® has been approved for IV application by the FDA for the treatment of ovarian, breast, non-small 

cell lung cancer and AIDS-related Kaposi sarcoma. It has been off-label used in the IP treatment of advanced EOC 

in clinical trials.76,77,95,104,112,148 Entrapment of a drug into micelles can increase residence time of chemotherapeutics 

in the peritoneal cavity. A clinical trial using Taxol® in the IP treatment of OC showed that PTX concentration was 

maintained for 24-48 h after a single bolus injection in contrast to free PTX, which was rapidly absorbed.98,102,149 

However, Taxol® is not well tolerated because of the presence of Cremophor® EL. Severe toxic side effects 

including neurotoxicity and hypersensitivity reactions are reported.102,118,141,150  

Cremophor® EL-free PTX nanoparticular formulations have been developed to improve tolerance and 

bioavailability.  Albumin-stabilized PTX particles, Abraxane® or nab-PTX, were formulated with an average size 

of 130 nm. Abraxane® is approved by the FDA and EMA for IV administration for the treatment of metastatic 

breast cancer, advanced non-small cell lung cancer and metastatic adenocarcinoma of the pancreas. Following 

administration, nab-PTX quickly dissociates from albumin and a fast PTX release is observed. Nab-PTX is well-

tolerated, studies have shown less toxicity compared with equal doses of Taxol®.1,127,151 Clinical trials have been 

conducted to evaluate the clinical efficacy and safety of IV administration of nab-PTX in patients with recurrent 

EOC, fallopian tube cancer or primary peritoneal cancer. It was concluded that nab-PTX induces tumor response 

and has a favorable safety profile.152,153 It has not yet been approved for IP administration. A Phase I trial 

(NCT00825201) evaluated the side effects and best dose of IP administrated nab-PTX in the treatment of 

patients with advanced cancer of the peritoneal cavity. First results demonstrated a pharmacological advantage 

of nab-PTX in 27 patients, with a high peritoneal exposure compared to plasma exposure with low inter- and 

intra-patient variability. The maximum tolerated dose of IP Abraxane® was set at 140 mg/m². Observed dose-

limiting toxicities were grade 3 and 4 neutropenia and grade 3 abdominal pain.154    

Another nanoparticulate Cremophor® EL-free formulation, NanoTax®, is a rod-shaped reservoir which allows 

continuous release of PTX in the peritoneum. A Phase I study evaluated the toxicity, tolerability and PK of IP 

administered Nanotax® in 21 patients with peritoneal solid tumor malignancies, following CRS. It was observed 

that IP administered Nanotax® had a lower systemic toxicity and higher drug levels in the peritoneal cavity 

compared with IV administrated PTX.1,155 

Finally, Genexol-PM®, a polymeric micellar PTX formulation composed of PEG-based block-copolymers, is 

marketed in several Asian countries for the treatment of metastatic breast cancer. The formulation shows good 



INTRODUCTION 

34 
 

clinical response and superior safety profile in comparison to Taxol® in clinical trials with patients with advanced 

ovarian cancer.156–158 However, Genexol-PM® was only IV administered and is not yet approved by FDA or EMA. A 

study in rats compared the potential of Abraxane®, Genexol-PM® and Taxol® for IPEC treatment of PC of ovarian 

origin. Genexol-PM® was considered as a suitable formulation for the treatment but Abraxane® showed a 

superior decrease in tumor volume.159 Up to date, there are no clinical studies exploring the potential of IP 

administration of Genexol-PM®.127  

2.4.2 Microspheres 

Microspheres are spherical particles with a diameter ranging from 1 to 1000 µm. They can be engineered using 

a wide variety of biodegradable and biocompatible polymers. Due to their size, they are slowly cleared from the 

peritoneal cavity. Microspheres can release the drug gradually over time, thereby enhancing local bioavailability 

of the drug and reducing systemic absorption. The peritoneal retention is mainly influenced by the size of 

microspheres.98,102,142,160 Small particles are cleared from the peritoneal cavity into the lymphatic capillaries 

through openings in the diaphragm (stomata) or they can be absorbed through the peritoneal membrane. The 

stoma openings are 3 to 12 µm in diameter and provide a direct access to the underlying submesothelial 

lymphatic systemic. Particles with a larger diameter are longer retained in the peritoneal cavity. Particle size 

also affects drug release rate, smaller particles will release the drug faster due to a higher surface area-to-

volume ratio. Additionally, distribution in the peritoneal cavity is also affected by particle size. Studies 

demonstrated that smaller microparticles are evenly distributed throughout the abdominal cavity, whereas 

larger particles are mainly present in the lower abdomen.102,160–163 Benefit-risk ratio must be carefully considered 

since larger particles tend to induce inflammatory responses and peritoneal adhesions.98,102,142,160,164 

Microspheres for IP drug delivery are often based on aliphatic polyesters of hydroxyl acids, such as poly-(lactic-

co-glycolic) acid (PLGA) and related polymers. Those polymers have excellent biocompatibility and can be 

designed to regulate drug release from weeks to months.102,160,165 Kohane et al. showed that microspheres of 

lower molecular weight PLGA’s have a lower incidence of peritoneal adhesions than microparticles made of 

higher molecular weight polymers.160 Lu et al. formulated PTX-loaded poly(D,L-lactide-co-glycolide) (PLG) 

microspheres for IP treatment. Two types of microspheres with different drug release rate were used in the 

therapy, one with a fast release rate to induce tumor priming and one component that provided sustained drug 

release. In an ovarian xenograft model in mice, they showed that the microspheres resulted in an enhanced 

tumor concentration of PTX and lower toxicity compared to the commercial PTX/Cremophor EL® formulation.120,166 

Gunji et al. incorporated cisplatin in gelatin microspheres. They demonstrated a decrease in toxic side effects in 

comparison to unentrapped cisplatin and a prolonged survival time in a mouse colorectal model compared to IP 
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administration of free cisplatin.167 A Phase I clinical trial evaluated Paclimer®, biodegradable PTX microspheres 

based on polyphosphoester polymer, in recurrent ovarian cancer. Results of the study showed a low but 

persistent plasma PTX level, indicating a continuous release over 8 weeks after IP administration. However, 

significant peritoneal abnormalities were found including the presence of residual polymer filaments, months 

after IP treatment. This indicated that Paclimer® degraded slowly and can cause inflammatory responses. The 

product has been discontinued.132 

2.4.3 Hydrogels 

Hydrogels are a special class of biocompatible polymeric materials that can absorb and retain a considerable 

amount of water while maintaining their integrity. IP administration of a drug-loaded hydrogel will retain the 

drug within the peritoneum, protect it from degradation and form a local sustained release depot. Additionally, 

a hydrogel formulation might protect against peritoneal adhesions. Drawbacks of the IP use of hydrogels are a 

difficult homogenous distribution in peritoneal cavity and viscosity issues. A low viscous hydrogel might fail 

prolonged drug delivery, while high viscous gels are difficult to administer.9,102,147,168 

Therefore, thermosensitive hydrogels are developed and are very attractive drug delivery systems for IP 

administration. These gels are free-flowing liquids at ambient temperature and can be easily IP injected by a 

syringe forming a non-flowing gel in the peritoneal cavity at physiological temperature. Once in the peritoneal 

cavity, the gel serves as a sustained drug release depot.102,142,147,168 Nonetheless, when drugs are directly loaded 

into hydrogels, this often results in a relatively rapid drug release because of the high water content and large 

pore size of hydrogels.9,169,170 Subsequently, loading of hydrophobic drugs into hydrogels may be limited and 

because of a risk of precipitation, homogenous drug distribution into the formulation is not ensured.170,171 

Many biodegradable (thermosensitive) hydrogels have been successfully developed using natural (HA, dextran, 

chitosan) or synthetic (based on PEG or polylactic acid) polymers.168,172–175 The formulation of a cytostatic agent 

into a (thermosensitive) hydrogel has shown superior antitumoral activity in comparison to the unentrapped 

cytostatic agent in numerous peritoneal carcinomatosis animals models, indicating that prolonging residence 

time of a drug in the peritoneal cavity is a good strategy to improve the treatment of PC.176–179 Nonetheless, Bajaj 

et al. developed  an injectable HA-based hydrogel for PTX delivery and no difference in tumor reduction could be 

demonstrated between PTX-hydrogel and other PTX formulations despite clear differences in IP PTX levels. The 

hydrogel retained PTX in the peritoneal cavity, but the level of dissolved PTX was low. Since the drug amount 

dissolved in aqueous solution is responsible for the antitumoral effect, the extent of tumor reduction did not 

differ despite the fact that PTX was best retained in the peritoneal cavity as a PTX-gel.164 OncoGel®, an injectable 

hydrogel formulation of PTX, showed no impact on overall tumor response in phase II b clinical trial after 
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intratumoral administration, despite good tolerance, PK and preliminary anticancer activity. PTX was sustained 

over a period of 6 weeks after a single injection. The formulation has been discontinued because of the poor 

efficacy results.180–182 

2.4.4 Hybrid systems 

The abovementioned drug delivery systems each have their advantages and shortcomings for IP administration 

and are listed in Table 5. Research has been done to combine drug delivery systems, so-called hybrid systems, 

trying to overcome the weaknesses of the individual delivery system and join their strengths. 

Table 5. Advantages and disadvantaged of IP drug delivery systems 

Drug delivery system Advantage Disadvantages 

Nanoparticulate system Possibility of tumor targeting and 

encapsulation of hydrophobic drugs   

Rapid clearance from peritoneal 

cavity 

Microparticle Prolonged retention time 

Homogeneous distribution in peritoneal cavity 

Risk of peritoneal adhesions 

Limited tumor penetration 

Hydrogel Prolonged retention time 

Prevention against peritoneal adhesions 

Viscosity issues 

Limited encapsulation of hydrophobic 

drugs 

NPs have been co-assembled with hydrogels to overcome the rapid clearance of NPs from the peritoneal cavity. 

Xu et al. developed a polymeric PTX-nanoparticles-thermosensitive hydrogel system based on a novel triblock 

co-polymer. The PTX-NPs-hydrogel effectively suppressed tumor growth and metastasis in a colorectal 

peritoneal carcinomatosis mouse model.183 Fan et al. described a docetaxel and LL37 peptide polymeric 

nanoparticles-thermosensitive hydrogel for colorectal peritoneal carcinoma therapy. IP administration of the 

hybrid system significantly suppressed tumor growth and prolonged survival of tumor-bearing mice in 

comparison to free docetaxel and LL37, blank NPs-hydrogel and normal saline.169 Ohta et al. co-assembled 

cisplatin-HA nanogels in an injectable HA hydrogel. A significant antitumoral effect was observed in a gastric 

peritoneal carcinomatosis mouse model.184 Cho et al. described the intraperitoneal delivery of cisplatin from 

cisplatin-HA-nanoparticles-HA based hydrogel in a ovarian cancer mouse model. They failed, however, to 

demonstrate a superior anti-tumor effect compared with free cisplatin.185  

Hydrophobic and hydrophilic drugs can be simultaneously delivered by incorporation of the hydrophobic drug 

into micelles and the hydrophilic agent into a hydrogel. Gong et al. developed a PTX-micelles-5-Fu-hydrogel. 

Interestingly, by varying molecular weight and PEG/PCL ratio of the PEG-PCL-PEG copolymers, either micelles or 
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a thermosensitive hydrogel could be formed. The hybrid system showed significant antitumoral effect and a 

longer life span compared with free Taxol® and 5-Fu, blank micelles-hydrogel and normal saline in a colorectal 

peritoneal carcinomatosis mouse model.147 Similarly, Yun et al. evaluated 5-Fu-micelles-cisplatin-hydrogel based 

on PCL-PEG-PCL triblock polymers as IP drug delivery system in a colorectal peritoneal carcinomatosis mouse 

model. A significant suppression of tumor growth and impaired metastasis and a longer survival was seen 

compared with normal saline, blank micelles-hydrogel and free 5-Fu and cisplatin.186 

Finally, Liu et al. combined drug-loaded microspheres and a thermosensitive hydrogel for IP administration in 

the treatment of colorectal cancer. Camptothecine was loaded in microspheres composed of high molecular 

weight PCL-PEG-PCL triblock co-polymers, while low molecular weight PCL-PEG-PCL formed a hydrogel. A 

significant tumor suppression and longer life span was seen after IP administration of the hybrid system 

compared to IP administration of camptothecine-loaded microspheres, free camptothecine, blank MS-hydrogel 

and normal saline.171 

Up to now, the efficacy of hybrid systems was only assessed in human xenograft PC mouse models, most 

commonly from primary colorectal origin. Despite promising preclinical results in mice, the potential of hybrid 

systems has not yet been explored in other animal species or in human. 
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1. Introduction 

Peritoneal adhesions are defined as pathological attachments between tissues and organs, usually between the 

omentum, bowel loops and the abdominal wall. The reported incidence of intraperitoneal (IP) adhesions varies 

from 67 to 93% after general intra-abdominal surgery and up to 97% after open gynecologic surgery.1–3,5 

Peritoneal adhesions affect quality of life by causing small bowel obstruction, female infertility, chronic 

abdominal pain and inadvertent organ injury after re-operative surgery.1-7  

Microparticles for IP drug delivery are promising since they can overcome some major challenges. They can 

distribute throughout the entire peritoneal cavity. Due to their size, they can remain in the peritoneal cavity and 

locally provide an extended release of a drug.5–9 The size range of the microspheres is crucial as size determines 

the residence time in the peritoneal cavity. Small particles can be cleared from the peritoneal cavity into the 

lymphatic capillaries through openings in the diaphragm (stomata), or they can be absorbed through the 

peritoneal membrane. The stoma openings are 3-12 µm in diameter and provide a direct access to the underlying 

submesothelial lymphatic system, allowing rapid removal of cells, fluid, bacteria and particles from the 

peritoneal cavity. Particles with a larger diameter are longer retained in the peritoneal cavity. Particle size will 

also affect drug release rate as smaller particles release the drug faster, due to their higher surface area-to-

volume ratio. Furthermore, particle size will affect the spatial distribution in the abdominal cavity. Previous 

studies show that smaller microparticles are evenly distributed throughout the abdominal cavity whereas larger 

microparticles are mainly localized in the lower abdomen.5,6,8,10–13  

Microspheres for IP use should not cause an inflammatory reaction, nor should they have an intrinsic tendency 

to create peritoneal adhesions. Inflammation is dependent on the type of material and the particle size.12,14 The 

use of biocompatible and biodegradable polymers such as gelatin and collagen might overcome toxicity and 

biodegradability problems, which are often related to the use of synthetic materials.15  

Gelatin is an ideal candidate to formulate biocompatible microspheres. It has excellent film- and particle-

forming capacities, as well as bioadhesive properties. Gelatin is not toxic or carcinogenic, and it is a readily 

available and inexpensive material. As a result, gelatin has been extensively used for medical, pharmaceutical 

and cosmetic applications.15–19 However, its rapid dissolution in an aqueous environment under in vivo conditions 

requires the use of crosslinkers for long-term biomedical application of gelatin microspheres.15,16,18,19  

The selection of a chemical crosslinking agent is critical since residual crosslinking agent can cause toxic side 

effects. Numerous chemical reagents have been used as crosslinker including glutaraldehyde, formaldehyde, 

diepoxide and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.17,19–21 Genipin, a naturally occurring crosslinker, 



CHAPTER 1 
 

52 
 

isolated from the fruits of the plant Gardenia jasminoides, is superior to other chemical crosslinking agents as 

it is 10 000 times less toxic than aldehyde and epoxy crosslinkers. Furthermore, genipin improves both thermal 

and structural stability of crosslinked gelatin since the degradation rate of genipin-crosslinked gelatin 

microspheres is significantly slower compared to aldehyde as crosslinker. Therefore, genipin is a promising 

crosslinking agent to formulate a long-acting biomedical implant.16,21–24  

This study presents the formulation and in vitro characterization of genipin-crosslinked gelatin microspheres for 

IP use.  
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2. Materials and Methods 

2.1 Formulation of gelatin microspheres 

Gelatin microspheres were prepared by a modified emulsification solvent extraction method as reported by 

Adhirajan et al. (2007).17 10 ml of a gelatin (Gelatin Type B, Rousselot, Ghent, Belgium) aqueous solution was 

added dropwise at 60°C to 100 ml of peanut oil (Fagron, Waregem, Belgium) pre-heated to 60°C. Various 

concentrations (5, 10, 15, 20, 25 and 30 % (w/v)) and gelatin grades (75, 100, 160, 200, 250 and 265 bloom) of 

gelatin were evaluated to obtain microspheres with different sizes (50-300 µm). The influence of the addition 

of surfactants to the size of microspheres was also investigated. A concentration of 0.1 wt% of surfactant 

(Tween®20 (Fagron), Tween® 80 (Fagron,), Tween® 85 (Sigma-Aldrich, Bornem, Belgium), Pluronic® L121 (BASF, 

Ludwigshafen, Germany), Pluronic® F127 (Sigma-Aldrich), Pluronic® F68 (Sigma-Aldrich), Cremophor® RH60 (BASF)) 

was added to the oil phase. A combination of two surfactants was evaluated where 0.1 wt% of surfactant A 

(Tween® 80, Span® 85 (Sigma-Aldrich)) was added to the aqueous phase and 0.1 wt% of surfactant B (Span® 80, 

Tween® 85 (Sigma-Aldrich)) to the oil phase. The two phases were emulsified for 15 minutes at 900 rpm using a 

magnetic stirrer. The emulsion was then rapidly cooled to 5°C in an ice bath and stirring continued for 20 minutes 

to allow the spontaneous gelation of the gelatin aqueous solution. The microspheres were dehydrated by the 

addition of 150 ml precooled acetone (Sigma-Aldrich) and stirring was continued for 30 minutes. The 

microspheres were collected by filtration using a cellulose filter (Whatman filter grade 4) and a vacuum pump. 

The microspheres were washed several times with acetone to remove residual oil from their surface. The washed 

microspheres were finally vacuum-dried at room temperature for at least 2 days.   

2.2 Crosslinking of gelatin microspheres 

Gelatin microspheres were crosslinked using various genipin (Wako Chemicals, Neuss, Germany) concentrations 

and crosslinking times.22 The prepared gelatin microspheres (500 mg) were dispersed in 10 ml 90% v/v ethanol 

(Sigma-Aldrich) solution containing different genipin concentrations (0.1, 0.5 and 1% w/v) and stirred at room 

temperature using a magnetic stirring for different time periods (5, 15, 24, 48, 72, 96 h). At the end of incubation, 

the genipin solution was aspirated and the crosslinked gelatin microspheres were rinsed with 15 ml aqueous 

ethanol solution (99.5% v/v) for 4 hours to remove residual genipin. Subsequently, the rinsed microspheres were 

filtered from the ethanol solution and vacuum-dried at room temperature for 24 h to remove ethanol. 
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2.3 Characterization of gelatin microspheres 

The morphology of gelatin microspheres in dispersed state was examined by optical microscopy (Leica DM2500 

P).  

Particle size and size distribution of the microspheres dispersed in water were measured in triplicate by laser 

diffraction analysis using a Mastersizer S long bench (Malvern Instruments, Malvern, Worcestershire, UK). The 

wet dispersion cell (MS1 small volume dispersion unit) was used. D(v, 0.1), D(v, 0.5) and D(v, 0.9) define the 

particle size of the volume distribution in microns where 10, 50 and 90%, respectively, of the particles are smaller 

than this diameter. 

2.4 Evaluation of the degree of crosslinking 

A ninhydrin assay was performed to determine the degree of crosslinking by comparing the percentage of free 

amino groups in genipin-crosslinked gelatin microspheres and non-crosslinked gelatin microspheres.18,24 The 

ninhydrin reagent consisted of two solutions. Solution A contained 1.05 g citric acid (Fagron), 0.4 g NaOH (Sigma-

Aldrich) and 0.04 g SnCl.H2O (Sigma-Aldrich) dissolved in 25.0 ml water. Solution B was made by mixing 1.0 g 

ninhydrin (Sigma-Aldrich) with 25.0 ml ethylene glycol monomethyl ether (Fisher Scientific, Erembodegem, 

Belgium). Solutions A and B were combined and stirred for 45 min in the dark at room temperature. Solutions of 

known concentrations of glycine (Sigma-Aldrich) were prepared to generate a standard curve. Non-crosslinked 

and crosslinked microspheres were lyophilized prior to analysis. Samples of 3 mg lyophilized microspheres were 

weighed and rehydrated in 100 µL water. 1.0 ml ninhydrin solution was added to the samples and standard 

solutions, followed by incubation at 100°C for 20 min in the dark. Next, the samples were cooled to room 

temperature and 5.0 ml 50% isopropanol (Fisher Scientific) was added to each sample. The optical absorbance 

of the solutions at 570 nm was recorded with a spectrophotometer (UV-1650PC, Shimadzu Benelux, Antwerp, 

Belgium). The amount of free amino groups in the sample, after heating with ninhydrin, is proportional to the 

optical absorbance of the solution. The concentration of free NH2 groups in the sample is determined from a 

standard curve of glycine concentration versus absorbance. The degree of crosslinking of the sample is calculated 

following the equation (1): 

degree of crosslinking=  
(NHN reactive amine)non-crosslinked  - (NHN reactive amine)crosslinked

(NHN reactive amine)non-crosslinked 
       (1) 

where 'non-crosslinked' is the mole fraction of free NH2 in non-crosslinked samples and 'crosslinked' is the mole 

fraction of free NH2 remaining in crosslinked samples. Each measurement was performed in triplicate. 
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2.5 Evaluation of in vitro degradation 

 An in vitro enzymatic degradation test was carried out using collagenase.16,17,21 Fifty mg of microspheres was 

suspended in 5 ml reaction buffer containing 50 mM Tris (Sigma-Aldrich), 2 mM CaCl2 (Sigma-Aldrich), 20 U/ml 

collagenase type I (Sigma-Aldrich) and incubated at 37°C for 48 h. Samples of 200 µL were taken after 5, 24 and 

48 h. 200 µl of quenching buffer (12% w/v PEG 6000 (Sigma-Adrich) and 25 mM EDTA (Fagron) in water) was 

added to prevent further degradation. Ninhydrin assay was performed to quantify the percentage of 

degradation.25 2 ml of ninhydrin solution, prepared as described in section 2.4, was added to the samples. The 

reaction was carried out at 100°C for 10 minutes in the dark. Samples were cooled to room temperature and 2 

ml 50% v/v isopropanol (Fisher Scientific) was added. Optical absorbance of the solutions was measured at 570 

nm using a spectrophotometer (UV-1650PC, Shimadzu Benelux, Antwerp, Belgium). The absorbance at 570 nm 

was proportional to the amount of degradation. An increase in degradation resulted in more free amino acids 

and therefore higher absorbance. Percentage of degradation was compared to degradation of non-crosslinked 

gelatin microspheres.  

A hydrolytic degradation study was performed by dispersing non-crosslinked and genipin-crosslinked gelatin 

microspheres (GP-MS) in 5 ml phosphate buffered saline (PBS) and incubated at 37°C for the duration of the 

study. The morphology of the microspheres was daily observed using optical microscopy (Leica DM2500 P).26  

2.7 In vitro cell viability 

A human ovarian carcinoma cell line (SK-OV-3, obtained from the American Type Culture Collection) was cultured 

at 37°C in a 5% CO2-containing humidified atmosphere in McCoy’s medium (Invitrogen, Merelbeke, Belgium). 

Medium was supplemented with 10% fetal bovine serum, penicillin, streptomycin (Invitrogen) and fungizone 

(Bristol Myers Squibb, Braine-l'Alleud, Belgium).  

To test the cytotoxicity of the crosslinker a broad range of genipin concentrations was evaluated (0.0001, 0.001, 

0.005, 0.01, 0.05, 0.1, 0.5, 1, 5 % w/v), and an MTT assay was performed after 24, 48, 96 h and 1 week of incubation. 

To evaluate the cytotoxicity, 30 , 25 , 20 and 10 x 103 cells/well were seeded in 96-well plates (Starstedt, Newton 

NC, USA). After 48 h, 20 µl medium was replaced by 20 µl genipin solution. After 24 h, 48 h, 96 h or 1 week of 

incubation at 37°C under 5% CO2-atmosphere, medium was entirely removed, cells were washed three times with 

PBS and 200 µL medium was added to each well. The cytotoxicity of GP-MS was tested at 0.1, 1.0, 2.5, 5.0, 10, 25 

and 50 mg/ml. 30, 25, 20, 10 and 5 x 103 cells/well were seeded in 96-well plates for incubation with the 

formulation during 24 h, 48 h, 96 h, 1 week or 2 weeks, respectively. After 48 h, 20 µl medium was replaced by 

20 µl formulation. After the required incubation period at 37°C under 5% CO2-atmosphere, the medium was 
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entirely removed, cells were washed three times with PBS and 200 µL medium was added to each well. Six wells 

per concentration were used and all experiments were performed in triplicate. Cell viability was determined via 

the MTT assay and compared with non-treated cells. 

The MTT assay was performed by replacing 100 µl medium by 100 µl MTT-reagent (3-(4,5-dimethylthiazol-2-yl)-

2,5-difenyl-tetrazolium bromide) (Sigma-Aldrich) at a concentration of 1 mg/ml in PBS-D+ (Thermo Fisher 

Scientific). The plates were incubated in the dark for 2 h at 37°C and 5% CO2-atmosphere. Afterwards, all medium 

was removed and 200 µL DMSO (Acros Organics, Geel, Belgium) was added to dissolve formazan crystals. Optical 

density was measured at 570 nm, normalizing with a reference wavelength of 650 nm using a microplate reader 

(Paradigm Detection Platform, Beckman Coulter, Suarleé Belgium).   

Genipin leaching, the amount of genipin released from the microspheres, was evaluated. 50 mg of GP-MS (0.5% 

wt genipin; 5, 15, 24, 48, 72 and 96 h of crosslinking) were immersed in 5 ml PBS at 37°C. Genipin leaching over 

time was analyzed by measuring optical absorbance of the supernatant at 240 nm. 
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3. Results and discussion 

 

3.1 Formulation of gelatin microspheres 

The size of gelatin microspheres can be controlled by adjusting the concentration of gelatin in the aqueous 

phase. A higher gelatin concentration increased the size of the aqueous droplets in emulsion and thus the size 

of the final gelatin microspheres. Nevertheless, a minimum viscosity was necessary for a good emulsification 

process as no microspheres or microspheres with a poor morphology were formed when an aqueous gelatin 

solution of 5 and 10 w/v % was used. A gelatin with a high gel strength (i.e. bloom value of 265) was selected as 

this gelatin grade yielded microspheres with a better spherical morphology in comparison to gelatin grades with 

bloom values of 160, 200 and 250. Microspheres were not formed when a gelatin grade of 75 and 100 bloom 

was used. Aggregation tendency of the microspheres depended on the bloom value of gelatin: less aggregation 

was observed at higher bloom value. Addition of surfactants also controlled the size of microspheres by reducing 

the size and the aggregation tendency of the gelatin droplets during the emulsification process.15 Figure 1 

displays laser diffraction results, illustrating how the final microspheres size can be managed by the 

concentration of the gelatin solution and the addition of a surfactant.   

 

Figure 1. Influence of the composition of the emulsion on the size of the gelatin microspheres (n=3; ± SD) 

The influence of different types of surfactants, i.e. sorbitan esters (Span®) and their ethoxylates (Tween®), 

poloxamers (Pluronic®) and polyethoxylated castor oil (Cremophor® RH), on the size of microspheres was 

investigated. The influence of the surfactants on the size of the microspheres is displayed in Table 1, presenting 

the volume mean diameter, D[4,3]. The addition of 0.1 wt% Cremophor® RH 60 (polyoxyl 60 hydrogenated castor 

oil) to the oil phase resulted in the smallest microspheres with a narrow size distribution, low aggregation 

tendency and good spheroid morphology.  
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Table 1. Influence of surfactants on the size of gelatin microspheres (n=3)  

Surfactant D[4,3] ± SD (µm) (n=3) 

sorbitan esters (Span®) and their ethoxylates (Tween®) 

Tween® 20 147 ± 13 

Tween® 80 84 ± 13 

Tween® 80/Span® 80 71 ± 4 

Tween® 85 119 ± 29 

Span® 85/Tween® 85 110 ± 12 

poloxamers (Pluronic®) 

Pluronic® F68 155± 23 

Pluronic® F127 270 ± 15 

Pluronic® L121 65 ± 11 

polyethoxylated castor oil (Cremophor® RH) 

Cremophor® RH 60 58 ± 10 

Microspheres with a size of about 50 µm were selected for further experiments based on their intended use for 

IP administration since smaller sized microspheres are more easily to inject intraperitoneally. To obtain 

microspheres of 50 µm, 15 w/v% gelatin (265 bloom) solution was added dropwise to 100 ml of peanut oil with 

0.1 wt% Cremophor® RH60, emulsified and extracted as described above. The obtained microspheres had a volume 

mean diameter, D[4,3], of 58 ± 10 µm and a span of 1.12 in the dispersed state. A spherical morphology of the 

microspheres without tendency towards aggregation was observed.  

3.2 Crosslinking of gelatin microspheres 

Gelatin microspheres were crosslinked using genipin in various concentrations and crosslinking times. Blue 

coloration increased with higher genipin concentration and a longer incubation time. Ninhydrin assay confirmed 

that a higher degree of crosslinking was obtained when increasing genipin concentration and crosslinking time 

(Figure 2). 

Genipin can react with the free amino groups of lysine, hydroxylysine and arginine residues in proteins to form 

intra- and intermolecular crosslinks. The reaction between a genipin and an amino acid in gelatin is initiated by 

a nucleophilic attack of the amino group on the third carbon of genipin. The genipin ring is opened and an 

aldehyde group is formed. The resulting aldehyde group is attacked by the attached secondary amine group. 

Further radical reaction leads to dimerization. Hence, genipin may link peptide chains by introducing a dimeric 

genipin spacer with a cyclic structure. Consequently, genipin can form intramolecular crosslinks within a gelatin 

molecule and short-range intermolecular crosslinks between two adjacent gelatin molecules.16,18,27 Intermediates 

formed during the crosslinking reaction are linked to the blue coloration. Some suggest that genipocyanin is a 

major component, a result of a 1:1 reaction between genipin and amino acid. Spontaneous reaction of genipin as 
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azaphilone with an amino group forms a nitrogen-iridoid which undergoes dehydration to form an aromatic 

monomer.28 Others speculate that genipin molecules may be polymerized before crosslinking with amino 

groups.20  

 

Figure 2. Degree of crosslinking (%) of gelatin microspheres (n=3; ± SD) in function of genipin concentration (0.1, 

0.5 1 w/v% genipin) and crosslinking time (h) 

Crosslinking gelatin microspheres did not induce changes in morphology or size. Photomicrographs of GP-MS in 

the dispersed state are displayed in Figure 3. Microspheres crosslinked during 5 h and 24 h had a mean volume 

diameter of 57.11 ± 5.03 µm (n=3) and 55.53 ± 5.08 µm (n=3), respectively. 

 

Figure 3. Photomicrographs of genipin-crosslinked gelatin microspheres after (a) 5h and (b) 24 h of crosslinking 

using 0.5 w/v % genipin  

3.3 In vitro degradation  

The degradation mechanism of the microspheres is probably a combination of hydrolysis and proteolysis. 

Therefore, two types of degradation assays were performed. Proteolysis can be accelerated in case of metastasis 

as it has been noticed that tumor cell invasion and metastasis are related to a higher expression of degrading 

enzymes, such as heparanase, serine protease, thiol protease and metal-dependent enzymes. A shift in 

proteolytic balance of proteases facilitates the matrix modulation in the metastatic cascade.  Tumor cells can 

directly secrete degrading enzymes or induce proteinase activity in neighbouring cells. Matrix 
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metalloproteinases (MMP) play an important role in extracellular matrix degradation. MMP collagenase I was 

chosen as model enzyme as it is most widely expressed. Collagenase I is secreted by both normal cells, e.g. 

stromal fibroblasts, macrophages, endothelial and epithelial cells, as well as by tumor cells.29–32 The in vitro 

proteolytic study allowed a rapid evaluation of the biodegradability. Enzymatic degradation properties of 

microspheres are displayed in Figure 4. All microspheres were degraded within 48 hours. An increase in degree 

of crosslinking and genipin concentration resulted in a longer resistance to enzymatic degradation. 

 

Figure 4. In vitro enzymatic (collagenase I) degradation of gelatin microspheres (n=3; ±SD) crosslinked using 0.1 

w/v % (A) and 0.5 w/v % (B) genipin and different crosslinking times 

The resistance of GP-MS to hydrolysis was evaluated (Table 2). Microspheres remained longer intact when a 

higher genipin concentration and longer duration of crosslinking was used. Microspheres crosslinked with 0.1 

w/v % genipin were all degraded within 8 days, whilst using concentrations of 0.5 and 1.0 w/v % genipin increased 

the resistance of microspheres to degradation. Microspheres crosslinked for 96 h with 1.0 w/v % genipin 

remained intact for about 60 days.  

Table 2. Degradation time (d) of genipin-crosslinked microspheres (n=3; ±SD) by hydrolysis at 37 °C  

Crosslinking time (h) 5 15 24 48 72 96 

% w/v genipin time needed to degrade the microspheres (d)  

0.1 1.0 ± 0.0 1.0 ± 0.0 2.7 ± 0.6 3.7 ± 0.6 4.3 ± 0.6 8.3 ± 0.6 

0.5 2.0 ± 0.0 7.3 ± 0.6 17.0 ± 1.0 29.0 ± 1.0 37.0 ± 2.0 41.7 ± 2.5 

1.0 4.0 ± 1.0 15.7 ± 1.5 43.3 ± 1.5 51.3 ± 0.6 53.7 ± 1.2 58.7 ± 2.1 

The degree of crosslinking allowed to tailor the degradation rate of microspheres and thus their residence time. 
 

3.4  In vitro cell viability 

Previous reports describe the low cytotoxicity of genipin as a crosslinking agent in comparison to aldehyde 

crosslinkers.16,21–24 This study evaluated the influence of genipin on the viability of SK-OV-3 cells. Both 
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concentration- and time-dependent influence of the crosslinking process on cell viability were evaluated since 

the gelatin microspheres are intended to be retained for a prolonged period in the peritoneal cavity (Figure 5A). 

MTT assays clearly indicated that genipin influenced cell viability at high concentrations. Concentrations of 0.5 

w/v % and higher caused a steep decrease of cell viability after one day of incubation. Cell viability decreased 

further in time to a minimum of 20%. Acute cytotoxicity was noticed with a minimum cell viability of 25% after 

48 h of exposure to 0.5 w/v % genipin. Surprisingly, cells seemed to recover in time which could reflect the loss 

of cell-cell contacts and mitochondrial reactivation.33,34 Low genipin concentrations (0.0001 to 0.01 w/v %) hardly 

had an effect on cell viability, while concentrations of 0.05 and 0.1 w/v % affected cell viability with a gradual 

decrease in function of time. Hence, only the lowest genipin concentrations (0.0001 to 0.005 w/v %) can be 

considered as non-cytotoxic. Since the cytotoxicity of genipin is determined by the free concentration of the 

crosslinker exposed to cells, leaching of genipin from microspheres was evaluated. The amount of genipin 

released from the microspheres was very low and within the non-cytotoxic concentration range. Measured 

genipin concentrations ranged from 0.00007 w/v % (70% degree of crosslinking) to 0.001 w/v % (40% degree of 

crosslinking) and 0.004 w/v % (<40% degree of crosslinking). Based on the aforementioned cytotoxicity data, it 

is hypothesized that the free genipin released from the microspheres will not affect cell viability. The low 

amount of genipin released from the crosslinked microspheres is linked to the stable nature of the inter- and 

intramolecular crosslink.16,20,27 

 

Figure 5. (A) influence of genipin concentration (% w/v) in the reaction medium on cell viability as a function of 

time measured by MTT assay on SK-OV-3 cells (n= 18, ± SD); (B) influence of concentration of GP-MS on cell 

viability of SK-OV-3 cells as a function of time (n=18, ± SD) 

This hypothesis was confirmed by performing a new set of MTT assays where SK-OV-3 cells were exposed to 

several concentrations of GP-MS with a degree of crosslinking of 60%. Figure 5B indicates that cell viability was 
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not affected by the presence of GP-MS. Neither exposure time nor concentration of GP-MS had an influence on 

cell viability. 

4. Conclusion 

Spheroid gelatin microspheres were prepared by a modified emulsification solvent extraction method. 

Microspheres were stabilized by crosslinking using genipin. GP-MS did not influence cell viability when analyzed 

by MTT assay using SK-OV-3 cells. Future work will evaluate the biocompatibility and in vivo distribution 

characteristics of GP-MS in the abdominal cavity of mice. Additionally, the potential efficacy of GP-MS to prevent 

postsurgical peritoneal adhesions will be evaluated in an abraded abdominal wall-cecum mouse model. 
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1. Introduction 

Peritoneal adhesions are defined as pathological attachments between tissues and organs, usually between the 

omentum, bowel loops and the abdominal wall. They can be classified as congenital or acquired.1–3 The majority 

of adhesions is acquired and can be subdivided according to their inflammatory or postsurgical etiology. 

Inflammatory adhesions result from the inflammatory response of the peritoneum during intra-abdominal 

inflammatory processes such as acute appendicitis, pelvic inflammatory disease and exposure to intestinal 

contents.1–3 Postsurgical adhesions develop when injured tissue fuse together to form scar tissue.1–4 The reported 

incidence of intraperitoneal (IP) adhesions varies from 67 to 93% after general intra-abdominal surgery and up 

to 97% after open gynecologic surgery.1–3,5 Peritoneal adhesions affect quality of life by causing small bowel 

obstruction, female infertility, chronic abdominal pain and inadvertent organ injury after re-operative surgery.1–

7 

Several strategies, including pharmacological agents and physical barriers, have been explored to prevent 

postsurgical peritoneal adhesions.3,5 Pharmacological agents interfere with pathways in the adhesion formation 

cascade and most commonly target inflammation or favor fibrinolysis. Their use however is limited in clinical 

practice because of a poor effectiveness due to their rapid peritoneal clearance and a significant risk of side 

effects.1,3,8,9 Physical barriers can prevent postoperative adhesions by separating injured peritoneal surfaces until 

completion of peritoneal remesothelialization. The barrier method is up to now the only useful adjunct in the 

prevention and reduction of postoperative adhesion formation, next to prevention of surgical trauma.3,10 The 

most commonly used barriers in clinic are Seprafilm®, a hyaluronic acid based film, and Interceed®, an oxidized 

regenerated cellulose membrane. Disadvantages are difficulties in handling, incompatibility with laparoscopy 

and inability to cover all peritoneal surfaces.3,10–12 Novel anti-adhesive barriers are needed to overcome these 

limitations.  

Severe peritoneal adhesions are also observed after major surgery for abdominal malignancies. Cytoreductive 

surgery followed by IP chemotherapy is becoming the standard of care for patients with advanced cancers such 

as colorectal or ovarian tumors. Peritoneal carcinomatosis results from dissemination of primary intra-

abdominal and gynecological cancers.13–19 The effectiveness of IP chemotherapy depends on an uniform drug 

distribution in the peritoneal cavity as well as on the concentration and exposure time of residual tumors to the 

instilled drugs. Adhesions occurring after cytoreductive surgery can compromise the effect of IP 

chemotherapy.20–22 Therefore, a formulation that distributes evenly in the abdominal cavity, prevents peritoneal 

adhesions and simultaneously extends residence time and enhances local drug concentration is of high clinical 

interest. Biocompatible microspheres might be suitable candidates to meet these objectives. 
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This study presents the in vivo characterization of genipin-crosslinked gelatin microspheres (GP-MS). The 

biocompatibility, -degradability and distribution pattern of GP-MS in the abdominal cavity are investigated. The 

effectiveness of GP-MS to prevent postsurgical peritoneal adhesions is evaluated in a standardized abraded 

cecum-peritoneal wall mouse model.22 

2. Materials and methods 

All animal experiments were approved by the Ethical Committee of the Faculty of Medicine, Ghent University 

(ECD 14/11). Female Balb/c mice (Envigo, Horst, The Netherlands) were kept in standard housing conditions with 

water and food ad libitum and a 12 hours light/dark cycle. 

2.1 In vivo biocompatibility, degradability and toxicity study  

Fifteen Balb/c mice, aged 6 weeks, received an IP injection of the formulation into the left lower quadrant. GP-

MS were sterilized in an ethanolic solution prior to administration. 50 mg of sterilized gelatin microspheres, 

crosslinked using 0.5% w/v genipin for 48 h, were suspended in 2 ml sterile physiological saline (Baxter, Lessines, 

Belgium) and injected. All animals were observed after administration of the formulation, including general 

condition (activity, energy, hair, feces, behavior pattern and other clinical signs), body weight and mortality. After 

2, 7, 14, 21 and 28 days, three mice per time point were sacrificed by cervical dislocation under anesthesia with 

sevoflurane (Sevorane®, Abbott, Waver, Belgium). A vertical incision along the midline through the abdominal 

wall muscle and peritoneum was made and the abdominal cavity was exposed. Distribution, compatibility and 

degradability of GP-MS were examined. The abdominal cavity was photographed. Specimens of cecum, colon, 

greater omentum and parietal peritoneum were assigned for histopathological examination to evaluate local 

tolerance. Specimens of spleen, pancreas, liver and kidneys were taken to evaluate general toxicity. Tissues were 

fixed immediately by immersion in 4% paraformaldehyde in PBS for 72 hours and embedded in paraffin. The 

tissues were then sectioned and stained with hematoxylin and eosin (H&E). All slides were examined for tissue 

inflammatory reaction by a pathologist in a blinded manner. 
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2.2 Effectiveness of gelatin microspheres for the prevention of postoperative peritoneal adhesions 

2.2.1. Influence of GP-MS to the mechanism of adhesion formation over time 

Fifteen female Balb/c mice, aged 6 weeks, were sedated by inhalation anesthesia with sevoflurane, induction 8% 

and maintenance 3%. Prior to anesthesia, mice received a subcutaneous injection of buprenorphine 0.05 mg/kg 

(Temgesic®, Schering-Plough, Heist-op-den-Berg, Belgium). Body temperature was controlled using a heating 

plate. 

Peritoneal adhesions were induced by the abdominal wall and cecum abrasion peritoneal adhesion model as 

previously reported.22–24 An anterior midline incision was made through the abdominal wall and peritoneum. The 

cecum was identified and abraded until visible damage by scrubbing with a sterile dry surgical gauze. The 

damaged cecum was returned to the abdominal cavity and a 1x1 cm apposing parietal peritoneal wall defect was 

created using a sterile dry gauze. No attempt of hemostasis or IP irrigation was made. The abraded cecum was 

placed in apposition to the peritoneal wall defect. Then, the incision was closed in two layers with a PDS II 6/0 

suture (Ethicon®, Johnson & Johnson, Sint Stevens Woluwe, Belgium).  

After complete closure, 12 Balb/c mice (GP-MS-treated mice) were intraperitoneally injected in the left lower 

quadrant with the formulation. Fifty mg of GP-MS, crosslinked using 0.5% w/v genipin for 24 h and sterilized by 

immersion in an ethanolic solution, were dispersed in 2 ml of sterile physiological saline (Baxter) and injected. 

Three Balb/c mice (control mice) received an IP injection of 2 ml of physiological saline (Baxter) in the left lower 

quadrant. Mice were checked daily for changes in behavior (feeding, grooming, etc.) and body weight was 

monitored.  

The anti-adhesion efficacy of GP-MS was evaluated 2, 7 and 14 days post-operatively, 3 GP-MS-treated mice and 

1 control mouse per time point. Mice were sacrificed by cervical dislocation under anesthesia with sevoflurane. 

Abdominal cavity was exposed, and tissues were investigated for typical inflammatory signs. Adhesions were 

qualified and quantified using standard scoring systems. The qualitative adhesion scoring (Table 1) was based 

on extent, type and tenacity of adhesions, as described by Binda et al. (2007)25,26 with some modifications. 
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Table 1. Qualitative adhesion scoring system25 

 

             

The extent of adhesions was assessed by the area of the peritoneal cavity that was covered by adhesions. 

Therefore, the abdominal cavity was hypothetically subdivided into 8 sections, each consisting 12.5% of 

abdominal area, as illustrated in Figure 1.26,27 

  

Figure 1. Hypothetic subdivision of the abdominal cavity.41 

Adhesions were assessed according to the quantitative scoring system reported in Egea et al. (1995) with some 

modifications27 as displayed in Table 2.  

 

 

Category Score 

Extent 

-No adhesion 

-1-25% of the peritoneal cavity involved 

-26-50% of the peritoneal cavity involved 

-51-75% of the peritoneal cavity involved 

-76-100% of the peritoneal cavity involved 

0 

1 

2 

3 

4 

Type 

-No adhesion 

-Filmy 

-Dense 

-Vascular 

0 

1 

2 

3 

Tenacity 

-No adhesion 

-Easily fall apart 

-Require traction 

-Require sharp dissection 

0 

1 

2 

3 

Total adhesion score (Extent + Type + Tenacity) 0-10 
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Table 2. Quantitative adhesion scoring system27  

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimens for histopathological examination were taken from the cecum, abdominal wall and, if applicable, 

adhesion tissue. The tissues were fixed immediately by immersion in 4% paraformaldehyde in PBS for 72 h and 

embedded in paraffin. The tissues were then serially sectioned, stained with H&E and analyzed using light 

microscopy by a pathologist in a blinded manner. 

2.2.2 Effectiveness of GP-MS for the prevention of postsurgical peritoneal adhesions in a standardized mouse  

model 

A large-scale study was performed to compare the effectiveness of GP-MS to the commercially available 

Hyalobarrier® gel (n=11) (Anika Therapeutics, Abano Terme, Italy) in the prevention of postsurgical peritoneal 

adhesion formation in a standardized mouse model. Mice of the control group (n=11) were only treated with 

saline. Mice were at random assigned to control, GP-MS or Hyalobarrier® group. 

Peritoneal adhesions were induced by the abdominal wall and cecum abrasion peritoneal adhesion model as 

described above. After complete closure of the anterior midline incision, 2 ml of 0.9% NaCl (Baxter) or 50 mg of 

GP-MP dispersed in 2 ml of 0.9% NaCl were IP injected in the left lower quadrant of 11 Balb/c mice in the control 

and GP-MP arm, respectively. Gelatin microspheres, crosslinked for 24 h in 0.5% m/v genipin, sterilized by 

immersion in a 96% v/v ethanol (Sigma-Aldrich) solution for 4 hours prior to IP administration. Hyalobarrier® gel 

(4% ACP, Anika Therapeutics) (n=11) was applied in a thin layer to the lateral and ventral surface of the damaged 

cecum and the 1x1 cm parietal peritoneal defect before closure of the abdomen according to the manufacturer’s 

Criteria 

Site of adhesions 

Parietal Pelvic fat body-abdominal wall 

Omentum-abdominal wall 

Intestine-abdominal wall 

Visceral Omentum-liver/stomach 

Intestine-intestine 

Liver-stomach 

Tenacity 

Type 0 

Type I 

Type II 

Type III 

No adhesion 

Simple, without dissection 

Dissection needed to separate adherent area 

Dissection needed to cut the adhesions 

Vascularization of adhesions 

Vascularized 

Avascularized 



CHAPTER 2 
 

72 
 

instructions. All proceedings were performed under clean conditions by one surgeon in a blinded way. Mice were 

monitored for recovery from anesthesia and their general conditions and body weight were followed daily. 

At day 14 a second ventral laparotomy was performed, the abdominal cavity was exposed and tissues were 

investigated for typical inflammatory signs. In addition, adhesions were qualified and quantified in a blinded 

manner by two persons using three scoring systems. Qualitative adhesion scoring was based on extent, type and 

tenacity of adhesions, as described by Binda et al. (2007) with some modifications25,26 as displayed in Table 1. 

Adhesions were assessed according to the quantitative scoring system reported in Egea et al. (1995) with some 

modifications26,27 as displayed in Table 2. Additionally, adhesions were graded (Table 3) according to the Zühlke 

grading classification.26,28 

Table 3. The Zühlke grading classification of adhesions28 

Grade  Description 

Grade 0 

Grade I 

Grade II 

Grade III 

Grade IV 

No adhesion 

Filmy adhesions that require gently blunt dissection to be divided 

Mild adhesions that require aggressive blunt dissection to be freed 

Moderate adhesions that require sharp dissection to be freed 

Severe adhesions that are not dissectible without damage to adherent organs 

Specimens for histopathological examination were taken from the cecum, abdominal wall and, if applicable, 

adhesion tissue. The tissues were fixed immediately by immersion in 4% paraformaldehyde in PBS for 72 h and 

embedded in paraffin. The tissues were then serially sectioned, stained with H&E and analyzed using light 

microscopy by a pathologist in a blinded manner.  

Blood samples were obtained from the tail vein of mice prior to induction of adhesions, at day 1 and 7 

postoperatively. At day 14 blood was obtained by intracardiac puncture using a 27 G needle and mice were 

sacrificed by cervical dislocation under anesthesia sevoflurane. The blood samples were centrifuged at 2500 

rpm during 10 minutes. Additionally, peritoneal lavages were performed at day 0, 1, 7 and 14. Five ml of cooled 

PBS was intraperitoneally injected, the abdomen was gently massaged, and peritoneal fluid was collected. 

Quantification of cytokines interleukin (IL) 1ß, IL-6 and TNF- in plasma and peritoneal fluid was performed 

using ELISA kits (Qiagen, Antwerp, Belgium).  

Statistical analysis was performed using the nonparametric Wilcoxon-Mann Whitney test in GraphPad Prism™ 

version 5.2 to compare the total adhesion score, grade and extent of adhesion between each pair of treatment 

groups. The incidence of adhesions was compared using the Fisher’s Exact test. A P-value < 0.05 on a two-tailed 

test was considered to be statistically significant. 
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3. Results and discussion 

3.1 In vivo distribution pattern, biocompatibility and degradability 

Animals were followed during the entire period of the study and all of them tolerated the formulation well. Body 

weight gain was not different from the standard body weight increase and general activity was normal. The 

formulation consisted of GP-MS with a 60% degree of crosslinking using 0.5 w/v % genipin as crosslinking 

concentration. A high degree of crosslinking was chosen to ensure a long retention time in the peritoneal cavity 

in order to obtain information on the short and longer term inflammatory and toxicity responses. 

The distribution of GP-MS in the abdominal cavity was visually evaluated (Figure 2) based on the blue color of 

the microparticles. The microspheres displayed a distribution pattern similar to the flow of the peritoneal fluid. 

The gelatin microspheres distributed throughout the whole abdominal cavity, from injection site to colon, cecum, 

omentum, diaphragm and liver, and accumulation of the formulation at the typical sites of peritoneal 

carcinomatosis was seen. The peritoneal carcinomatosis pattern has been described and tumor growth was 

predominantly found in the following locations: in the small pelvis, at the end of the ileal mesentery, at the 

sigmoid colon, and at the right paracolic gutter (cecum, ascending colon).29,30 Thus, the distribution pattern of 

the microspheres is an attractive characteristic in view of its intended use for drug delivery in the treatment of 

peritoneal carcinomatosis.  

 

Figure 2. macroscopic images of abdominal cavity of Balb/c mice. Evaluation of distribution pattern of GP-MS 2 

days (A), 7 days (B), 14 days (C), 21 days (D) and 28 days (E) after IP injection. 
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Upon examination of the abdominal cavity and organs there were no visible signs of inflammation or intolerance 

caused by the presence of the formulation. Previous studies showed that biodegradable poly-(lactic-co-glycolic) 

acid microspheres with a size range of 5 to 250 µm caused peritoneal adhesions and chronic inflammation after 

IP injection whilst nanoparticles caused fewer adhesions but were rapidly cleared from peritoneal cavity.31  All 

tissues had a normal, healthy appearance and there were no adhesions observed after IP injection of GP-MS. 

Histopathological examination of the tissues confirmed that there were no signs of inflammation nor 

intolerance (Figure 3 and 4). No abnormalities were observed in colon, cecum, greater omentum, parietal 

peritoneum and spleen, liver, pancreas or kidneys compared with the control group. To our knowledge, 

microspheres for IP administration that do not cause inflammation or intolerance have not yet been described. 

Nanoparticles are mainly used to achieve these requirements.31–33 Since they suffer from rapid clearance, 

incorporation of nanoparticles into hydrogels has been reported.32 

 

Figure 3. Optical micrographs of H&E-stained slices of tissues of GP-MS-treated mice. (A) cecum, where MI = 

muscularis, Mu = mucosa, Se = serosa; (B) colon, where CrLi = Crypt of Lieberkühn, GoCe= Goblet Cell, MI = 

muscularis, Mu = mucosa, Se = serosa; (C) Greater Omentum, where A=Adipose Tissue; (D) Peritoneum/Abdominal 

Wall, where Ad=Adipose Tissue, SkM= Skeletal Muscle. Original magnification of 200x (A, C, D) and 400x (B). 
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Figure 4. Optical micrographs of H&E-stained slices of tissues of GP-MS-treated mice. (A) Spleen, where RePu = 

Red Pulp, WhPu = White Pulp; (B) Pancreas, where ExPa = Exocrine Pancreas, IsLa = Islet of Langerhans; (C) Liver, 

where LiPa = Liver Parenchyma, PoVe = Portal Vein; (D) Kidneys, where BV = Blood Vessel, Ca = Capsule, CoTu = 

Convoluted Tubule, Gl = Glomerulus. Original magnification of 100x (A, B,C) and 200x (D). 

The formulation remained intact in the peritoneal cavity at day 2, 7, 14 and 21. A gradual decrease of the amount 

of microspheres over time was noticed, indicating the biodegradability of the formulation. At day 28, only a small 

amount of microspheres was still present in the abdominal cavity.   

3.2 Effectiveness of gelatin microspheres for the prevention of postoperative peritoneal adhesions 

Adhesions were induced by the abdominal wall and cecum abrasion peritoneal adhesion model as described 

extensively in literature.6,22,23,34,35 The model is highly reproducible and adhesion formation can be easily scored. 

However, this model might not entirely relate to the clinical appearance of peritoneal adhesions after an 

abdominal operation, where adhesions are found spread throughout the peritoneal cavity and in between 

intestines. Nonetheless, the model provides a good indication of the effectiveness of the formulation and allows 

follow-up of the healing of peritoneum and cecum. GP-MS crosslinked using 0.5 w/v% genipin during 24 h were 

chosen as formulation to prevent peritoneal adhesions since a degree of crosslinking of 40% ensures complete 

degradation of the GP-MS within 14 days. Microspheres of 50 µm were chosen for in vivo studies since pilot 

studies using particles of 50, 100, 200 and 300 µm showed that the larger the particles, the more difficult to 

inject and particles were more evenly distributed in the peritoneal cavity using a smaller particle size.  
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3.2.1. Influence of GP-MS to the mechanism of adhesion formation over time 

Scoring of adhesions was conducted 2, 7 and 14 days after the induction of adhesions (Table 4). All control mice 

(Figure 5) developed peritoneal adhesions. Cecum was attached to peritoneal wall (parietal adhesions) and 

dense adhesions were seen between colon-cecum and small intestines-cecum (visceral adhesions). Sharp 

dissection was required to separate the adhesions. At day 14, adhesions were vascularized. It is accepted that 

peritoneal remesotheliazation is completed by day 8 after peritoneal injury, thus formed adhesions will remain 

and vascularization is initiated. Whilst peritoneal adhesions were formed in all control mice, none of the mice 

treated with GP-MS developed adhesions (Figure 6). At day 2, the formulation was evenly distributed throughout 

the peritoneal cavity. The microspheres adhered to the affected peritoneum and cecum, forming a barrier to 

prevent traumatized peritoneal surface apposition during the healing process. No adhesions were found in GP-

MS-treated mice 7 days after induction of peritoneal adhesions. GP-MS were completely degraded 14 days after 

induction of the adhesions, confirming the biodegradability of the formulation. None of the GP-MS-treated mice 

developed adhesions, peritoneal and cecal injuries appeared healthy and recovered.  

Table 4. Qualitative and quantitative valuation of peritoneal adhesions in GP-MS-treated (n=12; 3 per time point) 

and control mice (n=3; 1 per time point) on post-operative day 2, 7 and 14. 

Post-operative 

day 

 

Quality of adhesions Quantity of adhesions 

GP-MS treated mice Control mice GP-MS treated mice Control mice 

Total score Tenacity (Type) 

Day 2 0 8 0 3 

Day 7 0 8 0 3 

Day 14 0 9 0 3 

 

 

 

Figure 5. Photographs of the abdominal cavity of control mice after induction of peritoneal adhesions (A) Day 2: 

type 3 adhesions, qualitative score of 8 (B) Day 7: type 3 adhesions, qualitative score of 8 (C) Day 14: type 3 

adhesions, qualitative score of 9 (vascularized)  
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Figure 6. Photographs of the abdominal cavity of GP-MS-treated mice after induction of peritoneal adhesions (A) 

Day 2: no adhesions, (B) Day 7: formulation almost completely degraded, no adhesions (C) Day 14: formulation 

entirely degraded, no adhesions  

Abdominal wall and viscera are covered by a peritoneal layer consisting of mesothelial cells and an underlying 

extracellular matrix. Peritoneal wounds remesothelialize within 5-6 days for the parietal peritoneum and within 

5-8 days for both visceral mesothelium covering the terminal ileum and the mesothelial layer of the parietal 

peritoneum. The mechanism of adhesion formation can be considered as a variation of the physiological healing 

process. Injuries to the peritoneum cause a local release of cytokines, IL-1, IL-6 and tumor necrosis factor- (TNF-

), as a response to trauma. Cytokines attract and activate macrophages to secrete variable substances, 

including cyclooxygenase and lipoxygenase metabolites, plasminogen activator, plasminogen activator inhibitor 

(PAI), collagenase, elastase, IL-1 and 6, TNF-, etc. Postsurgical macrophages recruit new mesothelial cells to 

lead to peritoneal remesothelialization in response to macrophage-secreted mediators. Formation of the fibrin 

matrix is of major importance in the adhesion formation cascade. The fibrin clot is formed in several stages from 

fibrinogen to fibrin monomer, then to soluble fibrin polymer and finally insoluble polymer by coagulation factors. 

Normally most of the fibrin depositions will disperse by fibrinolysis. The fibrinous mass that remains, results in 

the organization and formation of adhesions.1,2  

The balance between deposition and degradation of fibrin will determine normal peritoneal healing or adhesion 

formation. Fibrinolytic activity usually begins three days after peritoneal injury and increases to a maximum by 

day 8. Therefore, peritoneal adhesions will remain when remesothelialization is completed by day 8. Normal 

peritoneum has a high fibrolytic activity to prevent adhesion formation. But at sites of surgical or inflammatory 

injury, levels of PAI are increased, which inhibit fibrinolytic activity. Additionally, deficient blood supply and 

reduced tissue oxygenation, typically for surgical injury, decrease fibrinolysis resulting in adhesion 

development.1,2. Three time points (day 2, 7 and 14) were chosen to evaluate the complete cascade of peritoneal 

adhesion formation. The microspheres were able to form a barrier between the injured peritoneal surfaces of 

cecum and parietal peritoneum, thereby hindering the formation of fibrin strands during the remesotheliazation 

phase. At day 14, when peritoneal healing is completed, adhesions will remain.1,2 GP-MS-treated mice did not 
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develop peritoneal adhesions and the peritoneal layer covering abdominal wall and viscera had a normal 

appearance by day 14. In contrast, control mice developed peritoneal adhesions which were vascularized by day 

14 since there was no IP barrier present.  

Histopathological analysis of cecum, peritoneum and adhesion tissue allowed to further evaluate the differences 

in formation of peritoneal adhesions in time between control and GP-MS-treated mice. Tissue samples of control 

mice clearly showed inflammation. Two days after induction of peritoneal adhesions (Figure 7, A-C), a limited to 

mild active inflammation of the cecal serosa was seen, while the cecal mucosa displayed a normal architecture. 

Peritoneal tissue also displayed mildly active inflammation. Adhesion tissue consisted of adipose tissue, 

infiltrated by neutrophils, and lymphoid follicles were occasionally observed. In comparison, in all cecal samples 

of GP-MS-treated mice, the serosa displayed limited inflammation as only few neutrophils and lymphocytes 

were present. Cecal mucosa did not display any abnormalities. Some neutrophils and lymphocytes were also 

noticed in peritoneal tissue, without infiltration into muscle tissue, indicating a mildly active inflammatory 

response (Figure 7, D-E).  

Figure 7. Optical micrographs of H&E-stained slices of tissues of mice two days after induction of peritoneal 

adhesions. Inflammatory cells are observed in cecum (A), abdominal wall/peritoneum (B) and adhesion (C) of 

control mice. Cecum (D) and abdominal wall/peritoneum (E) of GP-MS-treated mice also displayed inflammatory 

cells. Scale bar represents 100 µm. Original magnification of 200x. Ad = adipose tissue, Ly = lymph node, M = 

muscularis, Mu = mucosa, Se = serosa, SkM = skeletal muscle, arrows indicate inflammatory cells. 

Seven days after induction of peritoneal adhesions (Figure 8, A-C) extended inflammation of cecal serosa was 

observed in control mice. Both neutrophils and lymphocytes were noticed at the entire surface of the serosa. 

Peritonitis was clearly observed in control mice with extension of the inflammation into muscle tissue of the 
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abdominal wall. Adhesion tissue consisted of adipose tissue with inflammatory cells and lymphoid aggregates. 

Cecal serosa and mucosa of GP-MS-treated mice displayed no irregularities at day 7, whereas a small amount of 

inflammatory cells was observed in peritoneal tissue (Figure 8, D-E). No infiltration into muscle tissue of 

abdominal wall was seen. 

 

Figure 8. Optical micrographs of H&E-stained slices of tissues of mice seven days after induction of peritoneal 

adhesions. Inflammatory cells are observed in cecum (A), abdominal wall/peritoneum (B) and adhesion (C) of 

control mice. Cecum of GP-MS-treated mice (D) displays normal architecture and few inflammatory cells are 

seen at abdominal wall/peritoneum (E) of GP-MS-treated mice. Scale bar represents 100 µm (A-C and E) or 50 

µm (D). Original magnification of 200x (A-C and E) and 400x (D). Ad = adipose tissue, Ly = lymph node, M = 

muscularis, Mu = mucosa, Se = serosa, SkM = skeletal muscle, arrows indicate inflammatory cells. 

Fourteen days after induction of peritoneal adhesions (Figure 9, A-C), adipose tissue associated with cecum of 

control mice, i.e. adhesion tissue, showed a severe inflammatory infiltrate. Cecal mucosa displayed normal 

architecture whereas serositis was observed. Peritoneal tissue still showed active inflammation after fourteen 

days. Inflammatory cells were observed in adipose, connective and muscle tissue. Chronic inflammation was 

seen upon observation of adhesion tissue. Cecal mucosa and serosa of GP-MS-treated mice had a normal 

appearance without signs of inflammation. Peritoneal tissue of most mice was healed after abrasion, although 

in some cases, a few inflammatory cells were observed. (Figure 9, D-E) None of the tissues showed penetration 

of inflammatory cells into abdominal wall muscle tissue. Thus, histopathological examination showed that 

inflammatory reaction of cecum and peritoneum decreased over time. Cecum and peritoneum recovered and 

displayed a normal histological appearance. Quantification of inflammatory markers, cytokines in plasma and 

peritoneal fluid, was performed in the effectiveness study detailed below. This permits confirmation of the 

hypothesis that GP-MS are able to reduce formation of peritoneal adhesions and allow healing of peritoneal 

wounds.  
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Figure 9. Optical micrographs of H&E-stained slices of tissues of mice fourteen days after induction of peritoneal 

adhesions. Extensive inflammation is observed in cecum (A), abdominal wall/peritoneum (B) and adhesion (C) of 

control mice. Cecum of GP-MS-treated mice (D) displays normal architecture and few inflammatory cells are 

seen at abdominal wall/peritoneum (E) of GP-MS-treated mice. Scale bar represents 100 µm (A-C and E) or 50 

µm (D). Original magnification of 200x (A-C and E) and 400x (D). Ad = adipose tissue, M = muscularis, Mu = 

mucosa, SkM = skeletal muscle, arrows indicate inflammatory cells 

3.2.2. Effectiveness of GP-MS for the prevention of postsurgical peritoneal adhesions in a standardized mouse 

model 

All animals had a healthy appearance and their general activity was normal. Furthermore, they gained body 

weight after the surgical procedure. Adhesions were seen in all control mice and animals of the comparison 

group (Hyalobarrier®). In the intervention group (GP-MS treated mice), 36% of the mice developed at least one 

adhesion, which represented a statistic significant reduction of 64% in incidence compared to the control group 

(P=0.0039; Fisher’s Exact). The high incidence (100%) of adhesions noticed in the control group indicated that 

the standardized adhesion model was adequate to evaluate the effectiveness of agents in the prevention of 

postsurgical peritoneal adhesions. 

The results of the quantitative scoring of the peritoneal adhesions are displayed in Table 5. Visceral adhesions 

were seen in all animals of the control (Figure 10A) and Hyalobarrier® group (Figure 10D), compared to 18% of 

GP-MS treated mice (Figure 10F). The mice predominantly developed intestine-intestine adhesions. Parietal 

adhesions were seen in 64% and 45% of mice in the control (Figure 10B) and Hyalobarrier® group (Figure 10C), 

respectively. Parietal adhesions were observed in 18% of GP-MS treated animals. At day 14, adhesions were 

vascularized in 91% of mice in the control group compared to 9% of animals in the GP-MS group. Vascularized 

adhesions were observed in 82% of Hyalobarrier®-treated mice. It should be noted that when intestines were 
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immediately attached to the peritoneal wall, observation of vascularization was not possible, hence there were 

no fibrous adhesion strands present.  

Table 5. Quantitative scoring of adhesions per treatment group (control, Hyalobarrier® and GP-MS group) 

including site of adhesions, tenacity and vascularization. 

Category Control (n=11) Hyalobarrier® (n=11) GP-MS (n=11)  

Site adhesions 

Parietal 

Visceral 

 

7  

11  

 

5 

11 

 

2 

2 

Tenacity 

Type 0 

Type I 

Type II 

Type III 

 

0 

0 

5 

6 

 

0 

0 

3 

8 

 

7 

4 

0 

0 

Vascularization 10 9 1 

 

 

Figure 10. Photographs of the abdominal cavity 14 days after induction of peritoneal adhesions. Control mouse: 

(A) visceral adhesions, (B) parietal adhesion, colon attached to peritoneum; Hyalobarrier®-treated mouse: (C) 

parietal adhesions, cecum attached to peritoneum, (D) 1=visceral adhesion, 2=parietal adhesion, cecum attached 

together; GP-MS-treated mouse: (E) no adhesions, normal physiology, (F) filmy adhesion between cecum and 

greater omentum. Arrows indicate peritoneal adhesions.  
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Results of the qualitative assessment of peritoneal adhesions are displayed in Table 6. The total adhesion score 

of the control group was 7.90 ± 1.70 compared to 1.18 ± 1.78 in the GP-MS group. The difference in total score 

between both groups was statistically significant (P<0.0001; Wilcoxon-Mann Whitney). In addition, the GP-MS 

group (1.18 ± 1.78) and Hyalobarrier® group (8.36 ± 1.91) differed significantly in total adhesion score (P<0.0001; 

Wilcoxon-Mann Whitney), whereas no statistically significance was reported between Hyalobarrier® and control 

group (P=0.42; Wilcoxon-Mann Whitney).  

Table 6. Qualitative scoring of peritoneal adhesions post-operative day 14. Results are displayed as average score 

± standard deviation per category for each treatment group (n=11). 

Category Control group (n=11) Hyalobarrier® group (n=11) GP-MS group (n=11) 

Extent 

Type 

Tenacity 

2.64 ± 0.92 

2.55 ± 0.69 

2.73 ± 0.47 

3.00 ± 1.10 

2.64 ± 0.47 

2.73 ± 0.47 

0.45 ± 0.69 

0.27 ± 0.47 

0.45 ± 0.69 

Total score 7.91 ± 1.70 8.36 ± 1.91 1.18 ± 1.78 

Dense adhesions were observed in 82% and 91% of mice in the Hyalobarrier® and control group, respectively, 

whereas only filmy adhesions were seen in the GP-MS group. Furthermore, adhesions of GP-MS treated mice 

were very localized (extent of 0.45 ± 0.69) and felt easily apart. The 4 GP-MS-treated mice where adhesions 

were observed, had only 1 or 2 filmy adhesions which did not lead to clinical relevant complications.36 Extended 

adhesions where ± 70% of peritoneal cavity was involved, were observed in Hyalobarrier® (extent of 3.00 ± 1.10) 

and control group (extent of 2.64 ± 0.47). The adhesions mainly required sharp dissection to separate them and 

this was not possible without damaging of the intestines or abdominal wall. 

An overview of the evaluation of the adhesion grading according to the Zühkle classification is displayed in Table 

7. All control mice developed grade 3 (55%) or 4 (27%) peritoneal adhesions except for two (18%) mice, who had 

grade 2 adhesions. Hyalobarrier®-treated mice developed grade 3 (27%) or 4 (64%) peritoneal adhesions, except 

for one mouse (9%) with grade 2 adhesions. No adhesions (grade 0) were observed in 64% of GP-MS-treated 

mice and 36% developed grade 1 adhesions. Consequently, a significant lower grade of adhesion was seen in the 

GP-MS-treated mice (0.36 ± 0.50) compared to the control group (3.09 ± 0.70) and comparison group (3.55 ± 

0.69), respectively (P<0.0001; Wilcoxon-Mann Whitney). Control and Hyalobarrier® group did not differ 

statistically significant in grade of adhesion (P=0.1432; Wilcoxon-Mann Whitney). 
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Table 7. Number of mice and total average grade ± SD per adhesion grade according to the Zühkle classification 

per treatment group. 

Grade Control group (n=11) Hyalobarrier® group (n=11) GP-MS group (n=11) 

Grade 0 

Grade I 

Grade II 

Grade III 

Grade IV 

0 

0 

2 

6 

3 

0 

0 

1 

3 

7 

7 

4 

0 

0 

0 

Average 3.09 ± 0.70 3.55 ± 0.69 0.36 ± 0.50 

It can be concluded that GP-MS are able to prevent formation of postsurgical adhesions since each scoring 

system, quantitative and qualitative scoring and grading of adhesions, demonstrated a statistically significant 

reduction in extent, type, tenacity or adhesion grade when compared to the control or Hyalobarrier® groups. 

Remarkably, Hyalobarrier® did not significantly reduce peritoneal adhesions. Hyalobarrier® gel was selected since 

it has similar characteristics as GP-MS (mechanism of action, biodegradable, gel). Hyalobarrier® gel is a sterile, 

transparent and highly viscous gel, registered in Europe for open surgical procedures. Besides, Hyalobarrier® gel 

Endo is available in Europe, which is indicated for laparoscopic and hysteroscopic surgery. Hyalobarrier® gel is 

composed of 4% auto-crosslinked polysaccharide (ACP) in contrast to Hyalobarrier® Endo, a 3% ACP gel. The ACP 

polymers are obtained through an auto-crosslinking process that results in intra- and intermolecular 

condensation of hyaluronic acid.37–39 Although Seprafilm®, Interceed® and Adept® are most commonly used in 

clinical practice40, the effectiveness of GP-MP was compared to Hyalobarrier® gel. In contrast to Hyalobarrier® 

gel, Seprafilm® and Interceed® are absorbable solid devices, which are applied as a film on the injured surfaces. 

Adept® was not selected since it is a liquid barrier instead of a solid device and thereby attempts to separate 

injured surfaces by hydroflotation.1 Additionally, Adept® shows a limited peritoneal retention, characteristic for 

liquid agents.4 Despite several similarities between GP-MS and Hyalobarrier® gel, there is one major difference 

between both treatments. The GP-MS are intraperitoneally injected after complete closure of the ventral incision 

without attempt to direct the formulation towards the traumatized areas whereas Hyalobarrier® gel is applied 

directly in a thin layer at the assumed sites of adhesion and stays in place due to its viscous and sticky properties.  

Other studies reported that Hyalobarrier® was able to reduce adhesions. Binda et al. reported a significant 

reduction of adhesions in Balb/c mice, but the research methodology was different from this study since 

adhesions were laparoscopically induced by hypoxia and normoxia.37,41,42 Efficacy of Hyalobarrier® was 

investigated in a rat uterine horn model.43,44 The effect of Hyalobarrier® was not yet investigated in a standard 



CHAPTER 2 
 

84 
 

abraded peritoneal wall-cecum model. This study did not demonstrate a significant reduction of adhesion when 

compared to saline and therefore its efficacy cannot be confirmed in this mouse model.  

Histopathological examination of cecum, abdominal wall and, if applicable, adhesion tissue was performed. 

Generally, cecal serosa and mucosa of GP-MS-treated mice did not display irregularities (Figure 11). Visceral 

adhesions were observed in two GP-MS-treated mice, analysis of cecum confirmed mild serositis. Peritoneal 

tissue of abdominal wall had a normal appearance. Local inflammation of mesothelium of two GP-MS-treated 

mice with parietal adhesions was noticed, but there was no infiltration into muscle tissue of abdominal wall. 

Adhesion tissue consisted of adipose tissue with lymphocytic infiltration. Cecal serositis was seen in all control 

mice with no abnormalities of cecal mucosa. Inflammatory cells were abundantly present when cecum was 

adhered to abdominal wall. All control mice showed peritonitis with extensive infiltration into muscle tissue of 

abdominal wall (Figure 12). Lymphocytes were observed in adipose tissue of adhesions. Analysis of cecum, 

peritoneum and adhesion tissue of Hyalobarrier®-treated mice (Figure 13) showed similar characteristics of 

inflammation as tissues of control mice. In conclusion, histopathological examination confirmed the results of 

scoring of adhesions. GP-MS were able to prevent peritoneal adhesions and thereby recovering normal histology 

of cecum and peritoneum. In contrast, mild to severe inflammation of cecal serosa and peritoneum was observed 

in all control and Hyalobarrier®-treated mice. 

 

Figure 11. Optical micrographs of H&E-stained slices of tissues of GP-MS-treated mice two weeks after induction 

of peritoneal adhesions. Cecum (A) and peritoneum/abdominal wall (B) display normal architecture. Adhesion 

tissue (C) consists of adipose tissue with inflammatory cells. Original magnification of 400x (A), 200x (B), 100x 

(C). Ad = adipose tissue, Ly = lymphocytes, Me = mesothelium, MI = muscularis, Mu = mucosa, Se = serosa, Sm = 

smooth muscle. 
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Figure 12. Optical micrographs of H&E-stained slices of tissues of control mice two weeks after induction of 

peritoneal adhesions. (A) adhesion formed between abdominal wall and cecum. Arrow indicates inflammatory 

infiltrate. Original magnification of 200x. (B) Massive infiltration of inflammatory cells into mesothelium and 

smooth muscle. (C) Adhesion tissue consisting of adipose cells, connective tissue and inflammatory cells. Original 

magnification of 100x (B and C). Ad = adipose tissue, CoT = connective tissue, Ly = lymphocytes, Mu = mucosa, Sm 

= smooth muscle. 

 

Figure 13. Optical micrographs of H&E-stained slices of tissues of Hyalobarrier®-treated mice two weeks after 

induction of peritoneal adhesions. (A) adhesion formed between abdominal wall and cecum. (B) Extensive 

infiltration of inflammatory cells into mesothelium and smooth muscle of abdominal wall. (C) Adhesion tissue 

consisting of adipocytes, connective tissue and presence of inflammatory cells. Original magnification of 100x. 

Arrow indicates inflammatory infiltrate. Ad = adipose tissue, CoT = connective tissue, MI = muscularis, Mu = 

mucosa, Sm = smooth muscle. 

Subsequently, cytokines IL-1ß, IL-6 and TNF-, inflammatory markers released during the peritoneal adhesions 

cascade1,2, were analyzed in plasma and peritoneal fluid. None of the cytokines were present in plasma above 

the limit of detection (55.2 pg/ml for IL-1ß, 58.8 pg/ml for IL 6 and 30.5 pg/ml for TNF-) at any time point (day 

1, 7 and 14 post-operative). Cytokine analysis of peritoneal fluid (Figure 14) illustrated that the concentration 

level of IL-1ß, IL-6 and TNF- of control and Hyalobarrier® was higher than the concentration level of cytokines 

released from GP-MS-treated mice at any time point but without significant difference. Cytokines were most 

abundantly present at day 1 after abrasion of cecum and peritoneum. IL-1 and TNF- are produced by activated 

macrophages in peritoneal fluid and mainly important in the early phase of wound healing. Production of IL-6 

is up-regulated by IL-1 and TNF-. These cytokines interact with the fibrinolytic pathway and influence the 

remodeling of the extracellular matrix which may be responsible for formation of adhesions after peritoneal 

injury.45 Concentration of cytokines after induction of adhesions was higher for all animals than before induction. 
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It has been reported that surgical tissue trauma is followed by a cascade of inflammatory signaling and 

activation of epithelial, endothelial and inflammatory cells, platelets and fibroblasts.46 Nevertheless, no 

significant difference could be appointed, and concentrations of cytokines were around limit of detection. The 

local induction of adhesions could be an explanation for the limited increase of concentration of cytokines, while 

a more extensive and aggressive model of induction of peritoneal adhesions could possibly induce a higher 

increase of cytokines in peritoneal fluid.  

 

Figure 14. Cytokine evaluation of peritoneal fluid of control, Hyalobarrier® and GP-MS-treated mice. 

Concentration of IL-1β (A), IL-6 (B), TNF-α (C) in pg/ml are displayed in function of time (day 1, 7 and 14 post-

operative). 

4. Conclusion  

In vivo studies in mice showed excellent biocompatibility, distribution and degradation characteristics of GP-MS. 

GP-MS appear to be a promising strategy to prevent postoperative peritoneal adhesions. GP-MS-treated mice 

developed significantly less postsurgical adhesions when compared to saline and Hyalobarrier®-treated animals.  

Future work will include the incorporation of a cytostatic agent into the microspheres. The potential efficacy of 

the drug-loaded microspheres in the treatment of advanced ovarian cancer will be evaluated in a mouse model 

for peritoneal metastasis of ovarian origin.  
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Development of paclitaxel-loaded genipin-crosslinked 

gelatin microspheres for the prevention of recurrence of 

peritoneal carcinomatosis from ovarian origin 
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1. Introduction 

Epithelial ovarian cancer is one of the leading causes of death from gynecological malignancies in the western 

world.1,2 It is often diagnosed at an advanced stage with peritoneal metastases present because of the 

nonspecific nature of the presenting symptoms, most commonly abdominal pain and distention or 

gastrointestinal complaints.3,4  

Already in an early stage of the development of ovarian cancer, tumor cells spread through exfoliation into 

peritoneal fluid and disseminate throughout the abdominal cavity, resulting in peritoneal metastasis.4–8 

Standard therapy for patients with peritoneal carcinomatosis (PC) from ovarian origin is maximal cytoreductive 

surgery (CRS) and intravenous platinum- and taxane-based chemotherapy. Despite an initial high response rate 

to front-line therapy, approximately 80% of women with advanced ovarian cancer will relapse with a poor 5-

year overall survival rate of less than 25% and disease-free survival rarely exceeds 18 months.1,4,5,9–12 Since the 

disease is mainly confined to the peritoneal cavity, locoregional treatment has been clinically applied in an 

attempt to increase overall and disease-free survival. Chemotherapy has been intraperitoneally administered 

after CRS, intraoperative or postoperative. Clinical studies showed an improvement of mean overall survival of 

patients.1,4,5,12–15 The rationale for the use of intraperitoneal (IP) chemotherapy is based on the ability to achieve 

higher locoregional drug concentrations, while avoiding systemic toxicity.15–18 Despite significant improvement 

of overall-survival, recurrence of PC remains high with an estimated 10-year disease-free survival of merely 4% 

and more than 50% of the patients will relapse within a year.19 It is postulated that the high rate of recurrence 

can be attributed to the short exposure time to chemotherapeutics. Conventional chemotherapeutic solutions 

are rapidly absorbed from the peritoneal cavity after IP instillation. A different approach to prolong residence 

time of chemotherapeutics in the peritoneal cavity following CRS might improve treatment outcome.4,20–22 

Paclitaxel (PTX) is an ideal candidate for IP treatment. It shows favorable pharmacokinetics with a high 

peritoneal/plasma concentration ratio (>1000) and a significant first pass effect.5,15,23–26 The drug is highly 

effective against ovarian cancer cells.26,27 It interferes with mitosis and causes apoptotic cell death by arresting 

cell division.5,25,28,29 Nevertheless, most clinical experience is with platinum derivatives (cis- and carboplatin) 

because they are generally used in systemic chemotherapy.13,30,31 The use of PTX is impeded because of severe 

toxic side effects and anaphylactic shock reactions associated with the solubilizing agents Cremophor®EL, a 

polyoxyethylated castor oil, and ethanol in the commercially available formulation Taxol®.5,26,32 Recently, a lot of 

research has been done to develop new PTX formulations to increase effectivity and reduce toxicity. Genexol®PM, 

a polymeric micellar PTX formulation, is marketed in South Korea for breast cancer and small cell lung cancer 

and Abraxane®, PTX-loaded albumin nanoparticles, is approved by the US Food and Drug Administration (FDA) for 
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the treatment of several malignancies.21,29,33 Nevertheless, those formulations are developed for intravenous 

treatment and are used off-label for IP therapy. Up to now, there are no products specifically designed or 

approved by the FDA for IP application.16,25,34 

The development of a drug delivery system specifically designed for IP application with a prolonged residence 

time in the peritoneal cavity is essential to improve treatment outcome of peritoneal carcinomatosis from 

ovarian origin. Previously, genipin-crosslinked gelatin microspheres (GP-MS) were developed for IP 

administration and were effective in the prevention of peritoneal adhesions, a common complication after CRS.35 

In the present study PTX is encapsulated in GP-MS, and its in vitro and in vivo drug release is studied. The effect 

of PTX-loaded GP-MS on the viability of ovarian cancer cell lines has also been investigated. 
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2. Materials and Methods 

2.1 Incorporation of paclitaxel into genipin-crosslinked gelatin microspheres 

Genipin-crosslinked gelatin microspheres were prepared as described in De Clercq et al., 2016.  

GP-MS were loaded with PTX by immersion in an ethanolic PTX solution. 200 mg GP-MS with different degrees 

of crosslinking (7, 25, 40, 60 and 70%) were immersed in 2 ml of a 1, 2.5 or 5 mg/ml PTX (purity of >99%, LC 

laboratories, Woburn, MA, USA) ethanol/distilled water (75/25, v/v) (absolute ethanol, VWR chemicals, Fontenay-

sous-Bois cedex, France) solution under slow magnetic stirring. After 3 hours, GP-MS were vacuum filtered and 

washed with absolute ethanol (VWR chemicals) to remove unentrapped PTX from the surface. PTX-loaded GP-

MS were lyophilized for 24 hours at -50°C and 1 mbar. 

GP-MS were also loaded by immersion in an aqueous PTX-nanosuspension. Initially, PTX-nanocrystals were 

prepared using a wet milling technique.5 Pluronic® F-127/PTX (Pluronic® F-127, Sigma-Aldrich, Bornem, Belgium) 

(PTX purity of >99%, LC laboratories) in a 1/4 ratio was transferred in a 20 ml vial containing 5 ml 0.9% sodium 

chloride solution (Sigma-Aldrich) and 30 g zirconium oxide beads (Netzsch zetabeads, Ghislenghien, Belgium) 

with a diameter of 0.5 mm as milling pearls. The vials were placed on a roller-mill and grinded at 150 rpm for 

60 hours. The nanocrystals were lyophilized for 24 hours at -50°C and 1 mbar. Particle size and polydispersity 

index (PI) of the PTX nanocrystals were determined by dynamic light scattering, using a Zetasizer 3000 (Malvern 

Instruments, Worcestershire, UK). GP-MS (50, 100 or 200 mg) were immersed for 3 hours in 2 ml aqueous PTX 

nanosuspension, diluted using 0.9% sodium chloride solution to a concentration of 1, 2.5 or 5 mg PTX/ml. PTX-

loaded GP-MS were collected by vacuum filtration and washed using distilled water to remove unentrapped PTX 

from the surface. PTXnano-GP-MS were lyophilized for 24 hours at -50°C and 1 mbar. 

Loading efficiency of PTX in GP-MS was analyzed by ultra-performance liquid chromatography - tandem mass 

spectrometry (UPLC-MS/MS) after degradation of the microspheres. Chromatographic separation was performed 

on an Acquity UPLC system (Waters, Milford, MA, USA) equipped with an Acquity ethylene bridged hybrid (BEH) 

C18 column (50 mm x 2.1 mm, 1.7 µm particle size, Waters) and an Acquity BEH C18 guard-column (5 mm x 2.1 mm, 

1.7 µm particle size, Waters), both thermostated at 50°C. An aliquot of 1 µl (blank and PTX-GP-MS) was injected 

in the mobile phase using full loop injection. The mobile phases (MP), delivered at 0.45 ml/min, consisted of 

water/methanol (95/5, v/v) (MPA) (ULC-MS water, Biosolve, Valkenswaard, The Netherlands) and methanol (MPB) 

(LC-MS grade absolute methanol, Biosolve). Gradient elution was used to elute the components. The first 0.25 

minutes, the mobile phase contained 60% of MPA. Subsequently, the mobile phase was increased to 100% MPB 

over 1 minute. At 1.05 min, the analytical column was re-equilibrated to initial gradient conditions. The Acquity 
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UPLC system (Waters) was interfaced to a Waters Quattro Ultima triple quadrupole detector system (Micromass 

Waters, Manchester, UK), operating in positive electrospray ionization (ESI+) mode with the following 

parameters: a capillary voltage of 3.0 kV, source block temperature of 150°C and cone voltage of 20 V. Nitrogen 

was heated to 400°C and delivered as desolvation gas to the source at 750 l/h. The triple quadrupole system 

used argon gas to induce fragmentation in the collision cell at a collision energy of 20 eV. Quantification was 

performed in the selected reaction monitoring mode, using the transition m/z 876.5 to m/z 307.5 for PTX and 

m/z 882.5 to m/z 313.7 for the internal standard (IS), 13C6-PTX (LGC Standards, Molsheim Cedex, France), Masslynx 

software (Micromass Waters) was used to integrate the peak areas. A calibration curve for the incorporated 

amount of PTX was generated by preparing four standards of 5, 2.5, 1.25 and 0.625 mg/ml PTX (Toronto Research 

Chemicals, Toronto, Canada) in absolute ethanol (VWR chemicals).  

To a test tube containing 10 mg blank GP-MS, 960 µl 2 N hydrogen chloride (purity of 37%, Sigma-Aldrich) was 

added and 40 µl of a PTX standard was spiked. PTX-GP-MS were weighed (10 mg) in a test tube and 1 ml 2 N 

hydrogen chloride (purity of 37%, Sigma-Aldrich) was added.36 After incubating the samples for 2 hours at 60°C, 

4 ml ethanol (VWR chemicals) was added. Subsequently, the samples were vortexed and centrifuged at 3000 

rpm for 5 minutes. The collected supernatant (500 µl) was transferred to a glass vial (Filter Service, Eupen, 

Belgium) with insert (Agilent Technologies, Diegem, Belgium), to which 500 µl deionized water (Synergy 185-

millipore, Prod 18.2 MΩ.cm, Bedford, USA) and 50 µl IS, were added. After vortexing, the vials were placed in the 

autosampler thermostated at 5 °C. Aliquots of 1 µl were injected for analysis. After integration of the peaks, the 

calculated concentration of incorporated PTX, expressed as µg/ml, was converted to the amount of incorporated 

PTX (µg) per mass (mg) MS and the incorporation efficiency (IE) of PTX in MS was calculated using Equation 1. 

IE (%) = 
amount of PTX per mg MS

maximum amount of PTX per mg MS
 x 100   (1) 

2.2 In vitro PTX release from paclitaxel-loaded GP-MS 

In vitro release of PTX from PTX-loaded GP-MS was evaluated by a membrane-less method. 20 mg lyophilized 

PTX-loaded GP-MS was immersed in 10 ml release medium, phosphate buffered saline buffer (PBS) with a pH of 

7.4 supplemented with 0.1% w/v polysorbate 80 (Tween 80, Fagron, Nazareth, Belgium) in closed test tubes. Drug 

release experiments were performed at 37°C for 21 days under gentle shaking conditions. At specific time points, 

test tubes were centrifuged to avoid pipetting of GP-MS., and 1 ml of release medium was sampled. The 

withdrawn medium was replaced by 1 ml of fresh buffer solution. Each experiment was performed in triplicate. 

Concentrations of PTX and its stereoisomer 7-epi PTX in the release medium were determined by UPLC-MS/MS. 

The chromatographic separation was performed by an Acquity UPLC® H-class system (Waters) equipped with an 
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Acquity BEH C18 column (50 mm x 2.1 mm, 1.7 µm particle size, Waters) and an Acquity BEH C18 guard-column (5 

mm x 2.1 mm, 1.7 µm particle size, Waters). Both columns were thermostated at 50°C. The mobile phases, 

composed of 10% methanol in water (ULC-MS water, Biosolve) with 0.2% formic acid (Sigma-Aldrich) (MPA) and 

pure methanol (LC-MS grade absolute methanol, Biosolve) with 0.2% formic acid (Sigma-Aldrich) (MPB), had a 

flow rate of 0.45 ml/min. 1µL of the sample was injected. Each separation had a total run time of 2.5 min. To elute 

the components, a linear gradient elution was used. The mobile phase gradient elution program was as follows: 

0-1.25 min, 50% B to 80% B; 1.25-1.5 min, 80% B to 100 % B; 1.5-2.0 min, 100% B to 50% B; 2.0-2.5 min, 50% B.  

The Acquity UPLC® H-class system (Waters) was interfaced to a Waters Xevo® TQ-S tandem mass spectrometer 

(Waters). It operated in ESI+ mode with a capillary voltage of 3.0 kV, a source block temperature of 150°C and a 

cone voltage of 36 V. As desolvation gas, nitrogen was heated to 600°C and reached the source with a velocity 

of 1000 L/h. For collision-induced fragmentation in the collision cell of the triple quadrupole system argon gas 

was used, with a collision energy of 28 eV. Quantification was performed in the selected reaction monitoring 

mode, using the transition m/z 876.3 to m/z 308.1 for PTX and m/z 882.3 to m/z 314.2 for the IS. MassLynx 

software (Waters) was used to integrate the peak areas. 

A calibration curve was generated by dilution of standards. Stock solutions were 0.96 mg/ml PTX (Toronto 

Research Chemicals) and 0.943 mg/ml 7-epi-PTX (Toronto Research Chemicals) in absolute ethanol (VWR 

chemicals). Stock solution of internal standard, 13C6-PTX (LGC Standards), was 0.1 mg/ml PTX-IS in ethanol (VWR 

chemicals). The working IS solution was 1000-fold diluted. Drug release samples were diluted to appropriate 

concentrations using absolute methanol (LC-MS grade absolute methanol, Biosolve). Prior to injection, samples 

were diluted four times in water (ULC-MS water, Biosolve) and the IS was added.  

After integration of the peaks, total cumulative concentration of released PTX (sum of PTX and 7-epi PTX), 

expressed as ng/ml, was calculated. Percentage PTX release (%) was calculated using Equation 2. 

PTX release (%) = 
total cumulative concentration of released PTX (ng/ml)

maximum released PTX concentration (ng/ml)
 x 100         (2) 

2.3 Influence of PTX-loaded GP-MS on ovarian cancer cell viability 

Human ovarian cancer (OC) cell lines SK-OV-3 and OVCAR-3 were purchased from American Type Culture 

Collection. SK-OV-3 Luc IP1 is isolated after in vivo selection of intraperitoneal (IP) injected SK-OV-3 Luc cells.37 

OVCAR-3 was cultured in RPMI 1640 medium (Life Technologies, ThermoFisher, Ghent, Belgium) supplemented 

with 10% fetal bovine serum (FBS, Sigma-Aldrich) and 2% penicillin/streptomycin (Life technologies). SK-OV-3 
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(Luc IP1) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technologies), supplemented with 

10% FBS (Sigma-Aldrich) and 2% penicillin/streptomycin (Life Technologies). 

CellTiter Glo 2.0 Luminescent Assay was performed to determine cell viability based on quantification of 

adenosine triphosphate (ATP). OC cells were seeded as monolayers in opaque white 96-well plates 

(ThermoFisher). Seeding density depended on incubation time and is displayed in Table 1. Subsequently, after 24 

hours cells were exposed to multiple concentrations of different types (7, 25, 40 and 60% degree of crosslinking) 

of PTX-ethanolic loaded GP-MS (PTXEtOH-GP-MS). Cells were also exposed to a concentration range of GP-MS 

loaded with PTX-nanosuspension (PTXnano-GP-MS) and to a PTX solution. PTX-loaded GP-MS were dispersed in an 

appropriate medium and diluted until a concentration of 1 to 1000 nM of PTX was achieved. 10 µl of test 

formulation was added to the cells. Untreated cells were used as a control. After 24, 72, 168 or 336 hours of 

incubation, 100 µl CellTiter Glo 2.0 Reagens (Promega, Leiden, The Netherlands) was added to each well. 

Luminescence was measured after 10 minutes using a Paradigm Detection Platform and analyzed with Soft Max 

Pro 6.1 Software (BIO-RAD laboratories, Hemel Hempstead, United Kingdom). All experiments were performed in 

triplicate. The cytotoxic inhibitory concentration 50% (IC50)-values were calculated using nonlinear regression 

analysis (dose-response inhibition) in Graphpad Prism™ 6 (Graphpad software, La Jolla, CA, USA). Statistical 

analysis was performed using post-hoc Bonferroni test, a p-value < 0.05 was considered statistically significant. 

Table 1. Seeding density of cells  

 

 

 

 

2.4 In vivo pharmacokinetic study: systemic paclitaxel exposure 

All animal experiments were approved by the Ethical Committee of the Faculty of Medicine, Ghent University 

(ECD 14/11). Female Balb/c mice (Envigo, Horst, The Netherlands) were kept in standard housing conditions in a 

12 h light/dark cycle with water and food ad libitum. 

During IP injection and blood sampling, mice were sedated by inhalation anesthesia with sevoflurane (Sevorane®, 

Abbott, Waver, Belgium), induction 8% and maintenance 3%. Body temperature was controlled using a heating 

plate. 

Incubation time (day) Cells/well 

1 30 000 

2 25 000 

4 20 000 

7 10 000 

14 5 000 
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Female Balb/c mice, aged 7 weeks with an average weight of 18.7 g, received an IP injection of PTX-GP-MS (with 

a degree of crosslinking of 7, 40 and 60%) in 2 ml sterile PBS (ThermoFisher) using a 25 G needle (BD MicrolanceTM 

3, Becton Dickinson, Temse, Belgium) into the left lower quadrant. Mice received a dose of 85, 35 or 7.5 mg PTX/kg 

(n=6/treatment). After IP injection, the mice were observed for general conditions (behavior pattern, activity, 

hair, feces and other clinical signs), body weight and mortality. Blood was sampled from the tail vein 30 minutes, 

1, 2, 4, 6 and 8 hours, 1, 2, 3, 4, 7, 8 and 9 days after IP injection. Animals were pooled per time point. At the final 

day of the drug release study (day 10), mice were sacrificed by cervical dislocation under anesthesia and blood 

samples were taken from all mice. 10 µl of blood samples was spotted on blood spot cards (PerkinElmer 226 

Bioanalysis RUO Card, Perkin Elmer, Greenville, USA). Additionally, a peritoneal lavage was performed by IP 

injection of 5 ml physiological saline. After massage of the abdomen, peritoneal fluid was collected. 

Concentration of PTX, its three metabolites (6α-OH-paclitaxel, 3'-p-OH-paclitaxel and 6α,3'-p-diOH-paclitaxel) 

and its stereoisomer 7-epi-paclitaxel in dried blood spot and peritoneal lavage fluid was performed by UPLC-

MS/MS under the same conditions as described in Section 2.2, apart from an injection volume of 10 µl used for 

this experiment.38  

A calibration curve was generated by dilution of standards. Stock solutions were 0.96 mg/ml PTX (Toronto 

Research Chemicals) in absolute ethanol (VWR chemicals) and its degradation products: 0.943 mg/ml 7-epi-PTX, 

34.5 µg/ml 3'-p-OH-PTX, 1.104 mg/ml 6α-OH-PTX and 0.257 mg/ml 6α,3'-p-di-OH-PTX (Toronto Research 

Chemicals) in absolute ethanol (VWR chemicals). To obtain calibrator samples, 10 µl of these spikes were added 

to 190 µL blank blood. 10 µl was spotted on a blood spot card (PerkinElmer 226 Bioanalysis RUO Card). Stock 

solution of PTX-IS (13C6-PTX; LGC Standards) and 6α-OH-PTX-IS (Toronto Research Chemicals) in ethanol (VWR 

chemicals) were prepared at concentrations of 0.1 mg/ml and 0.5 mg/ml, respectively.  

Dried blood spots (DBS) were punched out and collected in an Eppendorf tube. After adding 200 µl IS solution 

mix (2 ng/ml), they were continuously shaken at 500 rpm for 20 minutes at 37°C by a thermoshaker. Before 

injection, 100 µl of the resulting solution was diluted with 100 µl water (ULC-MS water, Biosolve).  

Samples of peritoneal lavage were diluted before injection and IS was added. 

The percentage of absorbed drug was calculated at various time points by means of numerical deconvolution 

using Phoenix WinNonlin® IVIVC Toolkit 7.0 (Certara LP, St. Louis, Missouri, USA). In-house intravenous PTX in vivo 

data (5 mg/kg) were used to generate unit impulse response. 
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2.5 In vitro-in vivo correlation 

The relationship between in vitro PTX release and corresponding in vivo pharmacokinetic data was evaluated, 

and attempts were made to establish various levels of in vitro-in vivo correlation (IVIVC). For exploring a Level 

A IVIVC, percentage of drug absorbed was calculated at various time points by means of numerical deconvolution 

using Phoenix WinNonlin® IVIVC Toolkit 7.0 (Certara LP, St. Louis, Missouri, USA), and was plotted against 

percentage drug released in vitro. Level B correlation was evaluated by comparing the mean in vitro release time 

with the mean in vivo release time. Multiple Level C correlations were attempted by relating partial areas under 

the mean blood PTX concentration-time curves (AUC) to percent drug release data at several equivalent time 

points (2, 6, 24, 48, and 192h). Linear regression was performed for evaluating the correlation. For each 

regression, the correlation coefficient (R) was determined for assessing the goodness of the correlation. 
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3. Results  

3.1 Incorporation of paclitaxel into genipin-crosslinked gelatin microspheres 

In earlier work, GP-MS were developed for IP administration, and their applicability to prevent post-operative 

peritoneal adhesions was demonstrated.35 Based on the slow degradation rate of GP-MS (as a function of the 

crosslinking degree) these systems could also be applied to provide sustained intraperitoneal delivery of a 

chemotherapeutic agent. Therefore, the GP-MS were loaded with PTX. As the gelatin microspheres were prepared 

via an emulsification procedure (where an aqueous gelatin solution is added to an oil phase), followed by 

filtration to remove the oil phase and crosslinking in an ethanolic genipin solution, PTX could not be incorporated 

in GP-MS during their preparation. The reason is that due to the extremely hydrophobic nature of PTX, a large 

fraction of PTX gets lost during the last two stages of the GP-MS preparation procedure. Therefore, after cross-

linking the GP-MS, they were loaded with PTX via immersion in a PTX-containing medium. Since a hydrophilic 

environment is preferred for this drug loading step to allow GP-MS swelling and to maximize PTX penetration 

into GP-MS, PTX was dissolved in a 75/25 v/v ethanol/water mixture to allow partial swelling of the microspheres 

and to provide sufficient solubility of PTX in the loading medium. The highest absolute amount of PTX was 

incorporated into GP-MS using a loading solution with the highest PTX concentration. However, incorporation 

efficiency reduced as a function of the PTX concentration in the loading solution (Table 2).  

Table 2. Influence of PTX concentration (1, 2.5 and 5 mg/ml) and type of loading medium (ethanolic solution vs. 

nanosuspension) on PTX load and incorporation efficiency in GP-MS (n=6). Microspheres with a crosslinking 

degree of 40% were used. 

PTX conc. in loading 

medium (mg/ml) 

PTX load (µg) per mg MS  Incorporation efficiency (%) 

PTX-ethanolic solution 

1 1.1 ± 0.2 10.8 ± 2.1 

2.5 1.4 ± 0.2 5.5 ± 0.7 

5 3.4 ± 0.6 6.8 ± 1.2 

PTX-nanosuspension 

1 4.4 ± 0.7 43.6 ± 7.3 

2.5 6.2 ± 0.5 24.7 ± 1.9 

5 9.9 ± 0.8 19.7 ± 1.6 

At higher crosslinking degree less PTX was incorporated in the microspheres (Table 3) as drug diffusion into GP-

MS is probably physically hindered due to the intramolecular network of genipin.35 Overall, the PTX load of the 
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GP-MS remained low. Incorporation of PTX was improved when GP-MS were loaded by immersion in an aqueous 

PTX nanosuspension (Table 2). The PTX nanocrystals had a particle size of 283.7 ± 1.2 nm and a polydispersity 

index of 0.16. The PTX load in these GP-MS was threefold higher compared to the procedure with an ethanolic 

PTX solution. Since the PTX nanocrystals were diluted in 0.9% saline, GP-MS could maximally swell during 

incorporation and hence diffusion of PTX into the microspheres was enhanced.  

Table 3. Influence of crosslinking degree on PTX load and incorporation efficiency in GP-MS (n=6). Microspheres 

were loaded with a 5 mg/ml PTX-ethanolic solution. 

Crosslinking degree (%) PTX load (µg) per mg MS Incorporation efficiency (%) 

7 4.2 ± 1.8 8.5 ± 3.6 

25 4.0 ± 1.6 8.0 ± 3.1 

40 3.4 ± 0.6 6.8 ± 1.2 

60 2.5 ± 0.4 4.9 ± 0.8 

70 1.8 ± 0.2 3.6 ± 0.5 

 

By adjusting the settings during the loading procedure (microsphere mass, volume and type of loading medium, 

concentration PTX in nanosuspension), the amount of PTX encapsulated in the microspheres could be easily 

varied, with a maximum PTX load of 39.2 ± 6.5 µg PTX/mg MS (Table 4). Varying the MS crosslinking degree 

yielded similar PTX loads for the PTX nanosuspension (data not shown), while the effect of this parameter was 

more pronounced when GP-MS were loaded with a PTX-ethanolic solution (Table 3), indicating that the type of 

loading medium determines the efficiency of PTX incorporation in GP-MS.  

Table 4. PTX load (µg) per mg GP-MS (n=6) and incorporation efficiency in MS (n=6). GP-MS mass, loading medium 

volume and PTX concentration in nanosuspension were varied during the incorporation procedure. Microspheres 

with a crosslinking degree of 40% were used. 

Mass GP-MS 

(mg) 

Volume loading 

medium (ml) 

PTX conc. in 

nanosuspension (mg/ml) 

PTX load (µg)  

per mg MS 

Incorporation 

efficiency (%) 

100 2 1 12.3 ± 3.3 61.5 ± 16.7 

2.5 18.9 ± 1.3 37.8 ± 2.6 

5 28.7 ± 13.1 28.7 ± 13.1 

50 2 1 16.6 ± 1.6 41.4 ± 4.1 

2.5 30.5 ± 7.8 30.5 ± 7.8 

5 39.2 ± 6.5  19.6 ± 3.3 

200 3 1 10.7 ± 1.8 71.3 ± 12.1 

2.5 16.5 ± 1.8 44.0 ± 4.8 

5 27.6 ± 3.9 36.8 ± 5.3 
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3.2 In vitro PTX release from paclitaxel-loaded GP-MS 

Cumulative release of PTX from PTX-GP-MS is calculated as the sum of PTX and 7-epi PTX. PTX has a complex 

structure with several hydrolytically sensitive ester groups and a chiral center that readily undergoes 

epimerization. Due to its instability in an aqueous environment, the stereoisomer 7-epi-PTX was abdundantly 

detected in drug release samples. No other PTX degradation products were present. Stereoisomer 7-epi PTX is 

thermodynamically stable and its mechanism of action is identical to PTX.39–42 Drug release profiles are displayed 

in Figure 1.  

 

Figure 1. Total cumulative PTX percentage (A) and PTX concentration (B) released as a function of time from GP-

MS with different degrees of crosslinking (7, 40 and 60% for green, blue and red line, respectively) loaded with 

a 5 mg/ml PTX-ethanolic solution or from GP-MS with 40% crosslinking loaded with a 5 mg/ml PTX-

nanosuspension (grey line). 

GP-MS loaded with an ethanolic PTX solution and PTX nanosuspension showed both a prolonged PTX release 

over three weeks. Drug release from PTXEtOH-GP-MS showed a biphasic profile with an initial burst release during 

the first day followed by a sustained release. After 3 days 62.0 ± 4.0% PTX was released from 7% crosslinked 

PTXEtOH-GP-MS, and visual inspection showed that these microspheres were degraded. No significant differences 

in release profile were observed between PTXEtOH microspheres with 40 and 60% crosslinking: 68.4 ± 1.7% and 

60.1 ± 4.3% PTX release after 21 days from 40% and 60% crosslinked PTXEtOH-GP-MS, respectively, and a burst PTX 

release of approximately 30%. It was noticed that 40% crosslinked GP-MS were entirely degraded after 21 days, 

while 60% crosslinked GP-MS were not completely degraded upon visual inspection, in accordance with previous 

observations in unloaded GP-MS.35    

A drug release of 19.0 ± 0.8 % was reached from PTXnano-GP-MS (40% crosslinked) after 21 days. A 7% burst release 

from PTXnano-GP-MS was seen during day 1 and PTX release was sustained during the entire drug release study. 

It has been reported that PTX nanocrystals exhibit a slower and more sustained release than Taxol®43 and the 

incorporation of PTX nanocrystals into microspheres will further control the release rate of PTX. 
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The absolute amount of PTX released from GP-MS was highest from microspheres loaded with the PTX 

nanosuspension (Figure 1B) since more PTX could be incorporated into those microspheres. However, percentage 

drug release was higher for microspheres loaded with PTX ethanolic solution (Figure 1A). This can partly be linked 

to PTX solubility in the release medium. Tween 80 was added to the release medium to increase PTX solubility, 

and literature reports solubility values of PTX in PBS with 0.1 % Tween 80 in a 6 to 11 µg/ml range.44,45 While the 

maximum PTX concentrations in release medium of PTXEtOH-GP-MS are within this range (8.4, 6.8 and 4.9 µg/ml 

for 7, 40 and 60% crosslinked microspheres, respectively), complete PTX release from PTXnano-GP-MS would 

largely exceed reported solubility values (78.4 µg PTX/ml in release medium). However, in vitro dissolution will 

be indicative for in vivo behaviour since sink condition will also not be reached in vivo because of the limited 

peritoneal fluid (0.45 ml in mice).    

3.3 Influence of PTX-loaded GP-MS on ovarian cancer cell viability 

Susceptibility of OC cells to PTX-GP-MS was determined based on ATP quantification by CellTiter Glo 2.0 

Luminescent assay. In general, all PTX-GP-MS decreased viability of the cell lines in a time- and concentration-

dependent manner, in order of sensitivity: SK-OV-3 Luc IP1 < SK-OV-3 < OVCAR-3. Since SK-OV-3 Luc IP1 cells are 

in vivo selected to mimic more aggressive disseminated cells37, higher IC50 values are expected. After 24 hours 

treatment, each cell type retained at least half of its viability. IC50 values after a treatment duration of 72 and 

168 h were calculated to compare sensitivity of OC cells to the test formulations (Table 5). IC50 values of each 

test formulation were in the nanomolar range. Comparable IC50 values for OC cells exposed to PTX were found in 

literature although it should be noted that each value is influenced by the specific experimental conditions.29,46–

48 Antitumoral activity of PTX-GP-MS increased by prolonging exposure time since PTX is gradually released from 

the GP-MS. In comparison, antitumoral activity of a PTX solution is faster, reflected in significantly lower IC50 

values when compared to PTX-GP-MS in all cell lines after 72 h incubation (Figure 2). Over time, both PTX-GP-MS 

and PTX solution will eradicate OC cells with non-significant differences in IC50 values after 168 and 336 h 

incubation. Limited to no cell viability is observed after 336 h exposure to PTX treatment. Additionally, 

comparison of GP-MS with the same degree of crosslinking (40%) with a different type of loading medium 

showed that GP-MS loaded with a PTX nanosuspension displayed significantly lower IC50 values for the SK-OV-3 

(Luc IP1) cell line. PTX nanosuspension is stabilized by Pluronic® F127 polymer. It is known that Pluronic block 

copolymers have cytotoxicity-promoting properties. They can sensitize tumor cells to cytostatic drugs and are 

able to inhibit multiple mechanisms of multidrug resistance (MDR) in cancer. The chemosensitizing effect is most 

pronounced in MDR cancer cell lines, but it is also observed in regular cancer cells including SK-OV-3 cells.5,49,50 
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This was not observed for OVCAR-3 cells since their susceptibility to PTX is higher and IC50 values were similar 

for all PTX treatments (Figure 3). 

Table 5. IC50 values of PTX after SK-OV-3 (IP1) and OVCAR-3 cells were treated during 72 and 168 h with PTX-GP-

MS and PTX-solution. Mean IC50 and SD of triplicates are shown. 

Cell line 

7% crossl 
PTXEtOH-GP-MS 

25% crossl 
PTXEtOH-GP-MS 

40% crossl 
PTXEtOH-GP-MS 

60% crossl 
PTXEtOH-GP-MS 

40% crossl 
PTXnano-GP-MS 

PTX-solution 

IC50 values (nM) after 72 h treatment 

SK-OV-3 28.1 ± 1.9 14.9 ± 2.2 18.3 ± 2.3 16.9 ± 1.8 8.6 ± 1.0 5.9 ± 0.9 

OVCAR-3 8.2 ± 1.8 11.4 ± 2.2 12.1 ± 1.8 6.3 ± 1.8 9.5 ± 1.3 4.1 ± 1.8 

SK-OV- 3 
Luc IP1  

38.0 ± 2.3 27.1 ± 2.0 23.2 ± 2.0 16.6 ± 2.3 3.5 ± 2.4 7.1 ± 2.1 

Cell line IC50 values (nM) after 168 h treatment 

SK-OV-3 15.0 ± 2.7 7.9 ± 1.8 22.9 ± 2.2 7.2 ± 1.9 4.9 ± 1.8 7.5 ± 1.9 

OVCAR-3 4.7 ± 1.7 6.3 ± 1.7 9.5 ± 1.8 4.5 ± 1.7 7.1 ± 1.7 4.1 ± 1.7 

SK-OV-3 
Luc IP1  

11.2 ± 6.0 37.2 ± 2.3 16.1 ± 2.0 30.3 ± 2.3 10.3 ± 1.5 25.9 ± 1.9 

 

 

Figure 2. IC50 values for PTX after SK-OV-3 (A), OVCAR-3 (B) and SK-OV-3 Luc IP1 (C) cells treated during 72 h with 

PTX-GP-MS and PTX-solution.  
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Figure 3. IC50 values for PTX after SK-OV-3, OVCAR-3 or SK-OV-3 Luc IP1 cells treated during 72 h (A) and 168 h (B) 

with 40% crosslinked PTXEtOH and PTXnano-GP-MS.  

 

3.4 In vivo pharmacokinetic study: systemic paclitaxel exposure  

Concentrations of 7-epi-PTX and of the metabolites of PTX, 3-OH-PTX, 6-OH-PTX and 3,6-di-OH-PTX were below 

the lower limit of quantification. Only the concentration of PTX released from PTX-GP-MS was detectable in the 

blood samples. Average PTX concentrations in blood released from IP PTX-GP-MS as a function of time are 

displayed in Figure 4.  

 

Figure 4. Semi-log representation of blood PTX concentration (ng/ml) after IP administration of different types 

of GP-MS (7, 40, 60% crosslinked PTXEtOH-GP-MS at a dose of 7.5 mg PTX/kg and 40% PTXnano-GP-MS at doses of 

7.5, 35 and 85 mg PTX/kg) 

A burst release was observed during the first hours after IP injection of PTX-GP-MS. Afterwards, sustained PTX 

release was observed during the entire drug release study. In a first experimental set-up, the influence of PTX 

dose on pharmacokinetic parameters was assessed after IP injection of 40% crosslinked PTXnano-GP-MS. Since the 
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same amount of microspheres was injected IP in all mice while PTX dose was varied, PTXnano-GP-MS were selected 

for this study as PTX incorporation could be varied over a wider range using a PTX nanosuspension (Table 4). A 

40% crosslinking degree was selected because previous work showed that GP-MS would persist in the peritoneal 

cavity for at least 10 days.35 As illustrated in Figure 4 and Table 6, a higher PTX dose resulted in higher Cmax and 

AUC values, as expected. The initial burst release is thus influenced by the administered PTX dose. PTX-GP-MS 

displayed dose-proportional pharmacokinetics where AUC is linearly related to the dose.  

Table 6. Area under the curve (AUC0-∞) (ng.h/ml), Cmax (ng/ml) and tmax (h) of PTX concentration in blood as a 

function of time following IP injection of formulations. Data represent mean of three replicates. 

Dose PTX 

(mg/kg) 

Loading 

solution 

Degree of 

crosslinking (%) 

AUC0-∞ 

(ng.h/ml) 

Cmax (ng/ml) Tmax (h) 

7.5 PTXEtOH 7 339.5 68.2 1 

7.5 PTXEtOH 40 861.8 60.9 2 

7.5 PTXEtOH 60 1226.5 327.2 2 

7.5 PTXnano 40 370.0 16.4 4 

35 PTXnano 40 1676.2 33.2 6 

85 PTXnano 40 4895.1 115.9 6 

 

In a second experiment, the influence of crosslinking degree on in vivo PTX release from GP-MS and thus PTX 

blood concentration was investigated. The degree of crosslinking determines the residence time of the 

formulation in the peritoneal cavity and could therefore affect in vivo release of PTX from GP-MS. Additionally, 

PTXEtOH-GP-MS were chosen to evaluate whether the type of loading solution influenced the in vivo release 

behavior. Initial burst release was highly affected by the degree of crosslinking of GP-MS as the peak PTX 

concentration (obtained immediately after IP injection) was correlated with the crosslinking degree. Higher 

crosslinked GP-MS also resulted in higher AUC values (Table 6). Possibly, PTX is more incorporated at the surface 

of these microspheres due to a denser intermolecular network of genipin bound to gelatin, however, this 

phenomenon was not observed during in vitro drug release studies. After the high initial burst release from 60% 

crosslinked PTXEtOH-GP-MS, low PTX levels could be sustained over 8 days. Despite the high resistance of these 

MS to degradation and their long residence time in the peritoneal cavity35, PTX was only measurable in blood 

during 8 days. In contrast, due to the rapid degradation of 7% crosslinked PTXEtOH-GP-MS35, PTX was only detected 

in blood during 48 h after IP injection. IP injection of GP-MS loaded with PTX ethanolic solution showed higher 

exposure (AUC and Cmax) and shorter tmax values compared to GP-MS loaded using the PTX nanosuspension (Table 
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6). Semi-log presentation of blood PTX concentration (Figure 4) showed that the highest sustained PTX 

concentrations were observed after IP injection of PTXnano-GP-MS as these MS allowed to administer a high dose, 

while PTX release was longer sustained when PTX was formulated as nanocrystals. 

Absorption profiles are displayed in Figure 5. After IP injection of PTX-GP-MS, systemic PTX absorption was the 

highest from microspheres loaded with ethanolic PTX-solution, similar to the observation during in vitro drug 

release where the percentage release was higher for PTXEtOH- compared to PTXnano-GP-MS.  

At the end of the drug release study, the PTX concentration in the peritoneal fluid was determined following 

peritoneal lavage. At day 10, no PTX was detected in the peritoneal lavage of mice treated with 7% crosslinked 

PTXEtOH-GP-MS. Since these microspheres quickly dissolved, PTX was quickly released from this type of 

microspheres and PTX concentration could only be retained during a limited period. PTX concentration in the 

peritoneal fluid at day 10 was 30-fold (60% crosslinked PTXEtOH-GP-MS) to 250-fold (PTXnano-GP-MS) higher than 

the systemic PTX concentrations.   

 

Figure 5. In vivo absorption profiles after IP injection of PTX-GP-MS 

3.5 In vitro-in vivo correlation 

One of the intentions of this study was to establish an IVIVC for the PTX-GP-MS formulations. The achievement 

of an IVIVC allows a direct link between in vitro dissolution properties and in vivo performance. First, multiple 

Level C IVIVC was explored for the selected time points covering the early, middle and late stages of the release 

profile. As shown in Figure 6, the obtained linear regression models demonstrated a very strong correlation 

(R>0.96) between partial AUC and percentage of PTX released at all studied release time-points, indicative of a 

multiple Level C IVIVC. This clearly indicated the bio-relevance of the applied drug release method. Current FDA 

guidance states that when a multiple Level C IVIVC is possible, a Level A IVIVC is also likely and preferred.51 In a 
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Level A correlation, a direct relationship between in vitro dissolution and in vivo response is observed. However, 

Level A IVIVC was not feasible for the studied formulations as no clear correlation was detected. This is most 

probably due to the much slower in vivo release compared to in vitro release from the PTXEtOH-GP-MS with 7 and 

40% crosslinking. Additionally, PTX is a class IV drug according to the biopharmaceutical classification system 

(i.e. low solubility and low permeability), for which it is not evident to establish an IVIVC.51 A good Level B 

correlation was also achieved with correlation coefficient greater than 0.98. Since the developed multiple Level 

C model allowed a good prediction of the in vivo drug exposure (i.e. AUC), it may be useful for further optimization 

of PTX-GP-MS and to set clinically relevant release specifications in the early stages of formulation development. 

 

Figure 6. Multiple Level C IVIVC regressions between % release and partial AUC for studied PTX-GP-MS. In vivo 

concentrations of 7% crosslinked GP-MS were only detectable up to 48 h, therefore this formulation was not 

included for the regression at the 192 h time point 
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4. Discussion 

The majority of ovarian cancer patients are diagnosed at an advanced stage of the disease (stage III or IV) with 

peritoneal metastases present. Currently, patients are treated with a combination therapy of cytoreductive 

surgery and intraperitoneal chemotherapy.4,31,52 Despite promising clinical results, overall survival of advanced 

ovarian cancer remains low, mainly because of the high percentage of recurrence of peritoneal disease. 

Additionally, today there are no drugs specifically designed for IP use. Optimization of IP drug delivery with a 

prolonged residence time of the drug in the peritoneal cavity with minimal systemic toxicity could improve 

treatment outcome.21,52,53 Therefore, we evaluated PTX-GP-MS as a novel IP drug delivery system. 

Our data provided evidence of a sustained release of PTX within the peritoneal cavity over several days, 

depending on the degree of crosslinking of the microspheres, resulting in a prolonged systemic exposure to PTX 

but at a low concentration level (effectively limiting systemic toxicity). Absorption of PTX depended on the 

crosslinking degree, administered dose and type of loading solution. Maximal systemic PTX concentrations were 

all below 1 µg/ml, which is lower54 or within a similar55 range (only for the highest administered dose of 85 mg 

PTX/kg) than reported systemic concentrations in literature describing sustained PTX drug delivery systems. 

Hematological analysis showed no deviations of white blood cell count, absolute neutrophil count, platelets and 

other parameters. Previous work already demonstrated excellent in vivo biocompatibility of GP-MS.35 Since 

almost all patients with advanced ovarian cancer develop recurrence despite initial clinical remission10,11,56, local 

therapy with sustained release of PTX could be a strategy to avoid recurrence. Since a burst release is observed 

during the first hours after IP administration of PTX-GP-MS, the initial high local PTX concentration could be 

beneficial to eradicate free-floating cells and microscopic residual tumors after surgery. The prolonged systemic 

exposure to a low concentration of PTX indicated a local sustained PTX release in the peritoneal cavity which is 

presumed to avoid recurrence of peritoneal disease. One of the reasons of relapse is linked to an insufficient 

contact time of chemotherapeutic agents in the abdominal cavity.21,53,57,58 Chemotherapeutic PTX solutions or 

novel nanoparticular systems, e.g. Abraxane®, are rapidly cleared from the peritoneal cavity, leading to high 

systemic concentrations after IP administration. Consequently, repeated administration or continuous dosing is 

required which leads to catheter-related problems.16,20,21,53 Theoretically, nanoparticles should allow better tumor 

penetration than microparticles due to their size, however, the particles must remain for a sufficient time in the 

peritoneal cavity to allow tumor penetration.20,21,53 Currently, hybrid systems, a combination of nanoparticles and 

hydrogels, are often investigated to increase their residence time.21,53,59 Homogeneous distribution of a hydrogel 

in the abdominal cavity can be hindered due to viscosity issues.53 Previous work demonstrated an excellent 

distribution pattern of GP-MS and the ability of GP-MS to prevent peritoneal adhesions.35 The prevention of the 
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development of adhesions after a major abdominal surgery, such as cytoreductive surgery, in combination with 

a strategy to avoid relapse of peritoneal disease is of high clinical interest to improve treatment and survival of 

patients with advanced epithelial ovarian cancer. 

Our data suggest that PTXnano-GP-MS are most promising for IP drug delivery. The highest amount of PTX could 

be incorporated into GP-MS when GP-MS were immersed in a PTX-nanosuspension. Also, PTX loading could be 

most easily varied, offering a flexible therapeutic strategy. Subsequently, released PTX concentrations were 

highest both during in vitro and in vivo release. They showed an excellent sustained release profile. Importantly, 

the PTX fraction systemically absorbed was the lowest for this type of PTX-GP-MS, thereby avoiding potential 

systemic side effects.  

Future experiments will investigate the effect of PTX-GP-MS on peritoneal metastases of ovarian origin in a 

human xenograft mouse model. It will be investigated if local sustained release of PTX can eradicate free floating 

tumor cells and microscopic disease after cytoreductive surgery thereby preventing recurrence of peritoneal 

disease.  

5. Conclusion 

PTX-loaded GP-MS can be a promising and versatile adjuvant treatment strategy following cytoreductive surgery 

in the treatment modality of peritoneal carcinomatosis. PTX-GP-MS are retained within the peritoneal cavity 

from several days up to weeks depending on degree of crosslinking. PTX release from PTX-loaded GP-MS is 

sustained over time. PTX-GP-MS decrease viability of OC cells in a time- and concentration dependent manner. 

After IP injection of PTX-GP-MS to Balb/c mice, an initial burst release of PTX followed by a slow release is 

observed. Future experiments will investigate the ability of PTX-GP-MS to prevent recurrence of peritoneal 

metastases in a human xenograft mouse model. Previous work already demonstrated the effectiveness of GP-

MS in prevention of peritoneal adhesions in a mouse model. The potential dual application of PTX-GP-MS marks 

their clinical relevance.  
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1. Introduction 

The majority of ovarian cancer (OC) patients (>70%) is diagnosed at an advanced stage of the disease 

(International Federation of Gynecology and Obstetrics (FIGO) stage III or IV) with peritoneal metastases present 

since there are no specific symptoms and effective screening methods are lacking. The main symptoms are 

abdominal pain and swelling, gastrointestinal complaints and occasionally urinary symptoms or vaginal 

bleeding.1–6 The stage of OC strongly determines survival; prognosis at FIGO stages III and IV is poor with a 5-

year overall survival rate of 27 and 21%, respectively.1,7  

Standard combination therapy of cytoreductive surgery (CRS) followed by six cycles of intravenous (IV) platinum- 

and taxane-based chemotherapy initially achieves complete remission in 80% of advanced OC patients. 

Unfortunately, most of the patients will relapse within 5 years because minimal residual disease persists in the 

peritoneal cavity despite a (nearly) complete cytoreduction. Adjuvant intraperitoneal (IP) chemotherapy has 

been added to the treatment modality of selected patients to improve treatment outcome since metastatic 

disease is mainly limited to the abdominal cavity. IP chemotherapy can be administered postoperatively via 

catheter or as (hyperthermic) intraoperative chemoperfusion ((H)IPEC) as a part of the surgical procedure.1,8–10 

The rationale of IP drug delivery is based on the existence of a peritoneal-plasma barrier. Peritoneal tumors can 

be exposed to a higher concentration of the cytotoxic agent with moderate systemic drug exposure, thereby 

reducing toxic side effects since the peritoneal clearance is much slower than the systemic clearance.9–12 

Paclitaxel (PTX) is theoretically an ideal chemotherapeutic agent for IP application as it has a peritoneal/plasma 

concentration ratio of >1000 and displays a significant first pass effect.10,13–15 

Several large, prospective randomized phase III clinical trials showed that IP chemotherapy significantly 

improved overall survival of patients with advanced ovarian cancer.2,16–18 However, there is a high risk of recurrent 

peritoneal disease.19,20 This can be partly attributed to a short residence time of the chemotherapeutics in the 

abdominal cavity, the single administration of HIPEC and incomplete cytoreduction.19,21 Up to now, there are no 

products approved by the US Food and Drug Administration (FDA) specifically for IP application. Consequently, 

current IP therapy is based on off-label use of IV chemotherapeutics. These conventional low molecular weight 

drugs are rapidly absorbed from the peritoneal cavity and lack tumor specificity.9,21,22 Additionally, IP 

chemotherapy is only recommended for patients with optimally debulked peritoneal disease or microscopic 

disease because of the limited penetration depth of drugs directly into the tumor by free-surface diffusion.9,11,22 

A prolonged residence time of chemotherapeutics would avoid rapid clearance of the drug from the peritoneal 

cavity, thereby maintaining a local drug concentration gradient as the driving force for drug diffusion into the 

tumor, improving tumor penetration since drug diffusion is a slow process.11,21 
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Drug delivery systems designed for IP application have been investigated to overcome the challenges of IP 

therapy and further improve treatment of advanced ovarian cancer. Drug delivery strategies include 

microspheres, nanoparticles, liposomes, micelles, implants and injectable depots.11,14 Nanoparticulate systems 

(nanoparticles, liposomes, micelles) seem interesting delivery systems for IP administration since they can be 

easily modified for targeted drug delivery and can incorporate hydrophobic chemotherapeutic agents. Two 

nanoparticulate formulations have been applied in phase I clinical trials for IP use, NanoTax®, a 600-700 nm rod 

shaped reservoir of PTX, and Abraxane®, nanoparticular albumin-bound PTX (nab-PTX) with a size of 130 nm. 

Both studies showed higher levels of PTX in the peritoneal cavity compared with IV administrated PTX.19 But, due 

to their small size, they are rapidly absorbed from the abdominal cavity and their residence time is often 

insufficient to permit efficient tumor penetration.9,19,21 Therefore, dispersion of a nanoparticulate system into a 

depot system might be an interesting approach to overcome the limitations. Microparticles, on the other hand, 

are retained in the peritoneal cavity because of their size (>1 µm). Drugs can be gradually released over time, 

thereby improving local bioavailability and reducing systemic toxicity. It should be noted that larger particles 

tend to induce inflammatory responses and peritoneal adhesions.9,21,23 Paclimer®, biodegradable PTX 

microspheres based on a polyphosphoester polymer, was evaluated in a phase I clinical trial in recurrent ovarian 

cancer. A continuous IP PTX release over 8 weeks was demonstrated but the product was discontinued because 

of inflammatory responses due to the presence of residual polymer filaments.24 Hydrogels can also form an IP 

sustained release depot. As homogenous distribution of the formulation throughout the peritoneal cavity is 

thought to be advantageous even though difficult to achieve using hydrogels due to viscosity issues,  

thermosensitive hydrogels were developed which are liquid at room temperature and form a non-flowing gel in 

situ.21,25,26 Many biodegradable hydrogels loaded with a chemotherapeutic agent have been successfully 

developed and evaluation in peritoneal carcinomatosis models in animals showed superior antitumoral activity 

compared to the unentrapped cytostatic drug.27–30 However, an injectable hydrogel formulation of PTX, Oncogel®, 

failed to show an impact on overall tumor response in a phase II b clinical trial following intratumoral 

administration despite good tolerance, favorable pharmacokinetics and preliminary anticancer activity.31,32 

Currently, there are no ongoing clinical trials investigating the potential of depot systems in the treatment of 

ovarian cancer. 

This work evaluates the efficacy of a prolonged IP PTX release from different types of PTX-loaded genipin-

crosslinked gelatin microspheres (PTX-GP-MS) to eradicate microscopic peritoneal disease of ovarian origin and 

further prevent recurrence of peritoneal disease in a human xenograft mouse model. Previously, GP-MS were 

developed for IP application and were shown effective for the prevention of peritoneal adhesions, a common 

complication after CRS.33  
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2. Materials and Methods 

2.1 Ethics statement 

All animal experiments were approved by the Animal Ethics Committee of the Faculty of Medicine at Ghent 

University (ECD 17/83) and were performed according to Belgian and European legislature on animal welfare. 

Mice were kept in standard housing conditions with water and food ad libitum and a 12 h light/dark cycle. Mice 

were evaluated daily for pain or discomfort, and “The Guidelines for the welfare and use of animals in cancer 

research” were strictly followed for distention of the abdomen, general condition and other clinical signs as 

prescribed by The National Cancer Research Institute. All procedures were performed under general anesthesia 

(Sevorane®, Abbott, Belgium), and analgesia (ketoprofen, 5 mg/kg) was administered if necessary. 

2.2 Cancer cell line 

Human OC cell line SK-OV-3-Luc IP1 is a luciferase-positive OC cell line, isolated after in vivo selection of IP 

injected SK-OV-3 Luc cells.34 The cells were cultured at 37°C in a 10% CO2 humidified atmosphere in Dulbecco’s 

Modified Eagle’s Medium (DMEM, Life Technologies, ThermoFisher, Ghent, Belgium), supplemented with 10% fetal 

bovine serum (Sigma-Aldrich, Diegem, Belgium) and 2% penicillin/streptomycin (Life Technologies) 

2.3 Intraperitoneal xenograft model and treatment plan 

Six-week old female Balb/c Nu mice (BALB/cOlaHsd-Foxn1nu, Envigo, Horst, The Netherlands) were conditioned 

one week before the start of the study. A microscopic peritoneal carcinomatosis model was used to evaluate the 

effect of IP treatment on microscopic disease similar to the post-cytoreductive surgery state and the potential 

to prevent recurrent disease35–37 Mice were injected IP with 2 x 106 SK-OV-3-Luc IP1 cells suspended in 1 ml 0.9% 

saline. Mice (10-12/group) were injected IP with PTX treatment; 50 mg of PTX-GP-MS suspended in 2 ml of 0.9% 

saline or nab-PTX (Abraxane®, Celgene Europe, Uxbridge, UK) 1 day after engraftment with tumor cells, referred 

to as day 0 of the study. Control animals (11/group) were IP injected with 2 ml of 0.9% saline or 50 mg of blank 

GP-MS suspended in 2 ml of 0.9% saline. The treatment schedule is displayed in Table 1. GP-MS with a 40% 

crosslinking degree were prepared via a modified emulsification-solvent evaporation method as described in 

Chapter 1 and loaded with PTX as described in Chapter 3. PTXEtOH-GP-MS were loaded with a PTX ethanolic solution, 

whereas a PTX nanosuspension was used as loading medium for PTXnano-GP-MS. 
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Table 1. Different intraperitoneal treatment groups and their paclitaxel dose in mg per kg body weight. 

Treatment PTX dose (mg/kg) Number of mice 

0.9% saline 0 11 

Blank GP-MS 0 11 

PTXEtOH-GP-MS 7.5 10 

PTXnano-GP-MS 7.5 11 

PTXnano-GP-MS 35 11 

Nab-PTX 35 12 

 

2.4 Efficacy of PTX-microspheres in a microscopic peritoneal carcinomatosis xenograft model 

Animals were continuously evaluated from the day of treatment until occurrence of death, attainment of 

predefined endpoints or until the end of the study (90 days post-treatment). General conditions (activity, feces 

evaluation, behavior pattern and other clinical signs), body weight and mortality were carefully monitored. Mice 

were euthanized when they met following humane endpoints: excessive weight loss (body weight loss of ≥20% 

at any timepoint or ≥15% maintained for 72 h compared with pre-treatment weight), presence of ascites and 

abnormal behavior. 

Weekly, bioluminescence imaging (BLI) was performed for tumor growth follow-up of each mouse. Mice were 

injected IP with 0.2 ml of D-luciferin (15 mg/ml; PerkinElmer, Zaventem, Belgium) 10 minutes prior to BLI. After 

10 min, bioluminescence images were acquired by the IVIS Lumina II system (PerkinElmer). Luminescence was 

quantified using the Living Image® 4.3.1 software (PerkinElmer). 

In case of death, after euthanasia when humane endpoints were reached or at the final day of the study, a 

midline laparotomy was performed, and the abdominal cavity was exposed and photographed. Each mouse was 

assigned a Peritoneal Carcinomatosis Index (PCI) score. The abdominal cavity was divided in 13 standard regions 

as described by Sugarbaker38 and adapted for rodents by Klaver.39 For each region a score from 0 to 3 was given 

based on size and quantity of tumor nodules (Figure 1). Furthermore, an ascites score was given of 0 (no ascites 

present) or 1 (ascites present) to all animals. Survival time of each mouse was assessed. The therapeutic efficacy 

was measured as an increase in overall survival time compared to no treatment (i.e. 0.9% saline). Increase in life 

span (ILS) was calculated as median survival time treatment minus median survival time control, % ILS was 

calculated as (median survival time treatment/median survival time control *100) minus 100. 
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Figure 1. Peritoneal carcinomatosis index (PCI) in mice. Visual exploration of the 13 standard regions of the 

abdominal cavity for PCI scoring was carried out using magnifiers, according to the descriptions of tumor damage 

adapted from Klaver et al.39 and Sugarbaker38. 

Samples were taken from cecum, jejunum, peritoneum/abdominal wall, liver, pancreas, spleen, and if applicable, 

tumor for histopathological examination. All samples were fixed immediately by immersion in 4% 

paraformaldehyde in PBS for 72 h and embedded in paraffin. The tissues were then serially sectioned and stained 

with hematoxylin and eosin (H&E). Slides were analyzed in a blinded manner and microscopic images were taken 

with a light microscope (ColorView I, BX43F, Olympus, Tokyo, Japan). 

Immunohistochemical staining was performed with Paired Boxed Gene 8 (PAX8) polyclonal antibody 

(Proteintech), dilution 1/400, using an automatic immunostainer (Benchmark XT; Ventana Medical Systems, Oro 

Valley, AZ, USA), according to the manufacturer’s instructions. Visualization for all antibodies was achieved with 

the ultraView Universal DAB Detection kit (Ventana Medical Systems). 

Statistical analysis was performed using Graphpad PrismTM 5.2 (Graphpad Software, Inc.; La Jolla, CA, USA). In vivo 

data were analyzed using non-parametric tests (Mann-Whitney-U, Kruskall-Wallis and Dunn’s method). Survival 

analysis was estimated using the Kaplan-Meier method and survival differences between groups were evaluated 

using the log-rank test. A p-value < 0.05 was considered to indicate statistical significance. 

2.5 Pharmacokinetic study and pharmacokinetic/pharmacodynamic (PKPD) analysis  

Blood samples were taken daily from the tail vein until 14 days post-treatment. 10 µl blood was spotted on blood 

spot cards (PerkinElmer 226 Bioanalysis RUO Card, Perkin Elmer, Greenville, USA). Concentration of PTX was 

determined by UPLC-MS/MS.40 Dried blood spots (DBS) were punched out and collected in an Eppendorf tube. 

After adding 200 µl internal standard solution mix (methanol containing 2 ng/ml 13C6-PTX), they were 

continuously shaken at 500 rpm for 20 min at 37°C by a thermoshaker. Before injection, 100 µl of the resulting 

solution was diluted with 100 µl water (ULC-MS water, Biosolve). A volume of 10 µl was injected into the UPLC–

MS/MS system. The chromatographic separation was performed by an Acquity UPLC® H-class system (Waters) 



CHAPTER 4 
 
 

124 
 

equipped with an Acquity BEH C18 column (50 mm x 2.1 mm, 1.7 µm particle size, Waters) and an Acquity BEH C18 

guard-column (5 mm x 2.1 mm, 1.7 µm particle size, Waters). Both columns were thermostated at 50°C. The mobile 

phases, composed of 10% methanol in water (ULC-MS water, Biosolve) with 0.2% formic acid (Sigma-Aldrich) 

(mobile phase A, MPA) and pure methanol (LC-MS grade absolute methanol, Biosolve) with 0.2% formic acid 

(Sigma-Aldrich) (mobile phase B, MPB), had a flow rate of 0.45 ml/min. Each separation had a total run time of 

2.5 min. To elute the components, a linear gradient elution was used. The mobile phase gradient elution program 

was as follows: 0-1.25 min, 50% B to 80% B; 1.25-1.5 min, 80% B to 100 % B; 1.5-2.0 min, 100% B to 50% B; 2.0-2.5 

min, 50% B. The Acquity UPLC® H-class system (Waters) was interfaced to a Waters Xevo® TQ-S tandem mass 

spectrometer (Waters). It operated in positive electrospray ionization mode with a capillary voltage of 3.0 kV, a 

source block temperature of 150°C and a cone voltage of 36 V. As desolvation gas, nitrogen was heated to 600°C 

and reached the source with a velocity of 1000 l/h. For collision-induced fragmentation in the collision cell of 

the triple quadrupole system, argon gas was used with a collision energy of 28 eV. Quantification was performed 

in the selected reaction monitoring mode, using the transition m/z 876.3 to m/z 308.1 for PTX and m/z 882.3 to 

m/z 314.2 for the IS. MassLynx software (Waters) was used to integrate the peak areas. 

Numerical deconvolution was performed using Phoenix WinNonlin® IVIVC Toolkit 7.0 (Certara LP, St. Louis, 

Missouri, USA) to evaluate the percent of drug absorbed in vivo from the PTX-formulations.  

A pharmacokinetic-pharmacodynamic (PKPD) model was constructed to simultaneously describe the competing 

effects of drug treatment and toxicity on survival for the PTX-formulations. First, population pharmacokinetic 

(PK) modeling was carried out in NONMEM® (version 7.3, Icon Development Solutions, Ellicott City, MD, USA). 

Available data for the PK model included PTX blood concentrations after IP injection of PTX-GP-MS from the 

current PK study in Balb/c Nu mice as described above and from a previous PK study in Balb/c mice (Chapter 3). 

Furthermore, mean plasma concentration values in Balb/c mice after a single intravenous dose of 5.0 mg/kg PTX 

from a published study were also included.41 A plasma-to-blood ratio of 0.7 was applied to convert the plasma 

concentrations to blood values.42 Predicted peritoneal PTX concentrations were derived from the amount of 

dissolved PTX in peritoneal fluid volume. A first-order PTX transmembrane absorption rate constant of 0.95 h-1 

was assumed and mouse peritoneal fluid volume was fixed to 0.45 ml.43 A summary of all collected data is given 

in Table 2. The individual predicted blood and peritoneal PTX profiles were obtained from the PK model. A non-

compartmental approach was used to calculate peak concentration (Cmax), time-to-peak concentration (tmax) and 

area under the curve (AUC) from these profiles. 

 



CHAPTER 4 
 
 

125 
 

Table 2. Summary of available data collected from different studies for PKPD modeling.  

Study Model and mice type Treatment No. of 
mice 

Observation data 

Treatment efficacy in 
microscopic peritoneal 
carcinomatosis model 

IP xenograft model in 
female Balb/c Nu mice 

2 ml 0.9% saline (IP) 11 BLI and survival 

Blank GP-MS (IP) 10 BLI and survival 

PTXEtOH-GP-MS (IP)  
D = 7.5 mg PTX/kg 

10 PTX blood conc (n=14) 
BLI and survival 

PTXnano-GP-MS (IP)  
D = 7.5 mg PTX/kg 

11 PTX blood conc (n=26) 
BLI and survival 

PTXnano-GP-MS (IP)  
D = 35 mg PTX/kg 

11 PTX blood conc (n=44) 
BLI and survival 

Nab-PTX (IP) 
D = 35 mg PTX/kg 

12 PTX blood conc (n=6) 
BLI and survival 

Pilot study: 
development 
microscopic peritoneal 
carcinomatosis model 

IP xenograft model in 
female Balb/c Nu mice 

None 5 BLI and survival 

PK study of PTX-GP-MS No tumor model 
Female Balb/c mice 

PTXEtOH-GP-MS (IP)  
D = 7.5 mg PTX/kg 

6 PTX blood conc (n=29) 
 

PTXnano-GP-MS (IP)  
D = 7.5 mg PTX/kg 

6 PTX blood conc (n=28) 
 

PTXnano-GP-MS (IP)  
D = 35 mg PTX/kg 

12 PTX blood conc (n=40) 
 

PK study of PTX No tumor model 
Balb/c mice 

PTX (IV) 
D = 5.0 mg PTX/kg 

27 PTX plasma conc 
(n=8) 

The PKPD model was developed in NONMEM® using the predicted peritoneal concentrations as the time-varying 

input for the effect of PTX-treatments on survival outcome and blood concentrations were considered to be 

responsible for toxicity-induced death. Finally, a dose simulation of PTXnano-GP-MS to optimally balance the local 

treatment effect and systemic toxicity was performed. The survival probabilities (within 90 days) over time of 

1000 typical subjects without treatment (control) or treated with a single dose of PTXnano-GP-MS at various dose 

levels (7.5, 10, 12.5, 15, 20, 25 and 35 mg PTX/kg) were simulated to find the optimal dose with maximum survival 

benefit. The median Kaplan-Meier survival curves of the dose simulations were compared. 
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2.6 Evaluation of ccCK18 as a biomarker in ovarian cancer 

The potential of caspase-cleaved cytokeratin 18 (ccCK18) to monitor treatment response in microscopic 

peritoneal disease of ovarian origin was evaluated. Blood samples were taken twice a week from the tail vein 

during the survival study and animals were pooled in time. Blood was centrifuged for plasma collection. 

Apoptosis-associated ccK18 concentrations were quantitatively determined in plasma using a solid-phase 

sandwich enzyme immunoassay, M30 Apoptosense® enzyme-linked immunosorbent assay (PEVIVA®; VLVbio, 

Sundbyberg, Sweden) in accordance with the manufacturer’s instructions. The detection limit of the assay was 

25 U/l.  
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3. Results 

3.1 Efficacy of PTX-microspheres in a microscopic peritoneal carcinomatosis xenograft model 

Survival curves of control and PTX-treated animals are displayed in Figure 2 and subsequent survival comparison 

using the log-rank test for trend is shown in Table 3. Survival of control animals (0.9% saline and blank GP-MS-

treated mice) was significantly inferior compared to animals who received a treatment with a PTX formulation. 

Median survival time is displayed in Table 4.  

 

Figure 2. Kaplan-Meier survival curve of mice treated with control (0.9% saline, blank GP-MS) or PTX-formulation 

(PTXEtOH-GP-MS (D = 7.5 mg PTX/kg), PTXnano-GP-MS (D = 7.5 or 35 mg PTX/kg) or nab-PTX (D = 35 mg/kg)). Mice 

treated with a PTX-formulation lived significantly longer than mice treated with a control in a microscopic 

peritoneal disease xenograft model. 

A median survival of 33 and 36 days was observed after IP administration of 0.9% saline and blank GP-MS, 

respectively. There was no significant difference in survival outcome between the two control groups. IP 

administration of a PTX treatment after IP xenograft inoculation significantly increased survival of the animals. 

However, there were no significant differences in survival outcome observed between the different treatment 

groups (Table 3). A median survival of 68 days was seen after IP treatment with PTXEtOH-GP-MS dosed at 7.5 mg 

PTX/kg with ILS of 35 days compared to untreated animals. At the final day of the study, 40.0% of the PTXEtOH-GP-

MS-treated animals remained alive. Following IP administration of PTXnano-GP-MS, dosed at 7.5 and 35 mg PTX/kg, 

63.6% of the PTXnano-GP-MS-treated mice of both dosage groups were still alive upon completion of the survival 

study. The median survival time was not reached for PTXnano-GP-MS. An ILS of at least 57 days compared to 

untreated animals was noticed. It should be remarked that the events of death happened at earlier time points 

for the high-dosed PTXnano-GP-MS group (day 24, 26 and 33 post-treatment), whereas in the low-dosed group, 

deaths occurred at day 47, 62 and 69 post-treatment. It is possible that the deaths in the high-dosed PTXnano-GP-

MS were treatment-related, while they were related to progression of the disease in the low-dosed group. In 
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contrast to the pronounced survival prolongation due to the slow release of PTX from PTX-GP-MS and thus the 

longer residence time of PTX in the abdominal cavity, an ILS of 12.5 days and %ILS of 37.9% was achieved after 

bolus injection of nab-PTX (35 mg PTX/kg). 41.7% of the nab-PTX treated animals remained alive until completion 

of the study. 

Table 3. Survival comparison of administered treatments using the log-rank test 

Treatment Dose  

(mg PTX/kg) 

Treatment Dose  

(mg PTX/kg) 

p-value  significant (s) 

non-significant (ns) 

0.9% saline 0 Blank GP-MS 0 0.5590 ns 

PTXEtOH-GP-MS 7.5 0.0016 s 

PTXnano-GP-MS 7.5 <0.0001 s 

PTXnano-GP-MS 35 0.0167 s 

nab-PTX 35 0.0110 s 

Blank GP-MS 0 PTXEtOH-GP-MS 7.5 0.0015 s 

PTXnano-GP-MS 7.5 <0.0001 s 

PTXnano-GP-MS 35 0.0280 s 

nab-PTX 35 0.0058 s 

PTXEtOH-GP-MS 7.5 PTXnano-GP-MS 7.5 0.1961 ns 

PTXnano-GP-MS 35 0.5381 ns 

nab-PTX 35 0.8053 ns 

PTXnano-GP-MS 7.5 PTXnano-GP-MS 35 0.7440 ns 

nab-PTX 35 0.1171 ns 

PTXnano-GP-MS 35 nab-PTX 35 0.4987 ns 

 

Table 4. Median survival time (MST) of mice after IP administration of different treatments in a microscopic 

peritoneal carcinomatosis xenograft model and observed increase in life span (ILS) compared to control animals 

receiving an IP injection of 0.9% saline. 

Treatment Dose PTX (mg/kg) MST (d) ILS (d) %ILS 

0.9% saline 0 33 NA NA 

blank GP-MS 0 36 NA NA 

PTXEtOH-GP-MS 7.5 68 35 106.1 

PTXnano -GP-MS 7.5 90 57 172.7 

PTXnano-GP-MS 35 90 57 172.7 

nab-PTX 35 45.5 12.5 37.9 

NA = non-applicable 
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PCI scores of the control and drug-treated mice are plotted in Figure 3A. Comparison of the PCI scores of the 

different treatment groups demonstrated that there were no significant differences between the two control 

groups or between the PTX-treatment groups. Significant differences in PCI score were observed when 

comparing PCI scores of mice treated with 0.9% saline versus mice treated with PTXEtOH-GP-MS (p=0.0035); versus 

PTXnano-GP-MS (p<0.0001, both dose groups) and versus nab-PTX (p=0.0205). Also, significant differences in PCI 

score were seen when comparing blank GP-MS and PTXnano-GP-MS dosed at 7.5 mg PTX/kg (p=0.0001) and dosed 

at 35 mg PTX/kg (p<0.0001). When comparing PCI scores of blank GP-MS-treated mice to the scores of mice 

treated with PTXEtOH-GP-MS or nab-PTX, no significant differences could be observed. 

High PCI scores of 34.4 ± 2.2 and 30.2 ± 5.4 were assigned to the 0.9% saline and blank GP-MS treated animals, 

respectively. Numerous small tumor nodules were found in the abdominal cavity at the visceral peritoneum and 

mesentery, and tumor infiltration into liver, spleen, stomach and diaphragm was also observed (Figures 4-1 and 

4-2). Omental metastases were found in 90.9% and 80.0% of the mice in the 0.9% saline and blank GP-MS group, 

respectively.  

 

Figure 3. Antitumor efficacy of control groups (0.9% saline (n=11) and blank GP-MS (n=11)) and treatment groups 

(PTXEtOH-GP-MS (D = 7.5 mg PTX/kg, n=10), PTXnano-GP-MS (D = 7.5 or 35 mg PTX/kg, n=11/group) and nab-PTX (D = 

35 mg PTX/kg, n=12)) in microscopic peritoneal disease xenografts, based on (A) peritoneal carcinomatosis index 

(PCI), (B) percentage weight change and (C) ascites score. Bars indicate median and interquartile range.  
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Whereas all control mice developed PC in a similar manner, cancer did not progress in the same way in the PTX-

treated mice. Treatment with PTXEtOH-GP-MS was successful to eradicate microscopic disease and to prevent 

tumor progression in 4 of the 10 animals (Figure 4-3B). Although no peritoneal metastases were observed, tumor 

growth was seen in 3 of the 4 animals at the site of injection. During removal of the injection needle from the 

peritoneal space, a remainder of the SK-OV-3 Luc IP1 cell suspension was possibly released in the subperitoneal 

space between the skin and abdominal muscle layer. Because of the potency of the cell line after in vivo selection 

this could result in a local tumor node despite a low number of cells inoculated.34 Five of the PTXEtOH-GP-MS-

treated animals developed PC (Figure 4-3A). Three animals died from disease progression post-treatment day 

32, 34 and 49, similar to the survival of control animals. The treatment had no effect on microscopic peritoneal 

disease. Two animals died at day 62 and 74 post-treatment. In these animals, sustained PTX release from PTXEtOH-

GP-MS prolonged survival, but it was insufficient to prevent recurrence of peritoneal disease. In one animal, a 

large tumor developed dorsally in the abdominal cavity while the typical pattern of numerous small peritoneal 

nodules was not observed. 

 

Figure 4. Macroscopic images of intraperitoneal dissemination. Control animals (0.9% saline (1) and blank GP-MS 

(2) display peritoneal carcinomatosis. PTXEtOH-GP-MS treated animals (3) either developed peritoneal 

carcinomatosis (3A) or remained disease-free (3B). PTXnano-GP-MS treated animals either developed in a few 

cases a local tumor node (4A, arrow) or remained disease free (4B, 5). Animals treated with nab-PTX either 

developed peritoneal carcinomatosis (6A) or not (6B). 

 



CHAPTER 4 
 
 

131 
 

Seven of the PTXnano-GP-MS-treated animals, dosed at 7.5 mg PTX/kg, did not develop PC and no other local tumors 

were detected (Figure 4-4B). Sustained release of PTX from GP-MS loaded with a PTX nanosuspension was 

effective to eliminate microscopic disease and could prevent recurrence of peritoneal disease during the period 

of the survival study. While one animal grew a local tumor subperitoneally following a spill of tumor cells during 

withdrawal of the needle after IP injection for tumor inoculation, it did not develop peritoneal carcinomatosis. 

Three of the eleven animals died because of large dorsal tumor nodules, as illustrated in Figure 4, 4A. The typical 

IP dissemination pattern of peritoneal disease was not observed in those animals, but the large tumor mass, 

located dorsally in the abdominal cavity, was correlated with cachexia with a weight loss of 7, 15 and 17%. The 

other animals of this treatment group gained weight. PTXnano-GP-MS treated animals, dosed at 35 mg PTX/kg, 

displayed no PC upon autopsy, including the four animals who died before completion of the study (Figure 4-5). 

Only 1 animal developed a local tumor node subperitoneally.  

The nab-PTX-treated mice could be divided into responders and non-responders. The mice either developed 

peritoneal carcinomatosis with a high PCI score at the time of autopsy (58.3% of the animals, Figure 4, 6A) or a 

single injection of a high dose of the immediate release nab-PTX formulation was efficient for the prophylaxis 

of PC recurrence (41.7% of the animals, Figure 4,6B).  

When comparing the weight change of the mice (Figure 3B), no significant differences could be observed 

between the groups. No unambiguously conclusions can be derived from weight change over time since an 

increase in weight is not always related to an efficacious treatment. While extreme weight loss is evidently 

related to disease progression, ascites - which increases the body weight - is associated with peritoneal 

metastases and a poor prognosis.44  

Ascites scores of each mouse per group are plotted in Figure 3C. Ascites was present in 90.9% and 70.0% of the 

mice who received an IP injection of 0.9% saline or blank GP-MS, respectively. Treatment with PTXnano-GP-MS, at 

both dosages, significantly decreased incidence of ascites compared with animals treated with 0.9% saline 

(p=0.0016) and blank GP-MS (p=0.0082). None of the PTXnano-GP-MS treated mice had ascites present at the time 

of death or at the end of the study. No significant differences in ascites score were observed when control groups 

were compared with PTXEtOH-GP-MS or nab-PTX treated animals. Ascitic fluid was observed in 50.0 and 54.5% of 

PTXEtOH-GP-MS and nab-PTX treated mice, respectively. Additionally, the incidence of ascites was significantly 

lower for animals treated with PTXnano-GP-MS compared with animals treated with PTXEtOH-GP-MS (p=0.0190) or 

nab-PTX (p=0.0143). 
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BLI images of representative mice are displayed in Figure 5. A longitudinal follow-up of tumor burden and effect 

of the applied therapies on microscopic PC was possible during the survival study. BLI signals of the individual 

mice of each group during the survival study are displayed in Figure 6.  

 

Figure 5. Representative in vivo bioluminescence images of IP tumor burden in different control and treatment 

groups. 

An increase of BLI signal over time was seen in all control animals, related to the progression of peritoneal 

carcinomatosis. Maximal total flux of 1.9 x 109 and 1.85 x 109 p/s was measured in animals treated with 0.9% 

saline and blank GP-MS, respectively. Follow-up of the BLI signals of drug-treated animals allowed to individually 

monitor the efficacy of the administered treatment. An effective response of PTX treatment over time was seen 

when BLI signal remained low (baseline signal, total flux of 104-105 p/s) and constant during the entire study due 

to eradication of initial microscopic peritoneal disease. When the BLI signal increased, the treatment failed to 
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(further) prevent relapse of peritoneal disease. As seen in the PTXEtOH-GP-MS and nab-PTX groups, when the 

proton flux started to increase, the animal started to develop PC with maximal total flux of 3.42 x 109 and 7.44 

x 108 p/s, respectively. Similarly, the increase of total flux in some animals of the PTXnano-GP-MS group, indicated 

the presence of a tumor with a maximal measured total flux of 3.52 x 109 p/s. Combination of the BLI images and 

semi-quantitative proton flux data allowed for a careful monitoring of disease progression and evaluation of 

the extent of disease. Data of the total flux alone do not provide information about the localization of the 

tumor(s). When analyzing BLI images, it is clear that the animals in the PTXEtOH-GP-MS-group where proton flux 

increased, had a widespread distribution of tumor cells in the abdominal cavity, while animals with increasing 

BLI signal in the PTXnano-GP-MS group, dosed at 7.5 mg/kg, had a localized tumor growth. Additionally, shifts of 

BLI signal can be used as an indication of the optimal time point to re-administer the therapy. 

 

Figure 6. BLI signals (total proton flux) in mice with luciferase positive peritoneal carcinomatosis xenografts 

after IP treatment with controls (0.9% saline or blank GP-MS) or paclitaxel treatment (PTXEtOH-GP-MS, PTXnano-

GP-MS, nab-PTX) 
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3.2 Histopathology and toxicity 

Histopathological analysis of the major abdominal organs and peritoneal tissue was performed to evaluate the 

extent of peritoneal disease and possible local toxicity of the different treatments. Microphotographs of H&E-

stained tissues of the mice of different treatment groups are displayed in Figure 7.  

 
Figure 7. Optical micrographs of H&E-stained sections of jejunum, liver, peritoneum, spleen, pancreas and tumor 

of untreated (0.9% saline, blank GP-MS) or PTX-treated (PTXEtOH- or PTXnano-GP-MS and nab-PTX) mice in a 

microscopic peritoneal carcinomatosis xenograft model of ovarian origin. 
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Numerous tumor nodules consisting of actively dividing cells were clearly visible in the mesentery of the jejunum 

in control mice. It is known that malignant cells quickly and efficiently invade the mesentery because of its 

unique microvasculature.45  Morphology of the jejunum of control mice was normal with no signs of inflammation 

or tumor cells in the mucosa, indicating that the tumor cells only invaded visceral peritoneal tissue. Liver tissue 

of control mice not only showed tumor cells at the capsule of the liver, but tumor cells had also infiltrated the 

liver parenchyma (Figure 8-1C). The gall bladder of control animals was also metastasized with tumor cells as 

illustrated in the photomicrograph of a liver of a mouse treated with 0.9% saline in Figure 7. When peritoneal 

disease had extended into the liver, several liver disorders were seen as displayed in Figure 8. Necrotic hepatic 

disease was observed (A-D). This phenomenon is typically seen in rapidly growing hepatic metastasis, causing 

hypoxia and subsequently necrosis. Rupture of tumor blood vessels in necrotic areas may result in massive 

hemorrhage and peliosis hepatis46 (Figure 8-1D). Parietal peritoneum of control mice showed active 

inflammation of mesothelium with the presence of tumor cells of ovarian origin as confirmed by a positive PAX-

8 staining (Figure 9). In most cases, peritonitis and tumor development remained localized at the mesothelium, 

but in a few cases extension of the inflammation into muscle tissue of the abdominal wall was observed (blank 

GP-MS). 

 

Figure 8. Optical micrographs of liver irregularities of H&E-stained slices of livers of control, PTXnano-GP-MS or 

nab-PTX-treated mice (D = 35 mg PTX/kg). Liver tissue of control mice (1A-D) displayed areas of necrosis, 

indicated by an arrow. Tumor cells infiltrated liver parenchyma (1C). Massive infiltration of SK-OV-3 Luc IP1 cells 

eventually leads to hemorrhage and peliosis hepatis (1D). A case of sinusoidal obstruction syndrome was 

observed in a PTXnano-GP-MS treated mice (2) and sinusoidal congestion was also noticed in nab-PTX-treated 

mice. 

Large tumor nodules were present in the adipose tissue of the omentum and splenoportal fat of control mice. 

They are known as a preferential site for tumor cell attachment because of its vascularization and the presence 

of immune aggregates, ‘milky spots’.45 Tumor tissue of control mice was vascularized and consisted of actively 
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dividing tumor cells, but also regions of necrosis were observed, typically seen in locally advanced solid tumors. 

Prolonged hypoxia, imbalance between oxygen consumption and supply, can cause necrosis. Reasons for hypoxia 

in tumors include an abnormal structure and function of microvessels supplying the tumor, a longer diffusion 

distance between blood vessels and tumor cells and a lower oxygen transport capacity of blood.47,48 

Positive PAX-8 staining of the tissues of control mice confirmed that tumor cells were of ovarian origin (Figure 

9). 

H&E staining (Figure 7) of jejunum tissue of mice treated with PTXEtOH-GP-MS showed either the presence of 

metastases of ovarian origin (positive PAX-8 staining, Figure 9) in the mesentery or no metastases in case of 

response to the treatment. In both cases, the architecture of the small intestines showed no irregularities or 

abnormalities. When the treatment was ineffective, liver metastases were found at the surface of the liver in 

combination with infiltration of tumor cells into liver parenchyma with hepatic necrotic disease. Liver tissue of 

mice who responded to the PTXEtOH-GP-MS-treatment displayed a normal morphology.  In the mesothelial lining 

of the peritoneum covering the abdominal wall, more inflammatory and tumor cells of ovarian origin were 

detected, as confirmed by a positive PAX-8 staining. However, when the release of PTX from PTXEtOH-GP-MS was 

effective to treat microscopic peritoneal disease, the peritoneum and skeletal muscle of the abdominal wall 

displayed a normal morphology. Similar to the control mice, omental metastases were found in mice who did 

not respond to PTXEtOH-GP-MS treatment. A dense, solid tumor was observed and tumor cells attached to the 

richly vascularized adipose tissue of omental tissue associated to spleen and pancreas, without affecting the 

architecture of the organs itself.  

The high response rate to the PTXnano-GP-MS treatment, dosed at 7.5 mg/kg PTX, was reflected upon histological 

examination of abdominal organ tissues. No tumor cells or abnormalities were seen in tissues of jejunum, liver, 

spleen and pancreas. As observed via BLI imaging and during autopsy, some mice developed a local tumor nodule 

at the site of injection, which was confirmed upon histopathological examination. A large dense tumor node 

invaded the mesothelial lining of the peritoneum into the skeletal muscle of the abdominal wall. Blood vessels 

were present in the tumor nodule. PAX-8 expression confirmed that the tumor cells were of ovarian origin. 

Additionally, evaluation of tumor tissue of the 3 mice who developed a large dorsal tumor showed extended 

regions of tumor necrosis. This can be attributed to the typical observations of large localized tumor nodules 

where the imbalance between oxygen supply and use results in necrosis. 
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Figure 9. Optical micrographs of PAX-8-stained sections of jejunum, liver, peritoneum, spleen, pancreas and 

tumor of untreated (0.9% saline, blank GP-MS) or PTX-treated (PTXEtOH- or PTXnano-GP-MS and nab-PTX) mice in a 

microscopic peritoneal carcinomatosis xenograft model of ovarian origin. 

Histopathological observation of H&E stained tissues of mice who received PTXnano-GP-MS treatment, dosed at 

35 mg PTX/kg, confirmed that there was no peritoneal carcinomatosis present. Tissues of small intestines, 

peritoneum, pancreas and spleen had a normal appearance. However, while most of the liver tissue showed no 

abnormalities, liver tissues of 3 animals clearly confirmed sinusoidal dilatation with congestive central veins 

(i.e. sinusoidal obstruction syndrome) and the presence of peliosis hepatis. The syndrome was especially 

pronounced in one animal (Figure 8-2). Little is known about the effects on the liver of a prolonged IP PTX 

release. Sinusoidal congestion was observed in liver tissue of high-dosed PTXnano-GP-MS treated mice who died 

prior to the end of the study, whereas liver tissue of mice who remained alive until the end of the study did not 

show abnormalities. It is possible that the mice died of treatment-related toxicity because of the prolonged 

exposure to a higher concentration of PTX, resulting in a high portal vein PTX concentration and higher 
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hepatoxicity, since no hepatoxicity was noticed when mice were treated with PTXnano-GP-MS dosed at 7.5 mg 

PTX/kg.  

IP treatment with a bolus injection of 35 mg/kg nab-PTX, resulted in either an effective treatment of microscopic 

peritoneal disease, which was reflected by a normal histological appearance of jejunum, liver, peritoneum and 

spleen, or the immediate release of nab-PTX appeared to be ineffective. This latter was reflected by tumor 

nodules in the mesentery of jejunum and ileum, infiltration of liver parenchyma and capsule with tumor cells 

(as confirmed by positive PAX-8 staining), omental metastases with tumor cells - in the connective and adipose 

tissue associated to the spleen and tumor cells in the mesothelium of the parietal peritoneum. The tumor tissue 

consisted of a dense population of tumor cells, with blood vessels present and also regions of tumor necrosis. 

Two cases showed a congestive liver with sinusoidal obstruction, which could be either attributed to tumor 

infiltration into the liver or to the high chemotherapy dose.  

3.3 Pharmacokinetic study and PKPD analysis  

Average systemic and average predicted local peritoneal PTX concentrations after IP administration of the 

different PTX treatments (PTX-GP-MS and nab-PTX) as a function of time are displayed in Figure 10. A burst 

release was observed during the first day after IP injection of PTX-GP-MS followed by a sustained release of PTX 

from PTX-GP-MS over the period of the in vivo drug release study, resulting in a prolonged systemic exposure to 

PTX but at a low concentration level. Higher intraperitoneal PTX concentrations were obtained compared to 

systemic PTX concentrations because of the prolonged peritoneal PTX release from the GP-MS and a slow 

systemic absorption.  

Pharmacokinetic parameters of average systemic and peritoneal PTX concentrations are displayed in Table 5. 

Burst release was higher after IP administration of PTXEtOH-GP-MS compared to PTXnano-GP-MS: Cmax in blood and 

peritoneal fluid were respectively 5.9 and 7.1-fold higher for PTXEtOH-GP-MS compared to PTXnano-GP-MS at a dose 

of 7.5 mg PTX/kg. Remarkably, peak peritoneal and blood concentration of PTX released from PTXEtOH-GP-MS (D = 

7.5 mg PTX/kg) were also higher when compared to PTXnano-GP-MS, at a dose of 35 mg PTX/kg. A dose-proportional 

increase of AUC0-∞ and Cmax was seen when the dose was escalated to 35 mg PTX/kg, indicating linear 

pharmacokinetics. 
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Figure 10. Predicted average PTX concentration (ng/ml) as a function of time after IP administration of different 

types of PTX-GP-MS (PTXEtOH-GP-MS at a dose of 7.5 mg PTX/kg and PTXnano-GP-MS at doses of 7.5 and 35 mg 

PTX/kg) in blood (A) and peritoneal fluid (C) of mice. PTX concentrations were detectable up to 14 days. In 

contrast, B and D represent the predicted average PTX concentration after a single IP injection of nab-PTX (35 

mg PTX/kg) in blood and peritoneal fluid, respectively.  

Nab-PTX, the nanoparticulate formulation of PTX, was unable to sustain the PTX release over a prolonged period 

of time which is reflected in its different PK profile. PTX was rapidly absorbed from the peritoneal cavity into the 

systemic circulation, while GP-MS released PTX more gradually. 24 hours after IP injection of nab-PTX, 54 % of 

the PTX-dose was systemically absorbed. In contrast, only 7 and 4 % PTX was systemically absorbed 24 hours 

after IP administration of PTXEtOH-GP-MS and PTXnano-GP-MS, respectively. After 14 days, approximately 10-15 % of 

the PTX amount released from GP-MS was systemically absorbed. Additionally, since the PTX dose is rapidly 

released after IP administration of nab-PTX, significantly higher peak concentrations were observed compared 

to the slow PTX release from PTXnano-GP-MS at the same dose, both systemically and locally. The higher 

percentage absorption and high systemic PTX peak concentration may result in systemic side effects such as 

neutropenia.  
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Table 5. Pharmacokinetic parameters of average systemic and peritoneal PTX concentration-time profiles: area 

under the curve (AUC), peak concentration (Cmax) and time to peak concentration (tmax) of the different IP 

treatment groups   

Treatment PTX dose (mg/kg) AUC0-14d (µg.h/ml) AUC0-∞ (µg.h/ml) Cmax (µg/ml) tmax (h) 

Average systemic PTX concentrations 

PTXEtOH-GP-MS 7.5 0.6 0.7 0.06 2.5 

PTXnano-GP-MS 7.5 0.4 0.7 0.01 4.9 

PTXnano-GP-MS 35 1.6 3.1 0.04 5.0 

Nab-PTX 35 9.1 10.7 1.6 2.5 

Average peritoneal PTX concentrations 

PTXEtOH-GP-MS 7.5 46.8 49.8 5.6 1.5 

PTXnano-GP-MS 7.5 31.7 52.9 0.8 3.05 

PTXnano-GP-MS 35 119.5  203.1 3.0 3.05 

Nab-PTX 35 676.9 677.1 153.6 1.5 

Individual peritoneal PTX profiles are displayed in Figure 11. Despite between-animal variability in peak PTX 

concentration, a higher burst release was not the predictive factor for differences in treatment response. In the 

PTXEtOH-GP-MS and nab-PTX-treated mice, there were either ‘treatment-responders’ when microscopic peritoneal 

disease was successfully eradicated, and PC did not recur, or ‘treatment-non-responders’ when PC did develop. 

However, no significant differences were found in peak peritoneal PTX concentrations of ‘treatment-responders’ 

and ‘treatment-non-responders’ within the PTXEtOH-GP-MS and nab-PTX-groups. 

A PKPD model was developed describing the competing effects of drug treatment and toxicity on survival of 

mice in a microscopic peritoneal carcinomatosis model. Dose simulations of PTXnano-GP-MS were performed since 

these microspheres were the most efficient to prevent recurrence of peritoneal disease in the microscopic 

xenograft model. Based on survival probability and hazard, a dose of 7.5-15 mg PTX/kg seems optimal for mice 

to achieve an optimal balance between survival outcome and drug-related toxicity (Figure 12). At doses between 

7.5 and 15 mg PTX/kg, survival probabilities were near 100% and all above 80% at day 90, and there were no 

significant differences in survival outcome among these doses observed. For doses ≥ 20 mg PTX/kg, survival 

probability decreased after approximately 30 days with significantly inferior survival outcomes compared to a 

dose range of 7.5 – 15 mg PTX/kg due to the increased hazard caused by drug-induced toxicity effects. 
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Figure 11.  Individual peritoneal PTX concentration (ng/ml) as a function of time after IP administration of 

different types of PTX-GP-MS (PTXEtOH-GP-MS at a dose of 7.5 mg PTX/kg, PTXnano-GP-MS at doses of 7.5 and 35 mg 

PTX/kg), and nab-PTX at a dose of 35 mg PTX/kg  

 

 

Figure 12. Predicted survival probability of 1000 typical subjects who received no PTXnano-GP-MS treatment 

(control) or after a single dose of PTXnano-GP-MS (7.5, 10, 12.5, 15, 20, 25 and 35 mg PTX/kg).  

3.4 Evaluation of ccCK18 as a biomarker in ovarian cancer 

During the survival study, blood of the different PTX treatment and control groups was analyzed to determine 

the amount of ccCK18 in order to evaluate its potential as a PD biomarker to monitor treatment response. 
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Cytokeratin-18, a protein present in epithelial cells, is cleaved by caspases during apoptosis. The resulting 

fragments, caspase-cleaved cytokeratin-18, are release into the blood.49–51 Longitudinal follow-up of ccCK18 

concentration in serum or plasma could be interesting to monitor treatment response since the anticancer 

activity of PTX can be directly related to the induction of apoptosis of tumor cells.49,51 Furthermore, the correlation 

between drug-induced tumor cell apoptosis and an increase in ccCK18 has already been proven.52–54 Average 

concentrations of ccCK18 over time measured in plasma of mice treated with the different therapies (control, 

PTX-GP-MS and nab-PTX) are shown in Figure 13. 

An increase of ccCK18 concentration was observed for the control animals related to disease progression. Thus, 

the development of peritoneal carcinomatosis could be monitored via the evolution of ccCK18 in time.  

 

Figure 13. Average concentration of ccCK18 (U/L) as a function of time measured in plasma samples of different 

treatment groups in a human xenograft microscopic peritoneal carcinomatosis mouse model. 

Monitoring of ccCK18 levels of the PTX treatment groups showed elevated ccCK18 levels during the first 30 days. 

In case of the PTXEtOH-GP-MS and nab-PTX treated mice, this can be explained in two ways. Treatment non-

responders developed peritoneal carcinomatosis and elevated ccCK18 levels were seen because of spontaneous 

apoptosis of tumor cells. On the other hand, elevated ccCK18 concentrations were also observed in treatment-

responders because of PTX-induced apoptosis of SK-OV-3 IP1 Luc cells. After absorption of PTX from the 

abdominal cavity, ccCK18 returned to a baseline level. Individual ccCK18 profiles of representative mice treated 

with PTXEtOH-GP-MS are displayed in Figure 14 where it was clearly seen that animals 7 and 11 were non-

responders, and animals 1, 4 and 8 treatment-responders. Animal 5 showed an increase of ccCK18 after 58 days, 

which can be linked to a relapse of peritoneal disease after initial treatment response. 
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All PTXnano-GP-MS-treated animals had elevated ccCK18 levels during the first month due to drug-induced 

apoptosis of SK-OV-3 IP1 Luc cells caused by the local prolonged PTX release from the PTXnano-GP-MS. PTX was 

measurable up to 14 days in blood, but in vitro studies demonstrated that PTX-microspheres were able to sustain 

PTX concentrations up to 21 days. After 1 month, PTX will be completely absorbed from the peritoneal cavity and 

ccCK18 levels return to a baseline level until completion of the survival study.  

 

Figure 14. Representative profiles of released ccCK18 (U/L) as a function of time measured in plasma samples of 

mice receiving an IP PTXEtOH-GP-MS treatment in a human microscopic peritoneal carcinomatosis mouse model  

Previous studies have shown that there is a significant correlation between ccCK18 and drug-induced toxicity, 

e.g. damage to normal tissue. However, because the M30 Apoptosense® assay is human specific and should only 

detect ccCK18 released by human xenograft tumor cells, interference due to cell death of normal epithelial 

tissues of mice should be limited.55 
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4. Discussion 

Randomized controlled clinical trials have shown that the addition of IP chemotherapy to the first-line treatment 

cytoreductive surgery and platinum-taxane based IV chemotherapy increased overall survival and disease-free 

progression of patients with advanced ovarian cancer.1,2,18 Nevertheless, prognosis of the disease remains poor 

due to a high percentage of recurrence. Approximately 80% of advanced OC patients will relapse within 5 years. 

It is assumed that the high rate of recurrence can be attributed to the short residence time of chemotherapeutics 

in the abdominal cavity.1,8,9,19,21 Therefore, a post-surgical adjuvant IP treatment able to retain an anticancer agent 

in the abdomen for weeks or even months is of high clinical interest.  

This work evaluated the efficacy of prolonged PTX release from PTX-GP-MS in mice in a human xenograft 

microscopic peritoneal carcinomatosis model of ovarian origin compared to controls (0.9% saline and blank GP-

MS) and an immediate PTX release formulation, nab-PTX. The influence of dose and loading medium (PTX 

ethanolic solution or PTX nanosuspension) of PTX-GP-MS on treatment efficacy was also investigated. 

It could be observed that PTX-treatment significantly improved survival of mice. No significant differences in 

survival outcome were observed between the different PTX-treatment groups (PTXEtOH- and PTXnano-GP-MS at a 

dose of 7.5 mg PTX/kg or PTXnano-GP-MS and nab-PTX at a dose of 35 mg PTX/kg). However, mice treated with IP 

PTXnano-GP-MS, at both dose levels, increased the life span with at least 57 days compared to an increase of 35 

and 12.5 days following IP treatment with PTXEtOH-GP-MS (D = 7.5 mg PTX/kg) and nab-PTX (D = 35 mg PTX/kg), 

respectively. Additionally, IP treatment with PTXnano-GP-MS significantly decreased PCI score compared to both 

control groups, whilst no differences of PCI score could be observed when comparing PTXEtOH-GP-MS and nab-

PTX-treated animals to animals treated with blank GP-MS. Bioluminescence imaging confirmed that sustained 

PTX release from PTXnano-GP-MS was able to eradicate microscopic peritoneal disease and prevent recurrent 

development of peritoneal carcinomatosis. Furthermore, treatment with PTXnano-GP-MS significantly decreased 

the presence of ascites compared to mice treated with blank GP-MS and 0.9% saline. In contrast, the presence of 

ascites did not differ after an IP treatment with PTXEtOH-GP-MS or nab-PTX compared to the controls. These results 

support that PTXnano-GP-MS seem to present a promising and effective post-surgical adjuvant IP treatment 

strategy. 

A prolonged residence of PTX in the abdominal cavity clearly improved treatment outcome and progression free 

survival of mice compared to a single IP injection with nab-PTX. Despite a high Cmax of 154 µg/ml in peritoneal 

fluid following IP administration of nab-PTX, the formulation is quickly absorbed from the peritoneal cavity with 

a high systemic peak concentration. After one day, PTX was not detectable anymore in blood or peritoneal fluid. 
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In contrast, PTX remained detectable both in blood and peritoneal fluid up to 14 days following IP treatment 

with PTX-GP-MS. Although both PTXEtOH- and PTXnano-GP-MS were able to prolong the residence time of PTX in the 

abdominal cavity, PTXnano-GP-MS were more efficacious in eradicating minimal peritoneal disease and preventing 

recurrent peritoneal carcinomatosis. It has already been reported that PTX nanocrystals demonstrate a high 

cellular uptake due to their size and accumulate in tumor tissue, increasing the efficacy of PTX therapy.14,56,57  

As systemic absorption of a chemotherapeutic agent from a local drug depot system is limited, systemic toxicity 

will be largely avoided. But little is known about the influence of a prolonged residence time of a 

chemotherapeutic agent on normal tissues and organs of the abdominal cavity. Three mice (27%) receiving 

PTXnano-GP-MS at a 35 mg PTX/kg dose showed liver toxicity (sinusoidal dilation and congestive veins in liver 

parenchyma), while no abnormalities were seen in other abdominal organs and peritoneal tissue. This 

hepatoxicity can be a complication of chemotherapy as it is known that several chemotherapeutic agents have 

a toxic effect on the liver, inducing injuries on hepatic venous endothelium and consequently the sinusoidal 

obstruction syndrome. This phenomenon is most frequently described following administration of 5-fluorouracil, 

cyclophosphamide and oxaliplatin and is rarely seen in paclitaxel therapy.58–61 However, elevated liver function 

values (bilirubin, alkaline phosphatase (ALP), aspartate and alanine aminotransferase (AST and ALT, 

respectively)) were reported in patients receiving IV PTX therapy, although the liver values rarely largely 

exceeded the upper limits of normal ALP, AST or ALT values and were dose dependent.62–68 Liver injury is a direct 

effect of PTX since the molecule is predominantly metabolized by the liver.69 Morbidity and adverse effects 

reported during IP treatment with PTX are mostly abdominal pain and hematological and neurologic toxicity.1,18,70 

Although an increase in hepatic injury was reported by Armstrong et al., the peritoneal clearance of paclitaxel 

might have been altered because the drug was given after IP cisplatin.2  The prolonged peritoneal exposure to a 

higher PTX concentration might have resulted in a high portal vein PTX concentration, and higher hepatotoxicity 

since no hepatotoxicity was observed when mice were treated with PTXnano-GP-MS dosed at 7.5 mg PTX/kg. 

Monitoring of liver values and portal vein concentrations will be recommended and prophylactic administration 

of anti-oxidants or glutathione could overcome the toxicity syndrome.71 

A PKPD model was constructed to simultaneously describe the competing effects of drug treatment and toxicity 

on survival for the PTX-formulations. Subsequent dose simulations demonstrated that the optimal dose of 

PTXnano-GP-MS to achieve good survival outcome with minimal drug-induced toxicity ranged from 7.5 to 15 mg 

PTX/kg. Sustained PTX release in a low dose is thus effective to prevent recurrence of peritoneal disease, thereby 

avoiding local toxic side-effects because of the prolonged presence of PTX in the abdominal cavity. 
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Finally, this work evaluated ccCK18 as a biomarker to monitor drug-response and efficacy. A correlation was 

observed between elevated levels of ccCK18 and tumor burden. It has already been shown that patients with 

epithelial carcinomas have elevated levels of (cc)CK18. An increase of ccCK18 indicates spontaneous apoptosis 

of tumor cells. Higher levels of ccCK18 have been associated to the number of involved organs, performance 

status and shorter median survival.55 Elevated ccCK18 levels were also observed during the first month of the 

survival study, indicating drug-induced apoptosis of tumor cells. Since ccCK18 is a marker of apoptosis, an 

increase of ccCK18 is expected when PTX induces mitotic arrest and apoptosis of SK-OV-3 IP1 Luc cells, thereby 

demonstrating the potential of ccCK18 as a predictive biomarker for treatment efficacy. Interpretation of ccCK18 

is complex because release of ccCK18 can be a response to various stimuli including treatment response, drug-

induced toxicity and increase of tumor burden. Nevertheless, a positive correlation between increased ccCK18 

levels and treatment response was observed in this study and in several other (pre)clinical trials.49,50,53,55 

Therefore, the inclusion of ccCK18 in a biomarker panel (cancer antigen 125 (CA125), human epididymis protein 4 

(HE4), e-cadherin)72–74 in ovarian cancer therapy should not be neglected.  
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5. Conclusion 

This study in a human xenograft microscopic peritoneal carcinomatosis mouse model showed that prolonging 

the residence time of PTX in the abdominal cavity is an effective way to improve treatment outcome of advanced 

ovarian cancer. PTXnano-GP-MS was the most effective formulation to eradicate microscopic peritoneal 

carcinomatosis and to prevent recurrent peritoneal disease. Life span of mice improved with a significant 

reduction of tumor burden based on PCI score, BLI imaging and ascites presence compared to control animals. 

In contrast, no significant differences in PCI score and presence of ascites were observed when comparing 

PTXEtOH-GP-MS and nab-PTX treated animals to control animals. PTXnano-GP-MS seem to be a promising 

postsurgical adjuvant IP depot system. Previous work already demonstrated the effectiveness of GP-MS to 

prevent peritoneal adhesions in a mouse model, a common complication after CRS. The promising preclinical 

results and the potential dual application of the concept in the treatment modality of advanced ovarian cancers 

marks the clinical relevance and encourage further (pre)clinical evaluation of the formulation.  
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1. Incidence and impact of ovarian cancer and peritoneal adhesions 

Cancer is a major public health problem around the world with a great impact on society. Approximately 38% of 

the population will be diagnosed with cancer at some point during their lifetime.1 In 2018 alone, there were 

globally about 18 million new cancer patients, both sexes and all ages. The five most common cancers were lung 

(11.6%), breast (11.6%), colorectal (10.2%), prostate (7.1%) and stomach (5.7%) malignancies (Figure 1).2  

 

Figure 1. Estimated number of new cancer cases in 2018, worldwide, all cancers, both sexes, all ages (data 

source: GLOBOCAN 2018, graph production: Global Cancer Observatory)2 

Ovarian cancer (OC) is the eighth most commonly occurring cancer in women and the 18th most commonly 

occurring cancer overall. There were nearly 300 000 new cases in 2018.2 OC is the eighth leading cause of cancer 

death in female with over 150 000 deaths every year (184 799 cases in 2018) and is the most lethal gynecological 

malignancy (Figure 2).2–7 A woman’s lifetime risk of developing OC is 1 in 75 and her chance of dying of the disease 

is 1 in 100.8 The stage of OC strongly determines prognosis. Early stage OC, stage I or II, has a good prognosis 

with a 5-year overall survival (OS) rate of 90 to 66% but the prognosis at advanced stages III and IV is grim with 

a 5-year OS rate of 27 and 21%, respectively. Unfortunately, the majority of OC patients is diagnosed at an 

advanced stage (FIGO stage III or IV) with peritoneal dissemination because of the lack of effective screening 

methods and specific symptoms.9–12  
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Figure 2. Incidence and mortality for the ten most common cancers in 2018 for females. 

Intraperitoneal (IP) chemotherapy has been added to the standard treatment combination of cytoreductive 

surgery (CRS) and perioperative systemic platinum-taxane based chemotherapy to improve treatment outcome 

of advanced ovarian cancer. Local chemotherapy is theoretically suitable for advanced ovarian cancer because 

metastases are rarely seen outside the peritoneal cavity and because of the existence of the peritoneal-plasma 

barrier.9,11,13–15 IP chemotherapy can be administered early post-operatively or after recovery from CRS via catheter 

or can be applied as (hyperthermic) intraoperative perfusion ((H)IPEC) immediately after CRS as a part of the 

surgical procedure.9,15–19 

Cytoreductive surgery is an essential part of the therapeutic strategy. Optimal surgical debulking significantly 

favors survival outcome and creates advantageous conditions for following IP chemotherapy.13,20–22 However, this 

extensive surgical procedure causes numerous peritoneal defects leading to the formation of severe peritoneal 

adhesions.13,19 Adhesion formation is not only a complication seen after CRS, postsurgical peritoneal adhesions 

are a very common and known problem after any abdominopelvic surgical procedure. 

Peritoneal adhesions severely affect the quality of life of millions of people worldwide, causing small-bowel 

obstruction, difficult redo surgery, chronic abdominal and pelvic pain, and female infertility. The incidence of 

peritoneal adhesions ranges from 67 to 93% after general surgical abdominal operations and up to 97% after 

open gynecologic pelvic procedures.23–25 
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2. Clinical significance, morbidity and mortality associated with cytoreductive 

surgery, intraperitoneal chemotherapy and peritoneal adhesions  

Large randomized controlled trials have shown that postoperative adjuvant IP chemotherapy via catheter 

administration has a clinical advantage in the treatment of advanced OC with a significant increase of 

progression-free and 5-year overall survival.9,26 However, grade 3 and 4 complications (pain, fatigue, 

hematologic, metabolic and neurologic toxic effects) were significantly more common in the IP-therapy group 

than in the IV-therapy group. Also, quality of life was significantly reduced during the treatment period but 

improved to baseline one year after the treatment. The tolerability of postoperative IP chemotherapy is of high 

concern since catheter (obstruction, dislocation, intolerance) and route-of-delivery related (abdominal pain, 

infection) complications lead to a high percentage of premature discontinuation of the therapy.9,14,15,26–28 

Nonetheless, novel randomized trials comparing IV and combined IV and IP chemotherapy could not detect 

significant differences in grade 3 and 4 toxicities. Completion rate of IP chemotherapy is also increasing because 

of proper technical precautions as avoidance of catheters with fenestrations or Dacron cuffs and the use of 

implantable ports.15,18 

CRS and HIPEC have increasingly gained an established role in the treatment of selected patients with peritoneal 

surface malignancies as it results in a significant improvement of long-term overall and disease-free survival 

compared to systemic chemotherapy alone. There has been great criticism of CRS-HIPEC because of the 

complexity of the procedure and the associated morbidity and mortality.6,15,28,29 However, CRS-HIPEC has a steep 

learning curve. During the establishment of the treatment modality in the 1990’s, mortality rates were up to 

18%. Over the years, morbidity and mortality of the procedure declined and are nowadays comparable to that of 

CRS alone and similar to other major abdominal procedures. Grade 3 and 4 morbidity rates range from 20 to 50% 

and mortality rates from 1 to 4.2%. Major complications are anastomotic leakage, bowel perforation, IP 

hemorrhage and wound dehiscence.6,15,20,29–32 Literature reports that there is a learning curve in the range of 100 

to 180 procedures to achieve the best completeness of cytoreduction rate and oncologic outcome with 

associated morbidity and mortality reduction. The learning curve is a combination of surgical and institutional 

awareness of the issues, a willingness to learn from established units and an understanding of the infrastructure 

requirements.29–31,33,34 Figure 3 displays the decline of major morbidity and simultaneous increase in 24-month 

survival over 10 years based on experience in CRS-HIPEC of patients with peritoneal carcinomatosis from 

colorectal origin.30 Similar trends are observed for cancer patients with peritoneal dissemination of a different 

cancer origin, including ovarian cancer. Besides the learning curve associated with CRS-HIPEC, patient selection 

also dramatically improved over the years. In the early years of the treatment, patients with abundant tumor 
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load were selected for CRS-HIPEC where very extensive surgery was required to achieve complete cytoreduction, 

and subsequent morbidity was very high due to the complications. Morbidity and mortality rates declined by a 

proper selection of patients, only those likely to benefit from the treatment, associated with a lower extent of 

the initial tumor burden.11,30,31 

 

Figure 3. (A) Grade 3 and 4 morbidity in relation to treatment period; (B) survival probability in relation to 

treatment period for patients with peritoneal carcinomatosis of colorectal origin. Error bars represent 95% 

confidence interval. Figure adapted from Smeenk et al. 200730 

The presence of peritoneal adhesions after major surgery like CRS and other abdominal and pelvic procedures 

accounts for severe morbidity of patients with small-bowel obstruction, chronic abdominal and pelvic pain, and 

female infertility as the most common complications. Adhesions are the most common cause of large and small 

intestinal obstructions in the Western World, accounting for one third to one half of all intestinal obstructions 

and approximately two-thirds of the hospital admissions for small-bowel obstruction are the result of adhesion 

formation.23,35 

Surgery to remove peritoneal adhesions, i.e. adhesiolysis, is often required. Re-operating through a previous 

wound can be extremely difficult, risky and potentially dangerous.  Adhesiolysis causes additional risks to the 

patients such as blood loss, inadvertent enterotomy and enterectomy, visceral damage including injury to the 

liver, spleen, bladder or ureter, enterocutaneous fistulas. Furthermore, the presence of postsurgical adhesions is 

responsible for a high conversion rate of laparoscopy to laparotomy and safe trocar placement during 

laparoscopy is hindered.23,35,36 An overview of the main clinical impact of a re-operation for adhesion-related 

complications is displayed in Table 1. 

Table 1.  Summary of the clinical significance of adhesiolysis. 

Difficult surgical entry into the abdomen and to the site of pathology 

Intra-operative complications: increased risk of hemorrhage and intestinal perforation 

Prolonged operation time 

Prolonged hospital stay of readmitted patients 
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Once adhesions have been formed, they create a lifetime risk of related complications as intestinal obstruction 

and a higher likelihood for the need of recurrent abdominal surgery which in turn increases the risk of further 

adhesion formation.23,35 The mean recurrence rate is 85%, independent of the type of initial adhesions and 

regardless whether adhesiolysis was performed laparoscopically or by open surgery. Recurrent adhesions can 

be even more extensive than the primary situation, causing a cycle of adhesion formation and reoperation.35,37 

3. Economic impact of the treatment of advanced ovarian cancer and peritoneal 

adhesions complications 

The addition of HIPEC to CRS has a better survival outcome than surgery alone3 or surgery and IV chemotherapy32. 

The treatment option CRS-HIPEC is however highly resource-expensive, requiring specialized surgical teams, 

complex technological facilities and long operative times.32,33,38 An Italian institution, the National Cancer 

Institute in Milan, analyzed the costs of the therapy based on 382 procedures carried out in the period of 1995-

2008. The mean total cost of one hospital stay for cytoreduction and HIPEC was € 36 016 (ranging from € 28 

435 to € 82 189).32 A detailed description of the costs is displayed in Table 2. 

Table 2. Mean costs of the combined procedure of cytoreduction and hyperthermic intraperitoneal chemotherapy 

(HIPEC) based on 382 procedures performed at the National Cancer Institute in Milan from 1995-2008. (Adapted 

from D. Baratti et al. 2010) 

Item Cost (€) 

Total hospital stay 

- Preoperative stay 

- Intensive care unit stay 

- Postoperative stay 

Preoperative investigations 

Medications 

Total surgical combined intervention 

- Operating room occupation 

- Personnel 

- Disposal materials 

- Equipment amortization 

- HIPEC disposal devices 

- HIPEC drugs 

- Blood products 

Postoperative care 

Overhead costs 

11 300 

200 

7 500 

3 600 

139 

1 623 

17 630 

7 273 

2 360 

1 981 

450 

2 909 

650 

2 006 

1 181 

4 143 

Total cost 36 016 
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Mean hospital stay was 24.3 days (range 9 – 108) including a median postoperative stay of 3 days at the intensive 

care unit. Addition of HIPEC to the operating procedure increases operating room time with an average of 146 

minutes. Operating time increases with the required complexity of cytoreductive surgery. Also, the additional 

cost of required machinery and disposable materials for HIPEC are not negligible.32,39 In countries where the 

hospital payment system is based on diagnosis-related groups, hospitals can suffer from an economic deficit if 

the procedure is not included in the official list of medical acts.32   

There is no doubt that CRS-HIPEC involves a high economic cost, but the real question is whether the combination 

therapy is cost-effective. Behbakht et al. performed a cost-benefit analysis comparing three treatment options 

for patients with stage III epithelial ovarian cancer: (1) neoadjuvant chemotherapy (NACT) and cytoreduction 

followed by IV chemotherapy, (2) NACT and cytoreduction with HIPEC followed by IV chemotherapy, (3) primary 

debulking surgery (PDS) and adjuvant IV chemotherapy.  The costs were estimated based on data of a previous 

study and are displayed in Table 3.  

Table 3. Estimated costs of different treatment options of stage III epithelial ovarian cancer, adapted from 

Behbakt et al.39 and Rowland et al.40 

Variable Cost ($) 

Primary cytoreduction/chemotherapy 

- Paclitaxel/carboplatin x 6 cycles 

- Surgical costs 

- Hospital costs 

23 968 

4 939 

2 712 

16 317 

NACT/cytoreduction/chemotherapy 

- Paclitaxel/carboplatin x 6 cycles 

- Surgical costs 

- Hospital costs 

16 992 

4 939  

1 868 

10 185 

NACT/HIPEC + cytoreduction/chemotherapy 

- Paclitaxel/carboplatin x 6 cycles 

- IP chemotherapy administration 

- Hyperthermia set up 

- Surgical costs 

- Hospital costs 

42 848 

4 939 

338 

1 026 

1 868 

34 313 

NACT = neoadjuvant chemotherapy; HIPEC = hyperthermic intraperitoneal chemotherapy 

The costs are highest for NACT/HIPEC because of the higher hospital costs due to complications and specific 

equipment required for HIPEC. Nonetheless, NACT/HIPEC was cost-effective compared to the other treatment 
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strategies. Based on a recent report by van Driel et al.3, overall survival was 46 months in patients who 

underwent HIPEC compared to 34 months for NACT or primary debulking. For an estimated 15 000 patients, 

NACT/HIPEC was cost-effective with an incremental cost-effectiveness ratio of $ 25 492 per life year saved (Table 

4).39  Others have also reported the cost-effectives of HIPEC. A French institute estimated the cost-effectiveness 

of HIPEC versus systemic chemotherapy for colorectal carcinomatosis as € 58 086 per life-year saved.41 The CRS-

HIPEC treatment was also cost-effective in Australia; the treatment significantly increased medical costs but a 

parallel increase in overall survival was observed.38 

Table 4. Comparison of cost-effectiveness of different treatment options for advanced epithelial ovarian cancer: 

primary debulking surgery (PDS), neoadjuvant chemotherapy (NACT) and the combination NACT/hyperthermic 

intraperitoneal chemotherapy (HIPEC). Total costs are an estimation for 15 000 patients. Overall survival is based 

on data of van Driel et al.3 

Therapy Total cost ($) Overall survival 

(months) 

C/E ratio ($) ICER ($) 

PDS 359.5 million 34  8 469  

NACT 254.9 million 34 6 004 NA 

NACT/HIPEC 673.3 million 46 11 092 25 492 

C/E ratio = cost-effective ratio; ICER = incremental cost-effectiveness ratio per life year saved 

The economic impact of the complications of peritoneal adhesions is significant, including the surgical procedure 

of adhesiolysis itself, hospitalization, recuperation and lost productivity.23,24,36,42 Approximately one-third of 

patients who underwent open abdominal or pelvic surgery are on average two times readmitted over the 

subsequent 10 years for conditions directly or possibly related to adhesions.  More than 20% of such readmissions 

occurred during the first year after initial surgery, and 4.5% of readmissions were for adhesive small bowel 

obstruction.24,25 

The complexity of surgery for peritoneal adhesions, the prolonged operating time, the longer hospital stay, and 

prolonged recovery period have a great economic influence. The total annual cost of hospital and surgical 

expenditure for the management of adhesion-related complications has increased from $ 1.3 billion in 1994 to 

over $ 5 billion in 2001 in the USA. Since the incidence of abdominopelvic surgery increases worldwide, these 

costs are not expected to dramatically decrease in the future. In some European countries, the direct medical 

costs for adhesion-related problems are more than the surgical expenditure for abdominal cancer 

treatment.24,25,42  

Efforts to decrease the incidence of postoperative peritoneal adhesions will have a massive impact on the 

economy and health care. A study has estimated that an anti-adhesive barrier, with an average cost of $200 and 
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potential effectiveness of less than 25%, might reduce the healthcare expenditures by approximately $55 million 

over 10 year. Even if an anti-adhesive agent merely leads to a 25% reduction of adhesion readmissions and 

morbidity, the cost-effectiveness is already pronounced.25 Roy et al. evaluated the cost-effectiveness of Gynecare 

Interceed® for the reduction of postoperative adhesions in open surgical gynecologic procedures over a 3-year 

period. Although the use of the barrier added material costs ($ 137 250), a total saving of $540 283 was achieved 

because of fewer adhesion-related readmissions, lower complication costs and shorter hospital stay.43 However, 

some remarks about physical barriers should be taken into account. Currently, the effectiveness of the agents is 

doubtful. There are no clear significant improvements shown in clinical outcomes of adhesion-related 

complications when an anti-adhesive product is used after surgery. Additionally, increased risks of intra-

abdominal abscesses and anastomotic leaks have been observed, particularly when barriers are used near 

anastomosis. Higher costs and prolonged operative time have also been described as disadvantages of physical 

barriers. Longer follow-up data are required to establish the clinical benefit of anti-adhesives in terms of 

reduced recurrent hospital admission and improved patient quality of life. Cost-effectiveness data are scarce, 

only available from single centers and mostly covering prevention in gynecologic surgery. 

4. Potential clinical relevance of (paclitaxel-loaded) genipin-crosslinked gelatin 

microspheres 

Clinical studies and experience have shown that the addition of IP chemotherapy to the first-line treatment 

cytoreductive surgery and platinum-based IV chemotherapy increased OS and disease-free progression of 

patients with advanced EOC.3 HIPEC and CRS are nowadays the preferred therapeutic strategy for the treatment 

of peritoneal carcinomatosis.17 However, prognosis of the disease remains poor because of the high percentage 

of recurrence. Approximately 80% of advanced OC patients will relapse within 5 years because of the presence 

of minimal peritoneal disease.9,16,44,45 It is postulated that the high rate of recurrence can be attributed to the 

short residence time of chemotherapeutics in the abdominal cavity.13,16,46 A post-surgical treatment able to 

sustain an anticancer agent in the abdomen for weeks or even up to months will globally have a high clinical 

and economic impact. IP administration of a solution of chemotherapeutic agents or a nanoparticulate system 

suffers from rapid clearance from the abdominal cavity to the systemic compartment, therefore limiting their 

efficacy in IP therapy of PC.13,16,19,46 It has also been shown that a prolonged exposure of tumor cells to 

chemotherapy is more cytotoxic than a bolus delivery for most drugs that target pathways involved in cell 

replication, e.g. mitotic arrest for PTX. Only a fraction of tumor cells (10-15%) are in the mitotic phase of cell 

division at any time, thus limiting the sensitivity of chemotherapeutic agents in a short time exposure.47  
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PTX-GP-MS aim to further improve the treatment strategy of advanced OC acting as a post-surgical IP adjuvant 

depot system. By providing a prolonged release of PTX in the peritoneal cavity, minimal peritoneal disease after 

complete to nearly complete cytoreductive surgery will be eradicated. Because of the long residence time of the 

microspheres in the abdominal cavity, PTX will be locally released over a prolonged period, thus affecting tumor 

cells during multiple cell replication stages and preventing recurrence of peritoneal disease. Additionally, IP 

administration of a drug delivery system like PTX-GP-MS does not require specialized machinery and specific 

education of the personnel is not required. After CRS, the formulation can be easily administered via an applicator 

or injector without increasing operating time. In contrast, HIPEC is an effective method for IP delivery of 

cytostatic agents to the abdominal cavity, but the treatment modality is very complex requiring training of 

personnel, specific equipment, longer operating time, and the procedure is not without risk.32,33,38 Anastomotic 

leakage, bowel perforation, IP hemorrhage and wound dehiscence are some of the complications related with 

HIPEC and if the procedure is performed using the coliseum technique, there is a risk of contamination for the 

operating personnel.6,15,29  

Chapter 4 showed that a prolonged release of PTX from 40% crosslinked PTX-GP-MS in the abdominal cavity 

clearly improved survival of mice compared to a control treatment (blank GP-MS or 0.9% saline) and compared 

to a bolus injection of PTX (a single IP injection of nanoparticular albumin bound PTX, Abraxane®, diluted with 

0.9% saline) in a SK-OV-3 xenograft model mimicking the post-surgical state. Particularly PTX-GP-MS loaded 

with a PTX nanosuspension markedly increased median survival time of mice where 64% of the mice remained 

alive until completion of the survival study (90 days post-treatment), thus the median survival time was not yet 

reached. The lowest administered dose of 7.5 mg PTX/kg was already effective, thereby avoiding local toxic side-

effects of a high PTX dose like hepatic sinusoidal obstruction syndrome as observed in few mice treated with 

PTXnano-GP-MS dosed 35 mg PTX/kg. A previous study in rats with IPEC administration of PTX for the treatment of 

PC already demonstrated that prolonged exposure to a low dose of PTX is the way forward.48 If PTX-GP-MS are 

able to improve survival and disease-free progression of OC patients without the additional costs related to the 

HIPEC procedure (equipment costs, operation time, intensive care unit stay), the adjuvant treatment would be 

very cost-effective. 

As discussed in Introduction, research has already been done to develop a depot system to extend the residence 

time of anticancer agents in the peritoneal cavity. Particularly microparticles and hydrogels have demonstrated 

that increasing the residence time of a drug in the peritoneal cavity is effective to ameliorate the treatment of 

PC with superior antitumoral activity compared to unentrapped drugs in xenograft PC models in mice.27,49–53 

Despite the preclinical effectiveness of these formulations, they are rarely enrolled in clinical trials. Paclimer®, 
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biodegradable PTX microspheres, was evaluated in a phase I clinical trial for the prevention of recurrent ovarian 

cancer. The trial by the Gynecological Study Group was halted by the manufacturer’s decision to suspend further 

clinical development of Paclimer®. The slow degradation of the Paclimer® polymer caused significant 

inflammatory responses in a patient (including extensive adhesions, fat necrosis and foreign body giant cell 

reaction) which might be a reason for the manufacturer’s decision to halt the trials but a public statement was 

never made.47,54 Similarly, Oncogel®, an injectable hydrogel formulation of PTX, failed in phase IIb clinical trial to 

demonstrate an impact on overall tumor response after intratumoral administration, despite a good tolerance 

and preliminary anticancer activity. The product has subsequently been discontinued.55–57 More recent clinical 

trials where depot systems are evaluated in the treatment of ovarian cancer are lacking. 

Our preclinical results in mice are promising for further investigation of the effectiveness of PTX-GP-MS in the 

treatment of peritoneal carcinomatosis of ovarian origin. Low dosed PTXnano-GP-MS seem to be most promising 

with a significant improvement of survival, limited systemic absorption and no observed toxicity while 

maintaining a sustained release of PTX over 14 days. It is clear that a full toxicologic evaluation is required in 

accordance to the FDA guidance S9 ‘Nonclinical evaluation for anticancer pharmaceuticals’. For the 

determination of a safe starting dose for a first-in-human phase I trial, pharmacology and toxicology studies 

should be performed in a rodent and non-rodent species and the most sensitive species is chosen to determine 

the safe starting dose taking into account a conversion factor.58 Additionally, a PKPD model is developed allowing 

to predict the PTX-GP-MS formulation with the best dose and treatment duration in mice, balancing treatment 

effect and toxicity. Subsequently, allometric scaling can be performed by extrapolating data from the mice study 

to human.  

Another remark towards the translation of depot systems into the clinic, is whether the in vivo residence time in 

the abdomen of mice is similar to those in human.59 If despite in vitro and in vivo tests, residence time of GP-MS 

in human appear to be different because of other degradation kinetics, GP-MS have the advantage of being easy 

to modify. Residence time in the abdominal cavity can be tailored by adjusting the degree of crosslinking as 

discussed in Chapter 1. 

The potential ability of PTX-GP-MS to address two peritoneal disorders simultaneously marks their clinical 

relevance. Firstly, PTX-GP-MS can have a place in the adjuvant treatment strategy of advanced ovarian cancer as 

a post-surgical IP depot drug delivery system to eradicate microscopic peritoneal disease and prevent recurrence 

of PC as described in Chapter 4. Additionally, the microspheres will distribute evenly throughout the abdominal 

cavity and cover the abdominal wall and intestines, thereby acting as a barrier to prevent the formation of 
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peritoneal adhesions after cytoreductive surgery as described in Chapter 2. Thus, PTX-GP-MS can act both as an 

anti-adhesive agent and adjuvant IP treatment strategy for advanced ovarian cancer. 

The application of GP-MS is not limited to the treatment modality of advanced ovarian cancer alone. Blank GP-

MS can be formulated as an anti-adhesive agent for the prevention or reduction of adhesions following 

abdominopelvic procedures performed by laparotomy or laparoscopy. GP-MS are easy to administer after both 

open and minimally invasive surgery, whereas the application of some commercially available barriers is not 

evident. Films and gels have to be applied by the surgeon on the predicted sites of adhesion formation.24,25,60,61 

Consequently, it is possible that, despite using an efficacious anti-adhesive product and careful consideration of 

the placement of anti-adhesive agent by the surgeon, adhesions might arise at sites where preventive material 

was not applied. Also, several anti-adhesive products like Interceed® require meticulous hemostasis since they 

become ineffective in the presence of blood.23,24,62 These measures will increase operation time and costs, next 

to the costs of the anti-adhesion material itself. Following IP injection of GP-MS, it has been shown in Chapter 2 

that the microspheres are evenly distributed in the abdominal cavity following the flow of peritoneal fluid and 

peristaltic. Hence, there is no manipulation of the surgeon required after administration of GP-MS and a longer 

operation time is not expected.   

Even though relevant cost-effectiveness data are somehow lacking for anti-adhesive barriers, an effective anti-

adhesive product will clearly have a tremendous impact on the morbidity rates of adhesion-related 

complications and the healthcare system. Chapter 2 describes that GP-MS significantly reduced the amount, 

extent, type and tenacity of postsurgical peritoneal adhesions in a mouse model compared to a control group 

(0.9% saline) and a commercially available anti-adhesion product Hyalobarrier®. A statistically significant 

reduction of 64% in incidence of adhesions was observed compared to the control group where no anti-adhesive 

agent was used. These results are very promising and encourage further exploration of the potential clinical use 

of GP-MS in the field of adhesion prevention. If a reduction in adhesion incidence of 64% could be clinically 

achieved, millions of people worldwide would be helped by the avoidance of complications like small-bowel 

obstruction, chronic abdominal and pelvic pain and female fertility. The economic impact would be enormous 

since hospital costs of adhesion-related complications, re-admissions, hospital stay, … would significantly 

decrease. A consistent reduction in extent and tenacity of adhesions will already be beneficial since the 

procedure of adhesiolysis will be less complex, time-consuming and dangerous for the patient. Material cost of 

GP-MS is not expected to be higher than those of commercially available anti-adhesive products since the 

production process of GP-MS via emulsification is widely used in the pharmaceutical industry. 
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It should be noted that the anti-adhesive effect was only evaluated in the abdominal wall and cecum abrasion 

peritoneal adhesion model. The model was chosen because of the reproducibility, ease of scoring of the adhesion 

formation and it has been extensively described in literature.63–67 This local peritoneal adhesion model might not 

completely relate to the clinical appearance of peritoneal adhesions after a major abdominopelvic procedure 

where severe adhesions are found throughout the entire abdominal cavity. However, it already gives a good 

indication of the effectiveness of the formulation without causing high mortality and morbidity to the animals.  

The biocompatibility and effectiveness of GP-MS should also be evaluated in a non-rodent model. Subsequently, 

the effectiveness of GP-MS has to be investigated in a diffuse peritoneal adhesions model. A dual model could 

be used where PTX-GP-MS are administered after cytoreductive surgery to remove peritoneal tumor nodes to 

evaluate simultaneously their effect on adhesion prevention after a major abdominal procedure and their ability 

to eradicate microscopic peritoneal disease and prevent recurrence of peritoneal carcinomatosis.  

5. Current advances in intraperitoneal drug delivery 

Recently, a novel innovative locoregional treatment modality, pressurized intraperitoneal aerosol chemotherapy 

(PIPAC), has been introduced in clinical trials.68–70 During laparoscopy, chemotherapy is delivered as an aerosol, 

generated by a micropump connected to a high-pressure injector. A schematic overview of the procedure is 

displayed in Figure 4. In contrast to HIPEC and post-operative IP chemotherapy via catheter delivery, PIPAC is 

not a post-operative technique. PIPAC is indicated for patients with extensive and/or irresectable disease who 

are not selected for HIPEC-CRS because of the advanced stage of the disease.69–72 Advantages of PIPAC include 

minimal patient discomfort and the possibility of repeated delivery.70 Several clinical centers report good results 

using PIPAC for the treatment of patients with irresectable PC68,71–73 and a recent prospective study in women 

with PC showed a response in 76% of the patients after repeated PIPAC with a significant decrease in PCI and 

ascites volume.69 Currently several clinical trials (NCT03287375, NCT03100708, NCT02735928, NCT02604784) 

aim to improve and comprehend the technological and anti-cancer properties of the technique. Also, the type of 

drug delivered via aerosol is studied. An ongoing study is exploring the nebulization of the nanoparticulate 

formulation nab-PTX in a phase I first-in-human study. Preliminary (unpublished) data demonstrate the 

feasibility of nebulization of nab-PTX: the formulation remains structurally intact after nebulization, systemic 

toxicity is limited and a significant PK benefit is observed.70 Recently, it has been hypothesized that the 

combination of electrostatic precipitation and PIPAC may further enhance the tissue penetration of aerosolized 

chemotherapeutics. A high direct current voltage (7.5–9.5 kV, ≤ 10 µA) is applied to the IonwandTM, a stainless-

steel microfilament brush inserted into the abdominal cavity, resulting in a corona discharge and a stream of 

negatively charged ions, which attach to suspended particles. These now negatively charged aerosol particles 
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are attracted to the positively charged tissue surfaces of the abdominal cavity, which is conferred by a weak 

positive charge by the patient return electrode.74,75 

 

Figure 4. Pressurized intraperitoneal aerosol chemotherapy (PIPAC). The procedure is performed in an operating 

room equipped with laminar air-flow and is remote-controlled. In a first step, a normothermic capnoperitoneum 

is established with a pressure of 12 mmHg at body temperature. A chemotherapy solution (about 10 % of a 

normal systemic dose) is nebulized with a micropump into the tightly closed abdominal cavity, and maintained 

for 30 min. The toxic aerosol is then exhausted through a closed system and released into the external 

environment.73 

Conflicting data have been reported regarding the spatial drug distribution over the whole abdominal cavity 

based on the currently available PIPAC technology. An inhomogeneity of drug distribution can be attributed to 

the relatively high droplet size of the aerosol (3-200 µm with a modal volume-weighted droplet size of 25 µm).76 

Consequently, Göhler et al. developed a modified PIPAC approach for the treatment of advanced PC, hyperthermic 

intracavitary nanoaerosol therapy (HINAT). The patented application HINAT is based on extracavitary aerosol 

generation of a hyperthermic and unipolar-charged aerosol composed of nanometer-sized drug droplets. A first 

proof of concept in pigs showed a significantly deeper drug penetration when comparing the HINAT and PIPAC 

technique. 77 These novel techniques illustrate the constant innovation in the IP drug delivery field where new 

therapeutic approaches are continuously needed for the treatment of advanced ovarian cancer and other 

peritoneal malignancies. 

There are also many new drugs under development and enrolled in clinical trials evaluating their efficacy for the 

treatment of ovarian cancer. These novel drug agents are mostly directed against molecular targets and 

pathways that are indispensable for cancer cells proliferation, tumor growth and escape from immune 
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surveillance and death signals. Examples of those agents are anti-angiogenic factors, inhibitors of growth factor 

signals, polyADP-ribose polymerase (PARP) inhibitors, or folate receptor inhibitors.78 

Angiogenesis plays a major role during many pathological conditions such as cancer. A key player in the 

development of a pathological vascular network of a tumor is the vascular endothelial growth factor (VEGF) and 

its signaling pathway. It was expected that by blocking VEGF signaling angiogenesis will be inhibited, thereby 

causing tumor shrinkage due to the reduced blood supply. However, preclinical studies supported an alternative 

hypothesis that anti-angiogenic agents can transiently ‘normalize’ the abnormal structure and function of tumor 

vasculature to make it more efficient for oxygen and drug delivery.  Angiogenesis inhibitors quickly became one 

of the most widely tested new therapeutic options in ovarian cancer treatment.78 

Bevacizumab is a recombinant humanized monoclonal antibody against VEGF. It was shown that bevacizumab 

leads to a normalization of tumor vasculature and reduction of the interstitial tumor pressure, improving 

effectiveness of standard therapy. Based on randomized phase III clinical trials (NCT00262847, NCT00483782), 

bevacizumab was approved by the EMA in 2011 for the first-line treatment together with standard chemotherapy 

(carboplatin and paclitaxel) in woman with advanced EOC, fallopian tube cancer or primary peritoneal cancer. In 

2014, the FDA approved bevacizumab for the same indication. Bevacizumab has shown to improve progression-

free survival (PFS) for 2-4 months and in some settings also OS, but it is associated with a higher degree of side 

effects.78–83  

Anti-angiogenic drugs can also have their significance in IP drug delivery. Drug delivery is influenced by the 

tumor microenvironment. Most tumors have a higher interstitial fluid pressure (IFP) which prevents effective 

drug delivery since tumor penetration and uptake of chemotherapeutic drugs is prevented. Gremonprez et al. 

showed that pretreatment with bevacizumab, an inhibitor of the VEGF receptor, significantly lowered IFP, 

thereby enhancing the penetration of oxaliplatin and delaying tumor growth after IPEC with oxaliplatin in 

colorectal xenograft model. Neoadjuvant therapy with angiogenesis inhibitors to enhance the efficacy of IP 

administered drugs holds promise for further evaluation in clinical trials. Optimal dosage and treatment window 

should be determined and an extensive evaluation of morbidity is required.84 

VEGF receptors inhibitors (cediranib, pazopanib and nintedanib) have also demonstrated their effectiveness in 

the treatment of advanced ovarian cancer with an improvement of PFS although with more toxic effects, mostly 

gastrointestinal complaints and hypertension78,79,83,85–87 VEGF receptor inhibitors significantly prolonged PFS in 

platinum-resistant/refractory and platinum-sensitive OC, while OS clearly improved in the platinum-sensitive 

group. The use of anti-angiogenic drugs could improve survival outcome of selected patients.78 
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PARP inhibitors (PARPi) have recently become standard of care for patients with recurrent BRCA (breast cancer 

gene)-mutated OC. PARP proteins are a family of 17 enzymes involved in a wide range of cellular functions, of 

which PARP1 and PARP2 are engaged in DNA repair. In a BRCA-mutated cancer cell, inactivation of both alleles 

of either BRCA1 or BRCA2 leads to homologous recombination deficiency (HRD). Treating such cells with PARPi 

leads to massive DNA damage and cellular lethality. In contrast, in the BRCA wildtype cells, PARP and BRCA 

proteins participate in DNA repair via different pathways. In the presence of PARP inhibition, BRCA and other 

homologous recombination repair pathway proteins carry out error-free DNA repair.78 Multiple clinical trials were 

performed to evaluate PARPi in the treatment of ovarian cancer. Olaparib significantly prolonged PFS in patients 

with BRCA-mutated OC and obtained in 2014 an accelerated approval by FDA for the treatment of advanced 

ovarian cancer in patients with BRCA mutation, who have been treated with three or more prior lines of 

chemotherapy. In the same year, EMA authorized olaparib as monotherapy in maintenance treatment of patients 

with platinum-sensitive, relapsed BRCA-mutated high-grade serous EOC.78,88–90 Niraparib and rucaparib improved 

PFS in patient with platinum-sensitive recurrent OC, regardless of BRCA mutation and HRD status, although their 

efficacy was highest in patients with BRCA mutations.78,90 In December 2016, the FDA accelerated the approval 

for rucaparib as monotherapy for the treatment of patients with advanced ovarian cancer associated with BRCA 

mutations who have been treated with two or more lines of chemotherapy. Niraparib obtained FDA approval in 

April 2017 for the maintenance treatment of patients with recurrent OC.78 Clinical studies suggested that PARPi 

may have a greater impact on prolonging PFS in BRCA-mutated patients than anti-angiogenic therapy. 

Subsequently, they are better tolerated and can be orally administered. However, cost-effectiveness of PARPi is 

currently challenging because of the high costs of development.78,90 

Finally, immunotherapy could be a different treatment approach in OC treatment. Simply said, cancer 

immunotherapy aims to enhance the own immune system of the patient to eliminate tumor cells. Several 

strategies have been explored including immune stimulation via cytokines, monoclonal antibodies as checkpoint 

inhibitors, adoptive cell therapy and therapeutic vaccines.78,91,92 

A variety of cytokines and correlating receptors have been identified as potent enhancers of the anti-cancer 

cytotoxicity of natural killer cells and T-lymphocytes. Interleukin-2 is one of the key cytokines.91,92 Although 

immune stimulation via cytokine delivery was efficacious to prevent postoperative metastases in animal models 

and early-phase clinical trials, further development has been restricted because of dose-limiting toxicity.93 

Currently, toll-like receptor (TLR) agonists are of interest as immune stimulating agents. TLRs are predominantly 

expressed by innate immune cells and are specialized in the recognition of foreign entities such as infectious 

agents. Activation of TLRs triggers a pro-inflammatory response that activates the regulation pathways of innate 
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and adaptive immunity. There are different types of TLRs, e.g. nucleic acid-specific intracellular receptors (TLR3, 

7, 8, 9) sense the presence of viruses and drive antiviral immunity, while other TLRs (TLR2, 4) recognize and 

promote immunity against bacteria, yeast and fungi.94 TLRs are increasingly recognized as valuable targets for 

cancer therapy due to their strong ability to activate multiple arms of the immune system, and in particular to 

stimulate and regulate those specific cellular and cytokine responses critical for antitumor immunity. TLR3, 4, 

7/8 and 9 agonists are included in the National Cancer Institute’s list of immunotherapeutics with the highest 

potential to treat cancer.95 They provide essential requirements for initiating T-cell immunity: antigen uptake, 

processing and presentation by dendritic cells (DCs) and other antigen-presenting cells, DC maturation and T-

cell activation.96 The IP use of TLR agonists perioperatively to prevent surgery-induced immunosuppression after 

CRS could be an interesting application in the treatment of PC. Extensive surgery is known to cause acute 

immunosuppression and in particular, surgical trauma to the peritoneum leads to a profound inflammatory 

response. This transient immunosuppressive state impairs metastatic clearance and favors a pro-tumor 

inflammatory environment.97,98 The application of TLR agonists in the perioperative setting could overcome 

immunosuppression and prevent recurrence and dissemination of tumor cells following CRS. Preclinical studies 

evaluating the use of TLR agonists in the perioperative context are limited but promising, they demonstrate the 

ability to prevent metastasis formation and recurrence.98–100 Park et al. additionally demonstrated a survival 

benefit.98 

Another therapeutic option in cancer immunotherapy is the use of checkpoint inhibitors. In physiological 

conditions, checkpoints control autoimmune activity by regulating the balance between immune response and 

tolerance. In cancer patients, these checkpoints are hijacked to avoid elimination of cancer cells by the immune 

system. Several checkpoints have been identified with the two most commonly targeted being Cytotoxic T-

Lymphocyte Associated Antigen 4 (CTLA-4) and Programmed Cell Death Protein 1 (PD-1). The use of immune 

checkpoint inhibitors is to reinvigorate patient’s immune response in situ.78,92 Several immune checkpoint 

inhibitors are developed targeting CTLA-4 and PD-1 based on the monoclonal antibody technique and are in early 

phase testing (phase I/II clinical trials) for OC treatment. Examples are pembrolizumab, nivolumab, ipilimumab 

and avelumab. The molecules are tested both in monotherapy in patients with recurrent OC or as first-line 

treatment in combination with standard chemotherapy.78  

A subsequent trend in immunotherapy for OC is adoptive T-cell transfer based on the use of anti-tumor 

lymphocytes to induce cancer regression. Patient’s peripherical blood T lymphocytes are isolated and tumor-

specific lymphocytes are selected, expanded and re-introduced into the patient or can be genetically re-
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engineered to enhance anti-tumor activity. Several phase I/II studies are currently conducted for patients with 

advanced OC.78 

A final approach in cancer immunotherapy is via therapeutic vaccination to induce cell-mediated immunity. 

Selected tumor-associated antigens are delivered via different approaches: whole cell, peptide/protein and 

genetic vaccines. In ovarian cancer, potential targets for vaccines are CA125, p53 protein, folate receptor  and 

human epidermal growth factor receptor 2 (HER2). There are many clinical trials ongoing on the use of 

therapeutic vaccines in ovarian cancer.78 However, concerns arise about cancer vaccination because of a low 

response rate.101,102 
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6. Conclusion 

The treatment of advanced ovarian cancer is continuously evolving, and the disease is no longer considered as a 

palliative and untreatable condition. It is important to acknowledge the significance of patient selection and the 

heterogeneity of the disease. The addition of IP chemotherapy, mostly via (H)IPEC, to the standard treatment of 

IV chemotherapy and CRS has improved overall survival and is cost-effective but is only applicable in selected 

patients where a complete to nearly complete CRS can be achieved because of the limited penetration depth of 

cytotoxic agents. The morbidity related to (H)IPEC and the high percentage of recurrence because of the short 

residence time of chemotherapeutics illustrates the need for novel formulations specifically designed for IP 

administration. This thesis described the potential of PTX-GP-MS as adjuvant IP treatment strategy capable of 

releasing a low PTX dose over a prolonged period. Additionally, the formulation could prevent peritoneal 

adhesions, a common complication after CRS and other abdominopelvic procedures. The carrier also has the 

potential to incorporate other, novel drug and immunotherapeutic agents like immune stimulators. It is clear 

that the treatment of EOC will become a multimodal one combining surgery, IV and IP chemotherapy and cancer 

immunotherapy. Novel techniques like PIPAC and HINAT hold promise for patients with irresectable disease, who 

are ineligible for CRS-HIPEC. Not only the stage of the disease will determine the choice of the optimal treatment 

modality for patients, the molecular and genetic character of the different subtypes of OC predominantly 

influence the efficacy of a therapy, especially in terms of immune- and targeted therapy. Also, no tumor is alike, 

each patient will have different tumor characteristics, with a different biological and genetic profile. Additionally, 

there is a need for reliable biomarkers for the prediction and follow-up of treatment efficacy. 
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Epithelial ovarian cancer is one of the leading causes of death from gynecological malignancies in the western 

world. It is often diagnosed at an advanced stage with peritoneal metastases present because of the nonspecific 

nature of the presenting symptoms, most commonly abdominal pain and swelling, gastrointestinal complaints 

and occasionally urinary symptoms or vaginal bleeding. The prognosis of the disease is poor with a 5-year overall 

survival rate of 27 and 21% for stage III and IV ovarian cancer, respectively. Intraperitoneal (IP) chemotherapy 

has been added to the standard treatment modality of cytoreductive surgery and intravenous (IV) chemotherapy 

to improve treatment outcome since peritoneal disease remains confined to the peritoneal cavity and the limited 

effectiveness of IV chemotherapy.   

Severe peritoneal adhesions are observed after major surgery for abdominal malignancies. Peritoneal adhesions 

are pathological attachments between tissues and organs, usually between the omentum, bowel loops and 

abdominal wall. They compromise quality of life of patients by causing small bowel obstruction, female 

infertility, chronic abdominal pain and inadvertent organ injury after re-operative surgery. Peritoneal adhesions 

are not only seen after cytoreductive surgery but are a very common complication after surgery. The incidence 

of adhesions varies from 67 to 93% after general intra-abdominal surgery and up to 97% after open gynecologic 

surgery. 

Despite continuous research, an optimal anti-adhesive product has not yet been found. Furthermore, the addition 

of IP chemotherapy has improved overall survival of patients with advanced ovarian cancer, but the percentage 

of recurrent peritoneal disease remains high (>80%). This can be partly attributed to the short residence time of 

chemotherapeutics in the abdominal cavity. Therefore, this thesis aims to develop a novel IP formulation for 

both prevention of postsurgical peritoneal adhesions and prolonged IP drug delivery to improve the treatment 

of advanced ovarian cancer. 

Chapter 1 described the formulation and in vitro characterization of genipin-crosslinked gelatin microspheres 

(GP-MS) for IP administration with the aim to prevent peritoneal adhesions. First, gelatin microspheres were 

prepared by a modified emulsification solvent extraction method. Gelatin with a high gel strength (bloom value 

of 265) was selected to obtain microspheres with an optimal sphericity. By increasing the gelatin concentration 

of the aqueous phase, the size of the microspheres increased. Addition of surfactants allowed to further control 

the size of microspheres by avoiding the aggregation tendency of the aqueous gelatin droplets during the 

emulsification process. Microspheres with a size of about 50 µm were selected for further experiments based on 

their intended use for IP administration. Emulsification of a 15 w/v% aqueous gelatin solution and 100 ml of 

peanut oil with the addition of 0.1 wt% Cremophor® RH 60 resulted in gelatin microspheres with a volume mean 

diameter, D[4,3], of 58 ± 10 µm and a span of 1.12 in the dispersed state, without tendency towards aggregation 



SUMMARY AND GENERAL CONCLUSION 
 

184 
 

and a good spheroid morphology. Since gelatin rapidly dissolves at body temperature, crosslinking of the gelatin 

microspheres was needed for their intended long-term application. Genipin, a natural crosslinking agent, was 

selected because of its reported superiority to other chemical crosslinkers in terms of toxicity and resistance to 

degradation. A higher degree of crosslinking was obtained by increasing genipin concentration and crosslinking 

time, as confirmed by ninhydrin assay. A higher degree of crosslinking also resulted in an increased blue 

coloration of the gelatin microspheres, which is an appealing feature for visual observation of the distribution 

and degradation of the microspheres in vivo. A higher degree of crosslinking resulted in a longer resistance of 

GP-MS to degradation as evaluated via an enzymatic degradation assay and a hydrolytic assay. The degree of 

crosslinking allowed to tailor the degradation rate of microspheres - thus their residence time - from a day (10% 

crosslinked GP-MS) up to 2 months (75% crosslinked GP-MS). Finally, the influence of genipin on SK-OV-3 cell 

viability was investigated by MTT assay. A low concentration of 0.0001-0.01 w/v% genipin did not affect cell 

viability, but a higher genipin concentration caused a significant decrease of cell viability. However, exposure of 

GP-MS to SK-OV-3 cells had no influence on cell viability over time. The amount of genipin released from the 

crosslinked microspheres was within the non-cytotoxic concentration range, as confirmed by genipin leaching 

assay. 

The preclinical effectiveness of GP-MS for the prevention of peritoneal adhesions was evaluated in Chapter 2. 

GP-MS with a size of about 50 µm were IP injected in Balb/c mice and their distribution pattern, biocompatibility 

and -degradability were assessed. After IP injection, GP-MS were capable to distribute throughout the abdominal 

cavity without any manipulation. Based on visual examination of the blue colored GP-MS in the peritoneal cavity, 

the distribution pattern of GP-MS was similar to the flow of peritoneal fluid with accumulation of the formulation 

at the typical sites where peritoneal fluid stagnates, i.e. at the end of ileal mesentery, at the sigmoid colon and 

at the right paracolic gutter; these sites are also found to be vulnerable to peritoneal metastases. GP-MS with a 

crosslinking degree of 60% were retained up to 3 weeks in the abdominal cavity with a gradual decrease of the 

amount of microspheres over time, indicating the biodegradability of the formulation. Upon examination of the 

abdominal cavity and organs, there were no visible signs of inflammation or intolerance caused by the presence 

of GP-MS. The biocompatibility of the formulation was also confirmed by histopathological examination of H&E-

colored tissue slices of colon, cecum, greater omentum, parietal peritoneum, spleen, pancreas and kidneys. No 

irregularities or inflammatory cells were observed. 

The ability of 40% crosslinked GP-MS with an average size of 50 µm to prevent postsurgical peritoneal adhesions 

was investigated in a standardized abraded abdominal wall-cecum model in Balb/c mice. The effectiveness of IP 

GP-MS was compared to a control group (0.9% saline) and a commercially available formulation (Hyalobarrier® 
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gel). All animals treated with 0.9% saline and Hyalobarrier® developed peritoneal adhesions, whereas a 

significant reduction of 64% (p=0.0039) in incidence of adhesions was observed when animals received a IP 

injection of GP-MS. The total adhesion score, taking into account extent, type and tenacity, of GP-MS-treated 

animals (1.2 ± 1.8) was significantly lower (p<0.0001) compared to the adhesion score of control (7.9 ± 1.7) and 

Hyalobarrier®-treated animals (8.4 ± 1.9). Additionally, a significantly lower grade of adhesions (p<0.0001) was 

seen in the GP-MS treated mice (0.35 ± 0.60) compared to the control (3.09 ± 0.70) and Hyalobarrier® group 

(3.55 ± 0.69). GP-MS were able to prevent postsurgical peritoneal adhesions by adhering to the affected 

peritoneum and cecum, thus forming a barrier between the injured surfaces during the critical 

remesotheliazation phase. After 14 days, the microspheres were completely degraded, and the abraded cecum 

and abdominal wall were recovered. In contrast, histopathological examination of H&E-stained tissue slices of 

cecum and peritoneum of control and Hyalobarrier®-treated animals demonstrated severe inflammation of cecal 

serosa and peritonitis with extensive infiltration of inflammatory cells into muscle tissue of abdominal wall. The 

anti-adhesive effect of Hyalobarrier® gel could not be demonstrated in this mouse model. 

Because of the prolonged residence time of GP-MS in the abdominal cavity, related to the degree of crosslinking, 

the formulation can also be used to provide a sustained IP delivery of a chemotherapeutic agent. Paclitaxel (PTX) 

is an ideal candidate for IP treatment because of its favorable pharmacokinetics but its use in clinical practice is 

limited because of toxic side effects and anaphylactic shock reactions related to the solubilizing agents of the 

commercially available formulation Taxol®. Therefore, Chapter 3 described the development of a novel PTX 

formulation, PTX-loaded GP-MS, designed for IP drug delivery. By adjusting the settings during the loading 

procedure (microsphere mass, concentration of PTX, volume and type of loading medium), loading of GP-MS 

could be easily varied. Incorporation efficiency significantly improved when GP-MS were immersed in an aqueous 

PTX nanosuspension (PTXnano-GP-MS) during the loading procedure instead of an ethanolic PTX solution (PTXEtOH-

GP-MS). A maximum PTX load of 39.2 ± 6.2 µg PTX/mg MS was achieved. Both in vitro and in vivo drug release 

studies showed that GP-MS were able to sustain PTX release within the peritoneal cavity over several days up to 

weeks, depending on degree of crosslinking, with a prolonged systemic PTX exposure but at a low concentration 

level. An initial burst release was followed by a sustained release. The initial burst release could be beneficial to 

eradicate free-floating tumor cells and microscopic residual tumors after cytoreductive surgery, while the 

following sustained release of PTX in the peritoneal cavity is presumed to avoid recurrence of peritoneal disease. 

Our data suggested that PTXnano-GP-MS were most promising for IP drug delivery. PTX loading could be most 

easily varied, offering a flexible therapeutic strategy. Cell viability experiments with three different ovarian 

cancer cell lines, SK-OV-3, OVCAR-3, SK-OV-3 Luc IP1, indicated a higher antitumoral activity of PTXnano-GP-MS 

compared to PTXEtOH-GP-MS with the same degree of crosslinking. Additionally, released PTX concentration from 
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PTXnano-GP-MS were highest both during in vitro and in vivo release experiments. Finally, a lower percentage PTX 

absorption was seen for this type of PTX-GP-MS. Percentage PTX absorption was related to degree of 

crosslinking, dose and type of loading solution. Since a higher PTX fraction was systemically absorbed from 

PTXEtOH-GP-MS, this could potentially cause systemic side effects.  

It is proposed that a prolonged residence of a chemotherapeutic agent in the abdominal cavity could improve IP 

treatment outcome of patients with advanced ovarian cancer since peritoneal residual disease could be more 

efficiently eradicated. Chapter 4 evaluated the effectiveness of several types and doses of PTX-GP-MS in the 

treatment and prevention of recurrence of peritoneal carcinomatosis from ovarian origin. The anticancer efficacy 

of a prolonged PTX release from PTX-GP-MS was compared with two control groups (blank GP-MS and 0.9% 

saline) and an immediate PTX release formulation, nanoparticular albumin-bound PTX or nab-PTX, in a human 

xenograft microscopic peritoneal carcinomatosis model in Balb/c Nu mice. PTX-treatment significantly improved 

survival of mice. In animals treated with IP PTXnano-GP-MS, at both dose levels of 7.5 and 35 mg PTX/kg, life span 

increased with at least 57 days compared to an increase of 35 and 12.5 days following IP treatment with PTXEtOH-

GP-MS (D = 7.5 mg PTX/kg) and nab-PTX (D = 35 mg PTX/kg), respectively. Additionally, IP treatment with PTXnano-

GP-MS significantly decreased peritoneal carcinomatosis index (PCI) score compared to both control groups, 

whilst no differences of PCI score could be observed when comparing PTXEtOH-GP-MS and nab-PTX-treated 

animals to animals treated with blank GP-MS. Bioluminescence imaging confirmed that prolonged PTX release 

from PTXnano-GP-MS was able to eradicate microscopic peritoneal disease and prevent recurrent development of 

peritoneal carcinomatosis. Furthermore, treatment with PTXnano-GP-MS significantly decreased the incidence of 

ascites compared with control animals and PTXEtOH-GP-MS and nab-PTX-treated animal (p<0.05). In contrast, 

ascites incidence did not differ after an IP treatment with PTXEtOH-GP-MS or nab-PTX compared with the controls. 

These results supported that PTXnano-GP-MS are a promising and effective post-surgical adjuvant IP treatment 

strategy in the therapy of advanced ovarian cancer. 

A prolonged residence of PTX in the abdominal cavity clearly improved treatment outcome and progression free 

survival of mice compared to a single IP injection with nab-PTX. Despite a high PTX peak concentration in 

peritoneal fluid following IP administration of nab-PTX, the formulation was quickly absorbed from the 

peritoneal cavity and could not be detected in the blood after one day. In contrast, PTX remained detectable up 

to 14 days following IP treatment with PTX-GP-MS. Although both PTXEtOH- and PTXnano-GP-MS were able to 

prolong the residence time of PTX in the abdominal cavity, PTXnano-GP-MS were more efficacious in eradication 

of minimal peritoneal disease and prevention of recurrent peritoneal carcinomatosis. PTX nanocrystals could 

demonstrate a high cellular uptake due to their size and accumulate in tumor tissue, increasing the efficacy of 
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PTX therapy. A better antitumoral efficacy of PTXnano-GP-MS compared with PTXEtOH-GP-MS was already observed 

during in vitro cell viability experiments as described in Chapter 3.  

Little is known about the influence of a prolonged residence time of a chemotherapeutic agent on normal tissues 

and organs in the abdominal cavity. 27% of mice treated with PTXnano-GP-MS at a 35 mg PTX/kg dose displayed 

liver toxicity (sinusoidal dilation and congestive veins in liver parenchyma), whereas no abnormalities were seen 

in other abdominal organs and peritoneal tissue. This will probably be attributed to a high portal vein PTX 

concentration. No hepatoxicity was noticed when mice were treated with PTXnano-GP-MS dosed 7.5 mg PTX/kg. A 

PKPD model was constructed to simultaneously describe the competing effects of drug treatment and toxicity 

on survival for the PTX-formulations. Subsequent dose simulations demonstrated that the optimal dose of 

PTXnano-GP-MS to achieve good survival outcome with minimal drug-induced toxicity ranged from 7.5 to 15 mg 

PTX/kg. Sustained PTX release in a low dose is thus effective to prevent recurrence of peritoneal disease, thereby 

avoiding local toxic side-effects because of the prolonged presence of PTX in the abdominal cavity. 

This thesis demonstrated that PTX-GP-MS could be a promising postsurgical adjuvant IP drug delivery system in 

the treatment modality of advanced ovarian cancer. The prevention of postsurgical peritoneal adhesions and the 

efficient eradication of free-floating cancer cells and residual microscopic tumors by the prolonged PTX release 

from PTX-GP-MS in the abdominal cavity indicates their clinical applicability. Further evaluation and toxicity 

assessment of PTX-GP-MS in other animal models is a prerequisite prior to a first in-human phase I clinical trial. 
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Epitheliale eierstokkanker is één van de belangrijkste doodsoorzaken van gynaecologische oorsprong in de 

westerse wereld. Het wordt meestal gediagnosticeerd in een gevorderd stadium waarbij peritoneale 

uitzaaiingen aanwezig zijn omwille van de niet-specifieke aard van de symptomen, meestal abdominale pijn en 

zwelling, gastro-intestinale klachten en soms urinaire symptomen of vaginale bloedingen. De ziekte heeft een 

slechte prognose met een 5-jaarsoverlevingspercentage van 27 en 21% voor stadium III en IV eierstokkanker, 

respectievelijk. Intraperitoneale (IP) chemotherapie werd toegevoegd aan de klassieke behandelingsmodaliteit 

bestaande uit cytoreductieve chirurgie en intraveneuze (IV) chemotherapie om de uitkomst van de behandeling 

te verbeteren aangezien peritoneale uitzaaiingen voornamelijk beperkt blijven tot de peritoneale holte en IV 

chemotherapie maar gering effectief blijkt te zijn. 

Ernstige peritoneale adhesies worden gevonden na uitgebreide chirurgie bij abdominale kankers. Peritoneale 

adhesies zijn pathologische verbindingen tussen weefsels en organen, meestal tussen het omentum, de 

darmlussen en buikwand. Ze beperken de levenskwaliteit van patiënten door het veroorzaken van obstructie van 

de dunne darm, onvruchtbaarheid bij vrouwen en het schaden van organen tijdens een heroperatie. De incidentie 

van adhesies varieert van 67 tot 93% na algemene intra-abdominale chirurgie en tot 97% na open 

gynaecologische chirurgie. 

Een optimaal anti-adhesief product werd nog niet gevonden ondanks aanhoudend onderzoek. Verder heeft de 

toevoeging van IP chemotherapie de algemene overleving van patiënten met gevorderde eierstokkanker 

verbeterd maar het percentage herval blijft hoog (>80%). Dit kan deels toegeschreven worden aan de korte 

verblijftijd van chemotherapeutica in de buikholte. Deze thesis heeft hierdoor als doel het ontwikkelen van een 

nieuwe IP formulatie die zowel peritoneale adhesies na chirurgie kan voorkomen als een verlengde IP afgifte 

van geneesmiddelen kan voorzien om zo de behandeling van gevorderde ovariumkanker te verbeteren. 

Hoofdstuk 1 beschreef de formulering en in vitro karakterisatie van genipin-gecrosslinkte gelatine microsferen 

voor IP toediening met als doel het voorkomen van peritoneale adhesies. Eerst werden gelatine microsferen 

bereid via een gemodificeerde emulsificatie solvent-extractie methode. Gelatine met een hoge gelsterkte 

(bloom waarde van 265) werd gekozen om microsferen met een optimale sfericiteit te bekomen. Door de 

gelatine concentratie in de waterige fase te laten toenemen, nam de grootte van de microsferen toe. 

Toevoegingen van surfactanten liet toe om de grootte van de microsferen verder te controleren door de neiging 

tot aggregatie van de waterige gelatine druppels tijdens het emulsificatieproces te vermijden. Microsferen met 

een grootte rond 50 µm werden geselecteerd voor verdere experimenten gebaseerd op hun vooropgesteld 

gebruik voor IP toediening. Emulsificatie van een 15 w/v% waterige gelatineoplossing en 100 ml aardnootolie 
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met de toevoeging van 0.1 wt% Cremophor® RH 60 resulteerde in gelatine microsferen met een gemiddelde 

volume diameter, D[4,3], van 58 ± 10 µm en een span van 1.12 in gedispergeerde toestand, zonder neiging tot 

aggregatie en met een goede sfeervormige morfologie. Aangezien gelatine snel oplost bij lichaamstemperatuur, 

was het crosslinken van de gelatine microsferen nodig voor hun vooropgestelde lange-termijn toepassing. 

Genipine, een natuurlijke crosslinker, werd gekozen omwille van de gerapporteerde superioriteit ten opzichte 

van andere chemische crosslinkers in termen van toxiciteit en weerstand tegen degradatie. Een hogere graad 

van crosslinking werd bekomen door een toename van de genipine concentratie en crosslinkingstijd, zoals 

bevestigd door een ninhydrine analyse. Een hogere crosslinkingsgraad resulteerde ook in een toegenomen 

blauwe verkleuring van de gelatine microsferen, wat een aantrekkelijke eigenschap is voor de visuele observatie 

van de verspreiding van de microsferen in vivo. Een hogere graad van crosslinking resulteerde in een langere 

resistentie van GP-MS aan degradatie zoals geëvalueerd door een enzymatische degradatietest en een 

hydrolytische test. De crosslinkingsgraad liet toe om de afbraaksnelheid van de microsferen aan te passen – en 

bijgevolg hun verblijftijd – van één dag (10% gecrosslinkte GP-MS) tot 2 maanden (75% gecrosslinkte GP-MS). 

Tenslotte werd de invloed van genipin op SK-OV-3 cel viabiliteit onderzocht met een MTT test. Een lage 

concentratie van 0.0001-0.01 w/v% genipin had geen invloed op de cel viabiliteit maar een hogere genipine 

concentratie veroorzaakte een significante daling van de viabiliteit. Blootstelling van GP-MS aan SK-OV-3 cellen 

had geen invloed op de viabiliteit van de cellen in functie van tijd. De hoeveelheid genipine vrijgesteld van de 

gecrosslinkte microsferen viel binnen de niet-cytotoxische range, zoals bevestigd door genipine ‘leaching’ 

analyse. 

De preklinische effectiviteit van GP-MS ter preventie van peritoneale adhesies werd geëvalueerd in Hoofdstuk 2. 

GP-MS met een grootte van 50 µm werden IP geïnjecteerd bij Balb/c muizen en hun verspreidingspatroon, 

biocompatibiliteit en -degradeerbaarheid werden bepaald. Na IP injectie, waren GP-MS in staat om te 

verspreiden over de abdominale holte zonder manipulatie. Gebaseerd op visueel onderzoek van de blauw 

gekleurde GP-MS in de peritoneale holte, werd er gezien dat het verspreidingspatroon van GP-MS gelijkaardig 

was aan de vloei van peritoneaal vocht met ophoping van de formulatie in de typische plaatsen waar peritoneale 

vloeistof stagneert, i.e. het einde van het ileale mesenterium, aan het colon sigmoideum en de rechter 

paracolische goot; deze plaatsen zijn ook kwetsbaar aan peritoneale uitzaaiingen. GP-MS met een 60% 

crosslinkingsgraad bleven tot 3 weken aanwezig in de buikholte met een geleidelijke afname van de hoeveelheid 

microsferen over tijd, wijzend op de biodegradeerbaarheid van de formulatie. Bij onderzoek van de organen van 

de buikholte, waren er geen zichtbare tekens van inflammatie of intolerantie veroorzaakt door de aanwezigheid 

van GP-MS. De biocompatibiliteit van de formulatie werd tevens bevestigd door histopathologische analyse van 
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H&E-gekleurde weefselcoupes van colon, cecum, omentum majus, parietaal peritoneum, milt, pancreas en nieren. 

Er werden geen onregelmatigheden of ontstekingscellen geobserveerd. 

Het vermogen van 40% gecrosslinkte GP-MS met een gemiddelde grootte van 50 µm om peritoneale adhesies 

na chirurgie te voorkomen, werd onderzocht in een gestandaardiseerd model met geschaafde buikwand-cecum 

bij Balb/c muizen. De effectiviteit van IP GP-MS werd vergeleken met een controlegroep (fysiologische 

zoutoplossing) en een commercieel beschikbaar preparaat (Hyalobarrier® gel). Alle dieren behandeld met een 

0.9% zoutoplossing en Hyalobarrier® gel ontwikkelden peritoneale adhesies, terwijl een significante reductie van 

64% (p=0.0039) in incidentie van adhesies werd gezien bij dieren die een IP injectie met GP-MS gekregen hadden. 

De totale adhesiescore, die de uitgebreidheid, type en sterkte van adhesies in rekening brengt, van GP-MS 

behandelde dieren (1.2 ± 1.8) was significant lager (p<0.0001) vergeleken met de adhesiescore van controle (7.9 

± 1.7) en Hyalobarrier®-behandelde dieren (8.4 ± 1.9). Vervolgens werd een significant lagere graad van adhesies 

(p<0.0001) gezien bij GP-MS behandelde muizen (0.35 ± 0.60) vergeleken met de controle (3.09 ± 0.70) en 

Hyalobarrier®-groep (3.55 ± 0.69). GP-MS waren in staat om peritoneale adhesies te voorkomen door te kleven 

aan het aangetaste peritoneum en cecum, hierdoor dus een barrière vormend tussen de gekwetste oppervlaktes 

tijdens de kritische remesothelialisatie fase. Na 14 dagen waren de microsferen volledig afgebroken en het 

geschaafde cecum en buikwand waren hersteld. Histopathologisch onderzoek van H&E-gekleurde weefselcoupes 

van cecum en peritoneum van dieren behandeld met een 0.9% zoutoplossing of Hyalobarrier® toonde, in 

tegenstelling, ernstige inflammatie van serosa van cecum en peritonitis met extensieve infiltratie van 

ontstekingscellen in het spierweefsel van de buikwand. Het anti-adhesief effect van Hyalobarrier®-gel kon niet 

aangetoond worden in dit muismodel.  

Omwille van de verlengde verblijftijd van GP-MS in de buikholte, gerelateerd aan de crosslinkingsgraad, kan de 

formulatie ook gebruikt worden om intraperitoneaal een verlengde vrijstelling van een chemotherapeuticum te 

voorzien. Paclitaxel (PTX) is een ideale kandidaat voor IP behandeling vanwege zijn gunstig farmacokinetisch 

profiel maar het gebruik in klinische praktijk is beperkt omwille van toxische neveneffecten en anafylactische 

schokreacties verbonden aan de solubilisatoren aanwezig in de commercieel beschikbare formulatie Taxol®. 

Daarom beschreef Hoofdstuk 3 de ontwikkeling van een nieuwe PTX formulatie, PTX-beladen GP-MS, ontworpen 

voor IP geneesmiddelafgifte. Door aanpassingen tijdens de opladingsprocedure door te voeren (massa 

microsferen, PTX concentratie, volume en soort ladingsmedium), kon de oplading van GP-MS gemakkelijk 

gevarieerd worden. De incorporatie-efficiëntie verbeterde significant wanneer GP-MS werden ondergedompeld 

in een waterige PTX nanosuspensie (PTXnano-GP-MS) tijdens de ladingsprocedure in plaats van een in een 

ethanolische PTX oplossing (PTXEtOH-GP-MS). Een maximale PTX belading van 39.2 µg PTX/mg MS werd bereikt. 
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Zowel in vitro als in vivo geneesmiddelvrijstelling studies toonden aan dat GP-MS in staat waren om de 

vrijstelling van PTX aan te houden over verschillende dagen tot weken, afhankelijk van de crosslinkingsgraad, 

met een verlengde systemische PTX blootstelling maar in een laag concentratieniveau. Een initiële burst release 

werd gevolgd door een verlengde vrijstelling. De initiële burst release zou gunstig kunnen zijn om overblijvende 

losse tumorcellen en microscopische residuele tumoren na cytoreductieve chirurgie af te doden, terwijl het 

wordt verondersteld dat de daaropvolgende verlengde vrijstelling van PTX in de peritoneale holte herval van 

peritoneale ziekte zal voorkomen. Onze data suggereerden dat PTXnano-GP-MS het meest veelbelovend zijn voor 

IP geneesmiddelafgifte. PTX belading kon gemakkelijk gevarieerd worden, wat een flexibele therapie mogelijk 

maakt. Celviabiliteit experimenten met drie verschillende ovariumkanker cellijnen, SK-OV-3, OVCAR-3, SK-OV-3 

Luc IP1, toonden aan dat PTXnano-GP-MS een hogere antitumorale activiteit hadden vergeleken met PTXEtOH-GP-

MS met dezelfde crosslinkingsgraad. Vervolgens, de vrijgestelde PTX concentratie van PTXnano-GP-MS was het 

hoogst tijdens zowel in vitro als in vivo vrijstellingsexperimenten. Tenslotte werd er een lager percentage PTX 

absorptie gezien bij dit type PTX-GP-MS. Het percentage PTX absorptie was gerelateerd aan de graad van 

crosslinking, de dosis en het type opladingsmedium. Aangezien er een hogere PTX fractie systemisch werd 

geabsorbeerd van PTXEtOH-GP-MS, zou dit mogelijks systemische neveneffecten kunnen vooroorzaken. 

Het wordt aangenomen dat een verlengde verblijftijd van een chemotherapeuticum in de buikholte de uitkomst 

van IP behandeling van patiënten met gevorderde eierstokkanker zou verbeteren vermits residuele peritoneale 

ziekte op een meer efficiënte manier zou kunnen afgedood worden. Hoofdstuk 4 evalueerde de effectiviteit van 

verschillende types en dosissen PTX-GP-MS in de behandeling en preventie van herval van peritoneale 

carcinomatose van ovariële oorsprong. De antikankerwerkzaamheid van een verlengde PTX vrijstelling door PTX-

GP-MS werd vergeleken met twee controlegroepen (blanco GP-MS en 0.9% zoutoplossing) en een formulatie met 

directe afgifte van PTX, nanoparticulair albumine-gebonden PTX of nab-PTX, in een microscopisch peritoneaal 

carcinomatose xenograft model in Balb/c Nu muizen. PTX-behandeling verbeterde significant de overleving van 

de muizen. De levensduur van muizen behandeld met IP PTXnano-GP-MS, bij beide dosissen van 7.5 en 35 mg 

PTX/kg, werd met minstens 57 dagen verlengd vergeleken met een verlenging van 35 en 12.5 dagen na IP 

behandeling met PTXEtOH-GP-MS (D = 7.5 mg PTX/kg) en nab-PTX (D = 35 mg PTX/kg), respectievelijk. Vervolgens 

zorgde IP behandeling met PTXnano-GP-MS voor een significante daling van de peritoneale carcinomatose index 

(PCI) score vergeleken met beide controlegroepen, terwijl er geen verschillen in PCI score konden vastgesteld 

worden bij vergelijking van PTXEtOH-GP-MS en nab-PTX-behandelde dieren met dieren behandeld met blanco GP-

MS. Bioluminescentie beeldvorming bevestigde dat verlengde PTX vrijstelling van PTXnano-GP-MS in staat was om 

microscopische peritoneale ziekte uit te roeien en de ontwikkeling van terugkerende peritoneale carcinomatose 

te voorkomen. Vervolgens werd bij behandeling met PTXnano-GP-MS een significante daling van de incidentie van 
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ascites vastgesteld vergeleken met controledieren en PTXEtOH-GP-MS en nab-PTX behandelde dieren (p<0.05). In 

tegenstelling kon er geen verschil in ascites incidentie vastgesteld worden na een IP behandeling met PTXEtOH-

GP-MS of nab-PTX vergeleken met de controles. Deze resultaten ondersteunden dat PTXnano-GP-MS een 

veelbelovende en effectieve adjuvante IP behandelingsoptie na chirurgie zijn in de therapie van gevorderde 

eierstokkanker. 

Een verlengde verblijftijd van PTX in de buikholte verbeterde duidelijk de uitkomst van de behandeling en de 

progressievrije overleving van muizen vergeleken met een enkele IP injectie van nab-PTX. Ondanks een hoge 

piekconcentratie van PTX in de peritoneale vloeistof na IP toediening van nab-PTX, werd de formulatie snel 

geabsorbeerd van de peritoneale holte en kon er geen PTX meer gedetecteerd worden in het bloed na 1 dag. PTX 

bleef echter tot 14 dagen meetbaar na IP behandeling met PTX-GP-MS. Hoewel zowel PTXEtOH-GP-MS als PTXnano-

GP-MS in staat waren om de verblijftijd van PTX in de buikholte te verlengen, bleken PTXnano-GP-MS meer 

doeltreffend in het afdoden van residuele minimale peritoneale ziekte en ter preventie van terugkerende 

peritoneale carcinomatose. PTX nanokristallen zouden een hogere cellulaire opname vertonen omwille van hun 

grootte en opstapelen in tumorweefsel, waardoor de werkzaamheid van PTX therapie verhoogd wordt. Een 

betere antitumorale werkzaamheid van PTXnano-GP-MS vergeleken met PTXEtOH-GP-MS werd reeds gezien tijdens 

in vitro celviabiliteit experimenten zoals beschreven in Hoofdstuk 3. 

Er is weinig gekend over de invloed van een verlengde verblijftijd van een chemotherapeuticum op de weefsels 

en organen in de buikholte. 27% van de muizen die behandeld werden met PTXnano-GP-MS aan een dosis van 35 

mg PTX/kg vertoonden levertoxiciteit (sinusoïdale dilatatie en congestieve aderen in het leverparenchym), 

terwijl er geen afwijkingen werden waargenomen in andere abdominale organen en peritoneaal weefsel. Dit is 

mogelijks te verklaren door de hoge PTX concentraties in de portale toevoer naar de lever. Er werd geen 

hepatotoxiciteit gezien bij muizen behandeld met PTXnano-GP-MS, 7.5 mg PTX/kg gedoseerd. Er werd een PKPD 

model opgesteld om simultaan de effectiviteit van de behandeling en de toxiciteitseffecten op overleving te 

beschrijven voor de PTX-formulaties. De volgende dosissimulatie toonde aan dat de optimale dosis van PTXnano-

GP-MS varieerde van 7.5 tot 15 mg PTX/kg om een goede overlevingsuitkomst te bekomen met een minimale 

geneesmiddel-geïnduceerde toxiciteit. Verlengde PTX vrijstelling aan een lage dosis is dus effectief om herval 

van peritoneale carcinomatose te voorkomen en hierbij lokale neveneffecten te vermijden door de verlengde 

aanwezigheid van PTX in de buikholte. 

Deze thesis toonde aan dat PTX-GP-MS een veelbelovende adjuvante IP formulatie na chirurgie kan zijn in de 

behandelingsmodaliteit van gevorderde eierstokkanker. De klinische toepasbaarheid van PTX-GP-MS wordt 

aangetoond door de preventie van peritoneale adhesies na chirurgie en de efficiënte afdoding van overblijvende 
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losse kankercellen en residuele microscopische tumoren door de verlengde afgifte van PTX door PTX-GP-MS in 

de buikholte. Verdere evaluatie en bepaling van toxiciteit van PTX-GP-MS in andere diermodellen is een vereiste 

alvorens de opstart van een fase I klinische studie bij de mens. 
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