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Abstract

:

Alginate hydrogels have been broadly investigated for use in medical applications due to their biocompatibility and the possibility to encapsulate cells, proteins, and drugs. In the treatment of peritoneal metastasis, rapid drug clearance from the peritoneal cavity is a major challenge. Aiming to delay drug absorption and reduce toxic side effects, cabazitaxel (CAB)-loaded poly(alkyl cyanoacrylate) (PACA) nanoparticles were encapsulated in alginate microspheres. The PACAlg alginate microspheres were synthesized by electrostatic droplet generation and the physicochemical properties, stability, drug release kinetics, and mesothelial cytotoxicity were analyzed before biodistribution and therapeutic efficacy were studied in mice. The 450 µm microspheres were stable at in vivo conditions for at least 21 days after intraperitoneal implantation in mice, and distributed evenly throughout the peritoneal cavity without aggregation or adhesion. The nanoparticles were stably retained in the alginate microspheres, and nanoparticle toxicity to mesothelial cells was reduced, while the therapeutic efficacy of free CAB was maintained or improved in vivo. Altogether, this work presents the alginate encapsulation of drug-loaded nanoparticles as a promising novel strategy for the treatment of peritoneal metastasis that can improve the therapeutic ratio between toxicity and therapeutic efficacy.
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1. Introduction


Microparticulate drug delivery systems offer numerous advantages in drug administration due to their structural and functional properties, including improved drug stability, controlled and sustained drug release, reduced drug toxicity, and target specificity [1]. Microparticles can be administrated by several routes (e.g., by oral ingestion, inhalation, topical use, or direct injection into the blood or specific tissues) and have been shown to have a strong therapeutic impact for many indications, including cancer, diabetes, cardiovascular diseases and neurological disorders [1,2]. The particle material is usually based on biocompatible polymers, where the alginate polysaccharide family is shown to be one of the biopolymers with the widest biomedical applicability [3]. Alginates are naturally occurring linear polymers derived from the cell walls of brown algae, that crosslink with divalent cations to form highly porous hydrogels with an inert aqueous environment within the gel matrix [4]. Due to their low toxicity and immunogenicity profile, alginate hydrogels have been broadly investigated for use in biomedical applications, including encapsulation of islet cells for diabetes type 1 treatment, wound healing, and cancer treatment [3,5,6,7].



The peritoneal cavity is a common metastatic site for malignancies of abdominopelvic organs, and is associated with a poor prognosis [8,9]. Cytoreductive surgery (CRS) followed by hyperthermic intraperitoneal chemotherapy (HIPEC) is the only curative treatment currently available for these patients. This treatment is, however, only suitable for a subgroup of patients and many of them experience a relapse—highlighting the need for new treatment options [10,11]. These patients respond poorly to systemic therapy, and intraperitoneal administration of cytotoxic drugs has therefore been used to achieve high local drug concentrations. The drugs are, however, rapidly cleared from the peritoneal cavity [12]. Hence, there is a need for therapeutic approaches that prolong the residence time of the drugs in the peritoneal cavity to increase drug exposure to peritoneal tumors [13]. This can be achieved by encapsulation of drugs into carriers, to both increase drug retention and reduce systemic toxicity. We have previously shown promising drug retention and improved treatment efficacy by encapsulating cabazitaxel (CAB) in poly(alkyl cyanoacrylate) (PACA) nanoparticles (NPs) [14]. CAB is a second-generation taxane approved for the treatment of patients with hormone-refractory metastatic prostate cancer [15]. This PACAB platform was shown to be a robust drug delivery system for treatment of peritoneal cancers, and is currently under commercial development. CAB has previously been nanoformulated in liposomes, lipospheres and PACA NPs for cancer treatment [16,17,18,19,20], but this was, to our knowledge, the first work presenting CAB-loaded NPs for treatment of intraperitoneal cancers. To potentially prolong drug retention in the peritoneal cavity, we hypothesized that encapsulation of the PACAB NPs into alginate microspheres would improve the balance between therapeutic efficacy and toxicity.



In this study, we present the PACAlg technology, where alginate microparticles encapsulating PACAB NPs were designed and synthesized to improve intraperitoneal drug retention and reduce drug toxicity (Figure 1). The technology was evaluated by physicochemical characterization of the PACAlg microparticles, in vitro cytotoxicity studies, and finally, CAB biodistribution and treatment efficacy studies were conducted in patient-derived xenograft (PDX) models mimicking peritoneal metastasis.




2. Results


2.1. Characterization of PACA Nanoparticles


Empty PACA NPs had an average size of 168 nm, a polydispersity index (PDI) of 0.14, and a zeta potential of −4.3 mV. PACA NPs loaded with both CAB and the fluorescent dye NR668 were in the size range of 154–165 nm, had a PDI below 0.20, a zeta potential of −2.0 mV and a CAB concentration of 8.8–9.1 mg/mL (84–87% encapsulation efficiency). PACA NPs loaded with only CAB had a size of 124 nm, PDI of 0.26, a zeta potential of −2.8 mV and a CAB concentration of 9.1 mg/mL (87% encapsulation efficiency). NP surface PEGylation resulted in colloidal stability and no NP aggregation was observed in any of the batches.




2.2. Characterization of PACAlg Microspheres


PACAlg microspheres were produced by an extrusion dripping technique based on the electrostatic pulling of extruded droplets, resulting in spherical hydrogels with an average diameter of 448 ± 32 µm (Figure 2). The relatively small standard deviation in microsphere diameter indicated a high monodispersity of the microspheres. Seventy percent of the PACAlg microspheres had an aspect ratio (AR) < 1.1 and a spherical factor (SF) < 0.05 and were thus stated as spherical. The remaining microsphere portion had AR and SF values below 1.54 and 0.23, respectively. Empty microspheres had a slightly smaller diameter of 334 ± 22 µm (data not shown). The PACA NPs within the PACAlg microspheres were distributed throughout the alginate hydrogel matrix, where the NP density was observed to gradually increase towards the hydrogel surface (Figure 2D).



PACAlg size stability studies in physiological buffer (PBS, pH 7.4, 37 °C) showed microsphere swelling immediately after medium addition, with an increase in microsphere diameter of up to 650 µm (Figure 3A). The degree of swelling compared to the initial diameter rose as the dilution factor increased, as shown by a 25% and 44% swelling for dilution factors of 1:45 and 1:450, respectively (Figure 3A). After the initial swelling, the microspheres remained stable in a physiological buffer with regard to size and morphology for at least 8 days.



NP retention within the PACAlg microspheres was studied by measuring the fluorescence intensity of PACA-NR668 NPs within the spheres and the surrounding incubation medium. Ninety-nine percent of the fluorescence intensity was retained within the microspheres for at least 8 h after incubation—indicating no leakage of fluorescent NPs or free fluorophore (Figure 3B).




2.3. PACAlg Drug Release


In vitro drug release from PACAlg-CAB microspheres was studied over an 8-day period (Figure 4, purple line). The results showed a gradual drug release during the first two days of incubation, before the curve flattened. The estimated release rate constant was 0.27 (95% Confidence Interval (CI): 0.140–0.406) h−1 with a maximum release of 67%. To gain insight into the role of the NP/alginate gel matrix in drug release kinetics, alginate microspheres were loaded with free CAB with or without empty PACA NPs (Figure 4, red and blue lines, respectively). The results showed that 92% of the CAB content was momentarily released from the microspheres when free CAB was encapsulated alone. Exponential modeling of drug release was not possible, and a rate constant could therefore not be estimated. Co-encapsulation of free CAB with empty NPs showed a slight restriction of CAB release, with an 81% drug release after 1 h of incubation and a final plateau at 75% after 2 days. This gave a release rate constant of 2.90 (95% CI: 2.02–3.74) h−1—more than 10 times higher and statistically different from that of PACAlg-CAB microspheres.




2.4. In Vitro Cytotoxicity Studies


The human mesothelial cell line LP-9 was used to evaluate the cytotoxicity of empty PACA NPs and alginate-encapsulated PACA NPs. Figure 5 shows that alginate encapsulation limits the reduction in cellular viability after both 48 h (Figure 5A) and 72 h incubation (Figure 5B) and especially at high NP concentrations.




2.5. In Vivo Biodistribution


PACAlg-CAB microspheres were intraperitoneally injected in healthy mice, and blood, liver, spleen, peritoneum, adipose tissues, and PACAlg-CAB were harvested at 1 to 21 days after administration. At all the examined timepoints, the microspheres were found to be intact and distributed throughout the abdominal cavity, including between the intestines, between the liver and the diaphragm and in the adipose tissues in the pelvis, mesentery and omentum (Figure 6A–C). Extraction of encapsulated CAB from PACAlg-CAB microspheres showed that most of the CAB content was released during the first 3 days after implantation, followed by a slower release up to day 7 (Figure 6D). The average measured concentrations remaining within the microspheres after 1, 2, and 3 days corresponded to 2.9%, 0.80%, and 0.23% of the initial theoretical maximum value, respectively. CAB measurement of extracted blood and a representative piece of peritoneal tissue showed an enrichment of the drug in the peritoneum compared to the systemic circulation (Figure 6E). Complete drug clearance was seen in the blood, liver, and spleen after 3 days, and after 7 days for the intraperitoneal tissues (peritoneum and adipose tissue) (Supplementary Figure S1).




2.6. Treatment Efficacy


To investigate the treatment efficacy of PACAlg-CAB microspheres in vivo, mice injected with the mucinous PDX models PMCA-1 or PMCA-3 were treated with saline control, CAB, PACAB, or PACAlg-CAB for survival evaluation (Figure 7). The PMCA-1 model responded strongly to all treatments involving CAB, in which 3/6, 5/6, and 5/5 mice were considered cured with no visible tumor after treatment with CAB, PACAB, and PACAlg-CAB, respectively (Figure 7A). No statistically significant differences were observed between the treatment groups. For PMCA-3, treatment with PACAB or PACAlg-CAB significantly increased the survival in mice compared to mice treated with free CAB, and 2/5 and 1/6 mice were cured after treatment with PACAB and PACAlg-CAB, respectively (Figure 7B). There was no significant difference between the PACAB and the PACAlg-CAB group. The p-values between the treatment groups are shown in Supplementary Table S1.





3. Discussion


Peritoneal metastases are associated with poor prognosis, and more efficacious treatment options are needed [10,11]. Drug encapsulation in NPs has previously shown promising effects by delaying systemic drug absorption through prolongation of the peritoneal residence time [13,21,22]. Due to their physicochemical characteristics, NPs are less prone to clearance from the peritoneal cavity, and the increased retention leads to higher local drug concentrations that can result in improved treatment efficacy. In this study, novel biocompatible alginate microspheres encapsulating drug-loaded NPs (PACAlg-CAB) were developed with the aim to further increase peritoneal retention and reduce toxic side effects, and hence improving cancer treatment efficacy of cytostatic drugs. To our knowledge, this is the first time alginate has been used as a microparticulate carrier to encapsulate NPs for the treatment of intraperitoneal cancer.



Electrostatic droplet generation was used to synthesize spherical and monodisperse PACAlg alginate hydrogels with an average diameter of approximately 450 µm. The microspheres were shown to be stable with respect to size and morphology for at least 8 days in physiological conditions in vitro. Fluorescence stability over the same period indicated that the alginate forms rigid and stable crosslinked networks that retain the fluorescently labeled NPs within the microspheres, even after initial osmotic swelling. This shows that NP degradation is needed in order to release the active pharmaceutical ingredient (API) from the microspheres. The in vivo biodistribution study gave similar results, showing microsphere stability for at least 21 days after injection in the peritoneal cavity in mice. This demonstrates that alginate forms crosslinked hydrogel networks that are stable also at in vivo conditions.



Drug release data showed that the alginate microspheres alone have limited retention capacities on the CAB drug. CAB is a relatively small hydrophobic drug (836 Da), which is not expected to interact with the highly hydrophilic alginate backbone or be retained in the alginate porous network [23]. Co-encapsulation with empty NPs showed a slight restriction of CAB release, suggesting an increased interaction between CAB and the NP/hydrogel matrix compared to that of CAB and the pure alginate gel. This was not expected, as the hydrophilic surfaces of PEGylated NPs were thought to have a minimal affinity towards CAB. The observed retention could therefore be a consequence of NP degradation, with CAB showing affinity to hydrophobic components of the PACA polymers or their degradation products. This may also explain the lack of complete (100%) drug release seen in vitro for both the PACAlg-CAB (67%) and PACAlg with co-encapsulated CAB (75%) samples.



PACAlg-CAB drug release data showed a gradual drug release over the first two days in vitro, before the curve reached the plateau. The release rate could possibly be further prolonged by using NPs with an inherently longer drug release rate, such as a PACA polymer with longer alkyl side-chains [24]. PACAlg drug release could also be tuned by editing the chemical composition of the alginate hydrogel (the secondary barrier) by introducing polymers or polymer side chains with a varying affinity towards the API. It was previously shown that cyclodextrin-grafted alginates can modulate the drug release of paclitaxel [25]—a secondary barrier that potentially also could be applied to the PACAlg drug delivery system.



As shown by the fluorescence stability study, NPs were not released from the microspheres within the observation period. One can thereby assume drug release as a free drug only—firstly as a release from the PACA NPs, secondly as diffusion out of the alginate network. This eliminates cellular uptake of NP-encapsulated drugs, and leaves diffusion of the hydrophobic drug across the cellular membranes as the most probable drug delivery mechanism.



Even though NP-based drug encapsulation for peritoneal administration is an appealing strategy, it may involve toxic effects, including NPs entering the systemic circulation, accumulation of NPs in the spleen and liver, and inflammatory responses in the peritoneum [26]. NPs of various sizes and materials have also been shown to cause ascites production in tumor-bearing mice, resulting in reduced survival [27]. New strategies to reduce the toxic effects are therefore needed, and it was hypothesized that NP encapsulation in alginate microspheres could reduce the toxic potential of intraperitoneal NPs. Alginate has commonly been explored for intraperitoneal administration, e.g., for encapsulation of insulin-producing islet cells and hepatocytes [28,29]. The in vitro cytotoxicity results presented in the current study show promising effects of alginate encapsulation. The alginate hydrogel was non-toxic for normal mesothelial cells (LP-9), and encapsulation reduced the toxic effects of the NP material. Mesothelial cells line the surface of the peritoneal cavity and are therefore a highly relevant cell model for toxicity evaluation of novel intraperitoneal treatment strategies.



In this study, the taxane CAB was used as the API for cancer therapy. CAB is a highly potent chemotherapeutic agent with the drawback of inducing severe toxic side effects in healthy tissues [15]. Encapsulation of CAB into nanocarriers is shown to reduce these side effects, and also prolong blood circulation half-lives [30]—allowing for efficient preclinical antitumor effects after dose regimens of 6–15 mg/kg in mice [18,19]. For APIs where high cumulative doses are required for treatment effect, e.g., doxorubicin [31], a higher number of NPs would be needed to deliver the necessary doses. The observed reduction of NP-based toxic side effects by alginate encapsulation could therefore be essential to allow the administration of adequate doses of other APIs, thereby allowing novel treatment strategies for these drugs.



Peritoneal metastases may be located throughout the entire peritoneal cavity, representing a large surface area, as the peritoneal area is equivalent to the body surface area in humans [32,33]. To achieve optimal treatment efficacy, it is therefore important that the cytotoxic drugs are distributed throughout the peritoneal cavity to ensure drug exposure to all metastases. PACAlg-CAB microspheres were shown to be well distributed throughout the peritoneal cavity, without adhesion to tissue surfaces. The therapeutic potential of PACAlg-CAB was evaluated in two relevant PDX models mimicking peritoneal metastasis. The PMCA-1 model was highly CAB sensitive, and no significant improvement in survival was observed by any of the NP-based delivery systems. Interestingly, however, all PACAlg-CAB-treated mice were cured by the treatment, while for the other groups some mice eventually had to be sacrificed because of peritoneal metastases. In the PMCA-3 model, both PACAB and PACAlg-CAB significantly improved survival compared to CAB alone. This is a high-grade tumor with signet cell differentiation, which is known for being an aggressive phenotype that is hard to treat. The in vivo results clearly show that the treatment efficacy of CAB was at least maintained by NP encapsulation. However, incorporating PACAB into the alginate microspheres did not further increase drug efficacy, and for CAB, in particular, the additional retention and reduced toxicity may not be necessary. However, for drugs with high unspecific toxicity that must be delivered at high doses, for drugs where the NP loading capacity is lower than for CAB, where high amounts of NP must be delivered, the PACAlg drug delivery platform could still represent an important improvement.



In conclusion, this proof-of-concept study presents the alginate encapsulation of drug-loaded NPs as a promising novel strategy for drug administration in the peritoneal cavity that could improve the therapeutic ratio of toxic drugs. PACAlg allows for reduced cytotoxicity, the possibility of administering higher drug doses, and an increased ability to tune drug release rates compared to that of NPs alone. The technology could be further improved by exchanging the API or by tuning the drug release rate by chemical modification of the alginate hydrogel.




4. Materials and Methods


4.1. Synthesis and Characterization of PACA Nanoparticles


PACA NPs were synthesized using the miniemulsion polymerization technique, as previously described [19,34,35]. Briefly, oil-in water-emulsions were prepared by mixing a monomer oil phase with an acidic water phase. The oil phase contained ethylbutyl-cyanoacrylate (EBCA; Cuantum Medical Cosmetics, Bellaterra, Spain), the co-stabilizer MIGLYOL® 812 N (2.3% (w/w), Cremer OLEO GmbH & Co. KG, Hamburg, Germany), and the payload (0.2% (w/w) of the fluorescent dye NR668 (modified Nile Red, custom synthesis [36])) and/or the cytostatic agent CAB (10.2% (w/w); Biochempartner Ltd., Wuhan, China)). The water phase consisted of the non-ionic PEG stabilizers Brij® L23 (6.8 mM, Sigma-Aldrich, St. Louis, MO, USA) and Kolliphor® HS 15 (8.7 mM in 0.1 M HCl; Sigma-Aldrich (St. Louis, MO, USA)). The emulsions were sonicated (50% amplitude, 450 Digital Sonifier®, Branson Ultrasonics, Danbury, CT, USA) in an ice bath for 3 min, and subsequently stirred overnight at room temperature. The pH was adjusted to 5 with 0.1 M NaOH, and the stirring was continued for at least 5 h. Dialysis (Spectra/Por dialysis membrane, 12–14 kDa MWCO; Spectrum Labs, Rancho Dominguez, CA, USA) against 1 mM HCl was performed to remove any excess stabilizers from the NP solutions.



The synthesized NPs were characterized for size (Z-average), polydispersity index (PDI), and surface charge (zeta potential) using electrophoretic and dynamic light scattering (ELS and DLS) (Zetasizer Nano ZS, Malvern Instruments/Malvern Panalytical, Malvern, UK) in 0.01 M phosphate buffer, pH 7.




4.2. Synthesis and Characterization of PACAlg Microspheres


PACAlg microspheres were produced by an extrusion-dripping technique using an electrostatic bead generator (the prototype designed by the Trondheim Bioencapsulation Group, NTNU, and the commercially available version from Nisco, Zurich, Switzerland) [37]. First, a sodium alginate solution (2.2% (w/v) PRONOVA™ UP LVG, pH 5; NovaMatrix, Sandvika, Norway) was mixed with the PACA NP solution to form a suspension with alginate concentration of 1.8% (w/v) and 18% (v/v) NP stock solution. The suspension was stirred overnight at 4 °C to form a homogeneous suspension and to release air bubbles. Microspheres were synthesized by extruding the alginate solution through a nozzle (350 µm outer diameter, 170 µm inner diameter) by using a syringe pump (Cole-Parmer, Vernon Hills, IL, USA) at a flow rate of 10 mL/h, an applied voltage of 7.0 kV and a 4.5 cm collecting distance down to a calcium chloride (50 mM, pH 5; Sigma-Aldrich (St. Louis, MO, USA), hardening bath where the microspheres were left to crosslink for 10 min at room temperature under magnetic stirring. Empty microspheres, microspheres encapsulating free drug, and microspheres co-encapsulating free drug together with empty NPs were synthesized as controls.



The size and shape of the microspheres were characterized by phase contrast and fluorescence microscopy (Nikon Eclipse TS100 with a Plan Flour 4X/0.13 NA objective with a pE-4000 CoolLED illumination system and a TRITC Quad filter set, λex = 550 nm; Nikon, Tokyo, Japan). ImageJ2 [38] was used to determine the average diameter of 40 microspheres imaged by phase contrast. Aspect ratio (AR) and sphericity factor (SF) were calculated for the same microspheres by using the Analyze particles function in ImageJ2 and the following equations:


  A s p e c t   r a t i o     A R   =    D  M a x      D  O r t h o g o n a l      










  S p h e r i c i t y   f a c t o r     S F   =    D  M a x   −  D  M i n      D  M a x   +  D  M i n      








where DMax is the maximum Feret diameter, DOrthogonal is the orthogonal diameter and DMin is the minimum Feret diameter [39]. Microspheres with AR < 1.1 and SF < 0.05 were considered spherical. Swelling behavior and size stability were studied by incubating microspheres in PBS with calcium chloride and magnesium chloride (1:450 dilution factor; D1283, Sigma-Aldrich (St. Louis, MO, USA), pH 7.4 at 37 °C in the dark.



The NP distribution in the alginate microspheres was examined by confocal laser scanning microscopy (CLSM), using a Leica SP8 microscope with a 25X/0.95 NA water objective and a 20X/0.75 NA dry immersion objective (Leica Microsystems, Wetzlar, Germany). The NP-encapsulated fluorophore NR668 was excited by a white light laser at 534 nm, and emission was detected at 574–627 nm.



The retention of NPs within the alginate microspheres was quantified by measuring the fluorescence intensity of microspheres filled with dye-loaded NPs. The microspheres were diluted (1:450 volumetric dilution factor) in PBS with calcium chloride and magnesium chloride, pH 7.4, at 37 °C in the dark, and analyzed on a microplate reader (SpectraMax i3x, Molecular Devices, San Jose, CA, USA, λex = 514 nm, λem = 600 nm). The retention of NPs was calculated as follows:


  R e t e n t i o n    %  =    F  I n i t i a l   −  F  M e a s u r e d      F  I n i t i a l     × 100 %  








where FInitial is the initial fluorescence intensity of the incubated microspheres and FMeasured is the fluorescence intensity of the medium at specific time points.



Drug release from the microspheres was examined by incubating microspheres loaded with PACAB in PBS with calcium chloride and magnesium chloride (1:450 dilution factor), pH 7.4 and supplemented with 0.5% (w/v) Tween 80 to ensure drug solubility. Aliquots (100 µL) were withdrawn at predetermined time points, diluted 1:100 in acetone, and analyzed for drug content by liquid chromatography tandem mass spectrometry (LC-MS/MS) as described below. The experiments were performed in independent triplicates, and conducted at 37 °C in the dark under mild stirring for up to 8 days. Two control groups: I: microspheres encapsulating free drug and II: free drug mixed with microspheres encapsulating empty NPs were included in the experiment. Percentage drug release was determined using the following equation:


  D r u g   r e l e a s e    %  =    C  M e a s u r e d      C  M a x     × 100 %  








where CMax is estimated by:


   C  M a x   =    C  A l g     ×  V  A l g   −    C  G e l   ×  V  G e l        V  M e d i u m      








where CAlg and VAlg are the calculated drug concentration and volume of the alginate solution used for encapsulation, respectively. CGel and VGel are the quantified drug concentration and volume of the alginate gelling solution, respectively. VMedium denotes the volume of the PBS incubation medium. The release data was fitted to an exponential release model with a nonlinear least square approach, using the Curve Fitting Toolbox in Matlab (Release 2018a, The MatWorks, Inc., Natick, MA, USA). Data was fitted to the following equation:


  R e l e a s e    t  =   K   1   −    e  − k t       +    K 0   








where Release (t) is the percentage release at time t after microsphere incubation, K0 the instantaneous release at t = 0, k the release rate constant and K + K0 the steady-state conditions.




4.3. CAB Quantification by LC-MS/MS


CAB content was quantified by LC-MS/MS as previously described [18], using an Agilent 1290 HPLC system coupled to an Agilent 6495 triple quadrupole mass spectrometer, equipped with an Agilent Jet Stream ion source (Agilent Technologies, Santa Clara, CA, USA). CAB was chromatographically separated from the matrix using an Ascentis® Express C8 column (75 × 2.1 mm, 2.7 μm particle size), with a 5 × 2.1 mm guard column of the same material (Sigma-Aldrich, St. Louis, MO, USA), at 40 °C. Mobile phase A was 25 mM formic acid in water and Mobile phase B was 100% methanol, run at a flow rate of 0.5 mL/min. The mobile phase gradient was isocratic at 55% B for 1.5 min, then increased to 80% B over 1 minute, followed by 1 min washout time and subsequently column re-equilibration. This resulted in a retention time of 3.1 min and a run time of 5.0 min per injection. Injection volume was 5 μL. MS detection was in positive mode, quantified in multiple reaction monitoring (MRM) mode using the transition m/z 858.3 → 577.2. The parent ion was chosen to be the Na adduct as this gave the best sensitivity. Similarly, the hexadeuterated internal standard was detected on the 864.4 → 583.2 transition. Both analytes were run at 380 V fragmentor and 20 V collision energy voltages.



Reference standards were used to ensure accurate quantification. The unlabelled CAB standard used for NP encapsulation was dissolved in acetone to 1 mg/mL and used to generate a standard curve spanning at least five concentration points. The limit of quantification (LOQ) was 1 ng/mL. The hexadeuterated internal standard (Toronto Research Chemicals Inc, Toronto, Canada; catalogue number C046502, 99.6% isotopic purity) was dissolved to 1 mg/mL in acetone and added at the same concentration to all standards and samples to compensate for possible matrix effects.



CAB encapsulation efficiency (%) in PACA NPs was calculated by the following formula:


  E n c a p s u l a t i o n   e f f i c i e n c y    %  =   D r u g   a m o u n t   a d d e d   d u r i n g   s y n t h e s i s   D r u g   a m o u n t   e n c a p s u l a t e d   × 100 %    












4.4. In Vitro Cytotoxicity Studies


LP-9 normal human mesothelial cells (AG07086, Coriell Institute for Medical Research, Camden, NJ, USA) were cultivated in a humidified atmosphere at 5% CO2 and 37 °C in Medium 199 (M2154, Sigma-Aldrich (St. Louis, MO, USA)/MCDB110 (mixed 1 + 1). The MCDB110 medium was prepared in-house as follows: MCDB110 powder (15.3 g, US Biological, Salem, MA, USA) and sodium bicarbonate (2.2 g, Sigma-Aldrich, St. Louis, MO, USA) were dissolved in 900 mL distilled water. pH was adjusted to 7.4 by adding 2 M NaOH before the volume was brought to 1 L with distilled water. The solution was sterile filtered before use. The Medium 199/MCDB110 solution was supplemented with 1% (v/v) L-glutamine (G7513, Sigma-Aldrich, St. Louis, MO, USA), 1% (v/v) penicillin-streptomycin (15140122, Thermo Fisher Scientific, Waltham, MA, USA), 15% (v/v) fetal bovine serum (F7524, Sigma Aldrich, St. Louis, MO, USA), 10 ng/mL epidermal growth factor (E9644, Sigma-Aldrich, St. Louis, MO, USA) and 0.4 µg/mL hydrocortisone (H0888, Sigma-Aldrich, St. Louis, MO, USA).



For toxicity screening, LP-9 cells were seeded by adding 1875 cells (100 µL) per well in 96 well plates (165305, Thermo Fisher Scientific, Waltham, MA, USA). Following 24 h of incubation, empty PACA NPs or PACAlg were added at concentrations ranging from 0.0008 to 2 mg NPs/mL or 0.00072 to 0.18 mg NPs/mL, respectively. Staurosporine (S4400, Sigma-Aldrich, St. Louis, MO, USA) was included as positive control (0.0016 to 0.042 mg/mL). The plates were incubated for 48 or 72 h before viability was assessed by the addition of CellTiter-Glo 2.0 assay (Promega, Madison, WI, USA) (1 + 1). The luminescence signal was detected with a SpectraMax i3x multi-mode microplate reader after 10 min.




4.5. In Vivo Studies


All procedures and experiments involving mice were approved by the Norwegian Food Safety Authority (application ID #18209) and conducted according to the recommendations of the European Laboratory Animals Science Association and the ARRIVE guidelines [40]. Female athymic nude foxn1nu mice (6–8 weeks, 20–25g) were bred at the Department of Comparative Medicine, The Norwegian Radium Hospital, and kept in a specific pathogen free environment at constant temperature (22 ± 1 °C) and humidity (62 ± 5%) and with 15 air changes/hour and a 12-h light/dark cycle. Mice were purchased at 3 weeks, and then moved from the breeding room to the experimental room and allowed to acclimatize for 3–5 weeks until the start of the experiments. A maximum of nine mice were housed in each cage. Food and water were supplied ad libitum, and mice were given cardboard houses and paper to have nesting material and for environmental stimulation, as required by the Department of Comparative Medicine at the Norwegian Radium Hospital to improve the welfare of the mice [41].




4.6. Biodistribution Study


For biodistribution experiments, PACAlg-CAB (6 mg CAB/kg, 500–600 µL) was injected intraperitoneally. Mice were euthanized after 1, 2, 3, 7, 14, and 21 days (two mice per time point) by cervical dislocation after a cardiac puncture to collect blood under 3% sevofluran anesthesia. Liver, spleen, peritoneum, adipose tissue, and a section of the parietal peritoneum, were excised from near the injection site and visible PACAlg-CAB microparticles were harvested. All samples were snap-frozen in liquid nitrogen and stored at −80 °C until further processing and LC-MS/MS analysis as described above. Blood was collected in EDTA tubes (Sarstedt Microvette® K3 EDTA, 500 µL, Sarstedt, Nümbrecht, Germany), mixed, and stored at −80 °C before LC-MS/MS analysis.



The tissue homogenization protocol published by Fusser, et al. 2019 [18] was used to process the sample tissues and release the CAB content. A total of 1 mL of freshly prepared enzyme solution was added per 50 mg tissue and incubated at 37 °C for 48 h until the tissue was completely dissolved. Drug stability under these conditions was verified by including a free CAB control. All tissue homogenates and blood samples were diluted 10× in acetone added internal standard to extract the free drug and simultaneously precipitate sample proteins. The protein precipitates were then sedimented by centrifugation, and the supernatant was transferred to an HPLC vial for analysis. PACAlg-CAB microparticles were accurately weighed and transferred to Eppendorf tubes with 100 µL acetone added internal standard. All tubes were left for drug extraction by gentle rotation on a rotating mixer for 48 h at room temperature. The microparticles were then sedimented by centrifugation, and the supernatant was transferred to vials for analysis.




4.7. Treatment Efficacy Study


For treatment efficacy experiments, the PDX models PMCA-1 and PMCA-3 were used. The establishment of the models from patients with mucinous peritoneal metastases was previously described [42]. Both models were established by implanting peritoneal tissue samples collected at the time of CRS-HIPEC. PMCA-1 was derived from a patient with a primary rectal carcinoma, while PMCA-3 was derived from a patient with high-grade mucinous cancer with signet cell differentiation. 200 µL of mucinous ascites were injected intraperitoneally. Treatment with 15 mg/kg CAB, PACAB, or PACAlg-CAB (500–600 µL per mouse) was initiated the following day to mimic the clinical situation after CRS with a low tumor load intraabdominally. CAB was dissolved to 40 mg/mL in Tween-80 (Sigma-Aldrich, St. Louis, MO, USA), and then in 10 mg/mL in 13% ethanol, before diluting in 0.9% NaCl to achieve the correct concentration. PACAB and PACAlg-CAB were diluted in 0.9% NaCl. Mice were randomly distributed to treatment groups of six mice. The mice were euthanized by cervical dislocation when they displayed a large distended abdomen or 100–102 days after treatment initiation if the mice did not develop a tumor. Two mice (PMCA-1, PACAlg-CAB, and PMCA-3, PACAB) were excluded from analyses due to death not occurring from tumor growth.




4.8. Statistical Analysis


Statistical analyses were performed using GraphPad Prism v7 and v9 (GraphPad Software, LaJolla, CA, USA). Student’s t-tests were used to compare differences between treatment groups. Survival curves (Kaplan–Meier plot) were compared using the Gehan-Breslow Wilcoxon test. p values < 0.05 were considered significant.





5. Patents


Ý.M. has patent #WO 2019/185685 pending to SINTEF TTO. Ý.M., K.F. and K.G.F. have patent #WO 2020/192950 and patent #US 16/366596 pending to SINTEF TTO.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/md20120744/s1, Figure S1: Biodistribution of CAB in liver, spleen and adipose tissue after intraperitoneal administration of PACAlg-CAB. Supplementary Table S1: p-values for treatment efficacy study.





Author Contributions


Conceptualization, B.L.S., Ý.M., K.F.; methodology, K.G.F., A.H., B.L.S., Ý.M., K.F.; formal analysis, K.G.F., A.H., C.E., S.B.; investigation, K.G.F., A.H., C.E., S.B.; writing—original draft preparation, K.G.F., A.H.; writing—review and editing, C.E., S.B., B.L.S., C.d.L.D., Ý.M., K.F.; visualization, K.G.F., A.H., C.E., S.B.; supervision, B.L.S., C.d.L.D., Ý.M., K.F.; project administration, Ý.M., K.F.; funding acquisition, Ý.M., K.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by The Norwegian Cancer Society, grant number 197837 and internal funding from SINTEF.




Institutional Review Board Statement


The animal study protocol was approved by the Norwegian Food and Safety authority, (protocol code 18209, approved 15 February 2019) for studies involving animals.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The technical assistance of Stine Falkfjell, Maria Gellein, Anne Rein Hatletveit (NP synthesis and physicochemical characterization), Kai Vernstad (LC-MS/MS), Wenche Iren Strand, Øystein Arlov (microsphere characterization), Emma Evelina Folkesson (in vitro cytotoxicity studies) and Stein Waagene (in vivo experiments) is greatly appreciated. Einar Sulheim is acknowledged for his supervision of C.E. and S.B. during their master’s thesis work. The graphical abstract was created with BioRender.com.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Bale, S.; Khurana, A.; Reddy, A.S.S.; Singh, M.; Godugu, C. Overview on Therapeutic Applications of Microparticulate Drug Delivery Systems. Crit. Rev. Ther. Drug Carr. Syst. 2016, 33, 309–361. [Google Scholar] [CrossRef] [PubMed]

	



Lengyel, M.; Kállai-Szabó, N.; Antal, V.; Laki, A.J.; Antal, I. Microparticles, Microspheres, and Microcapsules for Advanced Drug Delivery. Sci. Pharm. 2019, 87, 20. [Google Scholar] [CrossRef]

	



Hariyadi, D.M.; Islam, N. Current Status of Alginate in Drug Delivery. Adv. Pharmacol. Pharm. Sci. 2020, 2020, 8886095. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.Y.; Mooney, D.J. Alginate: Properties and Biomedical Applications. Prog. Polym. Sci. 2012, 37, 106–126. [Google Scholar] [CrossRef]

	



Cho, S.; Sun, Y.; Jarboe, E.A.; Soisson, A.P.; Dodson, M.K.; Gaffney, D.K.; Peterson, C.M.; Janát-Amsbury, M.M. Mucoadhesive Hybrid Gel Improves Intraperitoneal Platinum Delivery. Int. J. Pharm. 2013, 458, 148–155. [Google Scholar] [CrossRef]

	



Shaikh, M.A.J.; Alharbi, K.S.; Almalki, W.H.; Imam, S.S.; Albratty, M.; Meraya, A.M.; Alzarea, S.I.; Kazmi, I.; Al-Abbasi, F.A.; Afzal, O.; et al. Sodium Alginate Based Drug Delivery in Management of Breast Cancer. Carbohydr. Polym. 2022, 292, 119689. [Google Scholar] [CrossRef]

	



Jacobs-Tulleneers-Thevissen, D.; Chintinne, M.; Ling, Z.; Gillard, P.; Schoonjans, L.; Delvaux, G.; Strand, B.L.; Gorus, F.; Keymeulen, B.; Pipeleers, D.; et al. Sustained Function of Alginate-Encapsulated Human Islet Cell Implants in the Peritoneal Cavity of Mice Leading to a Pilot Study in a Type 1 Diabetic Patient. Diabetologia 2013, 56, 1605–1614. [Google Scholar] [CrossRef]

	



Franko, J.; Shi, Q.; Meyers, J.P.; Maughan, T.S.; Adams, R.A.; Seymour, M.T.; Saltz, L.; Punt, C.J.A.; Koopman, M.; Tournigand, C.; et al. Prognosis of Patients with Peritoneal Metastatic Colorectal Cancer given Systemic Therapy: An Analysis of Individual Patient Data from Prospective Randomised Trials from the Analysis and Research in Cancers of the Digestive System (ARCAD) Database. Lancet Oncol. 2016, 17, 1709–1719. [Google Scholar] [CrossRef]

	



Mittal, R.; Chandramohan, A.; Moran, B. Pseudomyxoma Peritonei: Natural History and Treatment. Int. J. Hyperth. 2017, 33, 511–519. [Google Scholar] [CrossRef]

	



Sørensen, O.; Flatmark, K.; Reed, W.; Wiig, J.N.; Dueland, S.; Giercksky, K.-E.; Larsen, S.G. Evaluation of Complete Cytoreductive Surgery and Two Intraperitoneal Chemotherapy Techniques in Pseudomyxoma Peritonei. Eur. J. Surg. Oncol. 2012, 38, 969–976. [Google Scholar] [CrossRef]

	



Levine, E.A.; Stewart, J.H.; Shen, P.; Russell, G.B.; Loggie, B.L.; Votanopoulos, K.I. Intraperitoneal Chemotherapy for Peritoneal Surface Malignancy: Experience with 1000 Patients. J. Am. Coll. Surg. 2014, 218, 573–585. [Google Scholar] [CrossRef]

	



Kitayama, J.; Ishigami, H.; Yamaguchi, H.; Sakuma, Y.; Horie, H.; Hosoya, Y.; Lefor, A.K.; Sata, N. Treatment of Patients with Peritoneal Metastases from Gastric Cancer. Ann. Gastroenterol. Surg. 2018, 2, 116–123. [Google Scholar] [CrossRef]

	



Dakwar, G.R.; Shariati, M.; Willaert, W.; Ceelen, W.; De Smedt, S.C.; Remaut, K. Nanomedicine-Based Intraperitoneal Therapy for the Treatment of Peritoneal Carcinomatosis—Mission Possible? Adv. Drug Deliv. Rev. 2017, 108, 13–24. [Google Scholar] [CrossRef] [PubMed]

	



Hyldbakk, A.; Fleten, K.G.; Snipstad, S.; Åslund, A.K.O.; Davies, C.D.L.; Flatmark, K.; Mørch, Ý.A. Intraperitoneal Administration of Cabazitaxel-Loaded Nanoparticles in Peritoneal Metastasis Models. 2022; Manuscript submitted for publication. [Google Scholar]

	



Vrignaud, P.; Semiond, D.; Benning, V.; Beys, E.; Bouchard, H.; Gupta, S. Preclinical Profile of Cabazitaxel. Drug Des. Dev. Ther. 2014, 8, 1851–1867. [Google Scholar] [CrossRef] [PubMed]

	



Kommineni, N.; Saka, R.; Bulbake, U.; Khan, W. Cabazitaxel and Thymoquinone Co-Loaded Lipospheres as a Synergistic Combination for Breast Cancer. Chem. Phys. Lipids 2019, 224, 104707. [Google Scholar] [CrossRef] [PubMed]

	



Mahira, S.; Kommineni, N.; Husain, G.M.; Khan, W. Cabazitaxel and Silibinin Co-Encapsulated Cationic Liposomes for CD44 Targeted Delivery: A New Insight into Nanomedicine Based Combinational Chemotherapy for Prostate Cancer. Biomed. Pharmacother. 2019, 110, 803–817. [Google Scholar] [CrossRef]

	



Fusser, M.; Øverbye, A.; Pandya, A.D.; Mørch, Ý.; Borgos, S.E.; Kildal, W.; Snipstad, S.; Sulheim, E.; Fleten, K.G.; Askautrud, H.A.; et al. Cabazitaxel-Loaded Poly(2-Ethylbutyl Cyanoacrylate) Nanoparticles Improve Treatment Efficacy in a Patient Derived Breast Cancer Xenograft. J. Control. Release 2019, 293, 183–192. [Google Scholar] [CrossRef]

	



Snipstad, S.; Mørch, Ý.; Sulheim, E.; Åslund, A.; Pedersen, A.; Davies, C.D.L.; Hansen, R.; Berg, S. Sonopermeation Enhances Uptake and Therapeutic Effect of Free and Encapsulated Cabazitaxel. Ultrasound Med. Biol. 2021, 47, 1319–1333. [Google Scholar] [CrossRef]

	



Snipstad, S.; Berg, S.; Mørch, Ý.; Bjørkøy, A.; Sulheim, E.; Hansen, R.; Grimstad, I.; van Wamel, A.; Maaland, A.F.; Torp, S.H.; et al. Ultrasound Improves the Delivery and Therapeutic Effect of Nanoparticle-Stabilized Microbubbles in Breast Cancer Xenografts. Ultrasound Med. Biol. 2017, 43, 2651–2669. [Google Scholar] [CrossRef]

	



Bajaj, G.; Yeo, Y. Drug Delivery Systems for Intraperitoneal Therapy. Pharm. Res. 2010, 27, 735–738. [Google Scholar] [CrossRef] [PubMed]

	



De Smet, L.; Ceelen, W.; Remon, J.P.; Vervaet, C. Optimization of Drug Delivery Systems for Intraperitoneal Therapy to Extend the Residence Time of the Chemotherapeutic Agent. Sci. World J. 2013, 2013, 720858. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, H.; Matsumura, M.; Veliky, I.A. Diffusion Characteristics of Substrates in Ca-Alginate Gel Beads. Biotechnol. Bioeng. 1984, 26, 53–58. [Google Scholar] [CrossRef] [PubMed]

	



Vauthier, C.; Labarre, D.; Ponchel, G. Design Aspects of Poly(Alkylcyanoacrylate) Nanoparticles for Drug Delivery. J. Drug Target. 2007, 15, 641–663. [Google Scholar] [CrossRef] [PubMed]

	



Omtvedt, L.A.; Kristiansen, K.A.; Strand, W.I.; Aachmann, F.L.; Strand, B.L.; Zaytseva-Zotova, D.S. Alginate Hydrogels Functionalized with β-Cyclodextrin as a Local Paclitaxel Delivery System. J. Biomed. Mater. Res. Part A 2021, 109, 2625–2639. [Google Scholar] [CrossRef] [PubMed]

	



Nowacki, M.; Peterson, M.; Kloskowski, T.; McCabe, E.; Guiral, D.C.; Polom, K.; Pietkun, K.; Zegarska, B.; Pokrywczynska, M.; Drewa, T.; et al. Nanoparticle as a Novel Tool in Hyperthermic Intraperitoneal and Pressurized Intraperitoneal Aerosol Chemotheprapy to Treat Patients with Peritoneal Carcinomatosis. Oncotarget 2017, 8, 78208–78224. [Google Scholar] [CrossRef] [PubMed]

	



Wouters, R.; Westrøm, S.; Vankerckhoven, A.; Thirion, G.; Ceusters, J.; Claes, S.; Schols, D.; Bønsdorff, T.B.; Vergote, I.; Coosemans, A. Effect of Particle Carriers for Intraperitoneal Drug Delivery on the Course of Ovarian Cancer and Its Immune Microenvironment in a Mouse Model. Pharmaceutics 2022, 14, 687. [Google Scholar] [CrossRef]

	



Soon-Shiong, P.; Heintz, R.E.; Merideth, N.; Yao, Q.X.; Yao, Z.; Zheng, T.; Murphy, M.; Moloney, M.K.; Schmehl, M.; Harris, M.; et al. Insulin Independence in a Type 1 Diabetic Patient after Encapsulated Islet Transplantation. Lancet 1994, 343, 950–951. [Google Scholar] [CrossRef]

	



Dhawan, A.; Chaijitraruch, N.; Fitzpatrick, E.; Bansal, S.; Filippi, C.; Lehec, S.C.; Heaton, N.D.; Kane, P.; Verma, A.; Hughes, R.D.; et al. Alginate Microencapsulated Human Hepatocytes for the Treatment of Acute Liver Failure in Children. J. Hepatol. 2020, 72, 877–884. [Google Scholar] [CrossRef]

	



Kommineni, N.; Mahira, S.; Domb, A.J.; Khan, W. Cabazitaxel-Loaded Nanocarriers for Cancer Therapy with Reduced Side Effects. Pharmaceutics 2019, 11, 141. [Google Scholar] [CrossRef]

	



Tian, Z.; Yang, Y.; Yang, Y.; Zhang, F.; Li, P.; Wang, J.; Yang, J.; Zhang, P.; Yao, W.; Wang, X. High Cumulative Doxorubicin Dose for Advanced Soft Tissue Sarcoma. BMC Cancer 2020, 20, 1139. [Google Scholar] [CrossRef]

	



Healy, J.C. Detection of Peritoneal Metastases. Cancer Imaging 2001, 1, 4–12. [Google Scholar] [CrossRef] [PubMed]

	



Albanese, A.M.; Albanese, E.F.; Miño, J.H.; Gómez, E.; Gómez, M.; Zandomeni, M.; Merlo, A.B. Peritoneal Surface Area: Measurements of 40 Structures Covered by Peritoneum: Correlation between Total Peritoneal Surface Area and the Surface Calculated by Formulas. Surg. Radiol. Anat. 2009, 31, 369–377. [Google Scholar] [CrossRef] [PubMed]

	



Mørch, Ý.; Hansen, R.; Berg, S.; Åslund, A.K.O.; Glomm, W.R.; Eggen, S.; Schmid, R.; Johnsen, H.; Kubowicz, S.; Snipstad, S.; et al. Nanoparticle-Stabilized Microbubbles for Multimodal Imaging and Drug Delivery. Contrast Media Mol. Imaging 2015, 10, 356–366. [Google Scholar] [CrossRef] [PubMed]

	



Åslund, A.K.O.; Vandebriel, R.J.; Caputo, F.; de Jong, W.H.; Delmaar, C.; Hyldbakk, A.; Rustique, E.; Schmid, R.; Snipstad, S.; Texier, I.; et al. A Comparative Biodistribution Study of Polymeric and Lipid-Based Nanoparticles. Drug Deliv. Transl. Res. 2022, 1–18. [Google Scholar] [CrossRef]

	



Klymchenko, A.S.; Roger, E.; Anton, N.; Anton, H.; Shulov, I.; Vermot, J.; Mely, Y.; Vandamme, T.F. Highly Lipophilic Fluorescent Dyes in Nano-Emulsions: Towards Bright Non-Leaking Nano-Droplets. RSC Adv. 2012, 2, 11876–11886. [Google Scholar] [CrossRef]

	



Strand, B.L.; Gåserød, O.; Kulseng, B.; Espevik, T.; Skjåk-Baek, G. Alginate-Polylysine-Alginate Microcapsules: Effect of Size Reduction on Capsule Properties. J. Microencapsul. 2002, 19, 615–630. [Google Scholar] [CrossRef]

	



ImageJ2: ImageJ for the next Generation of Scientific Image Data|BMC Bioinformatics|Full Text. Available online: https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-017-1934-z (accessed on 19 September 2022).

	



Chan, E.-S.; Lee, B.-B.; Ravindra, P.; Poncelet, D. Prediction Models for Shape and Size of Ca-Alginate Macrobeads Produced through Extrusion–Dripping Method. J. Colloid Interface Sci. 2009, 338, 63–72. [Google Scholar] [CrossRef]

	



Sert, N.P.D.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; Emerson, M.; et al. Reporting Animal Research: Explanation and Elaboration for the ARRIVE Guidelines 2.0. PLoS Biol. 2020, 18, e3000411. [Google Scholar] [CrossRef]

	



Bayne, K. Environmental Enrichment and Mouse Models: Current Perspectives. Anim. Model Exp. Med. 2018, 1, 82–90. [Google Scholar] [CrossRef]

	



Flatmark, K.; Davidson, B.; Kristian, A.; Stavnes, H.T.; Førsund, M.; Reed, W. Exploring the Peritoneal Surface Malignancy Phenotype—A Pilot Immunohistochemical Study of Human Pseudomyxoma Peritonei and Derived Animal Models. Hum. Pathol. 2010, 41, 1109–1119. [Google Scholar] [CrossRef] [PubMed]








[image: Marinedrugs 20 00744 g001 550] 





Figure 1. Graphical overview of the PACAlg-CAB drug delivery system. PACAlg-CAB microspheres are injected directly into the peritoneal cavity, where CAB is released. 
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Figure 2. Representative micrographs of PACAlg microspheres encapsulating NR668/CAB-loaded PACA NPs. (A) Fluorescence micrograph; (B,C) Phase contrast micrographs; (D) Cross section of a microsphere imaged by confocal laser scanning microscopy (CLSM). 
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Figure 3. Stability of PACAlg microspheres. (A) Average diameters of PACAlg microspheres incubated in PBS (pH 7.4) at dilution factors of 1:45 and 1:450 volumetric ratios at 37 °C over an 8-day period. Data represent mean ± standard deviation (SD) (n = 20). (B) Fluorescence intensity detection of NR668-labeled PACA NPs encapsulated in PACAlg microspheres following 8-h incubation in PBS (pH 7.4) at a 1:450 dilution at 37 °C. Data represents mean ± SD (n = 3). 
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Figure 4. CAB drug release kinetics. Percentage CAB release from alginate microspheres with free CAB (red line), free CAB and empty PACA NPs (blue line) and PACAB NPs (purple line) after 8 days of microsphere incubation in PBS (pH 7.4) with 0.5% (w/v) Tween 80 at 37 °C. Data represents mean ± SD (n = 3). 
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Figure 5. Cytotoxicity profile of PACAlg in LP-9 mesothelial cells. Cell viability of LP-9 cells after (A) 48 h and (B) 72 h of incubation with empty PACA NPs (blue lines) or PACAlg microspheres (purple lines). Data represents mean ± SD (n = 4). 
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Figure 6. In vivo biodistribution of PACAlg-CAB microspheres. Representative images showing the distribution of PACAlg-CAB microspheres (A) between the intestines, (B) accumulation between the liver and diaphragm, and (C) in adipose tissue following intraperitoneal administration in healthy mice. Arrows indicate visible microspheres. (D) Remaining concentrations of CAB in PACAlg-CAB microspheres after intraperitoneal administration of PACAlg-CAB (6 mg CAB/kg). (E) CAB concentrations in peritoneum and blood after intraperitoneal administration of PACAlg-CAB (6 mg CAB/kg). Data show the mean value with spread indicating the two individual values per timepoint. 
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Figure 7. Treatment efficacy of PACAlg-CAB microspheres. Kaplan Meier curves showing mice treated with saline (control), CAB, PACAB, or PACAlg-CAB (15 mg CAB/kg) in the PDX models (A) PMCA-1 and (B) PMCA-3 (n = 5–6 mice per group). 
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