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Abstract

Colorectal and ovarian cancers frequently develop peritoneal metastases with few treatment options. Intraperitoneal chemotherapy has
shown promising therapeutic effects, but is limited by rapid drug clearance and systemic toxicity. We therefore encapsulated the cabazitaxel
taxane in poly(alkyl cyanoacrylate) (PACA) nanoparticles (NPs), designed to improve intraperitoneal delivery. Toxicity of free and encap-
sulated cabazitaxel was investigated in rats by monitoring clinical signs, organ weight and blood hematological and biochemical parameters.
Pharmacokinetics, biodistribution and treatment response were evaluated in mice. Biodistribution was investigated by measuring both
cabazitaxel and the 2-ethylbutanol NP degradation product. Drug encapsulation was shown to increase intraperitoneal drug retention, leading
to prolonged intraperitoneal drug residence time and higher drug concentrations in peritoneal tumors. As a result, encapsulation of cabazitaxel
improved the treatment response in two in vivo models bearing intraperitoneal tumors. Together, these observations indicate a strong
therapeutic potential of NP-based cabazitaxel encapsulation as a novel treatment for peritoneal metastases.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).
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Background

Cancers originating in the abdominal organs, such as the
ovaries and the colorectum, often give rise to metastases in the
peritoneal cavity. Peritoneal metastases (PM) do typically not
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cause clear clinical symptoms, which limits early detection of the
disease and leads to high numbers of late-stage cancer diagnoses
and poor patient prognosis. Current treatment strategies involve
cytoreductive surgery (CRS) followed by systemic chemother-
apy or hyperthermic intraperitoneal chemotherapy (HIPEC).
Unfortunately, only a subgroup of patients is eligible for this
treatment and the majority of patients receiving this treatment
will experience relapse. Patients with PM respond poorly to
systemic chemotherapy, and intraperitoneal administration of
cytotoxic drugs has therefore been given to achieve high local
drug concentrations.' However, these drugs are rapidly cleared
from the peritoneum, leading to short exposure times. By en-
capsulating drugs in nanoparticles (NPs) it is possible to slow
down systemic adsorption and prolong the peritoneal residence
time.*® Due to their physicochemical characteristics,
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nanomedicines are preferentially retained in the peritoneal cavity
where the drug is released to exert its cytotoxic effect, while
systemic toxicity is reduced. NPs are also shown to specifically
accumulate in tumor tissue,”” and have been suggested as
perioperative treatment after HIPEC for PM patients. '°

Poly(alkyl cyanoacrylate) (PACA) based materials, mainly
known for their extensive use as surgical glues and tissue
adhesives, have shown great promise as platforms for drug
delivery, based on their biocompatible and biodegradable
cyanoacrylate polymers.“’12 Its chemical tunability allows for
encapsulation of drugs of different chemical nature and the
functionality can be customized for specific applications, e.g. by
adding surface ligands. PACA has reached several late-stage
clinical trials, including the phase III clinical trial RELIVE for
treatment of liver cancer with doxorubicin-loaded poly(etylbutyl
cyanoacrylate) (PEBCA) NPs.'? In this study, the NP-based
treatment showed a favorable efficacy and tolerability profile,
but no significant differences could be observed in overall sur-
vival when compared to best standard of care (standard systemic
anticancer therapy according to the center's practice).

We have previously reported promising therapeutic effects
in mice of PEBCA-NPs encapsulating the cytotoxic drug
cabazitaxel (CAB).'*' CAB is a microtubule inhibitor ap-
proved for treatment of metastatic hormone-refractory prostate
cancer, currently used under the trade name Jevtana®. This is
an attractive candidate for PACA encapsulation, as encapsu-
lation may enable reduction of severe off-target toxicity and
increase tumor accumulation.!” Based on this, we have de-
veloped the PACAB NP product (PEBCA NPs encapsulating
the CAB drug), specifically designed for peritoneal tumor ac-
cumulation and retention. In the present study, the overall aim
was to study the potential of PACAB as a novel treatment
strategy for PM patients. The in vivo profile of PACAB was
compared to that of free (un-encapsulated) CAB, with the focus
on toxicity, pharmacokinetics, biodistribution and therapeutic
efficacy.

In the study presented here, the toxicity profile of PACAB,
empty PACA NPs and free CAB drug was investigated after ip
injection in rats. In order to follow the in vivo fate of CAB, liquid
chromatography tandem mass spectrometry (LC-MS/MS) was
used to quantitate CAB in blood and tissue samples following ip
injection of PACAB and free drug, and intravenous (iv) injection
of PACAB. LC-MS/MS allows for specific and sensitive label-
free detection of the therapeutic drug, enabling pharmacokinetic
and biodistribution studies on the nanomedicine without intro-
ducing a fluorescent model drug.

Despite a relatively high number of published studies on
biodistribution of NP-systems after ip injection, very few include
data showing the in vivo fate of the particle material. In this
study, a novel gas chromatography mass spectrometry (GC—
MS)-based method was developed to study the biodistribution of
the PACAB NP material. This was achieved by sensitive de-
tection of 2-ethylbutanol (2-EB), a specific PEBCA degradation
product released upon sample hydrolysis.

Finally, the therapeutic effect after ip injection of PACAB and
free drug was compared in two in vivo models mimicking peri-
toneal metastasis; an orthotopic mucinous patient-derived xe-
nograft model and an ovarian cancer cell line injected ip.

Materials and methods

Formulation of CAB and PACAB

The cytostatic drug CAB was administered either as a micelle
formulation, similar to the clinical Jevtana® formulation, or
encapsulated in poly(2-ethylbutyl cyanoacrylate) (PEBCA) NPs.
To prepare the micelle formulation, CAB dry powder (>98 %
purity; Biochempartner Co. Ltd., Wuhan, China) was dissolved
in polysorbate 80 (Sigma-Aldrich, St. Louis, MO, USA) to
40 mg CAB/mL. This was done by mixing 60 mg drug with
1590 mg Polysorbate 80 (1.06 g/mL) by magnetic stirring
overnight (room temperature) until a completely clear solution
was obtained. The micelles have been shown to have a mean
diameter of about 10 nm in aqueous solution.'® Directly before
injection into the animal, the stock solution was diluted with
13 % (v/v) ethanol to a working solution of 10 mg/mL CAB, and
further used to prepare an injection solution in 0.9 % (w/v) NaCl.

PEGylated PEBCA NPs were synthesized using a miniemul-
sion polymerization technique, as previously described. ' Briefly,
an oil phase, containing 2-ethylbutyl cyanoacrylate (EBCA,
Cuantum Medical Cosmetics, Bellaterra, Spain) and the co-sta-
bilizer Miglyol® 812 (1.9 % (w/w), Cremer Oleo GmbH & Co.
KG, Hamburg, Germany) was mixed with a water phase con-
sisting of the non-ionic PEG stabilizers Brij® L23 (6.8 mM,
Sigma-Aldrich) and Kolliphor® HS 15 (8.7 mM, Sigma-Aldrich)
in 0.1 M HCIL. Compounds to be encapsulated within the PACA
nanoparticles (NR668, 0.2 % (w/w), modified Nile Red, custom
synthesis 19 or CAB, 10 % (w/w)) were added to the oil phase prior
to mixing. The emulsions were sonicated, adjusted to pH 5 (0.1 M
and 1 M NaOH) and dialyzed (12—14 kDa Molecular Weight Cut-
Off (MWCO)) before size, polydispersity index (PDI) and Zeta-
potential were measured by a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) in 0.01 M phosphate buffer, pH 7.

CAB quantification by LC-MS/MS

Drug loading was measured by extracting CAB from the
particles by dissolving them in acetone. CAB drug content was
quantified by LC-MS/MS (Agilent 1290 HPLC system coupled
to an Agilent 6495 triple quadrupole mass spectrometer, Agilent
Technologies, Santa Clara, CA, USA), as previously de-
scribed. '

2-EB quantification by GC-MS

The ethylbutyl alkyl groups on the PEBCA polymer chain are
released as free 2-ethylbutanol (2-EB) alcohols upon hydrolysis.
This can be exploited to quantify the polymeric material in different
samples. 2-EB reference standards (E14659, Sigma-Aldrich) were
prepared by acetone dilution and used for calibration. Samples were
analyzed with an Agilent 7890B chromatograph equipped with an
Agilent DB-WAX column (122-7032) coupled to an Agilent
G7039A MS. 1 uL sample was injected in split mode (1:10) and run
isothermally at 40 °C for 4 min before initiating a temperature
gradient of 10 °C/min until 250 °C. Total run time per sample was
27.5 min. The internal standard 1-hexanol (H13303, Sigma-Al-
drich) was added to a final concentration of 5 ug/mL to correct for
possible matrix effects.



A. Hyldbakk et al / Nanomedicine: Nanotechnology, Biology, and Medicine 48 (2023) 102656 3

In vitro viability

The human ovarian cancer cell line B76 was a kind gift from
C. Marth (Innsbruck Medical University, Innsbruck, Austﬁa)20
and was established from a patient with serous adenocarcinoma
ovarian cancer. The cell line was transduced with a retroviral
vector (Img*) containing a GFP-luc construct as described pre-
viously.”' The cells were grown in RPMI-1640 (Sigma-Aldrich),
supplemented with 10 % fetal bovine serum (Sigma-Aldrich) and
1 mM L-glutamine (Sigma-Aldrich) at 37 °C with 5 % CO,. The
mesothelial cell line LP9 was purchased from Coriell Institute for
Medical Research (Cat no. AG07086, Camden, NJ, USA) and
cultivated in Medium 199 (Sigma-Aldrich)MCDB110 (US bi-
ological Life Sciences, Salem, MA, USA) mixed 1:1 with 1 mM
L-glutamine, 15 % fetal bovine serum, 10 ng/mL epidermal
growth factor, 0.4 pg/mL hydrocortisone and 1 % penicillin/
streptomycin (All supplements from Sigma-Aldrich) at 37 °C
with 5 % CO,. To evaluate response to CAB, PACAB or empty
NPs, B76 (15,000 cells) or LP9 (1875 cells) were seeded in 96-
well plates. Free CAB, PACAB or empty PACA NPs (0.0001,
0.001 or 0.01 ug CAB/mL, corresponding to 0.001, 0.01 or 0.1
pg NPs/mL) were added after 24 h. Cell survival was evaluated
using CellTiter-Glo (CTG) (Promega, Madison, WI, USA) 72 h
later.

In vivo experiments

All procedures and experiments involving animals were ap-
proved by the Norwegian Food Safety Authority and conducted
according to the recommendations of the European Laboratory
Animals Science Association (FELASA). The ethical approval
numbers are 25354 (toxicity study in rats), 24189 (biodistribu-
tion study in healthy rats), 18209 (treatment of PMCA-3 tumors)
and 28853 (biodistribution study in tumor bearing mice and
treatment of B76 tumors). Animals were kept under specific
pathogen free conditions, with constant temperature and relative
humidity. Food and water were supplied ad libitum.

Toxicity profiling in rats

Female Sprague Dawley rats (Janvier Labs, Le Genest-Saint-
Isle, France) were purchased at 10 weeks of age and used at body
weight of approx. 300 g. Toxicity effects following a single ip
injection of empty PACA NPs, PACAB or free CAB were
studied in healthy rats (n = 4 per timepoint). CAB were given as a
dose of 7.5 mg CAB/kg, PACAB as 7.5 mg CAB/kg
(corresponding to 75 mg PACA NPs/kg) and a comparable
amount of empty NPs (75 mg PACA NPs/kg) was used as
control. The 7.5 mg/kg CAB dose was chosen based on previous
efficacy studies in mice using 7.5-15 mg/kg.'*'® The highest
dose was converted from mice to rats by a conversion factor of
0.5.%% This corresponded to injection volumes of 550-680 uL.
An equivalent volume of 0.9 % NaCl per rat body weight was
used as negative control. Before injection, animals were
anesthetized with isoflurane (2-3 %, Baxter, Deerfield, IL,
USA), and morphine analgesia (1 mg/kg) was administered
subcutaneously directly after injection to avoid abdominal con-
striction responses.

All rats were monitored regularly for body weight and health
status (such as activity level, grooming, behavior and clinical
symptoms) and were euthanized by exsanguination under full
anesthesia at the scientific endpoint or at humane endpoints if the
body weight decreased >15 %. Blood and tissue samples (brain,
liver, spleen, kidneys and heart) were harvested at 4 h, 3 d and
10 d post-injection and weighed immediately after dissection.

Blood samples were taken during anesthesia by terminal car-
diac puncture in tubes coated with EDTA (Sarstedt Microvette®
K3 EDTA, 500 pL, Sarstedt, Niimbrecht, Germany) for blood
hematology and in tubes with Clotting Activator (Sarstedt
Microvette® Clotting Activator/Serum, 500 uL) for determination
of clinical chemistry parameters. The EDTA tubes were gently
inverted 8—10 times to ensure proper mixing with the coagulant,
and stored at 4 °C until they were analyzed for hematological
parameters within 24 h. The Clotting Activator serum tubes were
left to clot in an upright position at room temperature for 1 h, before
the serum was separated from the blood cells by centrifugation
(5 min, 10.000 rcf, room temperature). The serum was transferred
to new, empty tubes, and kept frozen (—80 °C) until clinical
chemistry analysis.

Biodistribution and pharmacokinetics studies in mice

For biodistribution studies using fluorescence, locally bred
6-8-weeks old female athymic foxn 1™ mice were used. PACA
NPs labelled with NR668 (143 mg PACA NPs/kg) were
injected (200-250 pL) either ip or iv. For biodistribution studies
of CAB and 2-EB, female immunocompetent balb/c and athy-
mic nude mice (Janvier Labs) were purchased at 8 weeks of age
and used at body weight of approx. 20 g. Mice were given a
single dose of 6 mg/kg CAB either as free drug ip, PACAB ip or
iv (6 mg CAB/kg, 56 mg PACA NPs/kg), or a comparable
volume of saline as control (60 pL). The tail vein was used for
iv injections, while ip injections were made in the lower right
abdominal quadrant. All mice were monitored regularly by
assessment of body weight and health status. At given time-
points (Table 1), blood samples were withdrawn either by
puncture of the lateral saphenous vein, or by terminal blood
sampling after decapitation. Blood samples were collected in
EDTA tubes (Sarstedt Microvette® CB 300 K2 EDTA, 300
uL), thoroughly mixed, and kept frozen (-20 °C) until CAB
analysis by LC-MS/MS as described above. All procedures
regarding injection, blood sampling and euthanization were
performed under isoflurane anesthesia (2-3 %).

Table 1
Biodistribution sampling points and number of animals in each group.

Euthanasia Blood sampling Number of animals

CAB PACAB PACAB Control

ip ip iv ip
1h 1h 4 4 4 1
1 day iv: 30 min/ip: 90 min, 1 day 4 4 4 1
2 days iv: 1 min/ip: 5 min, 2 days 4 4 4 1
4 days iv: 10 min/ip: 15 min, 4 days 4 4 4 1
7 days 4 h, 7 days 4 4 4 1
35 days 2 h, 35 days 4 4 4 1
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Biodistribution in B76 tumor bearing animals was studied in
locally bred 6-8-weeks old female athymic foxn 1™ mice
injected ip with B76-GFP/luciferase cells (2.5 x 10° cells in
500 uL RPMI medium). Treatment was administered on day 4
(tumors < 2 mm) after injection. Mice were randomly assigned to
treatment with free drug (6 mg/kg) or PACAB (6 mg/kg CAB,
60 mg PACAB NPs/kg) (10 mice in each group) and euthanized
2 h after administration of treatment.

Tissue samples (kidneys, liver, spleen and an approx. 2 X
1 cm section of the parietal peritoneum, excised from the ip
injection site) were harvested from all animals. The samples were
weighed and analyzed to quantify CAB and the PEBCA polymer
(2-EB) content. This was done after tissue homogenization
performed by the enzymatic digestion protocol developed as
described in Fusser et al.'"* In order to release all 2-EB, the
PEBCA polymers in the sample were fully hydrolyzed. This was
performed by diluting homogenized tissue samples 1 + 1 in
0.1 M NaOH and heating to 40 °C at gentle stirring for 24 h.
Stability of 2-EB under these conditions was verified by in-
cluding 2-EB controls in the hydrolyzation step. The hydrolyzed
samples were diluted 10x in acetone before centrifugation
(14,000 xg, 10 min) was performed to precipitate proteins and
other macromolecules.

Therapeutic efficacy in vivo

Therapeutic efficacy following injection of control, free drug
and PACAB was studied in B76 and PMCA-3 models. Locally
bred 6-8 weeks old female athymic foxn 1™ mice were injected
ip with B76-GFP/luciferase cells (as described above) or 200
uL mucinous ascites from the model PMCA-3. PMCA-3 was
established from a patient with pseudomyxoma peritonei (PMP)
by implantation of tumor tissue in the peritoneal cavity of mice
collected at the time of CRS-HIPEC, and is classified as a high
grade PMP with signet ring cell differentiation (previously
described).23 For both models, the aim was to mimic the state of
the peritoneal cavity after cytoreductive surgery, i.e. to start
treatment with a minimal remaining intraperitoneal tumor
burden. For B76 tumors, treatment was administered on day 4
(tumors < 2 mm), while for PMCA-3, treatment was adminis-
tered the day after injection. Mice were randomly assigned to
treatment groups of six mice, and given 200-250 uL of saline
with 1.2 % EtOH, CAB (6 and/or 15 mg/kg) or PACAB ip (6
and/or 15 mg/kg, corresponding to 58, 116, 144 or 164 mg
PACA NPs/kg). The animals were monitored regularly for
changes in body weight and health status, and were euthanized
by cervical dislocation if abdominal distension occurred, if
body weight decrease of >15 % was observed, or on day 100 if
no symptoms occurred. One mouse (PMCA-3; PACAB group)
was excluded from analyses due to death not related to tumor
growth.

Fluorescence and luminescence imaging

Luminescence and fluorescence images were obtained using
the in vivo imaging system IVIS Spectrum (Perkin Elmer).
Sevofluran (3 %) was used for anesthesia during imaging.
Fluorescence imaging was performed to visualize distribution of

NR668 labelled NPs 1 h after iv and ip injection using excitation/
emission spectra of 535/640 nm. Luminescence was used to
evaluate tumor growth in mice with B76 cells. Mice were
injected with 200 pL luciferin (20 mg/mL; Biosynth, Staad,
Switzerland diluted in phosphate buffered saline) ip 10 min be-
fore imaging. Both dorsal and ventral images were taken, and the
average luminescence of these images was used for calculations.
Analyses of the images were performed using Living Image
Software (Perkin Elmer).

Magnetic resonance imaging of abdomen

Magnetic resonance imaging (MRI) was performed as pre-
viously described, ! using a 7T MR system (Bruker BioSpin
MRI GmbH, Ettlingen, Germany, Software ParaVision 6.0)
equipped with a volume T/R resonator with 75/40 mm diameter.
To ensure correct placement and location of the abdomen, a fast
gradient echo localizer scan was first performed, before a coronal
T2-weighted rapid acquisition with relaxation enhancement
(RARE) sequence (repetition time =2 s, echo time = 26.5 ms and
echo train length = 8) was used to image the whole abdomen.
Slice thickness was 0.7 mm with a slice gap of 0.3 mm, field of
view 4 x 3 cm? and matrix size 364 x 364.

Data processing and statistical analysis

CAB content was calculated and plotted as a function of time
to establish the pharmacokinetic parameters C,,x (maximum
observed drug concentration), t,,,, (time to reach C,,,) and AUC
(area under the curve). This was performed using GraphPad
Prism (version 9.2.0 for Windows, GraphPad Software, San
Diego, CA, USA). To estimate CAB blood half-life (t;/,), log-
transformed concentration data was plotted as a function of time.
The resulting curves were fitted to a bi-exponential distribution,
where the slope of each phase was used to calculate the CAB
half-life (t,,» = In(0.5)/slope). These calculations were performed
by Microsoft Excel (version 2111 for Microsoft 365 MSO, WA,
USA).

Statistical analyses were conducted using GraphPad Prism v9
or Microsoft Excel. Survival curves (Kaplan—Meier plot) were
compared using log-rank test. Differences in tumor weight were
compared using unpaired #-test. One-way analysis of variance
(ANOVA) with post hoc comparisons by Dunnett's z-test was
applied on organ-to-brain weight data and blood sample data. In
all instances, p-values < 0.05 were considered statistically sig-
nificant. Mean and standard deviation (SD) are displayed in the
various figures.

Results
Characterization of PACA NP formulations

Empty NPs were in the size range of 132—-168 nm (diameter,
z-average), had a polydispersity index (PDI) below 0.2 and a zeta
potential between —3.2 and —4.3 mV. NR668-loaded PACA NPs
were 136 nm, had a PDI of 0.17 and a zeta potential of —=3.1 mV.
PACAB (CAB-loaded PACA NPs) were in the size range of
125-181 nm, had a PDI below 0.3, a zeta potential between —2.5
and 5.8 mV and a CAB content of 9.6-14.2 mg/mL particle
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stock suspension. Curves showing size and zeta potential dis-
tribution of representative NP batches are presented in Fig. S1.
NP surface PEGylation resulted in colloidal stability and no NP
aggregation was observed in any of the batches.

In vitro toxicity studies

Before conducting in vivo experiments, the PACA NP tox-
icity was evaluated in two relevant cell lines. The viability of
B76 ovarian cancer cells and LP9 mesothelial cells (the cell
type that lines the peritoneal cavity) after incubation with
0.0001, 0.001 or 0.01 ug CAB/mL of either free drug or
PACAB is shown in Fig. S2. The results show no differences
between incubation with free drug and PACAB in any of the
cell lines, and at the highest dose of 0.01 ug CAB/mL practi-
cally all cells were dead. For a typical PACAB batch with 10 %
(w/w) CAB loading, this corresponds to a PACAB dose of
0.0001 mg PACAB/mL. Empty NPs did not reduce cell via-
bility before the NP concentration was increased to 0.1 mg
PACAB/mL.

Toxicity profiling in rats

Various parameters, including body and organ weight, ani-
mal behavior and clinical signs, hematology and clinical
chemistry parameters were monitored in rats after injection of
free drug, PACAB, empty NPs and saline control. Injection of
PACAB and empty NPs caused an abdominal constriction re-
sponse, as we observed lateral constriction of the flank ab-
dominal muscles during the first hours after ip injection. This is a
common response to irritations in the peritoneal cavity after ip
injections.** After this observation, all ip injections were per-
formed after subcutaneous injection of morphine analgesia.
This response was not observed in the saline control animals or
in CAB-treated animals. Injection of free cytostatic drug re-
sulted in a rapid decrease in body weight (Fig. 1). Rats re-
ceiving the encapsulated drug formulation also showed reduced
body weight, although the signs of toxicity were less promi-
nent. At day 3 after injection, 2 out of § PACAB treated animals
showed diarrhea and lack of grooming, compared to 6 out of 8
animals injected with free drug. Two animals were euthanized
at day 4 (both treated with free drug) and two animals were
euthanized at day 7 (one from the PACAB group and one from
the free drug group) to ensure humane endpoints. After the 7-

day timepoint, clinical signs and animal behavior improved in
both CAB treated groups. Injection of empty NPs caused a
momentary, but transient weight loss, where all animals quickly
regained their initial weights. No animals showed signs of di-
arrhea or lack of grooming. The saline control animals showed
a steady weight increase throughout the whole study period,
without any weight loss or clinical signs.

After dissection, the brain, heart, lungs, liver, spleen, and
kidneys were weighed, before the organ-to-brain weight ratios
were calculated. Only few statistically significant differences
from the saline control could be observed (Fig. S3). For the
PACAB group, a decrease in liver-to-brain ratio was seen at the
4 h timepoint and a decrease in heart-to-brain ratio was seen at
the 10 day timepoint. For the free drug group, significant in-
creases in lung-to-brain, liver-to-brain and spleen-to-brain ratios
were seen 10 days after injection. No changes could be observed
in the empty NP treatment group.

The effect of administration of empty NPs, free drug and
PACAB on hematological and biochemical parameters in blood
samples is listed in Tables S1 and S2, respectively. For the empty
NP treatment group, an acute and transient increase in the
number of neutrophils and monocytes indicated an innate im-
mune response — stronger than the response observed in groups
treated with PACAB or free drug. For the PACAB and free drug
treatment groups, a general decrease of all types of white blood
cell was observed, and the effect was most prominent in the
group treated with free drug. In these two CAB treated groups, an
acute and transient increase in red blood cell (RBC) count, he-
moglobin concentration and hematocrit was observed, before the
concentrations decreased and reached levels lower than the sa-
line controls. On the contrary, empty NPs induced an increase in
all RBC parameters 10 days after injection. A decrease in the
platelet count could be observed for all treatment groups, where
the response was more acute and transient in the PACAB and
free drug groups.

Analysis of blood clinical chemistry parameters revealed few
differences between the treatment groups and the saline controls.
Significant changes in the electrolyte balance, creatinine, albu-
min and urea could be seen for all treatment groups. For the
PACAB and free drug groups, a transient decrease could be
observed for the alkaline phosphatase enzyme and a transient
increase could be observed in glucose levels. Total protein levels
were shown to decrease gradually after treatment with PACAB
and free drug.

__ 10+
S 1_./"""__——. -=— Control
o 0 I T T T T T 1 Empty NPs
>
) p PACAB
T 40+ -
g - Free drug
= 204
o
g
© -30-
5

40 Days after injection

Fig. 1. Rat body weight change after ip injection with free drug (7.5 mg CAB/kg), PACAB (7.5 mg CAB/kg) or empty NPs (data shows mean + standard
deviation). Number of animals at the time points are reduced as animals are euthanized: Day 0-3: 4 Control, 8 Empty NPs, 8 PACAB, 8 Free drug; Day 4-7: 2
Control, 4 Empty NPs, 4 PACAB, 4 Free drug; Day 9-10: 2 Control, 4 Empty NPs, 3 PACAB, | Free drug.
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Pharmacokinetics and biodistribution of CAB and PACAB NPs
in healthy mice

CAB levels in blood and tissue extracts were studied after
injection of PACAB and free drug in healthy mice. Pharmaco-
kinetic parameters determined from the blood concentration-
time profiles (Fig. S4) showed large differences between the
groups (Table 2). Ip administration of PACAB significantly
reduced the amount of drug reaching systemic circulation
compared to iv administration, illustrated by a 22x reduction in
Cmax and a 3.6x reduction in AUC. Additionally, ip injection
postponed t.x by 1 h and somewhat prolonged the initial
distribution phase. Importantly, CAB encapsulation in PACA
NPs was shown to almost halve the C,,,x compared to injection
of free drug and to prolong the elimination half-time approxi-
mately 10 times.

Biodistribution of PACA NPs was studied by three comple-
mentary methods: Whole-animal imaging of PACA-encapsu-
lated NR668, mass spectrometry-based quantification of CAB,
and analysis of the NP degradation product 2-EB in tissue ex-
tracts. As shown in Fig. 2A, PACA NPs were evenly distributed
throughout the entire peritoneal cavity within the first hour after
ip injection, with low amounts of fluorescence in the rest of the
animal — indicating NP retention in the peritoneal cavity. After iv
injection, fluorescent signal could be observed in the entire an-
imal, clearly showing the differences in biodistribution by the
different administration methods.

CAB levels were measured in liver, spleen, kidney and
peritoneum tissue after different time points from 1 h up to 35
days (840 h). Total CAB tissue exposure, illustrated as AUC
values calculated based on CAB concentration-time profiles for
the different groups, are shown in Fig. 2B. The corresponding
concentration-time curves can be found in Fig. SSA. CAB ex-
posure was significantly higher in all tissues when injected as
PACAB compared to free CAB administered by the same route —
as much as an 8x increase could be found in peritoneum tissue.
PACAB administration by ip vs iv routes resulted in comparable
CAB exposure levels in liver, spleen and kidney, while iv in-
jection expectedly induced limited exposure in peritoneum.

To study the biodistribution of the NP material, a novel
method was developed to detect the PEBCA-specific degrada-
tion product 2-ethylbutanol (2-EB) in biological matrices. Tissue
samples were hydrolyzed to release 2-EB, before 2-EB was
quantitatively analyzed by GC-MS. AUC values are presented in
Fig. 2C, and the corresponding concentration-time profiles are to

Table 2

be found in Fig. S5B. Interestingly, 2-EB was found in liver and
spleen as late as 35 days post-injection, while CAB was cleared
from the same tissues at this time point.

Biodistribution of CAB and PACAB in B76 tumor bearing mice

To study potential CAB tumor accumulation, a follow-up
study was performed in B76 tumor bearing mice. The results
presented in Fig. 3A show a significant increase in tumor-asso-
ciated CAB after PACAB injection compared to free CAB, with
a 10x increase in mean CAB concentration in tumor tissue 2 h
post injection. A significant increase in CAB concentrations in
peritoneum, liver and spleen was also observed.

A strong tumor specific association could be seen for the
PACA NP material, shown by high concentrations of 2-EB in the
tumor tissue, whereas no 2-EB could be found in tissue excised
from the peritoneal injection site. 2-EB was also detected in liver
and spleen (Fig. 3B).

Therapeutic efficacy

Mice bearing PMCA-3 xenografts developed mucinous as-
cites and tumor growth between the organs eventually leading to
distended abdomen and euthanization to ensure humane end-
points. The growth pattern of the model is shown in Fig. 4A
using T2 weighted MRI, where the tumor tissue can be seen as
white areas. Control-treated mice had a median survival of 33
days, whereas survival was significantly increased by CAB and
PACAB to 56.5 and 76 days, respectively. None of the mice
treated with CAB were alive at day 100 when the experiment was
terminated, while four mice treated with PACAB were still alive.
Of these, two mice showed no sign of tumor and were considered
cured (Fig. 4B).

Animals injected with B76 cells rapidly developed extensive
tumor growth on all peritoneal surface areas, and in many cases
also ascites. Control-treated mice were euthanized between days
27-31 (median survival 29 days), and had 1.45 + 0.21 g tumor
tissue. Empty NP did not significantly affect survival compared
to control and the mice were euthanized between days 21-28
(median survival 24 days), but the tumor weight was signifi-
cantly reduced (0.76 = 0.40 g, p = 0.01) (data not shown). CAB
and PACAB strongly inhibited tumor growth and a difference in
luminescence compared to the control treated group was ob-
served already at day 10, which was the first imaging time point
after treatment. Animals treated with CAB (6 and 15 mg/kg) and

Effect of NP encapsulation and administration route on blood pharmacokinetic parameters of CAB in healthy mice (n = 4 animals per group per time point, data

shows mean and standard deviation).

Crax tmax t1,» distribution t1/» elimination AUC
(ug/mL) (min) (h) (h) (ug/mL * h)
Free drug ip 1.58 +£0.30 60.0 £ 0 1.1+£0.2 7.1+04 4.90 + 0.95
PACAB ip 0.91 + 0.25*° 67.5 = 15° 8.8 +14.0 66.6 = 13.5° 6.55 +2.64%
PACAB iv 19.30 + 4.83 1.0+0 2.0+0.6 62.9 + 10.1 23.49 + 5.31

Cnax: Maximum concentration, ty,: time to Cp.x, ti» distribution: half-life of the distribution phase (1-4 h), t;,, elimination: half-life of the elimination phase
(4-48 h for free drug, 48-168 h for PACAB), AUC: area under the blood concentration-time curve from first to last sampling point.

# PACAB ip result significantly different from PACAB iv result.
" PACAB ip result significantly different from free drug ip result.
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Fig. 2. A) Biodistribution of PACA-encapsulated NR668 in healthy mice. Images were obtained 1 h after injection. B-C) AUC values (1 h-35 d) of CAB (B) and
2-EB (C). Diagrams show mean values + SD.

PACAB (6 mg CAB/kg) exhibited a similar decrease in lumi- the treatment groups reached a humane endpoint on day 38,

nescence at day 17, after which luminescence increased, indi- which signifies increased survival compared to control treated
cating exponential tumor growth. Treatment with 15 mg/kg animals, and all mice were euthanized at this time point to
PACAB resulted in a more sustained growth inhibition com- evaluate treatment response by measuring tumor weight. The

pared to the other treatment groups (Fig. 5SA, B). The first mice in mean tumor weight was 0.87 g and 0.86 g for the CAB treated

A B
10001 . e Free drug 2507
= PACAB o a = PACAB
3 100{ 1 32001 =
@ 2 4504
E, 101 E *% %k ***; 9150 —_—
o . . o
- nm w i n
S D 8 v &1 P
2 M v E 2 s
S # 3 50+ .- e
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Tumor Peritoneum Liver Spleen Tumor Peritoneum Liver Spleen
Fig. 3. Biodistribution in mice bearing B76 xenografts. A) CAB concentration on a logarithmic scale in organs harvested 2 h after ip injection of free drug (6
mg/kg) or PACAB (6 mg CAB/kg) (n = 10). B) 2-EB concentration in organs harvested 2 h after intraperitoneal injection of PACAB (6 mg CAB/kg) (n = 6). *p

<0.05, #p < 0.01, #*#%p < 0.0001.
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groups (p = 0.95), while for the two PACAB treated groups, the
mean tumor weights were 0.56 g and 0.15 g, respectively (p =
0.0002). (Fig. 5C). A significant difference in tumor weight was
also observed between 15 mg/kg CAB and 15 mg/kg PACAB

(p =0.0011). Comparing 6 mg/kg CAB to 6 mg/kg PACAB and
15 mg/kg CAB to 6 mg/kg PACAB showed non-significant
trends pointing towards differences in the favor of the PACAB
groups (p = 0.08 and p = 0.05, respectively).
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Fig. 5. Treatment efficacy of free drug and PACAB in mice bearing B76 xenografts. A) Representative IVIS images of mice injected with control solution, empty
NPs, free drug or PACAB. B) Quantification of total flux luminescence (photons/second (p/s)) in B76 xenografts injected with control solution, empty NPs, free
drug or PACAB. Arrow indicates treatment day. C) Tumor weight at necropsy for mice treated with free drug or PACAB. Error bars represent mean + SD, n =3

for empty NPs, for other groups n = 6. **p < 0.01, ***p < 0.001.



A. Hyldbakk et al / Nanomedicine: Nanotechnology, Biology, and Medicine 48 (2023) 102656 9

Discussion

A challenge with intraperitoneal administration of chemo-
therapy in PM is the rapid clearance of small molecule drugs,
highlighting the necessity of finding methods to prolong drug
retention in the peritoneal cavity to improve the treatment and
survival of PM patients. The presented data shows that peritoneal
retention of the cytostatic drug CAB was significantly increased
by PACA NP encapsulation. This is probably partly due to a
formulation-induced size increase; from free CAB having a di-
ameter of approx. 10 nm, to PACAB with a diameter of approx.
150 nm. Small molecule drugs are easily absorbed through the
peritoneal capillaries and enter systemic circulation.” Encapsu-
lation within nanosized particles reduces this absorption, and the
drug is therefore retained in the peritoneal cavity — resulting in
increased local drug concentrations. The nanoparticles hence
serve as drug depots exhibiting prolonged release kinetics and
increased drug persistence at the target site.

In the presented work, a novel method for detection of NP
polymeric material in biological matrices was developed. This
enabled dual tracking of both the CAB drug and the NP drug
carrier in different tissues. In this way, valuable information on
PACAB in vivo biodistribution and tissue accumulation could be
obtained. The peritoneal retention effect can, based on the NP
biodistribution results, therefore further be explained by inter-
actions between the NP material and intraperitoneal surfaces.
This is shown by NP material content in tumor tissue and peri-
toneum tissue (healthy mice only). Importantly, the presented
data shows that NP encapsulation significantly increases drug
accumulation in tumor tissue. Different mechanisms have been
suggested as possible reasons for NP selectivity to PM tumors,
including physical surface interactions between NPs and tumor
collagen’ and peritoneal lymphatic flow.® These are primarily
passive accumulation processes, enhanced by complete cavity
distribution following ip injection and NP retention in the peri-
toneal cavity. Dual peritoneal tumor accumulation through a
combination of direct local tumor penetration and indirect cir-
culation-mediated homing, has also been reported.”* Local
tumor penetration is enhanced by high peritoneal drug concen-
trations, while circulation dependent accumulation is based on
the enhanced permeability and retention (EPR) effect, describing
how intravascular NPs preferentially leak into tumor tissue
through the permeable tumor vasculature.”® These reports, de-
scribing a broad variability of mechanisms, illustrate the com-
plexity of the observed NP-tumor interaction, and may also point
towards a dependency on NP material and NP physicochemical
properties (e.g. size and charge) in addition to the tumor type.
Further investigation is therefore needed to ascertain the mech-
anisms behind the specific PACA-tumor interaction.

The increased drug accumulation in tumor after administra-
tion of PACAB can partly explain the improved treatment re-
sponse. A significant difference between PACAB and free CAB
was seen in both peritoneal in vivo models: improved survival in
the PMCA-3 and reduced growth of B76. The observed dose
response in B76 tumor weight after treatment with PACAB, but
not after treatment of free CAB, also highlights the beneficial
effect of encapsulating the drug. In addition to the increased drug
uptake in tumors caused by NPs, other mechanisms have also

been suggested as possible reasons for improved treatment re-
sponse by NP encapsulation. These include elevated inflamma-
tion with increased M1 macrophage infiltration,'* or decreased
levels of M2 macrophages and alteration in the microenviron-
ment with reduced vascular endothelial growth factor-A (VEGF-
A) levels.”’

The therapeutic efficacy of PACAB and CAB was also in-
vestigated in two cell lines in vitro. These results show that
empty NPs are non-toxic to cells at relevant therapeutic doses.
No difference was observed between the PACAB and CAB
groups, in line with previous results.'**® This shows that CAB is
released from PACAB after 72 h and can exert its therapeutic
activity after encapsulation. In an in vitro setting, the drug is not
cleared by systemic circulation, hence not showing potential
positive effects of NP encapsulation and retention.

Systemic exposure and damage to healthy cells is a major
dose-limiting toxicity of cancer chemotherapy.29 Although tax-
anes have a key role in the treatment of several malignancies, the
occurrence of severe side effects, including hypersensitivity re-
actions, peripheral neuropathy and hematological toxicity, limit
their use.® This challenge could be overcome by NP encapsu-
lation of the drug.”' In the presented toxicity study, NP encap-
sulation reduced the toxic burden of CAB, especially shown by a
less pronounced weight reduction and fewer clinical signs (di-
arrhea and lack of grooming) in the PACAB group compared to
the CAB group. Injection of empty NPs induced a negligible
toxic effect. This is in line with the results from the initial in vitro
toxicity study and our previous results showing that empty
PACA NPs induce only mild reactions on the surface of the
peritoneum, liver and kidney — where all observations were
evaluated as normal effects of the ip injection and of no clinical
significance.® All treatment groups were shown to induce sig-
nificant increases in leucocyte counts, with empty NPs causing a
more pronounced increase in monocyte levels compared to the
CAB-treated groups. This difference in immunogenicity can be
possibly be explained by the differences in the NP's chemical
composition and physicochemical properties which are factors
known to influence cellular responses, such as cytotoxicity,
uptake rates and mode of cell death.'>?*** Hematology
screening showed a drug-induced anemia in the CAB-treated
groups — a common side effect following CAB treatment also in
humans. > Furthermore, administration by the ip route, resulting
in drug retention in the peritoneal cavity, can reduce the risk and
consequences of high systemic drug concentrations. In the pre-
sented pharmacokinetic data, this was demonstrated by a sig-
nificantly lower blood C,.. value after ip administration of
PACAB compared to that of iv injection of the same material.

Taxane-based chemotherapy, including CAB, paclitaxel and
docetaxel, plays a major role in the management of a variety of
malignancies, including ovarian, breast, prostate and lung
cancers.’**° The clinical efficacy of taxanes can, however, be
reduced by cellular resistance through the activation of the P-
glycoprotein efflux pump that lowers intracellular drug con-
centrations through active transport.”’ While docetaxel and
paclitaxel are heavily hampered by this effect, CAB is shown to
have reduced affinity for the P-glycoprotein — thus reducing the
possibility of drug resistance.”® Drug resistance is further limited
by NP encapsulation, which shields the drug from the efflux
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transporters. Additionally, the higher lipophilicity of CAB
compared to other taxanes is shown to increase blood-brain
barrier crossing and to increase cell penetration through passive
influx, hence leading to higher cytotoxic effects in resistant cell
lines where the permeability of the plasma membrane has been
altered.” The efficacy of CAB compared to other taxanes was
exemplified by our previous studies in B76 ovarian cancer xe-
nografts, which were insensitive to paclitaxel,*” contrasting the
strong growth inhibitory effect seen by CAB treatment. This
indicates that CAB could be a good treatment alternative for
patients with ovarian cancer not responding to other taxanes.
In conclusion, this work shows that encapsulation of CAB in
PACA NPs increased peritoneal retention, drug uptake in tumors
and improved the treatment efficacy in two in vivo peritoneal
cancer models; an orthotopic mucinous patient-derived xeno-
graft model and an ovarian cancer model, highlighting PACAB's
efficacy and treatment potential. The promising results strongly
indicate that PACAB, as a novel treatment approach for PM,
could improve therapeutic outcome for a large number of pa-
tients. Based on this, a commercialization process is currently
ongoing with the aim of establishing PACAB as an approved
treatment for PM patients with a high unmet medical need.
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