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ABSTRACT
Purpose Paclitaxel (PTX)-loaded genipin-crosslinked gelatin
microspheres (GP-MS) are a prolonged IP delivery system
under development for the treatment of peritoneal minimal
residual disease (pMRD). Here, we show the use of a
pharmacokinetic-pharmacodynamic (PKPD) modelling ap-
proach to inform the formulation development of PTX-GP-
MS in a mice pMRD model.
Methods PTX blood concentrations and survival data were
obtained in Balb/c Nu mice receiving different single IP doses
(7.5 and/or 35 mg/kg) of PTX-ethanolic loaded GP-MS
(PTXEtOH-GP-MS), PTX-nanosuspension loaded GP-MS
(PTXnano-GP-MS), and immediate release formulation
Abraxane®. A population PK model was developed to char-
acterize the PTX blood concentration pattern and to predict
PTX concentrations in peritoneum. Afterwards, PKPD rela-
tionships between the predicted peritoneal or blood concentra-
tions and survival were explored using time-to-event modelling.
Results A PKPD model was developed that simultaneously
describes the competing effects of treatment efficacy (driven
by peritoneal concentration) and toxicity (driven by blood
concentration) of PTX on survival. Clear survival advantages
of PTXnano-GP-MS over PTXEtOH-GP-MS and Abraxane®

were found. Simulations of different doses of PTXnano-GP-
MS demonstrated that drug-induced toxicity is high at doses
between 20 and 35 mg/kg.
Conclusions Themodel predicts that the dose range of 7.5-15
mg/kg of PTXnano-GP-MS provides an optimal balance be-
tween efficacy and safety.
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ABBREVIATIONS
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PKPD Pharmacokinetic-pharmacodynamic
pMRD Peritoneal minimal residual disease
PTX Paclitaxel
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INTRODUCTION

Ovarian cancer is the eighth most common cancer among
women (1), and is associated with the highest mortality across
gynecological cancers (2). As a clinically silent cancer, more
than two-thirds of women receive a diagnosis of advanced
disease (International Federation of Gynecology and
Obstetrics stage III or IV) that has been widely disseminated
within the peritoneal cavity (3).

The standard treatment for advanced ovarian cancer is
maximal cytoreductive surgery (CRS) to remove macroscopic
tumors in the abdominal cavity followed by intravenous
platinum/taxane-based adjuvant therapy to kill residual mi-
croscopic disease (4). Despite an initial response rate of 60%-
80% to this standard of care (5), the prognosis remains poor
with 3-year relapse rate greater than 75% and mean 5-year
survival rate less than 25% (6–8). The recurrence is generally
thought to be due to insufficient killing of undetectable resid-
ual cancer cells by first-line chemotherapy (9,10). Therefore,
there is a critical need to develop novel strategies for treating
peritoneal minimal residual disease (pMRD) with the goal of
improving patient survival and preventing disease recurrence.

As the disease is predominantly confined to the peritoneal
cavity, the use of intraperitoneal chemotherapy (IPC) (postop-
erative or intraoperative) is an increasingly popular regional
treatment strategy for treating pMRD, which has been ex-
plored in numerous clinical studies (3). IPC can enhance drug
concentrations in the abdominal cavity while at the same time
limit systemic drug exposure, thus potentially achieving im-
proved efficacy with less systemic drug-induced toxicity
(11–15). Although IPC has demonstrated survival advantages
compared to standard intravenous chemotherapy (16–18), the
disease recurrence still remains quite high with a 3-year re-
lapse rate greater than 50% (16,19). The intraperitoneal de-
livery of rapidly absorbed chemotherapeutic solutions with
single-dose intraoperative IPC or intermittent doses of post-
operative IPC can only provide short-term drug exposure for
the residual disease, potentially leading to incomplete cancer
cell killing and recurrence of the disease.

Locoregional delivery of sustained release chemotherapeu-
tics to maintain a prolonged drug exposure in the peritoneal
cavity might be a promising therapeutic strategy. Paclitaxel
(PTX) is a front-line agent for ovarian cancer, and is thought
to be a good candidate for IP treatment because of its low
peritoneal clearance compared with systemic clearance and
also significant first-pass effect, resulting in high area under
the concentration-time curve ratio of peritoneal/plas-
ma(>1000) (20). Some previous work has shown survival ben-
efits of sustained PTX IP formulations (e.g. PTX loaded poly-
meric microparticles and implantable paclitaxel drug delivery
system) over solution-based PTX products (e.g. Taxol®) in
peritoneal tumor-bearing mice (21,22). Recently, we devel-
oped a novel IP delivery system of paclitaxel-loaded genipin-

crosslinked gelatin microspheres (PTX-GP-MS) specifically
designed for treating pMRD (De Clercq et al., submitted to
Scientific Reports). The developed PTX-GP-MS showed
prolonged PTX release over at least two weeks both in vitro
and in vivo and demonstrated a significantly better survival
outcome over a marketed PTX nanoparticle-based drug de-
livery system, Abraxane® (PTX-loaded albumin nanoparti-
cles, Nab-PTX), in a microscopic peritoneal carcinomatosis
mouse model mimicking the residual disease state after
CRS. However, toxicity phenomena and/or lethality were
observed at high doses of PTX-GP-MS, and the best dose
with optimal survival outcome and minimal toxicity were left
unidentified in this descriptive study.

Our present model-based analysis study builds on these
efforts and aims to investigate the relationships between drug
exposure and treatment response using pharmacokinetic-
pharmacodynamic (PKPD)modelling to find the optimal dose
of PTX-GP-MS to better inform further formulation
optimization.

MATERIALS AND METHODS

Paclitaxel-Loaded Genipin-Crosslinked Gelatin
Microspheres

Genipin-crosslinked gelatin microspheres (GP-MS) with an
average size of 50 μm were prepared as described in De
Clercq et al., 2016 (23). The preparation of PTX-GP-MS with
an (optimized) 40% crosslinking degree was described below.

PTX-ethanolic loaded GP-MS (PTXEtOH-GP-MS): GP-
MS were loaded with PTX by immersion in an ethanolic
PTX solution. 200 mg GP-MS with different degrees of
crosslinking (7, 25, 40, 60 and 70%) were immersed in 2 ml
of a 1, 2.5 or 5 mg/ml PTX (purity of >99%, LC laboratories,
Woburn, MA, USA) ethanol/distilled water (75/25, v/v) (ab-
solute ethanol, VWR chemicals, Fontenay-sous-Bois cedex,
France) solution under slow magnetic stirring. After 3 hours,
GP-MS were vacuum filtered and washed with absolute eth-
anol (VWR chemicals) to remove unentrapped PTX from the
surface. PTX-loaded GP-MS were lyophilised for 24 hours at
-50°C and 1 mbar.

PTX-nanosuspension loaded GP-MS (PTXnano-GP-MS):
GP-MS were loaded by immersion in an aqueous PTX-
nanosuspension. Initially, PTX-nanocrystals were prepared
using a wet milling technique. Pluronic® F-127/PTX
(Pluronic® F-127, Sigma-Aldrich, Bornem, Belgium) (PTX
purity of >99%, LC laboratories) in a 1/4 ratio was trans-
ferred in a 20 ml vial containing 5 ml 0.9% sodium chloride
solution (Sigma-Aldrich) and 30 g zirconium oxide beads
(Netzsch zetabeads, Ghislenghien, Belgium) with a diameter
of 0.5 mm as milling pearls. The vials were placed on a roller-
mill and grinded at 150 rpm for 60 hours. The nanocrystals
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were lyophilised for 24 hours at -50°C and 1 mbar. Particle
size and polydispersity index of the PTX nanocrystals were
determined by dynamic light scattering, using a Zetasizer
3000 (Malvern Instruments, Worcestershire, UK). GP-MS
(50, 100 or 200 mg) were immersed for 3 hours in 2 ml aque-
ous PTX nanosuspension, diluted using 0.9% sodium chloride
solution to a concentration of 1, 2.5 or 5 mg PTX/ml. PTX-
loaded GP-MS were collected by vacuum filtration and
washed using distilled water to remove unentrapped PTX
from the surface. PTXnano-GP-MS were lyophilised for 24
hours at -50°C and 1 mbar.

Microscopic Peritoneal Carcinomatosis Model
and Intraperitoneal Chemotherapy Treatment

A luciferase positive human ovarian cancer cell line SK-OV-
3-Luc IP1 was cultured at 37°C in a 10% CO2 humidified
atmosphere in Dulbecco’s Modified Eagle’s Medium
(ThermoFisher, Ghent, Belgium), supplemented with 10%
fetal bovine serum (Sigma-Aldrich, Diegem, Belgium) and
2% penicillin/streptomycin.

Br ie f ly , s ix -week old female Balb/c Nu mice
(BALB/cOlaHsd-Foxn1nu, Envigo, Horst, The Netherlands)
were acclimated to the animal facility one week before the start
of the study. After 7 days, mice were intraperitoneally injected
with 2 x 106 SK-OV-3-Luc IP1 cells suspended in 1 ml phys-
iological saline. The number of injected cells was optimized in a
pilot study for the development of the microscopic peritoneal
carcinomatosis model. One day after engraftment with tumor
cells (referred to as day 0 of the study), the mice were random-
ized across several groups, each consisting of 10 to 12 animals:
the control group was injected with 2 ml 0.9% saline or 50 mg
of blank GP-MS suspended in 2 ml 0.9% saline; PTXnano-GP-
MS groups (dosed at 7.5 and 35 mg/kg) represented the rela-
tively slow sustained release PTX delivery system; the
PTXEtOH-GP-MS group (7.5mg/kg) represented the relatively
fast sustained release PTX delivery system; while the Nab-PTX
group (35 mg/kg) represented the immediate release PTX de-
livery system. Every dose mentioned in this manuscript de-
scribes the PTX dose and not the amount of GP-MS.

Throughout the study, mice were kept in standard housing
conditions with water and food ad libitum and a 12 h light/dark
cycle. All animal experiments were approved by the Animal
Ethics Committee of the Faculty of Medicine at Ghent
University (ECD 17/83) and adhered to the “Principles of
Laboratory Animal Care” (NIH publication #85-23, revised
in 1985).

Collection of Blood Samples

Dried blood spot (DBS) microsampling was performed in our
study by withdrawing tiny volumes (< 15 μL at each time-
point) of blood from the tail vein. Under a sparse sampling

scheme design, blood samples were collected at pre-defined
time-points between 0.5 h and 13 days after the start of treat-
ment. Two to five blood samples were taken from eachmouse.
At each sampling-point, 10 μL of blood was spotted on a
blood spot card (PerkinElmer 226 Bioanalysis RUO Card,
Perkin Elmer, Greenville, USA).

PTX concentrations of DBS samples were measured using
a previously developed UPLC-MS/MS method (24). The
lower limit of quantification (LLOQ) of PTX in a DBS sample
was 1 ng/ml. The method imprecision was less than 14.6%
and bias was less than ± 11.9%.

Recording of Tumor Growth, and Survival

Animals were evaluated weekly from the day of treatment
until occurrence of death, the attainment of predefined end-
points or until the end of the study (90 days post-treatment).
Mice were euthanised when the following events occurred:
excessive weight loss (body weight loss of 20% at any time-
point or of 15% maintained for 72 h compared with pre-
treatment weight), presence of ascites and signs of abnormal
behaviour.

Bioluminescence imaging (BLI) was performed weekly
using the IVIS Lumina II system (PerkinElmer) for tumor
growth follow-up of each mouse. Luminescence was quanti-
fied using the Living Image® 4.3.1 software (PerkinElmer).

Available Data for PKPD Modelling

The final dataset consisted of data collected in the present
study and from previous (unpublished) work throughout dif-
ferent study periods. These studies comprised: (i) in a pharma-
cokinetic study of the developed PTX-GP-MS (40%
crosslinking degree), PTX concentrations measured in 24 fe-
male Balb/c mice (aged 7 weeks) between 0.5 h and 9 days
post IP injection (7.5 and 35 mg/kg) were included for popu-
lation pharmacokinetic modelling and (ii) in a pilot study for
the development of the microscopic peritoneal carcinomatosis
model, where five female Balb/c Nu mice were IP injected
with 2 x 106 SK-OV-3-Luc IP1 cells suspended in 1 ml phys-
iological saline without any further treatment. The mortality
data from this study were included for survival modelling.
Finally, mean plasma concentration values in male Balb/c
mice (6–8 weeks old) at a single intravenous (IV) dose of 5.0
mg/kg PTX were digitized from a published study by Gao
et al. (25). A plasma-to-blood ratio (PBR) of 0.7 was applied to
convert plasma concentrations to blood values (26).

PKPD Model Development

The PKPD model building process was carried out in a se-
quential manner. The population PK model was developed
first, and the resulting predicted full PK profile was used as a
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predictor for survival modelling. The relationship between the
potential predictor, BLI based tumor burden, and survival
was also examined.

Population Pharmacokinetic Modelling

Non-linear mixed effects modelling was carried out in
NONMEM® (version 7.3, Icon Development Solutions,
Ellicott City, MD, USA) using the first-order conditional esti-
mation algorithm with interaction. The model was executed
through Perl-speaks-NONMEM (PsN, version 4.60, Uppsala
University, Uppsala, Sweden) with the Pirana software (ver-
sion 2.9.6, Pirana Software & Consulting BV) as interface.
Data processing and graphical analysis was performed in R
(version 3.4.1, R Foundation for Statistical Computing,
Vienna, Austria).

To describe the disposition of PTX, both one- and two-
compartment disposition models were explored. A peritoneal
compartment was implemented in the PK model for
obtaining predicted PTX concentrations in peritoneum for
IP injected formulations. The overall apparent absorption
process was separated into the release of PTX from the ad-
ministered formulations in the peritoneum and the transmem-
brane absorption of the dissolved PTX from peritoneum to
blood. For the release of PTX from the formulations into the
peritoneum, several release models were tested, including sin-
gle first-order or zero-order release, parallel or sequential first-
order release, parallel or sequential zero-order release, and
mixed zero- and first-order release (27). PTX transmembrane
absorption was assumed to be first-order and the absorption
rate constant was fixed to a reported value of 0.95 h-1 (28).
The fluid volume of the mice peritoneal cavity was fixed to a
physiologically typical value of 0.4 mL (28). The predicted
peritoneal PTX concentrations were calculated as: the
amount of released PTX in the peritoneum/peritoneal fluid
volume. The bioavailability (F) of the IP formulations relative
to IV data was estimated (absolute F).

Inter-individual variability (IIV) was modeled using a log-
normal distribution with a mean of zero and a variance of ω2.
Unexplained residual variability was explored using additive,
proportional, and combined (additive + proportional) residual
error models. For the measured concentrations between
LLOQ and the limit of detection, implementation of an ad-
ditional residual error model was tested to account for the
potentially larger residual variability.

Model development was guided by the objective function
value (OFV) between nested models, Akaike’s information
criterion (AIC) between non-nested models, and standard
goodness of fit (GOF) plots. A ΔOFV criterion of −3.84
corresponded with a significance level of p < 0.05 for one
degree of freedom. The predictive performance of the final
model was evaluated using prediction-corrected visual predic-
tive checks (pcVPCs) based on 1000 model-based simulations.

The sampling importance resampling (SIR) (n=1000) ap-
proach was applied on the final model to evaluate model
robustness and obtain non-parametric confidence intervals
of the estimates (29).

Survival Modelling

A parametric time-to-event approach was utilized to explore
the relationships between the predictors (i.e. blood/peritoneal
PK profile, and BLI tumor burden) and survival. The perito-
neal PK profile was used to describe the treatment effect on
survival, while the blood concentration was assumed to be
responsible for toxicity-induced death. All the predictor-
survival relationships were implemented in a time-varying
manner. The time to death event was based on the initiation
of IP treatment. Mice who survived at the time of the last day
of follow-up (day 90) were right-censored. The dataset was
analyzed using the first-order algorithm in NONMEM®.

The probability density f(t) for observing a death event was
described as the product of a function S(t) and hazard h(t) at
that time, according to equations 1-3.

f tð Þ ¼ S tð Þ � h tð Þ ð1Þ
S tð Þ ¼ e−∫t0h tð Þdt ð2Þ
h tð Þ ¼ h0 � Drug tð Þ ð3Þ

Where h0 is the baseline hazard, and Drug (t) is a time-
varying drug effect. The survival S(t) is an integral function of
the hazard h(t) with respect to time, representing the proba-
bility of survival (i.e. not having the death event). The same
baseline hazard was assumed for all mice since the variability
of baseline hazard could not be estimated with survival data.

The base model was developed by exploring different
probability density functions for the baseline hazard, including
exponential, Weibull, Gompertz, and log-logistic distribu-
tions. For the implementation of measured BLI data as a
time-varying predictor, linear interpolation was used between
adjacent BLI observations. When using the peritoneal PK
profile as a time-varying predictor, the drug effect model
was optimized by testing a range of different PKPD models
such as linear, log-linear, Emax, and sigmoidal Emax relation-
ships (30). The drug effect delay was also evaluated by incor-
porating an effect compartment model, an indirect response
model, and a transit compartment model. Like the implemen-
tation of the treatment effect model, various toxicity models
using the blood PK profile as a driving force were also tested
to account for drug toxicity-induced death.

Models were selected based on OFV (nested models) and
AIC (non-nested models), in combination with simulation-
based diagnostics (Kaplan–Meier plots) based on 100 simula-
tions of the model. For the final model, Kaplan–Meier visual
predictive check plots based on 1000 simulations were used
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for internal model validation. The uncertainty (95% confi-
dence intervals) of the parameter estimates was checked
through the SIR approach (n=1000).

Dose Simulation of PTXnano-GP-MS

From the observed survival data, PTXnano-GP-MS is the most
promising IP delivery system in mice for treating microscopic
peritoneal carcinomatosis disease, and the optimal dose
falls between 7.5 and 35 mg/kg. With the final PKPD
model, survival probabilities (within 90 days) were sim-
ulated for different PTXnano-GP-MS dose levels (7.5,
10, 12.5, 15, 20, 25, and 35 mg/kg). 1000 typical sub-
jects (mice with population estimates) were simulated for
each scenario. The Kaplan–Meier survival curve and
hazard over time were constructed, and the 95% confi-
dence intervals of simulated survival curves at day 40
and 90 were reported.

RESULTS

Exploratory Data Analysis

Figure 1 shows the individual blood concentrations and trends
for the different formulations and injection routes applied. As
shown in the plot, Nab-PTX displayed a many-fold higher
exposure immediately after administration but was eliminated
much more rapidly compared to PTX-GP-MS. A burst peak
was observed during the first hours for PTX-GP-MS, followed
by a prolonged PTX release over several days resulting in
relatively stable concentrations. Therefore, dual release rate
models were investigated for PTX-GP-MS in order to de-
scribe the biphasic PK profile. In total, 195 PTX blood con-
centrations were included for the population pharmacokinet-
ics analysis. A summary of all collected data is given in
Table 1.

BLI based tumor growth profiles and Kaplan–Meier sur-
vival curves from mice with microscopic peritoneal carcino-
matosis disease receiving different IP treatments are presented
in supplementary Figure S1 and Fig. 2, respectively. The
groups of mice with microscopic peritoneal disease treated
with 2 ml physiological saline or 50 mg blank GP-MS
suspended in 2 ml saline or without any treatment (from the
pilot study) showed comparable survival curves. Therefore,
these were merged together as the control group (in total
n=26 mice, Fig. 2). The PTXnano-GP-MS groups at doses of
7.5 and 35 mg/kg showed the best survival outcomes; howev-
er, some of the mice in the 35 mg/kg dose group of PTXnano-
GP-MS experienced toxicity-induced death (indicated by the
arrows in Fig. 2, indicating severe hepatotoxicity observed by
histopathological analysis). As can be seen in Figure S1, in this
dose group, BLI profiles demonstrated no tumor development

(except for one mouse) thus good cancer cell killing
effect, as indicated by the baseline BLI signals. These
observations suggest a toxicity effect on survival that
needs to be considered separate from the beneficial
treatment effect. During the survival model develop-
ment, we thus attempted to implement a toxicity model
on the hazard to account for the toxicity effect for all
PTX delivery systems.

Population Pharmacokinetics

The PK model development was started with first-order re-
lease of the formulations into the peritoneum, followed by
first-order transmembrane absorption and one-compartment
disposition. Introducing a peripheral compartment led to a
significant drop in the OFV (ΔOFV of -18.8) which was thus
selected for further model development. Among all of the
tested release models, the parallel first-order release model
(burst + sustained release) gave the lowest AIC for PTX-GP-
MS, and the single first-order release model was optimal
for Nab-PTX. Owing to sparseness of the data, IIVs
could only be identified for the dose fraction parameters
( i .e . FORM2F1 and FORM34F1, Table 2 ) of
PTXETOH-GP-MS and PTXnano-GP-MS via burst/
sustained release, and the absolute bioavailability pa-
rameter of PTXnano-GP-MS (ΔOFV of -86.4 in total).
Addition of an extra proportional residual error term
for the extrapolated concentrations below LLOQ fur-
ther improved the model fit (ΔOFV of -55.2). A sche-
matic representation of the final PK model is depicted in Fig.
3. The parameter estimates of the final PK model and associ-
ated 95% confidence intervals obtained by the SIR approach
are presented in Table 2.

The GOF plots in supplementary Figure S2 indicate that
the final PK model adequately describes the observed data.
The central tendency and spread of the observed PTX blood
concentrations were also well captured by the model, as dem-
onstrated in the supplementary pcVPCs plot for all PTX-
formulations (Figure S3).

Survival Modelling

In our initial modelling strategy of treatment effect on survival,
we first attempted to establish a PKPD relationship between
the peritoneal PK profile and BLI tumor burden, and then
link the predicted BLI tumor burden to survival.
Unfortunately, it was difficult to integrate the PK profile and
BLI data both for tumor developing and non-tumor develop-
ing mice in a plausible biologically inspired model. As a
straightforward evaluation of the predictiveness of BLI tumor
burden on survival, the measured BLI data (excluding the 35
mg/kg PTXnano-GP-MS dose group due to obvious toxicity-
induced death) were tested as a time-varying covariate on the
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hazard rate with linear interpolation between adjacent BLI
observations. As shown in the supplementary Figure S4, the
BLI based survival model gave marked misfits for the control
group and the 7.5 mg/kg PTXnano-GP-MS group.

Since the BLI data did not well predict the survival from a
modelling point of view, we then decided to test peritoneal
concentration as a direct predictor of the treatment effect. The
model development path of survival modelling using concen-
tration as predictor is summarized in Table 3. Model building
started with the control group data, and a log-logistic distri-
bution model (λ, hazard coefficient; γ, shape factor; equation
7) best characterized the underlying baseline hazard, which
greatly increased with time (γ=9.67, Table 4). PTX treatment
groups (except the 35 mg/kg PTXnano-GP-MS group) were
then added into the dataset. A delayed PTX treatment effect
on hazard rate was detected, and the indirect response model
(IDR) with linear stimulation of the KOUT (equation 6) driven
by peritoneal concentration was found optimal. From the
VPC plots of this intermediate IDR model, significant misfits
were observed for the Nab-PTX group (supplementary
Figure S5). Therefore, we decided to first develop a model
for all PTX-GP-MS groups. To account for drug-induced
toxicity effects on survival that could obviously be observed
in the 35 mg/kg PTXnano-GP-MS dose group, a systemic
blood concentration-based sigmoid inhibition model on
KOUT was incorporated for all PTX-GP-MS groups and led
to a clear improvement of the model fit (ΔOFV: -27.6, sup-
plementary Figure S6). Lastly, the Nab-PTX group was
added to the dataset, and we implemented a separate treat-
ment efficacy parameter for Nab-PTX (ΔOFV: -26.3) in or-
der to preserve the goodmodel fit of the PTX-GP-MS groups.

The hazard of the final survival model is described in equa-
tions 4-7, and the NONMEM control stream of the final
PKPD model is provided in the online supplement.

EFF ¼ 1þ αPTX−GP−MS=Nab−PTX � Cperitoneal ð4Þ

TOX ¼ 1−
Cblood

Hill

IC50
Hill þ Cblood

Hill ð5Þ

dDrug
dt

¼ KIN−KOUT � Drug � EFF � TOX ð6Þ

h tð Þ ¼ λ � γ � λ � tð Þγ−1

1þ λ � tð Þγ � Drug tð Þ ð7Þ

Where EFF is the stimulation effect of the drug treatment
on KOUT, and αPTX-GP-MS and αNab-PTX are the efficacy pa-
rameters of PTX-GP-MS and Nab-PTX, respectively. TOX
is the inhibition effect of drug-induced toxicity on KOUT, and
IC50 is the blood concentration at which the KOUT is reduced
by 50%. Drug(t) represents the overall effect of drug treatment
efficacy and toxicity projected onto the hazard. KIN and
KOUT are the zero-order production rate and first-order re-
moval rate of Drug(t), respectively. Hill is the sigmoidicity
factor controlling the steepness of the sigmoid function. This
factor was fixed to 20 as there was insufficient information in
the data to reliably estimate it.

The final survival model is demonstrated as grey blocks in
Fig. 3. The parameter estimates and 95% confidence intervals
of the final model are shown in Table 4. The Kaplan–Meier
plots of the observed survival data overlaid with the simulated
95% confidence interval from the final model are shown in
Fig. 4, stratified by treatment group. In general, the control

Fig. 1 Available paclitaxel (PTX) blood concentration data for population pharmacokinetic analysis. A base 10 logarithmic scale was used for the y-axis, and the x-
axis was shown using the square root scale. The grey dashed line represents the lower limit of quantification (1 ng/ml) of the analytical method. A Loess smoothing
solid line was added to the plot for each formulation.
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and PTXETOH-GP-MS groups show good agreement be-
tween the observed survival curve and the simulated data.
For PTXnano-GP-MS groups, an obvious over-prediction be-
tween day 70 and 90 was observed at a dose of 7.5 mg/kg, and
a less noticeable over-prediction between day 20 and 30 was
found at a dose of 35 mg/kg. Similarly, some misfits were also
present for Nab-PTX.

Dose effects of PTXnano-GP-MS Derived
through Simulations

The effect of a dose of PTXnano-GP-MS given to 1000 typical
subjects with microscopic peritoneal carcinomatosis disease on
the hazard and survival probability over time is illustrated in
Fig. 5. The simulated PK profiles in the peritoneal cavity and
blood (central compartment), the response in the Drug(t) com-
partment, and the hazard over time after removal of toxicity
effects (i.e. assuming no toxicity effect on the hazard) for the
different doses (7.5 to 35 mg/kg) were provided in Figure S7
of Supplement 1. The reader may refer to these details, as well
as to Fig. 5, to better understand how the model behaves and
how the drug contributes to the efficacy and toxicity effects on
the hazard. For doses between 7.5 and 15 mg/kg, the survival
probabilities were near 100% before day 40 and all above 80%
at day 90, and there were no significant differences in survival
curve among these doses (supplementary Table S1). For doses ≥
20mg/kg, the survival probability started to decrease at an early
time point (e.g. day 25), and the survival outcomes were

significantly worse than those of lower doses (7.5 -15 mg/kg),
due to the increased hazard caused by the drug-induced toxicity
effect (upper plot in Fig. 5). The simulation demonstrated that
the dose range of 7.5-15 mg/kg is expected to be optimal for
subjects to achieve a good survival outcome while minimizing
the drug-induced toxicity effect on the hazard.

DISCUSSION

In this work, first a population PK model was developed to
characterize the in vivo concentration-time profiles of different
PTX formulations. A peritoneal compartment with a fixed
peritoneal fluid volume was added during population PK
modelling in order to obtain the predicted peritoneal concen-
trations. The in vivo release models of the formulations were
optimized to give the best description of PTX blood concen-
trations, and a fixed first-order transmembrane absorption rate
constant was assumed for the released PTX regardless of the
formulations. During the PK modelling, the use of parameter
estimates from the best fitted in vitro release model as input for
in vivo release model was also considered, but this didn’t give a
good description of PTX blood concentrations. This is because
PTX-GP-MS releasedmuch faster in vivo comparedwith in vitro,
confirmed by the deconvolution results (data not shown).
Because the in vitro dissolution of PTX-GP-MS was not fully
indicative for its in vivo behavior, the in vitro release data were not
used to identify the in vivo release rate. Due to the difficulty of

Table 1 Summary of Available Data for PKPD Modelling Collected from Different Studies

Study description Mice type and model Treatment No. of mice Observation data

Treatment efficacy study in
microscopic peritoneal
carcinomatosis mouse
model (present study)

Intraperitoneal xenograft model
in female Balb/c Nu mice
(IP injection of 2 x 106

SK-OV-3-Luc IP1 cells)

IP injection of 2 ml
physiological saline

11 BLI data and survival

IP injection of 50 mg
blank GP-MS in 2 ml saline

10 BLI data and survival

IP injection of PTXETOH-GP-MS
at a dose of 7.5 mg/kg

10 DBS samples (14 concentrations),
BLI data and survival

IP injection of PTXnano-GP-MS
at a dose of 7.5 mg/kg

11 DBS samples (26 concentrations),
BLI data and survival

IP injection of PTXnano-GP-MS
at a dose of 35 mg/kg

11 DBS samples (44 concentrations),
BLI data and survival

IP injection of Abraxane at a
dose of 35 mg/kg

12 DBS samples (6 concentrations),
BLI data and survival

Pilot study for the development
of a microscopic peritoneal
carcinomatosis mouse model

Intraperitoneal xenograft model
in female Balb/c Nu mice
(IP injection of 2 x 106

SK-OV-3-Luc IP1 cells)

None 5 Survival

Pharmacokinetics study
of PTX-GP-MS

Female Balb/c mice IP injection of PTXETOH-GP-MS
at a dose of 7.5 mg/kg

6 DBS samples (29 concentrations)

IP injection of PTXnano-GP-MS
at a dose of 7.5 mg/kg

6 DBS samples (28 concentrations)

IP injection of PTXnano-GP-MS
at a dose of 35 mg/kg

12 DBS samples (40 concentrations)

Pharmacokinetics study
of PTX (Gao et al)

Male Balb/c mice IV injection of PTX at a dose
of 5.0 mg/kg

27 Plasma samples
(8 mean concentrations)
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reliably sampling and measuring the dissolved PTX fraction in
peritoneal fluid (excluding the particles), PTX concentrations in

peritoneum were not determined. The lack of PTX measure-
ments in the peritoneum did not allow us to separately estimate

Fig. 2 Kaplan-Meier survival
curves of the mice with microscopic
peritoneal disease after
intraperitoneal treatment.
Toxicity-related death events are
indicated by the arrows.

Table 2 Parameter Estimates of the Final Population Pharmacokinetic Model and the Results of the Sampling Importance Resampling (SIR) Approach

Parameter Final model SIR results Meaning of parameter

Estimate (RSE%)
[Shrinkage%]

Median 95% confidence
interval

Fixed effects

CL (mL/h) 28.2 (6.6) 28.7 26.0 – 32.2 Clearance

Vc (mL) 11.4 (35.0) 12.4 6.3 – 19.7 Volume of distribution of central compartment

Q (mL/h) 24.6 (14.5) 25.4 17.5– 33.7 Inter-compartmental clearance

Vp (mL) 20.0 (6.3) 20.2 17.5 – 23.1 Volume of distribution of peripheral compartment

FORM2F1 0.468 (21.3) 0.479 0.262 – 0.682 Fraction of dose with first-order burst release for PTXETOH-GP-MS

FORM2K13 (1/h) 0.487 (10.8) 0.499 0.395 – 0.611 First-order burst release rate constant for PTXETOH-GP-MS

FORM2K23 (1/h) 0.0124 (8.4) 0.0123 0.010 – 0.014 First-order sustained release rate constant for PTXETOH-GP-MS

BIO2 0.13 (9.2) 0.13 0.11 – 0.15 Absolute bioavailability for PTXETOH-GP-MS

FORM34F1 0.25 (13.4) 0.25 0.18 – 0.33 Fraction of dose with first-order burst release for PTXnano-GP-MS

FORM34K13 (1/h) 0.0731 (11.9) 0.0747 0.0582 – 0.0942 First-order burst release rate constant for PTXnano-GP-MS

FORM34K23 (1/h) 0.00286 (35.0) 0.00303 0.00174 – 0.00457 First-order sustained release rate constant for PTXnano-GP-MS

BIO34 0.101 (18.2) 0.101 0.078 – 0.130 Absolute bioavailability for PTXnano-GP-MS

FORM5K13 (1/h) 0.44 (3.6) 0.44 0.406 – 0.480 First-order release rate constant for Abraxane

BIO5 0.429 (11.5) 0.438 0.344 – 0.546 Absolute bioavailability for Abraxane

Inter-individual variability (IIV)

FORM2F1 (CV%)a 258.6 (35.7) [52.6] 287.2 121.5 – 727.1

FORM34F1 (CV%)a 93.2 (31.5) [37.8] 100.4 62.4 – 145.5

BIO34 (CV%)a 41.9 (23.3) [34.6] 42.3 30.2 – 53.2

Residual variability for concentrations above LLOQ

Additive error (ng/ml) 0.789 (31.1) [15.3] 0.82 0.44 – 1.27

Proportional error (%) 22.8 (20.9) [15.3] 23.1 18.7 – 26.9

Residual variability for concentrations below LLOQ

Proportional error (%) 29.9 (39.2) [21.4] 31.6 22.2 – 40.0

a CV (%) is calculated according to: CV %ð Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

exp ω2ð Þ−1
p � 100%. ω2 : the variance estimate in the log-domain.
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the actual transmembrane absorption rate for different formu-
lations when the in vivo release rate is also estimated, and thus a
reported PTX peritoneal transmembrane rate constant
had to be adopted. We acknowledge that this is a sim-
plification of the reality of the physiological absorption
process of these formulations. We also acknowledge that
the predicted peritoneal PK profile from the PK model may
not fully reflect reality.

During the subsequent survival modelling, predicted peri-
toneal concentrations were used as the time-varying input for
treatment effects considering that the disease is limited to the
peritoneal cavity, whereas blood concentrations were assumed
to be responsible for the systemic toxicity effect on survival. To
describe the competing effects of PTX treatment and toxicity
on survival, a sigmoidal inhibition model of the toxicity effect
on KOUT was found to be optimal. Estimation of the
sigmoidicity factor was not supported by the data, it was thus
empirically fixed to a high value of 20. A sensitivity analysis on
this sigmoidicity factor at values of 5, 10, 20, and 50 was
performed to inspect its influence on parameter estimates
and model fit. The analysis demonstrated that the parameter
estimates (changes ≤ ± 10%) and model fit were not influ-
enced by sigmoidicity factor values between 5 and 50. The
IC50 estimate (0.695 ng/ml) is the PTX blood concentration
inflection point significantly producing (> 0.695 ng/ml)/not
significantly having (< 0.695 ng/ml) a drug-induced toxicity
signal on the hazard. Depending on the time period that the

blood concentration remains above the IC50, the accumulated
toxicity effect on the hazard can be lethal (e.g. 35 mg/kg
PTXnano-GP-MS) or non-lethal (e.g. 7.5 mg/kg PTX-GP-
MS). This indicates the importance of achieving an appropri-
ate concentration during dose optimization of PTX-GP-MS
to avoid a toxicity-lethal hazard, as demonstrated in the haz-
ard plot (Fig. 5) for the dose simulations of PTXnano-GP-MS.

The final survival model indicates that Nab-PTX has a
larger efficacy parameter than that of PTX-GP-MS. Indeed,
pharmacokinetic studies have demonstrated that, compared
with PTX, Nab-PTX is associated with a 9-fold greater pen-
etration of PTX into tissues and also a longer tissue retention,
thus potentially a higher activity (31). This is because Nab-
PTX consists of nanoparticle albumin-bound paclitaxel,
which exploits the natural interactions between albumin and
the gp60/caveolin-1 receptor pathway, thus leading to en-
hanced transport across endothelial cell monolayers and
greater delivery of paclitaxel to tumors (32). However, as an
immediate release formulation, Nab-PTX only provided a
very short drug exposure towards residual disease thus finally
resulted in a worse survival outcome compared to a sustained
release PTX-GP-MS formulation. We acknowledge that the
formulation vehicle effect of Nab-PTX was difficult to be cap-
tured in its entirety, hence the estimated αNab-PTX might to
some extent be a value to be used with caution.

Our study demonstrates that the local PTX concentration is
a better survival predictor than the BLI data. This might be due

Fig. 3 Schematic representation of the final PKPDmodel. The PKmodel is represented by the black blocks, while the PDmodel is displayed by the grey blocks.
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to the fact that BLI is a rather semi-quantitative method since
various endogenous and exogenous factors can impact the sig-
nal quantification and might lead to erroneous readouts (33).
Even with the final concentration-driven survival model, some
discordances were seen in the VPC plots across PTX formula-
tions. This might partly be explained by the sparse blood sam-
pling scheme and small sample size of the survival data. Sparse

blood sampling can impede the estimates of the IIV of popula-
tion PK parameters and may lead to less precise estimates of
individual PK parameters, whereas the small sample size can
lead to a large uncertainty of the observed Kaplan–Meier sur-
vival curve. For example, only the typical concentration-time
profile can be predicted for Nab-PTX because only six blood
concentrations were available. The difficulty of appropriately

Table 3 Model Development Path for Paclitaxel Survival Modelling

No. of mod Ref. mod OFV ΔOFV AIC No. of
estimates

No. of
mice

Description

1 (start model) 237.8 239.8 1 26 Control group (26 mice): Exponential distribution

2 1 172.9 -64.9 176.9 2 26 Control group (26 mice): Weibull distribution

3 1 179.8 -58.0 183.8 2 26 Control group (26 mice): Gompertz distribution

4 1 161.5 -76.3 165.5 2 26 Control group (26 mice): Log-logistic distribution

10 4 399.5 405.5 3 59 Add data of PTXEtOH-GP-MS (10 mice), PTXnano-GP-MS
(7.5 mg/kg, 10 mice) and Abraxane (12 mice): direct effect
model + Emax inhibition model (driven by peritoneal
concentration) on hazard rate

11 10 387.2 -12.3 395.2 4 59 Use delayed drug effect: effect compartment model

12 10 397.8 -1.7 405.8 4 59 Use delayed drug effect: transit compartment model (3 CMTs)

15 10 353.2 -46.3 363.2 5 59 Use delayed drug effect: indirect response model
(drug Emax stimulation effect on KOUT)

16 15 354.6 1.4 362.6 4 59 Linear simulation model on KOUT

25 16 343.3 351.2 4 58 Temporally remove the Abraxane group, and add data
of PTXnano-GP-MS (35 mg/kg, 11 mice)

26 25 315.7 -27.6 325.7 5 58 Incorporate drug-related toxicity effect on survival for all
PTX-GP-MS groups: sigmoidal inhibition model
(driven by systemic blood concentration) on KOUTof
the indirect response model (sigmoidicity factor fixed to 20)

27 26 420.0 430.0 5 70 Add Abraxane group

35 (final model) 27 393.7 -26.3 405.7 6 70 Consider different treatment effect between
Abraxane and PTX-GP-MS

28–34, 36–40 35 393.5 – 407.4 -1.9 – 12 407.5 – 419.4 6–7 70 Drug toxicity effect on KIN or directly on hazard; drug
toxicity Emax inhibition/exponential model on KOUT;
separate indirect response model for drug toxicity
effect; considering time-varying drug cell killing capacity;
inter-individual variability on population parameters, etc.

Table 4 Parameter Estimates of the Final Survival Model and the Results of the Sampling Importance Resampling (SIR) Approach

Parameter Final model SIR results Meaning of parameter

Estimate
(RSE%)

Median 95%
confidence interval

λ 0.0293 (2.4) 0.0293 0.0276 – 0.0310 Hazard coefficient of the log-logistic distribution

γ 9.67 (19.9) 9.64 6.82 – 12.87 Shape factor of the log-logistic distribution

αPTX-GP-MS (ml/ng) 8.59 (55.5) 9.65 4.59 – 16.16 Treatment efficacy parameter of PTX-GP-MS

αNab-PTX (ml/ng) 728.0 (63.9) 857.8 398.9 – 1475.5 Treatment efficacy parameter of Nab-PTX

IC50 (ng/ml) 0.695 (8.7) 0.682 0.534 – 0.838 Toxicity associated parameter, indicating the
blood concentration where the KOUT

is inhibited by 50%

KIN 0.00129 (54.1) 0.00120 0.000581 – 0.00222 Zero-order production rate

*The value of KOUT (first-order removal rate of drug response) equals KIN. The baseline of the drug response compartment is 1.
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modelling the underlying formulation vehicle effect (e.g. Nab-
PTX) on PKPD might be an additional explanation.

The main strength of this model is its ability to appropri-
ately describe the competing effects of PTX treatment

efficiency and toxicity on survival using a parametric ap-
proach. The ability to simultaneously model treatment and
toxicity effects on survival allows for a better understanding
of the overall drug effect. Also, as demonstrated, a PK driven

Fig. 4 Visual predictive checks of the final survival model, stratified by treatment group. The solid lines represent the observed data while the shaded areas
represent the 95% confidence intervals of the simulated data.

Fig. 5 Predicted hazard (upper
plot) and median survival probability
(bottom plot) of a typical subject
without PTXnano-GP-MS treatment
(no dose as control) or after
receiving different single doses of
PTXnano-GP-MS (7.5, 10, 12.5, 15,
20, 25, and 35mg/kg). The Y-axis of
the hazard plot is shown as square
root scale.
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PD model gives flexibility for using the model to simulate
unexplored scenarios to find the optimal dose achieving satis-
factory survival and avoiding unwanted lethal toxicity.

Our present study showed a pronounced improvement on
survival rate of a sustained release system (i.e. PTX-GP-MS)
over an immediate release system (i.e. Nab-PTX) in a micro-
scopic peritoneal carcinomatosis mouse model. PTXnano-
GP-MS was identified to be superior to PTXEtOH-GP-MS
and needs to provide a suitably sustained concentration to
avoid a toxicity-lethal hazard, as indicated by the PKPDmod-
el. Further simulations of new treatment regimens of
PTXnano-GP-MS indicate that 7.5 – 15 mg/kg seems to be
the optimal dose range to provide the optimal balance be-
tween efficacy and safety. The use of PKPD modelling and
simulation allows us to provide answers on the optimal effica-
cy and safety of new drug formulation faster and at a lower
cost. In the future, a prospective evaluation is warranted to
validate the findings from our simulation study. Also, further
efficacy and toxicity evaluations of PTX-GP-MS in other an-
imal models (non-rodent species) are planned. Thereafter, we
intend to combine all of the obtained pre-clinical knowledge
into a modelling framework aimed at deriving a suitable dos-
age form to be tested in a Phase I clinical trial.

Our results of PTX-GP-MS in a microscopic peritoneal
ovarian cancer disease mouse model align with earlier work
of other PTX sustained IP delivery formulations in peritoneal
cancer xenograft mice models with macroscopic tumor dis-
ease (21,22). Vassileva et al. demonstrated that an implantable
PTX drug delivery system gave about 30-fold lower tumor
burden and a 2-times higher survival rate in comparison to
intermittent Taxol® solution therapy in ovarian cancer
tumor-bearing mice (22). Similarly, a 2-times longer survival
extension of PTX loaded polymeric microparticles over pac-
litaxel Cremophor®EL solution in mice bearing human pan-
creatic tumors was reported by Tsai et al (21). Compared with
previously reported sustained PTX IP formulations, our de-
veloped PTX-GP-MS formulation has a dual application in
the treatment of advanced ovarian cancer: 1) the prevention
of peritoneal adhesions (pathological attachments between tis-
sues and organs of the abdominal cavity) after surgery (shown
in our previous work) (23) and 2) the improvement of the
efficacy of IP chemotherapy by providing a prolonged drug
delivery of a chemotherapeutic agent. Peritoneal adhesions
are a common complication after CRS that compromise qual-
ity of life by causing small bowel obstruction, chronic abdom-
inal pain and female infertility (34). The promising preclinical
results and the potential dual application of the concept in the
treatment modality of advanced ovarian cancers marks the
clinical relevance and supports the continued (pre)clinical
evaluation of the developed PTX-GP-MS.

A limitation of the study is the small sample size of the
survival data and the limited PK samples per mouse, a natural
limitation for this animal species. With more data, knowledge

of inter-individual variability in PK and uncertainty in surviv-
al could be obtained, which would further strengthen our
conclusions. Nevertheless, our work also demonstrates the
power and advantages of the non-linear mixed effects model-
ling approach, for pooling and maximizing the utility of this
limited amount of data in a way still suitable to inform dose
optimization, e.g. in early preclinical trials, even when inher-
ently confronted with sparse data.

CONCLUSION

In the current work, a PKPD model was developed to simulta-
neously describe the competing effects of efficacy and toxicity of
PTX on survival for PTX-GP-MS and Nab-PTX formulations
in mice with microscopic peritoneal carcinomatosis disease. The
developed model allows in a flexible way to explore the interplay
of positive treatment effects and toxicity of PTX on survival out-
come. PTXnano-GP-MS was identified as the most promising
IP drug delivery system for treating peritoneal minimal
residual disease, and model-based simulations indicate that
7.5 – 15 mg/kg seems to be the optimal dose range.
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