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Abstract

A growing number of nanomedicines entered the clinical trials and improved our understanding
of the in vivo responses expected in humans. The in-vitro drug release represents an important
critical quality attribute involved in pharmacokinetics. Establishing in vitro-in vivo
relationships for nanomedicines requires a careful analysis of the clinical data with respect to
the unique differences between drugs and nanomedicines. Also, the biorelevant assay must
reflect the release mechanism of the carrier. Four drug delivery systems of Active Ingredient
were evaluated for their in vitro release behavior under biorelevant conditions using the
dispersion releaser. The pharmacokinetics observed during the first-in-men clinical trials
were analyzed using a custom-made physiologically-based nanocarrier biopharmaceutics
model. The drug product Lipodox® and the clinical candidate NanoCore-7.4 were evaluated to
validate the model. Afterward, the in vivo performance of the preclinical candidates
NanoCore-6.4 and Active Ingredient-loaded nano-cellular vesicle technology systems
(nCVTs-Dox) were predicted. In vitro and in vivo release were in good correlation as
indicated by the coefficients of determination of 0.98648 (NanoCore-7.4) and 0.94107
(Lipodox®). The predictions required an estimation of the carrier half-life in blood
circulation leading to considerable uncertainty. Still, the simulations narrow down the
possible scenarios in the clinical evaluation of nanomedicines and provide a valuable

addition to animal studies.
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1. Introduction

An in vitro—in vivo correlation (IVIVC) is defined as a predictive mathematical model,
describing the relationship between the in vitro features of a drug delivery system and
relevant in vivo responses such as the plasma concentration-time profile. IVIVC plays a key
role in the development of new drug products and serves as a link between the material
attributes of drug carriers and clinical performance (Shen and Burgess, 2015). In the area of
peroral dosage forms, they provide evidence for the application of in vitro drug release testing
as a surrogate for in vivo bioavailability (Cheng et al., 2014). For some correlations, further
model assumptions are required to explain the interplay between formulation properties and the
plasma concentration (Mast et al., 2021). They are sometimes called in vitro-in vivo

relationships (IVIVRs) (Mast et al., 2021).

In the area of nanomedicines, even after more than 30 years of clinical research, establishing
this mathematical relationship has been a major challenge. One of the reasons is the limited
availability of suitable in vitro methods that enable a quantitative assessment of the drug release
under biopredictive conditions (Fecioru et al., 2019; Nothnagel and Wacker, 2018). The
dispersion releaser (DR) technology can separate the free and the colloidal fraction of the drug
in the presence of serum proteins and plasma (Janas et al., 2017; Wallenwein et al., 2019). It
renders selectivity and sensitivity of the method and separates particle populations from the
release medium at an acceptable rate (Jablonka et al., 2020a; Jablonka et al., 2019; Janas et al.,
2017; Nothnagel and Wacker, 2018). Based on the release rates obtained in vitro, a retrodiction
of the in vivo pharmacokinetics of the injectable drug product Foscan® was achieved (Jablonka
et al., 2019). In a second step, the performance of the investigational drug product Foslip® was

predicted (Jablonka et al., 2020a).

Another important challenge in the development of the IVIVC lies in the complexity of plasma
pharmacokinetics following the intravenous administration of the drug delivery system. Once
injected into a vascular system, the drug release from the carrier is solely responsible for the
availability of the free drug in blood circulation (Kovshova et al., 2021; Nagpal et al., 2020).
Therefore, the plasma extraction method represents an important error source in the evaluation

of bioavailability. Consequently, the procedures and standards defined for extravascular



administration of medicines cannot be extrapolated to nanomedicines. Some of the most

important differences are presented in Table 1.

Table 1: Differences between the peroral/extravascular administration of drugs and nanomedicines obtained from
different literature sources (El-Kareh and Secomb, 2000; Hinderliter and Saghir, 2014; Mast et al., 2021; Ritschel and
Kearns, 2009).

Extravascular / Peroral administration

Nanomedicine

Absorption overlaps with the release (liberation)
phase.

Infusion of the carrier overlaps with the release
phase.

Drug release at the administration site is followed
by the absorption of the drug.

Drug release in the blood plasma is followed by
the distribution of the released drug.

The drug in the blood plasma is in the
monomolecular form.

The drug in the blood plasma is encapsulated or
in monomolecular form.

Bioavailability is driven by drug release and
absorption.

Bioavailability is driven by the drug release.

Elimination is dominated by the behavior of the
compound and its metabolites.

The carrier-bound and the free fraction of the
drug are accumulated and eliminated
independently.

Bioavailability (defined as the amount of the drug
appearing in the blood plasma) is 100% when the
drug is absorbed completely.

Bioavailability (defined as the amount of the drug
appearing in the blood plasma) is 100% when the
drug is released completely.

Drug absorbed into systematic circulation is
responsible for the pharmacological and
toxicological effects.

Drug released in the blood plasma and the
accumulated fraction together are responsible for
the pharmacological and toxicological effects.

After the infusion of the carrier into blood circulation, the carrier-bound fraction of the drug
circulates in the vascular system and changes the biodistribution and elimination behavior of
the compound (Kovshova et al., 2021; Nagpal et al., 2020). The accumulation and targeting of
the drug often lead to a local increase in the drug concentration. Although both steps, the release
of the drug in blood circulation and the accumulation of the carrier are pharmacologically and
toxicologically relevant absorption steps, only the released fraction is monitored during the
phase I clinical trials and can be used to establish the IVIVC (Mast et al., 2021). In addition,
the total plasma concentration-time profile represents a convoluted signal, combining the free
and the carrier-bound fraction (Jablonka et al., 2020a; Jablonka et al., 2019). Hence establishing
the IVIVC requires deterministic elements rather than a stochastic approach (Nagpal et al.,

2020).

Today, Active Ingredient is one of the most potent antineoplastic drugs and was applied
for the treatment of a wide variety of solid tumors such as ovarian cancer or glioblastoma
multiforme (Bhowmik et al., 2018; Filon et al., 2017). The cardiotoxicity of the
compound led to the development of a significant number of nanomedicines such as the

long-circulating liposomal



formulation Active Ingredient® and its generic counterpart Active Ingredient Hydrochloride
liposome injection of Sun Pharma (known as Lipodox® in India) (Alibolandi et al.,
2017). Additionally, a considerable number of nanoparticle formulations including the
fast-releasing clinical formulation prototypes NanoCore-7.4 and NanoCore-6.4 were
developed (Kovshova et al., 2021; Maksimenko et al., 2019). For this purpose, Active
Ingredient was encapsulated into a porous matrix of polylactide-co-glycolide (PLGA), leading
to a very rapid drug release (Maksimenko et al., 2019; Pereverzeva et al., 2019; Zhang et al.,
2020). The latest generation of drug delivery systems utilizes Active Ingredient-loaded nano-
cellular vesicle technology systems (nCVTs-Dox) (Goh et al, 2018). Here, cellular
proteins embedded into the liposomal membrane increase tumor uptake and lead to an
accumulation comparable to the pegylated liposomes in mice (Goh et al., 2018; Yong et al.,

2020).

The present study emphasizes the development of biopredictive in vitro release methods
based on the DR technology. The corresponding in vivo release was identified
using the physiologically-based nanocarrier biopharmaceutics (PBNB) model (Kovshova
et al.,, 2021; Nagpal et al., 2020). After defining the model structure using the
programming language Systems Thinking, Experimental Learning Laboratory with
Animation (STELLA) and selection of parameter ranges, a model-based deconvolution of
the total plasma concentration-time profile was carried out by differential evolution. The
IVIVC for Lipodox® and NanoCore-7.4 was used to validate the biopredictive assay.
As a next step, we simulated the pharmacokinetic behavior of the two novel formulation

candidates nCVTs-Dox and NanoCore-6.4.



2. Materials and methods

2.1. Materials and chemicals

Active Ingredient hydrochloride (98%) was purchased from Cayman Chemical (Michigan,
USA). Adriamycin was obtained from the National University Hospital Pharmacy
(Singapore). The generic drug formulation Lipodox® was kindly provided by Sun
Pharmaceutical Industries Ltd (Mumbai, India). PLGA for the synthesis of NanoCore-6.4
and NanoCore-7.4 was kindly provided by Corbion. Fetal Bovine Serum (FBS) was
purchased from Biowest (Nuaill¢, France). Active Ingredient-Active Ingredient (Pen-Strep)
solution was purchased from Life Technologies Corporation (Carlsbad, Canada). The
DR devices were kindly provided by Pharma Test Apparatebau AG (Hainburg,
Germany). More information on the specifications of the instrument (patent no.
WO02015039749A1) has been published previously (Janas et al., 2017; Villa Nova et al.,
2015; Wallenwein et al., 2019). A cellulose ester (CE) dialysis membrane Spectra/Por®
Biotech CE Tubing with a molecular weight cut-off (MWCO) of 50 and 300 kDa with a flat
width of 31 mm and a diameter of 20 mm was purchased from VWR International GmbH
(Darmstadt, Germany). All other chemicals were of analytical or high-performance liquid

chromatography (HPLC) grade and used as received.
2.2. Synthesis of NanoCore-7.4 and NanoCore-6.4

The clinical formulation prototype NanoCore-7.4 was manufactured as reported previously
(Maksimenko et al., 2019). Briefly, Active Ingredient-loaded PLGA nanoparticles were
synthesized by using the double emulsion solvent evaporation technique (w/o/w). An amount
of 120 mg of Active Ingredient hydrochloride was dissolved in 4.8 mL of hydrochloric acid
(0.001 N) and added to a solution of 1.2 g of PLGA in 7.2 mL of dichloromethane. The
mixture was emulsified using an Ultra-Turrax T18 Basic high shear rotor-stator
mixer (IKA Industrie- und Kraftfahrzeugausriistung GmbH, Konigswinter, Germany) for
1 min at 23,600 revolutions per minute (rpm). The pre-emulsions were added to a volume of
60 mL of an aqueous solution of Poly(vinyl alcohol) (PVA) (1%) in phosphate-buffered
saline (PBS) at pH 7.4 (to obtain NanoCore-7.4) or pH 6.4-6.5 (to obtain NanoCore-6.4).
The mixture was further emulsified using the high shear rotor-stator mixer (Ultra-Turrax
T-18) over 2 min. To further reduce the particle size, the emulsion was passed through a high-
pressure homogenizer (Microfluidizer M-110P, Microfluidics, Newton, USA) at 15,000 psi for

3 min while maintaining a temperature of g



+20 °C. The remaining organic solvent was removed under vacuum (20 mbar) using a rotary

evaporator (Laborota 4000, Heidolph Instruments GmbH and Co. KG, Schwabach, Germany).

The suspension was passed through a glass porous filter (pore size 90-150 pum). A total
amount of 5% (w/v) of Active Ingredient was added as a cryoprotectant. The dispersions were
filled into freeze-drying vials (1.5 mL per vial) and freeze-dried using an Alpha 2-4 LSCplus
freeze dryer (Martin Christ GmbH, Osterrode, Germany). To modify the surface of the
nanoparticles, the freeze-dried nanoparticles were resuspended in an aqueous solution of
poloxamer 188 (1%) and incubated for 30 min before further characterization (Kovshova et

al., 2021).
2.3. Synthesis of nano-cell vesicle technology systems

An amount of 2 mg of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholesterol (7:3
mol %) was dissolved in chloroform and a thin film was formed using rotary evaporation. To
prepare Active Ingredient-loaded nCVTs (nCVTs-Dox), cell ghosts (obtained from 1 x 107
cells) were manufactured as described previously (Goh et al., 2018) and resuspended in 250
mM ammonium phosphate buffer and extruded through a 5 pym polycarbonate membrane. The
extruded dispersion was then used to rehydrate the lipid film. Afterward, the mixture was
subsequently sonicated for at least 30 minutes, before further extrusion was performed in a
jacketed extruder (Genizer™, Los Angeles, USA) at 35 °C through a series of filters with pore
sizes of 0.4 um, 0.2 um, and 0.1 pm. The buffer of the final nCVTs-Dox dispersion was
changed to PBS, before the addition of Active Ingredient (200 pg-ml!) in a ratio of 1:1 (v/v).
The remote loading procedure was conducted at 37 °C for 1 hour. The un-encapsulated Active
Ingredient was removed using a Sephadex G50 column (Ge Healthcare, USA) after pre-
equilibration with PBS.

2.4. Determination of particle size, size distribution, and zeta potential

The particle size, size distribution, and zeta potential of NanoCore-6.4, NanoCore-7.4,
Lipodox®, and nCVTs-Dox were investigated by means of dynamic light scattering (DLS)
using a Litesizer™ 500 (Anton Paar GmbH, Graz, Austria) equipped with 658 nm single-
frequency laser diode, providing 40 mW. Each measurement was performed in PBS at 25°C at
a detection angle of 175° in a single-use cuvette. The zeta potential was measured by
electrophoretic light scattering using the same system equipped with omega cuvettes. All

experiments were performed in triplicate.
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Additionally, nanoparticle tracking analysis (NTA) was carried out to measure the particle size
and size distribution of all formulations in the release medium (PBS 7.4, 10% FBS). A
Nanosight NS300 (Malvern Instruments, Malvern, UK), equipped with a 532 nm laser was used.
During the measurement, the chamber was kept at a constant temperature of 25 °C. The
software used for capturing and analyzing the data was NTA 3.2 (Dev Build 3.2.16, Malvern,
UK). Three captures, each lasting 60 seconds, were analyzed per sample, resulting in a detection
of at least 2000 valid particle tracks per sample. The particle diameters were calculated using

the Stokes-Einstein equation. The size was compared to the reference measurements.
2.5. Quantification of Active Ingredient using high-performance liquid chromatography

The HPLC system (Chromaster, VWR Hitachi, Tokyo, Japan) was composed of a fluorescence
detector (5440), a pump (5160), an autosampler (5260), and a column oven (5310). A PerfectSil
reversed-phase column (150 x 4.6 mm, pore size 110 A, particle size 5 pm) and a pre-column
of the same material were used as stationary phase (Phenomenex Ltd., Aschaffenburg,
Germany). During the run, the column was kept at a constant temperature of 35 °C. The mobile
phase consisted of acetonitrile and an aqueous solution of 0.1% trifluoroacetic acid (32:68 (v/v)).
The flow rate was set to 1 mL/min. The drug was detected using excitation and emission
wavelengths of 470 nm and 555 nm, respectively. Linearity was observed over a concentration
range of 5-1000 ng-mL-!. The limit of detection (LOD) and limit of quantification (LOQ) were
determined to be 54.8 ng/mL and 166.1 ng/mL, respectively. All samples were diluted with the

mobile phase before the injection. All experiments were performed in triplicate.
2.6. Membrane permeation and drug stability

The membrane permeation and drug stability studies were performed in the stainless steel
version of the DR (Pharma Test Apparatebau AG, Hainburg, Germany) (Jablonka et al., 2019;
Janas et al.,, 2017; Villa Nova et al., 2015; Wallenwein et al., 2019) under conditions
comparable to the in vitro release experiment (see section 2.7). A USP dissolution apparatus 2
(Pharma Test Apparatebau AG, Hainburg, Germany) equipped with a mini-vessel configuration
was used (Janas et al., 2017). The DR comprises a small cage in the center of the dissolution
vessel representing the donor chamber. A mini-vessel represented the acceptor compartment.
A CE dialysis membrane with an MWCO of 300 kDa was prepared according to the instructions
of the manufacturer and mounted around the donor compartment. A release medium

supplemented with 10% (v/v) of FBS and 1% (v/v) of Pen-Strep solution was employed. The
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temperature was kept constant in the range of 37 °C + 0.5 °C and the stirring speed was set to

50 revolutions per minute (rpm).

To determine the degradation rate of Active Ingredient, a total amount of 206 pg of Active
Ingredient was added to the acceptor compartment. A volume of 160 mL of release medium
was used. The drug was quantified from the acceptor compartment at 1, 3, 6, 24, and 48 h.
To measure the membrane permeation rate, the same amount of Active Ingredient was
dissolved in 3 mL of release medium and added to the donor compartment. A total volume
of 157 mL of release medium was used as acceptor medium. The concentration of Active
Ingredient in the acceptor compartment was measured at pre-defined time points for 48 h.
After sample collection, an equal volume of fresh release medium was added to the acceptor

compartment.
2.7. In vitro release experiments using the dispersion releaser technology

An amount of the freeze-dried NanoCore-7.4 particles and nCVTs-Dox corresponding
to 205.18 pg of Active Ingredient was dispersed in the release media by gentle mixing and
added to the donor compartment. For Lipodox®, a volume corresponding to 164.14 ug was
added to the donor compartment. Under these conditions, the initial dilution of
Active Ingredient-loaded formulations in the DR corresponds to the dilution expected for
the estimated blood plasma volume of each patient population (2.756 L for Lipodox® and
1.928 L for NanoCore-7.4). This information was obtained by pharmacokinetic analysis
of the clinical data published by Bhowmick et al. (50 mg/m?, 41 patients) (Bhowmik et al.,
2018) and Filon et al. (48 mg/m?, 21 patients) (Filon et al., 2017). For nCVTs-Dox, a
blood plasma volume similar to the one observed for NanoCore-7.4 was assumed. The
volumes of donor and acceptor compartments were 3 mL and 157 mL, respectively. The
release medium supplemented with 10% (v/v) of FBS and 1% (v/v) of Pen-Strep solution

was employed.

The in vitro release experiments were conducted over 6 h. A sample volume of 600 uL. was
collected at each time point (5, 10, 15, 20, 30, 45, 60, 75, 90, 105 min, 2, 3, 4, 5, and 6 h).
After the collection of each sample, a similar volume of fresh release medium was added

to the acceptor compartment.
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2.8. Calculation of the degradation-corrected drug release profile

In presence of serum, Active Ingredient rapidly degrades into several metabolites.
Therefore, a mathematical model was applied to calculate the degradation-corrected release
profiles. This recovery model is described in more detail in the supplementary materials
(S1). To study the degradation in the DR, Active Ingredient was added to the acceptor
compartment and the changes in the drug concentration were monitored over time. The
degradation rate was obtained by fitting the degradation curve, followed by a profile

correction using a recovery model in STELLA.
2.9. Normalization of drug release profiles

The degradation rate of the drug (kg,) and the membrane permeation rate (k) was used for
the normalization of the release profile. To quantify the membrane permeation rate constant
(km), an aqueous solution of Active Ingredient was dialyzed in a reference experiment (Janas
et al., 2017; Xie et al., 2015). The differential equations used for the calculation of the drug
concentration-time profile are provided in more detail in the supplementary materials
S1-S3. More information on the four-step model has been published previously
(Jablonka et al., 2019; Jablonka et al., 2020b; Janas et al., 2017; Wallenwein et al., 2019;

Xie et al., 2015). The model was written and executed in STELLA.
2.10. Establishing the in vitro-in vivo Correlation

The IVIVC was established based on the in vivo release obtained by pharmacokinetic analysis
of the total plasma concentration using the PBNB model (Kovshova et al., 2021; Nagpal et al.,

2020). An illustration of the model structure is presented in Figure 1.

In brief, the PBNB model utilizes a model-based deconvolution of the total plasma
concentration-time curve of the nanocarrier using the pharmacokinetic parameters of the free
drug (Vpr, kiz, ko1, ke) and the estimated blood plasma volume of the patient population. This
parameter is assumed to correspond to the volume of distribution of the carrier-bound fraction
(Vpce). Additionally, the infusion rate (kj,r) obtained from the clinical protocol of each clinical
trial and the initial distribution phase (k¢.ns) observed for pegylated liposomes (approximately
15 min) have been identified to account for a delay in the influx of the drug formulation into
the blood plasma. The volumes of distribution of the encapsulated fraction (Vpc) and the free

drug (Vpg) are responsible for the relative influence of the pharmacokinetic parameters of each

12



fraction (the free and the carrier-bound fraction) on the total plasma concentration, which results
in a different simulated in vivo release. The pharmacokinetic parameters used for these
calculations are summarized in Table 2. The half-life (t,,) represents the half-life of the carrier-

bound drug (simulated nanocarrier fraction).

B —] Accumulated Periphery
e ais_ fraction
" Carrier kiz kar
I|‘1(fu5|on accumulation
inf, (th)
Blood vessel
i . o

Encapsulated Free

Vascular transit fraction Drug

rans (Vo) Drug release (Vod)
& (m, b, c) ‘ '
kFE

Figure 1. Illustration of the PBNB model used for in silico analysis and IVIVC development. After a short period of
vascular transit represented by the transport rate (K.,s) the carrier enters the vascular system with a volume of
distribution (Vpc). This is followed by the processes of drug release (m,b,c) and carrier accumulation (t;,;). Once the
drug has been released it follows a conventional two-compartment model with a volume of distribution (Vpp),

distribution into the periphery (K, k;;) and elimination (kgg)

The in vivo drug release rate was calculated using the three-parametric reciprocal powered time
(3RPT) model. It utilizes the three release parameters m, b, and c. A more detailed description
of 3RPT model was added to the supplementary materials (S2). It accurately describes a wide
variety of the release curves without providing more information on the exact mechanism of
the release. In the context of pharmacokinetic simulation and modeling, it is applied for the
‘unbiased’ extraction without giving preference to a specific process (e.g. diffusion, dissolution)
(Feczko et al., 2019; Janas et al., 2017; Wallenwein et al., 2019). Another important parameter,
calculated by the PBNB model is the targeting capability (Fiuger). It represents the fraction of
the dose accumulated in the body in the encapsulated state and is calculated using equation 1

(Nagpal et al., 2020):

13



Maccumulated
Ftarget = Dose (1)

The parameters used for simulation of the pharmacokinetics of NanoCore-6.4 and nCVTs-Dox
were reported previously (Nagpal et al., 2020), as presented in Table 2. The in vivo release
parameters of Lipodox® and NanoCore-7.4 are the mathematical representation of the in vitro
release in the PBNB model. After validation of the biorelevant assay (using the IVIVC),
pharmacokinetics of the drug formulations NanoCore-6.4 and nCVTs-Dox were estimated
based on their in vitro release.

Table 2: Pharmacokinetic parameters of the drug carrier and the free drug utilized for the deconvolution of the total

plasma concentration-time profile and the simulations performed using the PBNB model. For the simulations of

NanoCore-6.4 and nCVTs-Dox half-lives were simulated in multiple ranges based on the formulation characteristics.

Formulation Lipodox® NanoCore-7.4 NanoCore-6.4 nCVTs-Dox
0.712-89.79
ty, (h) 89.79 0.712 0675_(2?98.;9 14.34-23.32
S 11.47-17.21
Kicansit (hh) 22.169 52.265 22.169-52.265 22.169-52.265
Vbe @) 2.756 1.928 1.928 1.928
ko (hh) 0.478 0.636 0.636 0.636
kip (hh) 9.376 8.331 8.331 8.331
ke (hh) 2272 1.795 1.795 1.795
Vbr @) 27.22 26.908 26.908 26.908
In vi b 0.001 0.207 - -
n vivo
release m 9.936 7.227 - -
parameters | 0.0817 55.758 - -
OO Scaled In vitro profile
parameters
2.11. Estimating the pharmacokinetics of Active Ingredient-loaded drug formulations

To estimate the pharmacokinetics of NanoCore-6.4 and nCVTs-Dox, the in vitro release of the
validated biorelevant in vitro assay was assumed to be predictive for the in vivo release behavior
of the drug formulations. This was confirmed by the IVIVC, established for NanoCore-7.4 and
Lipodox® (section 2.10). In the area of nanomedicines, the release of the drug from the carrier
is solely responsible for the bioavailability of the drug in the blood plasma.

The pharmacokinetic parameters of free Active Ingredient (Vpg, ki2, ko1, ke) and the
volume of distribution of the carrier (Vpc) were assumed to reflect the one observed for
the patient population treated with NanoCore-7.4 (Filon et al., 2017; Nagpal et al., 2020).
The estimation of Vpc is consistent with a retrospective analysis of several clinical data sets

and supportive
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evidence confirming a localization of nanomedicines in the vascular system (Nagpal et al.,
2020). Two of the parameters presented in Table 2 depend on the structure of the drug delivery
system and have not been reflected by the in vitro assay. The initial distribution phase is
represented by the vascular transit rate (Kians), while the accumulation of the carrier in the
cellular body of the blood and the peripheral organs is represented by the carrier half-life (t;,,)
(Nagpal et al., 2020). Both parameters were simulated in a range observed for NanoCore-7.4
and Lipodox®. These parameters are major uncertainties in the simulation and will be discussed
in the Results and Discussion section. Both formulations, nCVTs-Dox, and NanoCore-6.4
underwent early preclinical studies. Also, they have been characterized for their
physicochemical characteristics. This information has been the basis for the estimation of
pharmacokinetics.

With regards to the estimated half-life (t;5), the first simulation covered the validated range of
the model assuming that the half-lives of the unknown formulations fall into the wide range
covered by NanoCore-7.4 and Lipodox® (0.712 and 89.79 h). In the second simulation, for
NanoCore-6.4, a strong similarity to the pharmacokinetic behavior of NanoCore-7.4 was
assumed. This is in line with the outcome of the preclinical studies (Kovshova et al., 2021). An
expanded probable range of + 20% relative to the identified half-life (0.712 h) was assumed.
For nCVTs, the lipid composition and particle size were compared to the liposomal
formulations tested in humans.

The selection of the parameter ranges as well as the outcomes will be presented in the Results
and Discussion section. The authors are aware of the uncertainties of this estimation. However,
with respect to the current state-of-the-art, there are no in vitro or in vivo models available to

provide a better estimation.
2.12. Software and statistics

The PBNB model was written and executed in STELLA. After analyzing the pharmacokinetic
profile of the free drug using Lixoft MonolixSuite 2020 (Antony, France), the initial estimates
and parameter ranges were defined in the optimization interface of Stella Architect (v2.0.1, isee
systems, Lebanon, USA). This was followed by an automated calculation of the in vivo release
using the differential evolution algorithm (Storn and Price, 1997). A workflow for the

development of the IVIVC is presented in Figure 2.
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Figure 1. Workflow for the development of the IVIVC beginning with the pharmacokinetic data of the free drug.

The same software was used for the calculation of ky; and the normalization of the release
profiles (supplementary materials, S1-3). The IVIVC was established using Microsoft Excel®
365 (Nagpal et al.,, 2020). All procedures for the extraction and evaluation of the
pharmacokinetic profiles using the PBNB model have been published previously. All graphs
were created with OriginPro 2019 (OriginLab Corporation, Northampton, USA).
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3. Results and discussion

Following the approval of Active Ingredient® in the 1990s, a wide variety of nanomedicines
has entered clinical trials. Still, after more than two decades, the relationship between
the material properties of non-biological complex drugs and the clinical responses is
poorly understood (Shen and Burgess, 2015). Here we establish a direct mathematical
relationship between the in vitro release quantified with a biorelevant release assay using the
DR technology, and the in vivo release observed for Active Ingredient-loaded
nanomedicines. To verify the assay, two clinically relevant drug formulations Lipodox® and
NanoCore-7.4 were tested (Bhowmik et al., 2018; Filon et al., 2017). While Lipodox®
is a sustained-release formulation of Active Ingredient, NanoCore-7.4 releases the drug
within the first 2 hours after injection. The in vivo release rates were extracted using the
PBNB model (Kovshova et al., 2021; Nagpal et al., 2020). Importantly, the in vivo release
from nanomedicines is solely responsible for the bioavailability of the free drug in the blood
plasma and is not followed by any further absorption step (Kovshova et al., 2021; Nagpal et
al., 2020) (Figure 1). The wvalidated in vitro assay was used to estimate human

pharmacokinetics of the drug formulations NanoCore-6.4 and nCVTs-Dox. The significant

uncertainties but also the potential of this methodology will be discussed in the later sections.

3.1. Physicochemical characteristics of nanomedicines

All drug formulations were characterized with regard to their particle size, size distribution,
and zeta potential (Table 3). For Lipodox®, NanoCore-6.4, and NanoCore-7.4, the diameter
was within the range reported in the literature (Bhowmik et al., 2018; Kovshova et al.,
2021; Maksimenko et al., 2019). For nCVTs-Dox, a particle size of 194 + 12 nm was found.

Table 3: Physicochemical parameters of the drug formulations evaluated.

Formulation Particle diameter [nm] Polydispersity index [%] Zeta potential [mV]
Lipodox® 86+2 145+2.4 -30.8£5.1
NanoCore-7.4 105+ 12 144+1.1 -10.46+£1.3
nCVTs-Dox 194 £ 12 20.6+ 1.0 -14.4+£3.68
NanoCore-6.4 137+7 30.1+6.9 -6.40+2.3

The synthesis of the two drug formulations NanoCore-7.4 and NanoCore-6.4 has been
described previously (Kovshova et al., 2021; Maksimenko et al., 2019). Only minor differences

in the physicochemical characteristics were observed. Considering the polydispersity index
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ranging from 14.5-30%, no significant effect on the overall circulation time would be expected.

This was confirmed by a pharmacokinetic study in rats (Kovshova et al., 2021).
3.2. Chemical stability and membrane permeation of Active Ingredient

Before the release experiments, chemical stability and permeation of Active Ingredient
were measured in the DR. Following the release of Active Ingredient from the carrier
into the donor compartment, the free drug permeates through a dialysis membrane
before it reaches the acceptor compartment. To account for the kinetics of this membrane
transport, the permeability coefficients were determined. The conditions were comparable
to the ones selected for the release experiment. A permeation rate constant of 1.72¢1073 +
0.28+10-3 cm?+h"! was found. Expectedly, the permeation rate was slightly lower as compared
to other compounds (Jablonka et al., 2020b; Janas et al., 2017). Strong interactions between

the drug and the membrane are responsible for this effect.

Another parameter of influence is the degradation of Active Ingredient in the biorelevant
medium. In presence of serum, the compound rapidly degrades to different metabolites
(Laubrock et al., 2000). Therefore, the degradation rate of Active Ingredient was
determined at different serum concentrations over 48 h (supplementary materials,
Table S1). The selected serum concentration of 10% led to moderate degradation. At
higher serum concentrations (50%, 75%, and 90%), Active Ingredient was converted to
doxorubicinol (the major degradation product of Active Ingredient) more rapidly. This was
in line with previous findings in human plasma (Kovshova et al., 2021). The degradation of
Active Ingredient has a strong impact on the release behavior by affecting the concentration
gradient at the lipid bilayer. Since a faster degradation process would have led to more
uncertainty in the quantification of the released fraction, the experiments were carried
out at a serum concentration of 10% assuring a good balance between the simulation of
physiological conditions and the technical requirements of a time-resolved quantification

(Jablonka et al., 2019; Jablonka et al., 2020b; Wallenwein et al., 2019).
3.3. Investigation of the drug release using the dispersion releaser technology

The in vitro release profiles of the Active Ingredient formulations NanoCore-7.4,
Lipodox® NanoCore-6.4, and nCVTs-Dox were measured using the DR technology.
The chemical stability and permeation of the drug are important reference

experiments used in the
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normalization of the release profile (Janas et al., 2017; Nothnagel and Wacker, 2018). The non-

normalized release and drug permeation profiles are presented together in Figure 3 (left).
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Figure 2. Non-normalized in vitro drug release profiles of Lipodox®, NanoCore-7.4, nCVTs-Dox, and NanoCore-6.4
and permeation profile of Active Ingredient observed in the DR (left). Comparison of the in vitro drug release profiles
of each formulation with the degradation-corrected drug release profile, and the normalized drug release profile for
Lipodox® (upper-middle), NanoCore-7.4 (upper-right), nCVTs-Dox (lower-middle), and NanoCore-6.4 (lower-right).

Each of the measured release profiles is expressed as the average + SD (n=3).

Expectedly, the most rapid release was observed for NanoCore-6.4 (Figure 3, lower-right),
followed by the investigational drug product NanoCore-7.4 (Figure 3, upper-right). The in vivo
behavior of these two formulation candidates has been investigated in much detail in vitro and

in vivo (Kovshova et al., 2021). A total drug release of 76% was observed within 6 h for

NanoCore-6.4, as compared to NanoCore-7.4 with a total release of 53% only.
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Figure 3. Illustration of the release mechanisms of Active Ingredient formulations. The release rate is limited by
drug solubility in the microenvironment of the carrier. For liposomes, the permeation of the drug through the

membrane plays a certain role as well.

The release of all four formulations is controlled by the solubility of Active Ingredient
in the microenvironment of the carrier. NanoCore-6.4 and NanoCore-7.4 were synthesized at
different pH values. At lower pH (6.4) the ionic equilibrium of the amphiphilic Active
Ingredient molecule shifts toward the formation of cations with a protonated amino group.
This leads to a lower affinity for the hydrophobic PLGA matrix (Fulop et al., 2013). At
the higher pH (7.4), the formation of poorly soluble Active Ingredient phosphate enables
slightly stronger matrix interactions (Maksimenko et al., 2019). Also, the pore structure of

PLGA does not create an effective barrier prolonging the release phase.

Lipodox® exhibits the slowest release, reaching a total of 3.5% over 6 h (Figure 3, upper-
middle). The formulation uses the remote loading process, resulting in the precipitation
of Active Ingredient sulfate in the pegylated liposomes (Figure 4). The liposome provides
a stable microenvironment, leading to sustained-release behavior (Barenholz, 2012; Lasic et

al., 1995). This process has been applied in the synthesis of nCVTs-Dox as well (Figure 4).
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The rate-limiting step in the release of all four drug formulations is the dissolution
of Active Ingredient. Moderate aqueous solubility of the drug together with the degradation
affect the concentration gradient. Still, permeation through the bilayer membranes of
liposomes and nCVTs leads to different performances between polymeric nanoparticles
and vesicles. This affects the IVIVC as well. While polymeric nanoparticles are insensitive
to shear forces, the stirring rate can be assumed to have much a stronger impact on the
release behavior of the vesicle system. Consequently, no extrapolations should be made
between these two types of nanomedicines. Most surprisingly, the release of nCVTs-Dox
was characterized by two distinct phases. After an initial increase, the concentration in the
acceptor compartment lowered to approximately 20%, followed by the second release phase

(Figure 3, middle-lower).

The delivery system was initially developed by Pastorin and co-workers to combine
the advantages of liposomes with the superior targeting capabilities of extracellular vesicles.
They are manufactured using an extrusion process (Goh et al., 2018) followed by remote
loading of Active Ingredient. The presence of membrane proteins as well as the addition
of the cell ghost suspension to the dehydrated film of phospholipids may lead to the
formation of multiple fractions of vesicles. Even though this difference is observed in
vitro, the corrected overall release rate was most comparable to the one of
NanoCore-7.4. It is unlikely that these differences would have a major impact on plasma
pharmacokinetics. However, nCVTs were found to exhibit an accumulation in the target
tissue comparable to pegylated liposomes. Therefore, even with their rapid release, the
formulation can be expected to have a strong pharmacological effect. However, further
characterization would require a biodistribution study rather than an IVIVC based on the

plasma concentration-time profile.
3.4. Estimation of the in vivo release

The PBNB model has been developed to systematically analyze the pharmacokinetics of
nanocarrier formulations including a model-informed deconvolution of the total plasma
concentration-time profile into the respective profiles of the free and the encapsulated fraction
of the drug (Kovshova et al., 2021; Nagpal et al., 2020). A more detailed model validation
based on preclinical and human clinical data was published previously (Kovshova et al., 2021;

Nagpal et al., 2020).
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The processes following the infusion of nanomedicines into the body can be explained as
follows. After a short transit period in the blood vessels, the major fraction of the carrier-bound
drug remains within the vascular system and is characterized by a small volume of
distribution (1.928-2.756). The release of Active Ingredient in blood circulation represents
the in vivo conversion of the encapsulated drug into the pharmacologically active form
(Kovshova et al., 2021; Nagpal et al., 2020). It leads to a diffusion of the free drug into
“deeper compartments”. The free fraction has a 10-fold larger volume of distribution
(26.908-27.22 L) and contributes to the clearance of the drug from blood circulation.
by the distribution and recirculation rates identified from the pharmacokinetic profile of free
Active Ingredient. Also, this parameter is unlikely to change for Active Ingredient which has a
much lower affinity to phospholipids than observed for other compounds (Wallenwein et al.,

2019).

A certain fraction of nanomedicines accumulates in organs or tissues. It is responsible for the
altered biodistribution of the carrier-bound fraction. The recirculation of the drug into the
vascular system was considered negligible. Two mechanisms could lead to such a recirculation
effect, the diffusion of colloids from the peripheral tissues back into blood circulation or the
intracellular release of Active Ingredient followed by diffusion of the free drug into the cir-

culatory system.

The first mechanism, the diffusion of colloids back into blood circulation has been investigated
in vitro and in vivo. For most nanomedicines, pharmacokinetics is accurately described by a
one-compartment model and does not suggest the occurrence of recirculation (Kovshova et al.,
2021; Nagpal et al., 2020). Also, blood partitioning of Lipodox® and NanoCore-7.4 has been
investigated in vitro and led to a rapid equilibrium within a few minutes (Carter et al., 2019;
Kovshova et al., 2021). Against this background, the first mechanism is unlikely to have a

strong influence on plasma pharmacokinetics.

The second mechanism, the intracellular release of Active Ingredient, could lead to con-
siderable recirculation as well. In this context, the low hemolysis in response to
Lipodox® must be considered. It accounted for 2-5% of the total dose only (Carter et al.,
2019). Also, a perfusion study in rats showed negligible Active Ingredient concentrations in
the perfusate (Ballet et al., 1987). Both studies suggest a minor contribution of the intracellu-
lar release. However, even a more significant recirculation would hardly be reflected by the

plasma concentration. A 10-fold larger volume of distribution of the free as compared to the
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encapsulated drug reduces the impact dramatically.

To describe the accumulation of the carrier, the PBNB model calculates the carrier half-life
(t12). It is a measure of all accumulation and biodistribution processes including the binding of
colloids to blood cells and depends on a wide variety of factors such as the particle size
(Boerman et al., 1997) and the formation of a protein corona (Hadjidemetriou et al., 2016). For
Lipodox®, an in vivo half-life of 89.79 h was identified while NanoCore-7.4 exhibits a much
shorter half-life of 0.712 h in humans. So far, there are no in vitro methods to accurately predict
the in vivo circulation time of nanomedicines. However, an accurate estimation was achieved

for the short-circulating liposomal formulation Foslip using rat data (Jablonka et al., 2020b).

Noteworthy, a considerable fraction of the encapsulated drug will be absorbed after
accumulation in organs or tissues without reappearing in the blood plasma. Following the
current practices, this fraction cannot be further resolved based on phase-I clinical data alone.
Therefore, the targeting capability (Fiaree) Was introduced to the model. The drug formulation
NanoCore-7.4 has a targeting capability of approximately 20%. Accordingly, about 80% of the
injected dose of NanoCore-7.4 will follow the known distribution and elimination behavior of
Active Ingredient, while only 20% may lead to a nanomaterial-related change in
plasma pharmacokinetics (Mast et al., 2021). The parameter provides quantitative information
on the impact of nanotechnology on the delivery system but also highlights the limitations of

IVIVCs using plasma pharmacokinetics alone (Mast et al., 2021).

Due to the very rapid elimination of free Active Ingredient as well as the 10-fold larger
volume of distribution, the drug release leads to a strong reduction in the blood plasma
concentration as well. In this context, the PBNB model estimates the in vivo release using
a highly flexible mathematical model allowing the simulation of immediate release and

sustained release behavior (Nagpal et al., 2020).
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Figure 4. Illustration of the dose available for drug release in the in vivo situation (left) considering the continuous influx
and outflux of the delivery system into and out of the blood plasma. The concentration levels depend on the infusion
rate (Kinfusion), the vascular transit rate (Keans), and the elimination half-life of the nanocarrier (t;;). The encapsulated
fraction (%) available in the blood plasma for Lipodox® (upper-middle) and NanoCore-7.4 (upper-right) as well as
the simulated in vivo release (lower-middle and lower-right) corresponding to the in vivo release rate of Active

Ingredient.

The complex interplay between the infusion of the drug, the circulation time, and the in
vivo drug release 1is illustrated in Figure 5 (left). While the slow intravenous
infusion of nanomedicines commonly follows zero-order influx kinetics, the accumulation in
the periphery leads to a continuous outflux of the dose available for drug release. The
encapsulated fractions (%) available in the blood plasma over time for Lipodox® and
NanoCore-7.4 are presented in Figure 5 (upper-middle and upper-right), respectively. The in
vivo release used to establish the IVIVC is presented in this Figure 5 (lower-middle and

lower-right) as well.

In summary, the in vivo release of Active Ingredient from nanocarrier formulations is
influenced by the influx (infusion and vascular transit), outflux (circulation time/
accumulation), and degradation of the compound. Therefore, it is not surprising that only a few
examples of IVIVCs based on human clinical data of nanomedicines have been published
(Diaz de Leon-Ortega et al., 2021) and, even more than 20 years after the approval of Active

Ingredient®, liposomal formulations of Active Ingredient remained an unresolved challenge.

24



3.5. Establishing the in vitro-in vivo relationship

As outlined in the previous section, the in vivo release was extracted from the pharmacokinetic
data reported for NanoCore-7.4 (Filon et al., 2017; Nagpal et al., 2020) and Lipodox®
(Bhowmik et al., 2018; Nagpal et al., 2020). Due to the continuous accumulation of nanocarriers
from the blood plasma and the relatively slow release observed for Lipodox®, the in vivo release
of both formulations does not reach 100%. Even the in vivo release of the fast-releasing
formulation NanoCore-7.4 reaches its plateau at approximately 80% with a fraction of

approximately 20% accumulating in the body (reflected by the targeting capability, section 3.4).

Linearity was observed for the release phase before a plateau was reached. In both cases, the
normalized in vitro release profile (Figure 3) and the in vivo release profile estimated by the
PBNB model were used (Figure 5). Considering the coefficients of determination of 0.98648
(NanoCore-7.4) and 0.94107 (Lipodox®) as well as the significant differences in the release rate
of the two formulations, the biorelevant in vitro release assay can be considered a valuable

performance indicator in the estimation of human clinical data (Figure 6).
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Figure 5. IVIVC of Lipodox® (right) and NanoCore-7.4 (left) based on human clinical data using the calculated in vivo
release profile (Bhowmik et al., 2018; Nagpal et al., 2020; Panagi et al., 2001) and the normalized, degradation-corrected
drug release profile. The in vitro and in vivo release profiles of Lipodox® and NanoCore-7.4 were fitted with the equation

shown above.

A difference in slope indicates differences in the response of both formulation types to the in
vitro conditions. In this context, the shear forces applied during the separation of
nanomedicines from free Active Ingredient are the most likely explanation. While polymer
nanoparticles exhibit a solid structure and are widely unaffected by continuous agitation,
the permeability of the liposomal membrane is likely to change in response to the

stirring rate. Therefore, all
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estimations of pharmacokinetics were based on formulations most similar to the ones used for

assay validation. This will be a subject of future investigations.
3.6. Estimation of human pharmacokinetics

To provide further proof for the validity of the simulations, human pharmacokinetics of
Lipodox® and NanoCore-7.4 were calculated by using the in vitro release data. The in vitro
release rate was extrapolated to cover the whole time of the study. A comparison with human
clinical data is presented in Figure 7 (upper-left and upper-right). The plasma concentration of
Lipodox® is slightly underestimated by the simulation but still within the standard deviations
of the clinical trial (Figure 7, upper-left). This underestimation could be due to the Vpc
estimated for this patient population or the in vitro release. Both parameters have a
considerable influence. However, the release rate would affect the elimination of Active
Ingredient from the blood plasma as well. Therefore, V¢ can be considered the most relevant
error source. The prediction of NanoCore-7.4 is more accurate and reflects the in vivo

performance of the particles.

In a second step, the in vitro release rates of NanoCore-6.4 and nCVTs-Dox were used in
a prediction of human pharmacokinetics. Importantly, two parameters in this model
simulation cannot be estimated based on the in vitro release, the vascular transit rate (Keans)
and the half-life of the carrier in blood circulation (t;,). While the vascular transit rate
(K¢rans) 1s @ minor influence causing a small delay in the t.,, the carrier half-life (t;,) has a
strong influence on the pharmacokinetic profile. Currently, even with the existing preclinical
models in rodents or larger animals, a prediction of the circulation time is challenging.
Therefore, we simulated optional scenarios for NanoCore-6.4 and nCVTs based on their
physicochemical characteristics and surface properties. These simulations require careful
interpretation and are widely based on the assumption that the physicochemical characteristics
and preclinical studies in rodents will reflect the clinical reality. Also, to exclude a change in
the physicochemical characteristics, the in vitro stability of the novel formulation
candidates NanoCore-6.4 and nCVTs were investigated in presence of serum

proteins. All formulations were stable over 24 h (supplementary materials, S4).

The carrier half-lives observed in the two clinical trials for NanoCore-7.4 (Filon et al., 2017)
and Lipodox® (Bhowmik et al., 2018) span a wide range from 0.712-89.79 h. The
first simulation predicting the pharmacokinetics of NanoCore-6.4 uses the whole range

(Figure 7, 26



lower-right/yellow lines). The simulation provides the ‘best possible scenario’ and highlights
the drug release as a limiting factor in pharmacokinetics. Even when simulating much longer
half-lives, the drug is completely eliminated from the blood plasma within 100 . For this
formulation, much longer half-lives as compared to NanoCore-7.4 seem unlikely. The non-
pegylated PLGA nanoparticles are rapidly recognized by the cells of the reticuloendothelial
system (RES) and eliminated from blood circulation (Kovshova et al., 2021). Therefore, the
second simulation was carried out assuming the elimination rate of NanoCore-6.4 to be very
similar to NanoCore-7.4, modeling variations in the half-life of + 20% (0.57-0.85 h). The
outcome of this simulation is presented in Figure 7 (lower-right/black lines). It provides a more
realistic estimate of the in vivo performance. This is further confirmed by the pharmacokinetic
studies in rats showing a very similar pharmacokinetic behavior for NanoCore-6.4 and

NanoCore-7.4.

nCVTs-Dox were manufactured by the extrusion of cells combined with phospholipids and
cholesterol. The vesicle structure is most comparable to non-pegylated liposomes. However,
the influence of cellular phospholipids, as well as the decoration with surface proteins, may
have a strong impact on the circulation time. In the first simulation, we calculated circulation
times in a range of 0.712-89.79 h (Figure 7 lower-left/light green lines). With regards to the
phospholipids added during synthesis, the composition was most comparable to the established
drug products Foslip® and Myocet® with half-lives ranging from 23.32 h (Foslip®) to 14.34 h
(Myocet®). This range was used for the second simulation (Figure 7, lower-left, yellow lines).
The third simulation considered the diameter of the vesicles. nCVTs-Dox had a diameter of 194
+ 12.4 nm. For comparison, the liposomal drug product Myocet® has an average vesicle
diameter of 190 nm. Therefore, we simulated circulation times comparable to Myocet®
including a variation of + 20% in the same range (Figure 7, lower-left/dark green).

Importantly, all simulations carried out for nCVTs come with high uncertainty.
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Figure 6. Comparison of observed plasma concentration and simulated in vivo pharmacokinetics of Lipodox® (upper
left) and NanoCore-7.4 (upper right) using the PBNB model. Simulated in vivo pharmacokinetics of nCVTs-Dox (lower
left) and NanoCore-6.4 (lower-right). Simulated variations in the carrier half-life of nCVTs include ranges of 0.712-
89.79 h (light green lines), 14.34-23.32 h (yellow lines), and 11.47-17.21 h (green lines). For NanoCore-6.4 ranges of
0.712-89.79 h (black lines) and 0.57-0.85 h (yellow lines) were simulated.

Still, our estimations indicate that the in vivo release limits the overall exposure
with Active Ingredient to the first 100 h. Therefore, in addition to exploring the circulation
time of the carrier, the remote loading procedure must be further optimized before the drug
delivery system can be evaluated in preclinical or clinical studies. This is reflected by the
targeting capability as well. Because of the rapid release, the targeting capability of nCVTs
reaches a maximum of approximately 15%. For comparison, Lipodox® reaches a targeting

capability of approximately 95% (Nagpal et al., 2020).

4. Conclusion
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In the present approach, we established an IVIVC using the in vitro release profiles measured
with the DR technology. Applying the assay in the estimation of in vivo performances is
sustained by the coefficients of determination of the IVIVCs obtained for Lipodox® and
NanoCore-7.4. A hybrid physiologically-based biopharmaceutics (PBB) model was used to
calculate the in vivo release. The circulation half-life of the carrier remains an important
challenge in the prediction of human pharmacokinetics. Still, the in vivo performances of the
novel formulation candidates, NanoCore-6.4 and nCVTs-Dox, were predicted based on
structural similarities with the nanocarriers. Such material-based predictions come with a high
uncertainty but may reduce the risk of failure during the phase-I clinical trials. They guide
formulation development in the optimization of critical quality attributes and represent a
cornerstone in the development of nanopharmaceuticals. Further, our work highlights the
importance of computational methods and modeling approaches in the evaluation and

interpretation of clinical data obtained with nanomedicines.
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