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Purpose: This study investigated the brain targeting mechanism of doxorubicin-loaded polybutyl cyanoacrylate (PBCA) nanoparti-
cles, particularly their interactions with the blood-brain barrier (BBB). The BBB protects the brain from drugs in the bloodstream and
represents a crucial obstacle in the treatment of brain cancer.

Methods: An advanced computer model analyzed the brain delivery of two distinct formulations, Doxil® and surfactant-coated PBCA
nanoparticles. Computational learning was combined with in vitro release and cell interaction studies to comprehend the underlying
brain delivery pathways.

Results: Our analysis yielded a surprising discovery regarding the brain delivery mechanism of PBCA nanoparticles. While Doxil®™
exhibited the expected behavior, accumulating in the brain through extravasation in tumor tissue, PBCA nanoparticles employed
a unique and previously uncharacterized mechanism. They underwent cell hitchhiking, resulting in a remarkable more than 1000-fold
increase in brain permeation rate compared to Doxil® (2.59 x 107 vs 0.32 h™").

Conclusion: The nonspecific binding to blood cells facilitated and intensified interactions of surfactant-coated PBCA nanoparticles
with the vascular endothelium, leading to enhanced transcytosis. Consequently, the significant increase in circulation time in the
bloodstream, coupled with improved receptor interactions, contributes to this remarkable uptake of doxorubicin into the brain.
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Introduction

Brain cancers include several primary and secondary tumors such as glioblastoma multiforme and brain metastases.
Glioblastoma multiforme is one of the most aggressive cancers worldwide; it comes with an average survival of 12—15
months after diagnosis and a two-year survival rate of 25%." Even more concerning, brain metastases from lung and
breast cancers affect up to 200,000 patients per year.” Once a tumor spreads into the brain, the median survival under
first-line treatment is 9.2 months only.” The blood-brain barrier (BBB) still poses a challenge in the treatment of brain
cancer. It is created by the vascular endothelial cells in the brain that form tight junctions and inhibit the paracellular
transport from blood circulation into the central nervous system (CNS). To date, most anticancer drugs cannot be
delivered to the brain in sufficient quantity.”> Nanomedicines such as liposomes and coated nanoparticles have been

developed as a feasible strategy to deliver those therapeutical moieties to their target sites™*®

(Figure 1A). Transporters
can facilitate the selective uptake of therapeutical agents from the blood vessel into the brain. They include ion channels,
carrier molecules, and receptor-initiated delivery through the formation of vesicles followed by transcytosis (Figure 1Bi).

Tumor growth together with neuroinflammation often leads to a local breakdown of the BBB that allows larger
molecules and nanoparticles to enter the tumor site (Figure 1Bii).*®® As a consequence, nanoparticles, and liposomes
have been developed that deliver their payload to malignant tissues in the brain. Although this localized uptake comes

with higher selectivity for the tumor area, the invasive growth of the cancer cells into deeper tissues increases the
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Graphical Abstract

distance between the entry point of the drug and potential target sites. In a clinical setting, the size, morphology, and
localization of tumors vary between different patients. Hence, most delivery strategies that rely on local extravasation
such as long-circulating liposomal doxorubicin (Doxil®) often fail in clinical translation.'® They are not able to access
tumor cells in deeper tissues and mostly affect the side effects of drug therapy.'® More successful strategies utilize
receptor-mediated transcytosis of nanoparticles through the BBB (refer to Figure 1Biii)."" The average distance between
two blood vessels is approximately 40 pm.® Consequently, active transport enables rapid access to most tissues in the
brain with much shorter diffusion pathways.® Common drug-targeting ligands include apolipoproteins,®'! transferrin,'*'?
and insulin.'* However, the capacity of this transport mechanism is limited as well. Particularly nanomedicines with

14716 Hence, high exposure of the

a high binding affinity for their receptor are often affected by lysosomal degradation.
vascular endothelium with the nanoparticles together with a moderate binding affinity to the target receptor is most
favorable to ensure efficient transcytosis.'®

Another important aspect to consider is the presence of efflux transporters such as the p-glycoprotein and ATP-
dependent ABC transporters, which have an impact on a wide variety of drug molecules.'”'® One example is
doxorubicin, which is affected by these multidrug resistance transporters,'® leading to efficient elimination of the drug
from the brain. PBCA nanoparticles have been demonstrated to efficiently bypass these efflux pumps in various

scenarios, ! 2=

including the delivery of substances like dalargin, loperamide, and doxorubicin to the brain in vivo.
2 However, the precise mechanism by which the nanoparticles facilitate delivery remained unknown.

Here we describe a quantitative evaluation of the brain transport of doxorubicin following the administration of
PBCA nanoparticles and pegylated liposomes. A novel computer model was developed followed by the evaluation of
biodistribution studies in rats described in the literature.***> This led to two surprising discoveries. Compared to

liposomal delivery with Doxil®, the doxorubicin transport rate, a crucial indicator for the success of targeted delivery
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Figure | Possible ways for nanomedicines accessing to lesion locations in the brain. (A) lllustration of the mechanism of blood cell hitchhiking facilitated by surfactant-
coated nanoparticles. Liposomes bind to blood cells to a much lower extent and do not utilize an active uptake mechanism. (B) Entry routes into the brain using (i) direct
transporter-mediated transcytosis through interaction with the BBB, (ii) extravasation at the tumor site, and (iii) cell shuttling which facilitates receptor-mediated
transcytosis. Cell hitchhiking increases the distribution of the drug into the brain significantly. Created with BioRender.com.

into the brain, increased over 1000-fold. Following a decrease in plasma concentration, there was a subsequent delay in
the increase of doxorubicin concentration in the brain, which was previously misinterpreted by the authors two decades
ago. Based on recent discoveries and supported by our in vitro investigations, we have substantiated the involvement of

blood cells in targeted brain delivery.

Materials and Methods

Chemicals
Doxorubicin hydrochloride (98%) was purchased from Cayman Chemical (Michigan, USA) and n-butyl-2-cyanoacrylate
monomer for the synthesis of PBCA nanoparticles was obtained from Shengjie Technology Co., Ltd (Jingzhou, Hubei, China).
Cyanine 5.5 NHS ester was purchased from Lumiprobe Crop. (Cockeysville, Maryland, USA). The PTDR devices were
kindly provided by Pharma Test Apparatebau AG (Hainburg, Germany). The instrument has been described in more detail
previously (patent no. W02015039749A1) and various applications related to this methodology have been reported. !>
The cellulose ester (CE) dialysis membrane, with a molecular weight cut-off (MWCO) of 300 kDa, had specific
dimensions: a flat width of 31 mm and a diameter of 20 mm. This membrane was procured from VWR-Singapore Pte Ltd
(Singapore, Singapore).
Dulbecco’s Modified Eagle Medium (high glucose) for cell culture was sourced from Thermo Fisher Scientific
(Waltham, MA, USA). Fetal bovine serum (FBS) and Penicillin-Streptomycin (P/S) were acquired from GibcoTM

®

(Paisley, Scotland). Plasmocin™ was obtained from InvivoGen (San Diego, CA, USA). Various plastic cell culture
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items such as dishes, plates, and flasks, along with Transwell® polycarbonate membrane cell culture inserts, were
purchased from Corning Inc. (Lowell, MA, USA). Ethylenediaminetetraacetic acid (EDTA) was procured from
Sigma-Aldrich (Darmstadt, Germany). Ultrapure water was generated using MilliQ Advantage (Merck,
Kenilworth, New Jersey, USA). All remaining chemicals were either of analytical or high-performance liquid
chromatography (HPLC) grade and were utilized without further modification.

Computer Model and Pharmacokinetic Analysis

The pharmacokinetic analysis was based on an extended version of the physiologically-based nanocarrier biopharma-
ceutics (PBNB) model.*** Brain and tumor compartments as well as multiple related delivery pathways were added to
further resolve the biodistribution of nanomedicines. All distribution and elimination processes were assumed to follow
first-order kinetics and the drug was considered to be homogeneously distributed in each compartment. This corre-
sponded to the quantification methods used to determine the drug content.”**> The model structure is an important
outcome of this investigation and was therefore included in the results section.

The models were created using Monolix 2020R1 (Lixoft, Antony, France) and the Stochastic Approximation
Expectation Maximization (SAEM) algorithm for parameter estimation.?” A log-normal distribution of the population
parameters was assumed. For model validation, the goodness-of-fit, observation-versus-prediction, and individual
weighted residuals (IWRES) versus time plots were inspected.”®

Modeling Biodistribution of Free Doxorubicin

The pharmacokinetic profiles of free doxorubicin were used to calculate the rate constants and volume of distribution
(Vpr) involved in the biodistribution of the released drug. This includes the distribution rates into the periphery, brain,
and tumor compartments (kpeyi in Kperi ous kKB in kB ous k1 in k7 ous) as well as the elimination rate constant (k. pusma) Of
doxorubicin.

Drug concentrations in the brain and tumor were reported in micrograms per gram of wet tissue (ug/g). For the brain,
the physiological organ weight fraction of the total body weight (f;,.;,) Was used to estimate these total amounts. The
concentration in the tumor was calculated using the tumor weight observed with this animal model (W,,,.,,). The
pharmacokinetic data sets used to model the behavior of free doxorubicin are summarized in Table S1. The population
parameters of free doxorubicin were later used to model the biodistribution of nanomedicines.

Modeling Biodistribution of Nanomedicines
As a next step, we modeled the biodistribution of doxorubicin-loaded liposomes®* and PBCA nanoparticles.”> The
distribution of the released drug was predicted using the population parameters identified for the free drug (refer to
Modeling Biodistribution of Free Doxorubicin).

Nanomedicines exhibit limited mobility in the vascular system. Hence, the volume of distribution of the encapsulated
drug (Vpc) corresponds to the physiological plasma volume of rats.''**?° From the vascular (central) compartment, the
delivery system is distributed through four alternative pathways. They include the accumulation of the delivery system (¢;,,)
as well as the drug release which is reflected by the release rate constant (k,). To define initial estimates for the carrier half-life
(1), a non-compartmental analysis of the total plasma pharmacokinetics was conducted using Pkanalix 2020R1 (Lixoft,
Antony, France). Based on the clearances of Doxil® and PBCA nanoparticles and defining a variation of at least 30%, the
half-lives of 35-40.12 h™" for Doxil® and 0.398-8.74 h™' for PBCA nanoparticles were selected, respectively.

The two other pathways involve direct interactions with the respective target organs including the brain (k;,,,5) and
the tumor tissue (k7). As the pharmacokinetic studies using PBCA nanoparticles were conducted in healthy animals,
the tumor compartment was included solely to estimate the population parameters of Doxil®. The initial estimates and
parameter ranges are summarized in the Tables S2.

Synthesis of Poly(Butyl Cyanoacrylate) Nanoparticles
Doxorubicin-loaded poly(butyl cyanoacrylate) (PBCA) particles were prepared by anionic emulsion polymerization.?®
Briefly, a volume of 100 uL of the monomer n-butyl-2-cyanoacrylate was added to 10 mL of a 1% (m/v) dextran solution
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in 0.01 N HCI under constant stirring (400 rpm) at ambient temperature. A 2.5% doxorubicin solution was added to the
mixture after 5 min to obtain a final doxorubicin concentration of 0.25% (m/v). For fluorescent labeling of the PBCA
nanoparticles, cyanine 5.5 (Cy5.5) was added to the suspension in the PBCA-Cy5.5 ratio of 2000:1 and stirred for 3
h. The polymerization was completed by neutralization with 0.1 N sodium hydroxide, followed by stirring for another 30
min. The final suspension was filtered through a filter with a pore size of 0.45 um. The PBCA nanoparticles were
lyophilized for 24 h. A volume corresponding to a final concentration of 1% (m/v) of Tween 80 was added 30 min before
release and cell culture testing.

Characterization of Poly(Butyl Cyanoacrylate) Nanoparticles

The physicochemical properties of PBCA nanoparticles, including parameters such as particle size, size distribution, and
zeta potential, were evaluated through dynamic light scattering (DLS) using a LitesizerTM 500 (Anton Paar GmbH,
Graz, Austria) equipped with a 658 nm single-frequency laser diode. Measurements were conducted in water at
a detection angle of 175° in single-use cuvettes. The zeta potential was determined using electrophoretic light scattering
in similar settings, employing omega cuvettes. All experiments were performed in triplicate. Nanoparticle tracking
analysis (NTA) was employed to gain further insights into particle size and size distribution in the presence of release
medium (PBS 7.4, 10% FBS). A Nanosight NS300 (Malvern Instruments, Malvern, UK) equipped with a 532 nm laser
was utilized. During measurements, the chamber was maintained at a constant temperature. Data recording and analysis
were conducted using NTA 3.2 (Dev Build 3.2.16, Malvern, UK) software. Each sample underwent three captures, each
lasting 60 seconds, resulting in the detection of a minimum of 2000 valid particle tracks per sample. Particle diameters
were calculated using the Stokes-Einstein equation and subsequently compared to reference measurements. For the
determination of the total doxorubicin content in Cy5.5 labeled doxorubicin-loaded PBCA nanoparticles, spectrophoto-
metric analysis was carried out (UV-1800, Shimadzu Corporation, Kyoto, Japan) at a wavelength of 481 nm after the
dissolution of freeze-dried nanoparticles in DMSO. Spectrophotometric analysis at a wavelength of 480 nm was
conducted to measure the concentration of free doxorubicin after the recovery of freeze-dried nanoparticles in water
and subsequent separation of nanoparticles by ultracentrifugation (48,254 x g, 30 min, 5 °C) using an Avanti JXN-30
Centrifuge System (Beckman Coulter, Pasadena, CA, USA). The encapsulation efficiency of doxorubicin was determined
as the percentage ratio of the difference between total and free doxorubicin to its total content in the sample.

Quantification of Doxorubicin Using High-Performance Liquid Chromatography

The analysis of the compound was conducted utilizing an HPLC system (Chromaster, VWR Hitachi, Tokyo, Japan)
comprising a pump (5160), a fluorescence detector (5440), an autosampler (5260), and a column oven (5310). The
stationary phase utilized in this study was a PerfectSil reversed-phase column (150 x 4.6 mm, pore size 110 A, particle
size 5 um) obtained from Phenomenex Pte. Ltd., Singapore, coupled with a pre-column of the same material. The column
was maintained at a constant temperature of 35 °C throughout the analysis. For the chromatographic separation, an
isocratic method was employed with a flow rate of 1 mL/min. The mobile phase, consisting of acetonitrile and an
aqueous solution of 0.1% trifluoroacetic acid, was mixed at a ratio of 32:68 (v/v). This composition of the mobile phase
was crucial for achieving optimal separation and accurate detection of doxorubicin. Detection of the compound was
accomplished using specific excitation and emission wavelengths set at 470 nm and 555 nm, respectively. These
parameters were selected to ensure precise identification and quantification of the target compound. As presented in
Figure S1, linearity was observed over a concentration range of 5-1000 ng/mL. The limit of detection and limit of
quantification were determined to be 11.0 ng/mL and 33.2 ng/mL, respectively. Before injection, all samples were diluted
with mobile phase.

In Vitro Drug Release Studies

Drug release studies were carried out utilizing a USP dissolution apparatus 2 sourced from Pharma Test Apparatebau AG
(Hainburg, Germany). Each mini-vessel was equipped with a PTDR (Pharma Test Apparatebau AG, Hainburg,
Germany).”> A CE dialysis membrane with a molecular weight cutoff (MWCO) of 300 kDa was prepared according

to the manufacturer’s instructions and carefully mounted around the donor compartment as described previously.*
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To estimate the in vivo release, the release medium was supplemented with 10% (v/v) fetal bovine serum (FBS) and
1% (v/v) PenStrep®™ solution to mimic physiological conditions.*® PenStrep® was added to protect the release medium
from microbiological contamination which could alter the release behavior over time. The experiments were conducted at
a constant temperature of 37 °C £ 0.5 °C, and the stirring speed was precisely set to 50 revolutions per minute (rpm). To
assess the degradation rate of doxorubicin, a quantity of 206 pg of the drug was introduced into the acceptor
compartment. A total volume of 160 mL of the release medium was used for the experiments, which were performed
over a duration of 6 hours. At predefined time intervals (5, 10, 15, 20, 30, 45, 60, 75, 90, 105 min, 2, 3, 4, 5, and 6 h),
samples of 600 uL each were collected. After each sampling event, an equivalent volume of fresh release medium was
added to the acceptor compartment to maintain a constant volume throughout the study.

Setting Up the Blood-Brain Barrier Transwell® System

Murine cerebral endothelial bEnd.3 cells (CRL-2299™; American Type Culture Collection) were maintained in DMEM
cell culture medium supplemented with 10% FBS, 1% PenStrep®, and 1% Plasmocin®, and in tissue culture dishes at
37°C in a humidified incubator under a 5% CO, atmosphere. For treatment, bEnd.3 cells (passages 10—16) were seeded at
a density of 3 x 10> cells on the Transwell® insert coated with 1% (v/v) collagen IV solution in PBS.

To evaluate the integrity of the BBB model, transendothelial electrical resistance (TEER) was measured on the
Transwell® setup using a Millicell ERS-2 Voltohmmeter (Merck, Darmstadt, Germany) with a STX01 chopstick
electrode.’’ The TEER of the insert without cells was measured and subtracted from the TEER obtained during the
cell experiment yielding the net TEER values expressed as Q-cm?. All measurements were performed in triplicate.

Blood Cell Partitioning of PBCA Nanoparticles

To determine PBCA nanoparticles bound to the cellular fraction of the blood, 200 uL of PBCA nanoparticle suspension
was incubated with 100 pL of mouse whole blood at 37 °C for 1 h. The suspension was subsequently centrifuged
(800 rpm, 3 min, 25 °C) to separate the plasma and the cellular fraction of the blood. The two fractions were diluted with
PBS to a volume of 500 pL, respectively, and fluorescence intensities of doxorubicin and Cy5.5 were measured with
excitation at 470 and 566 nm and emission at 683 and 703 nm, respectively, using a Hidex Sense Beta microplate reader
(Turku, Finland). Calibration curves for Cy5.5 and doxorubicin with the plasma and the RBCs were established,
respectively (Figure S2). Briefly, the PBCA nanoparticle suspension was diluted to predetermined concentrations and
the diluted suspensions (100 pL) were mixed with 100 pL of the plasma or RBCs at 37 °C for 1 h. The fluorescence of
the mixtures was quantified after they were diluted to the volume of 500 pL with PBS.

Quantification of the Uptake of PBCA Nanoparticles by Immunocompetent Blood
Cells

The in vivo uptake of the fluorescently labeled PBCA nanoparticles coated with polysorbate 80-coated by circulating
immune cells was evaluated by flow cytometry. All animal studies were approved by local ethics committee of
V. Serbsky Federal Medical Research Centre. BALB/c mice (female) were obtained from Andreevka Animal Center
(Andreevka, Russia). The in vivo experiments were performed following the European Convention for the Protection of
Vertebrate Animals, Directives 86/609/EEC, recommendations of the FELASE working group (1986, 86/609/EEC, ISSN
03780 6978), and the National Standard of the Russian Federation R 53434-2009 “Good Laboratory Practice”. In brief,
200 pL of the PBCA nanoparticle suspension in 1% tween 80 (1 mg PBCA/mouse) was injected into the tail vein of the
Balb/c mice (n = 6). The animals were anaesthetized by intraperitoneal injection of ketamine/xylazine 30 min after
administration. The blood was collected through the cardiac puncture into heparin-containing syringes (100 U) and
plasma was separated via centrifugation (800 xg, 10 min, 23 °C). Gibco™ ACK Lysing Buffer was used for lysis of red
blood cells (according to manufacturer’s protocol). The cells were washed twice with FACS buffer (PBS, 2% BSA, 0.2%
EDTA) and transferred to 96-well plates. The samples were incubated with anti-CD16/CD32 antibodies (for 10 min at +4
>C) to block non-specific Fc-mediated binding (1 uL per 1 x 10° cells). Then the samples were incubated with specific
fluorescently labeled antibodies (30 min, 4 ‘C) to determine leukocyte subpopulations. The following antibody cocktails
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were used: CD45 FITC leukocyte common antigen, and Ly6G BV and CD11b PE for neutrophils/monocytes, and CD4
Alexa Fluor 488 and B220 PE for lymphocytes. Alternatively, the antibody cocktail CD45 FITC, Ly6G BV, CD11b PE-
Cy7 was used. The same antibodies with different fluorophores were chosen as an additional control for cell subpopula-
tion detection using different laser lines.

The samples were analyzed on a FACS MoFlo XDP (Beckman Coulter, USA). The percent of different leukocyte
subpopulations that capture nanoparticles (phagocytic cells) or are associated with the nanoparticles was determined as
the percent of the nanoparticle-positive cells. Fluorophores, Brilliant Violet 421 (BV421; Ex/Em=408/422 nm),
Fluorescein-5-isothiocyanate (FITC; Ex/Em=491/516 nm), Phycoerythrin (PE; Ex/Em=566/574 nm), Cyanine 5.5
(Cy5.5; EX/Em=684/710 nm) were excited by 407, 488, 561 and 628 nm lasers, respectively Alexa Fluor 488 was
excited by 488 laser, PE-Cyanine7 (PE-Cy7) dye was excited by 561 laser and detected using 780/60 filter set. The data
were analyzed using Summit V5.2.0.7477 software. The representative samples were then fixed with 4% paraformalde-
hyde solution in PBS and transferred to a confocal microscope to determine the particle localization within the cells.
Nikon confocal microscopy system Nikon A1R MP+ (Nikon Instruments, Japan) was used. The images were analyzed
using NIS Elements AR software.

Transport Study of PBCA Nanoparticles in the BBB Model

Whole blood was collected from female C57BL/6 mice (aged 4-6 weeks) and mixed with ethylenediaminetetraacetic
acid to a concentration of 10 uM. Ethics approval for this study was granted by the National University of Singapore
(IACUC protocol number: R19-1195). The harvested blood was centrifuged at a speed of 800% g at ambient temperature
for 3 min to remove the plasma and buffy coat by aspiration. Pellets containing the blood cells were resuspended in 1 mL
of sterile PBS, before passing them through a Fisherbrand™ 40 pm Sterile Cell Strainer (Thermo Fisher Scientific, MA,
USA). The filtrate was washed, centrifuged, and resuspended with 100 pL of plasma after aspiration of the PBS. For the
preparation of nanoparticle-adhered cells, 2 x 10° of blood cells were incubated with 50 uL of the PBCA nanoparticle
suspension (equivalent to 5.7 ug doxorubicin) in the absence or presence of 1% (v/v) Tweens 80 for 1 h at 37°-
C. A mixture of drug solution containing the same amount of doxorubicin and 2 x 10° blood cells were prepared as
a control.

On day 5-7 after seeding cells when the TEER across cell monolayers measured was reaching a plateau, a transport
study was initiated by the additions of various mixtures to the apical compartment as follows, a free drug solution with/
without RBCs, a free drug containing Tween 80 with/without RBCs, a PBCA nanoparticle suspension with/without
RBCs, and a PBCA nanoparticle suspension containing Tween 80 with/without RBCs. After incubation at 37 °C for 1 h,
solution in the Transwell® basolateral compartment was collected for fluorescence measurement. Fluorescence measure-
ments were conducted by quantifying the intensities of Cy5.5 and doxorubicin as mentioned above. All the tests were
conducted in triplicate.

Statistical Analysis

Statistical analysis was performed utilizing GraphPad Prism 8 software, where a one-way ANOVA test was applied to
identify significant differences (p < 0.05) among the experimental groups. Pharmacokinetic data was analyzed using
Monolix 2020R1 (Lixoft, Antony, France) as described above.

Results and Discussion

Delivering anticancer drugs to the brain has been a major challenge in chemotherapy. Still, a variety of patients suffer
from primary and secondary brain cancers with no access to effective treatments. PBCA nanoparticles are effective in
animal models of glioblastoma multiforme. They were assumed to interact with the BBB and deliver high amounts of
doxorubicin into the brain. In recent years, a very similar investigational drug product underwent Phase I clinical trials.*
Here, we describe a so far undiscovered mechanism that explains their success. RBCs play a key role by facilitating
nanoparticle-receptor interactions even hours after the delivery system disappears from the plasma. An advanced
computer analysis together with relevant in vitro investigations outlines the importance of understanding brain drug
delivery in more detail.
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Computer Model Design

Initially, we modeled the pharmacokinetics of free doxorubicin reported for Doxil® and PBCA nanoparticles (refer to
Figure 2A). Both studies included doxorubicin injections as reference formulations, as detailed by Siegal et al** and
Gulyaev et al.”> The stealth liposomes served as a control.

The rate constants for distribution into the brain (kg ;u, ks ou), and periphery (Kpeyi im kperi our) @s well as the
climination rate constants (k. piusme) Were estimated.”*?> PBCA nanoparticles were evaluated in healthy animals.
Therefore, a tumor compartment (kr ;. k7 o.,) Was modeled for Siegal et al (Doxil®) only (refer to Figure 2A).%*

Afterward, a second computer model was designed which includes various formulation-related parameters of
nanomedicines (refer to Figure 2B). The model design incorporates a nanocarrier compartment that characterizes the
fraction of the drug delivery system circulating in the blood plasma (refer to Figure 2B, yellow section).

Upon release from the carrier (k,.), the distribution of the released drug is resembled by the structure of the first
biodistribution model and utilizes the previously found rate constants (refer to Figure 2A). The parameter estimations
will be presented in Biodistribution and Elimination of Free Doxorubicin. Doxorubicin is distributed into the periphery,
the brain, and tumor compartments before it is eliminated from the body through hepatic or renal clearances.

In addition to the release, the accumulation of nanomedicines, indicated by their half-life (¢;,,), signifies an alternative
elimination pathway within the bloodstream. It can involve many organs such as the lungs or liver but may also involve
interactions with blood cells.?> Additional accumulation pathways enable direct targeting into the brain (krares kcenrray)
and, regarding the liposomal delivery system Doxil®, the tumor area (ktargr). Brain targeting occurs through direct
interactions (k) Which lead to a mass transfer from the blood plasma into the brain compartment. For PBCA
nanoparticles, this mechanism did not explain pharmacokinetics in the brain sufficiently (refer to Figure S3). Hence,
an additional delivery pathway (k¢ 7o) Was included. The rationale for hypothesizing a drug delivery pathway through
cellular shuttling will be further introduced in Biodistribution and Elimination of Nanomedicines.

Biodistribution and Elimination of Free Doxorubicin

To model the biodistribution of free doxorubicin, an injection of the absolute dose into the central compartment of the

125

first biodistribution model (refer to Figure 2A) was assumed. Gulyaev et al”> reported the concentration-time profiles
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Figure 2 lllustration of the biodistribution model simulating the indirect and direct pathways into the brain. (A) The biodistribution after administration of doxorubicin
solution. (B) The biodistribution after administration of doxorubicin nanocarriers.
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found in the plasma and brain, in healthy Wistar rats at a dose of 5 mg-kg '.**> As compared to common cancer models,
the BBB of healthy animals is fully intact. Under these conditions, the doxorubicin concentration in the brain remained
below the detection limit (100 ngeg '). Overlays of the simulated and observed plasma and brain concentrations are
presented in Figure 3A and B). The model predictions exhibit strong agreement with the observed concentrations and
demonstrate an exceptional representation of the in vivo data, as indicated by the goodness-of-fit plots (Figure S4A-D),
which highlight the low prediction error.

The population parameters obtained from this study were employed to characterize the dynamics of the free drug and
facilitate a model-based deconvolution of the pharmacokinetics of PBCA nanoparticles.

A similar model prediction was carried out for pharmacokinetic data reported by Siegal et al>* This investigation
involved a 6 mg-kg ' injection of an aqueous doxorubicin solution into female Fisher rats bearing methylcholantrene-
induced histiocytoma.?* The tumor potentially leads to a disruption of the BBB. Plasma, brain, and tumor concentrations
of doxorubicin were reported.>* The overlays of the predicted versus the observed plasma, brain, and tumor concentra-
tions are presented in Figure 3C-E. The diffusion of doxorubicin was well-described, as indicated by the goodness-of-fit
plots (Figure S4E-J). All model parameters have been summarized in Table 1.

Biodistribution and Elimination of Nanomedicines
Following the injection, nanomedicines persist within the vascular system, resulting in increased plasma concentrations.
This heightened presence in the bloodstream can facilitate enhanced diffusion into diverse organs, including the brain.
Therefore, accurate quantification of the amounts delivered through nanocarrier-mediated delivery necessitates the
consideration of population parameters of free doxorubicin in the brain and the plasma. Both are accessible through
a model-based deconvolution resulting in the release (k) and brain diffusion rate constants (kz ;n, kg ou) (Table 1).

As a next step, the accumulation (¢;,,) and targeting rate constants (kzu.ep and k) of each drug delivery system
were identified. Doxil® consists of pegylated stealth liposomes that exhibit minimal interactions with blood cells.*?
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Figure 3 Observed and simulated doxorubicin concentration-time profiles following intravenous administration of free doxorubicin. Overlay between the predicted and the
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Table | Parameter Estimation for Pharmacokinetic Behavior
Following Administration of Free Doxorubicin

Parameter Doxorubicin Solution | Doxorubicin Solution

(5 mgekg™) (6 mgekg™)

Body weight (g) 190 190

forain (%) 1.240 1.104

Tumor weight (g) - 0.02

Kperi_in (W) 0.73 1.98

Kperi_oute (W) 0.16 0.025

ks in (") 3.8x107° 49 x 107"

ke ou (h7") 0.035 0.012

Ke_plasma (h™") 0.96 4.12

kr i (07" - 09 x 107"

kr ou (1) - 0.016

Viplasma (ML) 295.09 13.38

The mode of accumulation has been described in the previous literature and is mainly due to the extravasation of
liposomes in the tumor area.>* Our model-based analysis confirmed this delivery pathway. The model predictions as well
as the observed doxorubicin levels in plasma, brain, and tumor are presented in Figure 4. They were in good alignment as
indicated by the diagnostic plots (refer to Figure S5), and outlined a direct interaction between the circulating fraction
(determined in the blood plasma) and the BBB (kz,,5). Consequently, the increase in brain concentrations corresponded
to a decrease in the plasma concentration.

The resulting population parameters are presented in Table 2. A long half-life of more than 40 h as well as a slow
release rate (3.5 x 10 ® h™') have been identified.

Expectedly, targeted delivery into the brain (k,,,p) remained at a low level (5.9 x 107> h™") while the tumor-targeting
rate (Kargm 2 % 10 h™") was significantly higher. The enhanced permeability and retention effect enables the liposomes
to penetrate the tumor tissue but does not provide access to the rest of the brain.

A similar model structure was used to predict the biodistribution of PBCA nanoparticles. The respective study was
conducted on healthy animals. Accordingly, the model design did not include a tumor compartment. However, while the
plasma concentrations were sufficiently described by the model structure, there was a misalignment between plasma and
brain pharmacokinetics. After the injection, PBCA nanoparticles were rapidly eliminated from the blood plasma, and the
increase in the brain concentrations was observed with considerable delay. This lag time could not be explained by

a direct interaction between the circulating particle fraction and the BBB.
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Figure 4 Observed and simulated doxorubicin concentration-time profiles following intravenous administration of Doxil®. Overlay between the predicted and the observed
concentrations in (A) plasma, (B) brain, and (C) tumor for the pharmacokinetics observed by Siegal et al?
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Table 2 Parameter Estimation for Pharmacokinetic Behavior Following
Administration of Doxil®>* and PBCA Nanopar‘ticles25

Parameter | Doxil® (Stealth Liposome) | PBCA Nanoparticle with Tween 80
(6 mgekg™") (5 mgekg ")

kiarg (") 59 x 107 14 %107

ktargT (hil) 2.0 x |074 —

Ko_deg (W) 29 x 107 4.17

keerraf (h ") - 0.32

k. (h™") 35x%10°¢ 1.03

t172 (h) 40.12 457

Ke_brain (h™") 0.32 1.24

Gulyaev et al attributed the cascade of events to the time-consuming process of endocytosis.”> However, the
quantification of doxorubicin concentrations from brain homogenate would account for the drug bound in these cellular
pathways, prompting us to seek an alternative explanation.

Recent literature describes a hitchhiking mechanism whereby polymer nanoparticles adsorb to the surface of red
blood cells (RBCs) from where they are distributed into multiple organs.®* This aligns with the short plasma half-life of
PBCA nanoparticles and would further enable the accumulated fraction to be involved in brain delivery.

Considering this potential interaction between PBCA nanoparticles and blood cells,>* we introduced the respective
cellular shuttling mechanism (kcei7:.4) to the model design (refer to Figure 2B). The new model structure was in good
alignment with the data reported by Gulyaev et al* as outlined in Figure 5. The quality of the simulation is further
confirmed by the diagnostic plots (Figure S5).

Direct interactions between the circulating fraction of PBCA nanoparticles and BBB remained at a very low level (1.4
x 1077 h™"). Hence, the cell shuttling mechanism was the more efficient delivery pathway (0.32 h™"). As compared to

Doxil®

which delivers doxorubicin mainly through extravasation, a more than 1000-fold increase in the total transport
rate (2.59 x 10* vs 0.32 h™") has been observed. To comprehensively understand the observed differences in vivo, it is
imperative to examine multiple factors. The surface pegylation of Doxil®, a liposomal delivery system, plays a key role
in reducing cellular interactions,** including those with vascular endothelial cells. This process inhibits interactions with

receptors on the surface of the BBB. The efficiency of brain uptake is significantly influenced by the likelihood of
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Figure 5 Observed and simulated doxorubicin concentration-time profiles following intravenous administration of PBCA nanoparticles. Overlay between the predicted and
the observed concentrations in (A) plasma and (B) brain for the pharmacokinetics observed by Gulyaev et al.2> The observed upper (), mean (m) and lower () values
were fitted, respectively. An overlay using the model structure without an indirect (cell-mediated) accumulation pathway was unsuccessful and is presented in the Figure S3).
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extravasation within tumor regions in the brain, which represent a minor fraction of the vascular system. Conversely,
PBCA nanoparticles are actively targeted and internalized into the brain by receptors. Despite their relatively brief
presence in blood plasma, their interaction with blood cells likely results in an extended exposure period. Additionally,
the role of efflux transporters, which actively pump doxorubicin back into the bloodstream, must be considered.'®*
Existing literature suggests that nanoparticles can bypass these efflux mechanisms which further increases the uptake
through the cell-mediated pathway.?***-°

While many investigations have focused on the cell interactions of Doxil®, little is known about the blood interactions
of PBCA nanoparticles. Consequently, our next investigations were focused on collecting further evidence for the

presence of this brain delivery superhighway.

In Vitro Studies with PBCA Nanoparticles

To confirm our hypothesis, we defined three key objectives. Firstly, we needed to quantify the release kinetics of PBCA
nanoparticles. The release is a competing process that reduces the availability of doxorubicin involved in particle-based
delivery. Secondly, we conducted a blood partitioning study which provides more information on the extent of the
association between PBCA nanoparticles and blood cells. Thirdly, we investigated the ability of the nanoparticles to
interact with receptors at the surface of the BBB in the presence of blood cells.

Characteristics of PBCA Nanoparticles
As a first step, we synthesized PBCA nanoparticles following the protocol described in the literature.*® The polymer was
labeled with the fluorescent dye Cy5.5 for in vitro tracking of the delivery system.

A hydrodynamic diameter of 206.3 £ 12.1 nm (PDI: 0.073 £ 0.052) was achieved on average. The unloaded particles were
comparable in size but exhibited a slightly lower (more negative) zeta potential (Table 3). NTA measurements revealed a smaller
diameter of approximately 100 nm with a narrow size distribution (refer to Figure S6A). It is worth noting that a misalignment in
particle sizes measured by these two methods has been frequently reported. While DLS often captures the presence of larger
agglomerates, the size distribution measured for particles in the nanoscale is much more resolved using the NTA.

Furthermore, the morphology of the delivery system was analyzed using scanning electron microscopy and revealed an
almost perfectly spherical shape as well as a size distribution in the expected range (refer to Figure S6B). Upon storage, the
aqueous suspension was stable for 2 years without significant changes in hydrodynamic diameter or PDI (ANOVA).

Afterward, the in vitro release behavior of these nanoparticles was tested using the dispersion releaser technology.*”
Model-based deconvolution of the in vivo data (reported by Gulyaev et al)*> indicated a rapid release (1.03 h™'). The
outcome of the in vitro study is presented in Figure 6. Approximately 78% of doxorubicin was released within 3 h in
a biorelevant release medium.

The observed release kinetics deviated from the model predictions, as illustrated in Figure 6 (inset). Notably, the
in vitro release, which conformed to a first-order diffusion model (Figure 6, inset — represented by the grey dashed line),
achieved approximately 40% of the in vivo release rate (Figure 6, inset — depicted as a black solid line).

The dispersion releaser, designed for biopredictive evaluation of particle formulations, demonstrated a noteworthy
correlation with the in vivo release performances, as reported in previous studies.?®*° These correlations were established
across a wide range of formulations using preclinical and clinical pharmacokinetic data.'??*3® Still, the assay does

Table 3 Physicochemical Parameters of Doxorubicin-Loaded and Unloaded PBCA Nanoparticles Labeled

with Cy5.5
Size Distribution Zeta Potential (mV) EE% Loading Capacity
Particle Diameter (nm) PDI (kg per mg polymer)
206.3 £ 12.1 0.073 + 0.052 —2.6 % |1 358 £ 4.1 6203
203.9 £ 0.7 nm 0.150 £ 0.012 -102 £ 0.1 mV

Note: Data are presented as mean * standard deviation (n = 3).
Abbreviations: EE, encapsulation efficiency; PDI, polydispersity index.
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Figure 6 Doxorubicin permeation (dashed blue line, black circles) and release from the PBCA nanoparticles (solid blue line, black diamonds) over 6 h (n = 3). The inset
compares in vitro (black diamonds fitted with a first-order diffusion model indicated by the grey dashed line) with the in vivo release rate determined by the in silico model
(black line).

resemble the in vivo environment completely. Notably, the shear rate is considerably higher in this setup compared to the
in vivo conditions, and there is a discernible delay in the appearance of the released drug in the acceptor compartment,
primarily attributed to the influence of the dialysis rate.

Despite the elevated shear rate, more than 20% of the total dose of doxorubicin remained embedded in the particle
matrix. The brain concentrations show a considerable increase approximately 1-2 hours after injection (refer to
Figure 5B). Therefore, our findings provided a robust foundation for further investigations of the cell-mediated drug
delivery pathway. The fraction of the drug remaining within the particles could reasonably account for the enhanced brain
transport, taking into consideration that the brain comprises merely 2% of the total body mass.”

Interaction of PBCA Nanoparticles with Blood Cells
Initially, the formulation was incubated with whole blood to investigate the partitioning of doxorubicin and PBCA
between the plasma and blood cells, aiming to establish its connection to the observed brain delivery process. The
preparations did not induce hemolysis for at least 1 h.

As presented in Table 4, approximately 35% of doxorubicin was bound to the blood cells while a significant fraction
(65%) remained in the plasma. Considering the fast release of doxorubicin from the nanoparticles, we further quantified

Table 4 Average Values of Free and Blood Cell-Bound Doxorubicin and PBCA
Nanoparticle Fractions

Doxorubicin PBCA Nanoparticle
Plasma Blood Cells Plasma Blood Cells
Bound fraction % 65 35 10 90

Note: Data are presented as mean * standard deviation (n = 3).
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the distribution of PBCA nanoparticles by determining the CyS5.5 signal. Our findings indicate that 90% of the
nanoparticles were indeed attached to blood cells.

Given the substantial release, we hypothesized an unspecific interaction with the cellular surface. Active uptake
would potentially inhibit the doxorubicin release into the plasma. Still, we wanted to understand the interaction in more
detail.

Circulating immune cells are known to interact with nanoparticles. To explore their involvement, mice were
intravenously injected with the formulation, and blood samples were collected 30 minutes after administration. The
flow cytometry indicates that the nanoparticles were efficiently captured by immune cells expressing the CD11b marker
(most probably monocytes or neutrophils). The strongest association was observed for double-positive (CD11b+, Ly6G+)
cells (neutrophils) of which approximately 60% tested positive for the nanoparticles (Figure 7A).

Confocal microscopy imaging (Figures 7B and C) confirmed the effective capture of PBCA-CyS5.5 nanoparticles by
leukocytes. These findings align with previous studies where nanoparticles larger than 200 nm in diameter were observed
to exhibit a strong association with neutrophils.”’

Nanoparticle interactions with B cells appear to be infrequent, as their association with the nanoparticles was
approximately 10% (Figure 7A) and not observed in the confocal microscopy samples. Figure 7C demonstrates the
capture of nanoparticles by CD45+ cells, while their association with B220-expressing cells was not detected.

In Vitro BBB Assay
As a next step, we explored BBB interactions in more detail. For this in vitro experiment, we utilized bEnd.3 cells,
a murine endothelial cell line that forms tight junctions and can be used to replicate the endothelial barrier of the BBB
(Figure 8A). The formation of a continuous monolayer was monitored using transendothelial electrical resistance (TEER)
measurements.
As presented in Figure 8B, the TEER plateaued at the level of 124 Q-cm?, 48 h after cell seeding on the collagen IV
coated membranes which indicated the formation of tight junctions. The experiment was initiated 96 hours after seeding.
Initially, the TEER decreased to approximately 100 Q-cm? including the control groups without doxorubicin and
PBCA nanoparticles, indicating stress due to a change in the medium composition. After 24 h of treatment, the stable
TEER suggested that the bEnd.3 monolayer was still intact and neither of the samples led to a disruption of the cellular
barrier.
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Figure 7 Evaluation of PBCA-Cy5.5 nanoparticle uptake by circulating immune cells. (A) The percentage of immune cells bound by PBCA nanoparticles measured by flow
cytometry. The data are represented as percent of the NP-positive cells (mean % SD, n = 6; ***p < 0.0001; ***p < 0.001; ns: non-significant). (B) Visualization of PBCA-CyS5.
5 nanoparticles coated with polysorbate 80 (red) capture by CDI b PE (green), Ly6G BV (blue) positive cell (neutrophil). (C) Visualization of PBCA-Cy5.5 nanoparticles
coated with polysorbate 80 (red) interaction with lymphocytes. CD45 FITC (blue), B220 PE (green).
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Figure 8 Transport of PBCA nanoparticles across the blood-brain barrier model. (A) Transwell® setup with an apical compartment seeded with bEnd.3 cell monolayers and
a basolateral compartment. The chopstick electrode measured TEER across the membrane determining the confluency of the bEnd.3 monolayer. Media from the basolateral
compartment were collected for fluorescence measurement | h after adding test solutions. (B) Mean TEER values of bEnd.3 monolayer incubating with different test
solutions over 120 h (n = 3). Mean (C) doxorubicin and (D) Cy5.5 fluorescence intensity in the basolateral compartment (n = 3). The linearity of the fluorescence detection
method was confirmed and is presented in Figure S5 (**p < 0.05).

In Figure 8C, the detection of the doxorubicin signal in the basolateral compartment after 24 hours of incubation is
illustrated. The presence of PBCA nanoparticles significantly enhanced the transport of doxorubicin (p = 0.0014) across
the BBB model compared to the free drug. Neither Tween 80 nor the blood cells affected the transport of free
doxorubicin across the bEnd.3 monolayer. Furthermore, there was no significant difference (p = 0.64) observed between
the PBCA nanoparticle groups with or without blood cells. It should be noted that the rapid release characteristics of
PBCA nanoparticles may lead to an overestimation of nanoparticle-related transport. To track the nanoparticles, we
measured the Cy5.5 fluorescence signal of the carrier.

Previous literature investigated the mechanism underlying the enhanced uptake of the nanoparticles into the brain
without considering the potential involvement of blood cells.*® Before administration, the nanoparticles are coated with
polysorbate 80 which attracts apolipoproteins from the blood plasma. They are responsible for interactions with various
receptors at the surface of the BBB.* As illustrated in Figure 8D, the highest uptake was observed in the group treated
with blood cell-preincubated Tween 80-coated PBCA nanoparticles. This suggests that a combination of blood cell
hitchhiking and particle coating enhances the permeation of PBCA nanoparticles across the endothelial cell monolayer.
Notably, the presence of Tween 80 or RBCs alone did not yield significant increases in transport. In this context, the
limitations of the in vitro set-up must be considered. Neither the limited volume of the experiment nor the negligible
shear forces promote the dissociation of apolipoproteins from the carrier. Additionally, a high amount of free doxorubicin
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provides a non-physiological concentration gradient that potentially allows more doxorubicin to pass through the
artificial BBB.

Conclusion

In conclusion, the rising popularity of data mining and computational learning strategies in contemporary literature has
led us to a remarkable discovery. Our in-depth analysis of biodistribution studies dating back two decades has expanded
our understanding beyond the established concepts related to the prolonged vascular circulation of drugs and nanopar-
ticles adhering to blood cell surfaces, and its effects on in vivo distribution patterns.

Our findings firmly establish that these hitchhikers actively participate in receptor-mediated uptake, with a particular
focus on how PBCA nanoparticles efficiently target the brain through cellular hitchhiking, thereby facilitating and
enhancing their delivery to the CNS. As a point of comparison, we investigated the brain distribution of Doxil®,
a formulation of stealth liposomes engineered to minimize cellular interactions and adhere to expected distribution
patterns. While Doxil® undeniably improves plasma pharmacokinetics, its reduced cellular interactions significantly
hinder uptake into the brain through the cellular hitchhiking pathway.

Our study presents compelling evidence confirming the existence and effectiveness of the cell-mediated delivery
pathway for transporting drugs across the blood-brain barrier. Furthermore, our findings emphasize the paramount
importance of employing refined data analysis methods to advance the field of nanomedicine.
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