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Introduction: The present study reports on examination of the effects of encapsulating the
tyrosine kinase inhibitors (TKIs) vandetanib and lenvatinib into a biomacromolecular ferri-
tin-based delivery system.

Methods: The encapsulation of TKIs was performed via two strategies: i) using an active
reversible pH-dependent reassembly of ferritin’s quaternary structure and ii) passive loading
of hydrophobic TKIs through the hydrophobic channels at the junctions of ferritin subunits.
After encapsulation, ferritins were surface-functionalized with folic acid promoting active-
targeting capabilities.

Results: The physico-chemical and nanomechanical analyses revealed that despite the
comparable encapsulation efficiencies of both protocols, the active loading affects stability
and rigidity of ferritins, plausibly due to their imperfect reassembly. Biological experiments
with hormone-responsive breast cancer cells (T47-D and MCF-7) confirmed the cytotoxicity
of encapsulated and folate-targeted TKIs to folate-receptor positive cancer cells, but only
limited cytotoxic effects to healthy breast epithelium. Importantly, the long-term cytotoxic
experiments revealed that compared to the pH-dependent encapsulation, the passively-loaded
TKIs exert markedly higher anticancer activity, most likely due to undesired influence of
harsh acidic environment used for the pH-dependent encapsulation on the TKIs’ structural
and functional properties.

Conclusion: Since the passive loading does not require a reassembly step for which acids
are needed, the presented investigation serves as a solid basis for future studies focused on
encapsulation of small hydrophobic molecules.
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Introduction
Cancer chemotherapeutics can be considered as one of the major medical advances
of the last few decades. However, chemotherapeutic agents have a narrow ther-
apeutic index, and the outcomes are sometimes palliative as well as unpredictable.'
Therefore, targeted therapy that aims at delivering drugs to cancer cells through
specific surface molecules or the tissue microenvironment is the golden grail of
contemporary cancer chemotherapy.”

Among the most promising candidates acquiring precise targeting are small molecule
tyrosine kinase inhibitors (TKIs). These belong to the most promising modalities able to
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inhibit phosphorylation-driven signal transduction by a sterical
competition with ATP or other ligands at the catalytic binding
site of tyrosine kinases.>* Despite the great success of TKIs,
their usage is impeded by various side effects including sub-
ungual hemorrhages, periorbital edema, anemia, trombo- or
neutropenia, nausea or diarrhea.’” Moreover, the therapeutic
window of TKIs is drastically narrowed by their poor bioavail-
ability, acquired chemoresistance due to their low-efficiency
uptake and systemic toxicity caused by interactions between
TKIs and healthy tissue.®® In addition, TKIs willingly interact
with plasma proteins.” These phenomena undesirably affect
TKIs’*  biodistribution,
processes.'® Therefore, selective drug delivery systems
(DDS) able to obliterate the drawbacks of TKIs-based antic-
ancer therapy are of utmost interest. Up to this date, a plethora

metabolism and  elimination

of DDS have been employed for loading and delivery of
various types of TKIs (comprehensively reviewed in recent
review by Smidova et al''). However, it must be noted that
a large portion of DDS suffer from DDS-type specific draw-
backs including lack of biodegradability, low stability, struc-
tural Such
disadvantages could be overcome by utilizing protein-based

heterogeneity or  cyto-/immunotoxicity.
DDS originating from target organism (such as albumin, trans-
ferrin or ferritin).'

Ferritins (FRTs), the major iron storage and detoxifying
proteins in most organisms, belong to the most promising
biomacromolecular DDS."* The main role of FRTs is to
prevent the harmful redox reactions in the organism by
collecting free iron in the form of ferrihydrite phosphate in
its core for a further use in enzyme cofactors.'* In nature, the
interior of FRTs is filled with iron, but when they are
expressed artificially under iron-free conditions, the yielded
apoFRTs are hollow, comprising a cavity that can be loaded
15-21 The
uniqueness of FRTs lies in the fact that the protein can be

with distinct types of bioactive compounds.

reversibly dissociated into 24 (H- and/or L-) subunits
through changes of pH from approx. 4 to 7.4 to enable
encapsulation of the chosen cargo into its cavity.** This
process could offer highly reproducible production of bio-
compatible homogeneous DDS with plenty of choices for
surface or structural modifications. On the other hand, harsh
conditions of the low pH environment can have undesirable
effects on a payload functionality. For instance, Khattab and
coworkers have shown that incubation of AG-1478 (EGFR-
targeted TKI) in acidic pH results in a formation of two
twisted conformers, protonated at different quinazolyl nitro-
gen moiety.”® Similar findings were also achieved with
Gefitinib (EGFR-targeted TKI).** To avoid such prototropic

and geometric alterations, payload can be passively soaked
through channels at the junctions of FRT subunits without
disassembling the FRTSs’ structure.?>*°

Another important feature of FRTs as DDS is that target-
ing ligands can be introduced to the FRTs’ surface through
a plethora of chemical or genetic modifications. Importantly,
even non-modified FRTs can intrinsically target cancer cells
through interaction with target receptors (TfR1 for L-rich
FRTs or SCARAS for H-rich FRTs), which are frequently
up-regulated in several types of cancers.?’

We herein report that horse (Equus caballus) spleen
L-subunit-rich (22/2) FRTs can serve as efficient DDS for
lenvatinib (Len, Lenvima®) and vandetanib (Van,
Caprelsa®). Len and Van are multi-receptor TKIs that bind
in the ATP-binding pocket of the active receptor kinase
conformation and are well-known for their efficiency accom-
panied by a variety of undesired side events.”® Considering
the structural susceptibility of TKIs to acidic pH, we con-
ducted a comparative evaluation on the effects of passive
TKI diffusion versus their acidic pH-dependent encapsula-
tion on a distinct physico-chemical and biological para-
meters. To the best of our knowledge, this has not
previously been reported. In addition, to improve the active
tumor cell-targeting properties of TKIs-loaded FRTs, we
demonstrate a suitability of folate targeting as Trojan horse
process utilizing folic acid (FA) as a surface immobilized
ligand to target folate receptors (FR) frequently overex-
pressed on a variety of cancer cells with only a restricted
expression in normal tissues.”’~° Taken together, the pre-
sented study demonstrates that TKIs can be simply soaked
into the FRTs to form actively targeted DDS without the need
of utilizing the harsh encapsulation conditions.

Materials and Methods

Chemicals

Chemicals were purchased from Merck KGaA (Darmstadt,
Germany) in ACS purity, unless noted otherwise. Milli-Q™
(prepared using Barnstead GenPure UV Water Purification
system, Thermo Fisher Scientific, Waltham, MA, USA)
water was used throughout.

Active and Passive Loading of TKiIs into
FRT DDS and Surface Functionalization
with FA

TKIs nanoformulations were prepared via two different
methods. The first was based on active encapsulation of
TKIs (LC Laboratories, Woburn, MA, USA) into FRTs
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utilizing an intrinsic property of FRTs to be reversibly dis-
assembled due to pH changes. The solution consisting of
100 puL of water, 200 pL of Van or Len (I mg/mL) in
dimethylsulfoxide (DMSO) and 20 uL of FRT (50 mg/mL)
was mixed and incubated at 25°C. This step was followed by
an addition of 0.75 pL of 1 M HCI to maintain pH ~4.0, and
stirring (15 min, 25°C), during which disassembly of the
FRTs quaternary structure into subunits and incorporation of
TKI occurred. The FRT reassembly was performed by add-
ing 300 uL of phosphate buffer (150 mM, pH 7.5) followed
by incubation at 25°C, 15 min. The nanoformulations were
then purified from the unencapsulated TKIs by diafiltration
through Amicon®Ultra (50 K) columns (Sigma-Aldrich, St.
Louis, MO, USA) (6000x rcf, 20°C, 15 min, 3x) and refilled
to the initial volume.

Passive diffusion was based on a spontaneous soaking
of the hydrophobic TKIs through the channels at the
junctions of FRTs subunit triplets. For this purpose,
100 pL of water, 200 puL of Van or Len (I mg/mL) in
DMSO and 20 pL of FRT (50 mg/mL) was mixed and
incubated at 25°C, 24 h. Then, the nanoformulations were
purified from the unencapsulated TKIs by diafiltration
through Amicon®Ultra (50 K) columns (6000x rcf, 20°C,
15 min, 3%) and refilled to the initial volume.

The surface functionalization was achieved by incuba-
tion (600% rpm, 25°C, 2 h) of 250 pL of TKIs loaded in
FRTs with 17.5 pL of FA (56 mM in 1 M NaOH) and

TKls FRT loading

25 uL of N,N'dicyclohexylcarbodiimide (DCC, 200 mM in
DMSO). After incubation, the free FA was removed by
diafiltration through Amicon®Ultra (50 K) columns
(6000% rcf, 20°C, 15 min, 3x). After the last centrifuga-
tion, FRTs were refilled to the original volume and stored
for further use. Loading protocols together with structural
formulas of payloads (Van and Len) and expected modes
of binding of FA to the surface of TKls-loaded FRT
through DCC are schematized in Figure 1.

Evaluation of Encapsulation and Surface

Functionalization Efficiencies

The encapsulation efficiency (EE%) calculation was based
on the absorption maxima of Van and Len (A=320 nm). For
quantitation, absorption spectra of TKIs were recorded prior
and post diafiltration. EE% was calculated using Eq. (1):

EE% = [TKIadded
— free "unencapsulated TKI”) /TKI added] * 100 (1)

Similarly, FA surface binding was calculated through its
absorption maximum (A=365 nm). For this purpose, absorp-
tion spectra of FA immobilized on surface-modified TKIs-
loaded FRTs were recorded prior and post diafiltration and
the amount of immobilized FA was calculated from FA
absorbance-based calibration curve. All efficiency analyses
were conducted using spectrofluorimeter Tecan Infinite 200
PRO (Tecan, Mannedorf, Switzerland).

FA-surface functionalization
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Figure | Structural formulas of Len and Van employed as payloads for L-subunit-rich FRT DDS and schematic depiction of two TKls-loading approaches and FA-surface
functionalization. Note the two possible binding modes of FA to the surface of FRT enabled through zero-length linker DCC (detailed FRT surface zoomed in the rectangle).
Abbreviations: Len, lenvatinib; Van, vandetanib; FRT, ferritin; DDS, drug delivery system; TKIs, tyrosine kinase inhibitors; FA, folic acid; DCC, NN’

dicyclohexylcarbodiimide.

International Journal of Nanomedicine 2021:16

submit your manuscript 3

Dove


http://www.dovepress.com
http://www.dovepress.com

Skubalova et al

Dove

Validation of FRTs Reassembly After TKls
Loading

Upon encapsulation and surface functionalization, proper
reassembly was validated. This was particularly crucial for
active encapsulation based on reversible dissociation of
FRTs quaternary structure. Reassembly validation was
performed using native polyacrylamide gel electrophoresis
(N-PAGE). Briefly, 10 uL. of TKIs nanoformulations was
mixed with 5 pL of native loading buffer. Separation was
carried out in native running buffer for 20 min at 200
V and 4°C. The gels were stained with Coomassie brilliant
blue (CBB) and visualized using Azure c600 (Azure
Biosystems, Dublin, CA, USA). In addition, TKIs-loaded
FRTs were investigated using atomic force microscopy
(AFM). Hybrid mode imaging (PeakForce QNM,
PFQNM) was of Bruker
Dimension Icon AFM microscope (Bruker NanoSurfaces,

performed by the use
Santa Barbara, CA, USA) equipped with a silicon nitride
probe Bruker SCANASYST-AIR (Bruker AFM Probes,
Camarillo, CA, USA). The basic probe parameters were
calibrated by analysis of the measured thermal noise —
cantilever sensitivity was 42.5 nm/V, spring constant 0.25
N/m. The nominal tip radius was 5 nm. The final post-
processing and editing of the images were done using the
Gwyddion software v. 2.55.%

Investigation of Hydrodynamic Diameter

and Stability of TKls-Loaded FRTs

Hydrodynamic diameter (HDD) and C-potential of TKIs-
loaded FRTs were evaluated by dynamic light scattering on
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
Upon dilution in water (100x), samples were placed into
polystyrene latex cells and analyzed at a detector angle of
173°,2=633 nm and temperature of 25°C. Surface -potential
was analyzed upon dilution of samples in water (20x) in
a folded capillary cell. The number of runs varied between
20 and 40 and equilibration time was 120 s. In all analyses,
the refractive index of dispersive phase and dispersive envir-
onment was set to 1.450 and 1.333, respectively.

Evaluation of Release Kinetics of TKls

from TKIs-Loaded FRTs

Release kinetics of TKIs from TKIs-loaded FRTs was
examined during incubation of TKIs-loaded FRTs in
Ringer’s solutions (RS, pH 7.4) or buffer mimicking acidic
(hypoxic/endosomal) environment (0.142 g disodium phos-
phate, 6.650 g sodium chloride, 0.071 g sodium sulfate,

0.029 g calcium chloride dihydrate, 0.45 g glycine and 4.1
g potassium hydrogen phthalate in 1 L of water, pH 5.0) by
capillary electrophoresis (Agilent 7100, Waldbronn,
Germany) with UV/Vis detector. For separation, BGE buf-
fer [(30 mM borate buffer, (20 mM) SDS, 5% EtOH)] was
used. Separation conditions were as follows: voltage 25 kV,
sample was injected hydrodynamically by 50 mBar pres-
sure applied for 2 s. Between analyses, capillary was
washed for 120 s by BGE. Between individual analyses,
the samples were stored at 37°C.

Evaluation of Protein Corona Formation
To investigate the hard protein corona formation, human
plasma was mixed with TKIs-loaded FRTs at a 1:1 volume
ratio to mimic the protein concentration in vivo (approx.
50% plasma in blood) and incubated for 35 min at 37°C
and 350 rpm. After incubation, centrifugation (5%, 30 min,
4°C, 21,130% rcf) was conducted to remove unbound
plasma proteins and pellet was resuspended and mixed
with 5 uL of non-reducing loading buffer. Samples were
separated on sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) for 30 min at 200 V. The gels
were stained via rapid CBB technique displayed using
Azure c600 (Azure Biosystems).

Hemocompatibility

Red blood cells (RBCs; Zen-Bio, Durham, NC, USA) were
thawed and washed with 150 mM NaCl five-times. TKIs-
loaded FRTs were diluted in phosphate-buffered saline
(PBS, pH 7.4) to obtain 25.00, 15.50, 6.25 and 3.12 uM
TKIs. Each solution was mixed with RBCs at a 1:1 ratio and
incubated (1 h, 37°C). Quantitation of hemolysis was per-

formed according to the previously published protocol."

Cell Lines

For the purpose of the study, three human cell lines were
utilized: i) the HBL-100, non-malignant cell line estab-
lished from human milk, ii) T-47D and iii) MCF-7 repre-
senting estrogen-sensitive cell lines derived from a pleural
effusion of ductal breast cancer. T-47D and MCF-7 cells
were cultured in RPMI-1640, HBL-100 were cultured in
DMEM. The culture media were supplemented with 10%
fetal bovine serum (FBS), penicillin (100 U/mL) and strep-
tomycin (0.1 mg/mL). Prior to each analysis, the cells were
counted using automated cell counter Countess II FL
(Thermo Fisher Scientific). All cell lines used in this study
were purchased from American Type Culture Collection
(Manassas, VA, USA).
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Evaluation of Antiproliferative Effects of
TKls-Loaded FRTs

Suspension of cells was seeded in 96-well plates (5000
cells per well) and incubated for 24 h. After that, the cells
were treated with TKIs-loaded FRTs (normalized to 4 uM
concentration of TKIs) and incubated for 24 h. To quantify
proliferation, the cells were stained using CYQUANT® GR
kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. After staining, the fluorescence (Aey
=480 nm, A.,=520 nm) of samples was analyzed using
Infinite 200 PRO (Tecan).

Quantitation of Apoptosis

Cells were seeded in 6-well plates (600,000 cells per well) and
incubated for 24 h. After treatment with TKIs-loaded FRTs and
free TKIs (normalized to TKIs concentration of 4 pM, 6 h)
cells were detached using Accutase™ (Sigma-Aldrich) fol-
lowed by washing of cells suspension with cold PBS (2x,
200x rcf, 10 min). For labeling, PE Annexin V Apoptosis
Detection Kit I (BD Biosciences, San Jose, CA, USA) was
utilized according to the manufacturer’s instructions. Analyses
were conducted using the BD Accuri C6 Plus (BD
Biosciences) at 35 uL/min through PE Annexin V (488 nm
laser, 585/40 band-pass filter) and 7-AAD (488 nm laser, 670
long-pass filter) fluorescence. A minimum of 40,000 cells was
analyzed per each group.

Real-Time Quartz Crystal Microbalance
(QCM)

TKIs-loaded and TKIs-free FRTs were immobilized on the
surface of piezoelectric crystal covered with a gold layer.
The 10 MHz Au/Ti coated QCM chips were purchased
from International Crystal Manufacturing Company
(Oklahoma City, OK, USA). The crystals were cleaned
in acetone for 30 min and, afterwards, a monolayer of
mercaptoundecanoic acid was formed (10 mg/mL in etha-
nol incubation for 1 h at 25°C). After washing of the
surface with EtOH and water, the carboxylic groups were
activated by 1 h incubation in the mixture of 200 mM
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and 50
mM N-hydroxysuccinimide in water. After washing with
water, TKIs-loaded and TKIs-free FRTs were immobilized
on the surface at the concentration of 0.4 mg/mL and the
incubation was carried out overnight in wet atmosphere in
the refrigerator. Prior to analyses, the piezoelectric crystals
were placed in a flow-through cell. The measurements
were performed using the QCM Analyzer (KEVA, Brno,

Czech Republic). The flow of the cell suspension was
driven by the pump Minipul MP3 (Gilson, Villeurbanne,
France). The whole system was controlled via the in-house
developed software LabTools. The recorded parameters
were resonant frequency f, autogain control voltage (R,
corresponds to resistance of the crystal) and temperature
in the cell; flow rate of cell suspension was 45 pL/min.

Confocal Laser Scanning Microscopy

(CLSM)

TKIs-loaded FRTs were labelled with Cy3 NHS ester
(Lumiprobe, Hannover, Germany). Cells were seeded to
chamber slide (30,000 cells per well) and incubated overnight.
Then, the cells were treated with Cy3 NHS ester-labelled
TKIs-loaded FRTs (normalized to 4 pM concentration of
TKIs). After washing with PBS, cells were fixed using
200 pL of 4% formaldehyde in PBS and incubated for
10 min at 25°C. The permeabilization of membranes was
achieved by 100 pL of 0.1% Triton X-100 in PBS. After
blocking with 100 pL of 3% BSA in PBS, the chamber slides
were incubated with anti-Rab5 (PA3-915, dilution 1:250;
Thermo Fisher Scientific), anti-FR (ab3361, dilution 1:100;
Abcam, Cambridge, UK) or anti-LAMP1 (14-1079-80, dilu-
tion 1:100; Thermo Fisher Scientific) primary antibodies and
incubated overnight at 4°C. After washing, the relevant FITC-
labelled secondary antibodies were added and the slides were
incubated at 4°C, 1 h. After washing with PBS-T (3x), each
well was stained with Hoechst 33342. Stained slides were
visualized using CLSM (LSM 880, Carl Zeiss, Jena,
Germany)

Clonogenic Assay

Cells were seeded into 6-well plates (1000 cells per well)
and incubated for 24 h. Then, the cells were treated with
TKIs-loaded FRTs and free TKIs (normalized to TKIs
concentration of 8 uM). After 6 h incubation, the treatment
solutions were removed, the cells were washed gently with
PBS, supplemented with fresh media and incubated until
first visible colonies were formed. The cells were fixed
using 3:1 methanol:acetic acid for 5 min and stained using
0.5% crystal violet in methanol for 15 min. Finally, the
clonal efficiency was counted as the number of colonies
containing at least 50 cells.

Wound-Healing Assay
Cells were seeded into 6-well plates (100,000 cells per well)
and incubated until 100% confluence was reached. To create
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Figure 2 Physico-chemical characterization of TKls-loaded FRTs. (A) N-PAGE showing correct protein patterns for all prepared TKls nanoformulations. After surface
functionalization with FA, amount of FRT on the gel decreased due to some protein losses that occurred during a purification of unbound FA. (B) AFM micrographs of native
and disassembled FRT and FA-modified TKls-loaded FRTs. The values are expressed as a mean of three (n = 3) independent replicates + SD.

Abbreviations: TKiIs, tyrosine kinase inhibitors; FRT, ferritin; N-PAGE, native polyacrylamide gel electrophoresis; FA, folic acid; MWV, weight marker; AFM, atomic force

microscopy.

a cell-free zone, a line was scraped in each well with a p20
pipet tip, followed by washing with PBS. Then, the cells
were treated with TKIs-loaded FRTs and free TKIs (normal-
ized to TKIs concentration of 8 uM). After 6 h incubation,
the cells were supplemented with fresh media. Micrographs
of artificial wound were captured using EVOS FL Auto Cell
Imaging System (Thermo Fisher Scientific) for up to
12 days. The growth media were changed every 2 days.

Descriptive Statistics

For the statistical evaluation of the results, the mean was
taken as the measurement of the main tendency, while
positive and negative error was taken as the dispersion
measurement. Differences between groups were analyzed
using unpaired #-test and ANOVA. For analyses, software
Statistica 12 (StatSoft, Tulsa, OK, USA) was employed.

Results and Discussion

Physico-Chemical Characterization of
TKls-Loaded FRTs

For the purpose of TKIs-loading, commercially purified
E. caballus spleen L-subunit-rich FRTs were utilized, with
excelling biocompatibility, biodegradability, non-toxicity
and high loading efficiency as has been previously demon-
strated for a variety of bioactive compounds,'-'7-20-21-3234
N-PAGE revealed that the FRTs were single protein com-
plex with an apparent MW of about 480 kDa (Figure 2A).

Upon pH-dependent reassembly w/o payload, FRTs

successfully retained their structural integrity and charge,
which is in line with Stuhn et al.*® Similar findings were
further obtained for both types of TKIs loading. It must be
noted that in comparison to passive diffusion, FRTs that
underwent the active loading of TKIs exhibited some
extent of concentration decline. This was most likely due
to imperfect reassembly leading to a partial loss of protein
subunits during diafiltration. In addition, losses of FRTs
also occurred during FA-surface functionalization steps.
Despite the fact that the amount of recovered FA-
functionalized TKIs-loaded FRTs were still high enough,
this phenomenon must always be taken into account and
thoroughly checked.

DLS results confirmed that the native FRT and TKIs-
loaded FRTs were relatively monodispersed with only
a minor effect of FA-surface functionalization on FRTs
HDDs (Table 1). Noteworthy, a passive diffusion of Van into
FRTs resulted in elevation of HDD to approx. 30 nm. This
might be attributed to increased affinity of Van to the FRT
exterior causing a small portion of FRTs agglomeration. In
water, native FRT exhibited (-potential of —24.6 mV. Passive
diffusion of TKIs led to only negligible {-potential changes
(—26.1 mV for Len and —27.0 mV for Van, respectively)
indicating only a minor alteration of FRTs’ surface properties.
In contrast, FRTs subjected to active pH-dependent encapsula-
tion exhibited a marked decrease in (-potentials (—6.5 mV
for Len and —14.5 mV for Van, respectively). This suggests
that even though FRTs were thoroughly purified after the
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Table | Physico-Chemical Parameters of TKls-Loaded FRTs

Sample HDD (-Potential PDI EE Drug Loaded FA Immobilization FA Immobilized
(nm) (mV) % (nM) Efficiency (%) (nM)

Native FRT 1.7 —24.60 ~0.316 | - - - -
Len@FRT/Act 1.9 —6.53 ~0.468 | 253 | 1849 - -
Len@FRT-FA/Act 13.5 —16.41 ~0.282 | - - 2.06 69.7
Len@FRT/Pas 12.0 —26.17 ~0.532 | 20.7 | 2034 - -
Len@FRT-FA/Pas 11.8 -30.11 ~0.343 | - - 1.94 60.1
Van@FRT/Act 17.5 —14.53 ~0.468 | 84 | 554 - -
Van@FRT-FA/Act 12.0 —16.55 ~0.356 | — - 2.00 69.1
Van@FRT/Pas 17.7 -29.14 ~0.385 | 145 | 1434 - -
Van@FRT-FA/Pas 27.8 —27.05 ~0.256 | — - 1.76 55.4

Abbreviations: FRT, ferritin; HDD, hydrodynamic diameter; PDI, polydispersity index; EE%, encapsulation efficiency; FA, folic acid.

pH-dependent encapsulation of TKlIs, they most likely
retained some portion of the acidic environment in their struc-
ture affecting their (-potential values.*® Therefore, it can be
speculated that in contrast to passive diffusion, active loading
of TKIs into surface-unmodified FRTs can have deleterious
effects on their stability. In all samples, surface functionaliza-
tion with FA resulted in a slight decrease in {-potentials.

It is worth noting that Van and Len are hydrophobic drugs
with lateral dimensions (~0.3 nm) allowing passive diffusion
through 4-fold hydrophobic channels in the FRT structure
(~0.5 nm).>"** Therefore, in terms of EE% of Len, only
small differences were found between active vs passive load-
ing. In contrast, Van was found to be more efficiently loaded
into FRTs by passive diffusion (Table 1). These data highlight
that hydrophobic molecules, which form a substantial part of
chemotherapeutics, can be simply loaded into FRT-based
DDS by passive diffusion without the need of reassembly
process utilizing the harsh acids-based conditions.

Folate targeting is a highly efficient active delivery
approach that has been exploited for a broad spectrum of

nanomedicines (reviewed in Bazak et al*’

). Hence, we
employed this principle and surface-functionalized TKIs-
loaded FRTs to bestow active-targeting capabilities towards
cells with high level of FR expression. For this purpose, we
utilized a DCC-mediated chemical coupling of FA,* which
resulted in a successful immobilization of FA on the surface
of TKIs-loaded FRTs. It should be noted that all passively-
loaded FRTs exhibited slightly lower FA functionalization
efficiency suggesting that some of the passively loaded TKIs
could be partially bound to the surface of FRTs and occupy
the binding sites for DCC coupling.

AFM micrographs in Figure 2B show a typical size and
homogeneous distribution of native FRTs. Upon pH-
dependent disassembly, laterally small objects, most likely

protein subunits, were found confirming the sufficiency of
utilized acidic conditions (pH 4.0) for FRT disassembly.
Noteworthy, compared to the actively-loaded FRTs, AFM
revealed that passive loading of FRTs with Van resulted in
a formation of some amount of agglomerates, which is in
line with the DLS analysis. Nonetheless, the resulting size
(~30 nm) complies with the generally accepted require-
ments for a size of nanoparticles for medical
applications.*! It was further found that compared to active
encapsulation, passively loaded FRTs exhibited a lower
focal adhesion, which is plausibly due to their consider-
ably lower surface (-potential affecting their non-covalent
interactions with AFM tip (Figure S1). In addition, nano-
mechanical analyses of FRTs’ deformation revealed that in
general, actively-loaded TKIs exhibited a higher force
sensitivity. This phenomenon can be attributed to struc-
tural defects due to improper folding of FRTs that can
occur during the pH-dependent reassembly.** Rigidity of
TKIs-loaded FRTs was further increased after surface
functionalization, validating the presence of FA on the

surface of TKIs-loaded FRTs.

In vitro Prediction of Biocompatibility of
TKls-Loaded FRTs

In order to predict the biocompatibility of TKIs-loaded
FRTs, we first determined their stability in RS, which is
an isotonic solution mimicking the environment of mam-
malian extracellular fluids* and acidic buffer mimicking
hypoxic/endosomal environment. In case of Len, both
loading processes exhibited a similar premature release
of the payload. The highest release of Len was observed
in the shorter incubation periods, whilst samples that were
subjected to longer incubation periods (24 h) exhibited
only minimal release of Len (Figure 3A). Interestingly,
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Abbreviations: TKIs, tyrosine kinase inhibitors; FRT, ferritin; SD, standard deviation; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; RBCs, red

blood cells; PBS, phosphate-buffered saline.

while passively-loaded Van exhibited similar release curve
as Len nanoformulations, active loading of Van resulted in
a highly stable DDS in which virtually no premature
release was found in all aliquots incubated in RS.
Although we cannot provide experimental data to explain
this phenomenon, high repeatability of this analysis under-
pins that in RS, actively-loaded Van is tightly bound to the
FRT. These data suggest that RS can have capability to
stabilize the payload in the FRTs. Hence, it can be antici-
pated that the 24 h pre-incubation of TKIs-loaded FRTs in
RS can be a stabilizing step preceding future in vivo
applications. It must be noted that acidic pH of hypoxic
microenvironment (pH ~6.5) of solid tumors and endoly-
sosomal compartments (pH > ~5.0) can have a dramatic
effect on release of TKIs. Therefore, we further investi-
gated release kinetics of TKIs during incubation in acidic,
hypoxia/endosomal compartments-mimicking buffer (pH
5.0). It was found the acidic pH triggers lower burst

release (0 h) of TKIs compared to RS (Figure 3A).
Moreover, in contrast to RS, incubation in acidic buffer
led to a slow sustained release of TKIs observed particu-
larly for actively-loaded FRTs but not for their passively-
loaded counterparts suggesting a decreased stability of
FRTs structure due to the active pH-dependent encapsula-
tion protocol, which is in line with our physico-chemical
characterization data.

Biocompatibility with blood environment is a crucial
parameter for any therapeutical modality intended for
intravenous (i.v.) administration. Exceptional hemocom-
patibility of FRT has been studied in our previously pub-
lished study.”® However, the loading protocol, type of
payload and surface functionalization can affect hemo-
compatibility of DDS.**
TKIs-loaded FRTs adsorb a protein corona from human

Thus, we first analyzed whether

plasma. Noteworthy, practically no formation of hard
plasma protein corona was found irrespective of FA
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surface functionalization (Figure 3B). This is of particular
importance since protein corona can effectively shield the
targeting ligands or recognition units on the DDS surface,
thus affecting biodistribution and specificity of delivery
process.* In addition, all formulations of TKIs-loaded
FRTs exhibited a neglectable or no destruction of human
RBCs and consequent release of hemoglobin (Figure 3C
and Figure S2). Taken together, the results suggest a great
biocompatibility of TKIs-loaded FRTs with a bloodstream
environment and underpin their suitability for iv.

administration.

Cytotoxicity of TKls-Loaded FRTs and

Selectivity of FA Surface Functionalization
Although Len and Van have been approved and are primarily
used for chemotherapeutical interventions in advanced radio-
iodine refractory/medullary thyroid cancers and unresectable

registered to the clinical trials for single agent or combination
therapy for hormone-responsive breast cancer (ClinicalTrials.
gov Identifiers: NCT03168074, NCT02562118 and
NCT002530411). Therefore, to examine the efficiency of
TKIs-loaded FRTs, we utilized two cell lines derived from
hormone (progesterone/estrogen)-responsive breast cancers
(T-47D and MCF-7). Both cell lines are VEGFR-positive,*®
predetermining them as suitable targets for TKIs-based ther-
apy. In addition,’** both cell lines exhibit high expression of
FR [>28-fold (T47-D) and >11-fold (MCF-7) higher com-
pared to healthy HBL-100 cells] and comparable expression
of TfR1 (a receptor with affinity to L-rich FRTs) (Figure S3).
Therefore, they are ideal in vitro models for evaluation of FA-
mediated targeting of TKIs-loaded FRTs.

We first focused on antiproliferative effects of TKIs-
loaded FRTs with a special emphasis on functionality of
folate targeting. Figure 4A demonstrates that in control
HBL-100 cells, TKIs-loading had only minimal effect on

. 46,47 . . .
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Figure 4 Evaluation of cytotoxicity, selectivity and intracellular fate of TKls-loaded FRTs. (A) Antiproliferative effects of TKls-loaded FRTs. (B) Capability of TKls-loaded
FRTs to induce apoptosis in target T47-D cells. (C) QCM analysis of efficiency of FA targeting compared to surface-unmodified TKls-loaded FRTs. QCM was performed in
FR overexpressing T47-D cells. Representative CLSM micrographs shown in inset demonstrate a co-localization of Cy3-labeled Van@FRT-FA/Pas with FR upon 5 min
treatment of T47-D cells. Scale bar, 5 um. (D) CLSM micrographs showing a fast association (after 5 min exposure) of Cy3-labeled FA-targeted TKls-loaded FRTs with
endosomal compartment and only negligible co-localization of TKls-loaded FRTs with lysosomes post 24 h exposure. Scale bar; 10 um. The values are expressed as the mean

of three (n = 3) independent replicates + SD.

Abbreviations: TKIs, tyrosine kinase inhibitors; FRT, ferritin; QCM, quartz crystal microbalance; FA, folic acid; FR, folate receptor; CLSM, confocal laser scanning

microscopy; Van, vandetanib; Len, lenvatinib; SD, standard deviation.
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a negligible amount of FR,'” slight increase in cytotoxicity
of Van and Len loaded in FRT can be attributed to some
extent to the interactions between TfR1 expressed on sur-
face of HBL-100 cells and FRTs,* enabling a facile intra-
cellular accumulation of TKIs triggering consequent
multiple kinase inhibitory activity. This is in line with
the results showing that FA-surface functionalization plau-
sibly acting as a sterical hindrance on the FRTs domains
with affinity to TfR1, mostly resulted in a decrease in
TKIs cytotoxicity in HBL-100 cells. In contrast, in FR
expressing T47-D and MCF-7 cells, FA functionalization
substantially stimulated antiproliferative effects of TKIs-
loaded FRTs, while in both cell lines, the highest antipro-
liferative activity was found for Van@FRT-FA/Pas. This is
in agreement with a quantitation of induction of apoptosis
examined in T-47D cells, in which Van@FRT-FA/Pas
treatment led to the highest rate of early/late apoptotic
cells (Figure 4B). For Len, only a slight induction of
apoptosis was found throughout the short-term treatments,
suggesting a slower onset of its inhibitory activity com-
pared to Van. It is worth noting that the antiproliferative
effects and induction of apoptosis have been evaluated in
a 24 h experiment that was primarily focused on validation
of functionality of folate targeting. Considering the
mechanism of action of TKIs, there is no doubt that longer
administration times will result in a more profound cyto-
toxic effect®® that will enable the delineation of impact of
loading pipeline on TKIs-loaded FRTs anticancer activity.
The latter was investigated as well and will be discussed in
the following chapter.

Due to the nature of the obtained data, next we put our
attention on further validation of folate targeting. CLSM
micrographs of Van@FRT-FA/Pas administration in T47-
D cells (inset in Figure 4C) show numerous punctate spots
corresponding to Cy3-labeled FRTs co-localized with the
area of high expression of FR clustering on the cell sur-
face. This phenomenon is generally followed by a ligand
invagination to form an early endosome.’’ A fast and
efficient folate targeting was further corroborated by
QCM demonstrating a considerable lower frequency in
FA-functionalized FRTs highlighting a fast and efficient
binding of T47-D cells on the FRTs-coated surface of
QCM chips. All in all, the gathered data validated the
folate targeting as a suitable choice for actively-targeted
nanomedicine of TKIs utilizing FRTs as DDS.

FA-drug/nanoparticles conjugates that bind to the FR
trigger cellular uptake via receptor-mediated endocytosis.>>
Indeed, we observed a large portion of TKIs-loaded FRTs

co-localizing with Rab5, which localizes on early endo-
somes (Figure 4D). Importantly, multivalent FA conjugates
traffic quickly from endosomes to lysosomes with the pH of
compartments ~5.0, in which any digestible content is pro-
cessed by lysosomal enzymes.>> Considering the fact that
several studies have shown that the release of a payload
from FRTs is enabled by activity of

enzymes,”*>> upon endocytosis, FRTs are digested in lyso-

lysosomal

somes, which most likely results in the release of Cy3 label
from FRTs and its passing outside the lysosomes as evi-
denced by LAMPI staining (Figure 4D). FRTs digestion
enables small hydrophobic TKIs to diffuse through the lyso-
somal membrane into the intracellular space. This feature
must be taken into account, since only TKIs that can exert
inhibitory activity through binding to intracellular tyrosine
kinase domain (Van, Len, sunitinib, sorafenib, etc.56) can
thus serve as a payload for FRTs. Importantly, the intracel-
lular fate investigations did not reveal any substantial differ-
ences between behavior of passive and active loading of
TKIs, suggesting that both protocols are suitable for adapta-
tion to drug delivery utilizing FRTs inherent receptor-
mediated endocytic route.

Long-Term Inhibitory Activity of
TKls-Loaded FRTs on Clonogenicity and
Migration

To identify how the cells cope with the long-term chal-
lenge with TKIs-loaded FRTs, we first focused on the
inhibitory activity of TKIs on clonal efficiency. The
obtained data confirmed that in general TKIs require
longer exposure times to fully exhibit their anticancer
effects. Importantly, although we did not find marked
differences between cytotoxicity of passively vs actively
loaded FRTs in the short-term experiments, the long-term
experiments revealed that passive loading of TKIs results
in a considerably higher inhibitory effect. Figure 5A
and B demonstrate that the treatment with passively loaded
FRTs equipped with FR-targeting capabilities resulted in
a marked decline of a number of progeny colonies. This
phenomenon was particularly obvious in FR-positive T47-
D and MCF-7 cells, while virtually no inhibition of clonal
efficiency was found in healthy HBL-100 cells. Taken
together with the fact that FA-unmodified TKIs-loaded
FRTs exhibited only minimal differences in their inhibitory
activities, most likely due to some extent of expression of
TfR1/SCARAS, this

finding underpins the utmost
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Abbreviations: TKlIs, tyrosine kinase inhibitors; FRT, ferritin; SD, standard deviation.

importance of folate targeting for a selective delivery of
TKIs to breast cancer cells.

In line with the clonogenicity data, the evaluation of
antimigratory activity of TKIs-loaded FRTs in T47-D cells
confirmed slightly better performance of passively-loaded
FRTs as well as the importance of folate targeting for
stimulation of TKIs activity (Figure 5C). Noteworthy,
upon administration with FA-functionalized actively and
passively Van-loaded FRTs, no living cells were found
after 48 h and 5 days, respectively, indicating their high
cytotoxic performance in T47-D cells. Taken together, the
long-term experiments revealed that passive loading is
considerably beneficial over pH-dependent encapsulation
of TKIs in terms of their resulting biological activity.

Last but not least, our results also demonstrate that Van
is a better candidate for breast cancer therapy than Len. We
attribute this phenomenon to the differences between kinase
affinities of Van vs Len. Van exhibits its affinity not only to
VEGFR, but also EGFR and RET-tyrosine kinase.’’
Previously published studies describing that expression of
EGFR positively correlates with poor prognosis of

hormone-responsive breast cancers®® and that expression
of RET-tyrosine kinase is associated with estrogen receptor
abundance’® support our hypothesis. In contrast to Van, Len
primarily targets VEGFR1/2/3,°° whose expression is gen-
erally more frequent in HER2-positive or triple-negative
breast cancer subpopulations.®'*> Despite the involvement
of representative cell lines might confirm this affirmation,
such investigation was beyond the scope of this study.

Conclusion

Successful loading of Van and Len through two distinct
protocols into FRT-based DDS, facile surface functionali-
zation with FA and subsequent differences in biological
activity in the breast carcinoma cells are demonstrated. We
show that despite both protocols being suitable for effi-
cient loading of FRTs with Van and Len and neither of the
loading protocols exhibiting an effect on the efficiency of
surface functionalization with FA, the passive loading
resulted in a more potent TKIs nanoformulations. This
phenomenon is plausibly due to structural and functional
changes in TKIs structure caused by exposure to acidic
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pH. However, this statement requires further experimental
validation. Our study demonstrates for the first time that
FA-functionalized FRTs are highly promising and cancer
cell-selective DDS for TKIs-based anticancer medicine.
Importantly, since passive loading does not require
a reassembly step for which acids are needed and which
frequently results in improper folding of FRTs quaternary
structure that can affect their further functional properties
(stability, receptor affinity, payload release kinetics, etc.),
the presented investigation will serve as a solid basis for
all future studies focused on encapsulation of small hydro-
phobic molecules into FRTs. Overall, FRTs are safe and
efficient DDS holding great potential for further clinical
translation. Therefore, we envisage that particularly FA-
functionalized passively loaded Van could be translated
into in vivo settings and merits further investigation as
a highly selective nano-based therapeutic modality for
hormone-responsive breast cancers.
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