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Active targeting can enhance precision and efficacy of drug delivery systems (DDS) against cancers. Riboflavin
(RF) is a promising ligand for active targeting due to its biocompatibility and high riboflavin-receptor expression
in cancers. In this study, RF-targeted 4-arm polyethylene glycol (PEG) stars conjugated with Paclitaxel (PTX),
named PEG PTX RF, were evaluated as a targeted DDS. In vitro, PEG PTX RF exhibited higher toxicity against
tumor cells compared to the non-targeted counterpart (PEG PTX), while free PTX displayed the highest acute
toxicity. In vivo, all treatments were similarly effective, but PEG PTX RF-treated tumors showed fewer prolif-

erating cells, pointing to sustained therapy effects. Moreover, PTX-treated animals' body and liver weights were
significantly reduced, whereas both remained stable in PEG PTX and PEG PTX RF-treated animals. Overall, our
targeted and non-targeted DDS reduced PTX's adverse effects, with RF targeting promoted drug uptake in cancer
cells for sustained therapeutic effect.

Background

Until now, chemotherapy has been indispensable for many cancer
treatments, but its efficacy is often hampered by limited drug delivery to
tumor sites and systemic side effects, primarily due to non-targeted
distribution, multidrug resistance associated with a dense and com-
plex tumor microenvironment, rapid drug clearance, and limited
cellular uptake."*> Nanomedicine has emerged to address these chal-
lenges. Drug solubility, stability, and bioavailability can be tailored by
encapsulating chemotherapeutic agents within nanoparticles. Addi-
tionally, nanoparticles have shown increased drug accumulation in
tumor tissues through the enhanced permeability and retention (EPR)
effect, while minimizing exposure to healthy tissues, thus reducing
systemic side effects.’

The EPR effect is a key mechanism that allows nanoparticles to
selectively accumulate in tumor tissues with compromised vasculature.
This effect is primarily observed in solid tumors and is attributed to
abnormal and leaky tumor blood vessels, lack of lymphatic drainage,
and the hypoxic tumor microenvironment. »° Initially the EPR effect was
presumed to be homogeneous and present in all tumor types, but its
variability across patients and even within the same tumor has posed
challenges for effective drug delivery and targeted treatments.®’
Indeed, despite significant advancements in nanomedicine formula-
tions, their success in improving therapeutic outcomes and patient
survival has been limited.®’

To synergistically complement the EPR effect, several active target-
ing strategies have already been exploited showing enhanced drug
retention in tumors and stronger cellular internalization, increasing

* Corresponding author at: Institute of Experimental Molecular Imaging, Forckenbeckstrasse 55, 52074 Aachen, Germany.

E-mail address: fkiessling@ukaachen.de (F. Kiessling).
1 Both authors contributed equally

https://doi.org/10.1016/j.nano.2024.102751
Received in revised form 15 March 2024;
Available online 3 May 2024

1549-9634/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:fkiessling@ukaachen.de
www.sciencedirect.com/science/journal/15499634
https://www.sciencedirect.com/journal/nanomedicine-nanotechnology-biology-and-medicine
https://www.sciencedirect.com/journal/nanomedicine-nanotechnology-biology-and-medicine
https://doi.org/10.1016/j.nano.2024.102751
https://doi.org/10.1016/j.nano.2024.102751
https://doi.org/10.1016/j.nano.2024.102751
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nano.2024.102751&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Darguzyte et al.

their therapeutic performance.'® Among the available tumor-targeting
moieties, antibodies are the most efficient targeting systems. Due to
their size, they offer an optimal balance between a long blood half-life,
passive accumulation mediated by the EPR effect, and deep penetration,
enabling efficient active targeting.'' Thus, developing targeted nano-
medicines in the size range of antibodies could leverage both passive
accumulation and cellular internalization.

Vitamins have been studied as targeting moieties of nanomedicines
in numerous clinical trials due to their biocompatibility, accessibility
within the body, carrier properties, strong binding to specific receptors,
and essential roles in cellular metabolism.'*'® In this context, riboflavin
(RF)-based targeting is emerging in oncology for diagnostic and thera-
peutic purposes. RF (Vitamin B2) is essential for cell proliferation and
differentiation and, thus, required by metabolically active tissues, such
as malignant tumors.'* Even though the storing and transporting
mechanisms are complex and only partially understood, it is mainly
hypothesized that the riboflavin transporter 3 (RFVT3) is most respon-
sible for RF uptake in tumors.'® By exploiting this process, RF represents
an optimal candidate to achieve higher therapeutic efficiency by
actively triggering nanoparticle cellular internalization alongside pas-
sive tumor accumulation, avoiding drug release in the extracellular
matrix (ECM), and the likelihood of side effects. As shown in previous
studies conducted by our group, RF was successfully conjugated to a 3-
arm peptostars and 4-arm polyethylene glycol (PEG)stars, strongly
promoting its tumor cell internalization compared to the non-targeted
counterpart. The benefit of RF-targeting in comparison to the unla-
beled polymers' passive accumulation was demonstrated after Cy 5.5
labeling with computed tomography - fluorescence molecular tomog-
raphy (CT/FMT), fluorescence microscopy, and ex vivo 2D fluorescence
reflectance imaging (2D FRI).N”17

Despite these promising results, to the best of our knowledge, no
prior study has elucidated whether the improved retention and inter-
nalization of RF-targeted compounds also result in more effective tumor
therapy. Thus, in this study we conjugated 40 kDa star PEG with
paclitaxel (PTX) (PEG PTX) and RF (PEG PTX RF) and investigated in
vitro, in vivo, and ex vivo its therapeutic efficacy, looking at both, tumor
response and drug tolerability.

Methods

Further details regarding Chemicals, Polymer characterization
(including NMR analysis of Paclitaxel and Riboflavin derivatives, char-
acterization of Targeted and non-targeted 4-arm PEGs, HPLC analysis,
Dynamic light scattering, Nanoparticle tracking analysis, Fluorescence
measurements, and Riboflavin targeted PEG interaction with riboflavin
binding protein), Molecular dynamics simulation, In vitro cytotoxicity
experiments, Animal housing, and Histology are provided in the Sup-
plementary Information.

Synthesis

Paclitaxel (PTX) was conjugated to 4-arm polyethylene glycol (PEG)
via a succinic spacer that releases the drug at physiological pH,?° while
riboflavin (RF) was coupled via carbodiimide linkage. Both PTX and RF
needed functionalization before they could be linked to PEG. NMR was
carried out at each step (supplementary information).

Paclitaxel derivative

PTX was functionalized to 2-succinyl-paclitaxel (SPTX) according
t0.>?0 Typically, 10 mg of PTX (1 eq.) were dissolved in pyridine and
14 mg of succinic anhydride (12 eq.) was added. The reaction was mixed
overnight. Subsequently, the solvent was evaporated, and the residue
was suspended in water. After 30 min of mixing, the solution was
centrifuged, and the precipitate was collected. The precipitate was dried
using a lyophilizer, and SPTX was obtained.
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Riboflavin derivative

Carboxymethylriboflavin was synthesized according to.>! RF was
dissolved in 20 mL glacial acetic acid and 20 mL acetic anhydride. A few
drops of perchloric acid (70-72 %) were added, and the mixture was
stirred at 40 °C for 1 h. After cooling down, 40 mL of cold water was
added, and the product was extracted with chloroform. Then, the sol-
vent was removed under reduced pressure, and 2',3,4',5-tetra-O-ace-
tylriboflavin was obtained.

Then, 2,3,4',5-tetra-O-acetylriboflavin (1 eq.) was reacted with
ethyl bromoacetate (5 eq.) and anhydrous potassium carbonate (5 eq.)
in anhydrous acetone. The mixture was stirred overnight at room tem-
perature. Afterward, the solvent was removed under reduced pressure,
and the product was dissolved in dichloromethane. The solution was
washed with 1 N acetic acid and water. Then, the solvent was removed
under reduced pressure, and N3-ethylacetate-2',3',4',5'-tetra-O-acetylri-
boflavin was obtained.

To deprotect carboxy- and hydroxyl-groups, N3-ethylacetate-
2/,3',4',5'-tetra-O-acetylriboflavin was refluxed in 2 M hydrochloric acid
for 2 h. The solvent was removed under reduced pressure, and carbox-
ymethylriboflavin was obtained.

Targeted and non-targeted 4-arm PEGs

PTX was conjugated to 4-arm PEG and then, in the case of targeted
polymers (PEG PTX RF), RF was coupled. In detail, SPTX (1 eq.) was
dissolved in dimethylformamide with N-(3-Dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (1 eq.) and 1-Hydroxy-1H-benzotria-
zol Hydrate (1 eq.). After stirring for one day, PEG (4 eq.) was added,
and the mixture was left to react for 18 h. The product was purified using
HPLC.

For doubled labeled PEGs, further conjugation with carbox-
ymethylriboflavin was performed. Carboxymethyl RF (4 eq.) was dis-
solved in dimethylformamide with 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (4 eq.) and 1-hydroxy-1H-
benzotriazol hydrate (4 eq.). After stirring for 1 h, purified SPTX-PEG
(1 eq.) was added, and the mixture was left to react for 18 h. The
product was purified using HPLC.

In vivo experiments

Tumors were induced by subcutaneous injection of 4 x 10° A431
cells in the right flank of ten-week-old Balb/c female nude mice (Crl:
CD1-Foxnlnu, Janvier, France). Each day the animals were scored, and
the tumor volume was measured using a caliper. Once the tumors
reached 5 mm in diameter, the experiments started. Based on a previous
study, the minimal effective dosage (MED) of our drug delivery systems
was estimated to be between 5 and 20 nmol in 100 pL saline.'® The
timeline of the animal experiment was designed taking into consider-
ation the rapid growth rate of untreated tumors (Control group) and the
fast RF uptake. Indeed, Tsvetkova et al. observed a blood half-life of
circa 13 h for RF targeted DDS.'® In detail, the mice received 5 mg of
PTX kg of body weight-1, normalized for all the therapies (free PTX, PEG
PTX RF, or PEG PTX), or sodium chloride (control group) via intrave-
nous injection on days 0, 2, and 4. Tumor response to therapy was
monitored using contrast-enhanced ultrasound (Vevo3100, MX250
transducer, VisualSonics, Canada) using microbubbles (SonoMAC-r,
SonoMAC GmbH, Germany) on days 0 (before therapy), 1, 3, 5, and 7. In
detail, a series of images of tumors were acquired in B-Mode for tumor
volume evaluation. Then, the transducer was positioned in the middle of
the tumor, and the inflow of 1 x 107 microbubbles mL™?, injected via
tail vein, was acquired in non-linear contrast mode at a frequency of 18
MHz with a framerate of 10 fps for 90 s. Ultrasound images were
analyzed using VevoLAB 3.2.0 to determine tumor volume, perfusion,
and vascularization. On the last day, all animals were euthanized via
cervical dislocation. Tumors and organs of interest were collected,
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weighted, and preserved in Tissue-Tek (Sakura, Germany) at —80 °C.

Mass spectrometric data analysis

Sections of frozen mice livers, tumors, lungs, spleens, and kidneys
were coated with a trypsin solution (25 ng/pL in 20 mM ammonium
bicarbonate), incubated for 2 h at 50 °C and coated with a-cyano-4-
hydroxycinnamic acid (Bruker Daltonic, Germany) as a matrix (10 mg/
ml dissolved in 70 % ACN/ 0.2 % TFA). The coating process was per-
formed using a MALDI imaging sprayer (HTX TM-Sprayer: TMSP-M3,
HTX Technologies, USA). MALDI MSI data were accumulated using a
TOF-TOF-mass spectrometer (Rapiflex; Bruker-Daltonic, Bremen, Ger-
many) equipped with a SmartbeamTM 3D laser with a 5 kHz repetition
rate and controlled by the Flex-Control 4.0 (Bruker-Daltonic, Germany).
Mass spectra were acquired with 800 laser shots for each raster point
and a digitizer rate of 2.5 GS/s in reflector-positive mode. Analyses were
taken in the mass range of 0-3500 Da using a raster width of 50 pm.

Data analysis was performed using SCiLS Lab software (SCiLS Lab-
2022b; SCiLS GmbH; Bremen, Germany) and Flex-Analysis 4.0
(Bruker-Daltonic, Bremen, Germany). MALDI MSI raw data sets were
converted to the SCiLS SL file format. The baseline was calculated by an
iterative top hat, and normalization was performed based on the total
ion count (TIC) method. Peptides were identified through the MS/MS
spectra using the lift option of the Rapiflex mass spectrometer (Bruker-
Daltonic, Bremen, Germany). The mass spectra were calibrated and
annotated using BioTools 3.2 (Bruker-Daltonic, Bremen, Germany) in
combination with SwissProt (University of Geneva, Switzerland) and the
MASCOT 2.2 database (Matrix Science, London, UK) comparing exper-
imental mass-spectrometric data with calculated peptide masses for
each entry into the sequence database.

Statistical analysis

Data were analyzed and visualized with GraphPad Prism V9.5
(GraphPad Software, La Jolla, CA, USA). One-way or two-way ANOVA
test was performed to compare between control and other groups.

Results
Polymer conjugate synthesis and characterization

PTX conjugation to PEG stars (PEG PTX) was analyzed using high-
performance liquid chromatography (HPLC), where the PTX peak was
observed at 227 nm wavelength. Free PTX was found at a retention time
(RT) of 24 min, while the PTX polymer conjugate (PEG PTX) displayed a
peak at RT = 27 min indicating successful coupling. In NMR, a signal
between 2.50 and 2.80 ppm was displayed corresponding to the succinic
anhydride linkage of PEG PTX. The presence of the linker further
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confirmed the successful coupling of PTX.

Some PEG PTX was further functionalized with RF, obtaining PEG
PTX RF. The presence of RF was affirmed by visual inspection (orange
color) and by HPLC, where it was localized at 450 nm wavelength. At
this wavelength neither PEG nor PTX are known to give any signal. Free
RF displayed a peak at RT = 13 min, while the PEG PTX RF had a peak
only at RT = 27 min.

The PEG PTX and PEG PTX RF sizes were analyzed using dynamic
light scattering (DLS) (Fig. 1 A). PEG stars showed a bimodal distribu-
tion with sizes of 16 and 164 nm for non-targeted PEG PTX and 12 and
122 nm for targeted PEG PTX RF. Based on this, we assume that the
polymers formed unimers and larger supramolecular structures. A few
studies have reported that DLS measurements of samples having parti-
cles of two sizes (e.g., 20 and 100 nm) depending on the ratios of the
particles could produce inaccurate results (e.g., have the results skewed
towards the larger size).'®'° Hence, multi-angle DLS was employed to
get more accurate size measurements and additional information about
the geometry. As shown in Fig. 1 B, the sizes of PEG stars did not change
depending on the angle, where all polymer conjugates (PEG PTX and
PEG PTX RF) had a radius of around 100 nm. Some smaller structures
were seen only at a few angles, but the intensity of them compared to
larger ones was so low that they were neglected (Fig. S1). Moreover, the
Guinier plot was used to calculate the radius of gyration. The ratio of the
radius of gyration and hydrodynamic radius of PEG PTX and PEG PTX
RF was 1.5. Generally, the ratio of 1 suggests vesicle geometry, while the
ratio of 1.5 is typical for multi-arm star-like polymers. Additionally, to
check how samples behave at lower concentrations, nanoparticle
tracking analysis (NTA) evaluation was performed (Fig. 1 C). NTA
indicated a narrow uniform distribution with mode diameters of 166 +
5 nm for PEG PTX and 128 + 4 nm for PEG PTX RF, supporting and
validating the previous DLS data.

Molecular dynamic simulations

In the simulation box, 12 simulated polymers (SPEG) were placed
and allowed to interact for 100 ns. As can be seen from snapshots (Fig. 2
A-B), SPEG PTX and SPEG PTX RF assembled and formed supramolec-
ular structures at the end of the simulation. In both cases, PTX molecules
(depicted in red) were in the core of the formed structures. It is assumed
that the vesicular formation is due to the hydrophobicity of the drug.
SPEG PTX RF seems to form more compact structures (Fig. 2 B). Similar
results were obtained when comparing the reduction of solvent-
accessible surface area (SASA) from the initial to the final steps (Fig. 2
C). The SASA reduction was 34.23 % and 18.67 % for SPEG PTX RF and
SPEG PTX, respectively, indicating increased aggregation in the pres-
ence of RF, which is believed to be due to hydrophobicity of RF. This was
additionally confirmed by the radius of gyration (Rg) (Fig. 2 D). SPEG
PTX RF and SPEG PTX showed polymer chains coming together to form
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Fig. 1. Size measurements of PEG PTX RF and PEG PTX 4-arm PEGs. DLS measurements of PEG stars (A) show a bimodal distribution with larger particles having
hydrodynamic diameters of 160 and 120 nm for concentrated PEG PTX and PEG PTX RF, respectively. Interestingly, multi-angle DLS measurements (B) do not display
any significant differences between the polymers concerning the size or the uniformity of the samples. Both PEG stars seem monodispersed and have a radius of
~100 nm. NTA measurements (C) demonstrate narrow size distribution with mode diameters of 166 + 5 and 128 + 4 nm for PEG PTX and PEG PTX RF, respectively.
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Fig. 2. Molecular simulation results. Snapshots of SPEG PTX (A) and RF SPEG PTX (B) molecular structures of polymers at the end of the simulation. RF is depicted in
yellow, PTX in red, and SPEG chains in grey. RF SPEG PTX seems to be more compact than SPEG PTX. Solvent-accessible surface area (SASA) reduction (C) at the end
of the simulation. SASA values are reduced for the RF SPEG PTX than the SPEG PTX ones indicating a higher degree of freedom in the latter. Similarly, the radius of
gyration (Rg) (D) is lower in RF SPEG PTX than the SPEG PTX ones. (E) Snapshot of the simulation box at the end of simulation depicting interactions between
simulated polymers (left: SPEG PTX, right: SPEG PTX RF) and bovine serum albumin (BSA).

more compact structures, with lower Rg observed for SPEG PTX RF.
Overall, simulation results point to supramolecular structure formation,
particularly in the presence of RF.

To simulate how the polymer chains behave in vivo, we also exposed
five molecules of SPEGs to one molecule of bovine serum albumin (BSA)
in the simulation box. In the presence of BSA, the polymers tended to
come together (Fig. 2E). SPEG PTX RF also interacted with BSA, while
most SPEG PTX molecules appeared distant from the BSA molecule.

In vitro RF binding and cytotoxicity

As PEG stars tend to form supramolecular structures, it is important
to know whether RF structures can still interact with its receptors in
tumor cell membranes. RF is known to be fluorescent (Fig. S2). Upon
interacting with the riboflavin binding protein (RBP) it loses the fluo-
rescence (Fig. 3 A). The reduction in fluorescence was observed when
PEG PTX RF was exposed to increasing RBP amounts (Fig. 3 B). This
confirmed that RF was not buried inside the supramolecular structures
but stayed outside interacting with RBP or RFVT.
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PEG polymers and RF are used in many products of our daily life and
considered non-toxic.”’ To confirm the biocompatibility of their com-
bination, human epidermoid carcinoma cells (A431) and prostate cancer
(PC3) were used for cytotoxicity assays and exposed to high concen-
trations of RF-targeted polymers without PTX conjugation (PEG RF) and
PEG, used as an additional control, for 24, 48, and 72 h (Fig. S3). As
expected, the viability of the cells was not altered.

The cancer cell lines A431 and PC3 are known to overexpress human
riboflavin transporters (RFVTs)'>?! and were shown specifically to
internalize RF polymers.16 Hence, A431 (Fig. 4) and PC3 (Fig. S4) were
exposed to a range of concentrations of free PTX, PEG PTX, and PEG PTX
RF, respectively. Both PEG PTX and PEG PTX RF inhibited cell growth.
With increasing exposure time, the inhibition efficacy increased for all
probes. The free drug possessed the highest potency followed by PEG
PTX RF, and PEG PTX. After 72 h exposure time, PEG PTX RF and PEG
PTX had IC50 values of 0.0080 and 0.0129 nM in A431 cells, respec-
tively (Fig. 5).

To further confirm the specificity of PEG PTX RF, vascular smooth
muscle cells (vSMC), which are known not to overexpress RFVTs, were
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Fig. 3. Selective binding of free RF and PEG PTX RF to riboflavin binding protein (RBP). Fluorescence intensity plot (A) depicting decreasing fluorescence upon the
interaction of free RF with RBP. The same result, though to a lesser extent, is found when exposing PEG PTX RF to RBP (B).
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Fig. 5. Comparison of the antitumor effects of free PTX, PEG PTX, and PEG PTX RF. In comparison to untreated tumors (Control), tumor growth is significantly
inhibited in animals receiving free PTX, PEG PTX and PEG PTX RF (A). No difference in tumor vascularization (B) and perfusion (C) is observed among the different

groups. ****: p < 0.0001.

exposed to PEG PTX RF and compared to PEG PTX. While both RF PEG
PTX and PEG PTX inhibited cell growth, as illustrated in Fig. S5, no
discernible impact of RF targeting was observed. This observation is
supported by the lack of a significant difference between the targeted
and non-targeted DDS. Thus, no specific RF targeting was evident in the
absence of RFVTs.

In vivo therapeutic efficacy

Animals with A431 xenograft tumors of 5 mm size were randomly
allocated to one of the treatment groups, which were intravenously
injected with sodium chloride (control group), free PTX, PEG PTX, or
PEG PTX RF on days 0, 2, and 4, respectively. Tumor volume, perfusion,
and vascularization were longitudinally evaluated via a contrast-
enhanced ultrasound system (Vevo3100, VisualSonics, Canada) one
day prior to the beginning of the therapy and on days 1, 3, 5, and 7. In
comparison to untreated controls, free PTX and both PEG PTX formu-
lations decreased the tumor volumes significantly (Fig. S6). No signifi-
cant difference was observed in terms of tumor vascularization (Day 7
Control: 1.03 + 0.39 a.u.; free PTX: 1.52 + 0.95 a.u.; PEG PTX: 1.30 +
0.24 a.u.; PEG PTX RF: 1.82 + 1.32 a.u.) and perfusion (Day 7 Control:
0.98 + 0.41 a.u.; free PTX: 1.88 4 0.73 a.u.; PEG PTX: 1.24 + 0.39 a.u.;
PEG PTX RF: 1.66 + 1.16 a.u.) among all the groups.

Ex vivo analysis

Ex vivo histological analyses were performed to further investigate
the therapies' impact on tumor vascularization and proliferation. He-
matoxylin and eosin (H&E) stains showed no difference in terms of
necrosis among the four groups (Control: 15.27 + 13.23 %; free PTX:

29.10 £ 11.54 %; PEG PTX: 21.47 + 14.60 %; PEG PTX RF: 24.16 +
15.96 %) (Fig. 6 A). Tumor vasculature was investigated via CD31
staining, revealing no changes in the amount of CD31 positive vessels
among the treated groups and the untreated control (Control: 2.88 +
0.78 %; free PTX: 4.07 + 3.42 %; PEG PTX: 3.48 + 1.38 %; PEG PTX RF:
3.78 4+ 1.58 %) (Fig. 6 B). These findings are consistent with the in vivo
ultrasound investigations.

Interestingly, although not statistically significant, cellular prolifer-
ation was most strongly inhibited by PEG PTX RF (28.27 + 20.41 %),
followed by PEG PTX (34.63 + 18.52 %) and free PTX (41.99 + 12.33
%). The percentage of proliferating cells in control tumors was 60.32 +
29.54 % (Fig. 6 Q).

Side effects of therapy

To assess the overall animal welfare, the body weight was measured
daily. Animals receiving free PTX significantly lost body weight (93.33
=+ 2.05 % of initial weight), while the weight of animals treated with
PEG PTX and PEG PTX RF remained constant (at day 7 Control: 100.71
+ 3.07 %; PEG PTX: 106,52 + 4.92 %; PEG PTX RF: 102,66 + 2.86 %)
(Fig. 7 A). At the end of the in vivo experiment, the animals were
sacrificed. Organs, such as kidneys, spleen, liver, heart, and lungs were
harvested and weighed (Fig. 7 B). A significant reduction in liver
weights was observed in the free PTX group compared to untreated
controls (at day 7: free PTX: 1.22 + 0.13 g; Control: 1.46 + 0.13 g).
Interestingly, PEG PTX RF and PEG PTX did not significantly affect any
organ weight. This highlights that the known liver toxicity of free
PTX?>?® can partially be compensated by our drug delivery system
approach.

To further investigate the degree of liver toxicity for the different
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Fig. 6. Histological analysis of excised tumors. Representative images are shown on the left and the according quantification on the right. Quantification of necrosis
(A) is based on H&E stainings (extracellular matrix depicted in pink and nuclei counterstained in purple); Functional vascularization (B) is assessed via CD31 staining
in green. DAPI is used to counterstain the nuclei in blue; Proliferating cells (C) are visualized using a KI67 staining (green) and nuclei are displayed in blue (DAPI). No
significant differences are found between the groups concerning the degree of necrosis and vascularization. However, inhibition of cells proliferation is observed for
all the groups in comparison to the untreated control. This inhibitory effect is most pronounced for PEG PTX RF.

therapies (free PTX, PEG PTX, and PEG PTX RF), liver samples were
analyzed by mass spectrometry (MS). Fresh frozen liver sections were
trypsinized, enzymatically digested, and coated with a matrix to allow
Matrix Assisted Laser Desorption/Ionization-Time of Flight (MALDI-
TOF) analysis. The mass spectra were calibrated and compared with
known peptide masses.

Major cell cycle factors were investigated. A higher expression of the
cyclin-dependent kinase inhibitor 2A and 2B (CDN2A and CDN2B) was
observed in the free PTX treated group in comparison to PEG PTX and
PEG PTX RF groups (CDN2A Free PTX: 5.30e-° + 5.21 a.u.; PEG PTX:
2.26e™% + 1.94 a.u.; PEG PTX RF: 2.64e™*° + 2.84 a.u.; CDN2B Free
PTX: 1.65e-%° + 0.74 a.u; PEG PTX: 7.58¢ % + 4.27 a.u.; PEG PTX RF:
8.23e7% + 7.35 a.u.) (Fig. 7 C—D).

Additional MALDI MSI was performed to investigate the amount of
free PTX in spleen, lung, tumor, kidney and liver. While in most tissues
almost no PTX metabolites were seen (Fig. S7), the liver had relatively
high amounts (Fig. 7 D)-In particular, the free PTX treated group showed
highest values of PTX accumulation in the liver, while it was reduced in
PEG PTX and PEG PTX RF, indicating lower systemic toxicity for our
polymeric drug delivery systems (Free PTX: 1.56*10~° a.u.; PEG PTX:
2.84*107° a.u.; PEG PTX RF: 6.12%107° a.u.).

Discussion

Various drug delivery systems (DDS) have been developed to
improve the efficacy and safety of chemotherapeutic drugs. DDS
enhance passive drug accumulation via the EPR effect and decrease drug
efflux from cancer cells.” They are also taken up by macrophages, which
then slowly release the drugs to the cancer cells.*!

To further improve retention and to increase the internalization by

cancer cells, active targeting has been proposed.”” However, to take
benefit from active targeting DDS still need to reach the tumor site
passively. Studies have shown that the tumor accumulation of both
targeted and non-targeted liposomes, as well as other DDS with a
diameter exceeding 10 nm, did not markedly changed with active tar-
geting.'®?° It has been previously reported that tumor accumulation
may even decrease when the targeting ligand enhances DDS uptake by
the liver and spleen, consequently reducing blood half-life—a critical
factor for efficient EPR-based accumulation.?” Therefore, in larger DDS
(over the renal elimination threshold), active targeting can rather be
expected to improve long term retention and cellular internalization.'®
However, whether this translates into enhanced therapeutic efficacy
needs to be carefully proven.

Many biological ligands have been identified and studied for facili-
tating active targeting of DDS to tumor cells, such as proteins, small
peptides (transferrin, RGD, bombesin, or NR7), antibodies, affibodies,
antibody-guided avidin-nucleic-acid nanoassemblies (ANANAS), poly-
saccharides (HA), and small molecules (folate — vitamin B9).'?% Often
these are directed to surface molecules that are specific for only one or
few cancer types, which limits their broad applicability and thus, com-
mercial potential. To efficiently target one of cancers' general hallmarks,
we exploited riboflavin's (RF) pivotal role in metabolically active tissues,
i.e., cancer cells.?’ RF is highly requested for the formation of FAD and
FMN, two coenzymes involved in energy metabolism, cell respiration,
antibody production, growth, and development.>’ While there have
been compelling evidence demonstrating RF's ability to significantly
enhance internalization of DDS such as liposomes,% dendrimers,31
linear®>** and star-shaped polymers,'®'” the effect on chemotherapies'
therapeutic outcome still needed to be elucidated.

In this study, we successfully prepared RF-targeted 4-arm PEG stars
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Fig. 7. Side effects of the treatment. The body weights of control, PEG PTX, and PEG PTX RF groups are comparable, while animals receiving free PTX have
significantly lower values (A). Moreover, mice of this group have significantly lower liver weights (B) than control and PEG PTX or PEG PTX RF treated animals.
Other organ weights are not affected by the therapy. Mass spectroscopy analysis confirmed these findings by showing that the free PTX treatment results in high
values of mitosis inhibitor markers (C, D). Both PEG PTX and PEG PTX RF groups show relatively lower expressions of CDN2A and 2B. Furthermore, higher amounts
of PTX metabolite (E) are found in livers that received free PTX than in the PEG PTX and PEG PTX RF groups indicating higher off-site accumulation and metab-

olization of the chemotherapeutic agent. *: p < 0.05.

conjugated with PTX (referred to as PEG PTX RF). Based on our previous
experience with 4-arm PEG stars, sizes similar to those of immuno-
globulins (5-15 nm) were expected.16 However, we observed that larger
sizes. In the previous study, the polymers were labeled with a fluores-
cent probe in order to detect them in vivo, while in our case, PEG stars
were not labeled. Instead, they were conjugated to a chemotherapeutic
drug to test therapeutic efficacy of actively targeting RF. Upon conju-
gation to PTX, the polymers tended to form supramolecular structures.
Since these clusters are only held together via hydrophobic interactions,
it is expected that the polymers can adapt and change formation. This
was evaluated using molecular dynamic simulations. While the notion of
supramolecular structure formation was also seen during dynamic
simulations, it was also observed that RF had freedom to move. Addi-
tionally, an interaction of RF targeted polymers with BSA was observed
highlighting the potential for RF to interact effectively with its sur-
roundings, a crucial aspect of active targeting. The findings were further
confirmed by the in vitro RBP binding assay, providing clear evidence
that PEG PTX RF can bind to its intended targets.

As evidenced by our in vitro data, we observed that RF targeting of
PEG PTX improves cytotoxicity on A431 and PC3 cells, which is in line
with previous findings.>"-**~*® However, in comparison to the free drug,
PEG PTX RF and PEG PTX showed lower efficacy, which is likely because
drug delivery systems need more time to be internalized via endocytosis
and to release the drug, while free PTX can quickly be transported into
the cells via passive diffusion. Similar in vitro results with free drugs
having higher efficacy than RF conjugates were obtained by
others,>%3%40

In vivo, all treatments yielded similar tumor responses in terms of
tumor size reduction, vascularization, and perfusion. As observed by
Bartlett et al., the in vivo biodistribution and organ distribution of DDS
changed only slightly following the conjugation of ligands.*! Never-
theless, the ligands significantly enhanced the binding and uptake of
DDS after reaching the tumor tissue. This may lead to prolonged therapy
effects, which is indicated by our finding that tumors of animals treated

with PEG PTX RF presented with the lowest amount of proliferating
cells. Hence, further studies should be conducted to explore tumor
progression after the end of treatment and investigate the effect of
different treatment regimens in additional tumor models. Other strate-
gies to enhance DDS therapeutic efficacy involve modifying the physi-
cochemical properties of DDS, including size (different length of PEG
chains), shape (linear or dendritic instead of star) rigidity, or surface
properties. For instance, a study demonstrated that linear PEG PTX with
a 20 kDa size exhibited higher in vitro toxicity than the 6 kDa com-
pound.“? Consistent with our initial hypothesis, we observed more side
effects (loss of liver and body weight) in animals treated with free PTX
compared to those receiving targeted and non-targeted DDS. Although
PTX is known to be hepatotoxic, ex vivo histological examination of the
livers (data not shown) did not reveal any significant differences be-
tween the control, free PTX, PEG-PTX, and RF-PEG-PTX groups. It is
known that the acute toxicity of chemotherapeutics is often reflected by
round lipid vacuoles indicating lipidosis or hepatic steatosis.*> However,
this effect is very transient due to the high regenerative capacity of the
liver."* As we sacrificed our animals three days after the last drug
administration, the acute effects of free PTX were most likely already
gone. Therefore, we investigated the livers via mass spectrometry (MS),
which highlighted the increased expression of cyclin-dependent kinase
(CDNs) inhibitors and the prominent presence of PTX's main metabolite
only in animals treated with free PTX. CDN2A and 2B are crucial reg-
ulatory proteins involved in cell cycle control and cell growth regula-
tion. They inhibit the activity of cyclin-dependent kinases and arrest the
cell cycle between G1 and S phase. The combined effect of the latter,
along with the cytotoxicity provided by free PTX, exemplifies the lower
liver weight of animals belonging to the group treated with free PTX.
These findings underscore the significant advantage in employing DDS
to reduce off-target toxicity, as previously demonstrated also with Doxil.
The reduced side effects by using DDS would also justify the adminis-
tration of higher PTX dosages to further enhance therapeutic effi-
cacy. 3435 Thus, dose escalation experiments with PEG PTX, and RF PEG
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PTX will be a focus of our next studies.

In summary, this study's findings show that drug delivery systems are
effective in reducing off-target accumulation of drugs. In addition, RF
can enhance the cellular internalization of DDS, which accumulation
potentially improves their long-term therapeutic efficacy.
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