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Protease Responsive Nanogels for Transcytosis across the
Blood—Brain Barrier and Intracellular Delivery of
Radiopharmaceuticals to Brain Tumor Cells

Smriti Singh,* Natascha Drude, Lena Blank, Prachi Bharat Desai, Hiltrud Kénigs,
Stephan Riitten, Karl-Josef Langen, Martin Méller, Felix M. Mottaghy,

and Agnieszka Morgenroth*

Despite profound advances in treatment approaches, gliomas remain
associated with very poor prognoses. The residual cells after incomplete
resection often migrate and proliferate giving a seed for highly resistant
gliomas. The efficacy of chemotherapeutic drugs is often strongly limited by
their poor selectivity and the blood brain barrier (BBB). Therefore, the
development of therapeutic carrier systems for efficient transport across the
BBB and selective delivery to tumor cells remains one of the most complex
problems facing molecular medicine and nano-biotechnology. To address this
challenge, a stimuli sensitive nanogel is synthesized using pre-polymer
approach for the effective delivery of nano-irradiation. The nanogels are
cross-linked via matrix metalloproteinase (MMP-2,9) substrate and armed
with Auger electron emitting drug 5-'°1]lodo-4"-thio-2"-deoxyuridine
(['*1)ITdU) which after release can be incorporated into the DNA of tumor
cells. Functionalization with diphtheria toxin receptor ligand allows nanogel
transcytosis across the BBB at tumor site. Functionalized nanogels efficiently
and increasingly explore transcytosis via BBB co-cultured with glioblastoma
cells. The subsequent nanogel degradation correlates with up-regulated
MMP2/9. Released ['#1]ITdU follows the thymidine salvage pathway ending
in its incorporation into the DNA of tumor cells. With this concept, a highly
efficient strategy for intracellular delivery of radiopharmaceuticals across the
challenging BBB is presented.

1. Introduction

The nanomedicine drug delivery strategies
aim at the improvement of drug thera-
peutic efficacy. Some of them affect the
drug stability and by this, its kinetics,
some its specificity. In more than 70% of
high-grade gliomas, the blood—brain bar-
rier (BBB) is disrupted allowing passive
targeting by exploiting the enhanced per-
meability and retention (EPR) effect. How-
ever, since high-grade gliomas rapidly in-
filtrate the surrounding brain tissue, the
drug carriers still need to deal with ef-
ficient and tumor-selective drug delivery
across the intact BBB. This barrier acts
as a neuroprotective shield that protects
the brain by restricting the free passage
of molecules from the blood into the cen-
tral nervous system (CNS) and hence it
regulates homeostasis.l'! While intrathecal-
based drug delivery is considered ineffi-
cient, the transvascular route of drug ad-
ministration, following systemic injection,
could virtually treat all neurons in the
brain, considering that almost every neu-
ron in the human brain has its capillary.l?!
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Another possible strategy is to choose nasal administration,
which in combination with a suitable delivery system (e.g.,
poly(N-vinyl pyrrolidone)-based nanogels) exploits retrograde
axonal transport.’] In the development of drug delivery sys-
tems, the most cited strategies to circumvent the BBB refers
either to an invasive modulation of the barrier like tempo-
ral ultrasound-mediated disruption via microbubbles!*! or active
transport across it.’] Recently, May et al. presented the poten-
tial of opening BBB via sonopermeation as a safe and efficient
delivery option of nanomedicine formulations to and into the
brain.l®) However, the transvascular route to the brain is virtu-
ally impenetrable for the majority of therapeutic substances.[!”]
Therefore, for the treatment of neurodegenerative disorders like
Alzheimer’s, Parkinson, or brain tumors, the drug or drug deliv-
ery system should: i) have the ability for efficient and selective
crossing the BBB, ii) be unrecognized by efflux pumps, and iii)
be protected from early degradation. With the advances in the
field of nanomedicine, tailored drug loaded particles with the
size of ten to a few hundred nanometers have been proposed
as an intriguing tool to enhance and improve drug transport
across the BBB.I®*P#! Applying them, the crossing of the BBB
is solely dependent on the physicochemical and biomimetic fea-
tures of the nanoparticle, irrespective of the chemical cargo struc-
ture. For functionalized nanoparticles, the most relevant strate-
gies rely either on receptor-mediated or adsorptive-mediated
transcytosis.[*!) This natively existing cellular mechanism allows
transcellular transport of accordingly functionalized nanoparti-
cles upon interaction with the corresponding receptors.>¢l To
address this, endogenous receptors like insulin-, transferrin-, and
low-density lipoprotein receptors have extensively been investi-
gated in preclinical studies. However, the high concentrations of
endogenous ligands compete with the delivery system and impair
their implementation.l’®?! Recently, the membrane-bound pre-
cursor of heparin-binding epidermal growth factor-like growth
factor (HB-EGF), also known as diphtheria toxin receptor (DTR),
has been shown to provide a new mechanism to cross the BBB.[1]
Compared to most described receptors, DTR has no endogenous
competitors and its expression is strongly up-regulated on the
cerebral blood vessels in gliomas, ischemic stroke, and under
hypoxic conditions.'!l Thus, the functionalization of nanopar-
ticles with a nontoxic mutant of the DTR ligand cross reactive
material 197 (CRM-197), clinically approved as a carrier protein,
facilitates a highly specific and efficient delivery system across
the BBB at target sites.['?l However, the delivery of therapeu-
tically relevant doses not only across the BBB but also specifi-
cally to the site of the disease still presents a challenging issue.
This demands a definition of up-regulated targetable disease-
associated mechanisms. For glioblastoma, the potential candi-
dates for treatment are mitosis addressing drugs since the pro-
liferating tumor cells are surrounded by quiescent brain cells.
Unlike chemotherapeutic drugs, whose effectiveness depends on
the concentration achieved at the tumor site; for radiopharma-
ceuticals, the therapeutic efficiency is primarily related to the en-
ergy transferred by the radiation and the range of decay.'}] The
Auger electron emitting nuclides are particularly useful candi-
dates due to their features like the ultra-short radiation range (1-
20 nm) and the high killing potential (one double-strand DNA
break per decay).'*] Uniquely, when localized in the cell cyto-
plasm, Auger electron emitters result in mild toxicity; however,

Adv. Healthcare Mater. 2021, 10, 2100812 2100812 (2 0‘F13)

www.advhealthmat.de

when incorporated into DNA, they are highly radiotoxic. In fact,
DNA-incorporated Auger electron emitters can be as radiotoxic as
alpha particles.[*] To achieve the prerequisite DNA proximity, the
Auger electron emitters could be linked to nucleoside analogues
as vehicles addressing mitotically active tumor cells. As shown
in our previous studies, the Auger electron emitter labeled thymi-
dine analogue['*1]ITdU is effectively incorporated into the newly
synthesized DNA of malignant cells."®! Several in vivo studies vi-
sualized its preferential accumulation in tumor tissue and high
therapeutic potential resulting in efficient and selective induc-
tion of cell death.['”] However, although Auger electron emitter
labeled thymidine analogues were shown to kill glioma cells ef-
fectively in vitro, their therapeutic potential in vivo is extremely af-
fected due to the inaccessibility imposed by the BBB. Thus, incor-
poration of ['®*T]ITdU into a nano-formulation and its tumor cells
triggered release presents an experimental approach to tackle this
limitation.

2. Results and Discussion

In this study, we focused on the development of a transvas-
cular stimuli sensitive drug delivery system for the treatment
of glioma, one of the most aggressive and virtually incurable
cancers. Nanogels were prepared based on poly(ethylene gly-
col), which were previously shown to prolong circulation in
vivo without nonspecific binding or rapid elimination by the
mononuclear phagocyte system.®] Six arm star poly(ethylene
oxide-co-propylene oxide) pre-polymers with acrylate end groups
(Ac-sPEG) were used to synthesize two types of radiolabeled
nanogels. For the quantification of transcytosis experiments,
the nanogels were equipped with the chelator NODAGA-NH,
for ®Ga labeling (NODAGA-nanogel). For cellular drug deliv-
ery experiments, the nanogels were radiolabeled with ['*IJITdU
([**I)ITdU-nanogel).

2.1. Nanogel Synthesis and Structural Characterization

For NODAGA-nanogel synthesis, the free amine of the
NODAGA was modified to thiol using 2-iminothiolane (Traut’s
reagent). 2-iminothiolane reacted with the primary amine,
forming an amidine bond and resulting in a free thiol group.
The thiol modified NODAGA was clicked to the Ac-sPEG by a
thiol-ene Michael addition. The modification of acrylate with
NODAGA was kept to a molar ratio of 1:0.3. The successful
functionalization of star-Poly(ethylene glycol-stat- propylene
glycol)-acrylate with NODAGA was confirmed by NMR (Fig-
ure S1, Supporting Information). The NODAGA-modified
Ac-sPEG was further used for the synthesis of nanogels via
inverse miniemulsion!’! using cysteine end-capped MMP-2
substrate as a cross-linker (Ac-GCRDSGESPAY|YTADRCG-
NH,) (at a molar ratio of 1:1.5). The k_, value of this specific
MMP-2 cleavable substrate is 2.96 + 0.72 71,12 which can
be further optimized by tailoring the peptide sequences. The
NODAGA-NG was then post modified with CRM-197; the pep-
tide was first reacted with Traut”s reagent to obtain thiol group.
The remaining free acrylates of the NODAGA-nanogel were
used for the post-modification of the nanogels with thiolated

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

A s

www.advhealthmat.de

+
RNH, + E>=NH Borate buffer R - )]\/\/SH
pH =8, RT, 1h u

+ (o] H
B NH Borate buffer gg N
)I\/ . S R
R SHs pH = 8, RT, 12h
~ R'O
H o CIH NH
+
R = NODAGA R' = 6-arm starPEG
Alexa-Flour 488 1125
HO _
1125 0 0 ) \;:[ji*‘" &
Lo g o 1 TEA _0 (o] s NH
N N N
T b —» g J
o) MeCN o
[e) o

(03 HO _
Beson
HO S NH
J
| 125
HO _
D o} o opNio
/ s NH
YT

o

8 HS "y SH *
MMP Substrate

Miniemulsion
—————— -
Z pH=8

-+
NH,
CRM 187 /J\\//\\J/su
N

R

Scheme 1. Synthesis of CRM-197 functionalized MMP-substrate cross-linked nanogels. A) The reaction of Traut’s reagent with amine-functionalized
fluorophore and/or chelator or CRM-197. B) The reaction of the thiol-modified fluorophore and/or chelator resulting in functionalized star-PEG acrylate.
C) The reaction of ['?°1]ITdU with disuccinimidyl carbonate. D) The disuccinimidyl carbonate modified ['2°1]ITdU was reacted with cysteine end capped
MMP-substrate during the synthesis of nanogels using acrylate pre-polymer from step (B); the formed nanogels were post modified with CRM 197.

CRM-197 (Scheme 1A). Nanogels with NODAGA were radio-
labeled with 68Ga as previously described.'®*!IFor microscopic
imaging analysis, the nanogels were fluorescently labeled with
Alexa-Fluor 488. To ensure linking of ['?I]ITdU to the nanogel
via MMP substrate (Scheme 1B), the primary OH-group of
the ["®I]ITdU was first reacted with disuccinimidyl carbonate
(Scheme 1C) and then added to the MMP-2 substrate, which
was subsequently used for nanogel formation (Scheme 1D).
Successful conjugation of the nanogels with the ['*°I]ITdU was
confirmed by radio-thin layer chromatography. Excess of low
molecular weight byproducts and ['**I]ITdU was removed with
a PD-10 desalting column. The radiochemical yield (rcy) before
purification was 72% + 8% (Figure S2, Supporting Information).
After the desalting column, the product was recovered with a
radiochemical purity (rcp) of 90% + 4% and a specific activity of
2°MBq per mg nanogel.
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Successful nanogel formation and size distribution was esti-
mated by dynamic light scattering (DLS) using ALV goniometer
(Figure 1A) and TEM micrograph of the nanogels (Figure 1B).
In the dry state, the mean hydrodynamic diameter of the mi-
crogel is 129°nm =+ 31°nm compared to the swollen state where
the diameter was 240°nm as measured by DLS. The modifica-
tion with CRM-197 resulted in a marginal increase in polydis-
persity index (PDI = 0.23 versus PDI = 0.26 compared to the
non-functionalized analog. The nanogels showed a zeta poten-
tial of —25.6 mV and electrophoretic mobility of —2.005 ym cm
Vs~!. The size of the nanogels is in accordance with our previous
work, where we show the improved biodistribution of PEG based
nanogels with a similar size range. The nanogel cross-linking
by the MMP substrate was investigated by UV-vis spectroscopy.
UV spectra of MMP degradable nanogels, the non-degradable
nanogels, and MMP substrate were compared. For the synthesis
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Figure 1. Characterization of nanogels cross-linked with cysteine end-capped MMP-substrate and functionalized with CRM-197 ligand. A) The size
distribution function of nanogels with covalently attached CRM-197 and without CRM-197 showed a mean hydrodynamic radius of R;, = 100°nm before
and Ry, = 120°nm after CRM-197 functionalization. The modification with CRM-197 resulted in a slightly higher polydispersity index (PDI = 0.23 versus
PDI = 0.26). B,C) TEM micrograph of the nanogels and the histogram showing the distribution of nanogels in the dry state. In the dry state, the mean
hydrodynamic diameter of the microgel is 129°nm + 31°nm compared to the swollen state where the diameter is 240°nm as measured by DLS. D)
UV-vis spectra of MMP-substrates compared to a non-degradable control and MMP-cross-linked nanogels as proof for successful syntheses (tyrosine
peak at 28° nm). E) Circular dichroism spectra of CRM-197 before and after binding to the nanogels in comparison to nanogels without CRM-197 and

to nanogels synthesized after the pre-polymers were modified with CRM-197.

of non-degradable nanogels, cross-linking was performed with
2,2’ ethylenedioxydiethanethiol instead of MMP substrate. The
UV-vis spectra of MMP degradable nanogels showed a clear tyro-
sine peak at 280°nm confirming successful cross-linking with the
MMP substrate when compared to the non-degradable controls
(Figure 1D). Circular dichroism data indicated that CRM-197 re-
tained its secondary structure after reaction with Traut”s reagent
and binding to nanogels (Figure 1E). However, pre-polymers
functionalization with the protein prior to the nanogel synthesis
led to the denaturation of the cross-reactive material (Figure 1E,
dashed line). The nondegradable nanogel without CRM-197 was
used as control and blank. he ITdU functionalized nanogels are
post-modified by CRM 197 via a non-degradable linker. The ra-
tionale to use the non-degradable linkage for CRM-197 is to facil-
itate a stable, highly specific, and efficient delivery system across
the BBB. Once the nanogels accumulate at the tumor site, the
nanogels as well as linked ITdU are designed to be responsive to
high concentrations of MMP 2 and 9 present in the tumor mi-
croenvironment. However, upon cleavage of the MMP substrate,
the ITdU will still carry a fragment of the MMP substrate, which
can inhibit its incorporation into the DNA. To overcome this, the
MMP substrate is attached to the ITdU with a carboxylesterase
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cleavable thiocarbonate linkage, which will facilitate the genera-
tion of free ITdU for its efficient cell uptake and incorporation
into the DNA via thymidine salvage pathway. Thus, the ITdU is
linked to the nanogel with two degradable linkages (MMP sensi-
tive and thiocarbonate sensitive).

2.2. Nanogel Transcytosis via BBB

The suitability of the designed nanogels to cross the BBB was
evaluated in an in vitro model consisting of three different brain
tissue originating cell types in a trans-well insert culture system.
Cerebral microvascular endothelial cells hCMEC/D3 were seeded
apical on the collagen coated membrane, basolateral on the mem-
brane were seeded pericytes, and in the wells were seeded astro-
cytes (NHA) or glioblastoma cells (human glioblastoma cell lines
T3, U-87, and HT12356) to reproduce physiological or patholog-
ical situations, respectively (Figure 2). The membrane pore size
of 0.4°um allowed the diffusion and exchange of small molecular
substances. Daily performed measurements of transendothelial
electrical resistance (TEER), and interim TEM and fluorescence
microscopy analysis visualized the integrity and functionality of

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Evaluation and characterization of the in vitro BBB model under physiological and pathological conditions. A) Illustration of in vitro BBB
model with human glioblastoma cell lines T3, U-87, or HT12356. B) Illustration of an in vitro BBB model with normal human astrocytes. C) Fluorescence
microscopy analysis for visualization of tight junction proteins expression on hCMEC monolayer in co-culture with glioblastoma cells for 3 days (red: JAM-
1, VE-Cadherin, Claudin5, blue: DAPI nucleus staining, 40-fold magnification) and TEM image of hCMEC cells (3000-fold magnification). D) Fluorescence
microscopy analysis for visualization of tight junction proteins expression on hCMEC monolayer in co-culture with NHA for 3 days (red: JAM-1, VE-
Cadherin, Claudin5, blue: DAPI nucleus staining, 40-fold magnification) and TEM image of hCMEC cells (3000-fold magnification). E) Transepithelial
electrical resistance (TEER) measurements of hCMEC/D3 mono-culture compared to co-culture with NHAs or glioblastoma cells. F) TEER measurements
were done with mono-culture followed by co-culture starting on day 8. (n =5, **p < 0.01; ****p < 0.001 compared to stable co-culture; two-way ANOVA,

Dunnett s multiple comparison test.)

this BBB model (Figure 2 and Figure S4, Supporting Informa-
tion). The increased expression of the tight junction (T]) pro-
teins, like JAM-1, VE-Cadherin, and Claudin5, correlated with ris-
ing TEER value indicating the tightness and integrity of hCEMC
cells when co-cultured with NHA. In contrast, co-culture with
glioblastoma cells induced a down-regulation of T] proteins on
the hCMEC cells, leading to a decrease of cell tightness and in-
tegrity of the BBB (Figure 2C-F). These results indicate that by se-
creting soluble factors, glioblastoma cells can degrade TJ actively,

Adv. Healthcare Mater. 2021, 10, 2100812 2100812 (5 of 13)

and by this, induce BBB disruption. Importantly, all the follow-
ing experiments were performed in the combined mono-culture
and co-culture setting starting at day 8 (Figure 2F), to minimize
the transport effect caused by the disrupted integrity of BBB.
Next to the integrity of the BBB model, the key prerequi-
sites for receptor-mediated transcytosis (DTR expression on the
BBB) and environmental induced nanogel degradation (MMP2
and 9 activities in the media) were analyzed for each co-culture
condition (Figure 3). DTR expression was estimated by flow

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Enzymatic degradation of MMP-substrate cross-linked nanogels. A) DTR expression on hCMEC/D3 cells in different co-cultures after 3 days
estimated by flow cytometry (n = 5; one-way ANOVA; Sidak’s multiple comparisons test; **p < 0.01, ***p < 0.001). B) Visualization of membrane
associated expression of DTR on hCMEC/D3 cells in co-culture with NHA or U-87 using fluorescence microscopy (DAPI: nucleus staining, 40-fold
magnification). C) MMP2 and MMP9 activities after 3 days in the media of mono-culture, media of co-culture with NHA, in media supplemented with
TGFR2 (25 ng mL™"), in media of co-culture with glioblastoma cell lines T3, U-87, or HT12346 were detected by zymography. D) Quantification of
MMP 2 (gray bars) and MMP9 (black bars) levels using ELISA (n = 5). E) Native gel electrophoresis /phosphor imager analysis of nanogel from media
collected basolateral of the trans-well, visualizing post transcytosis nanogel degradation products (90 min incubation with 1°MBq per well). The fourth
lane visualizes the apical media collected from the co-culture with U-87 cells.

cytometry and fluorescence microscopy after 3 days of co-culture.
The highest endothelial DTR expression was induced in a co-
culture with U-87 cells (15% + 3%), while no changes were
detected in a co-culture with NHA (Figure 3A,B). The differ-
ent effects of investigated glioblastoma cell lines on endothe-
lial DTR expression might at least in part be due to their MMP
activities. DTR, which is also expressed in glioblastoma cells,
is a precursor of soluble HB-EGF, which is a mitogenically ac-
tive growth factor.[??! The soluble HB-EGF, which was shown
to strongly induce mRNA HB-EGF expression promotes vascu-
lar endothelial growth factor (VEGF-A) production and by this,
the tumor angiogenesis is generated by proHB-EGF cleavage,
a process regulated by MMP.[23] As visualized by zymography,
among the tested conditions, media of co-cultures with U-87 and
HT12346 cells showed the highest MMP2 and MMP9 activities
(Figure 3C,D). MMP2 and MMP9 were shown to be the most
abundant and active members of the MMP family in glioblas-
toma cell lines and glioblastoma brain samples. Importantly,
the expression pattern of different MMPs in glioblastoma is
highly variable, which is of high impact for the transfer of MMP-
sensitive drug delivery systems to clinical implementation.[?*
However, identification of MMP activity in patient derived biopsy

Adv. Healthcare Mater. 2021, 10, 2100812 2100812 (6 of 13)

material would allow fabrication of nanogels with correspond-
ing MMP-sensitive linker for customized drug delivery. Note-
worthy, the level of MMP2 activity in U-87 and HT12346 cells
was comparable to that detected in TGFR2-supplemented me-
dia, which supports the known function of TGF£2 as a key factor
in glioblastoma pathogenesis (Figure S5, Supporting Informa-
tion) regulating the MMP2 activity and by this promoting glioma
migration.”] To estimate the degradation profile under phys-
iological and pathological conditions, radiolabeled CRM-197-
functionalized nanogels ([®® Ga]-NODAGA-nanogels) were added
apically to the BBB model. After 90 min, the nanogel degrada-
tion in basolateral media was investigated using combined non-
reducing SDS-PAGE/phosphorimager analysis. As visualized by
a phosphorimager, the nanogel degradation degree corresponded
with MMP2 activities detected by zymography, with the highest
in the co-culture with U-87 cells producing predominantly low-
molecular weight degradation products of ~10-20°kDa and in-
termediate degradation products with MW of 37-50°kDa (Fig-
ure 3E). No degradation products were detected on the apical side
before transcytosis at 90 min incubation time. The intact nanogel
corresponds to bands between 250-100 kDa of the protein stan-
dard. Interestingly, compared to the glioblastoma cells, NHA

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Evaluation of diphtheria toxin mediated transcytosis via BBB. A) TEM images of the trans-well membrane with hCMEC/D3 cells after 4 h
incubation with CRM-197-nanogel-AF488 in co-culture with U-87 cells (left, 4600-fold magnification) and TEM images of the trans-well membrane with
pericytes after 4 h incubation with CRM-197-nanogel-AF488 in co-culture with U-87 cells (right, 6000-fold magnification). B) Fluorescent microscope
images of nanogel-AF488 with CRM-197 (CRM-197-NG-AF488) and without CRM-197 (NG-AF488) in basolateral seeded NHA or U-87 cells after 4 h
incubation with the BBB model (blue: DAPI staining, 66-fold magnification). C) Gamma-counter analysis for nanogel transcytosis and uptake quantifi-
cation. Radiolabeled functionalized and non-functionalized nanogel accumulation was measured in hCMEC/D3 cells, basolateral media, and seeded
NHA after 90 min incubation with 1°MBq per well (n = 5). D) Gamma-counter analysis for nanogel transcytosis and uptake quantification. Radiolabeled
functionalized and non-functionalized nanogel accumulation was measured in hCMEC/D3 cells, basolateral media, and seeded U-87 cells after 90 min
incubation. For inhibition study, the samples were pre-treated with the CRM-197 protein (0.1°mg per well for 60 min) (****p < 0.001; ***p < 0.005,

students t-test).

co-culture induced only partial nanogel degradation. This could
be due to the active membrane associated-MMP2, which is con-
stitutively expressed on astrocytes.[2°]

To estimate the transcytosis efficiency, nanogels with and
without CRM-197 were added on the apical side of the estab-
lished BBB model with U-87 or with NHA. For visualization of
transcytosis, all nanogels were additionally labeled with Alexa
Fluor 488 (AF-488). After an incubation time of 90 min, inserts
were analyzed via TEM and basolateral seeded cells via fluores-
cence microscopy (Figure 4A,B). The CRM-197-nanogel-AF488
was visible in hCMEC/D3 cells and in pericytes, which indi-
cated active transcytosis via BBB. As detected by fluorescence
microscopy, independent of functionalization, NHA showed
lower nanogel uptake than U-87 cells (Figure 4B). Clearly, the
BBB under physiological conditions remained mostly insuper-
able for the drug delivery systems. Importantly, in pathological
situations, conjugation with CRM-197 increased nanogel avail-
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ability leading to enhanced intracellular fluorescence signal
in U-87 cells (Figure 4B). This resulted from two successively
acting events, the DTR-CRM-197 interaction mediated nanogel
transcytosis via the BBB and MMP2/9 mediated nanogel degra-
dation at the basolateral side. The last one generated nanogels
of lower molecular weight being preferentially taken up by
endocytosis.[””) Thus, an upregulated expression of DTR on
glioblastoma cells and their increased MMP2 and endocytic
activities are probable mechanisms behind the accumulation of
intracellular fluorescence signals in U-87 cells.[®]

To quantify the receptor-mediated transcytosis, the CRM-197
functionalized and non-functionalized nanogels were conjugated
with the chelator NODAGA and radiolabeled with ®Ga. CRM-
197-nanogel-[®*Ga-NODAGA or nanogel-[*®Ga]-NODAGA were
incubated with the in vitro BBB model. Endothelial cells, ba-
solateral media, and co-cultured cell lines (U-87 or NHA) were
analyzed for accumulated radioactivity using a gamma-counter.

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

['*1]ITdU-NG in

U-87media_ NHA media
['281] ['25I)ITdU- -

ITdU NG 1h 4h 1h 4h

250 kDa
1.50 KDa
100 kDa

75 kDa

50 kDa

25 kDa

< 10 kDa

U-87 cytosol 4h B(ii)
['251] ['251)ITdU-

ITdU NG

260 kDa

160 kDa
100 kDa

www.advhealthmat.de

B(i)

10

sn W r=nTdu
[C]r25mTdU+NBMPR

g [ [>1ITdU-NG
N O =TdU-NG+NBMPR
3 6
8 O recainG
]
S 4
B3

2

i e 1D
0 W
U-87 1h U-874h NHA 1h NHA 4h

100 - *kkk . .['25I]ITd'U
% 4 | l I I [l [=NITdU-NG
g | .
=
g
3
3
o
s
®

u-87
DNA 1h

u-87
DNA 4h

U-87
cytosol 1h

u-87
cytosol 4h

Figure 5. Evaluation of ['?°I]ITdU-CRM-197-nanogel for delivery, release, and cellular uptake of ['%I]ITdU. A) Gel electrophoresis/phosphor imager
analysis of intact ['2°1]ITdU-conjugated nanogels, and ['?°1]ITdU as controls, of cell culture media of U-87 and NHA, after incubation for 1 and 4 h
with [12°1]ITdU-CRM-197-nanogel. B-i) Gamma counter analysis for quantification of cellular uptake as % of injected dose [ID = 0.5°MBq] of ['?*I]ITdU-
CRM-197-nanogel in comparison to sole ['?1]ITdU, and to %3Ga-labeled nanogels in NHA and U-87 cells. For inhibition study, the cells were treated
with 0.1 um L~ NBMPR for 1 h prior to incubation with ['2°1]ITdU-CRM-197-nanogel or ['Z[]ITdU (***p < 0.005, ***p < 0.005, two-way ANOVA,
Bonferroni posttest). B-ii) Gamma counter analysis for quantification for cytosolic and DNA-incorporated radioactivity in U-87 cells (two-way ANOVA,
Sidak’s multiple comparisons test). C) Gel electrophoresis/phosphor imager analysis of ['?1]ITdU-nanogels and ['%[]ITdU in cytosolic fraction of U-87

after 4 h.

According to the fluorescence microscopy analysis, under phys-
iological conditions, only low transcellular transport across the
BBB regardless of nanogel functionalization was detected (Fig-
ure 4C). However, co-culture with glioblastoma cells promoted
DTR-mediated transcytosis of CRM-197 functionalized NG (Fig-
ure 4D). Importantly, by pre-treatment with the CRM-197 pro-
tein, the transcytosis was significantly inhibited which indicated
the receptor binding specificity and the key function of DTR for
the nanogel transendothelial transport. Furthermore, the higher
uptake/ transport was a result of the DTR-mediated transcytosis
and not of an unspecific uptake or disruptive BBB.

2.3. Nanogels for Delivery of Radiolabeled Nucleoside Analogue
[ZTdu

With proof of transcytosis via DTR, we validated the CRM-197-
functionalized nanogel as a potential and effective system for
delivery of the Auger electron emitting nucleoside analogue
[FPNITdU. Although Auger electron emitting nucleoside ana-
logues were shown to have great potential for the induction of
cell death at a single cell level in vitro and in vivo,[?°! their applica-
tion for the treatment of brain cancer is hampered by its inability
to cross the BBB upon intravenous injection. As shown for ['2°1]-
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labeled thymidine analogues in experimental and clinical studies,
for central nervous system malignancies they need different ap-
plication routes like intrathecal or intratumoral to generate a ther-
apeutic effect in situ.[**] However, we can overcome this BBB lim-
itation by the use of nanogels. The second and major challenging
aspect is the nucleoside analogue itself. The thymidine salvage
pathway is highly specific; thus, any structural modification at the
analogue might impact its cellular uptake, phosphorylation by
thymidine kinases, and finally the incorporation into the DNA, 31l
last being one of the major limiting factors for this potential radio
therapeutics. To avoid this, ['®I]ITdU needs to be released after
nanogel degradation in its native form. To achieve this, ['*I[JITdU
was first reacted with disuccinimidyl carbonate and this mix-
ture was added to the cysteine end-capped MMP substrate and
pre-polymer mixture before inverse miniemulsion (Figure 1B,C).
The rationale behind this approach is to use acid degradable car-
bonate linkage, which in the acidic microenvironment of the
glioblastoma cells will degrade, to release the only CO, with-
out any alternation in the nucleoside analogue structure. To
prove this hypothesis, first the ['2°I)ITdU-NG was incubated with
the BBB model. Enzymatic degradation resulted in a release of
[®IITAU from the nanogel and polymer structure as indicated
by gel electrophoresis and phosphorimager analysis (Figure 5A).
Due to glioblastoma-associated increased activity of MMP2/9, the
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nanogel degradation was considerably higher in the U-87 envi-
ronment with almost no ['?*I]ITdU release in the presence of nor-
mal astrocytes (Figure S6, Supporting Information). Cellular up-
take of ['**I]ITdU-CRM-197-nanogel (and its released ['**1]ITdU)
in comparison to net ['*I]ITdU was investigated in NHAs and
U-87 cells as mono-culture. This was compared with the uptake
of %Ga-labeled nanogels to differentiate between uptake medi-
ated by the vehicle itself and the active transport of the nucleo-
side analog driven by the human equilibrative nucleoside trans-
porter 1 (hENT1).132] In general, all probes showed a considerably
lower uptake in NHAs as compared to malignant U-87 cells (Fig-
ure 5B-i). At 1 h incubation time, the highest uptake was detected
for net ['>°IJITdU. However, due to the distinct release of the nu-
cleoside analog from the nano-formulation in the glioblastoma
environment, a significantly increased radioactivity uptake in U-
87 cells was detected after incubation with ['®I]ITdU-nanogel. As
indicated by native electrophoresis, the nanogels showed a high
amount of degradation products already at 1 h post incubation.
Interestingly at 4 h post incubation with the ['2°1]ITdU-nanogel,
the radioactivity was taken up by the cells to an even higher extent
than the net nucleoside analogue (Figure 5B-i). This increased
uptake might be explained by two different effects: i) a cumu-
lative uptake effect of the released ['*1]ITdU by hENT1 and of
the [ T]ITdU still attached to the nanogel via particle endocytosis
or DTR-CRM-197 mediated uptake as well and ii) the protection
of the nucleoside analogue by the nanogel from deiodination.**
The effect of treatment with NBMPR on cellular uptake strongly
suggests the nucleoside transporter hENT as the main mecha-
nism behind the transport of nanogel released I'TdU. Besides the
inhibitory effect of NBMPR on the cellular uptake, this is further
supported by the drug release as presented in Figure S6, Sup-
porting Information. With more than 30% of U-87 mediated ex-
tracellular cleavage, it provides a tool for efficient and fast cellu-
lar uptake of ITdU and its incorporation into the DNA via the
salvage pathway. To assess the cellular localization of ['*1]ITdU,
U-87 cells were fractionated to obtain the cytosolic and DNA frac-
tions. At 1 h post addition of each compound, 2.7% and 2.0%
were detected in the extracted DNA relative to the overall cel-
lular uptake for ['®I]ITAU and ['®I]ITdU-nanogel, respectively.
After 4 h, the amount of radioactivity incorporated into the ex-
tracted DNA was considerably increased for both, the net nucleo-
side analogue (23.9°%) and the ['*I]ITdU-nanogel (13.0°%) (Fig-
ure 5B-ii). The imaged decrease of the extracellular signal after
4 h (Figure 5A) was not accompanied by a significant increase
of cellular localized drug (Figure 5B-ii), which is probably due
to the deiodination of ['**I]ITdU after cellular uptake. The sig-
nificantly lower amount of ['>*I]ITdU released from the nanogel
might be explained by the incomplete degradation of the nanogel
structure as indicated by gel electrophoresis and phosphorimag-
ing of the cytosolic fraction (Figure 5C). The presence of higher
molecular weight fractions detected in the cytosol also indicated
that not only the released ['*I]ITdU is taken up by the cells, but
also the nanogels-conjugated [ I]ITdU. This might be due to the
receptor mediated endocytosis of ['2°I]ITdU-conjugated and not
completely degraded nanogel fragments, since glioblastoma cells
were shown to overexpress DTR, which implements an internal-
ization mechanism after ligand binding.**! Importantly, extracel-
lular and intracellular hydrolysis of the generated thiocarbonate
by carboxylesterases which were shown to be up-regulated in tu-
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mor cells, 3] results in the release of the native ['*IJITdU and
its efficient incorporation into the DNA of glioblastoma cells. As
previously shown, this cellular uptake and DNA incorporation
rate via nanogel delivered ['**I]ITdU are more than sufficient for
a potent induction of apoptosis in glioblastoma cells.[?d]

3. Conclusion

In summary, here we present for the first time an in vitro
proof of an innovative concept of MMP-2/9 degradable CRM-197-
functionalized-nanogels for delivery of nano-irradiation across
the BBB and therapy of glioblastoma. In an in vitro model of
the BBB, we show i) an efficient and specific receptor-mediated
transcytosis of the nanogels, ii) solely glioblastoma mediated
nanogel degradation and efficient release of Auger electron-
emitting ['»1]ITdU, and iii) high rate DNA incorporation of the
therapeutic ['**I]ITdU into glioblastoma cells.This study visual-
izes the potential of nanogels as a delivery system across the most
challenging biological barrier by exploiting DTR as receptor me-
diated channel which increases the permeability of the BBB. As
demonstrated by Wang et al., application of CRM197 in vivo leads
to the upregulation of caveolin-1 protein, an increase of pinocy-
totic vesicles, and redistribution of tight junction-associated pro-
teins in the brain microvessels.**! Experimental studies using
patient-derived tissue samples presented highly expressed DTR
on glioblastoma associated endothelial cells, defining hypoxia as
the main factor inducing and regulating DTR expression.*’! For
clinical application, evaluation of an individual DTR expression
will be needed to identify patients who will benefit from DTR
targeting drug delivery systems. The versatility of nanogels pre-
sented here allows a patient expression profile customized design
for single or combined targeting of one or more BBB expressed
molecules for receptor mediated transport. During pathological
processes, at least from the therapeutic point of view, BBB plays a
double role as a friend and foe by very tightly controlled transport
and highly up-regulated drug eflux mechanisms. These strongly
limit the efficiency of otherwise extremely effective therapeutic
agents. The dire need for the achievement of a lethal drug concen-
tration and its prolonged retention at the tumor site despite the
BBB is the most critical restrictions in this special scenario. The
unique strength of radiopharmaceuticals relies on their lethal-
ity which does not require highly efficient drug delivery but de-
pends on the tagged radioisotope. Moreover, the application of
radiolabeled nucleoside analogs allows stable and prolonged in-
tratumoral drug retention, provided their DNA incorporation.
Additionally, the size of released nucleosides promises a deep
and homogeneous penetration of tumor tissue as shown by May
et al., for smaller-sized DDS (10°nm) to accumulate and pene-
trate brain tumors more efficiently and by this to be more suit-
able for cellular drug delivery than larger-sized DDS.[®] This study
together with existing in vivo biodistribution studies with func-
tionalized nanogels and nucleoside analogues suggests a selec-
tive and efficient nucleoside uptake by tumor cells and a hep-
atobiliary clearance of nondegraded nanogels after intravenous
application.[?°38] Moreover, due to the restricted accessibility of
the deiodination of the payload, the radiolabeled nucleoside is ex-
pected to be strongly limited, which would prolong the drug”s in
vivo stability and diminishes radioiodine accumulation in clear-
ing organs. Besides clearing organs, a systemic expression of
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HB-EGF needs to be considered. HB-EGF was shown to be ex-
pressed on different leukocyte subsets, with monocytes being
the most prominent one.[**! Considering the low mitotic index
of PBMC, a serious apoptotic effect in circulating white blood
cells is not expectable, since incorporation into the DNA is es-
sential for killing efficiency of auger emitters’ labeled drugs. Ad-
ditionally, evidence derived from a study with ['*C]thymidine and
[*CJthymidine monophosphate in normal and leukemic cells in-
dicated increased activity of catabolic enzymes thymidine phos-
phorylase and thymidine phosphatase and low activity of the an-
abolic enzyme thymidine kinase in normal cells, leading to tran-
sient retention of thymidine analogs in normal tissue.l*’! Consid-
ering the extremely high and tumor cell specific killing potential
of [ TJITdUl162%¢d] and its DNA incorporation rate after deliv-
ery by nanogels and MMP2/9 induced release presented here,
this approach holds a promise to reach potential improvements
in therapy outcomes of glioblastoma.

4. Experimental Section

Functionalization of Star Poly(ethylene glycol-stat-propylene glycol)-
acrylate  with  1,4,7-Triazacyclononane, 1-glutaric ~ acid-4, 7-acetic ~ acid
(NODAGA): sP(EG-stat-PG)-acrylate (CHT GmbH, Tubingen, Ger-
many, 100°mg, 5.55%10"%°mol, Mn = 18 000°g mol~1, 1°eq.) was solved
in degassed PBS (1.5°mL, 3.70 X 1073°m) under Ar. The pH was adjusted
to 8.4 with Na,CO; solution (0.1°Mm, pH = 11.4 ~0.6°uL). NH,-NODAGA
(CheMatech, Dijon, France; 1.42°mg, 2.77 x 10~%°mol, 0.5°eq) was
dissolved in a separate round bottom flask in degassed PBS (100°uL, 2.77
x 1073°m). The pH was adjusted to 8.5 with 0.1°m Na,CO; solution (pH
= 11.4-2.6°uL). 2-Iminothiolane e HCl (0.76°mg, 5.55 x 10~%°mol, 1°eq.)
was dissolved in degassed PBS (50°uL, 0.11°m) and added to the NH,-
NODAGA solution. The reaction mixture was stirred at room temperature
for 90 min before the polymer solution was added dropwise under inert
gas. The reaction was allowed to proceed for another 16 h before the raw
product was dialyzed (reg. cellulose; MWCO: 3500) against ultrapure
water, lyophilized and kept under argon at —20 °C protected from light,
prior to further use.

TH°NMR (400 MHz, CDCl;) 6 = 6.53-6.34 (m, 0.38 H, -CH = CH), 6.20
(dd, ) =17.3,10.5 Hz, 0.38 H, -CH = CH), 5.99 (d, ) = 10.5 Hz, 0.39 H, -CH
= CH), 5.29-4.96 (m, 0.60 H, -CH2), 4.33 (s, 0.04 H, -CH), 3.98 — 3.42 (m,
110 H, -CH2 polymer backbone), 2.83 (d, | = 6.5 Hz, 0.36 H, NODAGA),
2.70 (d,) = 7.1 Hz, 0.38 H, NODAGA), 2.67-2.55 (m, 0.39 H, NODAGA),
237 (d, ] = 7.5 Hz, 0.07 H, NODAGA), 2.021.84 (m, 0.35 H, NODAGA
(15-16)), 1.35-0.95 (m, 27 H, -CH3 (4, 4)) ppm (Figure S1, Supporting
Information).

Radiolabeling of ITdU:  Chemicals and solvents were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA) and Merck (Darmstadt, Ger-
many) or otherwise as indicated. No-carrier-added (n.c.a.) sodium [-125-
iodide was obtained from PerkinElmer (Waltham, Massachusetts, USA).
No carrier added Na['?[] was used as received. The 5-trimethylstannyl pre-
cursor of ITdU was synthesized according to previously reported methods
and provided by PD Dr. rer. nat. Boris Zlatopolskiy (Uniklinik Koln).[2%¢]
ITdU precursor was dissolved in 66% MeOH (in 2°m phosphate buffer
pH = 2) and Na['?|] solution in 0.05°mol L~' NaOH was added before
addition of 80°uL Chloroamine T (2°mg mL™" in 66°% methanol). After
10 min at room temperature, the reaction was stopped by the addition of
50°uL thiosulfate solution (0.1°mol L™). The crude product was purified
via high-performance liquid chromatography (HPLC) on a C4 column and
analytical HPLC was performed on a RP-18 column for quality control. To-
tal radiochemical yield (rcy) was estimated via thin layer chromatography
with >80% and radiochemical purity of >95%. After purification, the radi-
olabeled product was recovered with a radioactivity concentration of A =
27.7°MBq mL~" and a specific activity of As = 138°GBq umol~" with an
overall amount of ITdU of 5.4x1073°umol according to HPLC analysis.
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Covalent Binding of ['?I]ITdU and Nanogel Formation: 10-20°MBq
['1]ITdU (in 10% EtOH/90% PBS) was reacted with 0.1°mg (0.39°umol)
disuccinimidyl carbonate. The reaction was allowed to proceed for 10 min
before the addition of the MMP substrate (CASLO ApS, Lyngby, Denmark;
1.39°umol; 0.5°eq.) to yield the radiolabeled peptide. For the preparation
of the nanogels, 150°mg surfactants (3:1 weight ratio of SPAN®80 and
TWEEN®80) was dissolved in 5°mL n-hexane and used as an organic
phase. The aqueous phase consisting of 25°mg sP(EG-stat-PG)-acr (1.39 X
10~3°mmol, Mn = 18 000°g mol~") was dissolved in borate buffer (0.5°mL,
pH = 8.6). The organic and aqueous phase was pre-emulsified by mag-
netic stirring for 5-10 min and additionally ultrasonicated for 60 s using
Soniprep 150 plus (10.0 pm amplitude) at 20 °C. Cross-linking was initi-
ated by the addition of 10°uL cysteine end-capped MMP substrate (in bo-
rate buffer) (0.036°mmol, 15°eq.) and disuccinimidyl carbonate modified
['>1ITdU followed by a further sonication step (60 s). The reaction was
quenched by the addition of thiol-modified CRM-197 (Sigma Aldrich). The
['?1]ITdU-nanogel was purified using PD-10 desalting column (Figures S2
and S3, Supporting Information).

Dynamic ~ Light  Scattering: Nanogel  solutions of about
1°mg mL~" in double-distilled water were passed through a 5°um
poly(tetrafluoroethylene) membrane filter. The particle sizes were mea-
sured by photon correlation spectroscopy at an angle of 90° with a setup
consisting of an ALV-SP8 goniometer, an ALV-SIPC photomultiplier, a
multiple 7 digital real-time ALV-7004 correlator, and a solid state laser
(Koheras, AZO optics, Birkerod Denmark) with a wavelength of 473°nm
as the light source. Sample cuvettes were immersed in a toluene bath
and thermostatted within an error of + 0.1 °C. Autocorrelation functions
of intensity fluctuations g2 (q, t) in the self-beating mode were measured
and expressed by the Siegert relation:

2
2@ =A(1+sg1 @) M
where t is the decay time, A is a measured baseline, f is the coherence fac-
tor, and g1(q, t) is the normalized first-order electric field time correlation
function related to the measured relaxation rate I' according to Equation

(2):

gl(gt) = e‘r‘) = / G () e dr )

Deconvolution of the measured intensity autocorrelation was achieved
by the DTS software. For pure diffusive relaxation, I is related to the trans-
lational diffusion coefficient D at q—0 and c—0 according to Equation (3):
D=Tr/q* 3)

The hydrodynamic radius Rh is calculated by the Stokes—Einstein equa-
tion as Rh = kBT/6xnD with g, kB, T, and 7 being the scattering vector, the
Boltzmann constant, absolute temperature, and solvent viscosity, respec-
tively. A hydrodynamic radius distribution was calculated from the Laplace
inversion of g1(t) and was analyzed with CONTIN algorithm, giving the
distribution of the relaxation time 7.

Scanning Electron Microscopy:  Scanning electron microscopy was per-
formed with a HITACHI S- 4800 (Tokia, Japan) instrument in a cryo mode
with a secondary electron image resolution of 1.0 nm at 15°kV, 2.0°nm at
1°kV, and 1.4°nm at 1°kV with the beam. The material was fixed on a holder
and was rapidly frozen with boiling liquid nitrogen. It was then transferred
to the high vacuum cryo-unit, the Balzers BF type freeze etching cham-
ber. The cryo-chamber is equipped with a knife, which could be handled
from outside using a lever to fracture the sample, for applications in which
imaging of the surface of inner structures is aimed. To remove humidity,
the samples were cryo-etched by subliming from 5 to 15 min at —95 °C,
after which the sample was further inserted into the observation chamber.

Transmission Electron Microscopy: Transmission electron microscopy
(TEM) images were conducted on a Philips CM120 (Amsterdam, The
Netherlands) electron microscope at an accelerating voltage of 80°kV. The
samples were prepared by dropping nanogel solution onto copper grids
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coated with a thin film of Formvar and carbon. For all the measurements,
aqueous solution of nanogels with a concentration of 1 mg mL™" was
used.

Estimation of Circular Dichroism: ~ Circular dichroism (CD) measure-
ments were carried out with an Olis 17 DSM (Bogart, Georgia, USA); a
Cary 17 monochromater was used with a spectral output of 184-260°nm.
CD spectra of CMR-197, CMR-197 functionalized nanogels with and with-
out sonication and unconjugated nanogels were measured at a concentra-
tion of 0.5°mg mL™" using a cell with 0.090°mm light path.The used wave-
length range was between 190 and 260°nm with a bandwidth of 2.00°nm
with number of increments of 50 and an integration time of 20 s. CD spec-
tra were expressed in terms of mean residue ellipticity (deg cm? dmol™").
The data presented are an average of five scans.

Evaluation and Characterization of the In Vitro Model of the BBB: The
cell lines used in this study were purchased as follows: U-87 from DSMZ
(Braunschweig, Germany), HT12356 and T3 cells kindly provided by Prof.
A. Temme (Section of Experimental Neurosurgery and Tumor Immunol-
ogy, Department of Neurosurgery, University Hospital Carl Gustav Carus,
TU Dresden), hCMEC/D3 from Merck Millipore (Burlington, Massachus-
sets, USA), and NHA from Lonza (Basel, Switzerland). The influence on
the tight junctions and potential disruption of the blood brain barrier
model were assessed for each cell line used in the co-culture BBB system
(human glioblastoma cell lines U-87, HT12346, T3) (Figure S4, Support-
ing Information). The in vitro BBB model consisting of the human brain
capillary endothelial cell line hCMEC/D3, normal human pericytes, normal
human astrocytes (NHA), or human glioblastoma cell lines was designed
as described by Eigenmann et al.[*!] While a co-culture with NHA resulted
in a stable monolayer of the hCMEC/D3 cells, co-culture with any glioblas-
toma cell line destroyed the tight junctions within 3-5 days. Co-culturing
with any of the three cell lines initiated on day 1 did not allow the formation
of a stable BBB. Thus, for the experimental setup, co-culturing with differ-
ent cell lines was performed after the tight junction was established. Im-
munofluorescence staining for visualization of JAM-1, VE-Cadherin, and
Claudin 5 (all abcam antibodies) expression were performed according to
supplier protocols. Additionally, the BBB integrity was monitored by TEER
measurements of hCMEC/D3 mono-culture compared to co-culture with
NHAs or glioblastoma cells. These ensured that nanogel crossing is not
an effect of a leaky BBB model. After each experiment, the membrane was
embedded and analyzed via TEM to estimate the model integrity at the
time of the experiment. Raster electron microscopy is used to additionally
confirm the location and monolayer of the cells on the membrane.

Estimation of Tumor Growth Factor 2 (TGFf32) Secretion by ELISA:  The
concentration of TGF22 in the cell culture supernatant (collected after 3
days culture) was quantified using TGF beta 2 Human ELISA Kit (Abcam,
Cambridge, UK) according to suppliers’ protocol.

Flow Cytometric Analysis: The DTR expression of DTR on hCMEC/D3
cells was investigated after 3 days in the co-culture. For evaluation of cell
surface expression of DTR by flow cytometry (Cytomics FC 500, Beckman
Coulter, Krefeld, Germany), the apical growing endothelial cells (transwell
system with 0.4 um pore size) were harvested by trypsinization. After wash-
ing with PBS, the cells were incubated overnight at 4 °C with mouse mono-
clonal DTR-specific antibody (Abcam, 5°ug mL™"), followed by incubation
with AF555-conjugated rabbit anti-mouse antibody (Cell Signaling, Dan-
vers, USA, 1:500 for 1 h at room temperature). The flow cytometry data
were analyzed using CXP software (Beckman Coulter). For microscopic
analysis (Axio Scope AT), cells were cytospinned on coverslips and co-
stained with DAPI.

Analysis of MMP2/9 Activity: The MMP2/9 activities of investi-
gated co-culture models were visualized by zymography. As control, the
hCMEC/D3 cells were cultivated in media supplemented with TGF2 (25
ng mL™"). For zymography, basolateral media were collected. The protein
concentration was determined using Breadford (Sigma). Of each sample,
15 pg of protein were mixed with non-reducing Laemmli buffer (4x), and
separated by electrophoresis, using a non-reducing SDS-PAGE gel embed-
ded with gelatin. The MMP2/9 activities were visualized by staining with
Coomassie. MMP levels were quantified using ELISA according to manu-
factures’ protocol (R&D systems, Minneapolis, USA).
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Blocking Experiments:  Blocking experiments: Transcytosis and uptake
of radiolabeled nanogels with covalently bound CRM-197 (NG-CRM) and
without CRM-197 modification (NG) with and without competition with
CRM-197 protein (0.1°mg per well for 60 min). Both nanogels (1°"MBq per
well) are incubated for 90 min under standardized cell culture conditions.
After incubation of radiolabeled nanogels, hCMEC/D3 cells were har-
vested from the trans-well insert, and uptake was quantified via gamma-
counting. Media from the basolateral side of the BBB model was collected;
astrocytes and glioblastoma cells were harvested, counted, and separately
analyzed by gamma counting.

Cell Uptake and DNA Incorporation of ['I]ITdU: To investigate the
cellular uptake of ['?°1]ITdU-CRM-197-nanogel, cells were incubated with
nanogels (0.5°MBq) for 1 and 4 h. For inhibition study, the cells were
treated with 0.1 um L=! NBMPR for 1 h prior to incubation with ['2°1]ITdU-
CRM-197-nanogel or ['2°1]ITdU. For comparison, the cells were incubated
with the radiopharmaceutical ['?°1]ITdU or %8Ga-labeled nanogels (both
0.5 MBq). After two wash steps with PBS, the U-87 cells and NHA were
harvested and analyzed in terms of nanogel internalization by a gamma
counter. The decay corrected cell accumulated activity was calculated rel-
ative to the implemented activity. For the isolation of DNA from cultured
cells, the DNeasy Blood & Tissue Kit from Qiagen (Hilden, Germany) was
used following the exact protocol provided by the company. For phospho-
rimaging, samples were mixed (1:1 ratio) with a native sample buffer and
loaded into a kD TGX gel (Bio-Rad, Hercules, USA). After run under non-
denaturing conditions, gels were exposed to the phosphorimaging plate
overnight and subsequently scanned by phosphorimager (Typhoon FLA
9000, GE, Boston, USA). Detected bands were quantified using Image
Quant LAS 4000 software.
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