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ABSTRACT

The synthesis of a new nanogel drug carrier system loaded with the anti-cancer
drug doxorubicin (DOX) is presented. Poly(2-oxazoline) (POx) based nanogels from
block copolymer micelles were cross-linked and covalently loaded with DOX using pH-
sensitive Schiff’ base chemistry. DOX loaded POx based nanogels showed a toxicity
profile comparable to the free drug, while unloaded drug carriers showed no toxicity.
Hemolytic activity and erythrocyte aggregation of the drug delivery system was found
to be low and cellular uptake was investigated by flow cytometry and fluorescence
microscopy. While the amount of internalized drug was enhanced when incorporated
into a nanogel, the release of the drug into the nucleus was delayed. For in vivo
investigations the nanogel drug delivery system was combined with a metronomic
treatment of DOX. Low doses of free DOX were compared to equivalent DOX loaded
nanogels in a xenograft mouse model. Treatment with POx based nanogels revealed
a significant tumor growth inhibition and increase in survival time, while pure DOX
alone had no effect on tumor progression. The biodistribution was investigated
by microscopy of organs of mice and revealed a predominant localization of DOX
within tumorous tissue. Thus, the POx based nanogel system revealed a therapeutic
efficiency despite the low DOX concentrations and could be a promising strategy to
control tumor growth with fewer side effects.

neuroblastoma as well as soft tissue and bone sarcoma.
The antitumor activity of DOX can be triggered by
different mechanisms: (i) By intercalating into DNA
strands and (ii) prevention of replication and transcription

INTRODUCTION

In modern oncology it is a major challenge to
deliver therapeutic agents more safely and directly

to the tumor. Doxorubicin (DOX) is an anthracycline
antibiotic and is one of the most effective as well as
commonly used chemotherapeutic drugs. It is used as a
first-line treatment of various types of cancer, including
hematologic malignancies, breast and ovarian carcinoma,

of DNA by inhibiting the enzyme topoisomerase II or, (iii)
formation of free radicals leading to membrane and DNA
damage as well as apoptosis [1, 2] However, the clinical
benefit of DOX is limited by different side effects, i.e.
cardiotoxicity [3, 4].
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The use of nanosized drug carriers is rapidly
emerging and can help to reduce these side effects as
well as improve the drugs solubility [5], blood circulation
time [6] and tissue distribution [7]. In particular nanogels,
hydrogel nanoparticles with crosslinked hydrophilic
polymers, offer several advantages for their use as a drug
delivery system [8]. For this reason, the utilization of
nanocarriers (e.g. nanoparticles) in terms of delivery of
anti-cancer drugs has increased significantly during the last
years [9-11]. Nanogels enable a high drug loading capacity,
can protect and shield drugs until they reach their desired
target and are highly biocompatible and biodegradable
[12]. Due to the leaky structure of cancerous tissue
together with the lack of effective lymphatic drainage,
nanogels tend to accumulate in the tumor tissue known as
enhanced permeability and retention (EPR) effect [13]. To
achieve an effective delivery of the drug to the tumor it is
also very important to prevent a premature disassembly or
drug release from the carrier. A common strategy is the use
of covalently cross-linked drug delivery systems (i.e. core
cross-linked micelles or other nanogels) and a likewise
covalently but reversibly attached drug [14—16].

The majority of drug delivery systems utilize a
poly(ethylene glycol) (PEG) shell to shield themselves
from unspecific interactions with healthy tissue or the
components of the blood stream. However, reports
about complement activation by PEG [17-19] and
vacuolation [20-22] in the body have raised concerns
about safety and reliability of the polymer. Poly(2-
oxazoline)s (POx) represent a promising alternative as
they are biocompatible, [13, 23, 24] and show a stealth
behavior similar to PEG when the side chain substitution
is chosen correctly [25, 26]. Recent studies elucidate the
pharmacokinetic behavior of the polymer dependent on
its molar mass, demonstrating superior behavior when
compared to PEG [27, 28]. The first clinical study using
a POx derivative is currently ongoing (SER-214, phase I)
[14] and the polymer was approved by the federal food
administration (FDA) as an indirect additive used in food
contact substances (21CFR175.105) in 2016. In addition,
POx based formulations of the cancer drug paclitaxel
show great promise in vivo [5]. One major advantage of
the polymer over PEG is its versatile functionalization
chemistry [29] enabling easy access to a multitude of
functional polymers and materials [15]. POx based
nanogels have been reported, [30] but far have not been
exploited for the use as a cancer drug delivery system.

Recently, we reported the synthesis of nanogels
based on double hydrophilic POx block copolymers.
They were based on micellar architecture with a cationic
block forming the core and a poly(2-ethyl-2-oxazoline)
(P(EtOx)) shell. The material was cross-linked and
dye loaded by imine bonds [31]. The materials showed
excellent biocompatibility and their charge and cellular
uptake could be tailored by varying the cross-linking
density [32]. Within this contribution, DOX is to be

used as a payload in order to increase the efficiency
and specificity of the drug towards cancer cells in vitro
and in vivo. Drug attachment as well as cross-linking is
accomplished using pH sensitive Schiff’s base chemistry,
to enable intracellular drug release [31, 33].

In addition to the drug delivery system itself, the
regime of drug administration is of particular interest.
Conventional chemotherapy relies on the administration
of the maximum tolerated dose (MTD) to achieve
the desired effect without unacceptable side effects.
Because of the high toxicity and potential development
of chemoresistance other concepts of drug administration
are evolving. Metronomic chemotherapy is defined as a
chronic administration of low doses of cytotoxic agents
and can help to improve the efficiency of cancer treatment
[34, 35]. Herein we report the straightforward synthesis
of a POx based nanogel in a one pot approach, reversibly
linked to (or loaded with) the anti-cancer drug DOX. The
drug delivery system is biocompatible and able to release
its payload as shown by in vitro investigations. In addition,
in vivo experiments in mice show a promising increase in
survival rate as compared to pure DOX at relatively low
concentrations.

RESULTS AND DISCUSSION

Synthesis and loading of the poly(2-oxazoline)-
based nanogels

Polymers were synthesized by sequential monomer
addition using microwave technology employing
2-ethyl-2-oxazoline (EtOx) for the first and 2-(4-((tert-
butoxycarbonyl)amino)butyl)-2-oxazoline (BocOx) for
the second block. The second monomer was introduced
within a glove box under nitrogen atmosphere to reduce
termination prior to block extension. P(EtOx,.-b-BocOx,,)
(1) was synthesized with a narrow dispersity of B = 1.07,
which did not increase drastically after deprotection of
the amine groups to yield poly(2-ethyl-2-oxazoline)-
block-(poly(2-(4-amino)butyl)-2-oxazoline)) (P(EtOx-
b-AmOx)) (Supplementary Table 1, Supplementary
Scheme 1, Supplementary Figures 1-2). While size
exclusion chromatography (SEC) measurements of initial
polymers could be performed in chloroform, deprotected
P(EtOx,-b-AmOXx,,) (2) had to be measured in N,N-
dimethylacetamide (DMAc), explaining the difference in
molar mass compared to the precursor polymer.

While DOX is fluorescent and can, therefore,
be tracked directly within cells, its emission is highly
dependent on the environment [36, 37]. To circumvent this
issue and create nanogels, which can be tracked independent
of their DOX release, polymer 2 was labeled with a
fluorescent dye prior to the nanogel preparation. To this
end, a dye with a near-infra red fluorescence (Alexafluor
660) was chosen to not interfere with the fluorescence
of the drug. The dye possesses a N-hydroxy succinimide
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(NHS) ester function, able to react with the amine groups
of the P(AmOXx) block of polymer 2. One equivalent of dye
per polymer chain was applied to retain a sufficient amount
of free amine groups for further self-assembly processes,
and cross-linking reactions. To separate the labeled polymer
3 from unreacted dye molecules, precipitation in diethyl
ether, as well as dialysis in deionized water was performed.
The success of the attachment was confirmed by SEC
measurements (Supplementary Figure 2) comparing the
refractive index (RI). and UV traces of the polymer. The
lack of an UV signal at high elution volumes indicates the
absence of unbound dye. The fluorescence maximum of the
dye coupled to the polymer was found to be similar to the
free chromophore (Supplementary Figure 3). The coupling
efficiency as determined by the emission of the polymer
was determined via UV/Vis measurements and found to be
30%.

The seclf-assembly of these systems to form
polymeric micelles was conducted as reported previously
[31]. Briefly, the polymers were dissolved in chloroform,
which leads to the formation of micellar structures
comprising a P(AmOXx) core and a P(EtOx) shell. Cross-
linking was performed using glutaraldehyde (GA) resulting
in the formation of nanogels. As previous investigations
[32] showed a reduced cellular uptake of systems with a
higher cross linking density, three equivalents of cross-
linker (in respect to amine groups) were used. A reduced
positive charge density is supposed to lead to prolonged
circulation times in vivo. Drug loading was performed by
reacting excessive aldehyde functionalities with DOX.
The free amine groups of the molecule reacts with free
aldehyde groups of the cross-linker resulting in a covalent
attachment to the nanogel (Figure 1). As the imine
function, which stabilizes the nanogel core and the drug,
is labile at low pH values, created systems are expected

to be disintegrating. Alexafluor-labeled (referred to as
“labeled DOX-nanogel”), as well as unlabeled DOX-
containing (referred to as “unlabeled DOX-nanogel”)
nanogels were produced. As a non-toxic equivalent DOX-
free 6-aminofluorescein (6AF) loaded nanogels (referred
to as “DOX-free nanogel”) were synthesized using the
same method.

Characterization of the nanogels

Due to the fact that the drug is not encapsulated
into, but covalently bound to the nanogel, the term
loading efficiency is used instead of the commonly
utilized encapsulation efficiency. To determine the loading
efficiency of produced nanogels the absorbance of the
system was measured and compared to a calibration of
the small molecule (Supplementary Figure 4). In the
case of DOX-free nanogels, absorbance was measured
at A =490 nm whereas for labeled and unlabeled DOX-
nanogels the absorbance was detected at A = 480 nm.
A three-fold difference in mass loading was observed
between fluorescein (17 wt%) and DOX (5 to 6 wt%)
immobilization, (Table 1), while loading was relatively
independent on the presence of Alexafluor 660 labels on
the polymer chain. The difference can be explained by the
nature of the cargo molecules. While both possess an amine
functionality, which can be coupled covalently to aldehyde
functionalities, 6AF also possesses a carboxylic acid
function, which can interact in an electrostatic way with
the positively charged core of the nanogel, leading to an
increase in loading efficiency by electrostatic interaction.

As shown in Supplementary Figure 4, the
fluorescence spectrum of DOX broadens significantly
when incorporated into nanogels. The emission properties
of the chromophore are known to be highly dependent on
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Figure 1: (A) Schematic representation of nanogels obtained from P(EtOx-b-BocOx,,) with a P(AmOX) core loaded with
DOX and a P(EtOx) shell, cryo-TEM image of unlabeled DOX-nanogel in water (scale bar represents 100 nm), and (B) a

schematic depiction of the drug delivery route of DOX.
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Table 1: Analytical data of nanogels formed by the self-assembly of polymers 2 and 3

Precursor  Capping Size ¢ Content of Size

Sample polymer agent (DLS) [mV] capping agent  (cryoTEM)
[d, nm] [Wt%] [d, nm]

DOX-free 5 SAF 9y ; ; y
nanogel
Unlabeled
DOX-nanogel 2 DOX 26 18 5 20
Labeled ; DOX s 2t ) )

DOX-nanogel

DLS and zeta potential values are determined in water. Sizes determined by DLS are derived from the number distribution.

environmental factors [36, 37]. The presence of amine
groups within the core of the nanogel and other factors are
likely to influence the fluorescence of DOX. In the case
of the Alexafluor 660 labeled systems a high wavelength
shoulder is visible in the emission spectrum indicating
the presence of the near-IR dye. Upon excitation at
A, = 600 nm a pronounced fluorescence with a maximum
at} = 675 nm can be observed (Supplementary Figure 5).

To visualize the synthesized nanostructures, cryoTEM
measurements were performed (Figure 1, Supplementary
Figure 6). The images showed monodisperse spherical
structures for all samples. For DOX-free and labeled DOX-
nanogels an average diameter of 15 nm was obtained while
the diameter of unlabeled DOX-nanogels was found to
be 20 nm (Table 1, Supplementary Figure 6B and 6C). In
addition, in the case of unlabeled DOX-nanogels a core-shell
structure could be visualized showing a dark center and a
lighter corona. The core is likely to be compact in water due
to the presence of the hydrophobic DOX, whereas the shell
is water swollen resulting in a lower contrast. For DOX-free
nanogels and labeled DOX-nanogels this structure could not
be visualized, which is possibly a result of the dense packing
of nanostructures on the TEM grid. If the P(EtOx) shell is
partially not visible due to overlap and lacking contrast this
could explain the size discrepancy between the nanogels.
The size was confirmed by dynamic light scattering (DLS)
measurements (Table 1). Zeta potential measurements
show positive values for all nanogels, which was expected
due to the cationic nature of the micellar core. Fluorescein
loaded nanogels show a lower zeta potential as compared
to DOX loaded samples, which can be explained by the
compensation of cationic charges by the anionic nature of
fluorescein. This finding is in line with the increased loading
of fluorescein quenched nanogels as compared to structures
with DOX as a cargo.

The most important requirement for a drug carrier
is the site specific release of the drug. As cargo molecules
within the produced nanogels are attached via imine
bonds, which are known to be reversible at pH values
below 7, [38] a release within endosomal or lysosomal
cellular compartments is likely as previously shown by
M. Hruby and co-workers [39]. In order to investigate
the stability of the nanogels at 4° C (storage temperature)

and 37° C (human body temperature) at a pH value of
7.4, the z-average and the polydispersity index (PDI) as
well as the number mean size value of the nanogels was
determined using DLS measurements (Supplementary
Figure 7). Nanogels were determined to be stable during
the entire measurement time of two weeks, revealing no
significant changes in size or PDI. Furthermore, it was
necessary to determine the possibility of a drug release at
a lysosomal pH value of 5. J. S. Basuki et al. previously
investigated iron oxide nanoparticles that were loaded with
DOX via pH sensitive imine bond via DLS measurements,
revealing an increase in the particle size at a pH value
of 5, caused by drug release [40]. Since glycine was
determined to be essential for cancer cell proliferation and,
consequently, is present within tumorous compartments,
[41] DLS investigations of the labeled DOX-nanogels
were conducted in phosphate buffered saline (PBS) and
glycine was added representing a competitive amine to
the imine bond (Supplementary Figure 8). While labeled
DOX-nanogels did not reveal significant changes in size
or PDI at a pH value of 7.4, both increase at a pH value of
5.0. Herein, it is noteworthy that after a second addition
of glycine, this trend further increases. This might be
beneficial for triggering the endosomal burst, as recently
shown in gene transfection applications within our group
[42]. In order to obtain additional qualitative information
about the release of DOX from the labeled DOX-nanogel,
diffusion order spectroscopy (DOSY) NMR measurements
were also conducted (Supplementary Figures 9 and 10).
Hereby, the diffusion coefficients of labeled DOX-nanogels
in NaCl were compared to labeled DOX-nanogels in 150
mM PBS (pH = 5.0), which contained glycine. Pure DOX
and glycine were evaluated for comparison. A stacking of
the spectra suggests the release of DOX at pH 5.0, while no
DOX release could be determined in NaCl (Supplementary
Figure 9). Unfortunately, a quantification of the DOX
release from the labeled DOX-nanogels was not possible
by the applied methods.

In vitro cytotoxicity of nanogels

One major mechanism of DOX is the intercalation
into the minor groove of DNA [3]. Therefore, the molecule
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must penetrate the barrier of the nucleus to take effect. In
order to verify whether DOX loaded nanogels are able
to release DOX within cells, the cytotoxicity of labeled
DOX-nanogels in comparison to free DOX and DOX-free
nanogels was investigated (Figure 2, Supplementary Figure
11). The influence of the materials on the cell viability was
probed using two different cell lines. L292 mouse fibroblasts
are known to be sensitive to cytotoxic substances [43] and
are used in the general assessment of biocompatibility (ISO
10993-5). Cytotoxicity tests were also performed with the
human colorectal cancer cells HT-29, due to their ability to
form tumors in nude mice and their usage for the nanogel in
vivo studies that are described in later sections.

Cells were treated with nanogels or pure drug at
varying concentrations for 24 h (Supplementary Figure
11) and 72 h (Figure 2), respectively. The amount of DOX
loaded nanogels was chosen, so that the concentration of
cargo drug matches the concentration of the free drug used
for the tests. The concentration of DOX-free nanogels
used, was identical to its DOX carrying equivalent in
order to investigate the influence of the bare drug delivery
system. DOX-free nanogels showed no adverse effects
on both cell lines independent of incubation time or
concentration. This was expected as P(EtOx) is considered
to be biocompatible [13, 23, 24] and proves that neither
cationic charges, nor potentially released 6AF influence
the metabolism of the cells in a negative way. In contrast
free DOX, as well as labeled DOX-nanogels, both show
a time- and concentration-dependent decrease in cell
viability for both cell lines. The effect is more pronounced
for L929 mouse fibroblasts as they are more sensitive to
cytotoxic effects. A 72 h treatment of 1929 cells (Figure
2A) with labeled DOX-nanogels showed an increased
cytotoxicity revealing an IC_, value of 0.043 pug mL"'

A) L929 mouse fibroblasts (72 h)

compared to a 24 h treatment (Supplementary Figure 11).
Cytotoxicity of pure DOX was found to be lower, with
an IC,  value of 0.547 ug mL"' (72 h). This might be
attributed to an enhanced internalization of the nanogels
compared to the free drug [44]. For HT-29 cells (Figure
2B) this difference is less pronounced, with IC_ values of
labeled DOX-nanogels of 0.752 ug mL™" and pure DOX of
1.998 ug mL™", respectively. From the reduced viability of
cells a release of DOX from the nanogels can be assumed,
which is essential for the known toxic effect of the drug.

Cellular uptake and biocompatibility in vitro

To investigate whether the improved performance
of nanogels is a result of an enhanced cellular uptake, flow
cytometry measurements were performed after incubation
with labeled DOX-nanogels and free DOX (Figure 3A and
Supplementary Figure 12). HT-29 cells were used for the
experiments as an in vitro cancer model, which was later
used for xenograft mouse experiments. The fluorescence
of DOX was quantified to determine the amount of DOX
internalized within the cells. To elucidate the nature of
uptake (energy dependent vs. energy independent) the
experiments were performed at 37° C and 4° C [45],
respectively. For an energy dependent uptake, a significant
decrease of the amount of internalized drug would be
expected as the metabolism of cells at 4° C is considerably
slowed down. Incubation of HT-29 cells with labeled DOX-
nanogels or pure DOX at 4° C reduced the cellular uptake
compared to an incubation at 37° C. Therefore, cellular
uptake seems to be energy-dependent, which would suggest
an uptake by endocytosis. Additionally, cells treated with
labeled DOX-nanogels possessed a higher fluorescence
signal after 24 h treatment at 37° C compared to DOX

B) HT-29 human colorectal carcinoma (72 h)
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Figure 2: Cytotoxicity of DOX-free nanogels, labeled DOX-nanogels as well as free DOX were determined by XTT
assay. 292 mouse fibroblasts (A) as well as HT-29 human colorectal carcinoma cells (B) were incubated for 72 h with testing substances.
DOX-nanogels were used at a concentration where the amount of loaded drug resembles the amount of DOX used per data point (polymer
concentration 17 times higher than DOX concentration). DOX-free nanogels were used at the same polymer concentration as DOX-
nanogels. Data are expressed as mean = SD of six determinations.
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alone. These findings suggest a higher accumulation of the
nanogels in the cells [44, 46] caused by a P-glycoprotein
mediated efflux of the pure drug, mostly known from multi
drug resistant breast cancer cells [47, 48].

Besides cellular uptake and intracellular drug
release, a further requirement of a drug carrier that
strives to target cancerous tissue by i.e. the EPR effect
is a low level of unspecific interaction with i.e. healthy
tissue or the components of the blood stream. For this
reason P(EtOx) was chosen as a shell material as it is
well-known that P(EtOx) exhibits stealth properties and
shows a blood circulation behavior in vivo similar to
PEG [27] One prerequisite for a prolonged circulation
in the blood stream is the hemocompatibility of the
compound comprising the absence of blood clotting as
well as lysis of red blood cells. The biocompatibility
of labeled DOX-nanogels was tested against sheep
blood (Figure 3B and 3C). The compound induced no
major aggregation of red blood cells as compared to
the positive control branched poly(ethylene imine)
(bPEI) (25 kDa) as demonstrated in Figure 3B. While
the high cationic charge density of PEI results in blood
clotting, the cationic charges of the nanogels are shielded
within the core of the structure and cannot directly lead
to a precipitation of erythrocytes. Also, hemolysis as
measured by the absorbance intensity in the blood
plasma caused by leakage of hemoglobin release from
red blood cells supports the biocompatibility of the
drug carrier. While nanogels show slight hemoglobin
release of erythrocytes, the total amount as compared to
the surfactant Triton-X100 which served as a positive
control is well below 2%, which is generally considered
as a threshold for hemolytic activity (according to the
ASTM F756-00 standard).

To elucidate the uptake and intracellular activity
of the nanogels further, their intracellular localization
in L929 (Supplementary Figure 13) and HT-29 cells
(Figure 4) was investigated using confocal laser scanning
microscopy (CLSM). The nucleus was stained using

Hoechst 33342 in order to examine its colocalization with
DOX, which is indicative for release and activity of the
drug. Lysosomal cellular compartments were stained using
LysoTracker Green DND-26 and DOX was monitored via
its fluorescence between A = 600 to 650 nm. In addition,
the polymer was tracked using the attached Alexafluor
label measuring the emission between A = 725 to 800 nm
(Supplementary Figure 14). A first measurement was
conducted after 6 h (Figure 4). Free DOX mainly shows
a diffuse localization in the cytosol but is also to a certain
extend present in the nucleus. Previous studies already
reported a successful uptake and nucleus co-localization
of DOX after 3 h incubation time, while the drug in
polymersomes exhibited significantly longer times to enter
the cell nucleus [46, 49]. In contrast, DOX-nanogels do
not show a colocalization with the staining of the nucleus.
For the labeled DOX- nanogels the overlap between red
and green channel as well as the dotted structure of the
signal suggests a lysosomal localization, which indicates
an endocytic uptake mechanism [50] The presence of a
polymer signal at the same position indicates that these
signals represent intact nanogels that have not yet released
the drug or been degraded.

Previous studies within our group already showed
slower drug accumulation of the drug within the nucleus
when using polymeric nanoparticles as drug delivery
scaffolds [51]. For this reason, a second set of images
was taken after 24 h incubation. After this time, the free
drug is mostly localized in the nucleus of the cell. It can
be assumed that DOX has either intercalated into the DNA
in the nucleus or was excreted by the cells. However, also
in the case of labeled DOX-nanogels a release of DOX
into the nucleus was observed. The, in comparison to the
DOX fluorescence, faint signal of the polymer suggests a
partial degradation of the micelles. In addition, the signal
is mostly associated with an extra nuclear localization.
For longer incubation times it was increasingly difficult
to locate intact cells for imaging due to the toxicity of the
drug loaded system.

25 5 0.7
A : ER37°C 110 pgmL* B 1001510 g mL" C
- a4 C 0.6 =750 pg mL* 9 £ 50 pg mL*!
T E=100 pg mL"' S 50 =100 pg mL"
'g 8 051 ¢wu 2 0:’_ ___________________________
£ 159 5 0.4 2~
5 s c 15
£ 1o 50° 3
S <02 B 101
54
0.1 5 o5
=
04 0.0 - 0.0
Labeled DOX-nanogel  Dox PBS Triton-X Labeled PBS | BPEI | Labeled
(n.c.) DOX-nanogel (n.c.) (p-c.) DOX-nanogel

Figure 3: (A) Cellular uptake of DOX and labeled DOX-nanogels into HT-29 cells (0.01 mg mL™") in dependence on the incubation time
and temperature. Statistical differences are displayed as "p < 0.05 and according to a Student’s #-test. For amount of fluorescent cells see
Supplementary Figure 12. (B) Erythrocyte aggregation of DOX-nanogels compared to PBS (negative control) and branched poly(ethylene
imine) (positive control) using sheep blood of three different donors. (C) Hemolytic activity of DOX-nanogels compared to PBS (negative
control) and HPEI (positive control) using sheep blood of three different donors.
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These results suggest that the uptake of nanogels is
partially realized through endocytosis and that the material
is degraded intracellularly, which leads to a release of the
drug. Toxicity levels of the drug delivery system as well
as co-localization studies indicate an accumulation of
DOX in the nucleus after delivery to the cell. The kinetic
as compared to the free drug is markedly slowed, which is
probably associated to the release kinetic from the nanogel.
An additional reason could be found in the dependence of
the fluorescence of DOX on its environment. It is reported
that the fluorescence signal of the drug strongly decreases
upon intercalation with genetic material [36] and can be
increased by incorporation in membranes or micelles [37].
Consequently, in the case of DOX associated nanogels,
the fluorescence of the drug carrier in the cytosol is likely
to outshine the intercalated drug. The similar toxicity of
both, the free drug and the nanogel, however, suggests an
efficient uptake and release of DOX within the cell.

In vivo biocompatibility and biodistribution

The conclusion that can be drawn from the in vitro
results is that DOX loaded nanogels are relatively stable

Nucleus

Lysosome

DOX

Labeled DOX-nanogel

DOX

outside cells but will release the drug once taken up into
the endosome, which can later on fuse with a lysosome
due to pH sensitivity in acidic compartments. Furthermore,
they represent ideal candidates to exploit the EPR effect,
since they reveal optimal sizes of approximately 20 nm in
diameter as well as the P(EtOx) shell, which will shield
them to a certain extend from unspecific interactions.
To test this hypothesis in vivo studies on male athymic
nude mice (Crl:CD1-Foxnl™) with HT-29 originated
tumors were conducted. In comparison to other studies
with DOX loaded drug delivery systems [39] a relatively
low DOX concentration was used in line with the concept
of metronomic chemotherapy. In a first stage of the
investigation the general biocompatibility was probed.
Tumor-free nude mice were injected via tail vein with
a single dose of labeled DOX-nanogels (corresponding
to a DOX concentration of 0.3 or 1 mg kg') or with
the same volume of the 0.9 wt% NaCl solution as the
negative control. Body weight was monitored for 2 weeks
(Supplementary Figure 15). As expected, no negative
influence on the development of body weight was detected
and no obvious signs of toxicity (changes in physical
activity or constitution) were observed for these low DOX

Alexafluor 660 Merged

Figure 4: CLSM images of free DOX and labeled DOX-nanogels incubated with HT-29 colorectal carcinoma for 6 h or
24 h. Lysosomal cellular compartments were stained green using LysoTracker Green DND-26 and the nucleus was labeled with Hoechst
33342 (blue). The fluorescence of DOX is depicted in red and the Alexafluor label of the polymer is shown in white.
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concentrations. For further analysis the 1 mg kg! DOX
concentration was chosen.

It is already known that the biodistribution of drugs
can be influenced by polymeric drug carriers, [52] i.e.
when equipped with targeting units [53, 54]. Furthermore,
the blood clearance and organ accumulation rates of POx-
DOX conjugates were determined to be advantageous
for cancer therapy, as the conjugates express high blood
circulation times of more than 24 h (t,, DOX = 4 min
[55]) and tumor accumulation [39]. For this reason, the
biodistribution of the drug carrier within the body was
investigated using male nude mice, which received a
subcutaneous injection of HT-29 cells (1 x 10° cells in 250
pL) into the flank. When the tumor reached 6 to 8 mm,
mice were treated with a single dose of either labeled
DOX-nanogels at 1 mg kg™!' (150 pl) or of a NaCl solution
with the same volume. The mice were sacrificed after
predetermined time points (6, 48, and 72 h) and several
organs (heart, liver, and kidney) as well as the tumor
were excised and prepared for cryo-sections. Sections of
mentioned organs were cut to a thickness of 8 pm and
embedded in a water-based mounting medium on glass
slides. The obtained samples were investigated by CLSM
in order to monitor the accumulation of DOX in different
body compartments. Histological samples of the tumor
clearly show an accumulation of DOX as evident by the
inhomogeneous red fluorescence (Figure 5, Supplementary
Figure 16). The fluorescence signal is most pronounced 6 h
after the injection and is still detectable after 48 h, but
to a lesser extent. This phenomenon is also known from
other studies. M. Hruby and coworkers determined the

Heart Liver

radioactive intensity of a '*I-labeled DOX carrier. Here,
the mean radioactive intensity decreases significantly
between 24 h and 72 h. Furthermore, the main amount of
the carrier remains within the blood [39]. Since we used
a comparable polymer system, a similar pharmacokinetic
behavior might be favorable. Traces of DOX could also
be observed in the liver in the form of small aggregates of
about 1 pm size. The number of these aggregates increases
over time, which points into the direction of either an
accumulation in liver tissue or an excretion via the organ.
Previously, a diminished accumulation of DOX loaded
glycolchitosan nanoparticles within the heart could be
determined [52]. Also in our study, only minor traces of
DOX could be detected in the heart, which is promising,
as cardiotoxicity is the most common side effect of DOX.
No signal could be detected in the kidney indicating either
a fast renal clearance of the nanogels or, more probably, no
involvement of the kidney on the excretion of the nanogels.
Small polymer-drug conjugates and nanoparticles with an
average size below 5 nm are preferably renal excreted
[56] and consequently accumulate within the kidney [39].
However, the utilized nanogels within this study possess an
average diameter of around 20 nm and for this reason, an
accumulation within the liver is more likely [56].

In vivo anti-tumor efficiency

To test the therapeutic efficiency of labeled DOX-
nanogels, a xenograft mouse model was established by
subcutaneous injection of HT-29 cells. When the tumor
volume reached 100-200 mm?® mice received 6 doses of

Kidney Tumor

S~ M
6h
~
.

4’8h...

Figure 5: Confocal fluorescence images of histological samples derived from organs of mice that were treated with
labeled DOX-nanogels at 1 mg kg'. Fluorescence of DOX is shown in red. See Supplementary Figure 16 for control sample and 72 h
labeled DOX-nanogel sample. See Supplementary Figure 17 for transmitted light images.
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drug or control every three days (day 0-15) according
to a metronomic schedule. Mice were treated with saline
(control), low dose of free DOX (1 mg kg '), DOX-free
nanogels and labeled DOX-nanogels (corresponding to
1 mg kg' DOX.). The absolute tumor volume was
monitored until it reached the termination condition
of 1500 mm® (Supplementary Figure 18). No negative
influence on the development of body weight was detected
(Supplementary Figure 19). The individual time course
of tumor development for each animal in the different
treatment groups (n = 7-8) is shown in Figure 6A. The
use of labeled DOX-nanogels reduced the tumor growth
of mice compared to a treatment with NaCl, DOX-
free nanogels or free DOX. These results are supported
by the Kaplan—Meier survival of the HT-29 xenograft
model (Figure 6B). Treatment with NaCl or DOX-free
nanogels did not slow down the tumor growth, while the
median survival time was 37 days for NaCl or 24 days
for DOX-free nanogels, respectively. Administration of
1 mg kg' DOX also had no effect on tumor inhibition
compared to control groups with a median survival time
of 39 days (p = 0.202). This might be attributed to the
low DOX concentration used in this study. However,
even though pure DOX did not seem to be able to reduce
tumor progression in the xenograft model, the labeled
DOX-nanogels were highly effective. Mice treated with
labeled DOX-nanogels had a significant prolonged median
survival time of 73 days compared to the NaCl control (p =
0.002) or pure DOX (p = 0.031). This might be explained
by the more direct impact of DOX-nanogels on tumor
tissue due to the EPR effect. As DOX is shielded within
the nanogel, protected by a P(EtOx) shell, a prolonged
circulation time can be expected, as shown for linear
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181 e DOX
164 —4A  DOX-free nanogel l

—w— Labeled DOX-nanogel

Relative tumor

2: _ "'__ ,_gi ; v HT
Je
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P(EtOx) [27]. These findings are in agreement with a
recently published study by O. Sedlacek et al., prolonging
the median survival time of DOX-POx conjugates from 19
to 36 days [39]. However, the utilized DOX dose within
the mentioned study was 20 mg kg', while our nanogels
already possess an effect at an administration of 1 mg
kg'. With an equal or higher toxicity after cellular uptake,
as demonstrated by in vitro investigations the nanogels
are able to interfere with tumor growth more efficiently
than the free drug. Combined with their excellent
biocompatibility the presented drug carriers proved to be
a promising material for cancer therapy.

MATERIALS AND METHODS

Material and instrumentation

Chemicals and solvents were purchased from
Sigma-Aldrich, Merck, Fluka, and Acros. Hoechst 33342
trihydrochloride as well as LysoTracker® Green DND-26
were obtained from Life Technologies (Thermo Fisher,
Germany). 2-Ethyl-2-oxazoline (EtOx) and methyl
tosylate (MeOTos) were distilled to dryness prior to use.
EtOx was dried using barium oxide before distillation.
2-(4-((tert-Butoxycarbonyl)amino)butyl)-2-oxazoline
(BocOx) was synthesized as described in a previous
publication [57]. Consumables for cell culture, like
pipettes and cell culture plates (96 well) were obtained
from Greiner Bio-one (Austria/ Germany). If not
stated otherwise, cell culture media and supplements
(L-Glutamin, antibiotics) were obtained from Biochrom
(Merck Millipore, Germany).

Kaplan-Meier survivial

]
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Figure 6: Anti-tumor activity of the DOX-nanogels was evaluated in a xenograft mouse model. Male nude mice received a
subcutaneous injection of HT-29 cells into the flank. When tumors reached 100 to 200 mm?® mice received 6 doses of 0.9 wt% NaCl, DOX
(1 mg kg"), DOX-free nanogel and labeled DOX-nanogel (corresponding to 1 mg kg ! DOX) via tail vein injection from day 0 to day 15. (A)
Development of the relative tumor volume is illustrated over time. Results are indicated as median + semi interquartile range. (B) Survival
of mice bearing HT-29 derived tumors presented as a Kaplan—Meier survival curve. The individual endpoint of each animal was achieved
when the tumor volume reached 1500 mm?. Statistical differences are displayed as "p < 0.05 and “p < 0.01 according to the log-rank test.
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The [Initiator Sixty single-mode microwave
synthesizer from Biotage, equipped with a non-invasive
IR sensor (accuracy: 2%), was used for polymerizations
under microwave irradiation. Microwave vials were
heated overnight to 110° C and allowed to cool to room
temperature under an argon atmosphere before use. All
polymerizations were carried out under temperature control.
Size-exclusion chromatography (SEC) measurements of the
protected polymers were performed on a Shimadzu system
equipped with a SCL-10A system controller, a LC-10AD
pump, a RID-10A refractive index detector and a PSS SDV
column with chloroform/triethylamine (NEt,)/iso-propanol
(94:4:2) as eluent. The column oven was set to 50° C. SEC
of the deprotected statistical copolymers was performed
on a Shimadzu system with a LC-10AD pump, a RID-10A
refractive index detector, a system controller SCL-10A, a
degasser DGU-14A, and a CTO-10A column oven using
N,N-dimethyl acetamide (DMAc) with 2.1 g L' LiCl as
the eluent and the column oven set to 50° C. Poly(styrene)
(PS) samples were used as calibration standards for both
solvent systems. Proton NMR spectroscopy ('"H NMR)
measurements were performed at room temperature on a
Bruker AC 300 and 400 MHz spectrometer, using CDCI, or
N,N-dimethyl formamide (DMF)-D, as solvents. Diffusion-
ordered spectroscopy (DOSY) NMR measurements were
performed at room temperature on a Bruker AC 400 MHz
spectrometer using D,O as the deuterated solvent. The
chemical shifts are given in ppm relative to the signal of
the residual non-deuterated solvent.

Batch dynamic light scattering (DLS) was
performed on a Zetasizer Nano ZS (Malvern Instruments,
Herrenberg, Germany). All measurements were performed
in folded capillary cells (DTS1071, Malvern Instruments,
Herrenberg, Germany). After an equilibration time of 180 s,
3 x 30 s runs were carried out at 4° C, 25° C or 37° C
(A =633 nm). If not stated explicitly, 25° C was used for
measurements. The counts were detected at an angle of
173°. Each measurement was performed in triplicate.
Apparent hydrodynamic radii, R,, were calculated
according to the Stokes—Einstein equation.

Laser Doppler velocimetry was used to measure the
electrokinetic potential, also known as zeta potential. The
measurements were performed on a Zetasizer Nano ZS
(Malvern Instruments, Herrenberg, Germany) in folded
capillary cells (DTS1071). For each measurement, 15
runs were carried out using the fast-field and slow-field
reversal mode at 150 V. Each experiment was performed
in triplicate at 25° C. The zeta potential ({) was calculated
from the electrophoretic mobility (p) according to the
Henry Equation [58]. The Henry coefficient, f(ka), was
calculated according to Ohshima [59].

cryoTEM investigations were conducted with a FEI
Tecnai G? 20 at 200 kV acceleration voltage. Specisms
were vitrified by a Vitrobot Mark V system on Quantifoil
grids (R2/2). The blotting time was 1 s with blotting force

offset of 0. The amount of solution was 7 puL. Samples
were plunge frozen in liquid ethane and stored under
liquid nitrogen until transferred to the Gatan cryo-holder
and brought into the microscope. Images were acquired
with a 4k x 4k CCD Eagle camera.

Absorbance and fluorescence spectra were recorded
using a Tecan Infinite M200 Pro micro plate reader
(Crailsheim, Germany) by the use of black well plates
with a flat and transparent bottom.

Block copolymer of 2-ethyl-2-o0xazoline (EtOx)
and 2-(4-((tert-butoxycarbonyl)amino)butyl)-2-
oxazoline (BocOx) (P(EtOx-b-BocOx)), (1)

In a microwave vial, EtOx (757 pL, 7.5 mmol),
MeTos (16.2 pL, 0.107 mmol) and acetonitrile (3.4 mL)
were mixed under inert conditions. After heating in the
microwave synthesizer at 140° C for 25 min the vial was
introduced into a glove box with nitrogen atmosphere, a
sample was taken for NMR and SEC measurements and
BocOx (803 pL, 3.2 mmol) was added. The closed vial
was heated again in the microwave synthesizer (140° C,
20 min). The solution was precipitated in cold (—80° C,
300 mL) diethyl ether. The white precipitate was filtered
and dried in high vacuum (1.4 g, 92%).

'HNMR (CDCl,, 300 MHz) (6): 6 = 7.66, (d, 8.1 Hz,
0.019 H, tosylate), 7.14 (d, 8.21 Hz, 0.019 H, tosylate),
3.45 (s, 4 H, backbone), 3.10 (s, 0.58 H, CH,-CH,-NH
(BocOx)), 2.50-2.15 (m, 1.96 H, CH, (EtOx)/CH,-CH,-
NHBoc), 1.62 (s, 0.52 H, CH,-CH,-CH, (BocOx)), 1.52
(s, 0.52 H, CH,-CH,-CH, (BocOx)), 1.42 (s, 2.3 H, CH,
(BocOx)), 1.21 (s, 2.1 H, CH, (EtOx)) ppm.

SEC (eluent: CHCl,/iso-propanol/NEt,, PS-standard):
M, = 8,200 gmol ™', M =9.900 gmol ™', B =1.07.

Deprotection of (P(EtOx-b-BocOx)) (1) to yield
(P(EtOx-b-AmOx)), (2)

P(EtOx-b-BocOx) (1, 1.3 g) was dissolved in TFA
(5 mL) and heated to 60° C for 1 h. After stirring for 12
h at room temperature, the mixture was diluted with 10
mL methanol and precipitated in 400 mL of cold (—80° C)
diethyl ether. The precipitate was re-dissolved in methanol
(100 mL) and stirred with Amberlyst A21 for 48 h.
Subsequently, the solvent was removed, the polymer was
dissolved in de-ionized water and freeze dried (—80° C,
0.003 mbar). The polymer was obtained as white powder
(1.2 g, 92%).

'"H NMR (DMF-D., 300 MHz) (2): 5 =4.9 (s, 2.3 H,
NH,), 3.51 (s, 4 H, backbone), 3.07 (s, 0.49 H, CH,-CH.-
NH,), 2.44 (m, 2.1 H, CH, (EtOx)/CH_-CH_-CO (AmOx)),
1.9-1.54 (m, 0.96 H, CH,-CH_-CH,-CH, (AmOx)), 1.2 (s,
2,3 H, CH, (EtOx)) ppm.

SEC  (eluent: = DMACc/LICI,
M, = 13,900 gmol ', D = 1.11.

PS-standard):
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Labeling of (P(EtOx-b-AmOXx)) (2) using Alexafluor
660, (3)

P(EtOx-b-AmOx) (2, 14 mg) was dissolved in
DMF (5 mL) and Alexfluor 660® (1 mg, ~1 eq. per
macromolecule) as well as triethyl amine (1 pL) were
added under stirring. The solution was stirred at room
temperature overnight and subsequently precipitated in
cold diethyl ether, (300 mL, —80° C). The precipitated
was filtered off, dissolved in water and transferred to a
dialysis tube (6,000 to 8,000 g mol™! cut off, Spectra/Por®).
The polymer was dialysed against water until the solution
outside the tube stayed colorless. After freeze drying, the
product was obtained as deep blue powder (8 mg, 53%,
degree of functionalization = 30%).

SEC  (eluent: DMAC/LiCl,  PS-standard):
M, = 14,600 g mol, B = 1.11.

UV/Vis: L, =660 nm, A__(excitation at 600 nm)
=090 nm.

Self-assembly and cross-linking

To create nanostructures, the unlabeled block
copolymer (2, 90 mg, 0.006 mmol) or a mixture of the
polymers 2 and 3 (9:1, 90 mg, 0.006 mmol) were dissolved
in CHCI,, (5 mg mL"") and stirred for 3 h. Subsequently,
glutaraldehyde (30 mg, 0.3 mmol, 1.5 eq. per amine)
was added and the solution was stirred another 3 h.
With proceeding reaction time the colour of the solution
changed from colourless to yellow. To quench the excess
of aldehyde functionalities, 6-amino fluorescein (50 mg) or
DOX (50 mg) were added, respectively, and stirred for 12
h. Subsequently, the amount of solvent was reduced under
an argon stream and the residual was precipitated in 100 mL
cold diethyl ether (—80° C). To purify the self-assembled
structures from residual capping agent and cross-
linker, dialysis in MeOH/water (1:4) was applied using
a membrane with a molar mass cut off of 3,500 g mol™
(Roth Zellutrans). After the extraction was finished,
the dialysis medium was changed to pure water and the
aqueous solution was freeze dried to yield an orange or, in
the case of DOX, a red powder.

Determination of dye loading content by
absorbance/fluorescence

The absorbance/fluorescence of 6AF loaded
nanostructures was investigated under alkaline conditions
(1 mol L' NaOH in water) in diluted solution (0.1 mg mL™1).
The absorbance was determined at a wavelength of 490
nm and compared to a dilution series of 6AF in the same
aqueous NaOH solution. To the 6AF stock solution a
100 fold excess of glutaraldehyde was added to ensure
that only the imine species of 6AF is present. Emission
was detected at an excitation wavelength of A = 450 nm.

Micellar samples as well as 6AF calibration exhibit an
emission maximum at A =510 nm.

DOX conjugated samples were measured in water
(0.1 mg mL™") and compared to a dilution series of
DOX in water. All measurements were carried out in a
96 well-plate format with 200 pL per well and double
determination for each measuring point. The read out was
accomplished using a Tecan Infinite M200 Pro micro plate
reader (Crailsheim, Germany).

Determination of the nanogel stability

Labeled DOX-nanogels were dissolved in 150
mM phosphate buffered saline (PBS) buffer (pH = 7.4)
and measured by means of size (z-average and number
mean) and uniformity (PDI) using DLS measurements as
described above. Measurements were conducted at 4° C or
37° C, and nanogel solutions were stored at the respective
temperature in between measurements.

Determination of the DOX release

Labeled DOX-nanogels were dissolved in 0.9 wt %
NaCl or 150 mM phosphate buffered saline (PBS) buffer
(pH = 5.0) containing 200 mM glycine. Qualitative DOX
release was determined using DOSY NMR measurements
as described above. A sample containing pure DOX
dissolved in 0.9 wt % NaCl was used for comparison.

Determination of the cytotoxicity by XTT assay

Cytotoxicity studies were performed with the
sensitive mouse fibroblast cell line 1.929, as recommended
by 1S0O10993-5, and with the human colorectal
adenocarcinoma cell line HT-29. The 1929 cells were
routinely cultured in Dulbecco’s modified eagle’s medium
(DMEM) and HT-29 cells in RPMI 1640 supplemented
with 10% fetal calf serum (FCS), 100 U mL™! penicillin
and 100 pg mL" streptomycin at 37° C in a humidified
5% (v/v) CO, atmosphere. Cells were seeded at 10* cells
per well in a 96-well plate and incubated for 24 h, whereas
no cells were seeded in the outer wells. Afterwards, the
testing substances (nanogels or DOX) at indicated end
concentrations were added to the cells and the plates
were incubated for further 24 h. Subsequently, a XTT
assay (Cell Proliferation Kit II, Roche Diagnostics) was
performed according to supplier’s information. After a
further incubation of 4 h, the absorbance was measured at
a wavelength of A = 450 nm and a reference wavelength
of A = 630 nm with untreated cells on the same well
plate serving as negative controls. The negative control
was standardized as 0% of metabolism inhibition and
referred as 100% viability. Cell viability below 70% was
considered indicative of cytotoxicity. Data are expressed
as mean + SD of six determinations. The half maximal
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inhibitory concentration (IC,)) was calculated with the
GraphPad Prism Software.

Blood compatibility measurements

To assess the hemolytic activity of the polymer
solutions, blood from sheep, collected in heparinized-tubes
(Institut fiir Versuchstierkunde und Tierschutz/Laboratory
of Animal Science and Animal Welfare, Friedrich Schiller
University Jena), was centrifuged at 4500 x g for 5 min,
and the pellet was washed three times with cold 1.5
mmol L' phosphate buffered saline (PBS, pH 7.4). After
dilution with PBS in a ratio of 1:7, aliquots of erythrocyte
suspension were mixed 1:1 with the polymer solution
and incubated in a water bath at 37° C for 60 min. After
centrifugation at 2400 X g for 5 min the hemoglobin release
into the supernatant was determined spectrophotometrically
using a microplate reader (TECAN Infinite M200 PRO) at
A = 544 nm wavelength. Complete hemolysis (100%) was
achieved using 1% Triton X-100 serving as positive control.
Thereby, PBS served as negative control (0%). A value
less than 2% hemolysis rate was taken as non-hemolytic.
Experiments were run in triplicates and were performed
with three different blood donors.

For the examination of the erythrocyte aggregation,
erythrocytes were isolated as described above. An
erythrocytes suspension was mixed with the same volume of
polymer solution in a clear flat bottomed 96-well plate. The
cells were incubated at 37° C for 2 h, and the absorbance
was measured at A = 645 nm in a microplate reader
(TECAN Infinite M200 Pro). 25 kDa APEI (50 pg mL™)
was used as positive control and PBS treated cells
served as negative control. Absorbance values of the test
solutions lower than negative control were regarded as
aggregation. Experiments are the result of triplicates and
were performed with three different donor blood batches.

Confocal microscopy

For live CLSM analysis of cell uptake, HT-29 cells
(0.2 x 10° cells mL™") were seeded in glass-bottomed,
4-chamber dishes (CELLVIEW, Greiner Bio-One)
and cultured for 24 h. One hour prior to nanogel/ drug
treatment, a media change with fresh culture media
occurred. Cells were incubated with nanogel or DOX
(10 ug mL") for 6 h or 24 h, respectively. For examination
of nanogel/ drug co-localization with cell organelles,
the lysosomes were stained with LysoTracker Green®
DND-26 and the cell nuclei were counterstained with
Hoechst 33342. Live cell CLSM images were acquired
using a Zeiss LSM 880, Elyra PS.1 system (Carl Zeiss,
Germany) with excitation wavelengths/emission filters
of 405nm/BP 405480 nm for Hoechst 33342, 488 nm/
BP 505 to 530 nm for LysoTracker® Green DND-26 and
488 nm/BP 585 to 615 nm for DOX and 633 nm/BP 724
to 777 nm for Alexafluor 660®. Images were captured
with a 1.4 NA Plan-Apochromat 63 x oil objective and in

multitrack mode, enabling single excitation and emission
of fluorescence dyes. Co-localization was visualized in
overlay images of the multiple channels.

The imaging of histological tissue sections (heart,
liver, kidney, tumor) were performed with excitation
wavelengths/ emission filters of 488 nm/BP 580 to
615 nm and a 1.4 NA Plan-Apochromat 40 x oil objective.

Cellular uptake studies

The evaluation of the nanogel and free DOX uptake
was performed by flow cytometry (FC) measured on a
Beckmann Coulter Cytomics FC-500 equipped with an
Uniphase Argon ion laser (488 nm, 20 mW output) and
analyzed with the Cytomics CXP software. In brief, HT-
29 cells (0.2 x 10° cells mL™' seeded in 24-well plates)
were incubated for 6 h and 24 h with labeled labeled
DOX-nanogel or free DOX (0.01 mg mL™") at 37° C or
4° C, respectively. In the case of the 4° C uptake study,
cell culture media was supplemented with 15 mM HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid,
Biochrom, Merck) as buffering agent. Afterwards, cells
were harvested by trypsinization and trypan blue (1:10)
was added to quench the outer fluorescence. 10* cells were
measured by flow cytometry, whereby the number of all
viable cells, showing signals at 575 nm, were gated. Cells
incubated with culture medium only served as control.
The experiments were performed at least three times
independently.

Animals

Male athymic nude mice (Crl:CD1-Foxnl™), 6 to
8 weeks age, were purchased by Charles River and were
kept in a standard pathogen-free barrier facility accredited
by the Association for Assessment and Accreditation of
Laboratory Animal Care. All experiments were approved
by the local Institutional Animal Care and Use Committee
(Jena, 02-011/15). Mice had free access to standard chow
and tap water at all times. Body weight and tumor size
(measured with a digital caliper) were monitored twice
a week. Tumor volume was calculated with the formula
(L x W?)/2, were L is the longest and W the shortest
diameter (mm) of the tumor.

In vivo toxicity and biodistribution

Safety evaluation of the nanogels was carried out
on healthy male nude mice without tumors, which were
randomly assigned to 3 groups (4 mice per group). A single
dose (150 pl) of saline (control) or nanogels corresponding
to a DOX concentration of 0.3 and 1 mg kg
body weight were injected via tail vein. Body weight,
animal constitution and physical activity were monitored
for 2 weeks.

For biodistribution experiments HT-29 cells (1 x 10°
in 250 pl) were injected subcutaneously into the flank of
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nude mice. Mice bearing tumors approximately 6—8 mm
received a single dose (150 pl) of saline or nanogels with
a DOX concentration of 1 mg kg™ via tail vein injection.
At 6, 48 and 72 h after injection mice were sacrificed and
tumor, heart, liver and kidney were excised for further
analysis, immediately frozen with liquid nitrogen and
stored at —70° C prior to tissue sectioning. Single tissue
sections (8 pum thickness) of organs and tumors were
cut with a CM 1860 Crystat (Leica Biosystems, Wetzlar,
Germany), air-dried on glass slides and embedded in a
water-based mounting media (Aquatex, Merck).

Anti-tumor activity in vivo

The =xenograft model was established by
subcutaneous injection of HT-29 cells (1 x 10° in 250 pl)
into the flank of male nude mice. When tumors reached
a volume of 100-200 mm® mice were assigned to 4
treatment groups (10 mice per group) with no significant
differences in body weight or tumor volume between
the groups. Mice were injected with treatment solutions
(saline, 1 mg kg' DOX, labeled DOX loaded nanogel
(6) (corresponding to 1 mg kg DOX), and Dox-free
nanogel at the same concentration as nanogel 6) via tail
vein injection on day 0, 3, 6, 9, 11 and 15. Mice were
sacrificed when the tumor volume reached 1500 mm?,
which was determined as the individual end point of
the survival curve. After sacrifice tumors were excised
and weighed. Mice reaching any termination condition
(maximum tumor volume, weight loss over 15%, infected
wound or limited mobility) before the end of the treatment
period were excluded from the survival study.

Statistical analysis

The values represent the mean + SD (standard
deviation). For uptake studies direct comparison of two
different groups was done with two-tailed, non-paired
Student’s #-test. A value of p < 0.05 was considered as
statistically significant. The body weight or tumor volume
of the nude mice were tested regarding normal distribution
and homogeneity of variances with the IBM SPSS software.
Statistical differences were calculated according to a one-
way ANOVA. Survival analysis was performed with SPSS
and calculated with the Kaplan—-Meier method. Significant
differences were assessed with the log-rank test. A value of
p <0.05 was considered as statistically significant.

CONCLUSIONS

Within this report, a straightforward approach to
POx based nanogels, covalently loaded with the anti-
cancer drug DOX is presented. Nanogels were synthesized
via cross-linking of a block copolymer micelle with a
cationic poly(2-(4-aminobutyl)-2-oxazoline) core and a
poly(2-ethyl-2-oxazoline) shell. Cross-linking as well

as drug loading was accomplished by pH responsive
imine chemistry. Moreover, the amine groups of the drug
delivery system allowed the irreversible labeling with a
near infra-red fluorescent dye. In in vitro studies DOX
loaded POx based nanogels showed a toxicity profile
comparable to the free drug, while unloaded drug carriers
showed no toxicity. The blood compatibility of the drug
delivery system was found to be suitable for the envisioned
application, therefore the cellular uptake was investigated
by flow cytometry and fluorescence microscopy. While
the amount of internalized drug was enhanced when
incorporated into a nanogel, the release of the drug into
the nucleus was delayed compared to free DOX. This is
beneficial as a lower amount of drug is required to yield
the same effect. Furthermore, the nanogels were shown to
be more tumor specific than DOX, which reduces side-
effects during therapy. In vivo investigation on xenograft
mouse models were conducted to assess the ability of the
designed system to reduce tumor growth. In combination
to the new nanogel-based drug delivery system a
metronomic schedule of DOX treatment was applied.
Initial studies on healthy mice showed no adverse effects
of the DOX-free nanogels or low dosed labeled DOX-
nanogels on body weight and behavior. The biodistribution
was investigated by microscopy of organs of mice treated
with labeled DOX-nanogels and showed a localization
of DOX within tumorous tissue, most likely associated
to the enhanced permeability and retention (EPR) effect.
Finally, the therapeutic efficiency of the POx based drug
delivery system was investigated in a survival study of
xenograft mice. While the low doses of pure DOX did
not show a significant reduction in tumor progression,
the metronomic schedule of the labeled DOX-nanogels
proved a significant tumor growth inhibition and increase
in survival time. Future studies will focus on detailed
investigations of the pharmacokinetics of the presented
system as well as on studying the biocompatibility of
higher drug doses.
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