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Abstract

Poly(2-oxazoline)s represent an emerging class of polymers with increasing potential in
biomedical sciences. To date, most of the work on poly(2-oxazoline)-drug conjugates focused
on poly(2-ethyl-2-oxazoline) (PEtOx), a biocompatible water-soluble polymer with biological
properties similar to polyethylene glycol. However, the more hydrophilic poly(2-methyl-2-
oxazoline) (PMeOx) shows better anti-fouling properties than PEtOx and thus indicates greater
potential for the construction of polymer therapeutics. Herein, we synthesized for the first time
a drug delivery system based on a linear PMeOx with a molar mass that is high enough (40 kDa)
to exploit passive accumulation in the tumor by the enhanced permeation and retention effect.
The anti-cancer drug doxorubicin is attached to the polymer carrier via an acid-sensitive
hydrazone bond, which allows its pH-triggered release in the tumor. The in vitro study
demonstrates successful cellular uptake of the PMeOx-doxorubicin conjugate via clathrin-
mediated endocytosis, pH-sensitive drug release and high cytotoxicity against B16 melanoma
cells. Finally, these properties were critically compared to the analogous systems based on the
established PEtOx revealing that the more hydrophilic PMeOx carrier outperforms PEtOX in
most of the parameters, showing higher maximal drug loading, superior cellular uptake, better
anti-fouling properties, as well as improved in vitro anti-cancer efficiency. The study
demonstrates the potential of PMeOx as a versatile platform for synthesis of new drug delivery

systems.
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INTRODUCTION

The use of synthetic polymers as anti-cancer drug delivery systems has received substantial
attention [1]. Conjugation of cytostatic drugs to a water-soluble polymer carrier often improves
their solubility, extends the blood circulation time, results in better therapeutic activity and
reduced side-effects [2-6]. When an anti-fouling polymer is used, the drug opsonization by the
mononuclear phagocyte system is prevented by the suppression of interactions with proteins
and cells, the so-called “stealth-effect”. Furthermore, nanoscale drug delivery systems passively
accumulate in cancerous tissue due to its leaky vasculature and improperly developed lymphatic
system (so-called enhanced permeation and retention, EPR, effect) [7, 8]. The EPR effect
increases with increasing size of the polymer conjugate. In the case of non-biodegradable
polymer carriers, however, the polymer size should not exceed the renal filtration threshold
(reported to be 30-70 kDa depending on the polymer type) to assure gradual excretion by the
kidneys. Several synthetic polymers have been studied as platforms for drug delivery systems,
particularly poly(ethylene oxide) (PEO) [9], poly(N-vinyl-2-pyrrolidone) (PVP) [10] and
poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA) [11, 12].

Poly(2-alkyl-2-oxazoline)s (PAOX) represent an emerging class of polymers with applications
across many scientific disciplines [13-15]. They are synthesized by living cationic ring-opening
polymerization (CROP) of 2-alkyl-2-oxazoline monomers initiated by electrophiles (e.g., alkyl
halides or tosylates) to provide low-dispersity polymers isostructural to peptides and proteins
[16]. The high synthetic versatility of PAOX, resulting from the controlled living character of
the CROP, as well as a simple introduction of orthogonal functional groups to both chain-ends
by selection of appropriate initiators and/or terminating agents, underlines their potential as a
versatile polymer platform for universal use. The hydrophilicity of PAOx depends mainly on
the substituent in 2-position of the 2-oxazoline ring. PAOx with the shortest 2-substituent, e.g.,
poly(2-methyl-2-oxazoline) (PMeOx, Figure 1) and poly(2-ethyl-2-oxazoline) (PEtOx), are
water-soluble, biocompatible, non-fouling polymers with biological properties often
outperforming those of PEO, a polymer widely used in biomedical research [17-21]. While
PEO can be modified just on its chain ends, 2-oxazolines can be copolymerized with a wide
range of functional monomers, introducing functionalities into the side-chains og the resulting
PAOX. This increases the conjugation potential, as well as the possible drug loading of PAOXx-

drug conjugates.

Despite their undeniable potential for biomedical applications, reports on drug delivery systems
based on PAOx are still relatively sparse. They are mostly limited to amphiphilic micellar
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systems loaded with anti-cancer drugs by non-covalent hydrophobic interactions [22]. These
systems are simple and relatively effective; however, they suffer from the unavoidable non-
specific leakage of the drug from the micellar core, which might lead to the hampered
therapeutic effectivity and undesired side effects. Several lower-molar mass (< 5 kDa) PEtOx-
drug conjugates have also been described, where the cytostatic drug (ciprofloxacin or Ara-C)
was covalently connected to the polymer by a relatively stable ester or amide bond, which can
limit the drug release in the target tissue [23, 24]. This concept was, however, effective for the
construction of PEtOx-rotigotine conjugates for the treatment of Parkinson’s disease upon once
a week subcutaneous administration and are currently in Phase 1 of clinical trials [25]. The
therapeutic potential of polymer-drug conjugates can be enhanced by introducing a stimuli-
degradable linker between the drug and the polymer [26-28]. During plasma circulation, the
conjugate remains stable and inactive, with the drug linked to its biocompatible polymer carrier.
Once it reaches the target location (i.e., tumor tissue or cells), the cytostatic payload is released
in a controlled way due to the tumor-specific redox [29], acidobasic [30, 31] or enzymatic
conditions [32]. The hydrazone bond represents an effective pH-responsive linker to connect
drugs with polymer carriers [33-35]. It features exceptionally high stability at the physiological
pH of blood plasma (7.4), while in the acidic environment of tumor tissue (pH = 6 - 7) or after
internalization in endosomes (pH as low as 5) the linker is cleaved, and the cytotoxic drug is
released in a controlled way.

The potential of PAOx for the construction of drug delivery conjugates was for a long time
limited by assumed inability to synthesize polymers with molar mass high enough to fully
exploit the EPR effect-based accumulation (~40 kDa). Recently, however, Monnery et al.
reported an improved protocol for the synthesis of low-dispersity PEtOx up to 300 kDa [36].
This was followed by the determination of the renal clearance threshold value for PEtOXx
(~50 kDa) [37], as well as the first high-molar mass PEtOx conjugate with the cytostatic
doxorubicin connected via a hydrazone bond [38]. This conjugate was therapeutically effective
against EL-4 lymphoma in vivo with similar anti-tumor efficacy as analogous established

PHPMA-doxorubicin conjugates.
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Figure 1. Structures of poly(2-methyl-2-oxazoline) (PMeOx) and poly(2-ethyl-2-oxazoline)
(PEtOX).



Recent findings showed that the more hydrophilic poly(2-methyl-2-oxazoline) (PMeOx)
outperforms both PEtOx and PEO in anti-fouling properties [39, 40]. Also, the higher
hydrophilicity of PMeOx is envisioned to allow higher loading of the hydrophobic drug. These
properties, together with the synthetic versatility and modularity, underline the considerable
potential of this polymer for construction of drug delivery conjugates. So far, there were no
reports on PMeOx-drug conjugates with an appropriate size to exploit passive accumulation by
the EPR effect (20 — 50 kDa). The synthesis of high molar mass PMeOx based on the procedure
for the synthesis of high-molar mass PEtOx is not possible due to extensive chain transfer
during MeOx polymerization [41]. Therefore, an alternative strategy was proposed, consisting
in the controlled acetylation of well-defined linear polyethyleneimine resulting in low-
dispersity PMeOx with a size of up to 60 kDa [42, 43]. This approach was used herein to

synthesize the high molar mass conjugates (MD2-4).

In this study, we report for the first time the synthesis and in vitro anti-cancer properties of the
water-soluble conjugates based on poly(2-methyl-2-oxazoline) (PMeOx) covalently connected
to the cytostatic drug doxorubicin. The drug was connected via the acid-degradable hydrazone
bond that assures its controlled release in tumor tissue and endosomes. To demonstrate the
biomedical potential of the newly prepared PMeOx conjugates, their in vitro anti-cancer
properties were critically compared with analogs based on the PEtOx carrier.



EXPERIMENTAL
Materials

2-Methyl-2-oxazoline (MeOx) was purchased from Acros Organics and was distilled from
barium oxide and ninhydrin before use. Methyl p-toluenesulfonate (MeOTs) was obtained from
Sigma-Aldrich and was distilled from CaH> before use. Sulfolane (Sigma-Aldrich) was purified
by two consecutive distillations, first over barium oxide and then over 2-phenyl-2-oxazolinium
tetrafluoroborate. All other chemicals, including N,N-dimethylacetamide (DMA),
triethylamine, hydrazine, chloromethyl succinate, sodium azide, biotin, Atto-655 NHS ester,
filipin 111, cytochalasin D, chlorpromazine and genistein were purchased from Sigma-Aldrich
and were used as received. 2-Phenyl-2-oxazolinium tetrafluoroborate (HPhOxBF4) was
synthesized according to the literature procedure [36]. PEtOx homopolymers (PEtOx1, PEtOx2
and PEtOx3 Table S1) were synthesized by cationic ring-opening polymerization (CROP) of
EtOx at 50 °C according to the published procedure [36]. The high molar mass PMeOx3 was
synthesized from PEtOx3 via controlled side-chain hydrolysis and subsequent acetylation of
the resulting linear polyethyleneimine (PEI) according to the reference [43]. SKOV-3 and B16
cells were purchased from ATCC. Dulbecco’s phosphate-buffered saline (PBS), Dulbecco’s
modified Eagle Medium (DMEM), Fetal bovine serum (FBS), L-glutamine, penicillin,
streptomycin and Hoechst were obtained from Invitrogen. Phalloidin-iFluor 488 Reagent was

purchased from Abcam. Rottlerin was purchased from Sanbio.
Synthesis of poly(2-methyl-2-oxazoline) PMeOx2 by CROP of MeOx

The MeOx monomer was first purified by low-temperature static distillation in the presence of
an oxazolinium initiator (sacrificial initiator method) as reported before [36]. In the Schlenk
flask, MeOx (4.6 g, 101 mmol) and 2-phenyl-2-oxazolinium tetrafluoroborate initiator
(39.6 mg, 168 pmol, [M]/[1] = 600) were dissolved under argon atmosphere in freshly distilled
sulfolane (13.4 mL) to reach a monomer concentration of 3 M. The reaction mixture was stirred
at 60 °C in a glovebox for 2 weeks, followed by termination with solid sodium azide (33 mg,
504 umol) overnight. The polymerization mixture was diluted with distilled water (10 mL) and
dialyzed against the same solvent (molecular weight cut-off, MWCO 3 kDa). PMeOx2 was
recovered by freeze-drying as a white powder (yield 71 %). PMeOx1 was synthesized
analogously using [M]/[1] = 120.



Synthesis of PMeOx-PEI and PEtOx-PEI

The respective homopolymers (500 mg of PMeOx1-3, respectively PEtOx1-3) were dissolved
in 16 % aqueous HCI (cpoi = 200 mg mL™?) and stirred at 100 °C in a microwave reactor for
5 min (PMeOx), respectively 6 min (PEtOx). The volatiles were then evaporated under reduced
pressure; the solid residue was dissolved in saturated sodium carbonate (10 mL), dialyzed
against distilled water (MWCO 3.5 kDa) and recovered by freeze-drying as white powders
(yield 88 — 95 %). The degree of hydrolysis (the content of ethyleneimine units) was determined
by *H NMR spectroscopy from the ratio of backbone peak integrals at § = 2.8 ppm (PEI) and
6 = 3.6 ppm (PMeOx or PEtOx) and was found to be 6 % for all copolymers.

Synthesis of PMeOx-PMestOx and PEtOx-PMestOx

The PMeOx-PElI, respectively PEtOx-PEI copolymers (350 mg, 1 eq of amine groups) were
dissolved in DMA (20 mL). The mixture was cooled down in an ice-water bath followed by
dropwise addition of triethylamine (3 eg.) and methyl chlorosuccinate (3 eg.). The reaction
mixture was purged with argon and stirred at room temperature for 48 h. All volatiles were then
removed under reduced pressure; the residue was dissolved in distilled water and purified by
dialysis (MWCO 3.5 kDa). PMeOx-PMestOx, respectively PEtOx-PMestOx copolymers were

recovered by freeze-drying as colorless solids (yield 82 - 91 %).
Synthesis of hydrazone-containing polymer carriers MH1-3, EH1-3

The PMeOx-PMestOx, respectively PEtOx-PMestOx copolymers (280 mg) were dissolved in
the mixture of anhydrous methanol (4 mL) and hydrazine hydrate (1 mL) and were stirred at
room temperature overnight. The volatiles were then removed under reduced pressure; the
residue was dissolved in methanol and purified by gel filtration using a Sephadex LH-20
column with methanol as eluent. The hydrazide-containing polymer carriers (MH1-3, EH1-3)

were obtained as colorless solids (yield 76 - 89 %).
Synthesis of PAOx-doxorubicin conjugates

A solution of the hydrazide-containing copolymer (MH2-3, EH2-3, 100 mg), doxorubicin
hydrochloride (12 mg for MD1-2 and ED1-2, 17 mg for MD3 and ED3, respectively 25 mg for
MD4 and ED4) and glacial acetic acid (30 puL) was vortexed in methanol (300 uL) at room
temperature in the dark for three days. The conjugate was then isolated by gel filtration on
Sephadex LH-20 column using methanol as an eluent, to obtain 85 - 106 mg of conjugates
MD1-4, respectively ED1-4, as red solids.



Synthesis of PAOx-Atto 655 conjugates

A solution of the hydrazide-containing copolymer (MH2-3, EH2-3, 5 mg for uptake comparison
in Figure 6A, B, respectively 20 mg for measurements in presence of inhibitors in Figure 6C,
D), Atto 655 NHS ester (0.25 mg) and triethylamine (1 pL) in DMA (1 mL) was vortexed at
room temperature overnight. The reaction mixture was evaporated under reduced pressure,
dissolved in methanol (0.5 mL) and separated using a Sephadex LH-20 column with methanol

as a mobile phase. The PAOx-Atto 655 conjugates were obtained as blue powders.
Synthesis of PAOx-biotin conjugates

A solution of the hydrazide-containing copolymer (MH1-3, EH1-3, 20 mg), biotin (0.5 mg),
(benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate) (PyBOP, 1 mg) and
triethylamine (2 pL) in DMA (1 mL) was vortexed at room temperature overnight. The reaction
mixture was evaporated under reduced pressure, dissolved in methanol (0.5 mL) and separated
using a Sephadex LH-20 column with methanol as a mobile phase. The PAOXx-biotin conjugates

were obtained as colorless powders.
Characterization of polymers and polymer conjugates

Size exclusion chromatography (SEC) was used to determine the molar masses (Mw - weight-
averaged molar mass, Mn - number-averaged molar mass) and the dispersity (B = Mw/My) of
the prepared polymers. This was performed using an HPLC Ultimate 3000 system (Dionex,
USA) equipped with an SEC column (TSKgel SuperAW3000 150 x 6 mm, 4 um. Three
detectors, UV/Vis, refractive index (RI) Optilab®-rEX and multi-angle light scattering (MALYS)
DAWN EOQOS (Wyatt Technology Co., USA) were employed; with a methanol and sodium
acetate buffer (0.3 M, pH 6.5) mixture (80:20 vol%, flow rate of 0.5 mL/min) as mobile phase.
The molar mass of doxorubicin-loaded conjugates was determined using low-dispersity PEtOx
standards. Successful conjugation of doxorubicin, respectively Atto655 was confirmed by SEC
with UV-VIS detection at 488 nm, respectively 663 nm by an absence of a low molar mass peak
in the chromatogram, as well as by the high-performance liquid chromatography (HPLC)
analyses. This was performed with HPLC Ultimate 3000 system (Dionex, USA) using a
reverse-phase column (Chromolith Performance RP-18e 100 x 4.6 mm, Merck, Germany) and
UV detection at 488 nm. Nuclear magnetic resonance (NMR) spectra were measured with a
Bruker Advance MSL 400 MHz NMR spectrometer. All chemical shifts are given in ppm. The
DOSY measurements were performed with a 5 mm dual 1H/31P Diff30 probe and a 40 A

gradient amplifier, providing a maximum gradient strength of 11.8 T m™. The spectra were
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acquired with the Diff suite package integrated in Topspin 3.2 by using a double-stimulated
echo pulse sequence to compensate for possible convection during the measurements. Dynamic
light scattering (DLS) measurements were used to measure hydrodynamic diameters (Dn) of
prepared polymers using a Zetasizer NanoZS instrument, Model ZEN3600 (Malvern
Instruments, UK). The polymer samples (Cpot =2 mg mL ) in phosphate buffer-saline (PBS,
pH = 7.4) were filtered through a 0.22 um PTFE syringe filter before the measurement. The
apparent hydrodynamic diameter of polymers, Dn, was determined at a scattering angle of
6 =173° and the DTS (Nano) program was used to evaluate the data. The solubility of the
conjugates was tested by their dissolution in PBS (pH 7.4) at room temperature. The
doxorubicin content in the conjugates was measured by UV-VIS spectrometry in water at 4 °C
(€=98001Imoltcm™; L = 488 nm). To assess the pH-responsive release profiles of
doxorubicin from them, the respective polymer conjugates (2 mg) were dissolved in the
phosphate buffer saline (1 mL, 150 mM, pH 7.4), respectively the acetate buffer (1 mL,
150 mM, pH 5.0) and incubated at 37 °C. In predetermined time intervals, samples (20 uL)
were taken and analyzed by SEC with UV-detection (A = 488 nm) as described before [44]. All

measurements were performed in triplicates.
Biolayer interferometry

Biolayer interferometry experiments were performed using an Octet RED96 system (Pall
FortéBio). For all experiments, streptavidin-coated sensors were used (Pall FortéBio) together
with black flat bottom 96 well plates (Greiner). Before starting the experiment, biosensors were
hydrated with PBS (+ Ca2* + Mg?") for at least ten minutes. A 1 uM stock solution was prepared
for all the different biotinylated polymers (MH1-3, EH1-3) in PBS (+ Ca?" + Mg?"). A 10 %
stock solution of plasma and serum was also prepared in PBS (+ Ca®* + Mg?*). The assay was
performed in a black flat-bottom 96-well plate using an Octed RED96 system (Pall Fortébio).
First, a baseline was recorded in PBS (+ Ca?* + Mg?*) for 60 seconds. The different polymers
were loaded onto the streptavidin-coated sensors for the next 300 seconds, followed by a
washing step for 30 seconds in the same buffer as the baseline. Before recording the association
of either plasma or serum, a second baseline was performed for 120 seconds in PBS (+ Ca?* +
Mg?"). Finally, dissociation was recorded for 600 seconds in the same buffer as the second

baseline.



In vitro cell experiments
Cell culture

B16 murine melanoma and SKOV-3 human ovarian cancer cells were cultured in DMEM
supplemented with 10% FBS, 2 mM L-glutamine, 50 pg/mL streptomycin and 50 units/mL
penicillin. Cells were incubated in a controlled, sterile environment at 37°C, 95% relative
humidity and 5% CO..

Cell uptake

Cell uptake of the PAOx-Atto 655 conjugates was quantified by flow cytometry. B16.OVA
cells were seeded in 24-well plates (150 000 cells per well, suspended in 800 pL cell medium)
and incubated overnight. Next, 200 uL of PAOx-Atto 655 conjugates MH2-3 and EH2-3
solubilized in PBS was added per well, resulting in overall concentrations of 1, 0.25 and 0.05
mg/mL. The samples were incubated for 24h to allow for cellular uptake. 2 wells were treated
with PBS to serve as a reference. After incubation, the wells were aspirated and washed with 1
mL of PBS. After removal of the PBS, 500 pL of cell dissociation buffer was added to the wells,
followed by incubation until complete detachment of the cells was achieved. The cell
suspensions were transferred to Eppendorf Safe-Lock tubes and centrifuged (350 g, 15 min, 4
°C). The supernatant was aspirated and the cell pellets were resuspended in 300 pL of PBS and
kept on ice to maintain cell integrity. Flow cytometry was performed using a BD Accuri C6

(BD Biosciences). The data were analyzed using the FlowJo software package.

The uptake measurements in presence of inhibitors of specific internalization pathways were
performed in a similar way as described above. Per well, 150 000 B16.0OVA cells were seeded
in 600 pL cell medium and incubated overnight. 1 hour before adding the polymer solutions,
200 pL of one of the following inhibitor solutions in PBS was added: filipin 111 (50 pg/mL),
cytochalasin D (50 pug/mL), chlorpromazine (50 pg/mL), genistein (250 pg/mL) or rottlerin
(125 mg/mL). The same volume and concentration of polymer solutions were used as
mentioned before, resulting in the same overall concentrations. After 4 hours incubation, the

cells were washed and their fluorescence measured and analyzed as previously described.

Intracellular fate

SKOV-3 cells were seeded in WillCo 35 mm glass-bottom dishes (7 500 cells per dish,
suspended in 200 pL cell medium) and incubated overnight. The next day, 30 pL of PAOx-
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doxorubicin conjugates (MD1-2 and ED1-2) were added to the wells. All samples were
prepared in PBS to contain 50 ng doxorubicin per mL. The dishes were incubated for 24h before
fixation, using 4% PFA. All samples were washed with PBS and stained with Hoechst and
Phalloidin-iFluor 488 Reagent. This staining solution was prepared by adding 20 pL of 1
mg/mL Hoechst stock solution and 50 pL of a 300 units/mL Phalloidin-iFluor 488 Reagent
stock solution to 2 mL PBS. Following another washing step, the cells were imaged using a
Zeiss LSM710 microscope with a 40X, 0.95 NA objective.

Cytotoxicity

In vitro cytotoxicity was determined by MTT assay. B16 cells were seeded in 96-well plates
(10 000 cells per well, suspended in 200 pL cell medium) and incubated overnight. The next
day, 50 pL formulation, DMSO (positive control = 0% viability) or PBS (negative control =
100% viability) was added to the wells, followed by a 72h incubation period. 12 formulations
of soluble doxorubicin, MD1-4 and ED1-3 each were prepared in PBS with doxorubicin
concentrations ranging from 500 pg/mL to 2.5 ng/mL. After 72 hours, the medium was
aspirated and the cells were washed with 200 pL PBS. After aspiration, 100 uL MTT reagent
solution was added to each well and the cells were incubated for 2.5 hours. The MTT reagent
solution was prepared by dissolving 100 mg thiazolyl blue tetrazolium bromide in 20 mL PBS,
followed by membrane filtration (0.22 um) and 5-fold dilution in DMEM. After 2.5 hours, the
medium was aspirated and the formed formazan crystals were dissolved in 50 uL DMSO. The
absorbance of each well was measured at 590 nm. The absorbance of the blank wells was used
as a positive control and thus subtracted from all values.

Statistics

Significance was determined by the Student's-test (for a two-tailed distribution) using the

GraphPad Prism 6.0 software package.

RESULTS AND DISCUSSION

A series of PMeOx-doxorubicin conjugates MD1-4 was synthesized using the approach
depicted in Figures 2 and 4. Conjugates of two different sizes were prepared. The lower molar
mass conjugate (~30 kDa) has a size of ~7.5 nm, which is well below the renal threshold
allowing rapid elimination by the kidneys. The higher molar mass conjugates (~45 kDa) have

a size of 9-10 nm, which is slightly below the renal threshold, while being large enough to be
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effectively accumulated in the tumor by EPR effect, leading to the increased anti-cancer
activity. To enhance the scope of this work, a series of analogous doxorubicin conjugates based
on a PEtOx carrier was prepared in order to critically compare both conjugates mainly differing
in the polymer carrier structure. Note that these PEtOx-doxorubicin conjugates were previously
shown to have similar in vivo antitumor efficacy as PHPMA-doxorubicin conjugates that
successfully finished Phase 2 clinical trials [45, 46]. The starting compounds for the synthesis
were the respective homopolymers (PMeOx1-3 and PEtOx1-3, Table S1). While the lower-
molar mass PMeOx1 (10 kDa), PMeOx2 (28 kDa), as well as PEtOx1-3 (11 - 45 kDa), were
prepared by cationic ring-opening polymerization (CROP) of their respective monomers, the
higher-molar mass PMeOx3 (39 kDa) was synthesized from PEtOx3 via full side-chain
hydrolysis and acetylation of the resulting linear polyethyleneimine (PEI) as described recently
[43]. This method was preferred for the synthesis of high molar mass PMeOx over the standard
CROP of MeOx as the latter yielded shorter polymers with a broad dispersity due to extensive
chain-transfers. In the next step, the homopolymers were subjected to controlled partial
hydrolysis of their side chains, leading to the PMeOXx-PEI, respectively PEtOx-PEI copolymers
with 6 % of the ethyleneimine units, as determined by *H NMR spectroscopy (Figure 2). These
secondary amines were then re-acylated by an excess of methyl chlorosuccinate to obtain
methyl ester-containing copolymers PMeOx-PMestOx, respectively PEtOx-PMestOx. This
approach was selected as it leads to the random distribution of the functional groups along the
polymer compared to the standard statistical copolymerization of MeOx (respectively EtOXx)
with methyl ester-containing oxazoline monomer (i.e., 2-methoxycarboxyethyl-2-oxazoline),
that leads to, slight, gradient copolymer structures [47, 48]. Finally, the methyl ester groups
were converted to acylhydrazides by reaction with hydrazine to provide polymer carriers MH1-
3, respectively EH1-3 containing 6 mol% of hydrazide groups. The successful hydrazinolysis
was confirmed by *H NMR spectroscopy from the disappearance of the methyl ester peak at
3.7 ppm. The polymer carriers were well-defined, with relatively low dispersity (b < 1.25) and
molar mass in the range of 10 — 47 kDa (Table 1, Figure S2).

Table 1. Characteristics of hydrazide-containing polymer carriers.

Polymer Starting
Mn (kDa)* My (kDa)?  B?

carrier polymer

MH1 PMeOx1 10.4 12.0 1.14
MH?2 PMeOx2 24.9 30.4 1.22
MH3 PMeOx3 35.1 41.0 1.17

12



EH1 PEtOx1 11.6 12.4 1.07

EH2 PEtOx2 23.2 25.8 1.11

EH3 PEtOx3 40.8 47.3 1.16
4Determined by SEC.
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Figure 2. Synthesis of hydrazide-containing polymer carriers MH1-3. Synthetic scheme (A).
IH NMR spectra of (top to bottom) PMeOx3, PMeOx-PEI3, PMeOx-PMestOx3 and MH3 in
CDsOD.

The antifouling properties of the synthesized polymer carriers were studied by biolayer
interferometry (BLI) [49]. Streptavidin-coated sensors were loaded with biotin-functionalized
copolymers MH1-3, respectively EH1-3. Polymer-free sensors were used as control. The
sensors were then challenged with 10 % human plasma (Figure 3A), respectively 10 % human
serum (Figure 3B) for 600 s, followed by recording the BLI sensorgrams to assess the protein
adsorption. Afterward, the sensors were washed with PBS to study the desorption. In the very
beginning, slightly higher protein adsorption was observed for PMeOx-coated sensors.
However, with the extended incubation time, a considerably higher amount of adsorbed proteins
and, therefore, inferior anti-fouling properties was found in PEtOx-coated surfaces. These

results are in line with the previously reported anti-fouling measurements of low molar mass
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polymer brushes by spectroscopic ellipsometry or surface plasmon resonance spectrometry and
can be explained by higher hydrophobicity of PEtOx resulting in a lower degree of polymer
hydration [40, 50]. The difference in anti-fouling properties between PMeOx and PEtOx was
more distinctive in plasma, presumably due to the enhanced association of PEtOx with blood
clotting proteins (i.e., fibrinogens) that are absent in serum. The protein association was
dependent on the polymer length, as well. In plasma, the shortest polymers (i.e., MH1 and EH1)
showed better anti-fouling properties compared to their longer analogues, while the opposite
effect is observed in serum. To conclude, we demonstrated that PMeOx shows better anti-
fouling properties than PEtOX even at higher molar masses, suggesting its superior potential for

drug delivery applications.
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Figure 3. Biolayer interferometry (BLI) sensorgrams showing protein adsorption and
desorption (after 1100 s) of PAOx-coated sensors, respectively polymer-free control when

challenged with 10 % human plasma (A), or 10 % human serum (B) for 600 s.

Anti-cancer polymer conjugates with doxorubicin linked via pH-responsive hydrazone linker
were synthesized by acid-catalyzed reaction of doxorubicin hydrochloride with the hydrazide-

containing polymer carriers (Figure 4, Table 2). The shortest polymer carriers (MH1, EH1)
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were not used for the conjugation, as their molar mass (ca 10 kDa) is insufficient for the EPR-
based tumor accumulation. The conjugates differed in the structure and size of the polymer
carrier, and the drug loading. A series of conjugates with similar drug loading (7.1-8.4 wt.%)
but different polymer carrier was prepared. These were based on the lower-molar mass
(conjugate MD1), respectively higher-molar mass PMeOx carrier (MD2), and their PEtOx
analogs (ED1, respectively ED2). Furthermore, conjugates of higher molar mass polymers with
higher doxorubicin loading were prepared (MD3-4, respectively ED3-4). The molar mass of
the prepared conjugates was slightly higher compared to the drug-free polymer carriers, while
their dispersity remained low (Figure S3). Several key biological characteristics of polymer
conjugates, such as plasma circulation half-life and tumor uptake, depend on their
hydrodynamic size rather than molar mass [51]. Therefore, we measured the hydrodynamic
diameter (Dn) of the prepared conjugates by dynamic light scattering (DLS). The size of the
lower molar mass conjugates (MD1 and ED1) was ~7.5 nm, while the Dy of the higher molar
mass conjugates (MD2-4 and ED2-3) was in the range of 9.0 -9.5nm. The successful
conjugation, as well as the absence of free doxorubicin, was confirmed by HPLC and SEC
chromatography with UV-VIS detection (A = 488 nm, Figure S4). Furthermore, the diffusion
ordered spectroscopy (DOSY) NMR of the conjugates revealed that the diffusion coefficients
of the doxorubicin peaks match those of the polymer peaks and therefore proves the effective

conjugation (Figure 4B).

Table 2. Characteristics of polymer-doxorubicin conjugates.

Doxorubicin
) Polymer Muw Dn PBS
Conjugate ) Mhn (kDa)? D? content .
carrier (kDa)? (nm)® solubility®
(Wt.%)°

MD1 MH2 26.3 32.9 1.25 7.8 7.1 Soluble
MD2 MH3 39.7 47.2 1.19 9.2 8.1 Soluble
MD3 MH3 37.5 46.1 1.23 9.0 12.6 Soluble
MD4 MH3 40.2 47.4 1.18 9.5 15.2 Soluble
ED1 EH2 25.9 29.3 1.13 7.3 8.0 Soluble
ED2 EH3 42.5 52.7 1.24 94 8.4 Soluble
ED3 EH3 41.8 49.7 1.19 9.1 10.7 Soluble
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ED4 EH3 43.0 51.6 1.2 n.d.° 15.6 Insoluble
aDetermined by SEC. "Determined by DLS in PBS °Determined by UV-VIS spectroscopy.
dSolubility of conjugates (5 mg mL™) in PBS (pH = 7.4) at 37 °C. ®Not determined.

The higher hydrophilicity of PMeOx ensures higher maximal drug loading in its conjugates,
which might improve the in vivo anti-cancer efficiency of such conjugates, as demonstrated for
the PHPMA-doxorubicin conjugates [52]. All the prepared PMeOx-Dox conjugates (with
doxorubicin loading up to 15.2 wt.%) were easily soluble in PBS (pH = 7.4), while dissolution
of PEtOx-Dox conjugates was substantially slower and the conjugate with the highest
doxorubicin loading (ED4, loading 15.6 wt.%) was not soluble. This difference underlines the
potential of PMeOx as a platform for the construction of high drug-loading drug-delivery
systems.
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Figure 4. Conjugation of doxorubicin to PMeOx carrier resulting in conjugates MD1-4 (A).
'H DOSY spectra of conjugate MD4 in CDsOD (B).
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All conjugates show a pH-responsive release of doxorubicin (Figure 5). At physiological pH
7.4, which mimics the conditions during the plasma circulation, the conjugates are stable, with
less than 5 % of doxorubicin release after 24 h of incubation. On the other hand, doxorubicin is
rapidly released at acidic pH 5.0, simulating the conditions in endosomes after the cellular
internalization, with ~90 % of Dox released after 24 h. This release is substantially faster
compared to the reported micellar conjugates with doxorubicin attached to the polymer by
hydrazone bonds in the hydrophobic core with limited hydration [53]. Such strong pH-
responsiveness of drug release ensures both safety during the blood circulation and high anti-
cancer efficiency upon the cellular internalization. There was no statistically significant
difference between the release kinetics of all prepared conjugates, which confirms that the
release rate depends mainly on the close chemical environment of the hydrazone linker [38].
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Figure 5. Release profiles of doxorubicin from the prepared conjugates in buffered media at

37 °C. Data points and error bars represent mean value and SD, respectively(n=3).

In vitro testing of the drug-free fluorescently labeled PAOXx-Atto 655 conjugates on B16 murine
melanoma cells showed preferential uptake of the PMeOx carrier when compared to the PEtOx
carrier. When comparing different sizes of the same polymer carrier, the lower-molar mass
conjugate resulted in higher cellular uptake, independent of the polymer carrier. These results
were consistent for all concentrations tested (Figure 6A). The more pronounced uptake of
smaller polymers is in line with the uptake studies of fluorescently labeled PHPMA [54, 55].
The difference in the internalization efficiency between both polymer types could be explained
by a difference in cellular uptake mechanisms [56]. As the uptake mechanism of PAOXx was not
reported yet, we repeated the internalization experiments using different uptake inhibitors,
namely chlorpromazine (inhibiting the clathrin-mediated endocytosis), filipin 111, genistein
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(both inhibiting the caveolar endocytic pathway), cytochalasin D and rottlerin (both inhibiting
macropinocytosis) [57]. These preliminary uptake screening experiments suggest that
internalization of all copolymers proceeds via clathrin-mediated endocytosis, which is in line
with the mechanism reported for other linear hydrophilic polymers (e.g., PHPMA) [58].
Furthermore, the less pronounced uptake inhibition by rottlerin suggests macropinocytosis as
an additional uptake pathway. Slightly more macropinocytosis was observed for more
hydrophilic PMeOx, which can contribute to its higher uptake. Remarkably, the addition of
cytochalasin D resulted in significant polymer uptake enhancement caused by disruption of
actin. This phenomenon was previously shown to be cell-line specific [59]. Finally, the
caveolae-mediated internalization mechanism seems to be less probable due to the negligible
uptake inhibition by filipin 111 and genistein. This is in line with previous reports showing
caveolar mechanism to be less likely for uptake of particles smaller than 200 nm [60]. To
conclude, the internalization pathways of hydrophilic poly(2-oxazoline)s follow similar trends
as other hydrophilic polymers, e.g., PHPMA. Even though the reason for higher cellular uptake
of PMeOx compared to PEtOx remains unclear it demonstrates the potential of PMeOx as a

versatile platform for the construction of drug delivery systems.
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Figure 6. (A) Mean fluorescence of B16 cells, incubated for 24 hours with PAOXx-Atto 655
conjugates at concentrations of 1, 0.25 and 0.05 mg/mL. (B) Detailed results for conjugates at
1 mg/mL. Cell uptake of MH3 (C), respectively EH3 (D) determined in the presence of selective
internalization mechanism inhibitors. Data points and error bars represent mean value and SD,

respectively. Student’s t-tests, n=2, **: p< 0.01, ***: p< 0.001 (n=3).

The intracellular fate of the PAOXx-doxorubicin conjugates after uptake by SKOV-3 human
ovarian cancer cells was visualized by confocal microscopy. As B16 cells tended to succumb
rapidly to the toxicity of DOX, we opted to perform confocal microscopy imaging on SKOV-3
cells which are more resistant to DOX and, owing to their thin stretched morphology, allow for
high quality imaging. Not only did all tested conjugates display good cellular uptake (as
evidenced by the punctuated pattern of red fluorescence), extensive accumulation of released
doxorubicin in the nucleus could be clearly observed. This demonstrates the suitability of the
hydrazone linker for acid-induced controlled release of the drug load after endosomal uptake
(Figure 7).

Figure 7. Confocal images of SKOV-3 cells incubated with PAOx-doxorubicin conjugates
MD1-2 and ED1-2 for 24 hours. Doxorubicin is visualized in red. Cell nuclei and actin are
shown in blue and green respectively. Images represent a maximum intensity projection (MIP)

constructed from a 10-15 slice z-stack.

When comparing the cytotoxic effect of the PAOx-doxorubicin conjugates to free,
unconjugated doxorubicin, very little loss of activity was observed. Although the difference

was small, the PMeOx-doxorubicin conjugates proved to be slightly more cytotoxic than their

19



PEtOx-doxorubicin counterparts. The size effect observed during flow cytometry testing did
not appear to affect the cytotoxicity as all PMeOx and all PEtOx conjugates with different molar
mass and different drug loading showed very similar cytotoxicity (Figure 8). To summarize,
PMeOx outperforms PEtOx in most of the measured biological parameters and therefore

represents a polymer of choice for construction of PAOXx-based drug delivery conjugates.
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Figure 8. In vitro cytotoxicity evaluation on B16 cells after 72 hours of incubation with soluble
doxorubicin and polymer-doxorubicin conjugates (n=6). Comparison of lower molecular
weight PMeOx-doxorubicin with PEtOx-doxorubicin and free doxorubicin (A), cytotoxicity of
PMeOx-doxorubicin (B) and PEtOx-doxorubicin (C) conjugates. For polymer conjugates, the
doxorubicin concentration represents the initial concentration of polymer-bound doxorubicin.

Data points and error bars represent mean value and SD, respectively (n=6).
Conclusions

Herein, we report for the first time the synthesis and in vitro anti-cancer properties of high molar
mass drug delivery conjugates based on hydrophilic poly(2-methyl-2-oxazoline) (PMeOx)
covalently conjugated with doxorubicin via acid cleavable hydrazone bonds. The conjugates
show pH-responsive doxorubicin release, high cellular uptake and in vitro cytotoxicity against
B16 melanoma cells. To further extend the scope of this work, we compared these properties

to the analogous conjugates based on the established poly(2-ethyl-2-oxazoline) (PEtOXx).

It is demonstrated that the PMeOx carrier outperforms PEtOx in most of the measured
parameters. In addition to the already reported better anti-fouling properties, the more
hydrophilic PMeOx also allows higher drug loadings, increased cellular uptake and higher in
vitro anti-cancer effectivity. These properties, together with its synthetic versatility demonstrate
the high potential of PMeOx as a platform for the synthesis of next-generation drug delivery
systems. Our future work will focus on detailed in vivo examination of the prepared polymer

conjugates to further prove their anti-cancer potential.
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