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Poly(2-ethyl-2-oxazoline-co-N-propylethylene
imine)s by controlled partial reduction of
poly(2-ethyl-2-oxazoline): synthesis,
characterization and cytotoxicity+

’ '.) Check for updates ‘

Cite this: Polym. Chem., 2021, 12,
680

Sebastian Halupczok,*® Maria Pfister,*1* Annemarie Ringhand,*® Corinna Fetsch,§?
Alevtina Cubukova,® Antje Appelt-Menzel®© and Robert Luxenhofer (24
The partial reduction of poly(2-ethyl-2-oxazoline) was investigated. A series of poly(2-ethyl-2-oxazoline-
co-N-propylethylene imine)s were synthesized by direct reduction using lithium aluminum hydride or
borane/dimethylsulfide (BH3z/DMS), respectively. It is shown that the degree of reduction can be readily
controlled either by the reaction time when using an excess of LiAlH4 or by the stoichiometry of BHz/
DMS, as was demonstrated by *H-NMR spectroscopy. Differential scanning calorimetry revealed that the
glass transition temperature of the products decreased with increasing degree of reduction up to 25% of
reduction, above which no glass transition could be detected. Moreover, acid—base titration showed a
very pronounced, reduction degree dependent buffering capacity of these polymers between pH 4 and 8,
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which is of great interest, e.g. in the context of endosomal escape. This control over the reduction allows
to tailor the synthesis of partially cationic polymers on the basis of poly(2-oxazoline)s, which, in combi-
nation over the hydrophilic/lipophilic balance through the side chain length allows a tight control over
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Introduction

Poly(ethylene imine) (PEI) is a widely used cationic polymer
that can be prepared in two different architectures, linear and
branched (Scheme 1). PEI is commonly used as a flocculant
and as a retention aid in paper production or in the textile
industry. In the biomedical community, PEI is better known
for its use as a transfection agent or as a protein/nucleic
acid precipitation agent.’
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materials properties. Such materials may be interesting, inter alia, for biomaterials or organic electronics.

While the branched PEI version is prepared by cationic
polymerization of aziridine (Scheme 1a), the linear version is
prepared in two steps. The first step is the cationic ring-
opening polymerization of 2-oxazolines. The second step is the
exhaustive hydrolysis of the intermediate non-ionic poly(2-oxa-
zoline), which yields linear PEI (Scheme 1b). However, poly(2-
oxazoline)s can also be transformed into cationic polymers by
another strategy, which has been previously described, but
much less investigated. The amide motif in the repeating unit
can be reduced to a tertiary amine (Scheme 1c).*® The result-
ing polymers are known as poly(N-alkyl ethylene imine)s
(PAEI). PAEI can also be obtained by alkylation of PEI employ-
ing the Leuckart-Wallach reaction. To date and the best of our
knowledge, this has been realized only for methylation using
the Eschweiler-Clarke reductive N-methylation. In fact this
approach predates the amide reduction.®’

Besides the difference of secondary (PEI) vs. tertiary amine
(PAEI), the PAEI are much more versatile with respect to their
physico-chemical properties by virtue of the N-substituent.
Interestingly, while thousands of scientific reports deal with
PEI one way or the other, hardly more than a handful of
reports dealing with synthesis,"” properties™® and use®° of
PAEI can be found in the literature and these few reports have
received remarkably little attention. More recently, Fukuda
et al. investigated the solution properties of poly(N-methyl-
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Scheme 1 a) Reaction scheme for the preparation of (a) branched and (b) linear poly(ethylene imine), which is well known from the literature. (c)
Reaction scheme for the (partial) reduction of poly(2-alkyl-2-oxazoline)s to poly(N-alkyl ethylene imine)s via poly(2-alkyl-2-oxazoline-co-N-alkyl-

ethylene imine)s presented herein.

ethylene imine) synthesized via the Eschweiler-Clarke methyl-
ation and claim this as an interesting water-soluble polycatio-
nic material.®

To the best of our knowledge, all previous reports in the
context of PAEI discussed the synthesis and properties of PAEI
homopolymers. However, hypothesized that partial
reduction of POx should lead to copolymers of POx and PAEI
(P(Ox-co-AEI)), but this has not been described to date. This
contribution investigates the partial reduction of POx using
two different reducing agents, BH; and LiAlH,, previously
described for the exhaustive reduction of POx.*” The partially
reduced POx were characterized via 'H-NMR spectroscopy,
differential scanning calorimetry and acid-base titration.
Finally, selected samples were investigated also with respect to
their cytotoxicity using human primary dermal fibroblasts.

we

Materials and methods
Materials

All chemicals and reagents were purchased from Sigma-
Aldrich or Acros and used as received unless stated otherwise.
The poly(2-ethyl-2-oxazoline) had a molar mass of 50 kg mol™*
and a dispersity of 3-4 (SiAl product number #372846).

Methods

Reduction with LiAlH,. A previously reported procedure
described by Kobayashi was slightly altered.” We employed a
THF solution of LiAlH, instead of diethyl ether, as PEtOx is in-
soluble in Et,0. In a 50 ml Schlenk flask equipped with a mag-
netic stir bar 500 mg poly(2-ethyl-2-oxazoline)so, (PEtOXx)
(10 pmol) were dissolved in 20 ml dichloromethane. A 1.2 M
LiAlH, solution/dispersion in THF was added slowly while

This journal is © The Royal Society of Chemistry 2021

cooling with an ice bath. The reaction mixture was refluxed for
3 d, if a complete reaction was the aim. Shorter time periods
were used when the degree of reduction was to be adjusted by
reaction time. The reaction was terminated with the addition
of water, THF and water were removed under reduced pressure
and the residue was diluted with CHCl;/MeOH (1:2). The
polymer was precipitated in Et,O, dissolved in water and
lyophilized.

Reduction with BH;/DMS. A procedure introduced by Perner
and Schulz'" and adapted by Hoogenboom et al.* was slightly
modified. In a 100 ml Schlenk flask equipped with a magnetic
stir bar 500 mg PEtOx were dissolved in 50 ml THF or 40 mL
dioxane. Depending on the aimed degree of reduction, a
corresponding amount of a 2 M BH3/DMS solution in THF was
added while cooling with an ice bath. The reaction mixture
was refluxed for 3 d (or 1 d in the case in dioxane) and sub-
sequently, the solvent was removed in vacuo. To the residue
50 ml of methanol was added and refluxed overnight. The
solvent was removed under reduced pressure and the product
was collected with H,O and lyophilized.

NMR analysis of the reduction degree

NMR spectra were recorded on a Fourier 300 (1H;
300.12 MHz), Bruker Biospin (Rheinstetten, Germany) at
298 K. The spectra were calibrated to the signal of residual pro-
tonated solvent (CDCls: 7.26 ppm). For the determination of
the degree of reduction, the ratio of the integrals of signals at
1.12 and 0.85 ppm was used.

Differential scanning calorimetry (DSC)

For DSC studies, samples were placed into flat-bottom alumi-
num pans with crimped-on lids and heated/cooled on a cali-
brated DSC 204 F1 Phoenix equipped with a CC200 F1
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Controller, (NETZSCH, Selb, Germany). The dynamic scans
were recorded in nitrogen atmosphere with a heating rate of
5°C min~" (0°-180 °C).

Titration

Titration curves were recorded on 905 Titrando (Metrohm,
Filderstadt, Germany). The samples were dissolved in 0.1 M
HCI und were titrated with a 0.1 M NaOH standard solution at
an average rate of 0.5 mL per minute.

Cell viability tests

Human primary dermal fibroblasts (hDF) were isolated from
skin tissue biopsies (University Hospital Wiirzburg, local
ethics approval: 182/10, 25.11.2015) and maintained in DMEM
(Gibco, 32430-027) + 10% FCS (PAN-Biotech, P30-3306) in
adherent culture as previously described.'> HDF were applied
for viability studies from passage 2 to 4. Cells were seeded in a
cell density of 1 x 10" cells per well (A4 = 0.34 cm?) into 96-well
plates (Greiner Bio-one, 655983) and pre-cultured in a total
medium (DMEM + 10% FCS) volume of 200 pL per well for
24 h. As a positive control 1% SDS (Carl Roth GmbH + Co. KG,
4260) solution was used to induce cytotoxic effects.
Cytotoxicity of the test substances was evaluated after 48 h of
incubation for concentrations covering a wide range from 0.05
to 2000 mg L" (for P(EtOx0.40-co-NPrEI0.60) only up to
200 mg L™" because of its limited solubility). After treatment,
CellTiter-Glo® Luminescent Cell Viability Assay (Promega,
Mannheim, Germany, G7571) was performed according to the
manufacturer’s instructions. Luminescence was measured
with an Infinite M200 fluorescence reader (Tecan Group,
Switzerland). Cytotoxicity studies were performed in triplicates
of three independent biological replicates, results are pre-
sented as means + SEM.

Results and discussion

Different reagents can be used for the reduction of tertiary
amides to amines. For the reduction of POx to PAEI, Saegusa®
and Hoogenboom® described the use of LiAlH, and BH,/DMS,
respectively. In these reports, the POx was always fully reduced
to the PAEIL In contrast, the purpose of the present study was
to investigate the partial reduction of poly(2-ethyl-2-oxazoline)
(PEtOx) to access novel poly(2-ethyl-2-oxazoline-co-N-propyl-
ethylene imine)s (P(EtOx-co-NPrEI)) (Scheme 2).
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The degree of reduction was determined using "H-NMR
spectroscopy. The "H-NMR spectra of PEtOx are characterized
by three main signal groups, the backbone protons give rise to
a signal around ¢ = 3.4-3.5 ppm, the side chain methylene
group at 6 = 2.2-2.5 ppm and the methyl group at 6 =
1.0-1.2 ppm (Fig. 1, signals A, B and C). The PNPrEI gives rise
to signals at § = 2.6 ppm attributed to the backbone protons,
at 6 = 2.4 ppm from the side chain methylene group adjacent
to the nitrogen while at § = 1.4 ppm appear the signals attribu-
ted to the central methylene group of the propyl side chain
(Fig. 1, signals D, E and F). Finally, the side chain methyl
group gives rise to signals at § = 0.8 ppm (Fig. 1, signal G). As
can be expected, the partially reduced samples show more
complex "H-NMR spectra (Fig. 1) which could complicate ana-
lysis of the reduction degree. Fortunately, however, two
signals, one per respective repeat unit, remain relatively iso-
lated at various reduction degrees and can be used for the
determination of the degree of reduction. These signals are
the two signals of the methyl groups in the side chains at § =
1.1 ppm (Fig. 1, signal C) and 6 = 0.8 ppm (Fig. 1, signal G).
Accordingly, the degree of reduction was calculated as the ratio
of the integrals Is/(I + Ic). The absence of the sharp signal D
until rather high degrees of reduction suggests that the
reduction is occurring randomly along the polymer chain
instead of in a block-like fashion.

We decided to investigate the reduction of PEtOx with both
previously reported reducing agents. Initially, we studied
whether the reduction could be controlled by the stoichiometry
of the added LiAlH,. Important to note, one eq. of LiAlH,
should be able to reduce 2 eq. of amide."® As it turned out, this
strategy does allow partial reduction of POx, but only with
limited degree of control. In five different reactions, we added
30%, 30%, 50%, 70% and 150% of reduction equivalents (with
respect to amide groups in the polymer) of LiAlH,. After 68 h at
313 K, the degrees of reduction, determined by '"H-NMR were
3%, 6%, 25%, 46% and 100%, respectively (Table 1). In the first
experiment carried out in THF, we observed phase separation of
a gel-like material during the reaction. This can be attributed to
the reduced solubility of the partially reduced POx. Therefore,
and in accordance to earlier reports, the following experiments
were carried out in dichloromethane. However, also in the first
experiment with DCM, we observed precipitation, presumably
because the concentration was too high. Subsequent experi-
ments were carried out at a lower concentration and no precipi-
tation was observed.

e} LiAlH4 or BH3/DMS

N
AN~ THF/ Dioxan, reflux 1 Wm\f't“’km
R

Scheme 2 Reaction scheme for the partial reduction of poly(2-ethyl-2-oxazoline) with either LiAlH, or BH3/DMS as reducing agent in cyclic ethers

at refluxing temperature.
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(a) Waterfall plot of NMR spectra in CDCl; of reactions with LiAlH4 depicted in Table 1. (b) Detailed view of the two signals at 1.12 ppm and

0.85 ppm, which were used for the determination of the degree of reduction. The numeration of traces in (a) corresponds to numeration of experi-

ments in Table 1.

Table 1 Partial reduction of PEtOx with sub-stoichiometric amounts of LiAlH, at 313 K (left) and using sub-stoichiometric amounts of BHs/DMS

refluxed at 343 K (right)

[LiAlH,]/[amide] NMR trace NMR trace
(red. eq./amide) (Fig. 1) Solvent Ic/(Ig + Ic) [BH;]/[amide] (Fig. 3) Is/(Ig + Ic)
0.15 (0.3) 2 THF 0.03 0.10 2 0.1
0.15 (0.3) 3 DCM 0.06 0.30 3 0.25
0.25 (0.5) 5 DCM 0.25 0.40 4 0.41
0.35 (0.7) 7 DCM 0.46 0.50 5 0.47
0.75 (1.5) 16 DCM >0.99 0.75 6 0.79
1 7 1
The precipitation presumably is also the reason for the very observed (data not shown). Interestingly, Micovic and

low degree of reduction observed in the first experiments,
which was much lower than expected from the stoichiometry.
However, also in the absence of precipitation, the determined
degree of reduction did not correspond satisfyingly with the
stoichiometry. Nevertheless, these first experiments clearly
showed that partial reduction of POx can be used to obtain the
desired P(EtOx-co-NPrEI) copolymers.

It is known from literature that sub-stoichiometric use of
LiAlH, can lead to C-N bond scission and formation of alco-
hols or aldehydes, which, in our case is synonymous with side
chain scission.'* Indeed, in the NMR of the latter two reac-
tions, we do see some evidence of the corresponding side
product 1-propanol in the "H-NMR spectra (Fig. 1, red arrow-
heads). However, in the majority of cases, we found no evi-
dence of this side reaction.

In a second set of experiments, we added an excess of
LiAlH, (1.5 eq. per amide) and quenched the reaction after pre-
determined times (313 K, 0.5, 1, 2, 4, 24 and 68 h) by addition
of an excess of water. After workup, NMR spectroscopy was
again used to determine the degree of reduction. We realized
that even after only 30 min the reduction was almost quantitat-
ive and after 1 h only signals of the fully reduced PNPrEI were

This journal is © The Royal Society of Chemistry 2021

Mihailovic already reported in 1955 that the reduction of ter-
tiary amides is very fast in spite of a majority of researchers
conducting the reaction for prolonged times."?

Therefore, we investigated the kinetics of the reduction by
conducting the PEtOx reduction directly in the NMR tube at
295 K. For this, 5 mg of LiAlH, (1.3 eq./[amide]) were dispersed
in 0.1 mL of THF-dg in a screwcap NMR tube and 10 mg of
PEtOx dissolved in 0.6 mL dichloromethane were added.
Immediately, NMR spectra were acquired over the course of
300 min. Under these conditions, again, a very fast reduction
of the polymer was observed. Even at the earliest measurement
(~3 min), the degree of reduction was already more than 20%
and after 60 min, the degree of reduction reached 90%
(Fig. 2). For 50% reduction, the reaction time under these con-
ditions was approx. 10 min. Notably, formation of 1-propanol
was not observed.

Hoogenboom and co-workers reported on the exhaustive
reduction of POx, including PEtOx using borane/dimethyl-
sulfide (BH3/DMS)* following a procedure reported by Perner
and Schulz."' Accordingly, investigated the partial
reduction using this reagent. Subsequent refluxing in MeOH
transforms the remaining reducing agent into the more vola-

we
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Fig. 2 'H-NMR kinetic investigation of the reduction of PEtOx using an
excess of LiAlH4 at 298 K. The degree of reduction was determined
using the signals of the terminal methyl groups in the side chains at
1.1 ppm (PEtOx) and 0.8 ppm (PNPrEIl), respectively.

tile trimethoxyborane, which can easily be removed under
reduced pressure. Similar as with LiAlH,, we investigated the
use of substoichiometric amounts of reducing agent to control
the partial reduction of POx (Table 1). Again, the products
were characterized by "H-NMR (Fig. 3). In contrast to the situ-
ation with LiAlH,, BH3/DMS enables an improved control of
the partial reduction via the stoichiometry. The calculated
degrees of reduction corroborated reasonably well with the tar-
geted values. Thus, the degree of partial reduction could be
readily controlled from 10% to about 80%.

Hoogenboom and co-workers also compared the thermal
properties of POx and PAEI by means of differential scanning

View Article Online
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calorimetry.! In the case of fully reduced PEtOx, i.e. PNPrEI,
they reported that neither T, nor T, could be detected. Since
PEtOx is well known to have a T, of around 330 K, we were
curious how the T, changes with the degree of reduction. We
found that at 10% reduced side chains, the T, shifted to 313 K
(Fig. 4). Increasing the degree of reduction further to 25%, the
T, decreased to 293 K. Samples with an even higher degree of
reduction (>40%) did not show a T, in our experimental setup,
which agrees well with the observation by Hoogenboom and
co-workers.

The water solubility of several POx shows a dependence on
the temperature.”>*® Regarding the molar mass and the
polymer architecture, the lower critical solution temperature
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Fig. 4 A DSC heating curves of poly(2-ethyl-2-oxazoline) (PEtOx) and
partially reduced samples with a degree of reduction of 0.1, ie.
P(EtOxg.9-co-NPrElg 1) and 0.25, i.e. P(EtOxq 75-co-NPrElg »5).

'

20
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Fig. 3 H-NMR spectra of PEtOx (trace 1), partially (P(EtOx-co-NPrEl, traces 2—6) and fully reduced PEtOx (PNPrEI, trace 7) with BH3z/DMS at 343 K.

684 | Polym. Chem., 2021, 12, 680-688

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0py01258k

Open Access Article. Published on 12 November 2020. Downloaded on 7/16/2025 3:44:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

(LCST) of PEtOx ranges between 343 to about 370 K.
Hoogenboom et al. reported that PNPrEI is insoluble in water,
which shows the influence and importance of the tertiary
amide motif in POx for the solubility. It will be interesting to
study the influence of partial reduction on the LCST, but this is
outside the scope of the current study. Here, the focus is on
studying the buffering capacity of the partially reduced POx.
This is a relevant property for a number of applications, for
example for the complexation of proteins in nanozymes during
the formation of IPECs (“interpolyelectrolyte complexes”
formed with two polyelectrolytes of opposite charge) or the com-
plexation with nucleic acids (polyplexes).""'** Accordingly, we
investigated the acid-base titration of solution of PEtOx (as
control) as well as the partially P(EtOx;_,-co-NPrEL,) copolymers.
The polymers were dissolved in 0.1 M HCI and titrated against
0.1 M NaOH (Fig. 5). Important to note, the polymer with 73%
reduction was fully soluble at 2 mg mL ™" in 0.1 M HCI but pre-
cipitation was observed starting at a pH between 7 and 8 (ESI,
Fig. S1). Compared with 5 mg mL~" weight concentration, the
titration curve shows an abrupt change and drastic increase of
the slope starting at pH 7.5, which also indicates precipitation
of the polymer with higher reduction degrees, which was con-
firmed visually. Therefore, the 2-oxazoline repeating units are
important for the solubility in aqueous medium and a more
detailed investigation into the solubility of partially reduced
PEtOx at different temperatures and pH values is warranted.

As can be expected, PEtOx does not show any effect in the
acid-base titration (used as reference in titrations, Fig. 5 and
6) as tertiary amides are not ionized between pH 2 and 12. We
are aware that Hsiue and co-workers and a few other authors
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repeatedly suggested a pH responsive character of POx,>>*¢ but
this seems unlikely to be due to any protonation of tertiary
amides at this low acid molarity. We suspect that the effect
observed may have been due to end-groups or other impuri-
ties. In contrast to POx, all reduced samples clearly show
buffering properties during the potentiometric pH titration.
Interestingly, the buffer capacity appears to be strongly influ-
enced by the degree of reduction, clearly hinting at cooperative
effects, or neighbor group effects®” within the polymer as has
been described in different polyelectrolytes including poly
(vinylamine).?®?° Additionally, the buffering capacity is depen-
dent on the weight concentrations.

The first derivative of the titration curves can be used to
determine the pH-buffer range, which is localized between the
two maxima of the first derivative (Fig. 6). The lower slope and
change of direction indeed show the buffer capacity of the
polymers. The broader buffer volume also proves the strong
influence of the degree of reduction (Fig. 6, double-head
arrows). The titration curve reflects to some extent the titration
curve of branched PEI as reported by Andresen and co-
workers, with a buffering starting already at pH 4-5.%° This is
particularly interesting, as at the highest degrees of reduction
the buffering starts and is most dominant only at higher pH
values (Fig. S2f). The preliminary results presented here
warrant a much more detailed investigation of the apparent
buffer capacities at different degrees of reduction.

The polymer with every second repeat unit (50%, statisti-
cally) reduced shows a very interesting titration behavior
showing a particularly linear behavior between pH 4 and 8.5
(Fig. 6). It is immediately apparent that such broad buffering

134 13 134
17 9 9 e i 0
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/
9 ;‘f 9
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Fig. 5 Titration curves at different degrees of reduction, ranging between 17-73%. The titrations were performed at the weight concentration of
5 mg mL™%. Polymers were dissolved in 0.1 M HCl and titrated with 0.1 M NaOH. The titrations were carried out in duplicate or triplicate. The refer-
ence titration is in dotted lines, the individual titration curves are shown in black solid lines while the average is orange solid lines. The horizontal
grey segments define the best pH buffer range of the respective copolymers.
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Fig. 6 Averaged titration curves of the copolymers with a degree of reduction of 25% (left) and 50% (right), respectively (orange curves). The green
lines show the gradient of the averaged titration curves. The buffer area is located between the two maxima of the gradient and is indicated by the
dotted vertical lines. The grey horizontal box highlights the pH-buffer range as determined by a reduced slope of the titration curve. The enlarged

section is added to highlight the near-linear behavior of the titration curve inside the buffer range without the first derivative.

capacity of P(EtOx, 5-co-NPrEI, 5) could be very interesting for a
range of applications, including non-viral vectors for gene
therapy. For this, an important fact in the endosomal pathway
is the pH value range between 7.4 and 4.6 along the endocytic
pathway.?®*" Particularly interesting in this context is that the
broad buffering capacity is observed at intermediate charge
densities. This may have major implications on the cytotoxicity
of the corresponding materials.

Accordingly, the cytocompatibility of partially reduced
P(EtOx-co-NPrEI) was investigated using human primary
dermal fibroblast cells (hDF) and treatment for 48 h. The cells
were exposed to concentrations of up to 2 g L™, which was the
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approximate limit of solubility for the polymers with the
highest degree of reduction at physiological pH. Cell viability
was assessed with CellTiter-Glo® assay (Fig. 7).

For reduction degrees below 25%, no effect on the cell via-
bility was found in the investigated concentration range and
incubation time. However, in the case of P(EtOx, ;;-c0-NPIEI, »3),
morphological changes were observed by light microscopy at
the highest concentration, even though no significant cytotoxic
effect was observed at or below 2 g L™, It can be assumed that
at higher concentrations cytotoxicity will emerge. In contrast,
P(EtOx, ,1-c0-NPrE], ,4) induced severe cytotoxicity at 2 g L™
(Fig. S31). Further increase in the degree of reduction results
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(a) 3D plot of the concentration and reduction degree dependent cell viability of human dermal fibroblasts (hDF) after 48 h of exposure with

partially reduced PEtOxsgo. The blue-gray horizontal plane with the z-intercept 0.5 visualizes the ICsg values. The light gray vertical plane intersects
at a reduction degree of 37%. Only at reduction degrees exceeding 20% considerable cytotoxicity is observed at the investigated concentrations and
times. (b) Concentration dependent cell viability for P(EtOxg ¢3-co-NPrElg 37), with experimental data fitted using a Boltzmann fit (red line). The inset
shows that between 25 and 40% reduction degree, the ICsq values drop sharply and appears to level-off thereafter.
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in a very profound decrease of the ICs, values. P(EtOxg ¢3-co-
NPrEl, ;,) already results in an estimated ICs, of 50 mg L™*
(Fig. 7b) and the ICj, values of P(EtOx,s-co-NPrEl,s) and
P(EtOx, 4-co-NPrEl, ¢) range between 10 and 20 mg L™". Hsiue
et al.,** Kronek® as well Hoogenboom®* et al. reported that
partially hydrolyzed PEtOx exhibits much lower cytotoxicity
compared to PEI and apparently also compared to the pre-
sently studied partially reduced POx. For the partially hydro-
lyzed PEtOx, only hydrolysis degrees of 50% and more lead to
considerable cytotoxicity. Hoogenboom et al. also investigated
the cytotoxicity of partially hydrolyzed poly(2-n-propyl-2-oxazo-
line).** The comparison with these results is particularly inter-
esting, as poly(2-n-propyl-2-oxazoline) is more hydrophobic
compared to PEtOx as the partially reduced PEtOx introduced
here. The poly(2-n-propyl-2-oxazoline) was hydrolyzed by only
10% and different chain lengths were investigated.
Interestingly, irrespective of the chain length, even these very
low hydrolysis degrees elicited a very pronounced cytotoxicity
in three independent biological assays. ICs, values were in the
range of 10-20 pM or <20 mg L™, albeit at 72 h of incubation
time. In comparison, ICs, values of P(EtOx-co-NPrEI) were of
an order of magnitude higher for the degrees of reduction of
up to 29% and only reached similar values at a reduction
degree of 50% or more. Rangelov et al. presented the cytocom-
patibility of hydrolyzed poly(2-iso-propyl-2-oxazoline)s where
the ICs, value of P(iPrOxg 4,-c0-NEI, 53) is similar to the value
observed for P(EtOxs-co-NPrEl,;).>® Unfortunately, the
authors did not report cytotoxicity for other hydrolysis degrees.
As mentioned before, it might be concluded that the cytocom-
patibility decreased with the higher hydrophobicity of the
2-oxazoline side chains.

Poly(2-oxazoline)s as a very diverse polymer family have
seen a tremendous increase of interest for the preparation of
biomaterials.?” Recent years have seen the first-in-man clinical
trials for POx-based polymer drug conjugates,*® very significant
advances in preclinical studies of POx based micellar drug
delivery systems,’**® and hydrogels for various biomedical
applications.”™>* The presented results add another layer
of chemical versatility to this already multifarious polymer
family, and are particular interesting for potential application
for the complexation of oppositely charged biomacromolecules
such as proteins and polynucleic acids.

Conclusion

In conclusion, we could show that the controlled reduction of
poly(2-ethyl-2-oxazoline)s can be used to prepare poly(2-ethyl-
2-oxazoline-co-N-propylethylene imine)s as well as poly(N-
propylethylene imine)s after exhaustive reduction. We found
that borane/dimethylsulfide complex is a better reagent for
this purpose compared to LiAlH,. This is the first report
showing the synthesis and some properties of such copoly-
mers. Considering the side chain variability of POx, we believe
that our approach can be used to access a large variety of
different copolymers varying in hydrophilicity and hydrophobi-

This journal is © The Royal Society of Chemistry 2021
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city and cationic charge density. Such materials could be very
interesting in a large variety of applications, including appli-
cations as biomaterials or in organic electronics showing
acceptable cell viability at moderate degrees of reduction.
In contrast to the partially hydrolyzed PEtOx, the partially
reduced polymers cause increasing cytotoxicity, which may be
due to the stronger interactions between the cell membrane
and the polymers with their increasing lipophilic character.
However, compared to partially hydrolyzed PnPrOx, the par-
tially reduced PEtOx exhibit an improved cytocompatibility, as
up to 17% degree of reduction, the polymers exhibited no cyto-
toxicity at the highest analyzed concentrations. This highlights
the potential to influence physicochemical properties and cyto-
compatibility utilizing the rich chemistry of poly(2-oxazoline)s.

Future studies will have to elucidate the effect of side
chains on the rate of the reduction and cytotoxicity, similar to
studies investigating the effects of POx side chains on the
hydrolysis. Also the reduction of poly(2-oxazine)s should be
investigated. Moreover, the investigation of the influence of
the degree of reduction on the lower critical solution tempera-
ture of the polymers will be interesting to study.
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