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Introduction

Amidation of methyl ester-functionalised
poly(2-oxazoline)s as a powerful tool to create
dual pH- and temperature-responsive polymers as
potential drug delivery systems+

Meike N. Leiske, I 12 Ronak Singha,® Somdeb Jana,? Bruno G. De Geest (2 and
Richard Hoogenboom (2 *?

In the past two decades, thermoresponsive polymers based on tertiary amine groups have been studied
extensively as a class of dual-responsive polymers. In particular, their temperature-dependent phase tran-
sition can be further modulated by the pH value of the environment, rendering them interesting for appli-
cations in the biomedical area. In this contribution, we report methyl-ester-functionalised poly(2-alkyl-2-
oxazoline)s (PAOx) as a versatile platform for the synthesis of tertiary-amine-functionalised PAOx via
straightforward post-polymerisation amidation. The resulting polymers were investigated regarding their
stimuli-responsiveness to both, pH value and temperature by turbidimetry measurements. Dynamic light
scattering further confirmed the formation of polymeric nanoparticles upon phase separation of block
copolymers comprising a responsive polymer block and poly(2-methyl-2-oxazoline) as permanently
hydrophilic block. Furthermore, a hydrophobic Rhodamine B derivative was used as model cargo and was
found to induce the formation of stable nanoparticles in biological media beyond the responsiveness to
pH and temperature of these polymers. Treatment of MDA-MB-231 breast cancer cells with such nano-
particles containing both, the Rhodamine B octadecyl-derivative and paclitaxel, suppressed their prolifer-
ation sufficiently in vitro. Altogether, PAOx with tertiary amines are presented as versatile materials with
interesting characteristics and potential applications in the area of polymeric drug delivery.

cal solution temperature (UCST)."® While reports on the latter
are rare, LCST is a well-studied concept in polymer research.

In modern nanomedicine it is a major challenge to deliver
therapeutically active agents more safely and directly to the
target site."”? Stimuli-responsive polymers have attracted wide
attention as smart materials with potential application in the
biomedical area,®” e.g., as drug delivery vectors with con-
trolled release properties.® External stimuli of interest include
pH,” temperature,’ and ionic strength.* In particular the
response to temperature has been studied comprehensively in
the past. Here, two main phenomena have been reported: (i)
lower critical solution temperature (LCST)® and (ii) upper criti-
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Polymers that possess LCST behaviour include for example
N-alkyl-substituted  polyacrylamides,"*  poly(vinyl —methyl
ether),"® poly(N-vinylcaprolactam),"® poly(propylene oxide),'**>
and poly(2-alkyl-2-oxazoline)s (PAOx).'®'” In addition to temp-
erature-response, the sensitivity of polymers to changes in pH
has been reported to be beneficial for drug delivery appli-
cations.” In particular, the dynamic protonation of amine-
containing polycations has shown promise for tailored cell
interactions and endosomal release inside the cells.>'® To
this end, polymers with tertiary amines in the side chain
appear to be interesting as they have been shown to possess
a dual responsiveness to both, temperature and pH.'® While
their increased interaction with cell membranes is necessary
for efficient polymer uptake, it can also lead to unwanted
side-effects, such as increased toxicity or protein fouling.*
The combination of amine moieties with low- or anti-
fouling units is one strategy to circumvent this issue.”*
Polymers of interest include poly(ethylene glycol), poly
(amino acid)s, poly(glycerol), poly(acrylamide), poly(vinylpyr-
rolidone), and PAOx.**??

This journal is © The Royal Society of Chemistry 2023
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PAOx are a polymer class that is characterised by its large
chemical versatility. Besides the possibility to design telechelic
PAOX,>* the synthesis via the cationic ring-opening polymeris-
ation (CROP) of 2-oxazolines allows for the preparation of
a wide range of side chain functionalised homo- and
copolymers,>>*” as well as different polymer architectures.>*°
Due to the favourable low-fouling properties®** and low
immunogenicity of hydrophilic PAOx,**7> they possess high
potential for use in the field of nanomedicines and numerous
studies have already investigated their potential in this
area.’®° PAOx with longer alkyl side chains (e.g., ethyl,
n-propyl, or iso-propyl)*®*' as well as other functional side
chains such as methyl esters*> or nitriles** exhibit LCST behav-
ior. In addition, PAOx with ionisable groups have been
reported to be responsive to both, pH and temperature.***’
Unfortunately, the direct synthesis of PAOx with tertiary
amines in the side chain is hampered by the sensitivity of the
CROP towards external nucleophiles.’® Nonetheless, the post-
polymerisation modification (PPM) of functional, reactive side
chains has facilitated the functionalisation of PAOx with ter-
tiary amines.””*® Such synthesis of functional PAOx with
different tertiary amines in the side chain via PPM allows for a
straightforward comparison of the effect of the amino-substi-
tuent on the stimuli-responsiveness. To the best of our knowl-
edge, the design and dual-responsiveness of PAOx comprising
tertiary amines in the side chain to pH and temperature has
not been reported to date.

The aim of this project was the design of nanoparticles
based on block copolymers with a dual-responsive PAOx block
with tertiary amines in the side chain via straightforward
amidation of methylester-containing PAOx. Therefore, block
copolymers of 2-methyl-2-oxazoline (MeOx) as permanently
hydrophilic block and 2-methoxycarbonylpropyl-2-oxazoline
(C3MestOx) were prepared and functionalised with different
tertiary amines through direct amidation as shown in
Scheme 1. The temperature- and pH-response of these poly-
mers was studied by means of turbidity and dynamic light
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Scheme 1 Preparation of polymers used in this study. A: Synthesis of
PMeOx,-b-PC3MestOx,, via cationic ring-opening polymerisation of
MeOx (1% block) and sequential addition of C3MestOx (2" block), fol-
lowed by termination with sodium azide. B: Post-polymerisation modifi-
cation of PMeOx,-b-PC3MestOx,, yielding different tertiary-amine-
modified polymers.
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scattering. The effect of physiologically relevant environments
on the thermoresponsive properties was further investigated.
Tertiary amine-functionalised block copolymers were used for
the preparation paclitaxel-loaded polymeric micelles, which
were evaluated regarding their potential to suppress the
in vitro proliferation of MDA-MB-231 breast cancer cells.
Altogether, these tertiary amine-functionalised PAOx are pre-
sented as versatile and responsive materials.

Experimental part
Materials and instrumentation

Materials. The following chemicals were used as received,
unless otherwise stated. Barium oxide (BaO, 90%), was pur-
chased from Acros Organics. Methyl p-toluenesulfonate
(MeOTs, 98%), anhydrous acetonitrile (MeCN, 99%) diethyl-
ether (Et,O, >99%), and sodium azide were purchased from
Sigma-Aldrich. Paclitaxel (Ptx, >98%), octadecyl Rhodamine B
chloride (RhB-C18, >95%), Triazabicyclodecene (TBD, >98%),
N,N-diisopropylethylenediamine (DIPED, >97%), 1-(2-amino-
ethyl)piperidine (AEP, >97%), and 1-isopropylpiperazine (IPP,
>98%) were obtained from TCI. Dulbecco’s phosphate
buffered saline (DPBS, Gibco), fetal bovine serum (FBS, Gibco),
Dulbecco’s Modified Eagle’s medium: Nutrient Mixture F-12
(DMEM/F12, Gibco), Trypsin (Gibco), were used as received.

Deuteratured dimethylsulfoxide (DMSO-d6), and deuterated
chloroform (CDCl;) were purchased from Eurisotop.

MeOTs and MeCN were further purified by distillation
before usage and stored under inert N, atmosphere in a
glove box. Methoxycarbonylpropyl-2-oxazoline (C3MestOx), a
monomer with a propyl (C3) spacer between methyl ester
(Mest) and the 2-oxazoline (Ox) ring, was synthesised following
a previously reported protocol and was further purified by dis-
tillation over BaO,"® before storage under inert N, atmosphere
in a glove box.

Deionised water was prepared with a resistivity less than
18.2 MQ cm using an Arium 611 from Sartorius with the
Sartopore 2150 (0.45 + 0.2 pm pore size) cartridge filter.

'H nuclear magnetic resonance (NMR) spectroscopy. NMR
of all samples was carried out using a Bruker AVANCE III HD
300 MHz or 400 MHz spectrometer as indicated utilising
deuterated solvents obtained from Sigma-Aldrich.

Gas chromatography (GC). GC was employed to evaluate the
monomer conversions of oxazolines during CROP. GC was per-
formed in an Agilent 7890A system equipped with a VWR
Carrier-160 hydrogen generator and an Agilent HP-5 column of
30 m length and 0.32 mm diameter. Detection was done with
a Flame ionization detector (FID). FID detector was set to
280 °C and inlet was set to 250 °C with a split injection of ratio
25 :1. Hydrogen was used as carrier gas at a flow rate of 2 mL
min~". The oven temperature was increased with 20 °C min™"
from 50 °C to 120 °C, followed by a ramp of 50 °C min™" to
300 °C. Conversion was determined based on the integration
of monomer peaks using acetonitrile (reaction solvent) as an
internal standard.

Polym. Chem., 2023, 14, 2034-2044 | 2035
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Size-exclusion chromatography (SEC). SEC was performed
on two different systems. SEC of DMAc-soluble polymers was
performed on an Agilent 1260-series HPLC system equipped
with a 1260 online degasser, a 1260 ISO-pump, a 1260 auto-
matic liquid sampler, a thermostatted column compartment at
50 °C equipped with two PLgel 5 um mixed-D columns and a
mixed-D guard column in series, a 1260 diode array detector,
and a 1260 refractive index detector. The used eluent was
DMAc containing 50 mm of LiCl at a flow rate of 0.500 mL
min~'. The spectra were analysed using the Agilent
ChemStation software with the SEC add on. Molar mass and
dispersity (D) values were determined by SEC-analysis, calcu-
lated against polymethylmethacrylate (PMMA) standards.

SEC of more hydrophilic, DMAc-insoluble polymers was
performed on an Agilent 1260-series HPLC system equipped
with an online PSS degasser, a 1260 ISO-pump, a 1260 auto-
matic liquid sampler (ALS), a 1261 thermostatted column com-
partment (TCC) at 30 °C equipped with two PSS Novema Max
5 pm columns and a precolumn in series, a 1262 diode array
detector (DAD) and a 1290 refractive index detector (RID). The
used eluent was an acetate buffer at pH 3.6 containing 30%
acetonitrile and 0.1 M NaNO; at a flow rate of 0.500 ml min™".
The spectra were analysed using the Agilent Chemstation soft-
ware with the GPC add on. Molar mass values and D values
were calculated against PEG standards from PSS.

Lyophilisation. Lyophilisation of samples was conducted
using an Alpha 1-2 LDplus freeze-dryer from Martin Christ
Gefriertrocknungsanlagen GmbH (Germany).

pH adjustment. The pH of polymer-containing solutions in
diH,O was adjusted using 0.1 M NaOH and HCI solutions. pH
measurements were conducted with a digital pH meter.

Dynamic light scattering (DLS). DLS was measured on a
Zetasizer Nano-ZS Malvern apparatus (Malvern Instruments
Ltd) using disposable cuvettes. The excitation light source was
a He-Ne laser at 633 nm and the intensity of the scattered
light was measured at an angle of 173°. This method measures
the rate of intensity fluctuation, and the size of the particles is
determined through the Stokes-Einstein equation. If not indi-
cated otherwise, the concentration of the polymer solution was
1 mg mL™" (in diH,O, DPBS or DMEM/F12). If not stated
otherwise, results represent the mean and SD of 5 measure-
ments with 3 runs each.

Crystal16™ turbidimeter. Cloud point temperatures were
measured on a Crystal16™ parallel crystalliser turbidimeter
developed by Avantium Technologies connected to a recircula-
tion chiller and dry compressed air. Aqueous polymer solutions
at indicated concentrations were heated from 4 °C to 70 °C
with a heating rate of 1.0 °C min™" followed by cooling to 4 °C
at a cooling rate of 1.0 °C min~". This cycle was repeated three
times. The cloud point temperature (T¢p) is reported as the
50% transmittance temperature in the 2" heating run.

Synthesis and characterisation

Polymer synthesis
Homopolymerisation (PC3MestOx;s,). PC3MestOx was syn-
thesised via cationic ring opening polymerisation (CROP). In a
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N, filled glovebox, C3MestOx (3.00 mL, 17.5 mmol), MeOTs
(0.018 mL, 0.12 mmol) and acetonitrile (ACN) (1.357 mL) were
added to a 5 mL microwave vial and then polymerised in the
Biotage microwave for 23 min at 140 °C. Termination of the
polymer was done with sodium azide. Precipitation was done
in a ten-fold excess of Et,O and the resulting precipitate was
isolated via centrifugation, dissolved in water and freeze dried.

'H NMR (300 MHz, CDCl;) of PC3MestOx;s: § = 3.58 (3H,
s, -CO-O-CHj3), 3.38 (4H, m, -CH,-CH,- (backbone)), 2.33
(4H, m, -N-CO-CH;- and -CH,~CO-0-) 1.84 (2H, m, ~CH,-
CH,-CH,-) ppm.

SEC data can be found in Table 1.

Synthesis of block copolymers.. The synthesis of block copoly-
mers is exemplarily described for PMeOxg,-b-PC3MestOXqo.

Block copolymers were synthesised via CROP. In a N, filled
glovebox, MeOx (0.339 mL, 4.0 mmol), MeOTs (0.010 mL,
0.067 mmol) and MeCN (3.63 mL) were added to a 20 mL
microwave vial and then polymerised in the Biotage microwave
for 20 min at 140 °C. Prior polymerisation a 100 pL sample
was taken for analysis of the conversion via GC. After that, the
vial was transferred back into the glovebox to withdraw a
200 pL sample for analysis via GC, 'H NMR, and SEC.
Subsequently, C3MestOx (1.027 mL, 6.0 mmol) was added to
the reaction vial and another 100 pL sample was taken for GC
analysis. The reaction mixture was then polymerised at 140 °C
for an additional 20 min. After that, the vial was transferred
back into the glovebox to withdraw a 200 pL sample for ana-
lysis via GC, 'H NMR, and SEC. Purification of the polymers
was achieved as described for the homopolymer.

SEC data can be found in Table 1.

General amidation procedure. The amidation was performed
as previously reported by our group.’® A solution of polymer
(2.5 mmol of ester groups, 1 eq.) in 2 mL anhydrous MeCN
was prepared. In a separate vial, a solution of TBD (1.25 mmol,
0.5 eq.) and amine (15 mmol, 6 eq.) and the appropriate
volume of MeCN (to obtain a 3 mL solution) was prepared.
Next, the solution containing the catalyst and amine was
heated to 70 °C in a heating block. After an equilibration time
of 5 min, the polymer solution was added. The reaction was
stirred overnight. The crude reaction mixture was then purified
via dialysis against diH,O (RC, MWCO 3.5 kDa) for three days
with daily water changes. After lyophilisation, the products
were obtained as colourless solids. Quantitative functionalisa-
tion was verified via "H NMR spectroscopy. SEC measurements
were performed to verify the integrity of the polymers during
the functionalisation process.

Table 1 SEC analysis of C3MestOx-containing (co)polymers via SEC in
DMAc (PMMA-calibration)

Polymer M, (g mol™) D

PC3MestOx; 5, 29 000 117
PMeOxy0-b-PC3MestOx, 50 29 900 1.15
PMeOx,4,-b-PC3MestOx, 10 23000 1.27
PMeOxqq-b-PC3MestOxoq 26 500 1.18

This journal is © The Royal Society of Chemistry 2023
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"H NMR (300 MHz, DMSO-d6) of PC3DIPEDOX;5: & = 7.66
(1H, s, -CO-NH-CH,-), 3.33 (4H, m, -CH,-CH,- (backbone)),
2.93 (4H, m, -CH,-CH,-N- and CH3;-CH-N-), 2.37 (4H, m,
-N-CO-CH;- and -CH,-CO-NH-), 2.06 (2H, m, -NH-CH,~
CH,-), 1.69 (2H, m, -CH,-CH,-CH,-), 0.93 (12H, d, b, (CH;),-
CH-) ppm.

SEC (Table 2):

Biological assays

Cell culture. MDA-MB-231 cells were obtained from ATCC.
Cells were grown in DMEM/F12 supplemented with 10% (v/v)
FBS, 100 U mL™" penicillin, and 100 pg mL™" streptomycin.
Cells were maintained at 37 °C in a fully humidified atmo-
sphere containing 5% CO,.

Cell viability. Cells were cultured as described above. For the
cell viability assay, cells (10" per well) were seeded in 96-well
plates and allowed to adhere overnight. The media was sub-
sequently removed and replaced by fresh, polymer-containing
media. Then, the cells were incubated at 37 °C for an additional
24 h. After that, the media was removed, and the cells were
washed with 100 pL DPBS. Next, fresh media containing the
thiazolyl blue tetrazolium bromide (MTT) (concentration: 1 mg
mL ") was added (100 pL per well). Note: MTT (50 mg) was dis-
solved in 10 mL of sterile DPBS, filtrated (membrane, 0.22 pm),
and 1 to 5 diluted in culture medium prior to use in this assay.
After incubation at 37 °C for 3 h, 100 pL of DMSO were added to
each well and the plates were gently shaken in the dark for 1 h
to dissolve the formazan crystals. Quantification was done by
measuring the absorbance at 4 = 590 nm using a microplate
reader. Untreated cells on the same plate served as negative
control (100% viability), cells treated with 20% DMSO as positive
control (0% viability), and wells without cells as background.
Experiments were formed in triplicates on three different plates.
The relative cell viability was determined by eqn (1).

Abs. sample — Abs. background
Abs. negative control — Abs. background

x 100 (1)

%Cell viability =

Cell growth inhibition assays

Cell growth inhibition assays were conducted as previously
reported.”® The following alterations were made to the MTT

Table 2 Characterisation of amine-modified block copolymers via SEC
measurements

Polymer M, (g mol™) b
PC3DIPEDOX; 5 36 6007 1.26°
PMeOx,,-b-PC3DIPEDOX, 50 38 6007 1.24°
PMeOx,-b-PC3DIPEDOX, 10 33700° 1.25%
PMeOxg,-b-PC3DIPEDOxo, 27 400° 1.34¢
PMeOx-b-PC3AEPOxq0 322007 2.56%
22 600° 1.12°
PMeOxg,-b-PC3IPPOXo, 22 400° 1.30%

“SEC measurements in DMAc (PMMA calibration). ?SEC measure-
ments in acetate buffer at pH 3.6 containing 30% (v/v) MeCN and 0.1
M NaNO; (PEG calibration).

This journal is © The Royal Society of Chemistry 2023
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protocol described in ref. 51. Cells were seeded at a density of
3 x 10° cells per well. One plate was used for each time point.
Media was changed daily. After the indicated time points (0, 1,
2, or 3 days), (polymer-containing) cell medium was removed,
and cells were gently washed with 100 pL of DPBS before the
addition of fresh medium containing the MTT reagent as
described in ref. 51 and incubated for 3 h at 37 °C. The relative
cell growth was determined by eqn (2) and (3).

Cell growth =
(absorbance(sample or control) — absorbance (blank)) (2)
absorbance (blank)

cell growth (sample or control day n)
cell growth (control day 0)

Relative cell growth =

3)

Statistical analysis

All data plotted with error bars are expressed as means with
standard deviation. The P values were generated by analysing
data with a one-way ANOVA and Turkey test using OriginLab.

Results and discussion

The aim of this study was the development of dual-responsive
tertiary amine-modified PAOx (co)polymers.

Synthesis of amine-modified block copolymers

2-oxazoline monomers with tertiary amino groups cannot be
polymerised via CROP. However, they can be introduced into
the polymers via post-polymerisation modification (PPM), e.g.,
the amidation of ester groups.?”*® The CROP of functional
2-oxazolines enables the preparation of well-defined methyl-
ester-functionalised homo- and co-polymers (Scheme 1A).*>

We prepared four block copolymers (BCPs) with a varying
ratio of C3MestOx and the non-ionic stealth monomer MeOx:
(i) PC3MestOx;s, (i) PMeOX,o-h-PC3MestOx, 3o, (iii) PMeOx,,-
b-PC3MestOx,10, and (iv) PMeOxg-b-PC3MestOxgo. All poly-
mers featured narrow dispersity (P < 1.27, Table 1) and were
subsequently modified with N,N-diisopropylethylenediamine
(DIPED) via post-polymerisation amidation using TBD as a
catalyst (Scheme 1B).*®°° The reactions proceeded quantitat-
ively and yielded the polymers PC3DIPEDOX;s5,, PMeOxX;q-b-
PC3DIPEDOX; 39, PMeOx,(-b-PC3DIPEDOX,,, and PMeOxg,-b-
PC3DIPEDOxy, as confirmed via 'H NMR spectroscopy
(Fig. S1t) by the disappearance of the methyl ester peak at 6 =
3.58 ppm and the appearance of the characteristic diisopropyl
peaks (H10) at § = 0.93 ppm. SEC measurements further veri-
fied the integrity of the polymer chains during the amidation
process (Table 2 and Fig. S27).

Temperature-responsiveness

Next, the responsiveness of the prepared polymers to pH and
temperature was studied by turbidimetry at different pH values
(Fig. 1A and S3, Tables S1 to S67). At pH 9 PC3DIPEDOX, 5, had

Polym. Chem., 2023, 14, 2034-2044 | 2037
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Fig. 1 Response of C3DIPEDOx-containing (co)polymers to pH value
and temperature. Polymer concentration: 5 mg mL™! in diH,O.
Z-average was determined via DLS measurements. Transmittance was
determined via turbidimetry measurements (Crystall6™). A and B:
Turbidimetry curves of PC3DIPEDOx;59, PMeOxzq-b-PC3DIPEDOX;30,
PMeOx40-b-PC3DIPEDOXy19, and PMeOxgo-b-PC3DIPEDOxgo at pH9
(A) and at pH 10 (B). C: overlay of temperature-dependent Z-average
and transmittance of PMeOxgo-b-C3DIPEDOxe at pH = 10.

a very low Tcp of 12.1 °C, while none of the three BCPs showed
visible aggregates up to 90 °C (Fig. 1A). Interestingly, at pH 10,
all investigated polymers featured temperature responsiveness
(Fig. 1B). While the Tcp of PC3DIPEDOX; 5, did not change sig-

2038 | Polym. Chem., 2023, 14, 2034-2044

View Article Online

Polymer Chemistry

nificantly compared to pH 9, a drastic decrease in Tcp was
observed for all BCPs. Strikingly, at the same weight concen-
tration (5 mg mL™") the Tcp decreased in the following order:
PC3DIPEDOX; 50 (15 °C) > PMeOX,4-b-PC3DIPEDOX, 54 (14 °C) >
PMeOx,-b-PC3DIPEDOX; o (13 °C) > PMeOxq,-b-PC3DIPEDOXq,
(10 °C), indicating that block copolymers with a larger hydro-
philic block phase separated at a slightly lower temperature. At
this point, it is noteworthy to mention, that the Tgp determi-
nation of individual polymers underlies some experimental
uncertainty due to individual pH adjustments. However,
different measurements revealed the same trend as reported
above (data not shown). While the introduction of hydrophilic
end-groups or blocks into temperature-responsive polymers
generally leads to an increase of the Tcp,®* we assume that in
the present case aggregate formation is facilitated by more
efficient shielding and phase separation of the temperature-
responsive block from the hydrophilic block. In addition,
upon increasing the temperature above the Tcp (13 °C), the
transmittance of PMeOxgy-b-PC3DIPEDOX,, further increased
to 100%, suggesting the formation of smaller nanostructures
by fragmentation of the large aggregates.>™> To gain further
insight into this process, temperature-dependent DLS
measurements of this polymer (PMeOxgo-b-PC3DIPEDOXq)
were performed at different pH values and correlated to the
observed turbidimetry profiles (Fig. 1C and Fig. S37). At pH 9,
no temperature-induced formation of aggregates or defined
spherical structures was observed (Fig. S3At}), corroborating
with the absence of a Tcp, due to protonation of the tertiary
amines. In contrast, at pH 10, a sudden increase of the
z-average was observed around 9 °C from 50 nm (at 4 °C) to
>2000 nm (at 10 °C), which is very close to the Tcp at 10 °C
from turbidimetry. However, at 14 °C, the z-average sharply
decreased to 130 nm, and upon further heating, it stabilised at
55 nm. The heat-induced formation of stable PMeOxgq-b-
PC3DIPEDOxq, nanoparticles (NPs) was in agreement with the
Tcp measurements (Fig. 1C), indicating a dehydration of the
amine-containing NP core and a stabilisation by the hydro-
philic PMeOx corona. The low polydispersity index (PDI) of
0.15 further confirmed the presence of narrow disperse
polymer NPs. Further increasing the pH to 11 led to an accel-
eration of this effect (Fig. S3Bt), due to increased hydro-
phobicity of the DIPEDOX units at lower degree of protonation.
In contrast to PMeOxgo-b-PC3DIPEDOXq,, the remaining
PC3DIPEDOx-containing other copolymers did not form
spherical structures of small size and low PDI upon heating at
pH 10 (Fig. S47), which we attribute to an unfavourable hydro-
phobic-hydrophilic ratio.*®

While these results provided important information about
the pH-dependent temperature-responsiveness of the prepared
polymers, all suitable pH values were far outside the physio-
logical range. For this reason, the stimuli-responsiveness was
studied in Dulbecco’s phosphate-buffered saline (DPBS) and
cell culture media (DMEM/F12) (Fig. S51). We assumed that
the presence of ions, sugars, and amino acids will have a
major impact on the temperature-responsiveness of the pre-
pared polymers. While the effect of salts and ions on the temp-
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erature-induced phase transition of thermoresponsive poly-
mers has been widely studied,””*® investigations using more
complex cell culture media are less commonly studied in the
literature.>® In DPBS, a Tcp for all DIPEDOx-containing (co)
polymers was observed, triggered by the salting out effects of
the buffer.’®® Interestingly, an even more pronounced differ-
ence between the homopolymer PC3DIPEDOX; 5, (Tcp = 50 °C)
and the BCPs (Tcp = 20-25 °C) was found (Fig. S5A and
Table S1t1). PMeOxq,-b-PC3DIPEDOx,, showed turbidity
between 22 and 25 °C, however, the Tcp could not be calcu-
lated due to a subsequent clearing up of the solution due to
the formation of smaller nanoparticles from PMeOxego-b-
PC3DIPEDOxy, as was verified vie DLS measurements
(Fig. S5Ct). At temperatures above 30 °C, NPs with a diameter
of 70 nm and a PDI of 0.2 were formed. Unfortunately, in
DMEM/F12, the Tcp of all BCPs was higher than 40 °C
(Fig. S4B¥). Consequently, nanoparticles did not form at phys-
iological temperature in cell-culture conditions.

In a next step, the effect of the nature of the different
tertiary amines on the Tcp and self-assembly behaviour was
studied. In addition, to DIPED, AEP and IPP were chosen as
modification agents to further lower the Tcp, as previously
reported for similar structures.'® For this purpose, different
tertiary amine modified PMeOxgo-b-PC3MestOxq-copolymers
were compared (Scheme 1B): (i) methoxycarbonylpropyl-2-oxa-
zoline (C3MestOx; control polymer), (ii) DIPED-modified
C3MestOx (C3DIPEDOx), (iii) IPP-modified C3MestOx
(C3IPPOXx), and (iv) AEP-modified C3MestOx (C3AEPOX) (Fig. 2
and Table S1t). PMeOxqo-b-PC3MestOxq, possessed a Tgp of
25 °C in both, DPBS and DMEM/F12, emphasising its inert-
ness to environmental changes. In contrast, all tertiary amine-
functionalised PAOx showed an increased Tcp in DMEM/F12
when compared to DPBS, potentially caused by the additional
sugars and amino acids in the cell culture media, which could
impact the protonation and consequently the hydrophobicity
of the tertiary amines of the polymer.®" Unfortunately, none of
the amine-functionalised copolymers possessed a Tcp below
37 °C, supposedly rendering them unsuitable for applications
that require assembled particles in cell culture media.
Nonetheless, their suitability as drug carriers in cell culture
media was further evaluated as shown in the following
paragraphs.

Preparation of nanoparticles

In a next step, the amine-functionalised BCPs PMeOxgo-b-
PC3DIPEDOxyy, PMeOxg-b-PC3AEPOXy;, and PMeOxgo-b-
PC3IPPOXy, as well as the C3MestOx-containing BCP PMeOxg(-
b-PC3MestOxg, were applied for the preparation of nano-
particles (NPs) via the thin-layer assembly method.**®* In this
method, BCPs are commonly dissolved in an unspecific
solvent, which features a low boiling point (e.g., methanol)
and added to a glass vial. After that, the BCPs are rehydrated
in a solvent, which specifically dissolves only one block and,
consequently, facilitates self-assembly of BCPs. Since in this
study NPs will be exposed to cell culture media during biologi-
cal experiments, we attempted the preparation of NPs directly

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Temperature-dependent turbidity of different amine- and
methyl ester-modified (co)polymers in DPBS (A) and DMEM/F12 (B).
Polymer concentration: 5 mg mL™1. Transmittance was measured via UV
vis measurements (Crystall6™).

in DMEM/F12. To this end, the preparation of bare NPs other
than those using PMeOxeqo-b-C3MestOxq, was not successful
(data not shown). The incompatibility of these polymers with
the NP preparation process was assumed to be related to their
high Tcp in DMEM/F12 leading to solubilisation of individual
polymer chains rather than the formation of NPs. For
this reason, a hydrophobic Rhodamine B octadecyl-derivative
(RhB-C18) was introduced as a model cargo during NP assem-
bly, assuming that the association of the copolymers with the
dye during the preparation process might contribute to the NP
assembly process and the stabilisation of the produced NPs, as
previously observed for other systems.**®>"®* Within this
study, 5 wt% RhB-C18 with respect to the polymer mass was
chosen to prepare NPs via the thin-layer assembly method.
The success of the assembly process was already visually
observed by the pink colour of the NP solution and the
absence of visible precipitates. DLS measurements verified the
formation of NPs with unimodal size distribution (Fig. 3A).
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Fig. 3 Size-distribution of polymer NPs. NPs were prepared from poly-
mers and cargos at indicated concentrations via thin-film assembly in
DMEM/F12 at 37 °C. NPs were analysed via DLS measurements at 37 °C
(3 measurements with 3 runs each). Polymer concentration: 1 mg mL™%.
A: 5 wt% RhB-C18; B: 5 wt% RhB-C18 + 5 wt% Ptx.

The size of the NPs depended on the amine-functionality of
the polymer (Table S71). DIPEDOx-functionalised polymers
formed the smallest NPs (d = 57 + 1 nm). In contrast, AEPOx-
and IPPOx-modified polymers produced larger NPs (dagpox =
303 + 27 nm, dippox = 164 + 5 nm). As the tertiary amine deriva-
tives have a similar molar mass, the volume fraction of the
hydrophobic block is similar for all tertiary-amine-containing
block copolymers. Hence, the rigidity of the amine-moiety
might have an impact on the packing density in the core and,
thus, the hydrodynamic diameter of the derived NPs.
Unfortunately, attempts to self-assemble the block copolymers
in presence of the slightly, hydrophobic drug paclitaxel (Ptx)
instead of RhB-C18 failed with all amine-functionalised poly-
mers (data not shown).
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At this point, it was concluded that the interaction of the
more hydrophobic RhB-C18 with the tertiary amines of the
polymers is stronger compared to Ptx, which is potentially
attributed to the drug’s tendency to crystallise in solution com-
bined with a low affinity to the polymers.®® In contrast, the
encapsulation of RhB-C18 could e.g. be facilitated hydrophobic
interactions, or hydrogen bonding between the functionalities
of the polymers and the dye. For this reason, NPs were pre-
pared with a dual loading of 5 wt% RhB-C18 and 5 wt% Ptx.
Unlike the attempts with Ptx only, no visible precipitate was
observed during the dual-loading process. DLS measurements
confirmed the presence of unimodally distributed NPs (Fig. 3B
and Fig. S61). Interestingly, the NPs prepared with a dual
loading revealed a very similar z-average (d ~ 145 to 185 nm)
and PDI (PDI = 0.2) (Table S7t), rendering them suitable for
further investigations.
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Fig. 4 Stability of NPs over time at different temperatures. Size and PDI
of NPs was determined via DLS measurements at 37 °C (3 measurements
with 3 runs each). NPs containing 5 wt% RhB-C18 + 5 wt% Ptx were pre-
pared at 1 mg mL™" polymer concentration in DMEM/F12 and incubated
for indicated times at A: 37 °C or B: 4 °C.
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In a next step, the stability of dual responsive NPs at temperature) and 4 °C (typical storage temperature) were

different temperatures was studied to confirm their applica- chosen for a stability study of a duration of one week. The
bility for drug delivery. Within this study, 37 °C (human body stability of NPs was analysed via DLS measurements (Fig. 4).
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Fig. 5 Relative cell growth of MDA-MB-231 breast cancer cells in the presence of NPs. The cells were treated with 100 pL of cell culture media con-
taining indicated doses of Ptx/polymer. Media was changed daily and supplied with compounds as indicated. Cell growth was determined by MTT
assay with initial cell seeding of 3000 cells per well. ***p < 0.00005. ns: not significant at p < 0.005. Significances are relative to control and deter-
mined via one-way ANOVA with Tukey's test.
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Despite their high Tcp, the C3IPPOx- and C3DIPEDOx-modi-
fied block polymers were also stable at 4 °C for one week. In
contrast, the size and dispersity of C3AEPOx-functionalised
polymers increased slightly at day 7 (d = 252 + 2 nm), poten-
tially due to lower interaction with RhB-C18. Interestingly, the
unmodified PMeOxg,-b-PC3MestOxy, showed the poorest
stability with a significant increase in both, size (276 + 35 nm)
and PDI (0.44 + 0.07). We assume this is attributed to the
ester-functionality of the polymer, which is not pH-responsive
and may interact with the cargo to a lesser extent.

In vitro cytotoxicity of NPs

After the verification of the stability of the prepared NPs, their
potential to serve as drug delivery vectors was studied. Due to
the intrinsic cytotoxicity of the amine-functionalised polymers,
an initial MTT assay of the bare polymers was performed to
examine the cytocompatibility and the 50% cytotoxic concen-
tration (CCso) (Fig. S71) in MDA-MB-231 breast cancer cells.
The PMeOx block did not enhance cellular compatibility of the
amine-functionalised BCPs. The PMeOx,,-b-C3DIPEDOx,,, BCPs
with varying block ratio revealed CCs, values of 0.2 to 0.6 pmol
mL™" of amine (70 to 150 pg mL™" polymer) in no specific
order (Fig. S7A and Table S81). These results reflected the
absence of a Tcp and respective self-assembly which could
shield potential charges.®® Next, the CCs, values of BCPs with
different amine substituents were studied (Fig. S7BfY).
PMeOxg,-b-PC3MestOxe, revealed low cytotoxicity as indicated
by the CCj5, value above all tested concentrations (CCso(polymer)
> 512 pg mL_l/Ccso(ester) > 3.5 umol mL™"). In comparison,
PMeOxgo-b-C3DIPEDOXg  (CCso(polymer) 126 pg mL7Y
CCso(amine) 0.4 pmol mL™") and PMeOxqy-b-C3AEPOx,,
(CCso(polymer) = 26 pg ML™'/CCso(amine) = 0.1 pmol mL™") were
less tolerated by MDA-MB-231 breast cancer cells.
Interestingly, PMeOxqo-b-C3IPPOXxo, possessed the highest
cytocompatibility as indicated by its CCsq value (CCso(polymer) >
800 pg mL™"/CCso(amine) > 7.0 pmol mL™).

After the initial evaluation of the bare polymers, NPs con-
taining either 5 wt% RhB or 5 wt% RhB co-encapsulated with
5 wt% Ptx were tested on MDA-MB-231 breast cancer cells to
study the potential to deliver a cytostatic agent. While Ptx, a
hydrophobic cytoskeletal drug, has very low bioavailability in
unformulated form due to its poor water-solubility,’” the
encapsulation into carrier systems, such as polymer NPs or
liposomes has shown great promise to improve its efficacy.®®
Here, the therapeutic efficiency of Ptx-loaded NPs was studied
to gain insight into the suitability of amine-containing BCPs
as carrier systems. Due to its low Tcp of 25 °C in DMEM/F12
(Fig. 2B and Table S1f), the ester-functionalised polymer
PMeOxg-b-C3MestOxq, served as control polymer (Fig. S8AY).
It was further assumed that the absence of pH-responsive
units reduces the membrane interaction of this polymer®® and,
consequently, the endosomal release of the therapeutic
agent.'® A preliminary testing via an MTT assay was conducted
(Table S8 and Fig. S8t). The CCs, value of Ptx delivered with
PMeOxey-b-C3MestOxq, NPs was found to be 0.36 nmol mL™?,
however, even at Ptx concentrations of 16 nmol mL™" the cell
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viability did not decrease below 40%. Noteworthy, the cell via-
bility of Ptx-loaded NPs follows the same sightly decreasing
trend as RhB-loaded NPs and bare polymers, indicating an
effect of the polymer itself at high concentrations. To this end,
PMeOxgo-b-C3DIPEDOX,, and PMeOxg-b-C3AEPOX,, showed a
similar trend (Fig. S8B and S8DY). A cytotoxic effect of Ptx-
loaded NPs was only observed above the CCs, value of the bare
polymer and RhB-containing NPs. These results indicate a
high stability of the NPs and, thus, a limited therapeutic
potential. Interestingly, Ptx-loaded NPs of PMeOxgp-b-
C3IPPOxy, possessed the lowest CCsopeg value (0.06 nmol
mL™") and a minimum cell viability of 40% (Fig. S8C7). While
the low CCs, value is considered favourable for the therapeutic
success of the nanocarriers, a further reduction of viable cells
would be advantageous.

In a subsequent three-day MTT assay, the long-term effect
of Ptx-loaded stimuli-responsive NPs was investigated (Fig. 5).
It was found that the growth of MDA-MD-231 breast cancer
cells can be suppressed significantly (p < 0.00005) in vitro by
daily treatment with Ptx-containing NPs at drug concentrations
as low as 0.25 nmol mL™"' (Fig. 5E). The results further
confirmed the increased cytotoxicity of C3AEPOx- and
C3DIPEDOx-functionalised copolymers by a reduction of the
cell growth rate through control NPs without Ptx (Fig. 5B and
D). While at the lowest investigated concentration, no polymer
toxicity was observed (Fig. 5F), it is likely that longer treatment
times would also reveal an effect of the polymers themselves.
Out of the herein investigated stimuli-responsive polymers,
C3IPPOx-functionalised polymers represent the safest alterna-
tive for the delivery of cytostatic agents. While the non-respon-
sive C3MestOx-containing NPs revealed similar in vitro thera-
peutic efficiency, the applicability of these NPs is assumed to
be hampered by their lower stability as mentioned previously
(Fig. 4). Altogether, this preliminary in vitro cytotoxicity study
revealed that PAOx with tertiary amines in the side chain rep-
resent a feasible option for stimuli-responsive polymers with
potential application opportunities in the drug delivery area.

Conclusions

The post-polymerisation amidation of PAOx with methyl ester
functionality was applied to yield PAOx with various tertiary
amines in the side chain. Block (co)polymers with different
amine-content were prepared and studied regarding their solu-
tion response to temperature and pH value. The use of buffer
systems with relevance for biological experiments provided
insight into the complexity of the design of stimuli-responsive
polymer NPs for applications in drug delivery. The encapsula-
tion of a hydrophobic Rhodamine B derivative further
mediated stable NP formation in cell culture media, emphasis-
ing the importance of the suitability of the cargo for the prepa-
ration of drug- or dye-loaded polymeric NPs. Paclitaxel-loaded
NPs showed cytostatic effects on MDA-MB-231 breast cancer
cells, which was associated to the chemistry of the tertiary
amine in the polymer side chain. The current results empha-
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sise the potential of amine-functionalised stimuli-responsive
PAOX for drug delivery applications as well as the importance
of library approaches for the development of polymer
therapeutics.
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