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Poly(cyclic imino ether)s (PCIEs) including poly(2-alkyl-2-oxazoline)s (POx), poly(2-alkyl-2-oxazine)s
(POz) and poly(2,4-dialkyl-2-oxazoline)s (PdOx) are a rapidly emerging polymer class for use in bio-
medical and therapeutic applications due to the biocompatibility and “stealth-like” properties of their
water-soluble homologues similar to poly(ethylene glycol) (PEG). The physico-chemical properties of
PCIE can be easily "tuned” via appropriate monomer selection resulting for example in polymers ranging
from water-soluble to water-insoluble. To date, studies focussing on the hydrophilicity of PCIEs have
been limited to the well-known POx, with minimal comparison to POz and especially PAOx. In this study,
the effect of degree of hydrophilicity for water-soluble POx, POz, and PdOx systems were assessed for
the first time under one testing regime. Specifically, a library of 20 PCIEs was created, consisting of 10
different polymers each synthesised at two different degrees of polymerisation (DP = 20, 50). The hydro-
philicity of each polymer was assessed by turbidimetry, high-performance liquid chromatography (HPLC),
octanol-water partition coefficient (logKow), surface tension, and 'H NMR relaxometry. Additionally,
log Kow was compared against in silico predictive techniques and hydrophilciity trends seen to correlate
between the two techniques, though the predictive software utilised could not accurately predict log Kow
for long polymer chains. This investigation lead to the elucidation of hydrophilicity trends stemming from
molar mass, side chain length, backbone spacing, and additional backbone functionality for the case of
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PdOx. More specifically, hydrophilicity followed a POz > PdOx > POx trend when comparing between
structural isomers, and a POx > POz > PdOx trend when comparing between polymers with the same
2-side chain. The knowledge resulting from this study can be utilised for the future design of smart, solu-

rsc.li/polymers bility-tailored PCIE systems for a range of biomedical applications.

Introduction

Poly(ethylene glycol) (PEG) is widely regarded as the “gold
standard” stealth polymer for use in biomedical applications.
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Indeed, “PEGylation” has been utilised in a plethora of bio-
and nanomedical systems to increase their biocompatibility
and blood circulation time.'”® However, following the report of
emerging immunogenicity as a result of anti-PEG antibodies
in recent years, the need for PEG alternatives is becoming
increasingly apparent.*® Of the many alternate polymer
systems investigated, poly(cyclic imino ether)s (PCIE) are par-
ticularly promising.>” Perhaps the most notable groups of
PCIE are polymers formed from the polymerisation of 2-substi-
tuted-2-oxazolines (poly(2-alkyl-2-oxazoline)s, POx) or their
higher homologues, 2-substituted-2-oxazines (poly(2-alkyl-2-
oxazine)s, POz), which contain an additional methylene unit
in the polymer backbone. More recently, poly(2,4-dialkyl-2-oxa-
zoline)s (PdOx), synthesised via the polymerisation of 2,4-sub-
stituted-2-oxazolines, have started to receive attention due
to the increased versatility introduced through additional

This journal is © The Royal Society of Chemistry 2024
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backbone functionalisation in the form of a 4-substituent
group. Indeed, to date the vast majority of studies have been
carried out on hydrophilic POx such as poly(2-methyl-2-oxazo-
line) (PMeOx) and poly(2-ethyl-2-oxazoline) (PEtOx), owing to
their  similar  biocompatibility ~ profile to PEG.” "
Comparatively few studies have been undertaken for water-
soluble POz systems,'* ™ though interest in these systems is
growing following reports that hydrophilic POz (poly(2-methyl-
2-oxazine) (PMeOz) and poly(2-ethyl-2-oxazine) (PEtOz)) out-
perform both POx and PEG as antifouling coatings.'®™"° PdOx
systems are yet to be studied in similar applications, and to
date have only been utilised as carrier materials in potential
therapeutic polymer nanoparticles,>®*" though initial syn-
thesis papers briefly compared the material properties of these
systems to POx and POz isomers.>*">*

PCIE can be easily modified in a multitude of ways, ranging
from simple changes in initiator, monomer, or termination
agent choice, to the incorporation of reactive moieties to form
complex architectures or allow for  post-polymer
modifications.>**° This ease of modification leads to superior
“tunability”; the ability to easily vary or “tune” polymer pro-
perties to specific applications. One such property that can be
readily altered is the hydrophilicity of the polymer. Simple
changes to side chain group and backbone spacing (e.g. via
inclusion of an additional methylene unit such as in POz)
provide access to diverse PCIE ranging from hydrophilic to
hydrophobic.""*°? Incorporation of additional backbone
functionality in the form of PdOx is also known to modulate
the hydrophilicity of a polymer,*® though this has not yet been
studied in direct comparison to POx or POz under unified
parameters.

Hydrophilicity is an innate material property that is
central to many PCIE applications, particularly those invol-
ving biological systems. Indeed, hydrophilicity modulates the
solution behaviour of particles, affecting physical parameters
such as chain conformation, end-to-end chain length and
radius of gyration,> alongside thermo-physical properties
such as the display of lower solution critical temperature
(LCST) behaviour. Hydrophilicity also underpins how poly-
mers interact in a biological setting, including with drugs,
cells, tissues, and surfaces, amongst others. For example,
hydrophilicity has been linked to cellular interactions with
nanoparticles (NPs), affecting both the cellular uptake of
NPs*¢ and specific NP interaction with membranes,®”°
with more hydrophobic NPs being more readily internalised.
Hydrophilicity of NP systems has also been linked to
immune activity, where more hydrophobic NPs have been
shown to elicit a stronger immune response in experiments
conducted both in vitro and in vivo.*>*' Moreover, hydrophili-
city influences low- and anti-fouling behaviour in aqueous
environments, with hydrophilic polymer coatings often uti-
lised to create a “hydration layer” on surfaces, preventing the
attachment of proteins and microorganisms.** Hydrophilicity
of polymer systems is thus a highly important property to
explore, considering how it underpins most behaviours uti-
lised by researchers for drug delivery, biomedical, and anti-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

fouling applications. As such, understanding the factors
affecting the hydrophilicity of PCIEs and how to precisely
control this, will allow for the design of specific, tailored
PCIE systems.

The hydrophilicity trend of PCIE as a family is broadly
known, considering the insolubility and/or LCST behaviour
of PCIEs with larger backbone spacing and longer side chain
groups, allowing for a clear water-soluble/water-insoluble
differentiation."®*' However, the hydrophilicity of water-
soluble PCIE, the most relevant for use in biological appli-
cations, is less well-defined. Polymers such as PMeOx and
PMeOz, for example, are both known to be fully water-
soluble up to 100 °C, thus would be considered equally
hydrophilic via turbidimetry assessment.’*?' Assessment of
the hydrophilicity of individual PCIEs has been largely
limited in the literature to the measurement of cloud point
temperature (T,,),">*”*"** contact angle (both water and
multi-solution)**™® and surface energy,”>*® and, more
recently, high-performance liquid chromatography (HPLC)
retention time.'®*°* While important properties to con-
sider, some of these techniques have notable limitations.
Turbidimetry, for example, is limited to the determination of
T.p for polymers that demonstrate phase separation in water
at elevated temperatures; a property notably absent in the
most hydrophilic PCIEs.'®?"

As such, an in-depth understanding of the hydrophilicity of
water-soluble PCIEs is yet to be achieved, limiting the current
understanding of these systems’ behaviour and reducing our
ability to design hydrophilicity-tailored water-soluble
polymers.

As previously mentioned, to date there has been no study
carried out which explicitly explores and compares the
physicochemical properties and molecular behaviour of
water-soluble POx, POz and PdOx using a consistent method-
ology. Because of the ever-growing interest in PCIE and
ongoing discussions about their potential as PEG surrogates,
a comprehensive comparative study of the different hydro-
philic PCIE encompassing candidates from POx, POz and
PdOx would provide a fundamental understanding of PCIE
hydrophilicity as a function of monomer identity and physio-
chemical properties. This can in turn be used to design
smart, application-tailored PCIE for use in bio- and nano-
medicine in the future.

This study looks to use complementary characterisation
methods such as log octanol-water partition coefficient
(log Kow), "H NMR relaxometry, and assessment of surface
tension in solution, alongside more common techniques
including turbidimetry and HPLC to demonstrate hydrophili-
city trends and how these manifest in subsequent polymer pro-
perties across an extensive PCIE library. More specifically, we
will elucidate in detail how variation in side chain length,
backbone spacing, and inclusion of additional backbone func-
tionality affect the hydrophilic character of PCIE, and in the
process illustrate how understanding these structure-property
relationships will assist in the design of tailored PCIE systems
as PEG alternatives.
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Results and discussion
Polymer synthesis and characterisation

A key aim in this study was to establish a library of suitable
materials to explore the effect of structure on function.
Monomers and resulting polymers were selected to populate
the library with a variety of chemistries in terms of the side
chain (methyl-, ethyl-, or isopropyl-group), backbone spacing
(with POz containing an additional methylene spacer com-
pared to POx), molar mass (DP20 vs., DP50), and the presence/
absence of additional backbone functionalisation via the
inclusion of PdOx.

A PCIE polymer class

View Article Online
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The different POx, POz and PdOx included in this study are
depicted in Scheme 1A. Structural isomers such as PEtOx and
PMeOz were further grouped in terms of “additional” carbons
compared to an unsubstituted poly(2-oxazoline) (Scheme 1B
and Table S11), to allow for comparison of the effect of atomic
arrangement versus overall molar mass.

All polymers were initiated with methyl p-toluenesulfonate
(MeOTs) and terminated with methanolic potassium hydrox-
ide (KOH)** or tetramethylammonium hydroxide (TMAH)> in
an effort to create polymers with comparable methyl a-end
and w-hydroxyl end groups. As reported by de la Rosa et al., ter-
mination with a strong base such as KOH can sometimes lead
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Scheme 1 (A) Polymer library synthesized. The library includes three poly(2-oxazolines): PMeOx, poly(2-ethyl-2-oxazoline) (PEtOx) and poly(2-iso-
propyl-2-oxazoline) (PiPrOx); three poly(2-oxazines): PMeOz, poly(2-ethyl-2-oxazoline) (PEtOz) and poly(2-isopropyl-2-oxazoline) (PiPrOz); and
four poly(2,4-dialkyl-2-oxazolines): R-poly(2,4-dimethyl-2-oxazoline) (R-PdMeOx), RS-poly(2,4-dimethyl-2-oxazoline) (RS-PdMeOx), R-poly(2-
ethyl-4-methyl-2-oxazoline) (R-PEtMeOx), and RS-poly(2-ethyl-4-methyl-2-oxazoline) (RS-PEtMeOx). Polymers were synthesized at both 50 and
20 DP. (B) Division of the polymer library into structural isomers based on groups of “additional” carbons comparative to an unsubstituted poly(2-
oxazoline) (group 0, illustrated in black, not included in this study), to allow for easy graphical comparison between structural isomers.
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to compromised termination in the form of an amine ester
group which is quickly hydrolysed, resulting in the formation
of a small minority of alternatively end-capped polymers.>® To
assess the effects of this on our PCIE library, a sub-set of DP20
polymers, expected to be more affected by end-group differ-
ences due to the greater relative contribution from end group
properties, were additionally synthesised utilising TMAH as an
alternate terminating agent. de la Rosa et al. reported success-
ful termination for PEtOx,, with TMAH at one molar equi-
valent,” and while this was not successful in our hands, three
molar equivalents proved successful for PEtOx,, and R/RS-
PdMeOx,, (Fig. S1 and 2t). However, it was observed that this
termination strategy cannot be generalised for the entire PCIE
family as other polymers, for example PEtOz,,, could not be
successfully terminated under these conditions (Fig. S17).
Overall, minimal differences were found between polymers ter-
minated with TMAH or KOH, with both polymers displaying
similar retention times and log Kow values, and KOH-termi-
nated polymers occasionally showing a second low intensity
peak in HPLC (Fig. S31). Moreover, size exclusion chromato-
graphy (SEC) measurements revealed defined PCIE systems
with dispersity (P) values <1.2 (Fig. 1 and Table S47}). Detailed
synthesis procedures, calculated DP, structural analysis by "H
NMR spectroscopy, and DP20 SEC traces can be found in ESI
(Fig. S4-S6 and Table S47).

Alongside structural characterisation, the thermal pro-
perties of PCIEs were briefly assessed. Thermal properties are
most commonly determined via techniques such as differen-
tial scanning calorimetry (DSC), resulting in measurements for
Ty, the temperature at which the polymer transitions from
glassy to amorphous behaviour, and T, the melting tempera-
ture for a crystalline or semicrystalline polymer. These values
are needed to select appropriate polymers for a given appli-
cation, as a shift from glass-like to rubber-like behaviour (or
vice versa) during application can adversely affect behaviour.
As such, thermal properties of the PCIE library were investi-
gated, with T, values determined from the second heating
curve of a 0-150 °C (20 °C min~") DSC run.
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T, has been previously reported for all polymers in this
library, but with somewhat differing conditions or
methodology.'®?' Indeed, we found a good correlation with
existing literature values for all polymers excluding PEtOz,,
and PEtOzso, both of which were seen to be higher than the
previously reported 8 °C for PEtOz,q, (17.1 °C and 10.9 °C,
respectively in this study (Fig. 2))."° Similar to existing litera-
ture, PdOx are seen to have the highest T, of any PCIE family
(Fig. 2),%*> with the lack of flexibility attributed to steric hin-
drance from the 4-methyl group. POz, comparatively, is seen to
have the lowest Ty, due to the additional backbone spacing
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Fig. 2 Glass transition temperatures (Ty) for PCIE library, measured
from the second heating curve from a 0—150 °C (20 °C min~?%) DSC run.
DSC traces for individual polymers are included in ESI (Fig. S4%).
Polymers are plotted in terms of increasing Ty, with PCIE families
labelled in blue (POz), red (POx), or green (PdOx).
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Fig. 1 SEC traces (DMAc + 0.03% LiBr) for KOH terminated DP50 (A) POx; (B) POz and (C) PdOx.
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and resulting increased flexibility." As such, backbone
spacing and additional backbone functionality is seen to exert
a greater overall effect on polymer flexibility than side chain
length. PiPrOx, the only semicrystalline polymer in the library,
was observed to have both a T, and Ty, similar to previous
reports (Fig. S71).>°

Assessment of thermoresponsive behaviour of PCIE via
turbidimetry

POx and POz bearing 2-ethyl or 2-(n/i/c)-propyl side chains are
known to be thermoresponsive, demonstrating lower solution
critical temperature (LCST) behaviour in water, wherein the
polymer begins to phase separate at elevated temperatures.
This behaviour has been instrumental to the growing interest
in using these polymers as copolymer components for thermo-
responsive systems.>” >°

T, were observed for both DP50 and DP20 samples of
PiPrOx, PiPrOz, R-PEtMeOx and RS-PEtMeOx (Fig. 3A and B),
and match observations from previous studies.?***** For both
DPs, the trend followed PiPrOz < PiPrOx < R/RS-PEtMeOx, with
DP20 polymers showing a higher T, indicating a higher
degree of hydrophilicity at shorter chain lengths. Indeed,
PEtOzs, was observed to have a T, of 61.9 °C while no T, was
observed for the DP20 equivalent (Fig. 3A and B), indicating a
“critical” chain length between the two DPs where the polymer
switches from fully water soluble to thermoresponsive. This is
in opposition to Bloksma et al.,, who found similarly termi-
nated PEtOzs, to show no T,.*° However, similarly to pre-
viously reported observations by Bloksma et al.,, POz demon-
strated lower T, than POx with the same side group, indicat-
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ing that the longer backbone may induce a behaviour more
closely aligned to a hydrophobic polymer in solution.*® The
same study also proposed that side chain identity has a greater
effect on T., than the additional methylene group in the
polymer backbone, since POx structural isomers of poly(n-
propyl-2-oxazine) (PnPrOz) in the forms of poly(2-butyl-2-oxazo-
line) and poly(2-isobutyl-2-oxazoline) are known to be water in-
soluble, while PnPrOz was seen to be water-soluble. A similar
trend was observed in this study (Fig. 3B and C), with
PiPrOxso, the structural isomer to PEtOzs,, demonstrating a
lower T, presumably due to the larger and more hydrophobic
isopropyl side chain. R- and RS-PEtMeOx, also structural
isomers of PiPrOx, were also observed to have a higher T,
than PiPrOx at both DP, following the order POz > PdOx > POx
(Fig. 3C and Fig. S8t). No differences were observed between
stereoisomers, with both chiral R- and racemic RS-PEtMeOx
having a similar Ty, at both DPs. As such, we can see the
hydrophilicity of structural isomers follows POz > PdOx > POx,
in agreement with observations by Luxenhofer et al.,”> with
the influence of 2-side chain within a polymer family following
methyl > ethyl > isopropyl, similarly to observations for mono-
substituted POx and POz.>*3%*

To explore salt effects, especially those observed in biologi-
cally relevant solutions such as PBS, T, of polymers was also
assessed in D-PBS. Broadly, T, of PCIEs decreased by 1-4 °C
in D-PBS as compared to MilliQ water, indicating a “salting
out” effect previously described for many PCIE systems
(Fig. 4).**%%°% In the case of D-PBS, the high Cl~ concentration
is thought to destabilise polymer-water hydrogen bonds,
leading to lower T.ps.”’ Nevertheless, overall hydrophilicity
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Fig. 3 (A) Turbidimetry measurements for all polymers showing a T, under tested conditions in MilliQ water (5 mg mL™* polymer solution heated
from 15-80 °C at 1 °C min~?), alongside PEtOz,0, which is included as a representative of the curve observed for polymers not demonstrating LCST
behaviour under tested conditions. (B) T, values for polymers demonstrating LCST behaviour under tested conditions in MilliQ water (determined at
50% transmittance). Additional carbon groupings are denoted as underlines (pink = 3, purple = 4). (C) T, values in MilliQ water for DP50 thermo-
responsive polymers according to the number of additional carbons as illustrated in Scheme 1B.
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Fig. 4 Turbidimetry measurements for all polymers showing a T,
under tested conditions in D-PBS (5 mg mL™* polymer solution heated
from 15—80 °C at 1 °C min™?), alongside PEtOz,0, which is included as a
representative of the curve observed for polymers not demonstrating
LCST behaviour under tested conditions.

trends were maintained, with structural isomers following the
same POz > PdOx > POx trend.

Octanol-water partition coefficient (log Kow)

A common method for determination of hydrophilicity/hydro-
phobicity of small pharmaceutical compounds and, more
recently, some polymer systems, is the water—octanol partition
coefficient (log Kow). To determine log Kow, the compound or
polymer of interest is added to pre-saturated water or octanol,
and mixed with the opposing phase until equilibrium is
reached, and the concentration in each phase is determined.
The concentration of the compound in each phase determines
the partitioning: a greater concentration in the aqueous phase
indicates higher hydrophilicity and results in log Kow < 0,
while a greater concentration in the organic phase indicates
hydrophobicity with log Kow > 0. Here, a modified shake-flask
technique based on a methodology published in relevant
OECD guidelines was utilized to experimentally determine
log Kow-** Moreover, log Koy values were determined in silico.
While in silico prediction models have been shown to reliably
predict properties such as log Kow for small compounds such
as drugs or monomers, this becomes less accurate for larger,
more flexible polymer systems, though various derivations
such as partition coefficient normalised to molecular or
solvent-exposed surface area (log P/SA) have been developed in
attempts to predict polymer hydrophilicity behaviour.®> %’

To compare with in silico predictions, log P/SA was calcu-
lated for each polymer, since this is considered a more accu-
rate prediction model for polymer chains than log P, which

This journal is © The Royal Society of Chemistry 2024
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was observed to continuously increase/decrease with polymer
DP, dependent on predicted hydrophilicity (Fig. 5A).°°"” First,
log P/SA were predicted for PMeOx and PiPrOz as examples for
a high and low hydrophilic polymer, respectively, up to a DP of
20 (Fig. 5B). DP 15 was selected as the DP at which a value
plateau was reached for both polymers, and subsequently used
for comparison between polymer systems (Fig. 5C).

While the values of experimental log Kow and log P/SA cal-
culations cannot be compared, the trends observed therein
can be, and indeed were seen to be similar across both in silico
and experimental systems (Fig. 5C and D), with PiPrOx,
PiPrOz, and R/RS-PEtMeOx having both higher log P/SA and
higher log Kow, indicating lower hydrophilicity. Indeed, only
these polymers obtained log Kow values greater than zero, indi-
cating that they are significantly less hydrophilic than other
water-soluble PCIEs. PEtOx and PEtOz were observed to have
log Kow < 0 at both DPs, indicating stronger hydrophilicity
(Fig. 5D). Notably, PEtOz has a positive log P/SA while having a
negative log Kow, illustrating the difficulty with in silico predic-
tion use. All polymers containing a methyl group in the 2-sub-
stituent position (PMeOx, PMeOz, R/RS-PdMeOx) show the
lowest log P/SA, all <—0.002 (Fig. 5C), and also partitioned fully
into the aqueous phase for both DPs under the conditions
tested, thus log Kow could not be determined for these poly-
mers. In this sense, both log P/SA and (lack of) log Kow show
the high hydrophilicity of these polymers. Indeed, Sedlacek
et al. reported a partition coefficient of approximately —2.5 for
PMeOxg, in a PBS/octanol system,>® indicating high hydrophi-
licity. In this system, fluorescein-labelled polymers were used
to calculate final polymer concentration in each phase, while
we instead utilised the absorption of PCIEs at 200 nm to deter-
mine concentration, in order to mitigate any potential inter-
actions based on the inclusion of additional moieties such as
labelling groups. Sedlacek et al. also reported a similarly
hydrophilic value for PEtOxg, (approximately —2), resembling
trends found in this study, where PEtOx was seen to be the
most hydrophilic polymer detectable using our experimental
setup.

Molar mass is observed to affect log Kow values, with lower
molar mass polymers being slightly more hydrophilic than
higher molar mass polymers (Fig. 5D), potentially due to the
higher relative contribution of the hydrophilic -OH end group
for shorter polymer chains.

In more detail, POz demonstrated the lowest log Kow of
structural isomer groups across both DPs (Fig. 5E and
Fig. S91). Exemplarily, PEtOz, PiPrOx, and R/RS-PEtMeOx are
all structural isomers, yet PEtOz had log Kow < 0 while PiPrOx
and R/RS-PEtMeOx had log Kow > 0, indicating that PEtOz is
significantly more hydrophilic than other polymers with the
same number of additional carbons. This is consistent with
Tcp, showing again that hydrophilicity follows a POz > PdOx >
POx trend for structural isomers. Similarly, if we look at a fixed
side chain, such as all polymers with a 2-ethyl side chain
(PEtOx, PEtOz, and R/RS-PEtMeOx), we can investigate which
structural factors affect hydrophilicity (Fig. 5F and Fig. S91). In
this sense, we see that hydrophilicity follows POx > POz >
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green = 2, pink = 3, purple = 4). (E) Log Kow values for DP50 polymers, plotted in terms of additional carbons as established in Scheme 1B. (F)
Log Kow values for DP50 polymers plotted in terms of 2-side chain group and polymer family as established in Scheme 1A. Experimental error bars

represent standard deviation (n = 3).

PdOx, wherein both POz and PdOx have an additional carbon
group compared to POx. Again, PdOx was seen to be less
hydrophilic than POz, indicating that the inclusion of
additional backbone functionality is more influential to the
overall hydrophilicity of the polymer than increased backbone
length; replicating the trend observed by Bloksma et al. and
Luxenhofer et al.”**°

The influence of additional backbone functionality on
hydrophilicity correlates with observations by Pizzi et al.,
where Cy5-labelled R-, S-, and RS-poly(oligo(2-ethyl-4-methyl-2-
oxazoline)methacrylate)  (R/S/RS-P(OEtMeOxMA)c,s)  bottle-
brushes completely partitioned in the octanol phase.*!

For 2-isopropyl containing polymers, the POx > POz trend
was not observed, with log Kow of PiPrOz observed to be
slightly lower than PiPrOx at both DPs. Across both DPs, struc-
tural isomer and 2-side chain trends remained the same
(Fig. S9t). Overall, log Kow analysis resulted in the formation
of three polymer groupings: very hydrophilic polymers which
partitioned completely in the aqueous phase (PMeOx, PMeOz,

2668 | Polym. Chem., 2024, 15, 2662-2676

R/RS-PdMeOx); hydrophilic polymers with 2-3 additional
carbons and log Kow < 0 (PEtOx, PEtOz); and less hydrophilic
polymers with 3-4 additional carbons and log Kow > 0 (PiPrOx,
PiPrOz, R/RS-PEtMeOx).

Separation of PCIEs by HPLC

Similar to log Kow, separation via HPLC is a commonly used
technique for the separation of hydrophilic and hydrophobic
compounds in solution. Kim et al. have previously reported
the successful separation of a family of hydroxyl-substituted
POx via HPLC, showing that the inclusion of pendant hydroxyl
groups increases the hydrophilicity of the polymer relative to
PEtOx of the same DP.>® Sedlacek et al. similarly separated a
library of POx with varying oligoether side chains, alongside
PMeOx and PEtOx comparisons, and found poly(2-methoxy-
methyl-2-oxazoline) (PMeOMeOx) to be the most hydrophilic.*?
More recently, Engel et al. separated a library of PMeOx and
PEtOx polymers with various end-groups.>" Similarly to exist-
ing papers, a gradient methodology was utilised in this study,

This journal is © The Royal Society of Chemistry 2024
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allowing the successful resolution of all 20 polymers under
one method.

More hydrophilic polymers were seen to have retention
times of <7 minutes across both DPs, and less hydrophilic
polymers demonstrating retention times >7 minutes across
both DPs (Fig. 6A and Fig. S107). A visible jump in retention
time is observed between PEtOz and RS-PEtMeOx in both
DP50 and DP20 groups, indicating a clear divide between
polymer groupings, similar to the hydrophilicity split observed
for log Kow measurements. Retention time followed the same
hydrophilicity pattern of POz > PdOx > POx for structural
isomers (Fig. 6B and Fig. S11%), with the exception of
R-PEtMeOxs, ~ PiPrOxs,. Interestingly, PiPrOxs, was again
seen to be slightly less hydrophilic than PiPrOzs,, while the
reverse was seen for DP20 equivalents. Since PiPrOx and
PiPrOz have both been the lest hydrophilic polymers in
different tests thus far (T.,: PiPrOz; log Kow: PiPrOx), we
hypothesize that the two polymers have similar hydrophilici-
ties, with test-specific factors such as solvent and, in the case
of HPLC, molar mass, influencing which of the two polymers
appear the least hydrophilic. Moreover, R-PEtMeOxs, is seen to
have a marginally higher retention time than PiPrOxs,
making it the least hydrophilic polymer assessed via HPLC.
This is in contrast to RS-PEtMeOxs,, which lies below both
PiPrOxs, and PiPrOzs,, indicating that R-PdOx may be less
hydrophilic than RS-PdOx isomers. Indeed, the same differ-
ence was observed for PdAMeOx;,, and for both PdOx at lower
DPs (Fig. S117).

HPLC further allowed the determination of a hydrophilicity
order for the fully water-soluble 2-methyl-containing polymers,
which previously could not be differentiated via turbidimetry

This journal is © The Royal Society of Chemistry 2024

or log Kow measurements due to their high hydrophilicity. We
see that, for both DPs, hydrophilicity follows PMeOx > PMeOz
> R/RS-PdMeOx, establishing PMeOx as the most hydrophilic
polymer in this library. While Kim et al. and Sedlacek et al.
explored functionally-substituted-POx polymer libraries under
different elution regimes,*>** both utilised HPLC to measure
retention time of PMeOx and PEtOx. Indeed, both observed
similarly low retention times for PMeOx as in this study, rein-
forcing its high hydrophilicity. Similarly, both aforementioned
papers and Rettler et al. investigated PMeOx and PEtOx reten-
tion times, with all finding PEtOx to have a higher retention
time than PMeOx, and Rettler et al. finding PMeOx to have a
lower retention time than a similarly sized PEG control.>*>%>3
Nevertheless, to the best of the author’s knowledge, no other
study to date has assessed the retention time of non-POx
PCIEs, e.g. the POz and PdOx included in this study, nor POx
in relation to the full series of materials explored here.

Similar to logKow trends, for polymers with the same
2-methyl- or ethyl-side chain, hydrophilicity followed a POx >
POz > PdOx trend (Fig. 6C). Similar trends are observed for
DP20 polymers, with the retention times for DP20 polymers
seen to be lower than DP50, indicating increased hydrophili-
city (Fig. 6A and Fig. S117).

Surface tension of aqueous polymer solutions

The surface tension of a compound in solution is controlled
by its interactions with the solvent and with the solvent-air
interface.®® Thus, if assessed with water as a solvent, the
surface tension of polymer solutions can provide an estimate
of polymer hydrophilicity. Typically, the more hydrophobic
regions of polymers will reorient themselves in solution such

Polym. Chem., 2024, 15, 2662-2676 | 2669
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plotted in terms of additional carbons as established in Scheme 1B. (C)

Surface tension for DP50 polymers, plotted in terms of 2-side chain and polymer family as established in Scheme 1A. Error bars represent standard

deviation (n = 3).

that hydrophobic components are aligned with the water-air
interface rather than contained within the aqueous matrix,
reducing the measured surface tension of the solution.®® This
was observed for our PCIE library, with less hydrophilic poly-
mers such as PiPrOx and PiPrOz demonstrating a lower
surface tension than more hydrophilic PMeOx and PMeOz
(Fig. 7A), indicating greater hydrophobicity. Further, since
both surface tension is not dependent on UV-region absor-
bance detection in the same way that the log Kow and HPLC
methodologies were, a PEG control was added, allowing us to
assess PCIE properties against a widely used hydrophilic
polymer control. mPEG5000 was selected for its similar mole-
cular weight to DP50 PCIEs, and to maintain similar o- and
wo-end groups to the synthesized PCIEs.

The trends observed in surface tension largely followed
those established by HPLC and log Kow. Namely, polymers
with a 2-methyl-group were the most hydrophilic, followed by
polymers with a 2-ethyl-group, and finally polymers with a
2-isopropyl group. Within these groupings, the hydrophilicity
trend followed POx > POz > PdOx, inclusive of isopropyl-con-
taining polymers; opposing the variable isopropyl trend
observed for log Kow and HPLC. Similarly, structural isomers
followed the POz > PdOx > POx hydrophilicity trend estab-
lished in previous tests (Fig. 7B). Molar mass trends broadly
followed those observed for T, log Kow and HPLC, with lower
DP polymers generally having a higher surface tension and
thus appearing more hydrophilic (Fig. 7A and Fig. S127).
Interestingly, minimal difference was observed between DPs
for 2-methyl-containing polymers, indicating that the effects of
molar mass on the surface tension of very hydrophilic PCIEs
appear to be negligible. Similar to HPLC, R-PdOx were seen to
have lower surface tension values and thus appear marginally

2670 | Polym. Chem., 2024, 15, 2662-2676

less hydrophilic than the RS-PdOx stereoisomer, and the same
POx > POz > PdOx hydrophilicity trend was observed for poly-
mers with the same side chain group (Fig. 7C). mPEG5000 was
seen to have a surface tension approximately equivalent to
R-PdMeOx, making it similarly hydrophilic and showing it to
lie on the more hydrophilic side of the polymer library (Fig. 7A
and B). This places mPEG5000 as less hydrophilic than
PMeOxs, and PMeOzs, but more hydrophilic than PEtOxso,
which corroborates a similar trend observed by Viegas et al. via
HPLC." This also presents PdAMeOx as an interesting potential
PEG alternative, though the slow polymerisation rate of PdOx
compared to POx or POz may be considered a drawback.*”

'H NMR relaxometry

'"H NMR relaxometry was explored to assess the molecular
mobility of polymer chains in water, with the aim of correlat-
ing this to predict the hydrophilicity of water-soluble polymers
in D,0. Since all 2-methyl-containing polymers were previously
assessed to be highly soluble in aqueous systems - indeed
being inseparable via log Kow and T., measurements - this
sub-group of polymers was selected for assessment to ensure
that solubility of polymer chains would not confound data
acquisition. "H NMR relaxometry is a powerful tool by which
the molecular mobility of polymer chains can be studied, with
long-range interactions such as total polymer flexibility being
described by spin-spin relaxation time (7,), and shorter-range
interactions being described by spin-lattice relaxation time
(T1).”° T, for all polymers was determined to be < 1.04
seconds, indicating similar local mobility of polymer frag-
ments (Table S47t). T, was best fitted with a double exponential
decay curve, indicating the presence of two relaxation regimes:
Ty(fast) AN To(siow) (Fig. S137). Ty(saey) describes the movement
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Table 1 'H NMR T relaxation times for 2-methyl-containing polymers

POlymer TZ(sIow) (S) TZ(fast) (S)
PMeOzs, 0.611 0.055
PMeOxs, 0.360 0.079
R-PAMeOxs, 0.131 0.016
RS-PdMeOxs, 0.151 0.017

of more rigid segments of polymeric assemblies and was seen
to be <0.1 s for all polymers, with R/RS-dMeOxs,, in particular,
showing T(fasr) Of ~0.015 s (Table 1), indicating a more rigid
polymer structure in D,O comparative to PMeOxs, or PMeOzs,.
Tysiow) better describes the more flexible motion of polymer
chains, and indeed was seen to differ greatly between poly-
mers, with the more flexible PMeOzs, demonstrating the
highest Tyiow), followed by PMeOxso, and finally R/RS-
PdMeOxs,.

Since a larger 7T, value typically indicates greater mobility as
a result of a more favourable interaction with the surrounding
solvent, a larger T, in D,O can be used to indicate greater
hydrophilicity of the polymer. Irrespective of the component
that was assessed from the double exponential decay in the
measurement of the spin-spin relaxation time (Tygiow) OF
Ty(tast), the T, of R/RS-PAMeOxs, is seen to be significantly
shorter than either of the more flexible polymers, and thus
can be concluded to be the least hydrophilic of the 2-methyl
containing polymers, corresponding to trends observed in
HPLC and surface tension measurements. Contrary to surface
tension and HPLC trends, PMeOz was found to be more
mobile and thus more hydrophilic than PMeOx. No major
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difference was seen between T, values for R- and RS-PdMeOxs,,
suggesting minimal effect from secondary structure formation
in D,O under the conditions tested, though further studies in
this area are encouraged.

Comparison of techniques

As previously discussed, hydrophilicity affects a range of
polymer behaviours across biomedical applications, including
cellular uptake, drug loading capacity, antifouling and
“stealth” behaviour, and biodistribution.>***"%72 As such,
understanding hydrophilicity of biomedical polymers such as
PCIEs and how to modulate it will allow for the design of pre-
cisely-engineered polymer therapeutic systems, capable of
being tailored to specific applications. Techniques such as tur-
bidimetry and log Kow as designed in this study, while useful
indicators of relative hydrophilicity, were unable to differen-
tiate the most water-soluble polymers in the library, hamper-
ing their use in the assessment of very hydrophilic systems.
Similarly, in silico prediction of log P/SA was found to accu-
rately predict trends observed in experimental logKow
measurements and as such is useful for predicting compara-
tive differences in PCIE hydrophilicity, but could not reliably
predict log P values for long polymer chains. HPLC and surface
tension in aqueous solution were able to differentiate between
all PCIEs in the library, with the note that PMeOx,,, the most
hydrophilic polymer, was on or close to the limit of detection
for many of the tests. Relaxometry was used to study the hydro-
philicity of the very hydrophilic PMeOx, PMeOz and R/RS-
PdMeOx, and found R/RS-PdMeOx to be significantly less
mobile and thus potentially less hydrophilic than the equi-
valent POx or POz systems. As such, techniques capable of
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Scheme 2 Relative hydrophilicity ranking of PCIE with mPEG5000 included as comparison.
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evaluating the entire polymer library - namely HPLC and
surface tension - are recommended methodologies by which
to elucidate fine differences in the hydrophilicity of polymers,
particularly when considering the ease of measurement for
techniques such as surface tension.

Specific trends were elucidated for structural isomers and
polymers with the same 2-side chain, allowing a “ranking” of
polymers in terms of apparent hydrophilicity (Scheme 2). More
specifically, structural isomers followed a POz > PdOx > POx
hydrophilicity trend, while polymers with the same 2-side
chain followed a POx > POz > PdOx trend. Differences in hydro-
philicity between stereoisomers R- and RS-PdOx were estab-
lished in some tests (HPLC, surface tension), but were not
observed in most (Tcp, lowKow, relaxometry), indicating that
the effect of stereoisomerism on the hydrophilicity of PdOx is
minimal. Across both structural isomer and side chain group-
ings, the inclusion of additional backbone functionality is
seen to reduce the hydrophilicity of PCIE systems to a greater
extent than the addition of a methylene unit in the polymer
backbone. Thus, the incorporation of PdOx into PCIE copoly-
mers presents an attractive method with which to modulate
polymer hydrophilicity, with the added benefit of introducing
an additional avenue of polymer functionalisation (e.g. by
smart design of the 4-group).

Haemocompatibility of PCIEs

Since nanomaterials are expected to circulate in the blood for
hours to days, PCIE haemocompatibility is paramount. While
the haemocompatibility of individual PCIE systems have been
probed in various studies,”'*>**”>”* none yet have encom-
passed all PCIEs included in this library. In this sense, to
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Fig. 8 Red blood cell (RBC) lysis in the presence of 0.5 mg ml™
polymer solution. A split y-axis is included for plotting of the positive
control compared to the low RBC lysis seen for PCIE samples.
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ensure the safety of these polymers in nanomedical appli-
cations, the hemocompatibility of polymers in the library was
assessed using blood plasma from Balb/c nude mice. All PCIEs
demonstrated <2% red blood cell (RBC) lysis in 0.5 mg ml ™"
polymer solution, indicating good haemocompatibility (Fig. 8).

Conclusions

A library of water-soluble PCIE was successfully synthesised
and assessed on the basis of hydrophilicity through multiple
tests in solution. Further, all PCIEs studies were confirmed to
be non-haemolytic at 0.5 mg ml™", illustrating their safety for
use in nanomedicine. Broadly, polymers had varied degree of
hydrophilicity, ranging from highly hydrophilic for PMeOx,
PMeOz, and R/RS-PdMeOx, through hydrophilic for PEtOx and
PEtOz, and down to the less hydrophilic PiPrOx, PiPrPOz, and
R/RS-PEtMeOx. Trends predicted via in silico log P/SA calcu-
lations correlated well with experimental measurements such
as log Kow, HPLC retention time, and surface tension, indicat-
ing a good ability to predict PCIE trends, but could not accu-
rately predict log P values for long polymer chains. Trends
among structural isomers and 2-side chain groups were eluci-
dated as follows: structural isomers broadly followed a POz >
PdOx > POx hydrophilicity trend, while polymers with the
same 2-side chain followed a POx > POz > PdOx trend. Overall,
fine differences in the hydrophilicity of a water-soluble PCIE
library were established, and the knowledge presented in the
elucidation of these trends will assist in the future design of
hydrophilicity-tailored, application-specific PCIE systems for
use in bio- and nanomedicine.

Materials and methods
Materials

Hypergrade acetonitrile (>99.9%), anhydrous acetonitrile
(ACN) (99.8%), diethyl ether (>99.5%), dichloromethane
(>99.8%), methanol, 1-octanol (>99%), chloroform (>99.8%),
petroleum benzine (60-80 °C b.p.), potassium hydroxide
(KOH) (>85%), tetramethylammonium hydroxide (TMAH)
(25 wt% in MeOH), formic acid (95%), zinc acetate dihydrate
(=99%), propionitrile (99%), isobutyronitrile (99.6%), 3-amino-
1-propanol (99%), 2-aminoethanol (>99%), calcium hydride
(95%), barium oxide (97%), and poly(ethylene glycol) methyl
ether M, = 5000 (mPEG5000) were purchased from Sigma-
Aldrich and used as received. R-(—)-2-amino-1-propanol (98%)
and RS-(+)-2-amino-1-propanol (97%) were purchased from AA
BLOCKS and used as received. Deuterated chloroform (99.8%)
was purchased from Cambridge Isotope Labs.

2-Methyl-2-oxazoline (MeOx) (98%), 2-ethyl-2-oxazoline
(EtOx) (>99%), and methyl p-toluenesulfonate (MeOTs) (98%)
were purchased from Sigma-Aldrich, dried over barium oxide,
and distilled to dryness before use.

This journal is © The Royal Society of Chemistry 2024
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Monomer synthesis

2-Isopropyl-2-oxazoline (iPrOx), 2-methyl-2-oxazine (MeOz),
2-ethyl-2-oxazine (EtOz), 2-isopropyl-2-oxazine (iPrOz), R/RS-
2,4-dimethyl-2-oxazoline (R/RS-dMeOx) and R/RS-2-ethyl-4-
methyl-2-oxazoline (R/RS-EtMeOx) were synthesised according
to literature.?>3%*>”> Detailed procedures are included in the
ESLT

Polymer synthesis

Polymers were synthesised via the cationic ring-opening
polymerization (CROP) of POx, POz, or PdOx monomers as
reported previously,?*3%***% with each polymer being syn-
thesised at two [M/I] ratios: [M/I] = 20 (DP20) and [M/I] = 50
(DP50). Detailed polymer synthesis procedures are included in
ESL{

Polymer characterisation

'"H NMR spectra were obtained for each polymer using a
Bruker AVANCE III HD 400 MHz spectrometer using CDCl; as
solvent. Molar mass and dispersity of polymers were deter-
mined using a Shimadzu modular system size exclusion
chromatography (SEC) instrument comprising a DGU-12A
degasser, an SIL-20 AD automatic injector, a 5.0 pm bead-size
guard column (50 x 7.8 mm) followed by three KF-805 L
columns (300 x 8 mm, bead size: 10 pm, pore size maximum:
5000 A), an SPD-20A ultraviolet detector, and a RID-10A differ-
ential refractive index detector. N,N-Dimethylacetamide
(DMAc) containing 0.03 wt% LiBr was used as the eluent, with
all samples being filtered through 0.45 um PTFE membranes
before injection. Molar mass and dispersity of samples were
determined comparative to polystyrene standards (0.5 to
2000 kg mol™), with Shimadzu LabSolutions software being
used to calculate values.

DSC measurements

Thermal transitions of polymers were determined on a
TA-2500 DSC (TA instruments) under nitrogen flow. For Ty,
10 mg of sample was placed in a pierced hermetically sealed
pan and subjected to one heat/cool cycle from 0 °C to 150 °C
at 20 K min™" and a subsequent heat to 150 °C at the same
rate. T, values were determined from the second heating run.
Since only PiPrOx has been reported to show any semicrystal-
line behaviour, T,, measurements were limited to PiPrOx,,
and PiPrOxs,. 10 mg of sample in a hermetically sealed pan
was heated from 0-230 °C at 20 K min™" following a prelimi-
nary heat to 150 °C (20 K min~") to remove solvent effects. Ty,
was measured from the first heating curve.

Cloud point temperature measurements

The cloud point temperature of samples was measured using a
Shimadzu UV-3600 UV-Vis-NIR spectrophotometer. 5 mg mL™"
of each polymer was dissolved in MilliQ (MQ) water or D-PBS,
filtered through a 0.45 pm PTFE filter and heated from
15-80 °C at 1 °C min~". Absorbance was measured at 500 nm

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

and T, was determined as the temperature corresponding to
50% transmittance.

Log P and log P/SA predictions

Log P and surface area values were determined similar to a pre-
viously reported procedure,® using the following software,
ACD Labs and Chem3D 21.0.0. The chemical structures were
composed and minimised with the MM2 force field. The
solvent accessible surface area was calculated using a 1.4 A
probe.

Determination of log Kow

Log Kow of polymers was determined via a modified shake
flask method. Briefly, MilliQ water and 1-octanol were
mutually saturated for 24 hours, before separation into water-
saturated 1-octanol (sat-oct) and 1-octanol-saturated MQ water
(sat-MQ). 0.1 mg mL™" solutions of each polymer were created
in sat-MQ. 700 pL of each polymer solution was placed in an
Eppendorf tube and 700 pL of sat-oct was added. Samples
were shaken overnight at 175 rpm in a shaker incubator at
room temperature, followed by centrifugation at 8000 rpm for
5 minutes to ensure separation of phases. Phases were then
manually separated and a 100 pL aliquot of the aqueous phase
sample was diluted 10-fold with fresh MQ water. 100 pL ali-
quots of the organic phase were dried in a vacuum oven for
24 hours at 25 °C to remove 1-octanol, then resuspended in a
solvent mixture of 100 pL sat-MQ and 900 pL fresh MQ water,
ensuring that diluted organic phase solutions matched the
solvent composition of diluted aqueous phase solutions. The
concentration of polymer in each phase was determined via
the use of a standard calibration curve measured with a
Shimadzu UV-3600 UV-Vis-NIR spectrophotometer, with absor-
bance measured at 200 nm. Log Kow was calculated from eqn
(1) below, where [P],.e = polymer concentration in the
1-octanol phase and [Pl,q = polymer concentration in the
aqueous phase. Measurements were carried out in triplicate.

[P]

Kow = log,, <[P]Oﬁ) (1)
aq

Separation of PCIEs via HPLC

0.5 mg mL ™" solutions of all polymers were created in MQ +
0.1% formic acid (FA) and filtered through a 0.45 pm PTFE
membrane before injection. Samples (10 pL injection volume)
were separated via gradient elution using MQ + 0.1% FA
(Phase A) and hypergrade acetonitrile (Phase B) through a C8
column (Pinnacle DB C8 5 um, 150 x 4.6 mm, Restek) at a flow
rate of 1 mL min~". The gradient program is as follows:
0-0.5 min: 20% phase B; 0.5-10.5 min: 20-80% phase B,
10.5-11.5 min: 80% phase B, 11.5-11.8 min: 80-20% phase B,
11.8-12 min: 20% phase B, totalling 12 minutes. A Shimadzu
CBM-20A HPLC System Controller fitted with DGU-20A degas-
sing units, a CTO-20AC oven, LC30AD pumps, and an
SPD-M30A PDA detector was used. The column was held at
30 °C and absorbance was measured via a PDA UV-Vis detector
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at 203 nm (the maximum absorbance for most polymers in the
chromatogram), with retention time determined using
Shimadzu LabSolutions.

Surface tension measurements

The same stock solutions as used in HPLC (1 mg mL™" MQ +
0.1%FA) were subsequently used to determine the surface
tension of polymer solutions via the pendant drop method. A
5 pL droplet was suspended and the surface tension was calcu-
lated using an Attension Theta Flex optical tensiometer (Biolin
Scientific) and a Young-Laplace fit. Measurements were carried
out in triplicate.

"H NMR relaxometry

NMR relaxometry experiments were performed using a Bruker
Avance III HD 700 MHz spectrometer at 298 K. Each polymer
sample was dissolved in deuterium oxide (D,0) at 5 mg mL™"
and passed through a PTFE 0.22 pm filter. 500 pL of each
sample was aliquoted into an NMR tube. The spin-lattice
relaxation time (74) was determined by the inversion recovery
experiment., systematically incrementing the delay between
the 180° pulse and the 90° pulse (¢), and T, relaxation times
were obtained using the T, fitting function in Dynamics
Centre 2.8.3 (eqn (2)).

I=1I x (1 - 2*%> (2)

Spin-spin relaxation times (7,) were determined using the
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. T, relax-
ation times were obtained by plotting peak integral vs. the
length of the CPMG sequence, and values were determined
through nonlinear regression curve fitting of a two-phase
decay model using GraphPad Prism 9.

Details of ¢ and CPMG pulse sequences can be found in ESI
(Tables S2 and S3,} respectively).

Haemocompatibility testing of PCIEs

To measure the haemolysis percentage of the DP50 polymers,
whole blood was collected from Balb/c nude mice as into
EDTA coated tubes according to ethics application 2022/
AE000135 as approved by UQ Animal Ethics Committee, and
centrifuged at 1000g for 4 min. Plasma was then removed and
the erythrocyte portion was washed with PBS (pH 7.4) twice at
the above setting, and the supernatant was discarded. Finally,
the blood cells were diluted to the initial volume by adding
fresh PBS. To prepare the assay mixture, the polymer solutions
(in PBS) and the blood cell suspension was mixed in equal
volume (1:1, 0.5 mg mL ™" final polymer concentration). Blood
cells mixed 1:1 with RO water was used as a positive control,
while the PBS and whole blood mixture were taken as a nega-
tive control. All samples were incubated at 300 rpm in a ther-
momixer and maintained at 37 °C. After 1 h, the samples were
centrifuged at 1000g for 4 min and 100 pL of the supernatant
collected. These were then diluted 1:25 with PBS to achieve
absorbance readings of the positive control of <1 and the OD
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value of the supernatant was measured at 540 nm using a
Tecan plate reader.
Finally, the haemolysis percentage (HP) was calculated
using the following formula (eqn (3)):
(OD test sample — OD negative control)

HP(%) = — - X 100
(%) (OD positive control — OD negative control)
3)
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