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Abstract

Previously, the cooling-induced thermogelation of an amphiphilic ABA type triblock copolymer
comprising a central poly(2-phenyl-2-oxazine) (pPheOzi) block flanked by hydrophilic poly(2-methyl-
2-oxazoline) (pMeOx) blocks was reported. This process is based on an unusual, cooling-induced
transition in polymer self-assembly from spherical to worm-like micelles, for which the PheOzi units
are decisive. Here, we investigate this phenomenon further by introducing new variants of amphiphilic
pPheOzi-based copolymers to explore the variability of the system. Changing the arrangement of the
MeOx and PheOzi constitutional repeat units enables to investigate the influence of the polymer
architecture on the thermogelation. We found that a triblock architecture is superior to diblock,
gradient and star-like polymer architectures in terms of efficient order-order transition-based
thermogelation. In addition, a coupling procedure based on copper-catalyzed azide-alkyne
cycloaddition is presented that allows for a direct comparison of pMeOx and PEG as hydrophilic blocks
in pPheOzi-based triblocks. Interestingly, PEG hydrophilic blocks also enable rapid worm-formation
and show faster gelation as well as increased gel strength. Altogether, our findings provide basic
design criteria for improved (pPheOzi-based) worm-gels. The introduced small library of pPheOzi-
based copolymer variants can be used for further fundamental studies regarding thermo-responsive

transitions in polymer self-assembly.
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Introduction

Thermoreversible hydrogels based on amphiphilic block copolymers have been widely investigated in
the past.' Primarily, this research has focused on systems that are liquid at room temperature but
gel upon heating close to physiological temperature since this allows application as in-situ gelling
biomaterials.>® In contrast, amphiphilic block copolymer solutions that gel upon cooling have been
only rarely described in literature.®>!? This may be due to the narrow application window of such
polymers, but can arguably also be attributed to the lower prevalence of suitable materials. However,
polymer solutions that gel upon cooling might be of interest as rheology modifiers'®, for temperature-
triggered (drug) release®?, as suspension media for gel-in-gel printing, or for the generation of

perfusable channels®,

Typically, reversible thermogelling properties of amphiphilic block copolymers are attributed to the
use of a temperature-sensitive block, which enables temperature-dependent reversible formation of
a micellar network.! The nature of the micellar network is contingent upon the nanostructures formed
by the underlying amphiphilic block copolymer, which in turn depends on the polymers’ composition
and structure.? ¥* 1> Thus, micellar gel networks of BAB-type block copolymers, where A and B signify
hydrophilic and hydrophobic/temperature-sensitive blocks, respectively, are generally achieved by
bridging of flower-like micelles.* 118 AB and ABA polymers, in contrast, typically undergo gelation
due to the packing of regular spherical micelles, as is the case with Pluronics F127.1%1% 20 This ABA type
triblock copolymer is arguably the most widely used block copolymer with thermogelling properties
in the biomedical field.?* Being composed of hydrophilic polyethylene glycol (PEG) outer blocks and
a thermosensitive polypropylene glycol (PPG) central block, it belongs to the class of Pluronic
amphiphiles, also known as poloxamers. While most of the Pluronic members do not exhibit reversible
thermogelling properties, they do show amphiphilic behaviour, i.e., aggregation in aqueous solutions
above the critical micellar temperature and concentration. Interestingly, for some of these

amphiphiles, a progressive transition from spherical micelles towards worm-like micelles upon
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temperature increase has been reported, mostly in the presence of an electrolyte.?>?° This transition
results from an enlargement of the hydrophobic core radius, following the packing parameter criterion
first introduced by Israelachvili for conventional surfactants®®. Of note, the reversible transition in
Pluronic self-assembly is characterized by a viscosity increase, which can eventually lead to gel-like
properties.?” However, due to the narrow phase region of worm-like aggregates, which requires
maintaining a delicate balance of hydrophilic and hydrophobic volume fractions, reports on the

thermogelation based on Pluronic and other amphiphilic block copolymer worms are relatively scarce.

One of the rare example of thermoreversible gelation based on worm-like micelles (worm-gels) is
given by a unique class of shape-shifting diblock copolymers introduced by Armes and coworkers.?!
The thermoreversible behaviour of these systems is attributed to the use of weakly hydrophobic
polymer blocks based on hydroxylfunctional (meth)acrylates®* 33, rather than classical
thermoresponsive polymer blocks. These mildly hydrophobic blocks are subject to temperature
induced subtle alterations in the degree of partial hydration which enable transitions in polymer self-
assembly.3¥ 3% The first introduced system of this class comprised a hydrophilic poly(glycerol
monomethacrylate) (pGMA) and a more hydrophobic poly(2-hydroxypropyl methacrylate) (pHPMA)
block.3? The pGMA-b-pHPMA diblock copolymer was shown to undergo a reversible transition from
spherical to worm-like micelles upon heating above 21 °C, resulting in the formation of a soft free-
standing physical hydrogel due to interworm entanglements. Variation of the system using alternative
hydrophilic blocks, such as PEG* or poly(2-(methacryloyloxy) ethyl phosphorylcholine) (PMPC)3,

resulted in similar behaviour. However, with the focus being on accessible morphologies, detailed

systematic studies of the influence of hydrophilic moieties on gel properties have not been performed.

In 2020, the cooling-induced thermogelation of an ABA-type triblock copolymer system comprised of
hydrophilic poly(2-methyl-2-oxazoline) (pMeOx) A blocks and a hydrophobic poly(2-phenyl-2-oxazine)
(pPheOzi) B block was described.3” Unexpectedly, the sol-gel transition of this polymer was also found

to be accompanied by a transition in polymer self-assembly from spherical to worm-like micelles.?”-38
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The resulting gels could be tuned markedly with regard to their stiffness by varying the concentration,
allowing for both rather soft materials at a polymer concentration of 5 wt.-% (storage modulus G’
= 100 Pa) and very stiff hydrogels at 40 wt.-% (G’ = 100 kPa). Importantly, replacement of the
hydrophobic PheOzi moieties by slightly different aromatic repeating units, namely 2-phenyl-2-
oxazoline (PheOx) or 2-benzyl-2-oxazine (BenzOzi), did not yield a similar order-order transition — and
hence did not result in thermogelation upon cooling. In contrast, slight variations of the hydrophilic
moieties using poly(2-ethyl-2-oxazoline) (pEtOx) or poly(2-methyl-2-oxazine) (pMeOzi) outer blocks
still enabled the formation of worm-like aggregates upon cooling, but reduced gel strength and
gelation kinetics. Thus, the PheOzi-moieties appear to be the decisive driving force for the unusual
cooling-induced thermogelation of these ABA-type triblock copolymers. However, the impact of the
arrangement of hydrophilic and hydrophobic moieties has yet to be considered in the context of the

pPheOzi-based copolymer systems.

We previously suggested that the order-order transition of the reported pPheOzi-based triblock
copolymers is due to a nonclassical interaction between hydrophilic and hydrophobic polymer
blocks.® Due to the complex nature of polymers in solution, however, the underlying specific
interaction remains to be verified, with consideration being given to the involvement of the amide
functionality of the poly(2-oxazoline) (POx) and poly(2-oxazine) (POzi)-based hydrophilic blocks.
Varying the hydrophilic blocks to polymers with different chemical moieties responsible for the
hydrophilicity could therefore help to improve our understanding of the underlying self-assembly
mechanism. In this context, a comparison to PEG is particularly desirable, as the hydrophilic POx and
POzi polymers pMeOx, pEtOx and pMeOzi have all been discussed as alternatives to PEG in a variety
of applications.3>*! However, PEG/pPheOzi-based copolymers are not readily accessible due to their

different polymerization mechanisms.

Here, we introduce new variants of the previously studied pPheOzi-based copolymer system. Altering

the arrangement of MeOx- and PheOzi repeat units enables to investigate the influence of the
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copolymer architecture (triblock, diblock, gradient, star-like) on the cooling-induced thermogelation.
In addition, we introduce a polymer coupling procedure based on copper-catalyzed azide-alkyne
cycloadditon (CuAAC) which allows for a direct comparison of pMeOx and PEG as hydrophilic blocks
in pPheOzi-based triblock copolymers. Unexpectedly, rheological evaluation of the resulting polymers
reveals superior performance of PEG hydrophilic blocks with respect to gelation kinetics and gel

strength.
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Results and Discussion

Copolymer synthesis

Synthesis of MeOx/PheOzi-based copolymers with varying architecture (Fig. 1A) was performed by
cationic ring-opening polymerization (CROP) of MeOx and PheOzi. While triblock and diblock
architectures (pMeOx-b-pPheOzi-b-pMeOx, P_T, and pPheOzi-b-pMeOx, P_D) were realized by
sequential monomer addition, a gradient microstructure (pMeOx-grad-pPheOzi, P_G) was obtained
in a one-step procedure by concurrent copolymerization of MeOx and PheOzi (Sup. Fig. S1). In
addition, a star-like pPheOzi/pMeOx block copolymer ((pPheOzi-b-pMeOx)a4, P_S) was prepared using
the 4-arm initiator pentaerythritol tetrakistriflate. P_T, P_D and P_G were all designed to have a
comparable amphiphilic ratio of 15 hydrophobic PheOzi to 70 hydrophilic MeOx units. For P_S, in turn,
a degree of polymerization of 7.5 for PheOzi and 35 for MeOx per arm was targeted to ensure
comparability. Analysis by size exclusion chromatography (SEC) revealed a narrow and essentially
monomodal molar mass distribution for all four polymers, indicating successful syntheses (Sup.
Fig. S2A). For further details regarding syntheses and characterization, the reader is referred to the

supporting information (Sup. Fig. S2).
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Figure 1: Overview of the new pPheOzi-based copolymer variants. A Schematic representation of a diblock (P_D), gradient
(P_G) and starlike copolymer (P_S) structure based on pMeOx and pPheOzi as variants of the previous reported3’
pMeOx/pPheOzi-based triblock copolymer (P_T). B Schematic representation of pMeOx/pPheOzi and PEG/pPheOzi-based
triblock copolymers obtained through a polymer coupling approach (P_pMeOx and P_PEG) as variants of the previous
reported pMeOx/pPheOzi-based triblock copolymer (P_T). *Image published previously by Hahn et al.3”
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To enable a direct comparison of PEG and pMeOx as hydrophilic corona in the inverse thermogelling
pPheOzi-based triblock copolymer system (Fig. 1B), a coupling procedure based on CuAAC was
established. Our coupling strategy involved a difunctional alkyne-pPheOzi-alkyne derivative, which
was prepared using propargyl tosylate as initiator and potassium pentynoate salt as terminating
reagent in the respective CROP (Fig. 2A, Sup. Fig. S3). The successful synthesis of the desired
homopolymer structure was evidenced by matrix-assisted laser-desorption-ionization time-of-flight
mass spectrometry (MALDI-ToF MS) showing a very narrow molecular weight distribution (Fig. 2B)
and the presence of essentially a single distribution of peaks with good agreement of obtained and
calculated m/z values (Fig. 2C). The latter aspect implies that the use of propargyl tosylate and
potassium pentynoate in CROP enables high initiation and termination efficiency. Thus, this strategy
introduced here could be generally promising to obtain di-alkyne-functionalized POx and POzi

derivatives.
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Figure 2: Successful synthesis of pPheOzi-dialkyne. A Synthetic pathway of pPheOzi-dialkyne by CROP of PheOzi using
propargyl tosylate as initiator and potassium 4-pentynoate as terminating reagent. B MALDI-TOF mass spectrum of the
purified pPheOzi-dialkyne recorded in reflector mode. The spectrum was obtained using DCTB as matrix and NaTFA as
ionization agent. C Spectral expansion of the MALDI-ToF mass spectrum shown in B revealing essentially a single species for
each DP of pPheOzi-dialkyne that is in accordance with the targeted polymer structure.
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With the alkyne units on the pPheOzi homopolymer, an azide end group functionality was required
for the hydrophilic polymers pMeOx and PEG. For pMeOx, the azide functionality was realized by
terminating the respective CROP with NaNs (Sup. Fig.S4).*> PEG-Ns, in turn, was obtained by
guantitatively converting the hydroxyl group of commercially available mPEG-OH into an azide

functionality following a literature procedure (Sup. Fig. S5).*3

In the CuAAC-based polymer coupling procedure (Fig.3A), we used the azide-containing
homopolymerin an excess (1.25 eg. per alkyne moiety) to ensure complete conversion of the pPheOzi
alkyne moieties, thus reducing possible diblock copolymer by-product. To remove the remaining
excess hydrophilic polymer from the coupling products, we — inspired from protein separation —
employed salt-induced precipitation in combination with dialysis as purification method. Here, we
utilized the fact that the pPheOzi-based triblock copolymers require lower (NH4),SO; salt
concentration to precipitate in aqueous solution compared to the corresponding hydrophilic
homopolymers. Success of this strategy was evidenced by SEC measurements, indicating effective
removal of residual hydrophilic homopolymer (Fig. 3B). Finally, to separate any remaining salts, in
particular residual copper salts, from the polymer product, we filtered solutions of the coupled triblock
copolymers through a plug of Si0,/MgSQ, (Fig. 3C). This method has previously proven to be suitable
for removing NaNs from polymers*® and here also appears appropriate for removing copper salts.
Thus, we obtained well-defined and comparable pMeOx-b-pPheOzi-b-pMeOx (P_pMeOx) and PEG-b-
pPheOzi-b-PEG (P_PEG) triblock copolymers with minimal residual copper contents (27 ppm for
P_pMeOx, 15 ppm for P_PEG). Of note, our coupling procedure is not limited to the examples
presented here but can be applied to other azide-functionalized hydrophilic polymers. This is currently
being utilized in our lab for the preparation of a larger block copolymer library. Detailed description
of the polymer coupling and characterization can be found in the supporting information (Sup. Fig. S6-

s7).
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In summary, this study presents five new variants of the pPheOzi-based polymer system which enable
the investigation of the influence of polymer architecture and hydrophilic corona on the

thermogelation.
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Figure 3: Coupling protocol for pPheOzi-based ABA triblocks. A Schematic representation of the polymer coupling strategy.
The coupling reaction involves the pPheOzi dialkyne, an excess of hydrophilic azide-functionalized hydrophilic polymer
(pPMeOx-N3 or PEG-N3, respectively) and the catalyst CuBr. Successfully coupled triblocks are separated from remaining
homopolymer by selective precipitation through addition of (NH4),SO,. After dialysis, residual salts are removed by filtration
of the polymer through a MgS04/SiO> plug. B Size exclusion chromatography elugrams of the P_pMeOx synthesis. Shown
are the elugrams of the starting materials pMeOx-N; and pPheOzi-dialkyne, the unpurified coupling product containing
pMeOx/pPheOzi triblock and pMeOx-N3 impurity, and the purified product P_pMeOx. C MgS0./SiO; plug after filtration of
the pMeOx/pPheOzi triblock P_pMeOx showing a fine blue layer on top, indicating separation of copper salts.

Screening for cooling-induced thermogelling behaviour

Self-assembly driven thermogelation is well known to be influenced by polymer composition and
architecture.? To assess how variations of copolymer architecture and hydrophilic blocks influence the
cooling-induced thermogelation of pPheOzi-based systems, we incubated 20 wt.-% concentrated
aqueous solutions of the synthesized copolymers in the fridge for a minimum of 24 hours. Surprisingly,
tube-inversion test revealed formation of self-supporting hydrogels for all polymers under
investigation (Fig. 4). Gentle heating, in turn, led to liquefaction of the formed gels. Of note, the

diblock P_D and star-like copolymer P_S yield markedly more turbid gels compared to the triblock P_T

https://doi.org/10.26434/chemrxiv-2024-75cb8 ORCID: https://orcid.org/0000-0001-5567-7404 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-75cb8
https://orcid.org/0000-0001-5567-7404
https://creativecommons.org/licenses/by/4.0/

and gradient P_G. In case of the pMeOx-b-pPheOzi-b-pMeOx triblock copolymer, weak hydrogels
based on a worm network are already formed at low polymer concentrations of 5 wt.-%.3” However,
reducing the polymer concentration to 5 wt.-% prevented the gradient and star-like copolymer
variants P_G and P_S from forming self-supporting hydrogels upon cooling, although the viscosity
visibly increased. Further experiments addressing the macroscopic gel properties were therefore
performed with 20 wt.-% concentrated aqueous polymer solutions to ensure stable hydrogel
formation for all polymers. Of note, the preparation and handling of the samples in the liquid state is

straightforward at room temperature due to the long gelation times (Sup. Fig. S8A).

To quantify the gel-sol transition temperature, we performed temperature-dependent rheology
measurements (Fig. 4, Sup. Fig. S8B-C). Similar to previously reported pMeOx-b-pPheOzi-b-pMeOx
triblock copolymer batches” 38, P_T liquefies at around 30 °C (Fig. 4A). Interestingly, changing the
copolymer architecture to a diblock structure has no major influence on the gel-sol transition
temperature and gel strength (Gp 1" = 45 kPa, Gp o’ = 34 kPa, respectively). Compared to P_T and P_D,
the gradient copolymer P_G and the star-like copolymer P_S show lower persistence against

temperature and reduced gel strength (Gp ¢’ = 2.2 kPa and Gp s’ = 0.3 kPa, respectively).

The pMeOx-b-pPheQzi-b-pMeOx triblock P_pMeOx displays an almost identical rheological profile
compared to P_T but exhibits a slightly reduced gel strength (Gr pmeox’ = 21 kPa) (Fig. 4B). It can
therefore be assumed that the synthesis protocol (sequential monomer addition vs. coupling
procedure) does not have a major influence on the reversible thermogelation. Hence, alterations of
the rheological profile of P_PEG can be attributed to the variation of the hydrophilic blocks and are
not primarily a result of the coupling procedure. Interestingly, the 20 wt.-% P_PEG sample displays
slightly higher gel strength (Ge pec” = 68 kPa) and similar gel-sol transition temperature compared to
its pMeOx-based counterparts P_pMeOx and P_T. Previous variations of the pMeOx blocks using EtOx
or MeOzi repeat units were shown to reduce both gel strength and the persistence against

temperature.® The PEG variant is therefore the first alteration of the hydrophilic units of pPheOzi-
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based triblocks that does not lead to a weakening of the resulting thermogels but shows comparable
performance to the “original” pMeOx-b-pPheOzi-b-pMeOx triblock. In addition, it exhibits a
concentration-dependent gel strength (Sup. Fig. S8D), as was previously shown for the pMeOx-b-

pPheOzi-b-pMeOx triblock®’.

Altogether, our visual and rheological evaluation confirms a high dependency of the thermogel

properties on polymer composition and architecture in the case of the pPheOzi-based system.
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Figure 4: Screening for the gel-sol transition of pPheOzi-based copolymers. Images show self-supporting gels formed by 20
wt.-% aqueous solutions of pPheOzi-copolymer variants (A: P_T, P_D, P_G and P_S; B: P_pMeOx and P_PEG) after incubation
at 5 °C. Dissolution of the gels is followed by temperature-dependent rheology measurements conducted at 1.0% strain and
an angular frequency of 10 rad/s using an increment rate of 0.5 °C/min. Liquefaction of the gels is indicated by drastic drop
in complex viscosity.

New variants form worm-like aggregates upon cooling

Previously, we found that the reversible cooling-induced thermogelation of pMeOx-b-pPheOzi-b-
pMeOx is accompanied by a transition from spherical to worm-like micelles. To investigate whether
the thermogelation of the new variants of the pPheOzi-based system is also linked to the formation
of worm-like aggregates, we performed negative stain transmission electron microscopy (TEM)
imaging of precooled aqueous polymer solutions (Fig. 5, Sup. Fig. S9). The obtained images confirm
that worm-like aggregates are also formed for all the studied architectures (P_D, P_G and P_S), and

when replacing the hydrophilic pMeOx blocks by PEG (P_PEG).
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Interestingly, while P_D and P_S seem to form rather thin worm-structures, P_G and P_PEG-based
worm-aggregates appear somewhat thicker and partially also double layered. Further, a notable
difference between the samples is the coexistence of spherical aggregates. While spherical aggregates
of varying sizes are present in P_S images, this is not the case — or at least very much less the case —
for the other polymer samples. In addition, partial blurring of the P_S worm network is apparent. We
interpret this as signs of starting disintegration of the worm-like aggregates, possibly as a result of the
sample preparation. Rather instable worm-aggregates could explain the poor rheological properties
of P_S and may also result in the rearrangement to spherical aggregates during TEM sample
preparation. Thus, at this point it remains unclear whether the occurrence of spherical aggregates in
the TEM images of P_S is an artefact of the sample preparation or indicates the coexistence of both

spherical micelles and worm-like aggregates when equilibrated in the cold.

Figure 5: Presence of worm-like aggregates. Negative stain TEM images obtained of aqueous solutions of P_D, P_G, P_S and
P_PEG after incubation at 5 °C revealing the presence of worm-like aggregates.

The confirmation of worm-like aggregates for all pPheOzi-variants indicates that the cooling-induced
thermogelation based on a sphere-to-worm transition in polymer self-assembly is not restricted to the
triblock pMeOx-b-pPheOzi-b-pMeOx. Recently, Greenall and Derry used self-consistent field theory to
study temperature-dependent transitions in polymer self-assembly.** They suggest that a high
compatibility between polymer blocks leads to a transition of less curved (worm-like micelles) to more
curved suprastructures (spherical micelles) upon increasing the incompatibility of the solvophobic
block (here: pPheOzi) and the solvent (here: water). A high compatibility between pMeOx and
pPheOzi can be assumed as differential scanning calorimetry (DSC) analysis indicates absence of

microphase separation of the blocks in the bulk (Sup. Fig. 1C) and in previous work a nonclassical
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interaction between the blocks in the cold was suggested based on results from in-depth NMR analysis
and MD simulations.?® POx and POzi generally show improved aqueous solubility in the cold, ergo a
decreased solubility upon heating. Consequently, the transition from worm-like to spherical micelles
could be connected with an increasing incompatibility of pPheOzi and water. However, this
interpretation is at odds with results from previous NMR data, showing increasing mobility of the
pPheOzi moieties upon heating. Following the suggestions by Greenall and Derry, the presence of
worm-like aggregates for the PEG/pPheOzi thermogels suggests that PEG and pPheOzi similarly exhibit
high compatibility allowing for pronounced polymer-polymer interactions. However, unravelling the
underlying mechanism leading to the worm-formation of P_PEG is outside the scope of this study and

remains to be investigated.

Overall, TEM images indicate that the cooling-induced order-order transition from spheres to worms
is not limited to the triblock copolymer pMeOx-b-pPheOzi-b-pMeOx but also occurs when the system

is changed with respect to its arrangement or its hydrophilic units.

Gelation kinetics is dependent on arrangement and hydrophilic units

The cooling-induced order-order transition-based thermogelation does not occur instantaneously. To
follow both the gelation upon cooling and the order-order transition for the different pPheOzi-based
copolymer variants, we performed time-dependent rheology measurements at 5 °C and obtained
micro DSC (uDSC) thermograms of samples incubated at 2 °C for different lengths of time (0 min —
24 hours) (Fig. 6, Sup. Fig. S10). Of note, the different incubation temperatures were chosen to ensure
comparability with previous reports.3”-38 At 20 wt.-%, the triblock copolymer P_T gels within one hour
(Fig. 6A). Furthermore, P_T displays a most prominent peak at around 32 °Cin the uDSC thermograms
(Fig. 6B), which coincidences with the gel-sol transition and which we previously assigned to the
worm-to-sphere transition. Upon increasing the incubation time at 2 °C, the peak maximum and area

increase, indicating progression or maturation of the worm-formation. Compared to P_T, the gelation
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of the diblock P_D is delayed (Fig. 6A), as is the evolution of the main peak in the uDSC thermograms
(Fig. 6C). Additionally, the maximum of the main peak shifts from 29 °C to 35 °C with increasing
incubation time at 2 °C. For the gradient and the star-like copolymer, the retardation of the gelling
process is even more pronounced (Fig. 6A). Thus, both polymers show no signs of gelation within
3 hours at 5 °C and display a delayed peak evolution in the uDSC thermograms (Fig. 6D-E), i.e., a
retarded worm-like aggregate formation. In addition, the maximum of the peak in the uDSC
thermograms of P_G and P_S is found below 30 °C, indicating a lower temperature barrier for the
dissolution of the worm-like aggregates compared to P_T and P_D. This is consistent with P_G and
P_S gels also showing lower persistence against temperature. Compared to the triblock, the diblock
P_D is expected to result in micellar structures with both larger core and shell, thus affecting the
resulting packing parameter. This, in turn, seems to impede a fast and efficient sphere-to-worm
transition and thus thermogelation. P_S was included in this study due to its higher degree of
preorganization. In particular, we hypothesized that the worm-formation is facilitated for the star-
architecture and may be realized by simple stacking of the polymers. However, our data clearly refute
this assumption. This may be due to a more compact core, i.e., micelles with a smaller hydrophobic

volume fraction, favouring spherical micelles.

Similar to P_T, the coupled pMeOx/pPheOzi-based triblock P_pMeOx gels within an hour (Fig. 6F).
The agreement of the rheology kinetic measurement curves of P_T and P_pMeOx corroborates that
the thermogelation is largely unaffected by the synthesis protocol, i.e., the triazole linker between the
blocks. However, uDSC thermograms indicate the absence of the secondary peak at lower
temperature present for P_T. So far, we were unable to hypothesize on the molecular origin of this
second transition. Hence, at this point it remains unclear how the additional triazole linkers lead to
the diminution of this second peak. Interestingly, for the PEG-based triblock P_PEG the gelation is
much faster compared to the pMeOx-based counterparts. Incubation at 5 °C leads to an immediate

increase in complex viscosity, with the gelation process being completed within 30 minutes. The rapid
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gelation of P_PEG is consistent with the faster attainment of the peak equilibrium in the uDSC
thermograms compared to P_pMeOx (Fig. 6G-H). This indicates that the hydrophilic PEG blocks enable
efficient transition from spherical to worm-like micelles and hence are convenient for the cooling-

induced thermogelation.

Altogether, time-dependent rheology measurements and uDSC data suggest that compared to the
diblock, gradient and star-like copolymer architecture, the triblock structure has the best combination
of packing parameter and macromolecular dynamics to enable efficient rearrangement from spherical
to worm-like micelles and thus fast gelation. In addition, PEG-based hydrophilic blocks seem to be

favourable for the gelation process.
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Figure 6: Kinetics of the sphere-to-worm transition-based thermogelation. A+F Time-dependent rheology measurements
of liquid 20 wt.% aqueous solutions of P_T, P_D, P_G and P_S (A) as well as P_pMeOx and P_PEG (F) measured at 5 °C, 1.0%
strain and an angular frequency of 10 rad/s. Onset of gelation is indicated by increase in complex viscosity. B-E+G+H uDSC
thermograms of aqueous solutions of P_T (B), P_D (C), P_G (D), P_S (E), P_pMeOx (G) and P_PEG (H) incubated at 2 °Cin the
measurement system for different lengths of time (0 min, 10 min, 30 min, 1 hour, 3 hours, 6 hours, 12 hours, 24 hours).
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Conclusions

In this study, we introduced new variants of pPheOzi-based thermogels to address the influence of
the polymer architecture and the hydrophilic blocks. Among the polymers with varying arrangement
of MeOx and PheOzi repeat units, the triblock structure showed superior performance regarding gel
strength and gelation kinetics. This finding can serve as a design criterium for the improvement of
other worm-gels. Apparently, the combination of packing parameter and macromolecular dynamics
of the triblock architecture is favourable for a fast and efficient sphere-to-worm transition-based
thermogelation. In addition, we established a polymer coupling procedure to realize comparable
pMeOx/pPheOzi and PEG/pPheOzi triblock copolymers. The replacement of hydrophilic pMeOx blocks
by PEG accelerated the gelation process, which makes the system more convenient for applications
such as in bioprinting. In addition, the introduction of the PEG/pPheOzi-triblock enables further
studies intended to address the unusual transition in self-assembly. In this respect, the different
nature of PEG and pPheOzi facilitates the analysis for instance due to clearly distinguishable signals of
the blocks in NMR and IR. Beyond that, the introduced coupling procedure is not limited to the two
examples presented in this study. Designing triblock copolymers via polymer coupling can thus allow
to investigate the influence of a variety of hydrophilic blocks, for instance when using block copolymer

micelles for drug delivery.
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- SEC traces, NMR data and MALDI data of synthesized polymers.

- Kinetic investigation of gradient copolymer synthesis.

- Additional rheology data and TEM images.
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