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Responsive polymeric nanoparticles are an exciting field of study,
yet little is known about the temperature sensitivity of those based
on tertiary amine methacrylate block copolymers. This study aims
to address this gap by exploiting the properties of dual-responsive
amphiphilic block copolymers. Here, we investigate the fabrication
of self-assembled polymeric nanoparticles using block copolymers
containing tertiary amine methacrylate building blocks and their
ability to undergo a reversible morphological transformation upon
changes in pH and temperature. Our findings demonstrate the
ability to change the morphology after adjusting temperature, lock
their various intermediate self-assembly structures through cross-
liking, and a combination of analytical tools to validate mor-
phology transition, opening up new options for responsive
nanocarriers.

Polymers that exhibit reversible or irreversible changes in their
physical properties and/or chemical structure in response to
stimuli have been extensively investigated.'” Tertiary amine
polymers are a special class as they respond to various stimuli
which are relevant to the biological environment. Such inter-
esting properties have caused them to be useful in a variety of
fields ranging from drug or gene delivery, and imaging, to
diagnostics and more.®”® Tertiary amine methacrylate poly-
mers typically display pH-responsive characteristics as a result
of the reversible protonation and deprotonation of the tertiary
amines. They may also have temperature-responsive character-
istics, allowing them to alter their solubility when heated or
cooled. Both poly(N,N-dimethylaminoethyl —methacrylate)
(PDMA) and poly(N,N-diethylaminoethyl methacrylate) (PDEA)
exhibit a so-called lower critical solution temperature (LCST)
behaviour, meaning that these polymers phase-separate from
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water at elevated temperatures, while the aqueous solutions
are stable below the LCST.” While responsivity studies of nano-
particles derived from tertiary-amine methacrylate block copoly-
mers mainly focus on their well-known pH-responsivity,” studies
on their temperature-responsive behaviour remain largely unex-
plored as it was only looked into for the isopropyl-derivative.'>"*
In this study, we aimed to produce temperature-sensitive nano-
particles fabricated from tertiary amine-based block copolymers.
They were designed to undergo a reversible temperature-depen-
dent morphological transition described by Thavanesan et al.” An
additional cross-linking was then added to suppress this tran-
sition and to enable precise analysis of these structures (Fig. 1).
Together with a pH switch at lower temperatures, this study was
designed to exploit the dual-responsiveness of PDEA and PDMA
in a single self-assembly system.

To examine this behaviour, an amphiphilic block copoly-
mer (BCP) with the following components was used. The
hydrophilic block consisted of biocompatible poly(ethylene
glycol) (PEG), while the hydrophobic block was a statistical
combination of three components, including the pH and
temperature sensitive PDEA and PDMA together with the
photo cross-linker poly(dimethyl maleic imido butyl methacry-
late) (PDMI). The resulting PEG,5-b-(PDEA;y-s-PDMA,;-s-
PDMI,,) (Fig. 1), previously reported along with similar compo-
sitions by Gumz et al., has been used for nanoparticle for-
mation and labelled as PEG-PDEA-PDMA-PDML">"* The syn-
thesis and characterization of the BCP is described in the
ESI.T The BCP self-assembles into polymeric vesicles (polymer-
somes) and can be cross-linked by UV radiation to enhance
the stability of the membrane and cause a reversible swelling
upon a pH switch. Self-assembly was induced via the pH-
switch method previously reported and described in the
ESLt'»'' The pH switch point is defined by the alkyl chain
conjugated to the tertiary amine, which influences the pK, of
the polymers. PDMAEMA and PDEAEMA homopolymers have
pK, values of 7.0-7.5 and 7.2-7.4, respectively.®

The self-assembly of the BCP produced polymersomes with
an average hydrodynamic diameter of 40 nm was followed
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Fig. 1 Simplified schematic of pH-and temperature-responsive behaviour of self-assembled block copolymers (BCP) into polymersomes and their
cross-linking or transformation to micelles at low temperatures and cross-linking of the formed structure.

using Dynamic Light Scattering (DLS) at pH 9 and 20 °C
(Fig. S14t1). When cross-linking was required, the polymer-
somes were subsequently exposed for 60 s to UV radiation, fol-
lowing an established protocol.> The typical vesicular mor-
phology was confirmed through cryo-TEM and sizes were con-
firmed (Fig. 2A). The pH-responsive behaviour of cross-linked
and uncross-linked polymersomes was investigated by a series
of pH-switches between acidic (pH 4) and basic conditions
(pH 9) at a constant temperature (20 °C). Upon adjusting
the solution pH, the cross-linked polymersomes were able to
undergo reversible swelling and shrinking (Fig. SI5%)
whereas uncross-linked polymersomes disassembled upon
acidification.

Asymmetrical Flow Field Flow Fractionation (AF4) coupled
to a multi-angle and a quasi-elastic light scattering detector
(MALS and QELS, also known as DLS) is a cutting-edge
method for the investigation of structural parameters of larger
particles and offers information on the shape and confor-
mation of the structures under investigation well-established
for polymersomes.">'®'” The cross-linked polymersomes were
analyzed by AF4 (Fig. SI14f). The shift of the fractogram to
higher elution times at low pH conditions corresponds to an
increased polymersome size as a result of the swelling and is
consistent with previously reported DLS data.'®'® A second
population develops under acidic conditions. This is most
likely related to non-assembled BCP."> The absence of this
signal at high pH conditions could be explained by the self-
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Fig. 2 (A) Cryo-TEM image of cross-linked polymersomes confirming
broad size distributions as observed with DLS. (B) Volume size distri-
bution of non-cross-linked polymersomes at 20 °C and 40 °C (pH 9)
determined by DLS, displaying no responsivity toward elevated tempera-
tures. (C) Volume size distribution of non-cross-linked polymersomes at
20 °C and 3 °C, displaying responsivity toward low temperatures by
undergoing a change in size toward smaller sizes.

assembly process. Free polymer chains remain encapsulated in
the developing polymersome or polymersome membrane
during self-assembly (high pH) and are released after swelling
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(low pH). The observed molar mass (M,,) supports this expla-
nation. Polymersomes in the swollen state have a slightly lower
M,, than those in the shrunken state, also suggesting that
material has been lost. Swollen polymersomes also have a
lower apparent density than shrunken polymersomes
(Fig. SI14Dt). Two aspects are looked at as an explanation: (I)
an increased radius of gyration (R,) owing to swelling and (II) a
lower M,, due to a loss of material or uncross-linked BCPs that
“leak”. The polymersome conformation plot in Fig. SI14Ct at
pH 8.5 and pH 5, indicate two different species in the low and
high M, region. For pH 8.5, a more compact spherical confor-
mation is observed in the low M,, region (lower slope), whereas
less compact polymersomes are seen in the high M,, region (v
= 0.48, close to 0.33 for a hard sphere conformation).'>*° The
ratio Ry/R;, describes the shape of particles and is called the
shape factor. Ry/Ry, is close to 1, in the molar mass region for
the main polymersome fraction, which is common for hollow
spheres (Table SI31)."%'®

Slight changes of the membrane are observed at the
different pH conditions. At pH 5, the low M, region has a
slightly greater slope than the slope at higher M,, which shows
that polymersomes are keeping a spherical conformation after
swelling with minor difference in the scaling parameter (v =
0.43 at pH 5 respectively) as shown in Fig. S114C.7}

The temperature-responsive behaviour of cross-linked and
uncross-linked polymersomes was investigated through DLS by
varying the solution temperature between 20 °C and 40 °C
while maintaining a constant pH = 9. In all cases, no changes
were observed when the temperature was increased (Fig. 2B).
Control experiments with PEG-PDEA-PDMI (Fig. SI9f) and
PEG-PDEA (Fig. SI111) also showed no size response upon
heating in the same range. The investigation was continued at
low temperatures, varying the temperature between 20 °C and
5 °C while maintaining a constant pH. For uncross-linked
polymersomes, the appearance of an additional signal is
observed giving the indication that there exist additional
smaller structures when the temperature decreases (Fig. SI8T).
This particular sample was kept at 3 °C for 48 h leading to a
change in the size distribution, which revealed that the poly-
mersomes underwent a significant size decrease going from a
hydrodynamic diameter of 40 nm to 17 nm (Fig. 2C).

This temperature-dependent transition is proposed to be a
morphological transition. This size change was due to PDMA
as cooling PEG-PDEA-PDMI lead to no change in size
(Fig. SI10%). The shape-shifting behavior observed for some
aqueous dispersions of temperature-responsive diblock copoly-
mer nanostructures is the consequence of a subtle change in
the relative degree of hydration of the hydrophobic block.
Surface plasticization of the insoluble structure-directing block
causes a slight adjustment in the packing parameter, resulting
in a morphological transition from small polymersomes to
smaller structures, possibly micelles.>! Cross-linking prevented
this transition as no changes were observed, again demonstrat-
ing the stability that can be introduced by cross-linking
(Fig. S171). To examine the unknown smaller structure, a solu-
tion of uncross-linked polymersome was stored under the
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same conditions that caused the size decrease. In order to
keep the formed structure, the solution was then immediately
cross-linked and subjected to a temperature study. Cross-
linking succeeded to prevent the structures from reverting to
their initial size, again stabilizing the self-assembled structure
at low temperature present before cross-linking. This allowed
for the structures to be analyzed by cryo-TEM (Fig. 3A). The
polymersome structure was not visible anymore but spherical
morphologies, most likely micelles or polymer agglomerates,
were recognized. It should be mentioned that some formations
had uneven edges, while others strayed from a spherical
shape. Nonetheless, it served as proof that a morphological
transition occurred.

The unknown morphology of PEG-PDEA-PDMA-PDMI was
then analyzed by AF4 (Fig. 4). Interestingly, the size of these
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Fig. 3 (A) Cryo-TEM images of the cross-linked structure, revealing
spherical morphologies. Confirms that polymersomes underwent a

morphological transition. (B) Volume size distribution of cross-linked
micelle structure showing a decrease in size upon acidification.
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Fig. 4 pH-dependent structural parameters determined by AF4 of
cross-linked micelle structure at basic (pH 8.5, blue) and acidic (pH 5,
red) conditions. (A) AF4 fractograms of micelle structure displaying static
light scattering (solid) and refractive index detector signals (dashed). (B)
Static light scattering signal and molar mass (M,,) distribution versus
elution time. (C) Conformation plot, M,, vs. radius (Rg). (D) Apparent
density is calculated according to M,, and Ry assuming a spherical
shape. Conditions: cgcp = 1.0 mg mL™%, 10 mM NaCl.
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structures shrunk as the environment became more acidic as
demonstrated in the DLS plots (Fig. 3B). At both pH con-
ditions, R,/R;, is between that of a hard and a hollow sphere
(0.7 < Ry/Ry, < 1.0) indicating a compact shape (Table SI47).'***
Yet, the scaling parameter v is rather large (0.67-1.01) corres-
ponding to a conformation between that of a random coil and
a stiff, rod-like conformation (Fig. 4C).>* The shape is depen-
dent on the solution pH as can be seen by the difference
between the scaling parameters. It is still unclear what leads to
the high scaling parameter under these conditions or why the
shape is affected by the solution pH. This contrary behavior to
polymersomes 20 °C indicated that the micelles did not swell
upon acidification, but that the loss of material became the
dominating factor. This hypothesis is supported by the devel-
opment of a second population under acidic conditions, com-
parable to that of polymersomes. This was consistent with the
observed non-assembled BCP, as discussed for the swelling of
the polymersomes. Given that these structures do not swell
(neither a change toward longer elution times in AF4 nor a
change toward larger diameters in DLS under acidic con-
ditions was observed), it seems unlikely that free BCP chains
become trapped in the core of the developing structure and
are released when exposed to acidic conditions. However, a
loss of material at acidic conditions is supported as indicated
by the decreased apparent density and decreased M,. One
possibility is that free BCPs adhere to the surface and are
released with acidification. This phenomenon is likely to
explain both, the less homogeneous shape and uneven
surface, as well as why the hydrodynamic size decreases at
acidic conditions.

Conclusions

In summary, PEG-PDEA-PDMA-PDMI nanoparticles exhibit a
pronounced temperature-dependent shape-shifting behavior at
low temperatures. The pH-switch approach was used to fabri-
cate these nanoparticles in water. These could be cross-linked
after which they undergo reversible swelling and shrinking
upon adjusting the solution pH. When adjusting the solution
temperature, these nanoparticles undergo a reversible mor-
phological shift from membrane (polymersomes) to micelles.
Cross-linking enabled the suppression of this transition and
in-depth characterization of the different shapes using multi-
detection AF4, DLS and cryo-TEM.
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