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Degradable Ureido-Polycarbonate Block Copolymers with a

Complex UCST Thermoresponse

Javier Martin-Martin, Miriam Abad, Xabier Lopez de Pariza, Tiberio A. Ezquerra,
Aurora Nogales, Haritz Sardon, Victor Sebastidn, Luis Oriol, and Milagros Pifiol*

In this work, amphiphilic block copolymers (BCs) consisting of a hydrophilic
poly(ethylene glycol) methyl ether (PEG) and a degradable polycarbonate block
derived from 2,2-bis(hydroxymethyl)propionic acid (bis-MPA) with pendant
ureido units, along with corresponding homopolycarbonates are described.
Polymers are synthesized by combining ring opening polymerization (ROP)
and thiol-enefyne functionalization to incorporate UCST-promoting ureido
groups. For homopolycarbonates, increasing the ureido groups density along
the polymer chain facilitates the upper critical solution temperature
(UCST)-type thermoresponse in water. Because of their amphiphilic character,
BCs form stable self-assemblies either by direct dispersion in water, co-solvent
method or microfluidics. Upon heating, these self-assemblies swell, and
collapse due to extensive hydration of the polycarbonate block, rather than
becoming solubilized. Thermoresponsiveness is analyzed in terms of the
number of ureido groups in the polycarbonate for a given polycarbonate block
length as well as the length of polycarbonate block. As a proof of concept, the
potential of these self-assemblies as thermoresponsive drug nanocarriers is
evaluated, using curcumin as a hydrophobic model drug.

1. Introduction

small variations of temperature. These
polymers can be classified in two categories
according to their temperature-dependent
solubility. The first category includes the
most widespread type, which exhibits a
lower critical solution temperature (LCST).
They are soluble below a certain temper-
ature, commonly known as cloud point
(T,), but insoluble above it. The second
category encompasses the less common
polymers exhibiting an upper critical so-
lution temperature (UCST), which display
the opposite behavior, being insoluble
below T, and soluble above it."*I In the
last decade, great attention has been given
to the development of new UCST polymers
usually based on ionic polymers such as
polyzwitterionic (polysulfobetaines)® and
polyelectrolytes.]  Non-ionic  polymers
such as poly(N-acryloylglycinamide),®!
poly(acrylamide-co-acrylonitrile),°] and
polymers bearing ureido groups!”! have also
been described, in which phase separation
mainly results from reversible intra and

inter-chain hydrogen bonding interactions. Since the T_ of non-

<p

ionic polymers is less sensitive to changes in physiological media,

Thermoresponsive polymers in water suffer changes in their

physical and/or chemical properties, such as solubility, due to  cations.

they are more suitable and reliable for certain biomedical appli-
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Temperature-responsive amphiphilic block copolymers (BCs)
exhibiting UCST behavior have been envisioned as a promis-
ing alternative for the development of smart drug nanocarri-
ers. In particular, when consisting of a permanent hydrophilic
block linked to a UCST block, they can spontaneously self-
assemble in water below the T, enabling drug encapsu-
lation. Upon heating above the T, these drug-loaded self-
assemblies may dissociate and dissolve, resulting in the release
of the drug.l®-'% However, some examples have been described
where UCST self-assemblies exhibit more complex thermore-
sponsive behavior, including changes in the morphology,!1112]
swelling!3! or fusion!'*13] prior to their solubilization. In this
way, Deane et al. reported on PEG-b-poly(hydroxybutyl acrylate)
amphiphilic BCs, which underwent changes from micelles-to-
worms-to-vesicles morphologies due to the progressive partial
hydration of the hydrophobic block, though solubilization was
not achieved."?! Still, Augé et al. described micelles from triblock
copolymers with hydrophilic poly(N,N-dimethylacrylamide) ter-
minal blocks and a UCST poly(acrylamide-co-acrylonitrile) cen-
tral block, which swell due to a hydration process and behave
like nanogels before dissolving with increasing temperature.['3]
However, self-assemblies may not swell due to water uptake
but instead aggregate into clusters before solubilizing dur-
ing the heating process. This is the case for micelles and
worms self-assembled from poly(N,N-dimethylacrylamide)-b-
poly(N-cyanomethylacrylamide), which form fibers upon heating
to 70 °C that precipitate before solubilizing at 90 °C.[*] Also,
Baddam et al. reported the coalescence of UCST micelles into
large and loose particles prior to their solubilization at higher
temperatures.!1]

Most reported UCST amphiphilic BCs rely on vinylic or
(meth)acrylate polymers, which are non-biodegradable being less
suitable for biomedical applications. Therefore, access to degrad-
able UCST-based nanocarriers is highly desirable. To the best of
our knowledge, only degradable BCs based on polypeptides,*”]
polyesters!'®1] and poly(phosphonate)s!?’! with UCST proper-
ties have been described to date. Aliphatic polycarbonates are
polymers whose main chain degrades into small hydroxyl com-
pounds and carbon dioxide due to the hydrolysis of the carbonate
groups. These degradation products are featured by being non-
acid, in contrast to those generated in the degradation of aliphatic
polyesters, resulting in a reduction of any inflammatory and im-
mune response, when they are used in a biological medium.[?!-?2]
Despite this advantage, only a UCST methacrylamide polymer
with carbonate linkages in the side chain has been described
up to now. However, after the hydrolysis of carbonate groups,
the polymethacrylamide scaffold remained intact due to its lack
of degradability.[?*] Therefore, UCST polycarbonates where the
main chain is degradable and disintegrated into small molecules
have not been described so far.

In this context, the main aim of this work was to develop
non-ionic UCST degradable polycarbonates and temperature re-
sponsive BC nanoparticles comprising the polycarbonate block
and PEG as hydrophilic block. Therefore, the synthesis of am-
phiphilic BCs featuring a PEG block (degree of polymerization,
DP, approx. 45 and number molar mass, M,, approx. 2000 g
mol~') and a polycarbonate block was targeted. PEG was selected
due to its solubility in water below 100 °C and its common use in
stabilizing amphiphilic self-assembled structures in water. The
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thermosensitive block was a neutral aliphatic polycarbonate with
ureido side groups whose UCST behavior in water stems from
intra- and intermolecular hydrogen bonding.

In polymers, thermoresponse requires functional macro-
molecules with precisely defined composition, dispersity, molec-
ular mass, and terminal groups to guarantee reliable self-
assembling properties at the nanoscale but also changes in sol-
ubility within well-defined intervals. Thus, a synthetic strategy
combining a controlled ring opening polymerization (ROP) and
post-polymerization functionalization by thiol-ene/yne chem-
istry was devised. Two polymer series were synthesized using
2,2-bis(hydroxymethyl)propionic acid (bis-MPA) derived cyclic
carbonate monomers 5-methyl-5-allyloxycarbonyl-1,3-dioxan-2-
one (MAC) and 5-methyl-5-propargyloxycarbonyl-1,3-dioxan-2-
one (MPC) (Figure 1). This approach has proven effective for the
incorporation of either one or two UCST-promoter ureido groups
per repeating unit within the polycarbonate block, offering a ver-
satile method to modulate the thermoresponsiveness.

2. Results and Discussion

2.1. Synthesis and Characterization of Ureido-Functionalized
Polymers

First, homopolycarbonates and the corresponding amphiphilic
BC precursors with either allyl or propargyl side groups were
obtained by ROP of MAC and MPC,[?* using either ben-
zyl alcohol or PEG with a M, ~ 2000 g mol™!' (average
DP = 45) as initiators (Figure 1). ROP was performed in
dichloromethane (DCM) at 35 °C using the organocatalytic
system of 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) and 1-(3,5-
bis(trifluoromethyl)-phenyl)-3-cyclohexylthiourea (TU), which
has previously described to provide good control and fast poly-
merization rates for these specific cyclic monomers.?52¢] The
degree of polymerization (DP™°) of homopolycarbonates and
polycarbonate blocks was initially set at 25. Besides, DP™ of
55, and 105 were also targeted for PEG;-b-P(MPC),. The ROP
was stopped after 2-3 h when reaching approx. 80% conversion
in order to avoid side-reactions that can take place at higher
conversions.?®! Due to the challenge in extending the polycar-
bonate chain length beyond DP = 25 using Schlenk techniques,
the ROP of BCs with polycarbonate blocks of DP &~ 50 and 90
was conducted in a glovebox, where superior inert and dry con-
ditions could be maintained. The control of the polymerization
and the absence of side-reactions was verified by 'H NMR, and
the monomodal mass distributions and low dispersities found
by size exclusion chromatography (SEC) analysis, and MALDI-
TOF mass spectrometry. The DP and M, were determined by
end-group analysis using '"H NMR. Both DP"MR and M, "MR were
consistent with the values obtained from SEC, considering that
poly(methyl methacrylate) (PMMA) was used as the calibration
standard. Relevant information is gathered in Table 1 (Figures
S16-S20, Supporting Information).

Ureido polymers were synthesized by UV initiated thiol-
ene or thiol-yne reactions using 1-(2-mercaptoethyljurea
(U-SH) (Figure 1). The reaction was carried out in N,N-
dimethylformamide (DMF) using the photoinitiator, 2,2-
dimethoxy-2-phenyl acetophenone (DMPA) and an excess of
thiol under exposure to 365 nm light. The reaction was monitored
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Figure 1. Synthesis of homopolycarbonates and amphiphilic BCs.

by 'H NMR until completion, within the limits of the technique.
The functionalization of polymers from the MAC series was
monitored by the disappearance of signals corresponding to
vinyl protons and appearance of new methylenic proton signals.
Accordingly, for MPC series, the resonance corresponding to
methylenic protons of propargyl group shifted upfield. Addition-
ally, the functionalization of MPC series was assessed by FTIR
spectroscopy following the disappearance of the terminal alkyne
vibration band (C=CH* at 2123 cm™!) and the emergence of new
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bands corresponding to the ureido group (Figures S21 and S22,
Supporting Information). Full experimental details are given in
Supporting Information

The thermal properties of ureido polymers in bulk were
evaluated by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) (Table S2 and Figure S23, Sup-
porting Information). Ureido polymers exhibited good thermal
stability under nitrogen atmosphere with decomposition temper-
atures leading to significant mass loss at approx. 190 °C. Thermal
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Table 1. Composition and molar masses of the precursor polymers with
ally or propargyl side groups prepared by ROP.

Polymer Dptheo a) DPNMR b) M"NMR [g mo|—'|] Q) M”SEC [g mo|—'|] d) ) d)
P(MAC),; 25 23 4712 7790 112
P(MPC),, 25 22 4468 7504 112
PEG,s-b-P(MAC),, 25 2 6418 10582 112
PEG,s-b-P(MPC),; 25 23 6572 10 900 1.4
PEG,-b-P(MPC),s 55 46 11130 14362 1.10
PEG,5-b-P(MPC)gg 105 98 21435 23 046 AN

?) Theoretical DP of the polycarbonate determined from the [monomer],/[I], ratio at
100% conversion; Y bp determined by "H NMR; 9 Number molar mass calculated
from DPNMR For BCs, M, NMR was calculated as the sum of M,, of PEG block (assum-
ing DP = 45 for PEG,5-OH) and M, NMR of polycarbonate block; 9 M,, and dispersity
(D) determined by SEC in THF (1 mL min~") using PMMA calibration standards and
an evaporative light scattering detector.

transitions were studied by DSC. Once removing the previous
thermal history, both homopolycarbonates were identified as
amorphous polymers. P(MACU),; showed a glass transition
temperature (T,) at 17 °C, whereas P(MPCU),, exhibited a
higher T, ~#40 °C. Regarding the BCs, PEG,;-b-P(MACU),, was
obtained as a viscous oil with a sub-ambient glass transition at
-8 °C and traces of crystallinity corresponding to PEG segment
were not detected. This single recorded T, was significantly lower
than that of P(MACU),; homopolycarbonate, suggesting (at least
partial) miscibility of the blocks in the bulk. Polymers of the MPC
series were also found to be amorphous with a single T,. For
PEG,;-b-P(MPCU),;, T, was 21 °C, significantly lower than that
of P(MPCU),,, indicating again miscibility of the blocks. As the
length of the polycarbonate increased, from PEG,;-b-P(MPCU),,
and PEGs-b-P(MPCU)yg, a similar behavior was observed with
the T, increasing to 33 and 40 °C, respectively, according to the

g
expected behavior for moderate DPs.

2.2. Self-Assembly Properties of BCs

Self-assembly of amphiphilic BCs in water involves both thermo-
dynamic and kinetic factors, meaning that the resulting morphol-
ogy can vary depending on the preparation conditions. Therefore,
methods such as direct dispersion, co-solvent approach and mi-
crofluidics, were employed to prepare self-assemblies in water.
The self-assembled structures were analyzed by combining trans-
mission electron microscopy (TEM) to examine the morphology,
and dynamic light scattering (DLS), for determining the particle
size and distribution (Figure 2).

PEG,s-b-P(MACU),, and PEG,;-b-P(MPCU),, were first self-
assembled by direct dispersion in Milli-Q water. This technique,
well-suited for BCs with moderate hydrophobicity, stands out for
its simplicity and efficiency as polymer is dispersed directly in wa-
ter, avoiding organic solvents that can be detrimental in biomed-
ical applications.!?’”] Therefore, self-assemblies dispersions were
prepared by suspending the polymer in Milli-Q water and stir-
ring it in an ultrasonic bath for 10 min at room temperature (rt).
Small micelles were observed by TEM having diameters of 12 + 4
and 15 + 4 nm for PEG 5-b-P(MACU),, and PEG s-b-P(MPCU),;,
respectively (Figure 2a). By DLS analysis, average hydrodynamic
diameter (D,) of approx. 15 nm were determined on the num-
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ber size distribution (Figure 2b). Intensity size distribution plots
also revealed a few amount of micellar aggregates (Figure S24a,
Supporting Information).[2-%]

Self-assembly of BCs having longer polycarbonate chains,
PEG5-b-P(MPCU),, and PEG,;-b-P(MPCU),g, was not possi-
ble by direct dispersion in water, likely due to their higher
hydrophobic-to-hydrophilic ratio. Therefore, nanoprecipitation
using co-solvent technique was employed using dimethylsulfox-
ide (DMSO) as good solvent for both blocks, and water as selec-
tive solvent (Figure S25a, Supporting Information). This method-
ology usually results in better control over the self-assembly pro-
cess and morphologies compared to direct dispersion in water.!*!
The critical aggregation concentration (CAC) of the BCs was de-
termined by fluorescence spectroscopy employing Nile Red as
a polarity sensitive probe to estimate the thermodynamic stabil-
ity of the self-assemblies (Figure S25b, Supporting Information).
Typically, the CAC decreases if the hydrophobic-to-hydrophilic
block length ratio increases. Longer hydrophobic polymer blocks
confer greater thermodynamic stability because enhanced hy-
drophobic interactions favor cohesion and the formation of mi-
cellar cores at lower polymer concentrations.l>!l Therefore, as
expected, CAC of PEG,;-b-P(MPCU), self-assemblies decreased
while increasing the length (n) of the polycarbonate block from
54 ug mL~! for n=23,t0 45 pg mL! for n =46 and 42 pg mL~! for
n = 98. When PEG,;-b-P(MACU),, was compared with PEG -b-
P(MPCU),;, both having similar polycarbonate length, the CAC
of PEG,5-b-P(MACU),,, with a lower ureido content, was 37 ug
mL~!. This trend might be somehow unexpected because the in-
corporation of hydrogen bonding in a core-forming hydrophobic
block has typically been described to improve micelle stabiliza-
tion. Thus, the observed increase in CAC should be more likely
due to differences in hydrophobicity. The calculated log P pa-
rameter was used to estimate the hydrophobicity of the repeating
units.”32] Log P calculated for repeating unit of MACU (+0.23)
and MPCU (-0.63) confirmed that the incorporation of two ure-
ido groups significantly decreases hydrophobicity, and this reduc-
tion can explain the decrease in thermodynamic stability of mi-
celles composed of MPC polymers.

PEG,;-b-P(MACU),, and PEG,-b-P(MPCU),; dispersions
were transparent and comprised stable spherical micelles of
similar sizes to those prepared directly in water (Figure 2a,c;
Figure S24Db, Supporting Information). According to TEM im-
ages, spherical micelles with average diameters of approx. 14 nm
were observed and exhibited similar D, values by DLS (15 and
11 nm). By increasing the length of the hydrophobic polycarbon-
ate block in PEG,s-b-P(MPCU), series, the visual appearance of
the dispersions changed from transparent to cloudy. TEM anal-
ysis revealed that this change was due to a transition in self-
assembly morphology, involving a progressive evolution from
micelles-to-worms-to-vesicles (Figure 2a). Therefore, TEM char-
acterization of PEG,;-b-P(MPCU),, revealed the coexistence of
larger spheres with an average diameter of 40 + 16 nm along-
side a small population of cylindrical micelles (cross-sectional di-
ameter of 34 + 15 nm). For PEG,;-b-P(MPCU),, a predominant
population of deflated vesicles was observed, some of which ap-
peared to be interconnected by worms. Additionally, DLS analy-
sis indicated a significant increase in size, although it has to be
noted that the apparent D, might not be representative for non-
spherical morphologies (Figure 2c). Furthermore, after dialysis
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Figure 2. a) TEM images (samples stained with uranyl acetate) and DLS number size distributions at 25 °C of self-assemblies prepared by b) direct
dispersion, c) co-solvent method and d) microfluidics. Samples were prepared at 1.0 mg mL~" polymer concentration in water.

of PEG,5-b-P(MPCU),, dispersion, a small portion of precipitate
appeared due to a possible sedimentation of the larger polymeric
aggregates.

Self-assembly of PEG,-b-P(MPCU), polymers was also
conducted by microfluidics. This technology offers notable
advantages over conventional batch methods such as high re-
producibility and scalability of the production of self-assemblies.
Polymer nanostructures with well-defined characteristics such
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as controlled size, narrow size distribution, and controlled mor-
phology can be fabricated by adjusting different parameters such
as flow rate, aqueous/organic solution phase ratios, polymer
concentration or temperature.[**34! In this study, self-assembly
via microfluidics was conducted by mixing a 5.0 mg mL™! poly-
meric solution in DMSO with Milli-Q water in a commercial slit
interdigital microstructured mixer.**] Both solutions were fed
in continuous and non-pulsed flow into the micromixer using
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two syringe pumps. The self-assemblies were generated using
an aqueous/organic phase ratio of 4:1 and a residence time of
48 ms (10 mL min~' flow rate). This specific aqueous/organic
solution ratio was chosen because self-assembly was previously
observed with this ratio using the co-solvent method. The resi-
dence time was determined to be appropriate based on previous
research.3®l When comparing PEG,5-b-P(MPCU),, dispersions,
no significant differences either in morphology or size were
observed between the microfluidic and co-solvent methods
(Figure 2). In contrast, the dispersions of PEG,-b-P(MPCU),,
and PEG-b-P(MPCU)yg were turbid, but to a lesser extent
than those obtained by the co-solvent method. Furthermore,
no precipitate formation was observed for PEG,;-b-P(MPCU)y,
self-assemblies. Unlike the self-assemblies produced by the
co-solvent method, only homogeneous stable spherical nanos-
tructures with a diameter of 28 + 11 nm for PEG,5-b-P(MPCU),,
and 65 + 25 nm for PEG,;-b-P(MPCU),, were detected in
TEM images (Figure 2a). Using this processing methodology,
the transition to non-spherical morphologies when increases
the length of the polycarbonate block was not observed. The
D, of PEG,s-b-P(MPCU),, and PEGs-b-P(MPCU),; measured
from the DLS number size distributions were 34 + 8 and
26 + 7 nm, respectively (Figure 2d; Figure S24c, Supporting
Information).

2.3. Thermal Behavior of P(MACU),; and P(MPCU),,
Homopolycarbonates in Water

Although homopolycarbonates do not form self-assemblies, poly-
mer dispersions were prepared by dissolving the polymer in
DMSO and gradual addition of water, followed by dialysis against
Milli-Q water. This alternative was preferred over direct disper-
sion in hot water because it allows for homogeneous disper-
sions of fine particles while avoiding prolonged exposure to high
temperatures, which could lead to polymer degradation (see be-
low). The thermoresponse of P(MACU),; and P(MPCU),, dis-
persions was evaluated by turbidimetry. Transmittance curves at
650 nm were recorded upon three consecutive heating/cooling
scans from 20 to 90 °C at a scanning rate of 1.0 °C min~!. Visual
inspection and transmission plots of the P(MACU),; sample, reg-
istered at different polymer concentrations from 0.1 to 1.0 mg
mL~!, indicated that this polymer did not dissolve when the dis-
persion was heated (Figures S26a—c, Supporting Information).
Conversely, a preliminary visual assessment of the P(MPCU),,
suspension in water at 0.3 mg mL™! indicated that the poly-
mer solubility increased upon heating. Upon cooling to rt, the
dispersion became cloudier. Transmittance curves recorded at
0.3 mg mL~! were consistent with visual inspection (Figure 3a).
During heating, an increase in the optical transmittance above
60 °C was associated with progressive polymer solubilization,
which is indicative of UCST behavior. However, the polymer
was not fully solubilized at 90 °C. This behavior was reversible
upon cooling, showing some hysteresis, which is common when
the responsiveness of UCST polymers is driven by hydrogen
bonds within polymer chains. Transmittance changes as a func-
tion of temperature were also measured at different concentra-
tions, i.e., 0.1 and 1.0 mg mL~" (Figures S26d,e, Supporting In-
formation). Higher temperatures were needed to solubilize the
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polymer as the concentration increased, characteristic of typical
UCST behavior.***’l Differences in thermal response between
P(MPCU),, and P(MACU),; may be attributed to a reduction in
the hydrophobicity of the polymer when the number of ureido
groups per repeating unit increases, as deduced from the com-
parisons of log P (see above). The decrease of hydrophobicity is
expected to facilitate the solubilization of the polymer upon heat-
ing.

When the reproducibility of the P(MPCU),, thermoresponse
was examined along three subsequent heating/cooling cycles, a
notable decrease in temperature transition was observed with a
simultaneous increase in transmittance at the maximum regis-
tered temperature (90 °C) (Figure 3a; Figure S26d,e, Supporting
Information). This performance was likely attributed to the hy-
drolysis of carbonate groups,?] which might have resulted in
the polycarbonate degradation, generating shorter chains of im-
proved solubility in water and thus lowering the T,. Therefore,
'H NMR was employed to evaluate the stability of the polycar-
bonate in water (Figure 3b). P(MPCU),, was incubated at 80 °C
in water (1.0 mg mL™") for different time intervals, after which
the samples were freeze-dried and the resulting solids dissolved
in DMSO-d, for 'TH NMR study. Hydrolytic cleavage of the car-
bonate groups of the polymeric main chain can generate differ-
ent degradation compounds such as monohydroxy- or dihydroxy-
terminated oligomers and the bis-MPA-U 1,3-diol (Figure 3c) as
major products. The bis-MPA-U diol was synthesized as a ref-
erence to identify the 'H NMR signals. Upon heating for more
than 1 h, the 'H NMR polymer signals became sharper and bet-
ter resolved as expected if the macromolecule is hydrolyzed into
smaller fragments with increased mobility. This fragmentation
was supported by the increase of the relative integration of hy-
droxyl and methyl signals corresponding to the terminal units
of polycarbonate main chain at 1.11 and 5.11 ppm (labeled as d’
and e). Besides, new signals corresponding to the bis-MPA-U at
4.71 ppm (labelled as ¢’), 3.43 ppm (labeled as ¢”) and 1.06 ppm
(labelled as d”) appeared and increased over time as result of pro-
gressive degradation of carbonate groups connecting repeating
units.

2.4. Thermal Behavior of BC Self-Assemblies in Water

Despite the high UCST temperature of the homopolycarbonates,
amphiphilic BC self-assemblies were investigated as the increase
of hydrophilicity produced by the PEG block is expected to cause
a decrease in the T, of the polycarbonate block.***! The ther-
moresponse of PEG,s-b-P(MACU),, and PEG,;-b-P(MPCU),,
micelles was evaluated using samples prepared by direct disper-
sion in Milli-Q water at a 5.0 mg mL™" polymer concentration
by turbidimetry and DLS. At rt, both PEG,5-b-P(MACU),, and
PEG,5-b-P(MPCU),; samples were transparent to the naked
eye. The high initial transmittance of PEG,-b-P(MACU),,
dispersion slightly decreased at 45 °C upon heating, correlating
with growth in size from 14 nm at 20 °C to approx. 65 nm
above 45 °C, as determined by DLS (Figure 4a,b). On cooling,
the thermoresponsive behavior was reversible (only a small
hysteresis was observed). Besides, a second small jump was
observed at 55 °C on the transmittance curve. On consecutive
heating-cooling cycles a similar behavior was observed although

© 2025 Wiley-VCH GmbH
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Figure 3. a) Temperature-dependent transmittance curves of P(MPCU),, in water (0.3 mg mL™") upon repeated heating (solid line) and cooling (dashed
line) at 1.0 °C min~". Inserted photographs of P(MPCU),, at 20 and 80 °C. b) "H NMR (400 MHz, DMSO-d;) spectra of freeze-dried P(MPCU),, samples
after heating at 80 °C in Milli-Q water for different time periods ("H NMR of bis-MPA-U is included as reference). c) Main expected degradation products

generated by carbonate hydrolysis of P(MPCU),,

transition temperatures were slightly downshifted probably due
to partial hydrolysis (Figure S27a, Supporting Information).
PEG 5-b-P(MPCU),, dispersion exhibited a more significant
drop in transmittance upon heating, at a higher temperature,
~60 °C (Figure 4a). This decline in transmittance correlated
with a significant increase in the apparent diameter of the
self-assemblies, which progressively grew to approx. 145 nm
at 80 °C, according to DLS number signal, accompanied by
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a remarkable broad size distribution (Figure 4c). On cooling,
changes were reversible with a significant hysteresis of approx.
20 °C, which could be attributed to the higher number of hydro-
gen bonds resulting from the greater amount of ureido groups
when compared to PEG,;-b-P(MACU),,. The transmittance
curves were reproducible upon consecutive heating/cooling
scans considering the possibility of partial hydrolysis of the
polycarbonate chain (Figure S27b, Supporting information).
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Figure 4. Temperature-dependent a) transmittance (650 nm) curves and, b,c) DLS number size distributions of PEG,s-b-P(MACU),, and PEG,s-b-
P(MPCU),; at 5.0 mg mL™! concentration in water upon heating (solid line) and cooling (dashed line). d) SAXS patterns and e) Guinier plot for
PEG,5-b-P(MPCU),; at 1.0 mg mL™" polymer concentration recorded on heating between 20 and 80 °C. f) TEM images of PEG,s-b-P(MACU),, and
PEG5-b-P(MPCU),; dispersions at 70 °C (stained with phosphotungstic acid). All samples were prepared by direct dispersion in water.

Interestingly, upon cooling from 80 °C, the average number size
estimated from the broad DLS signals initially increased but
then progressively decreased, ultimately returning to the initial
average number size and dispersity values when samples were
cooled below the transition temperature, ~40 °C (Figure 4c;
Figure S27c, Supporting Information).

The influence of polymer concentration in the thermore-
sponse was also evaluated at 1.0 and 10.0 mg mL~! (Figure S28,
Supporting Information). At 10.0 mg mL™!, PEG,s-b-P(MACU),,
showed similar temperature-induced changes to 5.0 mg mL™!,
with the main difference being a more pronounced variation
in transmittance. When reducing the polymer concentration to
1.0 mg mL™!, transmittance changes were hardly detectable.
Nevertheless, a clear increase in size was observed by DLS,
reaching comparable values across different concentrations, al-
though the transition was broader, occurring between 40 and
50 °C. Again, for PEG,;-b-P(MPCU),,, the turbidity and size
evolution at 10.0 mg mL~" appeared similar to that described
for 5.0 mg mL™!. However, for the lower polymer concentra-
tion (1.0 mg mL™!), temperature-dependent transmittance curves
showed some evident differences. Upon heating, only a small
change in transmittance was observed. Thereby, a slight decrease
in transmittance at ~65 °C was registered (even with a partial
recovery of transmittance). However, the temperature evolution
of average number D, plot showed a progressive increase in the
micellar size from 45 to 80 °C. On cooling, changes were more
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dramatic. In the temperature range from 80 to approx. 45 °C,
turbidity gradually increased along with an increase in D,. Upon
further cooling, in the temperature range from 45 to 20 °C, tur-
bidity and micellar size sharply decreased, and the initial values
were almost fully recovered at 35 °C.

The thermal behavior was also investigated in PBS as a rel-
evant physiological medium (pH 7.4) at 5.0 mg mL™! polymer
concentration. Upon heating, a decrease in the transmittance of
PEG,5-b-P(MACU),, and PEG;-b-P(MPCU),, dispersions were
registered at 35 and 15 °C, respectively (Figure S29 and Video S1,
Supporting Information). The thermoresponse was reversible on
cooling and reproducible during several heating/cooling cycles.
Thus, the phase transition in PBS occurred at lower temperatures
compared to water, with this effect being significantly more pro-
nounced in the case of the PEG,;-b-P(MPCU),; copolymer.

The thermal response of PEG;-b-P(MPCU),, in water was in-
vestigated in more detail by small-angle X-ray scattering (SAXS)
analysis at variable temperatures between 20 and 80 °C, both
upon heating and subsequent cooling for a dispersion with a
polymer concentration of 1.0 mg mL~! (Figure 4d,e; Figure S30,
Supporting Information). At 25 °C, the scattering curve was well-
fitted to globular nanostructures of ~#18 nm in diameter, as es-
timated using the Guinier approach for globular objects, which
was consistent with DLS analysis and TEM observations. Be-
tween 40 and 50 °C, the SAXS analysis indicated a slight in-
crease in the sphere diameter, reaching up to 28 nm. However,
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above 55 °C, the scattering curves no longer fit well to a sim-
ple sphere distribution model. On cooling, the thermal behav-
ior was reversible and the SAXS curves could be fitted again
to globular self-assemblies below 55 °C. Changes on PEG,;-b-
P(MPCU),; at 70 °C were visualized by TEM revealing a trans-
formation from the initial micelles to larger spherical aggregates
of #100-150 nm in size (Figure 4f), which correlated well with
average D, values determined by DLS. Therefore, SAXS experi-
ments conducted above 55 °C would be more consistent with an
aggregation process rather than a simple swelling-driven growth
of the spherical micelles. The large size of the aggregates likely
accounts for the loss of adjustment, as it exceeds the resolution
limits imposed by the restricted q range. TEM images collected
for PEG,5-b-P(MACU),, at 70 °C reveal a similar situation with
spherical aggregates of approx. 30-40 nm (Figure 4f).

From the results discussed above, neither PEG s-b-P(MACU),,
nor PEG 5-b-P(MPCU),; micelles dissociate and dissolve into in-
dividual polymer chains when heated up to 80 °C.”*!l In or-
der to gain deeper information about the molecular mechanism
that causes the size growth of the spherical polymer assemblies,
variable temperature 'H NMR experiments were conducted in
D,O0 at 5.0 mg mL™! polymer concentration. The dispersion
was heated and cooled from 30 to 80 °C, with 'H NMR spec-
tra recorded every 5 °C after equilibrating for 5 min (Figure 5).
The resonances were assigned to the different protons using as
reference the 'H NMR spectrum recorded in DMSO-d, to en-
sure complete dissolution of both blocks at rt. In D,0, the pro-
ton signals of the PEG block were well resolved, indicating that
the PEG was fully dissolved and mobile in aqueous media at
rt. In contrast, the proton signals of the polycarbonate chains
were significantly attenuated and difficult to detect, reflecting
the restricted mobility and limited solvation of this hydropho-
bic segment. This observation supported the formation of mi-
celles with a polycarbonate compact core and a stabilizing PEG
corona. Upon heating, the signals corresponding to polycarbon-
ate progressively gained intensity and resolution. This provided
evidence of an increased mobility of the protons as a consequence
of extensive hydration of the polycarbonate chains. Upon cooling,
all the changes reversed to the initial spectra (Figure S32, Sup-
porting Information). For PEG,;-b-P(MPCU),;, the PEG signal
was split above 60 °C although the overall intensity remained con-
stant. This splitting can be due to a slight change in the polarity
of the microenvironment or interactions between the two blocks
when large aggregates were formed at elevated temperatures.[*?]
However, for PEG,;-b-P(MACU),,, the shape and intensity of
methylenic signal of the PEG block did not change. Nevertheless,
additional ROE experiments recorded for PEG 5-b-P(MACU),, at
elevated temperature (70 °C) demonstrated that the two blocks
are in close spatial proximity (less than 0.5 nm), as evidenced by
weak cross-peaks between their signals (Figure S31, Supporting
Information).

Variable temperature spectra were used to obtain informa-
tion about the apparent hydration degree of the polycarbonate
block. Signal labeled as d, corresponding to methyl protons of
the polycarbonate main chain, and signals labeled as g and j, cor-
responding to side chain protons located at different distances
from the ureido group were selected and their normalized inte-
grated intensity was determined using the PEG signal labeled
as b as reference. It was assumed that PEG block is well sol-
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vated in D,0 and its overall intensity remains constant along
all temperature range."] Then, the normalized integrated inten-
sities of these signals at a given temperature (IT) in D,0 were
compared to their normalized integrated intensities in DMSO-
d (IPM59), where the polycarbonate was fully dissolved. In this
context, it can be assumed that when the IT/IPMSO ratio equals 1,
the polymer is fully solvated, which can be related to an apparent
hydration degree of 100% at the given temperature T.['?} In gen-
eral, the IT/IPMS© parameter showed a clear and strong depen-
dence on the temperature and significantly increased upon heat-
ing, regardless of the selected protons (Figure 5c,d). Hence, as
the temperature increased, the polycarbonate block became pro-
gressively more hydrated as would have been expected from an
UCST polymer. A broad transition in the apparent hydration de-
gree was observed between 40 and 60 °C, which closely correlates
with the temperature-dependent evolution of the D, recorded by
DLS.

For PEG-b-P(MACU),,, I3°/IPM5O values ranged between
0.12 and 0.21. Protons j, located adjacent to the ureido, showed
the highest value, while protons d, located at the backbone, exhib-
ited the lowest (Figure 5¢). These results are consistent with liter-
ature reports indicating that groups closer to hydrophilic units
exhibit higher apparent hydration degrees than those further
away and also with the fact that the backbone groups experience
stronger aggregation within the hydrophobic domains leading to
a reduced mobility compared to side chain ones.[12*3] The differ-
ences between signals were even more pronounced for PEGs-b-
P(MPCU),, where I**/I°MS© for protons g and j, considered to-
gether, was 0.42, while for protons d was 0.19 (Figure 5d). Final
180/1PMSO yalues were quite similar in all cases, nearing 0.95. Fur-
thermore, the temperature-dependent evolution of the I7/1PMS©
parameter varied with the selected protons, with the apparent hy-
dration degree increasing faster for groups closer to the ureido
moiety. All this suggests that the number of pendant hydrophilic
ureido groups significantly influences segmental mobility and
the hydration of the micellar core. This might be likely related
to the above-mentioned lower hydrophobicity of MPCU repeat-
ing units.

The experiments discussed so far revealed two seemingly di-
vergent conclusions. On one hand, changes in turbidity and
DLS measurements apparently indicated a behavior that is not
fully consistent with UCST characteristics. On the other hand,
NMR data clearly demonstrated that the polycarbonate segment
of the micellar core experiences a significant increase in hy-
dration upon heating, which aligns closely with UCST-like be-
havior, although without complete solubilization of the micelles
into unimers. In the context of self-assembled UCST polymers,
few studies have unambiguously reported an increase in parti-
cle size with temperature. Augé et al. reported a swelling process
of UCST polymer micelles before their dissociation upon heat-
ing above the T_,.""! According to Augé et al., swelling of the
micelles due to water uptake is accompanied by a reduction in
mass density, a decrease in the refractive index, and a reduction
in light scattering intensity (i.e., an increase in transmittance).
Therefore, in our case, the occurrence of only a swelling process
is unlikely, particularly for PEG;-b-P(MPCU),; in which a larger
D, was detected above the transition temperature, accompanied
by an increase in turbidity. Instead, swelling and fusion of the
hydrated micelles into loose aggregates of a larger size, driven by
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851011 SUOLLILIOD 8112810 8[Cfe0l ke aU) Ad PouLA0B 912 SOILE YO ‘95N J0'S3INI 0y AZJdI BUIIUO /3|1 O (SUOIPUOD-UE-SWLBI LG A 1MW ATeJqlIpUI|UO//ST1IY) SUONIPUOD) PUB SWR | au) 95 *[aZ02/50/TZ] Uo A1 auiuo Asjim ezobeiez aQ pepsioAIN A 620005202 9/eW/Z00T OT/10p/c" 81w ATeidlIpuI|uo//Sy Woa papeojumod ‘0 */26ETZST


http://www.advancedsciencenews.com
http://www.mrc-journal.de

ADVANCED
SCIENCE NEWS

{M}gg&br

Ropid Communications

www.advancedsciencenews.com

(a)
o d
(o3 Cc
A e
o (0] 22
9,
; h
j i
Os_NHk
NH,|
Heating

Heating

www.mrc-journal.de

80°C

\
|
|

70°C |
—
60°C |

L. S

50°C !
1

40°C :
o |
30°C |

34

3.520 3.490 !

2 3.505
N Chemical shift (ppm) 7/

34

(c) 1.0
0.94
0.8
0.7 1
0.6 1
0.5+
0.4 4
0.3
0.2 1
0.1

T,DMSO
'/

—=— Proton signal d
—— Proton signal g
—e— Proton signal j

0.0 T T T

30 40 50

60 70 80

Temperature (°C)
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Figure 6. a) Schematic representation of the thermoresponse of PEG 5-b-P(MACU),, and PEG5-b-P(MPCU),; in water promoted by the UCST behavior
of the polycarbonate segment functionalized with ureido groups. b) Evolution of average number D, of PEG,5-b-P(MACU),, and PEG45-b-P(MPCU),;
dispersions (1.0 mg mL™") as the samples were rapidly heated from 25 to 70 °C, maintained at 70 °C, and then cooled back to 25 °C.

the UCST-like behavior of the ureido polycarbonate, may provide
a more suitable explanation, aligning more closely with the work
of Baddam et al.'" This was also supported by SAXS measure-
ments above 55 °C, where the scattering objects were no longer
defined as spherical micelles, but as rather loose and larger aggre-
gates. On this basis, we assume that below the transition temper-
ature, BCs self-assemble into stable and small micelles. Above the
transition temperature, the ureido polycarbonate block becomes
more hydrophilic and the micelle core becomes progressively hy-
drated. Upon heating, BCs do not dissolve; instead, the hydrated
micelles collapse into larger hydrated and loose aggregates with
the process being reversible and dependent on the polymer con-
centration (Figure 6a).

Swelling and collapse of the micelles should also explain
the transmittance and D, evolution on heating/cooling disper-
sions of PEG,5-b-P(MPCU),, at low concentration (1.0 mg mL™).
Swelling and fusion of the micelles can be observed as a dynamic
process that evolves over time toward an equilibrium state as cor-
roborated by analyzing the time-dependent evolution of D, at
70 °C (Figure 6b; Figure S33, Supporting Information). When the
dispersion was rapidly heated from 25 to 70 °C and maintained at
this temperature up to 6 h, D, showed a sharp initial increase that
rapidly slowed down, approaching a constant value. The initial
values were recovered by cooling back to 25 °C. This dynamic pro-
cess may explain the temperature-dependent turbidity and DLS
evolution upon cooling from 80 to 90 °C, if the equilibrium has
not yet been reached, swelling and fusion may continue. When
the same study was approached with PEG;-b-P(MACU),,, the
D, increased to the final value and remained constant thereafter.
The different behavior of PEG,;-b-P(MPCU),, can be attributed
to the higher hydrophilicity of the MPCU repeating unit. Due to
the reversibility of the process, the UCST-like transition of these
BCs can be observed as a transition from micelles to physical
polymeric nanogels. In the highly hydrated nanometric conden-
sates, the hydrated cross-linked polymeric network is stabilized
by non-covalent interactions, primarily hydrophobic interactions
between alkyl chains of the polycarbonate scaffold and hydrogen
bonds through water bridges between the ureido groups thus
avoiding the complete solubilization.

PEG,;-b-P(MPCU), with longer DP for polycarbonate chain
were examined to analyze how the length of this block af-
fects thermoresponsiveness (Figure S34, Supporting Informa-
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tion). The first observation was that upon heating the PEG,;-b-
P(MPCU)y, vesicles dispersion, a precipitate formed at the bot-
tom of the cuvette, even at a concentration of 1.0 mg mL™'. This
precipitate did not redisperse upon subsequent cooling or re-
heating of the aqueous dispersion. The loss of thermoresponse,
on increasing the length of hydrophobic segment, was also re-
ported by Buksa et al.l**l As it was stated, PEG 5-b-P(MPCU),,
was self-assembled by the co-solvent method into larger spheri-
cal and cylindrical micelles resulting in cloudy dispersion. Dur-
ing the heating of the polymer dispersion at 1.0 mg mL™", the
transmittance gradually decreased above 65 °C, accompanied by
a gradual increase of the apparent number D, from 58 + 18 nm
at 20 °C to 110 + 37 nm at 80 °C. Upon cooling, the transmit-
tance sharply recovered its initial values at 30 °C. DLS revealed
two number size distributions, a large size one coincident with
that of the initial sample and a smaller one with a D, of 22
+ 4 nm at 20 °C. Subsequent turbidity curves recorded during
heating differed from the first but were reproducible and simi-
lar to the cooling curves. These differences between the first and
subsequent heating curves might be attributed to changes in self-
assembled morphologies generated after the initial heating. Un-
like the PEG,5-b-P(MPCU),; dispersion, the phase transition oc-
curred at lower temperatures and the growth of self-assemblies
was lower above the transition temperature.

2.5. Encapsulation and Temperature Induced Release of
Curcumin

After evaluation of the thermoresponsive behavior, the thermal-
triggered release of drugs initially encapsulated into the
PEG,5-b-P(MACU),, and PEG,-b-P(MPCU),; micelles at rt
was evaluated using Curcumin (Cur) as a hydrophobic model
drug. Cur has anti-inflammatory, anticancer, and antioxidant
properties, but its poor solubility (below 1 pg mL™' in water),
stability, and bioavailability limit its therapeutic use, which can
be improved by encapsulating Cur in liposomes or polymer
self-assemblies.**#/] Cur was encapsulated during micellar self-
assembly at rt by the co-solvent method using a 1.5:10.0 mg mg™!
Cur/polymer ratio (see details in Supporting Information). For
both polymers, drug loading (DL) was &9.5%, corresponding
to a Cur concentration of approx. 115 pg mL™!. Cur release at

© 2025 Wiley-VCH GmbH
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Figure 7. Cur release profiles over time from a) PEG ,5-b-P(MACU),, and b) PEG 5-b-P(MPCU),3 nanocarriers in water at 0.1 mg mL™' polymer con-

centration at 25 and 50 °C.

25 and 50 °C was monitored by UV-vis spectroscopy using a
polymer concentration of 0.1 mg mL~!, which is still above the
CAC, to avoid the saturation of the absorbance at the maximum
absorption wavelength of the Cur (436 nm) (Figure 7; Figure
S35, Supporting Information). During the experiments, a yellow
solid of Cur was progressively deposited at the bottom of the
cuvette, indicating Cur release. Consequently, the release was
examined by measuring the decrease in absorbance at 436 nm,
considering that values could be underestimated due to the
increase of scattered light due to suspended particles of Cur. For
Cur/PEGs-b-P(MACU),, significant differences were observed
in the Cur release profiles at 25 and 50 °C (Figure 7a). At 25 °C,
a sustained release was recorded up to 2 days, reaching a 55%
release. The release was found to be largely accelerated at 50 °C,
being 80% after 4 h. However, for PEG ,s-b-P(MPCU),,, although
the trigger effect of temperature was also observed, similar
release profiles were recorded at both temperatures (Figure 7b).
At 25 °C, approx. 70% of the loaded Cur was released after 10 h,
and ~75% after 2 h at 50 °C. Additionally, the Cur release was
studied at the physiological temperature of 37 °C, showing an
intermediate release behavior between those observed at 50 and
25 °C, as expected (Figure S36, Supporting Information).

Therefore, for both polymers, Cur release was temperature-
dependent and triggered by the transition into hydrated nanogel-
like systems above the UCST-like transition. Besides, the release
rate was higher for PEG,5-b-P(MPCU),;, even in micelles at 25 °C
likely due to the higher hydrophilicity and increased hydration
ability than the PEG,5-b-P(MACU),, counterpart.

3. Conclusion

In conclusion, degradable ureido functionalized homopoly-
carbonates have been successfully synthesized by ROP and
thiol-ene/yne post-polymerization functionalization. The results
demonstrate that increasing the density of ureido groups pro-
motes UCST behavior in P(MPCU),, although solubilization of
the polymer requires high temperature (T, > 90 °C). This be-
havior is attributed to the increased hydrophilicity of P(MPCU),,
compared to P(MACU),,.

The synthetic strategy has been successfully extended to pre-
pare the corresponding BCs, PEG,;-b-P(MACU),, and PEG-b-
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P(MPCU),, with PEG hydrophilic block. At rt, these copolymers
are amphiphilic in nature and can self-assemble in water using
different methodologies. The morphology and size of these self-
assemblies are influenced by both the hydrophobic/hydrophilic
balance and the self-assembly method.

PEG,s-b-P(MACU),, and PEG 5-b-P(MPCU),, micelles exhibit
a unique thermoresponsive behavior, which was not initially ex-
pected. Thus, the UCST-transition of the ureido polycarbonate
segment does not lead to micellar disassembly into solvated
unimers at the transition temperature, likely because the poly-
mers remain insufficiently hydrophilic even above this tempera-
ture. Instead, the polymeric micelles evolve into larger, strongly
hydrated aggregates or nanogel-like systems a process that is fully
reversible. Besides, the thermoresponse depends on the com-
position of the BCs and the length of the polycarbonate block.
Doubling the number of ureido groups, large nanogel-like con-
densates are observed above the transition temperature, probably
due to the higher hydrophilicity of the polymer. Conversely, self-
assemblies with longer polycarbonate block partially lost their
thermoresponsive behavior. Finally, the potential of these sys-
tems for the encapsulation and thermal-triggered release of cur-
cumin as hydrophobic model drug have been demonstrated.

Overall, this study highlights the potential of UCST-responsive
polycarbonate-based block copolymers for advanced applications,
such as smartand degradable nanocarriers, where precise control
of self-assembly and thermoresponsive properties is crucial.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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