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Introduction

Polyhydroxyalkanoate (PHA)-based block copolymers are valuable
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Poly(p-hydroxyalkanoate)/polymethacrylate
self-assembled architectures by ring-opening
polymerization (ROP)/reversible
addition—fragmentation chain-transfer (RAFT)
polymerization and polymerization-induced
self-assembly (PISA)+

Julien Rosselgong,
Jean-Frangois Carpentier

* Ali Dhaini, Manon Rochedy, Lourdes Monica Bravo-Anaya,
and Sophie M. Guillaume 2 *

Self-assembled poly(p-hydroxyalkanoate) (PHA)-based block copolymers are attractive materials for bio-
medical applications due to the biocompatibility and (bio)degradability of the PHA segment. Herein, we
report the synthesis and formation of self-assemblies based on PHAs: namely, poly(3-hydroxybutyrate)
(PHB) was prepared by ring-opening polymerization (ROP) of racemic p-butyrolactone (rac-$-BL) using a
discrete yttrium-based catalyst in the presence of a hydroxy-terminated trithiocarbonate (TTC-OH) as
initiator. The resulting TTC end-capped PHB prepolymer next promoted the controlled reversible
addition—fragmentation chain-transfer (RAFT) polymerization of 2-hydroxy ethyl methacrylate (HEMA).
When performed in THF, in which the initial solvophilic PHB-TTC segment and HEMA monomer are both
fully soluble, this second step resulted in a polymerization-induced self-assembly (PISA) leading to the
formation of nanoparticles, as the solvophobic PHEMA precipitated in the dispersed medium. The
effective extension of the PHB block by a PHEMA segment, as evidenced by SEC and NMR analyses, high-
lighted the efficiency of the PHB-TTC macro-RAFT agent. This ROP/RAFT/PISA strategy revealed success-
ful at various polyester (DP = 45-90) and polymethacrylate (DP = 200-500) block lengths. The size, poly-
dispersity index (PDI) and morphology of the resulting self-assembled PHB,-b-PHEMA, particles were
assessed by dynamic light scattering (DLS) measurements, transmission electron microscopy (TEM) and
small-angle X-ray scattering (SAXS). Depending on both segments chain-lengths, DLS enabled identifying
particles in suspension having hydrodynamic diameters (Dy) varying from 56 to 194 nm, with narrow poly-
dispersity index, i.e. PDI < 0.140. SAXS measurements and TEM observations revealed vesicles morphology
for specific PHB,-b-PHEMA,, samples presenting apparent diameters ranging from 134 to 316 nm. These
morphologies support the successful copolymerization through a PISA process, first reported herein for
the elaboration of PHA-based objects that may be valuable nano-vehicles of active ingredients for bio-
medical applications.

growing a second poly(meth)acrylic block from a PHA segment by
reversible-deactivation radical polymerization (RDRP) is less
documented.” ™" For more than two decades, RDRP techniques

polyester materials for applications in nanomedicine and/or drug
delivery."® While PHAs are most commonly associated with other
polyesters (typically another PHA or poly(ethylene glycol)),
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such as nitroxide-mediated polymerization (NMP), atom transfer
radical polymerization (ATRP) or reversible addition-fragmenta-
tion chain-transfer (RAFT) polymerization have revealed key syn-
thetic tools to access well-defined (co)polymers, including block
copolymers.’>™® For instance, poly((R)-3-hydroxybutyrate) (PHB)-
based triblock copolymers poly((R)-3-hydroxybutyrate)-b-poly(N-
isopropylacrylamide)-b-[[ poly(methyl ether methacrylate)-g-poly
(ethylene glycol)]-co-[ poly(methacrylate)-g-poly( propylene glycol)]],
a multi-arm star copolymer providing a thermo-responsive hydro-
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gel, was prepared by ATRP for thermogels outcomes.'® The
double thermo-responsive behavior due to the (meth)acrylate
blocks enabled the copolymer self-assembly at room temperature,
and the subsequent delivery of a drug at body temperature. Also,
RAFT enabled preparing novel PHB macro-RAFT agents sub-
sequently used to grow an N-isopropyl acryl amide (NIPAM)
segment, ultimately offering thermo-responsive block copoly-
mers."” In this latter example, the macro-RAFT agent was syn-
thesized in two steps from esterification of an w-hydroxylated
PHB - first made by ring-opening polymerization (ROP) of
racemic p-butyrolactone (rac-f-BL) with a RAFT agent, namely 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid used as
initiator combined with a yttrium catalyst-, using 4-dimethyl-
aminopyridine (DMAP) and N,N-dicyclohexylcarbodiimide (DCC)
as coupling agents.

Growing in situ a hydrophobic chain from a soluble first-
block to recover an amphiphilic block copolymer, is a process
referred to as polymerization-induced self-assembly (PISA).
Provided a formulation including a soluble polymer segment
is chain-extended using a monomer of which the corres-
ponding homopolymer is insoluble in the reaction solvent,
PISA results in nano-objects such as micelles, worms and/or
1823 In this process, the growing second-block
becomes insoluble when reaching a critical degree of polymer-
ization (DP), eventually leading to an in situ self-assembly
phenomenon. Such systems are essentially based on non-sol-
vents such as water,”®" alcohols,**>® or non-polar
solvents.’”*' While a wide variety of PISA formulations have
been established, to our knowledge, there is no report of PISA
involving a PHA polyester block.

Recently, aqueous ROP and PISA were successfully com-
bined to form N-carboxyanhydrides (NCAs)-based copolymers
by ROPISA, as reported by Bonduelle and co-workers.**** An
a-amino end-capped poly(ethylene oxide) macroinitiator was
used in order to protect the NCA monomers from hydrolysis
during their ROP performed in water. The spontaneous self-
assembly of the amphiphilic poly(ethylene oxide)/polypeptide
block copolymers thus led to a PISA formulation returning
needle-like nanoparticles. Such a NCA ROPISA approach was
further investigated by Thornton and co-workers using a poly-
sarcosine macroinitiator to form only poly(amino acid)-based
(t-phenylalanine-NCA and alanine-NCA) rod-like nanoparticles,
and also by Heise and co-workers to access amino acid-based
(t-proline-NCA) worm like micelles nanostructures loaded with
dye g, 1445

More recently, Armes and coworkers reported the efficient
synthesis of hydrolytically degradable block copolymer nano-
particles by reverse PISA in aqueous media.*® A poly(e-capro-
lactone) (PCL)-based macroinitiator and a suitable water-misci-
ble monomer (N,N'-dimethylacrylamide, DMAC) afforded PCL-
b-PDMAC and PDMAC-b-PCL-b-PDMAC diblock and triblock
copolymers, respectively. These copolymers were insoluble in
water, thus leading to the formation of polyester/polyacryl-
amide micelles with sizes ranging from 20 to 120 nm. Later
on, the same authors combined PISA with crystallization-
driven self-assembly to form anisotropic nanoparticles from

vesicles.
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poly(r-lactide)-b-PDMAC copolymers. They obtained either rod-
like nanoparticles or diamond-like platelets that have potential
applications as sustainable pickering emulsifiers.”” Further
on, the same group reported the RAFT dispersion polymeriz-
ation of 2-hydroxyethyl methacrylate in non-polar media.*®
Using a poly(lauryl methacrylate) (PLMA) precursor, a PISA
process then generated PLMA-PHEMA nanoparticles forming
well-defined nearly monodispersed spheres.

Herein, we report the formation of PHB-based self-
assembled architectures through a combined ROP, RAFT and
PISA process. As inspired by our previous work on the yttrium
catalyzed ROP of fp-lactones performed in the presence of an
exocyclic alcoholic initiator, the ROP of racemic p-BL catalyzed
by a discrete yttrium complex, in the presence of a RAFT agent
acting as an alcohol moiety, afforded the PHB prepolymer that
subsequently promoted the RAFT of 2-hydroxyethyl methacry-
late (HEMA) by dispersion PISA performed in THF.***° The
PHB block length and the degree of polymerization (DP) of the
second PHEMA segment of the resulting PHB-b-PHEMA nano-
objects, were assessed by size exclusion chromatography (SEC).
Particle size and morphology were determined using dynamic
light scattering (DLS) measurements, transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS) ana-
lyses. The corresponding pseudo-phase diagram established
by DLS revealed an increase of the hydrodynamic diameter
(Dy) of particles formed with the increase of the DP of the
HEMA second block and with the initial co-monomer and
PHB macro-RAFT agent concentration. These results thus
established a PISA process applied for the first time to elabor-
ate PHA/polymethacrylate objects.

Experimental section
Materials and methods

All experiments involving organometallic catalysts were per-
formed under an inert atmosphere (argon, <5 ppm O, and
H,0) using standard Schlenk, vacuum line, and glovebox tech-
niques. Racemic p-butyrolactone (rac-p-BL) (>95%, Aldrich) was
distilled twice from CaH, prior to use. 2-Hydroxyethyl meth-
acrylate (HEMA) (>99%, Aldrich; containing traces of ethylene
glycol dimethacrylate cross-linker as established by GC-MS
analyses, Fig. S11)°" was purified prior to use, upon passing it
through a basic alumina column to remove the monomethyl
ether hydroquinone inhibitor. The RAFT chain transfer agent
(CTA) 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl|penta-
nol (97%, Aldrich, trithiocarbonate (TTC), TTC-OH) was dried
under vacuum at 60 °C prior to use. 2,2-Azobis(2-methyl-
propionitrile) (AIBN, >98%, Aldrich) was used as received. The
{ONNOM®}JH, proligand and Y[N(SiHMe,),];(THF), metallic
precursor, from which the discrete amido yttrium complex was
prepared in situ, were synthesized according to the reported
procedure.®® THF and toluene were freshly distilled from Na-
benzophenone under argon and degassed thoroughly by
freeze-thaw-vacuum cycles prior to use. All other reagents were
used as received.
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Instrumentation and measurements

'H (500 and 400 MHz), "*C{'H} (125 and 100 MHz) and 2D
(COSY, HMBC, HSQC, and DOSY) NMR spectra were recorded
on Bruker Avance AM 500 or Ascend 400 spectrometers at
25 °C. 'H and “C{"H} NMR spectra were referenced internally
relative to SiMe, (6 0 ppm) using the residual solvent reso-
nances. The analyses were recorded in CDCI; for the PHB-TTC
macro-RAFT agent and in DMSO-ds for the PHB-h-PHEMA
diblock copolymers.

Number-average molar mass (M, sgc), weight-average molar
mass (My,sec) and dispersity (Py = M,,/M,,) values of the copo-
lymers were determined by size exclusion chromatography
(SEC) in THF at 20 °C for the PHB homopolymers, or in N,N-di-
methylformamide (DMF + LiBr 1.0 g L") at 20 °C for the PHB-
b-PHEMA diblock copolymers. SEC in THF was stabilized with
BHT at 30 °C (flow rate = 1.0 mL min~') on an Agilent 1260
Infinity II system equipped with a refractive index detector
(dRI), a photo-diode array detector (DAD) and a set of two
ResiPore (300 x 7.5 mm) columns. Polymer samples of
PHB-TTC were dissolved in THF (1.0 mg mL™"). All elution
curves were calibrated with polystyrene standards (Agilent
Easivial kit of polystyrene standards; M, from 162 to 364 000 g
mol ™). The M,,spc values of the PHBs were not corrected for
the difference in hydrodynamic radius vs. those of polystyrene.
SEC measurements in DMF were performed on an Ultimate
3000 system from Thermoscientific equipped with a DAD. The
system also includes a multi-angle light scattering detector
(MALS with 8 angles) and a dRI, both from Wyatt technology.
Polymer samples of PHB-b-PHEMA were dissolved in DMF
(1.0 mg mL™") and were separated with a set of three columns
(GF-1G 7B (7.5 x 50 mm), GF 310 (7.5 x 300 mm) GF510 (7.5 x
300 mm); exclusion limits from 500 to 300000 g mol™) at a
flow rate of 0.5 mL min~". The columns were maintained at
50 °C. Agilent Easivial kit of polystyrene was used as standard
(M,, from 162 to 364 000 g mol™"). SEC DMF experiments were
performed through the platform POLYCAR of the University of
Bordeaux.

The molar mass of PHB samples was also determined by
"H NMR analysis in CDCI; from the relative intensities of the
signals of the methine hydrogen from the repeating unit (§
5.03-5.53 ppm, -OCHCH;-CH,-C=0) and of the methylene
signal of the TTC end-group (6 3.29-3.38 ppm, CH,-S-C=S).
Monomer conversion was calculated from 'H NMR spectra of
the crude polymer samples in CDCl; by using the integration
(Int.) ratios [Int.pap/prema/(INt.ppr/mEma + INt.pappaema)] of the
methine hydrogens of PHB/PHEMA (vide supra) and of the
monomers (6 4.32 ppm, p-BL; § 4.17 ppm, HEMA).

High resolution (error < 25 ppm) matrix-assisted laser de-
sorption ionization - time of flight (MALDI-ToF) mass spec-
trometry (MS) was performed using an ULTRAFLEX III TOF/
TOF spectrometer (Bruker Daltonik Gmbh, Bremen, Germany)
in positive ionization mode at the Centre Régional de Mesures
Physiques de I’'Ouest (CRMPO, ScanMAT UAR 2025,
CNRS-Université de Rennes). MS spectra were recorded using
the reflectron mode and an accelerating voltage of 25 kv. A
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mixture of a freshly prepared solution of the polymer in
CH,Cl, (HPLC grade, 10 mg.mL ") and trans-2-(3-(4-tert-butyl-
phenyl)-2-methyl-2-propenylidene)-malononitrile (DCTB), and
an acetonitrile solution of the cationizing agent (sodium tri-
fluoroacetate, 10 mg mL™") were prepared. The solutions were
combined in a ratio 1:1:1 v/v/v of matrix-to-sample-to-catio-
nizing agent. The resulting solution (ca. 0.25-0.5 pL) was de-
posited onto the sample target and air or vacuum dried.

Dynamic light scattering (DLS) measurements were per-
formed in THF using a Malvern Zetasizer NanoZS instrument
equipped with a standard HeNe laser emitting at 632.8 nm
(Malvern, U.K.), at 25 °C, and at an angle of 173°. The corre-
lation functions were averaged from three independent
measurements of two runs of 60 s each. The equilibration time
for this measurement was 60 s. Non-negative least squares and
cumulants algorithms were applied to extract the intensity-
weighted particle size distribution and the intensity-weighted
mean hydrodynamic size, respectively. The hydrodynamic dia-
meter (Dy) was determined using the Stokes-Einstein equation
proposed for spherical particles.>” THF viscosity at the selected
temperature was taken into account for the calculation of Dy;.
Measurements for each sample were at least triplicated. The
size and PDI data of the objects are presented as average
values along with the calculated standard deviation. Samples
for DLS observations were diluted at 0.5 wt% of solids vs. THF.

Imaging was performed with a JEM-1400 transmission elec-
tron microscope (TEM, JEOL Ltd, Tokyo, Japan) operating at
an accelerating voltage of 120 kV. Images were recorded with a
Gatan SC200 Orius® CCD camera at 25 000 magnification and
set up with the imaging software Gatan Digital MicrographTM
(Gatan, Pleasanton, USA); images were acquired on at least
three different regions. Samples for TEM observations were
diluted at 0.5 wt% of solids vs. THF; they were prepared by
direct deposition of a PHB-b-PHEMA suspension droplet (7 pL)
on carbon grids (300 mesh Cu-300LD from Pacific Grid Tech)
and THF was evaporated at room temperature over 20 min.
The particle size distribution was determined one-by-one from
two different TEM-micrographs using Image-J software and
displayed with a standard deviation.

Small angle X-Ray Scattering (SAXS) experiments were per-
formed on PHBg;-b-PHEMA;,, suspensions at 5 wt% and
7.5 wt% on the SWING beamline at Synchrotron SOLEIL, Gif-
sur-Yvette, France. The SAXS setup included a wavelength of 4
=1.033 A™" and an energy of 12 keV, with a 17 x 17 cm?® low-
noise Aviex CCD detector positioned at distances of 0.518 and
6.136 m from the sample, yielding a grange of
0.00104-2.06 A", where g = 4nsinf/A. The copolymer suspen-
sions were placed into borosilicate capillaries (1.5 mm optical
path, WJM-Glas/Miiller GmbH, Germany). The intensity was
collected after 1000 ms exposition (waiting gap: 2000 ms) in a
vertical scan of 10 steps of 1 mm each. All 10 integrated
images were averaged to obtain one I(q) profile per sample. A
background correction was applied on the I(q) profiles by sub-
tracting the THF scattering, and the unit was set to cm™" after
multiplying the measured scattering by 0.02 x 1.5/capillary dia-
meter. The resulting data was analyzed using a spherical

This journal is © The Royal Society of Chemistry 2025
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vesicle model on SASView software, with the scattering length
density of THF and PHEMA;,, as previously calculated, being
set.

Typical procedure for the ROP of f-butyrolactone. In a
typical experiment, in a glovebox, a Schlenk flask containing
dried TTC-OH (201.2 mg, 516 pmol) was charged with [Y
(N(SiHMe,),)3](THF), (325.3 mg, 516 pmol, 1.0 equiv.) and
{ONNO™*}H, (183.9 mg, 516 pmol, 1.0 equiv.).”° Then,
toluene (3 mL) was added and the solution was stirred at room
temperature (20 °C) for 10 min, followed by the rapid addition
of rac-p-BL (4.00 g, 46.4 mmol, 90 equiv. vs. [Y]). The reaction
mixture was stirred at 20 °C for 3 h and quenched upon air
exposure. The monomer conversion was determined by 'H
NMR analysis in CDCl; of an aliquot of the crude mixture.
After removing the volatiles under vacuum, the crude polymer
was then dissolved in CH,Cl, (20 mL) and precipitated three
times in cold pentane, filtered and finally dried. The recovered
pale yellow powder was then analyzed by 'H, **C and DOSY
NMR spectroscopy, MALDI-ToF mass spectrometry, and SEC
analysis. "H NMR (500 MHz, CDCl;, 25 °C) § (ppm): 6.95 (m,
1H, CH;~CH—CH-C=0-), 5.81 (d, / = 14 Hz, 0.2H, CHj;-
CH=CH-C=O0-), 5.24 (m, 82H, C=0-0-CHCH;-CH,-C=0),
4.18 (m, 0.6H, C=0-O-CHCH,;-OH), 4.12 (t, J = 5 Hz, 2H,
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—-CHCH;-CH,-C=0-0-CH,-CH,-), 3.32 (t, J = 8 Hz, 2H, CH;—
(CH,)1p-CH,-S-C=S5-), 2.58 (42 H, C=0-O-CHCH;-CH,-
C=0), 2.45 (42H, C=0-0-CHCH;-CH,-C=0), 2.23 (m, 4.6 H,
-S-C=S-CCNCH;-CH,-), 1.87 (s, 3H, -S-C=S-CCNCHj;-
CH,-), 1.84 (d, J = 7 Hz, 1.2H, CH;~CH-CH-C=0-), 1.27 (m,
249H, C=O0-O-CHCH;-CH,-C=0), 0.89 (m, 3H, CHj;-
(CH,)o-CH,~S-C=S-) (Fig. 1). *C J'MOD NMR (125 MHz,
CDCl;, 25 °C) & (ppm): 217.4 (CH3~(CH,);o-CH,-S-C=5-),
171.5 (S-C=S-C(CN)(CH3)-CH,-), 169.2 (C—=0-O-CHCHj-
CH,-C=0), 124.8 (CH;-CH-CH-C=0-), 122.7 (CH3-CH-CH-
C=0-), 119.3 (S-C—S-C(CN)(CH;3)-CH,-), 67.7 (C—0-O-
CHCH;-CH,-C=0), 64.0 (S-C—=S-C(CN)(CH;)-CH,-), 63.2 (S-
C=S-C(CN)(CH;)-CH,-CH,-CH,-0), 40.7 (=0-O-CHCH;-
CH,-C—0), 19.8 (C—=0-0-CHCH;-CH,-C—0) (Fig. S21).
Typical synthesis of PHB-b-PHEMA by PISA. In a typical dis-
persion experiment, PHBg;-TTC (50.0 mg, 6.66 pmol), HEMA
(0.433 g, 3.33 mmol), THF (4.349 g, 90 wt% vs. [PHB + HEMA])
and AIBN (1.33 pmol, 2.2 pL of a 10 wt% solution in THF) were
charged in a Schlenk flask preplaced in an ice bath, and
degassed for 15 min with argon. The Schlenk flask was next
immersed for 20 h in an oil bath preheated at 60 °C. The
PHBg;3-b-PHEMA;, block copolymer obtained was then ana-
lyzed by "H NMR analysis in DMSO-d, of an aliquot of the
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Fig. 1 'H NMR spectrum (500 MHz, CDCls, 25 °C) of PHBgz-TTC prepared by ROP of racemic p-butyrolactone catalyzed by Y{ONNOM®} in the pres-

ence of TTC-OH (Table 1, entry 1).
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crude mixture for the determination of the HEMA conversion
(Fig. S31), and by DLS, SEC in DMF, TEM and SAXS.

Results and discussion

The amphiphilic PHB-b-PHEMA diblock copolymers syn-
thesized in THF comprise a solvophilic aliphatic polyester
block, PHB, and a solvophobic methacrylic polymer block,
PHEMA. Two different synthetic approaches were explored to
first prepare the PHB-TTC macro-RAFT agent (Scheme 1).

Synthesis and characterization of the PHB-TTC precursor

A first strategy relying on the previously established organoca-
talyzed ROP of rac-B-BL mediated by the phosphazene base 2-
tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-dia-
zaphosphorine (BEMP), was first attempted. This was aimed at
preparing an a-COOH, w-crotonate telechelic PHB that would
further be functionalized into a PHB-trithiocarbonate (TTC) by
esterification with the TTC-OH chain transfer agent
(Scheme 1a).>®* However, although the desired PHB-COOH
polymer was initially formed, the following Steglich esterifica-
tion in the presence of dicyclohexylcarbodiimide (DCC) and
either dimethylaminopyridine (DMAP) or 2,6-lutidine,
prompted the degradation of the resulting PHB-TTC, as moni-
tored by "H NMR spectroscopy (Fig. S41). We assumed that the
DMAP or 2,6-lutidine base most likely altered the PHB stability.
This contrasted with the previously reported successful esterifi-
cation of the related poly(3-hydroxyoctanoate) using a similar
Steglich esterification protocol."”

Alternatively, we implemented the well-known ROP of
B-lactones mediated by yttrium-based catalytic systems in the
presence of a hydroxyl end-capped TTC as initiating
species,"*1%495%54 The synthesis of the PHB first block was
successfully achieved by ROP of rac-B-BL performed in toluene
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in the presence of a discrete yttrium catalyst supported by
a tetradentate {ONNO™®} dianionic ligand, and initiated
by 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol
(TTC-OH) (Scheme 1b). This approach is similar to the recently
reported ROP of r-lactide (LLA) catalyzed by DMAP in combi-
nation with an hydroxyl-terminated dithiocarbonate RAFT
agent, affording a PLLA macroinitiator end-capped with the
RAFT moiety, subsequently used for the copolymerization with
various methacrylates.®® The methyl-substituted Y{ONNO™}
catalyst system was purposely selected so as to obtain atactic
PHB segments that are typically more soluble than the more
crystalline iso- or syndio-tactic ones. The work reported herein
thus did not aim at varying the tacticity of the PHB precursor.
PHB-TTC was synthesized with three different targeted degrees
of polymerization (DP = 45, 70, 90), as tuned by the [B-BL],/
[yttrium catalyst]o/[TTC-OH], molar ratio, with [TTC-OH], =
[yttrium catalyst],. The most relevant results are gathered in
Table 1. High monomer conversions (85-96%) were reached,
affording the expected telechelic PHB

a-end capped by the TTC RAFT agent moiety and
o-functionalized by either a crotonate or hydroxy group, as evi-
denced by 'H and "*C NMR (Fig. 1 and Fig. S2, S5, S6,1 for
PHB,, = PHBg;, PHB,5, and PHBs,, respectively, with n corres-
ponding to the number of lactone repeating units), DOSY
NMR (Fig. 2 and Fig. S7, and S8t for PHBg;, PHB,g, and
PHB;;, respectively), as well as MALDI-ToF MS (Fig. 3, and
Fig. S9T for PHBg; and PHB,g, respectively), and SEC (Fig. 4
and Fig. S10, and S11f for PHBg;, PHB,s, and PHB;y,
respectively).

The PHB-TTC samples were characterized by detailed NMR
spectroscopy. 'H and **C NMR analyses revealed the formation
of the expected a-TTC end-capped PHB, as evidenced by the
TTC-RAFT agent signature (5,4 = 3.32 ppm, CH,-S-C=S, 514 =
412 ppm, CH,-O-C=0; ;3¢ = 217.4 ppm, S-C=S, ;3¢ =
119.3 ppm, CN-C) (Fig. 1 and Fig. S3, S4, S51 for PHBgj3,

N S CN
a) S
,F{\ N \M?.\S)J\SMOH
TTC-OH o o
ROP ;
BEMP X 1.3 equiv
n+1 M\/U{ : Mﬁ\){owows\ﬂ/s\/{/\)\
Bulk, 60°C DCC 1 equiv 5 NC
DMAP 1 equiv
B-BL PHB-COOH DCM, 25 °C PHB-TTC
b)
QEE,N
o-Y, ]o
N
O 0 o = MeZ
n+1j\:&1 (MeZHS|)2N
Toluene 25°C /v><
B-BL

k&vy

TTC-OH

PHB-TTC

Scheme 1 Synthesis of PHB-TTC by ROP of racemic p-butyrolactone (rac-f$-BL): (a) ROP promoted by an organic phosphazene base, BEMP, fol-
lowed by esterification with TTC-OH, and, (b) ROP catalyzed by a discrete yttrium catalyst in the presence of TTC-OH as initiator.
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Table 1 Macromolecular characteristics of PHB-TTC synthesized by ROP of racemic -butyrolactone catalyzed by Y{ONNOM®} (Y) in the presence
of TTC-OH (Scheme 1b)

[B-BL]o/[Y]o/ Reaction time B-BL conv. ¢ M theo My amr € Mysec”
Entry [TTC-OH], (h) (%) DPyco” (g.mol™) DPyyz” (g.mol™) (g.mol™) pé
1 90:1:1 3 92 83 7510 83 7500 9200 1.19
2 70:1:1 4 85 60 5510 57 5300 6600 1.24
3 45:1:1 3 96 43 4110 48 4500 6000 1.26

“Monomer conversion calculated by "H NMR analysis of the crude reaction mixture. ” Theoretical degree of polymerization calculated using the
p-BL conversion. “ Molar mass calculated according to My ¢neo = ([B-BL]o[TTC-OH]y x conv.gpr, X Mppr) + Mrrc-on With Mpp, = 86 g mol™ and
Myrc_on = 390 g mol™. ? Experimental degree of polymerization determined by 'H NMR end-group analysis. ¢ Molar mass determined by 'H
NMR analysis of the isolated polymer, from the resonances of the terminal TTC group.”/ Number-average molar mass determined by SEC in THF

vs. polystyrene standards. ¢ Dispersity (D = M,/M,,) determined by SEC analysis in THF.

R NN LY LN

F1x101°

Difusion coeffiicient (m2/sec)

7.0 6.8 6.6 6.4 6.2 6.0 58 56 54 52 50 4.8 4.6 44 42 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6

5 (ppm)

Fig. 2 DOSY NMR spectrum (500 MHz, CDCls, 25 °C) of PHBg3-TTC prepared by ROP of racemic B-butyrolactone catalyzed by Y{ONNOM®} and

initiated by TTC-OH (Table 1, entry 1).

PHB,;, and PHBs;;, respectively). Evidence of a population of
PHB hydroxy-terminated was observed (5,5 = 4.14 ppm,
CH(CHj3)-OH; 8,3¢ = 43.7 ppm, CH(CH;3)-OH). The formation
of some w-crotonate PHB (611 = 6.95 ppm, CH;~CH=CH, ;4 =
5.81 ppm, CH3;-CH=CH; 6,3¢c = 124.8 ppm, CH;-CH=CH, ;3¢
= 122.7 ppm, CH3-CH=CH) resulted from the elimination of
H,O from the above-mentioned hydroxy-end capped PHB
chains, as classically observed in the ROP of B-BL.>* The DP
values calculated by "H NMR analysis, based on the CH,-S-
C=S methylene signal of the TTC end-group (present on all
chains), were found in good agreement with the targeted
values (Table 1). Moreover, the DOSY NMR spectrum displayed
a single diffusion coefficient, further corroborating the purity
of the PHB-TTC functional polymer thus prepared by ROP
(Fig. 2).

MALDI-ToF mass spectrometry investigations enabled to
gain deeper insights into the macromolecular structure and
topology of the PHB-TTC. The MALDI-ToF mass spectrum,
recorded using a DCTB matrix, of PHBg;-TTC typically showed
a main population corresponding to PHB end-capped by both

This journal is © The Royal Society of Chemistry 2025

the TTC and the crotonate moieties, as anticipated from the
ROP of rac-p-butyrolactone catalyzed by Y{ONNO™®} and
initiated by TTC-OH (Fig. 3a and Fig. S9f for PHBg; and
PHB, g, respectively). Another population corresponding to the
HO-PHB,-TTC with a hydroxyl end-group was also observed.
These findings were supported by the good match between the
corresponding experimental and simulated populations,
respectively (Fig. 3c and d). The other minor populations of
PHB chains could not be unambiguously assigned.

The PHB-TTC samples were fully soluble in THF at room
temperature, thereby enabling their SEC analysis in this eluent
(Fig. 4). The experimental molar mass values determined by
NMR (M, xmgr) matched quite well with the theoretical data
(M, theo), While SEC values (M, skc, not corrected) were found
slightly higher, most likely due to the different hydrodynamic
radius of the polystyrene standards used for calibration. The
dispersities b = M,,/M,, remained lower than 1.26, indicating a
good control of the ROP. Furthermore, SEC measurements of a
PHB-TTC using a photo-diode array detector operating at wave-
lengths from 200 to 400 nm, returned an isoabsorbance plot

Polym. Chem., 2025, 16, 1162-1175 | 1167
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Fig. 3 (a) High resolution MALDI-ToF mass spectrum (DCTB matrix, ionized by Na*), of PHBgz-TTC prepared by ROP of racemic p-butyrolactone
catalyzed by Y{ONNOM®} and initiated by TTC-OH (Table 1, entry 1). The lower molar mass macromolecules are observed with m/z experimental
(Mm/zexp) vs. calculated (m/zcac) values, respectively, for the crotonate-PHBgs-TTC for: DP = 9: 1254.534 vs. 1254.535; DP = 10: 1340.572 vs.
1340.572; DP = 11: 1426.603 vs. 1426.609; DP = 20: 2200.909 vs. 2200.939, (b) zoom and assignment of the two major populations crotonate-
PHBg3-TTC and HO-PHBg3-TTC, (c) zoom of the major population crotonate-PHBg3-TTC (DP = 10 and DP = 11) and the minor population
HO-PHBgz-TTC (DP = 11 and DP = 12), (d) simulation of the above major and minor populations, respectively.
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Fig. 4 SEC chromatogram in THF superimposed with the isoabsorbance plot of PHBgz-TTC prepared by ROP of racemic p-butyrolactone catalyzed

by Y{ONNO™®} in the presence of TTC-OH (Table 1 entry 1).

displaying an intense elution spot at 310 nm, which corres-
ponds to the TTC moiety of the PHB-TTC (Fig. 4 and Fig. S10,
S11f for PHBg, PHB4, and PHBs,, respectively).’®
Rewardingly, the refractive index signal clearly matched with
the UV signal, thus supporting the PHB end-capping by the
TTC moiety.

Synthesis and characterization of the PHB-b-PHEMA block
copolymers

Chain extension of the PHBg;-TTC acting as the macro-RAFT
agent with HEMA was performed in THF, a good solvent of the
RAFT-macroinitiator, at 60 °C in the presence of AIBN (typical
PISA operating conditions: [AIBN]o/[PHB-TTC], = 1:5;
Scheme 2 and Table 2). HEMA was selected as the methacrylate
monomer as it satisfies the PISA requirements, namely the
solubility as a monomer in the copolymerization solvent, and
the insolubility of the corresponding (co)polymer segment in
that same solvent.>” Thus, at the early stage of the copolymeri-
zation, all components were soluble and, as the PISA pro-
ceeded, the reaction mixture became cloudier-to-turbid, clearly
visually showing a dispersion of the copolymer in THF
(Fig. S127).

Four series of PHBg;-b-PHEMA,, were synthesized in THF at
60 °C, by varying the length of the polymethacrylate block with
200, 350, or 500 y repeating units, at different initial PHB-TTC
macro-RAFT agent and HEMA concentrations, the latter

ranging from 5 to 15wt% (Table 2). The HEMA comonomer
conversion, as determined by "H NMR in DMSO-d, of the final
mixture recovered after 20 h, revealed greater than 77% in all
cases. At the lowest comonomer and PHB-TTC macro-RAFT
agent composition of 5wt%, the HEMA conversion ranged
from 77 to 80% which is the lowest conversion detected for the
whole range of composition investigated, as anticipated. On
the other hand, at the higher compositions of 7.5, 10 or
15wt%, the HEMA conversion significantly increased
(86-95%), returning copolymers with a longer polymethacry-
late segment.

The corresponding SEC chromatograms of the PHB-b-
PHEMA samples analyzed in DMF clearly showed the shift of
the trace of the PHBg;-TTC to lower elution volumes, propor-
tionally to the increase of the DPygpa ranging from 200 to 500
units, respectively. This demonstrated the successful chain
extension from the macro-RAFT agent upon copolymerizing
with HEMA (Table 2 and Fig. 5). All the chromatograms were
not ideally monomodal, showing small low and high molar
mass shoulders, especially the one (green trace) corresponding
to DPygma Of 500 at 15wt% (Table 2, entry 12; Fig. 5).
Accordingly, the dispersity values were slightly enlarged. This
suggested a non-fully optimized control of the RAFT polymer-
ization, possibly due to a slower initiation as compared to the
propagation and/or to some undesirable side reactions (typi-
cally termination reactions). This may arise from the fact that

OH
o/

m >/,_<O

NC_ ,
‘%\[},Iioﬁo\/\)(S )L S/\(\/)/
o o 10

PHB-TTC

AIBN
THF, 60°C, 20 h

)
HEMA NC
o o P}
> = 5 ST,
o] o o)

(0]
PHB-b6-PHEMA ‘)

OH

Scheme 2 Synthesis of PHB-b-PHEMA diblock copolymers by RAFT dispersion polymerization of HEMA from PHB-TTC macro-RAFT agents.
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Table 2 Characteristics of PHB-b-PHEMA diblock copolymers and resulting nano-objects prepared from PHBg3-TTC macro-RAFT agent and HEMA
RAFT/PISA polymerization

[HEMA + DPuema Convispma DPuema ¢ M sec ¢ Dy pis £ DappsteM ! SDrem”’

Entry PHB-TTC] “ (wt%) targeted ® (%) Calc (g.mol™) p/ (nm) PDIp;g " (nm) (nm)
0 PHBg; — — 8300 120 — — — —

1 5 200 78 157 38480 1.75 56 0.09 208 106
2 5 350 80 281 72 200 1.71 83 0.07 179 90

3 5 500 77 387 104 300 1.81 164 0.03 316 128
4 7.5 200 94 189 39530 1.77 62 0.04 171 59

5 7.5 350 95 331 64 580 1.79 85 0.10 252 90

6 7.5 500 86 431 84 240 1.88 176 0.11 163 44

7 10 200 84 168 66 000 1.66 72 0.06 N/A* N/AF
8 10 350 91 319 86160 1.83 83 0.07 N/Ak N/Ak
9 10 500 90 450 108 400 1.72 178 0.03 134 30
10 15 200 84 168 53 040 1.60 85 0.14 151 84
11 15 350 91 319 84150 1.82 123 0.12 197 57
12 15 500 91 455 109 500 2.55 194 0.02 255 78

“Initial HEMA monomer weight added to PHB-TTC macro-RAFT agent weight vs. THF weight in wt%. ” Targeted degree of polymerization of
HEMA. ‘HEMA monomer conversion as calculated by "H NMR analysis. ¢ Calculated degree of polymerization of PHEMA as established from
DPyematargeted X Xppma. ¢ Number-average molar mass as determined by SEC in DMF vs. polystyrene standards. f Dispersity as determined by
SEC in DMF. ¢ Hydrodynamic diameter of the particles formed from PHB-b-PHEMA, as measured by DLS. ” Polydispersity index of the particles
formed from PHB-b-PHEMA as measured by DLS. ‘Apparent diameter of the particles formed from PHB-b)-PHEMA as measured from TEM.
/Standard deviation of the apparent diameter of the particles formed from PHB-b-PHEMA as measured from two TEM micrographs by Image J
(Fig. $13-5221). * Micrograph not taken by TEM.
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Fig. 5 SEC chromatograms (DMF, 25 °C) of PHBg3-TTC macro-RAFT agent (black trace) and of the dispersions made at four different initial concen-

trations of HEMA j.e. 5 wt%, 7.5 wt%, 10 wt% and 15 wt% for different targeted degrees of polymerization, DP = 200 (red trace), 350 (blue trace) and
500 (green trace).
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the block copolymerization were performed in THF, a solvent
from which residual traces of peroxides may to some extent be
deleterious to the TTC group.®® The latter above-mentioned
shoulder at high molar mass suggested a branched architec-
ture, which most likely arose from residual ethylene glycol
dimethacrylate impurity within HEMA.>*®® This monomer
contaminant most probably acted as a branching agent and
accounted for the high dispersity values observed for the
corresponding diblock copolymers (1.60 < D < 1.88), except for
the composition targeting 500 HEMA units at 15 wt% (D =
2.55) (Table 2, entry 12). Besides, the presence of a low molar
mass shoulder in the SEC traces could arise from the presence
of a few PHB segments void of the RAFT terminal/initiating
group in the prepolymer; however, these could not be unam-
biguously identified in the MALDI-ToF mass spectrum. In any
case, the shift of the retention time between the black trace of
the TTC end-capped PHB prepolymer and the three other
colored traces of the PHB,-b-PHEMA, copolymers clearly
suggested that a block copolymerization occurred as mediated
by RAFT, thereby supporting that the polymerization was con-
trolled to some extent.

The dispersions of PHBg3-b-PHEMA,, diblock copolymers in
THF were further analyzed using dynamic light scattering
(DLS) (Table 2). Narrow monomodal distributions of the scat-
tered intensity as a function of hydrodynamic diameters with
PDI < 0.14 were recorded for all dispersions. These are gath-
ered in a pseudo-phase diagram showing the evolution of the
hydrodynamic diameter with the initial weight percentage of

View Article Online

Paper

comonomer and PHB-TTC vs. THF as the x-axis and to the tar-
geted DP of HEMA as the y-axis (Fig. 6). The hydrodynamic dia-
meter Dy of the particles was found to increase monotonously,
according to the targeted DPygma and also to the initial weight
percentage of comonomer and PHB-TTC along the pseudo-
phase diagram, as expected. The Dy values varied from 56 to
194 nm along with a relatively low polydispersity index (0.02 <
PDI < 0.14) (Table 2, entries 1-12).°" This indicated that the
size of PHBg;-b-PHEMA, particles were narrowly dispersed in
THEF.

The morphology of the particles generated within the dis-
persions were investigated by transmission electron
microscopy (TEM) analyses. TEM analysis of such type of PHA-
based copolymer dispersions revealed difficult due to the
unusual solvent used, i.e. THF. Typical micrographs are illus-
trated in the ESI (Fig. S13-S227). As a general trend, the appar-
ent hydrodynamic diameter D,,, (apparent diameter ranging
from 134 to 316 nm) determined by Image J on two different
micrographs, taking at least 50 particles, returned values
higher than Dpps ones (56 to 194 nm) (Table 2). Larger and
more polydisperse particles were observed by TEM as com-
pared to the corresponding DLS measurements, most likely
arising from the sample preparation and from the different
physical states between the solution analyzed by DLS and the
dried sample captured by TEM. Hence, this difference may
result from the adsorption of these particles onto the surface,
which may cause a slight spreading and, consequently, an
increase in their lateral dimension, as previously observed in
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Fig. 6

concentration

Intensity-averaged size distribution obtained by DLS for each PHBg3-b-PHEMA,, dispersion, showing the evolution of the hydrodynamic dia-

meters (Dy in nm) and PDI, with the increase of the DPgma and with the initial weight concentration of the PHBg3-TTC macro-RAFT agent added to
the monomer weight vs. THF (wt% copolymer concentration) for the PHBg3-TTC macro-RAFT agent. DLS measurements were performed in triplicate

for each sample.
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Fig. 7 TEM micrographs of PHBgz-b-PHEMAs5oo made at (a) 5 wt% and (b) 7.5 wt% of HEMA comonomer and PHBgs-TTC macro-RAFT agent

concentration.

other polymer systems.®> Furthermore, some spheres exhibited
a vesicular shape, with thin membranes being clearly distin-
guished (Fig. 7a and Fig. S13, S14, S15, S207), suggesting the
coexistence of vesicles and micelles in the dried samples pre-
pared for TEM. These results further demonstrated that a PISA
process was indeed proceeding smoothly during the copoly-
merization of HEMA from the PHBg;-TTC macro-RAFT agent
in THF. As stated in the literature, PISA offers a highly effective
approach for designing and producing a diverse array of block
copolymer nano-objects, including spheres, worms, and vesi-
cles, in different media.'®™**

SAXS experiments were performed on two samples in order
to better understand the morphology of the particles. Fig. 8
shows the SAXS patterns of PHBg;-h-PHEMA;,, at 5 and
7.5 wt% of HEMA comonomer and macro-RAFT agent concen-
tration. The gradient in the low g region of both patterns is

10° -
105 .
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1(q) (em™)

10°4

1024 :’ x 10

10'4 N x 10°

q@™h

Fig. 8 SAXS patterns of PHBg3-b-PHEMAsqo prepared at 5 wt% (in red)
and 7.5 wt% (in blue) of HEMA comonomer and PHBgz-TTC macro-RAFT
agent concentration. The data fits obtained by using a spherical vesicle
model is shown in black solid lines. The /(q) profiles were multiplied by a
constant indicated on the Figure, so as to improve its readability.
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about —2.5, exhibiting the presence of vesicles in the suspen-
sion, as already stated in the literature.*®> This result is in
agreement with the TEM images showing spherical particles
with morphologies most-likely corresponding to those of vesi-
cles (Fig. 7). After fitting the data by using a spherical vesicle
model, the two local minima of both patterns were investi-
gated.®® The minima observed at 1.3-1.4 x 10> A~" gives infor-
mation about the vesicle membrane thickness, and the one
around 3 x 10~ A~ highlights the overall vesicle size. It was
found that for both compositions, the membrane thickness is
about 50 nm, and the overall vesicle diameter around
195-200 nm. These particle sizes are in the same range as the
hydrodynamic diameters obtained by DLS (Fig. 6).

Conclusion

PHB-TTC macro-RAFT agent samples were successfully syn-
thesized by ROP of rac-f-BL catalyzed by an in situ generated
yttrium alkoxide complex in the presence of a TTC-OH
initiator. Well-defined o-crotonate (and also a-OH),w-TTC
PHBs (M xmr UP to 7500 g mol ™', D ca. 1.19) recovered poly-
esters, as characterized by NMR spectroscopy, MALDI-TOF
mass spectrometry and SEC analyses, supported a controlled
polymerization. Their subsequent use as macro-RAFT agent in
the synthesis of dispersion copolymers via RAFT PISA copoly-
merization of HEMA in THF, represents the first use of a PHA
in a PISA process, to elaborate, in the present study, PHA/poly-
methacrylate nanoparticles. The resulting PHB-b-PHEMA copo-
lymers were obtained with a noticeable increase of the molar
mass from the PHB-TTC precursor. Particle sizes were found to
increase with larger initial concentration of comonomer added
to the macro-RAFT agent. The same effect was similarly
observed with the increase of the length of the second PHEMA
block. TEM observations confirmed the existence of particles
formed through the PISA process, presenting a spherical shape
corresponding to micelles, presumably, and in some cases, a
vesicular shape. SAXS measurements performed on PHBg;-b-

This journal is © The Royal Society of Chemistry 2025
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PHEMA;(, at 5 wt% and 7.5 wt% of HEMA comonomer and
macro-RAFT agent revealed the presence of vesicles in the sus-
pension, in good agreement with TEM observations. This ROP/
RAFT/PISA process thus paves the way to our on-going investi-
gations on dispersions formed in water upon copolymerizing
from a hydrophilic PHA precursor, ultimately leading to
pharmaceutical applications.
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