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A series of all-acrylic poly(2-hydroxyethyl acrylate),-poly(4-hydroxybutyl acrylate), (PHEA,—PHBA))
diblock copolymer nanoparticles were prepared via an efficient one-pot RAFT aqueous dispersion
polymerization protocol using either a carboxylic acid-functionalized RAFT agent (HOOC-PHEA,-PHBA,)
or a morpholine-functionalized RAFT agent (Mo—PHEA,—~PHBA,). The pH-dependent colloidal stability of
the resulting sterically-stabilized nanoparticles was assessed by dynamic light scattering (DLS) and
aqueous electrophoresis. The HOOC-PHEA;z—PHBA,1; nanoparticles exhibited reversible flocculation
below pH 5.1, whereas the Mo—-PHEA;6—PHBA;50 nanoparticles flocculated above pH 5. Moreover, the
HOOC-PHEA,;—-PHBA,;7 nanoparticles proved to be sensitive to added salt, with incipient flocculation
occurring in the presence of 20-60 mM KCl owing to charge screening. Thus, such nanoparticles require
end-group ionization to confer colloidal stability via electrosteric stabilization. However, reducing the
PHBA/PHEA molar ratio and/or increasing the PHEA, stabilizer DP, leads to more efficient steric stabiliz-
ation and hence enhanced colloidal stability. A series of HOOC-PHEA,3—PHBA04_421 Nano-objects pre-
pared at pH 7 were characterized by visual inspection, DLS studies and shear-induced polarized light
imaging. Discrepancies between these characterization techniques indicated that the worms and vesicles
were unstable with respect to dilution. TEM studies were conducted after covalent stabilization of the
nano-objects using glutaraldehyde (GA). More specifically, TEM studies of GA-crosslinked HOOC-
PHEA,z—PHBA,43 and HOOC-PHEA;3—-PHBA,,; nano-objects indicated the presence of spheres in both

Received 22nd November 2021, cases when crosslinked at 0.1% w/w and either worms or vesicles respectively when crosslinked at
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10-20% w/w. Finally, HOOC-PHEA,3—PHBA,gs nano-objects were examined by variable temperature
oscillatory rheology: thermoreversible sphere/worm and worm/vesicle transitions were observed
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Introduction

Polymerization-induced self-assembly (PISA) offers a robust
and highly versatile synthetic route to a wide range of well-
defined block copolymer nano-objects in the form of concen-
trated colloidal dispersions.'™® PISA involves growing an in-
soluble block from one end of a soluble precursor block in a
suitable solvent. Once some critical degree of polymerization
is achieved for the insoluble block this causes micellar nuclea-
tion and ultimately leads to the formation of sterically-stabil-
ized diblock copolymer nano-objects. The unreacted monomer
acts as a processing aid (or co-solvent) and the high local
monomer concentration within the monomer-swollen nano-
particles results in a relatively fast rate of polymerization com-
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pared to the equivalent solution polymerization.”'° In the case
of formulations based on dispersion polymerization, this
approach is rather generic: PISA conducted in non-polar sol-
vents, polar solvents or water seems to conform to essentially
the same design rules."'* PISA syntheses involving vinyl
monomers are typically conducted using reversible addition-
fragmentation chain transfer (RAFT) polymerization, which is
well-known to be highly tolerant of monomer
functionality.®**™"® In principle, the final copolymer mor-
phology should depend on the relative volume fractions of the
soluble and insoluble blocks.>*** In practice, various other
synthesis parameters may also play important roles.®'3232°
For aqueous PISA formulations, one important consideration
seems to be the monomer solubility.>**> For example, there
are various RAFT aqueous emulsion polymerization formu-
lations involving sparingly-soluble vinyl monomers for which
only kinetically-trapped spheres can be obtained.***° In strik-
ing contrast, RAFT aqueous dispersion polymerization - for
which the vinyl monomer must be water-miscible - usually
provides access to the three most common copolymer mor-
phologies (spheres, worms or vesicles) if the steric stabilizer
block is not too long.'*>34%41

It has become increasingly apparent that using such water-
miscible monomers leads to the production of weakly hydro-
phobic structure-directing blocks that often exhibit thermo-
responsive behavior.*>*> Furthermore, morphological tran-
sitions can sometimes be induced simply by introducing a
single charge at the end of the steric stabilizer block. This can
be achieved either by ionization of a terminal carboxylic acid
group®®*>*® or by protonation of a terminal morpholine
group.’”*® Recently, we reported that diblock copolymer nano-
objects prepared via RAFT aqueous dispersion polymerization
can exhibit remarkable shape-shifting behavior.*>***° More
specifically, a single amphiphilic diblock copolymer can form
spheres, worms, vesicles or lamellae in aqueous solution
simply by varying the temperature from 1 °C to 70 °C.** In this
case — which is particularly relevant to the present study - the
steric stabilizer block was poly(N,N-dimethylacrylamide)
(PDMAC) and diacetone acrylamide (DAAM) was statistically
copolymerized with 4-hydroxybutyl acrylate (HBA) to produce a
hydrophobic block that could be covalently crosslinked using
adipic acid dihydrazide (ADH) to enable visualization of the
copolymer morphologies using transmission electron
microscopy (TEM).*> Herein we replace the PDMAC stabilizer
block with poly(2-hydroxyethyl acrylate) (PHEA), which has
been previously used to produce a range of PHEA-stabilized
nano-objects prepared by a post-polymerization solvent
switch.> >’ Recently, PHEA has been employed as a steric
stabilizer for RAFT dispersion polymerization in either
alcohol®® or alcohol/water mixtures.'*>*®® However, as far as
we are aware PHEA has never been examined for purely aqueous
PISA formulations. Moreover, we dispense with the DAAM
comonomer and instead use glutaraldehyde to covalently
stabilize hydroxyl-functional PHEA-PHBA diblock copolymer
nano-objects for TEM studies. The sensitivity of such all-
acrylic nanoparticles to changes in temperature, end-group
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ionization and serial dilution is explored and compared to
prior PISA formulations.

One-pot synthesis of HOOC-PHEA-PHBA diblock copolymers
via RAFT aqueous dispersion polymerization

According to the literature, the homopolymerization of HEA is
typically conducted at high temperatures (e.g. 70 °C) in polar
organic solvents such as DMF,>**®%%" THF>® 1,4-
dioxane,**®® various alcohols,”***®® or mixtures thereof.®*°’
In contrast, there are far fewer reports of the RAFT solution
polymerization of HEA in aqueous media, despite such reac-
tion conditions being highly desirable for the development of
efficient one-pot PISA syntheses of diblock copolymer nano-
particles. Thus, we decided to examine the RAFT aqueous solu-
tion polymerization of HEA at 44 °C using a trithiocarbonate-
based carboxylic acid-functionalized RAFT agent (PETMP), see
Scheme 1. We targeted 60% w/w solids so that the HEA
monomer initially acted as a co-solvent to ensure RAFT agent
solubility. A low-temperature thermal initiator was used to
minimize chain transfer to polymer since this side reaction is
well-known for acrylic polymerizations performed at elevated
temperatures.®>®® After 2.5 h, the crude HOOC-PHEA precur-
sor was analyzed by DMF GPC and 'H NMR spectroscopy. A
relatively symmetrical GPC trace suggested minimal chain
transfer to polymer during the polymerization, while the rela-
tively narrow molecular weight distribution (M/M,, = 1.13, see
Fig. 1A) indicates good RAFT control. "H NMR studies con-
firmed a final monomer conversion of 99%, which was calcu-
lated by comparing the integrated signal for the three vinyl
protons assigned to the HEA monomer at 5.8-6.5 ppm to that
of the five PETMP aromatic protons at 7.18-7.38 ppm (see
Fig. S1B, ESI}). Moreover, a mean DP of 73 was determined for
this HOOC-PHEA precursor after its isolation by precipitation
(the integrated signals for the aromatic end-group at
7.18-7.38 ppm were compared to that of the oxymethylene
proton signal at 4.18 ppm [Fig. S1B, ESI{]).

Subsequently, the crude HOOC-PHEA,; precursor was
chain-extended via RAFT aqueous dispersion polymerization
of HBA at 44 °C, targeting 20% w/w solids and a range of
PHBA DPs. For this second-stage polymerization, the solution
pH was adjusted to pH 7 to ensure that the carboxylic acid
group located on the end of each PHEA chain was present in
its anionic carboxylate form. "H NMR studies indicated that
more than 99% HBA conversion was achieved within 9 h for all
target copolymer compositions, as determined by comparing
the integrated HBA vinyl signals at 5.8-6.5 ppm to the inte-
grated PHBA signal at 3.63 ppm (Fig. S1C, ESIf). Similarly,
final diblock copolymer compositions (Table S1, ESIt) were
determined by comparing the PHEA signal at 3.78 ppm with
the PHBA signal at 3.63 ppm (Fig. S1C, ESI}). DMF GPC
studies indicated reasonably high blocking efficiencies (see
Fig. 1A) and a relatively linear evolution of M, with PHBA DP
(see Fig. 1B).

Notably each of the diblock copolymer GPC traces shown
in Fig. 1A contains a high molecular weight shoulder, which
becomes more prominent when targeting higher PHBA DPs.

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Reaction scheme outlining the one-pot synthesis of
HOOC-PHEA,-PHBA, diblock copolymer nano-objects at pH 7 via
RAFT aqueous dispersion polymerization of HBA. First, a HOOC—-PHEA,
precursor is prepared at 60% w/w solids via RAFT aqueous solution
polymerization of HEA at 44 °C using a carboxylic acid-based RAFT
agent (PETMP). The crude HOOC-PHEA, precursor is then used for
the RAFT aqueous dispersion polymerization of HBA at pH 7 without
further purification. In principle, aqueous dispersions of spheres,
worms or vesicles should be accessible depending on the precise
PHBA DP provided that the HOOC-PHEA, precursor is not too long
(e.g., x = 73).
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There is a corresponding broadening of the molecular weight
distribution (see Fig. 1B and Table S1, ESI}), with dispersities
increasing gradually up to a PHBA DP of 316, before rising
more rapidly for higher DPs. This is most likely the result of
chain transfer to polymer®®® and/or light branching owing to
trace amounts of diacrylate impurities in the HBA
monomer.®”®® It is perhaps worth emphasizing that appropri-
ate steps were taken to minimize such problems: the HBA
monomer was extensively purified via exhaustive solvent
extraction with n-hexane to remove diacrylate impurities and
its subsequent polymerization was conducted at a relatively
low temperature (44 °C).

In developing this PISA protocol, it became apparent that
the resulting HOOC-PHEA;3;-PHBA, diblock copolymer nano-
objects exhibited unusual colloidal stability behavior. In initial
experiments, a one-pot synthesis protocol similar to that
reported by Byard et al** for the preparation of PDMAC-P
(HBA-stat-DAAM) diblock copolymer nano-objects was explored
(see Fig. S2A, ESIT). This involved synthesis of a new HOOC-
PHEA;, precursor at 60% w/w solids using a redox initiator at
30 °C. Within 1.75 h, >99% HEA conversion was achieved and
the subsequent RAFT aqueous dispersion polymerization of
HBA was conducted at pH 2.5 targeting 20% w/w solids.
However, macroscopic phase separation unexpectedly occurred
forming two distinct layers (see Fig. S2B, ESIf). DMF GPC
studies conducted on the precursor, the viscous yellow lower
layer and the free-flowing transparent upper layer confirmed
that chain extension had occurred but the upper layer con-
tained some unreacted HOOC-PHEA;, precursor (see Fig. S2B,
ESIT). One important difference between this initial synthesis
route and that shown in Scheme 1 is the solution pH. The car-
boxylic acid end-group located on each PHEA steric stabilizer
chain is ionized at pH 7.0, whereas it is in its neutral form at
PH 2.5. According to our prior studies, this subtle difference
can significantly affect the aqueous solubility of a weakly
hydrophilic water-soluble polymer.®® Accordingly, we under-
took a series of experiments as a function of solution pH to
examine the reason for the unexpected poor colloidal stability
observed at pH 2.5.

Effect of varying the solution pH on colloidal stability

Dynamic light scattering (DLS) and aqueous electrophoresis
studies were conducted by adjusting the pH of a 0.1% w/w
aqueous dispersion of HOOC-PHEA,;-PHBA,;, nanoparticles
prepared according to Scheme 1 (Fig. 2A). Between pH 10 and
PH 5.5, the z-average diameter remained constant at approxi-
mately 35 nm. Within this pH range, the zeta potential only
varied between —16 and —20 mV, with the slightly less negative
zeta potentials observed between pH 6.5 and 5.5 coinciding
with a modest increase in the particle size. However, lowering
the pH to 5.1 led to significant flocculation: the apparent
z-average diameter more than doubled to 108 nm, although
the zeta potential was only marginally lower at —14.6 mV.
Interestingly, this onset of aggregation coincides with the pK,
determined for the HOOC-PHEA;; precursor (see Fig. S3,
ESI}). This suggests that the HOOC-PHEA,;-PHBA,,; nano-
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Fig. 1 (A) DMF GPC curves (refractive index detector; expressed relative
to a series of poly[methyl methacrylate] [PMMA] calibration standards)
recorded for the HOOC—-PHEA,3 precursor (dotted curve) and selected
HOOC-PHEA;3—PHBA, diblock copolymers (solid curves) prepared at
pH 7. (B) The corresponding evolution in number-average molecular
weight (M,,, open circles) and dispersity (M,,/M,, crosses) with PHBA DP
(raw data provided in Table S1, ESI}). Data for the HOOC—-PHEA;3 pre-
cursor are indicated by the red data points marked on the y axis (PHBA
DP = 0) and account for the non-zero intercepts while the dashed line
indicates the theoretical M,,.

particles require more than 50% of their carboxylic acid end-
groups to be ionized to retain colloidal stability, as schemati-
cally illustrated in Fig. 2B. Lowering the pH further results in a
correspondingly higher degree of flocculation. Macroscopic
precipitation was observed at around pH 4.5, for which the
zeta potential was approximately —8.5 mV. These data are con-
sistent with the formation of colloidally unstable nano-objects
when performing the RAFT aqueous dispersion polymerization
of HBA when using a HOOC-PHEA;, precursor at pH 2.5.

In related work, Gibson et al.®® found that colloidal disper-
sions of poly(N-2-(methacryloyloxy)ethyl pyrrolidone)-poly(2-
hydroxypropyl methacrylate) (PNMEP-PHPMA) nanoparticles
could be prepared using a similar carboxylic acid-functiona-
lized RAFT agent at pH 7, but not at pH 3. In this prior study,
ionization of such end-groups is critical for colloidal stability
since this raises the cloud point for the HOOC-PNMEP, stabil-
izer block by up to 25 °C. For PISA syntheses conducted at
44 °C, this represents the difference between effective steric
stabilization and colloidal instability.®

However, PHEA should not exhibit such inverse tempera-
ture solubility: according to the literature, it should exhibit a
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Fig. 2 (A) Variation in apparent z-average diameter (red circles) and

zeta potential (blue squares) with solution pH for a 0.1% w/w aqueous
dispersion of HOOC-PHEA;3—PHBA,;; nanoparticles at 25 °C in the
presence of 1 mM KCL. The vertical black dotted line indicates the pK, of
5.1 as determined by acid titration of the HOOC—-PHEA;3 precursor (see
Fig. S3, ESIT). (B) Schematic representation of the protonation of car-
boxylic acid end-groups on the PHEA steric stabilizer chains that causes
nanoparticle flocculation below pH 5.5.

cloud point above 100 °C.”° Indeed, turbidimetry studies con-
ducted between 25 and 90 °C on 1.0% w/w dispersions of
three HOOC-PHEA, precursors (x = 49, 72 or 100) indicated no
significant change in transmittance at either pH 2.5 or pH 7.0.
Clearly, regardless of whether their carboxylic acid end-groups
are ionized or not, these three HOOC-PHEA, precursors
possess cloud points above 90 °C (see Fig. S4, ESI}). Thus,
although ionization of carboxylic acid end-groups is certainly
essential for the successful aqueous PISA synthesis of HOOC-
PHEA,;-PHBA,, nano-objects, this appears to involve a subtly
different mechanism to that reported by Gibson et al®® for
HOOC-PNMEP,~-PHPMA,, nano-objects.

The acid-induced flocculation of the HOOC-PHEA.;-
PHBA,,; nanoparticles shown in Fig. 2 was found to be reason-
ably reversible: after a pH 10 - pH 2 - pH 10 cycle, DLS studies
indicated that, above pH 6.5, the apparent nanoparticle dia-
meter was only slightly larger than the initial value (see
Fig. S5, ESIT). This modest increase in size is likely to be the
result of the build-up of background salt, which would also
account for the slightly less negative zeta potentials. Such
nanoparticle redispersion is in good agreement with the
reversible pH-responsive behavior reported for similar steri-
cally-stabilized diblock copolymer nanoparticles by Lovett and
co-workers,*® Penfold et al.*” and Byard et al.*> However, it is
in contrast to the irreversible aggregation behavior reported by
Gibson and co-workers.*’

Next, the effect of added salt on colloid stability was exam-
ined. Thus, a series of 0.1% w/w aqueous dispersions of

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Variation in apparent z-average diameter (red circles) and poly-
dispersity (purple triangles) with KCl concentration indicated by DLS
studies of a 0.1% w/w aqueous dispersion of HOOC-PHEA;3—PHBA,1,
nanoparticles at pH 7 (see also Fig. S6, ESIT).

HOOC-PHEA;;-PHBA,,; nanoparticles were prepared in the
presence of KCl and their apparent z-average particle dia-
meters were assessed by DLS at pH 7 (see Fig. 3). As expected,
the colloidal stability was very sensitive to the salt concen-
tration, with the apparent particle size doubling in the pres-
ence of only 20 mM KCI (see Fig. 3 and Fig. S6A, ESIf).
Moreover, multimodal particle distributions
obtained as the salt concentration was raised to 50-60 mM
KCl, indicating extensive flocculation under such conditions
(see Fig. S6B, ESIf). This suggests that the nanoparticle aggre-
gation observed in the presence of added salt is the result of
charge screening of the anionic carboxylate end-groups. As
noted above, the HOOC-PHEA;; block is not sufficiently long
to confer efficient steric stabilization in its neutral form. Given
that the HOOC-PHEA,;-PHBA,,; nanoparticles exhibit both
pH- and salt-dependent colloidal stability, this is consistent
with an electrosteric stabilization mechanism.®®7”"7?

Once the pH-dependent colloidal stability of HOOC-
PHEA,;-PHBA,,, nanoparticles was established, the effect of
adjusting the HOOC-PHEA stabilizer DP while maintaining a
similar PHBA DP (i.e. varying the HBA/HEA molar ratio) was
investigated. More specifically, HOOC-PHEA,,s-PHBA;¢, and
HOOC-PHEA, ,c-PHBA,5 dispersions (HBA/HEA molar ratios
= 1.8 and 1.5, respectively) were prepared at pH 7 and then
DLS and aqueous electrophoresis studies were conducted as a
function of pH (see Fig. 4). Fig. 4 indicates that the critical pH
for flocculation can be suppressed by increasing the DP of the
stabilizer block, with aggregation being observed at pH 5.1
and pH 4.5 for the HOOC-PHEA,;-PHBA,;; and
HOOC-PHEA, ,s-PHBA,4, nanoparticles, respectively. Thus,
increasing the DP of the HOOC-PHEA, block reduces the frac-
tion of stabilizer chains bearing anionic carboxylate end-
groups required to maintain colloidal stability. Moreover, the
HOOC-PHEA, ,,-PHBA,s dispersion remains colloidally stable
across the entire pH range. This suggests that there is a critical
DP above which (and/or a critical HBA/HEA molar ratio below
which) end-group ionization is no longer required to confer
colloidal stability to such nanoparticles, i.e. purely steric stabi-
lization is sufficient to prevent aggregation.

size were
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Fig. 4 Variation in apparent z-average diameter with pH observed for
0.1% w/w aqueous dispersions of HOOC—-PHEA;3;—PHBA,;, (red circles),
HOOC-PHEA;p5—PHBA94 (purple triangles) and HOOC-PHEA 40—
PHBA,os (green diamonds) nanoparticles at 25 °C in the presence of
1 mM KCL. Measurements were performed by titrating from high pH
using aqueous HCL. The vertical black dotted line indicates the pK, of 5.1
determined for each of the HOOC—-PHEA, precursors by acid titration.

To investigate whether the enhanced colloidal stability
observed for the HOOC-PHEA, ,,-PHBA,5 dispersion in Fig. 4
is the result of a longer PHEA DP or a lower HBA/HEA molar
ratio, the colloidal stability of a HOOC-PHEA,,o-PHBA,g dis-
persion was studied over the same pH range. This diblock
copolymer has a PHBA/PHEA molar ratio of 2.9, which is very
similar to that for the HOOC-PHEA,;-PHBA,,, diblock copoly-
mer (PHBA/PHEA molar ratio = 3.0), thus enabling a meaning-
ful comparison of the pH-dependence of their colloidal stabi-
lity. Accordingly, DLS and aqueous electrophoresis studies
were performed on a 0.1% w/w aqueous dispersion of HOOC-
PHEA, ,,-PHBA,os nanoparticles. In Fig. 5A and B, these data
are compared with that obtained for the HOOC-PHEA;;-
PHBA,;; nanoparticles shown in Fig. 2. Similar behavior is
observed above pH 5.1, which corresponds to the common pK,
value obtained for the two corresponding stabilizer chains: the
particle size remains around 50 nm on lowering the pH from
7.7 to 5.5 (see Fig. 5A) and there is a concomitant modest
reduction in zeta potential (see Fig. 5B). However, the two
types of nanoparticles exhibit divergent behavior below pH
5.1. As previously noted, the apparent z-average diameter of
the HOOC-PHEA;;-PHBA,,, nanoparticles increases dramati-
cally, indicating the onset of flocculation. In contrast, the
apparent z-average diameter for the HOOC-PHEA,,o-PHBA,g
nanoparticles gradually increases on lowering the pH from 5.0
to 4.3 before attaining a constant value of approximately
103 nm below pH 4.3 (see Fig. 5A). Meanwhile, the corres-
ponding zeta potential is reduced from —8.2 mV at pH 5.0 to
approximately —0.5 mV at pH 2.0 (see Fig. 5B). This indicates
that these nanoparticles retain a reasonably high degree of dis-
persion in the form of relatively small flocs at low pH, despite
the absence of any anionic end-groups under such conditions.
Furthermore, these data suggest that longer HOOC-PHEA
stabilizer chains confer more effective steric stabilization and
do not require end-group ionization to prevent macroscopic
precipitation.
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Fig. 5 Variation in (A) the apparent z-average diameter and (B) zeta
potential with pH observed for 0.1% w/w aqueous dispersions of
HOOC-PHEA,3-PHBA,;; nanoparticles (red circles) and HOOC-
PHEA;40—PHBA 08 nanoparticles (blue triangles) at 25 °C in the presence
of 1 mM KCl. Measurements were performed by titrating from high pH
using aqueous HCL. The vertical black dotted lines indicate the pK, of 5.1
determined for each of the HOOC-PHEA, precursors by acid titration.

Tailoring colloidal stability via choice of RAFT agent

Bearing in mind the above end-group effect, we decided to
evaluate a morpholine-functionalized RAFT agent (MPETTC)
for the aqueous PISA synthesis of Mo-PHEA,~PHBA, nano-
particles, where Mo denotes an 2-(N-morpholino)ethyl end-
group. In principle, such dispersions should exhibit comp-
lementary pH-dependent colloidal stability. Accordingly, Mo-
PHEA,c-PHBA, 4, nanoparticles were prepared using MPETTC
at pH 3 targeting 20% w/w solids according to the one-pot pro-
tocol outlined in Scheme 2. Analysis of the Mo-PHEA,¢ precur-
sor and final diblock copolymer by 'H NMR spectroscopy con-
firmed that 99% conversion was achieved for each step, while
DMF GPC analysis indicated relatively narrow molecular
weight distributions in each case (M,/M, = 1.15 and 1.35,
respectively) and a reasonably high blocking efficiency (see
Fig. S7A, ESIt). Importantly, the resulting aqueous dispersion
showed no signs of flocculation at pH 3 (see Fig. S7A, ESIY),
suggesting good colloidal stability under such conditions.

DLS and electrophoresis studies were conducted on a 0.1%
w/w aqueous dispersion of the Mo-PHEA,s-PHBA;4, nano-
particles (see Fig. 6A). As expected, the apparent z-average dia-
meter remained constant at approximately 42 nm below pH 5,
while zeta potentials ranged from +5.9 to +8.5 mV. However,
weak flocculation was evident at pH 5.6, for which the zeta
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KPS/AsAc, 30 °C, 3.5 h,
Mo-PHEA/KPS = 4.0
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H
00

Mo-PHEA,¢-PHBA ¢,

Scheme 2 Reaction scheme for the one-pot PISA synthesis of Mo-
PHEA;c—PHBA160 Nnanoparticles at pH 3. First, the Mo—PHEA;¢ precursor
is prepared via RAFT aqueous solution polymerization of HEA at 70 °C
targeting 60% w/w solids using a morpholine-based RAFT agent
(MPETTC). This Mo—-PHEA;s precursor is then used directly without
further purification to conduct the RAFT aqueous dispersion polymeriz-
ation of HBA at 30 °C using a potassium persulfate/ascorbic acid (KPS/
AsAc) redox initiator at pH 3.

potential was +3.3 mV. Above pH 5.7, the apparent DLS size
exceeded the 6 um upper limit for the DLS instrument, indicat-
ing macroscopic precipitation (see Fig. 6B). Thus, complete
loss of colloidal stability occurs well below the pK, of 6.4 deter-
mined for the conjugate acid form of the morpholine end-
groups on the PHEA stabilizer chains (see Fig. S7B, ESL;T this
PK, is in good agreement with that reported by Penfold et al.
for a PGMA;, homopolymer prepared using MPETTC).*” This
suggests that a relatively high proportion of morpholine end-
groups must be protonated to maintain colloidal stability.

Effect of dilution on the morphology of HOOC-PHEA;;-PHBA,,
nano-objects

Fig. 7 indicates the visual appearance at 25 °C of a series of
20% w/w aqueous dispersions of HOOC-PHEA;;-PHBA,, nano-
particles prepared at pH 7. These dispersions remain transpar-
ent up to a PHBA DP of 265, above which they become increas-
ingly turbid. The four central inverted vials indicate that the
dispersion viscosity increases monotonically up to a maximum

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (A) Variation in apparent z-average diameter (red circles) and
zeta potential (blue squares) with solution pH observed for a 0.1% w/w
aqueous dispersion of Mo—PHEA;6—PHBA;50 nanoparticles at 25 °C in
the presence of 1 mM KCL The vertical black dotted line indicates
the pK, of 6.4 determined for the Mo—PHEA;¢ precursor by acid titra-
tion. (B) Schematic representation of the (de)protonation of the mor-
pholine end-group that results in nanoparticle flocculation at higher pH,
as indicated by the DLS data shown in (A).

value at a PHBA DP of 265, with free-flowing milky-white dis-
persions being obtained at higher PHBA DPs. Based on our
previous experience of various PISA formulations,*>”>”* this
strongly suggests the formation of transparent dispersions of
free-flowing spheres (y = 109-189), relatively transparent worm
gels (y = 217-289), and relatively turbid vesicles (y = 316-421).
Accordingly, DLS studies were conducted on 0.1% w/w
aqueous dispersions of HOOC-PHEA;;-PHBA, nanoparticles
at pH 7 after sequential dilution (see Fig. 8 and Table S1,
ESIt). As shown in Fig. 8A, the apparent z-average diameter at
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25 °C increased linearly from 14 nm to 52 nm with PHBA DP.
Moreover, particle size distributions were relatively narrow,
with most dispersions exhibiting DLS polydispersities below
0.10. These observations are precisely what would be expected
for a series of kinetically-trapped spheres.””””” However, this is
clearly not consistent with the visual appearance of the series
of 20% w/w aqueous dispersions shown in Fig. 7. For example,
nanoparticles with an apparent z-average diameter of 33 nm
should not form a transient free-standing gel, as observed for
the 20% w/w HOOC-PHEA,;-PHBA,qs dispersion. Similarly,
aqueous dispersions with z-average diameters ranging from 35
to 52 nm should not exhibit strong turbidity (as shown in
Fig. 7 for 20% w/w HOOC-PHEA;;-PHBA, nanoparticles when
y > 289). Furthermore, the DLS data do not suggest that such
turbidity results from colloidal instability. Instead, these obser-
vations suggest that (some of) the nano-objects are unstable
with respect to dilution, with worms or vesicles undergoing
in situ dissociation to form relatively large spheres. As far as we
are aware, such dilution instability is seldom reported for
PISA-synthesized nano-objects.”” Nevertheless, this expla-
nation is consistent with the relatively narrow DLS particle size
distributions, small z-average diameters and the linear
increase in apparent nanoparticle diameter with PHBA DP.”®
Moreover, we have recently reported that the structure-
directing PHBA block is only weakly hydrophobic.***°

Even without the additional complication of dilution-
induced instability, assigning morphologies for acrylic
diblock copolymer nano-objects is generally rather more pro-
blematic than for the corresponding methacrylic nano-
objects.'#*31:737879 Thig is because the former nano-objects
typically exhibit a sub-ambient glass transition temperature
(T,), which prevents conventional TEM analysis owing to nano-
particle deformation and/or film formation during grid prepa-
ration. In principle, cryo-TEM can be used to image such low
T, nanoparticles.”””® However, in situ dilution is required for
cryo-TEM sample preparation. Alternatively, small-angle X-ray
scattering (SAXS) can readily distinguish between spheres,
worms and vesicles and this technique can be conducted at
relatively high copolymer concentration.®*** However, a struc-
ture factor is typically observed under such conditions; this

Fig. 7 Digital photograph recorded at 25 °C indicating the physical appearance of a series of as-synthesized 20% w/w aqueous dispersions of
HOOC-PHEA;3—PHBA, nano-objects (where y varies from 109 to 421, see tube labels) prepared at pH 7 according to the protocol outlined in

Scheme 1.

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (A) Variation of the apparent DLS diameter, Dy, (circles) and DLS
polydispersity (PDI, crosses) with PHBA DP (y) for a series of 0.1% w/w
aqueous dispersions of HOOC-PHEA;3-PHBA, nano-objects at pH 7.
(B) DLS size distributions recorded for selected nano-objects (see also
Table S1, ESIY).

significantly complicates the data analysis, particularly for
worms (see Fig. S8, ESIT). Indeed, SAXS patterns recorded at
1.0% w/w for the charged nano-objects described herein
exhibit a pronounced structure factor arising from strong
inter-particle electrostatic repulsion (see Fig. S8B, ESIf). Such
interactions also have consequences for DLS measurements,
whereby the incurred systematic error leads to an apparent
particle diameter (see Fig. 24, 3, 4, 5A, 6A and 8A).

An alternative approach is nanoparticle crosslinking: we
have recently reported that such covalent stabilization can
facilitate nano-object imaging by conventional TEM.***° For
example, Deane et al. utilized the pendent hydroxyl group
present in each PHBA residue as a reactive site for crosslinking
using a well-known biological fixative, glutaraldehyde (GA).>**
Importantly, such covalent stabilization should allow TEM
studies of the original HOOC-PHEA,;-PHBA,, spheres, worms
and vesicles and also any new nano-objects that may be
formed on dilution.

Accordingly, a transparent, free-flowing dispersion of
HOOC-PHEA,;-PHBA, 3, nano-objects (tentatively assigned as
spheres) and a turbid, free-flowing dispersion of HOOC-
PHEA,;-PHBA,,; nano-objects (tentatively assigned as vesicles)
were each crosslinked in turn at 20 °C at either 0.1 or 10% w/w
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(see Scheme S1, ESIf). Similarly, HOOC-PHEA;;-PHBA,,;
nano-objects (tentatively assigned as worms) were crosslinked
in the form of a 20% w/w transparent gel at 40 °C, which
corresponds to the critical gelation temperature (CGT, see
Fig. S9B and Scheme S1, ESIf) and also under the same con-
ditions after dilution to 0.1% w/w. TEM studies (see Fig. 9)
revealed the presence of small HOOC-PHEA,;-PHBA, 3,
spheres at 20 °C regardless of whether GA crosslinking is con-
ducted at 10 or 0.1% w/w. Furthermore, there was no evidence
for interparticle crosslinking when conducting such experi-
ments at 10% w/w, despite the presence of reactive hydroxyl
groups within the PHEA stabilizer chains (see Table S2, ESI}).
Conversely, GA crosslinking the HOOC-PHEA;;-PHBA,,;
nano-objects at 20% w/w reveals the presence of anisotropic
worm-like nanoparticles, whereas only isotropic spherical nano-
particles are obtained after covalent stabilization at 0.1% w/w.
Similarly, TEM studies of PHEA,;-PHBA,,; nano-objects cross-
linked at 10% w/w indicate the presence of large vesicles, as
expected given the turbid appearance of such dispersions. In
contrast, GA crosslinking at 0.1% w/w afforded much smaller
spheres. These observations are consistent with the corres-
ponding DLS data obtained for the linear nano-objects at 0.1%
w/w. In summary, these DLS and TEM studies provide strong
evidence for the instability of HOOC-PHEA,;-PHBA, worms
and vesicles with respect to spheres on serial dilution.

Characterization of concentrated dispersions

In order to further examine the morphology of the as-syn-
thesized aqueous dispersions of HOOC-PHEA;;-PHBA, nano-
particles, alternative analytical techniques applicable to con-
centrated dispersions were required. Thus, the series of 20%
w/w HOOC-PHEA;;-PHBA, nanoparticles was studied using
shear-induced polarized light imaging (SIPLI) at 25 °C. SIPLI is
an opto-rheological technique that enables the presence of

PHEA,;-PHBA 5
at20°C

PHEA,;-PHBA .,
at 40 °C

PHEA;;-PHBA,,,
at20°C

Crosslinked at
high concentration

Crosslinked at
low concentration

Fig. 9 TEM images recorded for dilute aqueous dispersions of HOOC—
PHEA;3—PHBA;3¢ nano-objects crosslinked at 20 °C (A and D); HOOC-
PHEA;3—PHBA,43 nano-objects crosslinked at 40 °C (B and E), and
HOOC-PHEA;3—PHBA,,;, hano-objects crosslinked at 20 °C (C and F). In
each case GA crosslinking was conducted at pH 7 using a GA/HBA molar
ratio of 0.66 at either 10—-20% w/w concentration (A—C) or 0.1% w/w
concentration (D-F).
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anisotropic nanoparticles to be identified via the appearance
of a characteristic Maltese cross motif.">#*%> This feature is
the result of the birefringence generated by in situ alignment
of the anisotropic particles under shear. Furthermore, the
plate-plate geometry utilized for SIPLI experiments results in a
continuous gradient of shear rates radially distributed from
zero to a maximum value at the disk edge. This allows the criti-
cal shear rate required for the alignment of anisotropic par-
ticles to be identified, where the central dark area of the
Maltese cross transitions to the light area, indicating align-
ment. If no Maltese cross is observed, this indicates the pres-
ence of isotropic nanoparticles. Therefore, this technique
should enable highly anisotropic worms to be identified if
such species are present in the as-synthesized concentrated
aqueous dispersions of HOOC-PHEA,;-PHBA,, nanoparticles.
Angular speed sweeps were conducted between 0.0008 and
8 rad s™' (corresponding to maximum shear rates at the disk
edge of 0.01 and 100 s™') with polarized light images being
captured periodically as the maximum shear rate was gradually
increased. A representative polarized light image recorded at
25 °C for each dispersion of HOOC-PHEA,;-PHBA, nano-
particles is shown in Fig. 10. These images were recorded at
various shear rates depending on whether a Maltese cross was
observed or not; if this feature appeared, then the shear rate
was adjusted to achieve the optimal image in each case.

View Article Online
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Morphologies were assigned based on these SIPLI images
taking into account the visual appearance of each 20% w/w
aqueous copolymer dispersion at 25 °C, see Fig. 7.

For 20% w/w HOOC-PHEA,;-PHBA, dispersions with y =
109 or 136, no Maltese cross was observed up to a maximum
shear rate of 100 s™' (see Fig. 10). This is consistent with
the presence of isotropic spherical nanoparticles, with mean
apparent diameters indicated by DLS studies of the corres-
ponding diluted dispersions (Fig. 8). As y is increased from
163 to 217, a Maltese cross is observed at a progressively lower
maximum shear rate (ranging from 100 s™* to 8 s™*), with this
feature gradually becoming more intense. Since the dispersion
viscosity clearly increases with PHBA DP (see Fig. 7), this
suggests the presence of a mixed phase comprising isotropic
spheres and (increasingly) anisotropic worms for such copoly-
mer compositions. This is commonly observed for PISA formu-
lations that lie intermediate between pure spheres and pure
worms.”>*®%% As y is increased further to 243 or 265, intense
Maltese crosses are obtained at lower maximum shear rates
(2 and 0.8 s™" respectively, see Fig. 10); this is not unexpected
given that such dispersions form transparent viscous fluids
(Fig. 7), which suggests the presence of highly anisotropic
linear worms. The dispersions become more turbid and less
viscous for y = 289-421. Nevertheless, Maltese crosses were
still observed over this range at relatively low maximum shear

Spheres ar?gc\?::;s Worms Worms and Vesicles
100 s 100 s 8s1 0.8 s 4 s 0.2 s

P

B

PHBA DP

100 /
100 s

[

\ 300 \350 400 ‘
0.3s" 0.5s

450

0.2s"

Fig. 10 Digital polarized light images recorded under shear at various maximum shear rates (0.2-100 s™%) when conducting SIPLI experiments at
25 °C on a series of 20% w/w aqueous dispersions of HOOC-PHEA;3;—PHBA, nano-objects (y = 109-421; see red crosses marked on the horizontal
PHBA DP axis). The optimized maximum (sample edge) shear rate at which each dispersion was assessed is stated for each polarized light image.
Shaded regions indicate the assigned morphology based on the presence or absence of a Maltese cross, the corresponding shear rate and the visual
appearance of each copolymer dispersion at 25 °C (see Fig. 8). The white arrows indicate the relative orientation of the polarizer (P) with respect to

the analyzer (A) planes, respectively.
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rates between 4 and 0.2 s™'. This suggests that a mixed phase
comprising worms and vesicles persists over this compo-
sitional range, with a gradual increase in the proportion of the
latter species accounting for the increase in turbidity (see
Fig. 7).

It is perhaps surprising that a worm population appears to
persist over such a wide range of copolymer compositions.>®
However, it is likely that the anionic surface charge required to
ensure electrosteric stabilization of these nano-objects
impedes the worm-to-vesicle transition as the PHBA DP is
increased, thereby delaying the formation of pure vesicles.
Indeed, it is well documented in the PISA literature that intro-
ducing charge into the steric stabilizer chains often prevents
(or delays) the formation of worms or vesicles.”””®
Furthermore, Lovett et al. reported that, although pH-insensi-
tive methyl ester-capped PGMAsq-PHPMA, 5, worm gels exhibi-
ted thermoresponsive behavior at both neutral and low pH,
the corresponding pH-sensitive HOOC-PGMA;s—HPMA; 55
worm gel only exhibited thermoresponsive behavior when the
majority of its carboxylic acid end-groups were protonated (i.e.
below its pK, of 4.7).>® This is important because it provides
direct evidence that anionic end-groups can prevent (or
hinder) access to higher order morphologies. Alternatively,
TEM studies of HOOC-PHEA,;-PHBA,,, vesicles crosslinked
at 10% w/w provided evidence for the coexistence of popu-
lations of both spherical and tubular vesicles (see Fig. 9C). In
principle, the latter weakly anisotropic nano-objects might
account for the persistence of the Maltese cross at high PHBA
DPs. Furthermore, the highly hydrated nature of the PHBA
membranes may lead to some degree of elongation under
applied shear (see Table S2, ESI{).

In a further set of experiments, the thermoresponsive be-
havior of a 20% w/w aqueous dispersion of HOOC-PHEA;;-
PHBA,45 nano-objects was assessed by visual inspection at 2,
23 and 53 °C, allowing 10 min equilibration at each tempera-
ture (see Fig. 11). On cooling from 23 to 2 °C, the initial transient
free-standing gel became a free-flowing fluid, see Fig. 11A(i) and
11A(ii). For other PISA systems,*" % including the closely
related thermoresponsive HBA-rich nanoparticles reported by
Byard et al.,*> such degelation is associated with a worm-to-
sphere transition (see Fig. 11B). Reheating the flowing dis-
persion to 23 °C resulted in reconstitution of a transient free-
standing gel [Fig. 11A(iii)], suggesting that this worm-to-sphere
transition is reversible. Moreover, heating to 53 °C yielded a
turbid free-flowing dispersion [Fig. 11A(iv)], which is consist-
ent with a worm-to-vesicle transition (see Fig. 11B).*>*° This
second thermal transition also appeared to be reversible on
returning to 23 °C [Fig. 11A(v)].

Finally, the same 20% w/w aqueous dispersion of HOOC-
PHEA,;-PHBA,; nano-objects was studied by variable temp-
erature oscillatory rheology at pH 7 (see Fig. 11C and D). At
sub-ambient temperatures, the loss modulus (G") exceeds the
storage modulus (G'), indicating a fluid rather than a gel.
However, as the complex viscosity, |7*|, remains at about 3 Pa
s, the free-flowing dispersion is still relatively viscous, see
Fig. 11A(ii). As the temperature is raised, G, G” and |5*| each
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Fig. 11 (A) Digital photographs recorded for a 20% w/w aqueous dis-
persion of HOOC-PHEA;3—PHBA,s5 nano-objects at pH 7, with 10 min
equilibration being allowed at each temperature: (i) original transient
free-standing gel at 23 °C; (ii) free-flowing fluid at 2 °C; (iii) reconsti-
tuted transient free-standing gel at 23 °C; (iv) turbid, free-flowing fluid
at 53 °C; (v) final transient free-standing gel at 23 °C. These images
are consistent with the presence of spheres (ii), worms (i), (iii) and (v)
and vesicles (iv), respectively. (B) Schematic representation of the
thermoreversible morphological transitions. (C and D) Variable tem-
perature oscillatory rheology data obtained on first heating (red
symbols) and then cooling (blue symbols) the same 20% w/w aqueous
dispersion of HOOC—-PHEA,3—PHBA,¢5s nano-objects at pH 7. The dis-
persion was equilibrated at 2 °C for 20 min prior to heating, with G’
(solid symbols, C), G" (open symbols, C) and |p*| (complex viscosity,
crosses, D) recorded at 2 °C intervals, with 3 min being allowed for
thermal equilibration at each temperature. This thermal cycle was
conducted at an applied strain amplitude of 1.0% and an angular
frequency of 1.0 rad s,
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pass through a maximum value at around 22-28 °C before
tending towards 1 Pa and 2 Pa s, respectively, above 40 °C.
Unusually, gelation occurs after these maxima, with CGT of
32 °C and 34 °C being observed on heating and cooling,
respectively, as |n*| rapidly decreases. This rheology profile is
similar to that reported by Byard et al. for a 20% w/w aqueous
dispersion of HBA-rich nano-objects.*” In this prior study,
TEM studies of covalently-stabilized nano-objects that had
been crosslinked at various temperatures provided confir-
mation of reversible sphere-to-worm and worm-to-vesicle mor-
phological transitions between 1 and 50 °C. Furthermore,
almost perfect thermoreversibility with minimal hysteresis is
indicated by the rheological data shown in Fig. 11C and D,
which is consistent with visual inspection [see Fig. 11A(i-v)].

Rheological studies conducted on three other HOOC-
PHEA,;-PHBA, nano-objects (y = 217, 243 or 289) indicated
that lower PHBA DPs lead to higher CGTs (see Fig. S9, ESIf).
Similar observations were reported by Verber et al. for aqueous
dispersions of other thermoresponsive diblock copolymer
worms.® Notably, all gels formed by these HOOC-PHEA, ;-
PHBA, nano-objects were relatively weak, with maximum
[n*| values increasing from approximately 14 to 40 Pa s
with increasing PHBA DP (see Fig. 11D and Fig. S9, ESI}).
Presumably, this is the result of repulsive inter-worm inter-
actions arising from the anionic end-groups, which reduces
the number of inter-worm contacts that are believed to be
responsible for macroscopic gelation.’® Similar observations
were reported by Penfold and co-workers.?””*® One reviewer of
this manuscript has suggested that it would be interesting to
perform further rheology studies to examine the effect of
varying the solution pH on the thermoresponsive behaviour of
such nano-objects. This is an interesting suggestion that war-
rants further consideration but unfortunately such experi-
ments are beyond the scope of the current study.

Conclusions

The synthesis of new all-acrylic PHEA,~PHBA,, diblock copoly-
mer nano-objects has been achieved via an efficient one-pot
aqueous PISA protocol. Such nano-objects proved to be unu-
sually sensitive to changes in pH, salt concentration, tempera-
ture and also copolymer concentration. When using a suitable
carboxylic acid-functionalized RAFT agent, DLS and aqueous
electrophoresis studies indicated that HOOC-PHEA;;-PHBA, -
spheres underwent reversible flocculation below pH 5.1, which
corresponds to the pK, for the carboxylic acid end-groups
located on the PHEA stabilizer chains. Moreover, these nano-
particles also exhibited high salt sensitivity, with incipient
flocculation occurring in the presence of 20-60 mM KCL
However, unlike the pH-dependent colloidal stability reported
by Gibson et al. for the analogous HOOC-PNMEP,~-PHPMA,,
nanoparticles,®® such aggregation appears to be unrelated to
LCST-type behavior. Instead, the PHEA,; stabilizer is not
sufficiently long to confer effective steric stabilization so
ionization of the carboxylic acid end-groups is required to

This journal is © The Royal Society of Chemistry 2022
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confer additional colloidal stability via electrosteric stabiliz-
ation. Furthermore, when HOOC-PHEA,-PHBA, spheres were
prepared using longer PHEA stabilizers (x = 105 and 140), rela-
tively effective steric stabilization was maintained even when
targeting longer PHBA DPs, as indicated by the elimination of
the requirement for end-group ionization. Conversely, by
switching the RAFT agent functionality from carboxylic acid to
morpholine, colloidally stable Mo-PHEA,s-PHBA;¢, nano-
particles could be prepared that exhibited complementary pH-
dependent colloidal stability behavior: such dispersions
remained stable at low pH but became highly flocculated above
pH 5.

Discrepancies between the physical appearance of a series
of HOOC-PHEA;;-PHBA, nanoparticles (where y = 104-421)
prepared at 20% w/w and their corresponding DLS data
obtained at 0.1% w/w suggested that such nano-objects were
unstable to dilution. This unexpected instability was supported
by TEM studies of HOOC-PHEA,;-PHBA,,; and HOOC-
PHEA,;-PHBA,,; nanoparticles crosslinked using glutaralde-
hyde at either 0.1% w/w or 10-20% w/w. At 0.1% w/w, such
covalent stabilization simply indicated a spherical morphology
for both diblock copolymers. In contrast, worms (y = 243) or
vesicles (y = 421) were observed by TEM when these formu-
lations were crosslinked at 20% w/w or 10% w/w, respectively.
Similarly, the strong Maltese cross observed in SIPLI studies of
the as-synthesized 20% w/w HOOC-PHEA;;-PHBA,,; nano-
objects also suggested a highly anisotropic worm morphology.
Therefore, morphological assignments of spheres, a sphere/
worm mixed phase, pure worms and a worm/vesicle mixed
phase were made based on (i) the physical appearance of the
20% w/w dispersions and (ii) SIPLI studies conducted at the
same concentration. However, TEM studies of GA-crosslinked
HOOC-PHEA;;-PHBA,,; nano-objects provided evidence for a
population of tubular vesicles rather than worms.

Finally, the thermoresponsive behavior of a 20% w/w
aqueous dispersion of HOOC-PHEA,;-PHBA,¢s nano-objects
was examined at pH 7 using variable temperature oscillatory
rheology. The rheological profile and corresponding visual
appearance observed between 2 and 50 °C was similar to that
reported by Byard et al. for similar thermoresponsive HBA-rich
nanoparticles’ and almost perfect thermoreversibility was
obtained. This suggests that HOOC-PHEA;;-PHBA,¢s forms
spheres at sub-ambient temperatures, worms at around
ambient temperature, and vesicles at elevated temperatures.
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