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Effects of solvent quality on block copolymer (BCP) self-assembly
in flow are investigated. Stable kinetically trapped nanoaggregates
are created using a continuous flow technique with turbulent
mixing under systematically changing THF/water ratios. To eluci-
date particles morphologies, small angle neutron scattering (SANS)
is used as an online analytical method. At high organic solvent
contents, elongated particles are observed while at low contents
shorter particles are formed. The method can hence be used in a
versatile way to control particle morphologies without changing
the BCP block lengths used for self-assembly. This offers a more
efficient and flexible approach in drug delivery and biomedical
applications where particle morphologies directly influence the
cell uptake capabilities and reduces the need to resynthesize BCPs
with varying block lengths to control size and morphology.

Nanoaggregates formed via self-assembly of amphiphilic block
copolymers have been extensively studied in the past
decades."™ One of the main focusses of research towards
these structures is to reliably and reproducibly control particle
morphology. Classically the key to adjusting morphology is
given by tuning the molecular weight of the hydrophobic block
in relation to the hydrophilic block, where an increase in ratio
results in changes from spherical, to rod-like shapes to vesi-
cles, respectively.*® A plethora of studies have shown these
effects for solvent based self-assembly, bulk self-assembly and
polymerization-induced  self-assembly.*”®  However, this
approach presumes thermodynamic control over the formation
of particles, which is not necessarily present. In fact, changing
morphologies and particle sizes upon variation of the exact
procedure of mixing block copolymers into the dispersed
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phase are a common observation, showing that kinetics have a
profound impact on the process in many cases.” Hence,
another way of controlling particle morphologies is given by
controlling the mixing of solutions precisely, removing the
need to use a series of block copolymer compositions to access
certain desired shapes. Amphiphilic polymers with polystyrene
as the hydrophobic block have been shown to self-assemble
into different morphologies via alteration of parameters such
as BCP composition, solvent type and concentration of added
ions.» Another recent work® has also shown that particle
shape can be altered by preparing the nanoaggregates in con-
tinuous flow and adjusting the mixing shear forces by chan-
ging flowrates. Interestingly, in this flow study the two phases
(dispersed water phase and organic phase containing the BCP)
are mixed in a small volume on millisecond scale under high
shear mixing forces. This results into kinetic trapping of
thermodynamically unstable aggregates under highly reprodu-
cible conditions. Logically, upon faster flow velocities, BCPs
have less time to rearrange, and smaller more spherical par-
ticles are observed as a result. When the flow velocity is
decreased, particles tend to become larger and more ellipsoi-
dal in shape as was shown in our previous work.> However, it
can be easily seen that other parameters besides flow velocity
would influence the assembly process, and trapping of kineti-
cally stable aggregates. In here we focus on these aspects of
continuous flow micelle formation.

One parameter that immediately comes to mind to
combine with our flow micelle formation process is solvent
quality (ratio of organic solvent to water). When the quality of
the solvent is good for the hydrophobic polymer block, the
chains will have a higher degree of flexibility due to plasticisa-
tion. These effects were studied by Eisenberg and coworkers,’
when they altered the water content from 0 wt% to 45 wt% of
micelle (poly(acrylic acid)-polystyrene) solutions after the self-
assembly process. In this study it was concluded that adding
water to the micelle mixture caused a transition from sphere
to rods to vesicles with solvent quality as the determining
factor. However, only the effects of solvent quality after initial
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self-assembly had been studied. Furthermore, Jones et al. have
investigated the effect of solvent composition of solution self-
assembly during PISA, where increasing the water: alcohol
content limited the formation of higher order nanoparticles.'
More importantly, these effects were only studied for batch
experiments, which generally suffer from reproducibility
issues.

Flow self-assembly via turbulent mixing units is an interest-
ing alternative for particle formation.>''™"® The high shear
forces in the mixing process in flow combined with the varying
degrees of freedom of the polymer chains as a consequence of
solvent quality will affect the final aggregates. This would be
unachievable using the classical batch method. Further, com-
mitting to continuous flow allows to reproduce particle for-
mations with high precision, and allows at the same time for
scaling of particle formation."* The advantages of flow mixing
should drastically enhance solvent quality effects and offer
more stream-lined approach to study kinetically controlled
self-assembly. Also, this approach allows to keep the water
content comparatively high, which is important if particles are
aimed for biomedical applications.'™'*> Another benefit of per-
forming the self-assembly in flow is the ability to use online
monitoring for fast data screening.

Online monitoring and continuous flow processes are ideal
partners, paving the way to autonomous synthesis platforms.®
The immediate feedback of online monitoring combined with
the flexibility and adaptability of flow processes allow for com-
prehensive optimization of reactions. Techniques such as
mass spectrometry, infrared spectroscopy and 'H NMR have
emerged as commonplace online monitoring techniques.'®™®
However, online monitoring techniques are still scarce for
nanoparticles, due to the difficulties of investigating effects on
soft matter systems with commonly available analysis tech-
niques. Parkinson et al. have used "H NMR as an online moni-
toring tool in continuous flow nanoparticle synthesis via dis-
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Scattering (DLS), in principle applicable as online monitor,
bases its evaluation on the assumption of particles being
perfect spheres, which renders morphology studies imposs-
ible.’® Conventional (dry-state) electron microscopy on the
other hand, whilst being a powerful technique for analysis of
the nano structures shows only a small area of a dried and
stained sample in 2D. This inevitably alters the state of the
soft matter materials especially for aggregates that are not in
thermodynamic equilibrium. Moreover, the sample prepa-
ration procedures make online monitoring impossible.”* Small
angle neutron scattering (SANS) and small angle X-ray scatter-
ing (SAXS) are other complementary techniques that could be
used in the characterization of nanoparticles. SAXS measure-
ments use high flux X-ray beams and allow fast detections.>?
Guild et al. have used laboratory small angle X-ray scattering
(SAXS) as an in situ online monitoring tool to observe changes
in size and shape of nanoparticles in flow-PISA reactions.”?
Yet, considering the contrast variations and particle size range
that could be studied in the concentration regimes we are
working on, a more suitable system to perform these investi-
gations is Small Angle Neutron Scattering (SANS). SANS allows
to study a sufficient volume (~0.4-0.8 ml) of a sample in its
hydrated state providing information about morphology and
size parameters.>® In this study we present one of the first
studies using SANS as on online monitoring tool for micelle
self-assembly using a continuous flow system to produce the
nanoaggregates. A series of BCPs with different block ratios
are self-assembled in flow under systematically changing
solvent qualities (see Fig. 1). In these experiments, the flow vel-
ocity was kept constant to not to change the applied shear
forces excluding their potential influence on the shape of the
resulting aggregate. BCPs were synthesised using RAFT (revers-
ible addition-fragmentation chain transfer) polymerization.
For such study, ideally a BCP with a hydrophobic block with a
high glass transition temperature (T, of PS is 107 °C)** is

persion polymerization."” In addition, Dynamic Light required since upon reaching the critical water content, a kine-
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Fig. 1 Schematic representation of online SANS measurements to study the effects of solvent quality with self-assembly in flow. Organic and
aqueous phases are mixed in a static micromixer and subsequently flown into a flow cell where SANS analysis takes place.

4616 | Polym. Chem., 2024, 15, 4615-4621

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4py01174k

Published on 26 mis Hedra 2024. Downloaded on 28/01/2026 19:37:54.

Polymer Chemistry

tically frozen core will be formed. Therefore a perfect candi-
date for these investigations is poly(2-hydroxy ethyl acrylate)-b-
poly(styrene) (PHEA-b-PS) for its known behaviour in the pre-
vious flow self-assembly studies and the high 7, of
styrene.>®** In order to test a variety of polymers, four
macroRAFT polymers were synthesised and chain extended
with styrene to obtain different block ratios. Details for the
polymerisations can be found in the SI. The SEC traces of the
polymers used are shown in Fig. 2. Well controlled polymers
were obtained as expected: block lengths and molecular
weights were determined via "H NMR since SEC is prone to
erroneous results when analysing BCPs (see SI for details).
With these polymers, self-assembly was performed and
then studied using SANS on the Bilby instrument®®?” at the
Australian Centre for Neutron Scattering (Australian Nuclear
Science and Technology Organization). To facilitate this
process, Bilby was setup as on online monitoring tool as
depicted in Fig. 1. This allowed to measure effects of mixing
immediately without requirement of offline sampling. At the
same time, it also enabled studying how the particles would
change over time right after the formation process was
stopped. Two Azura Knauer HPLC pumps were used to feed
the dispersed phase and D,O. For the polymer solution, 5 mg
mL™" of the BCP was dissolved in THF and fed into the mixer,
a U-466 static mixer from Upchurch Scientific. The micromixer
was connected to a flow cell containing 1 mm quartz flow cell
with a spacer with a thickness of 0.95mm. The pumps were
controlled via a custom software to control flowrates from
outside of the sample environment. This facilitates the process
of changing flowrates of the pumps without the need to
approach the sample environment which in turn allows for a
significant increase of data acquisition over time. In total, four
THF/D,O ratios were tested for the self-assembly process,
these being: 3.2/0.8, 2.5/1.5, 2/2 and 1.5/2.5. With these ratios,
the solvent ratios were altered without changing the overall

PHEA,;-b-PS¢, PHEA ,;-b-PS, 0

M,: 7000 g-mol’ M 2500 g-mol' M 30000 g-mol’ M 4700 g-mol’
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Fig. 2 Elution volume of synthesised BCPs. Blue chromatograms rep-
resent the BCPs while red ones depict the homopolymers. Molecular
weights as given were calculated theoretically from *H NMR conversion
since SEC calibration for amphiphilic BCPs is inherently difficult.
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flow velocity, which is already known to affect the self-assem-
bly process. It should also be noted that due to the changing
of the THF content, the polymer concentration inevitably
changes as well. Most importantly though, the changes upon
changing BCP concentration are expected to be minimal and
should not drastically affect the self-assembly process itself.

SANS data for the self-assembled BCPs is shown in Fig. 3.
The scattering data was modelled by the SasView software with
the sphere, cylinder and ellipsoid models presented by Guinier
and Fournet.”® Table 1 gives a summary of the geometric para-
meters for the nanoaggregates as determined by SANS data
fitting. More information on the fitting parameters used for
SANS data in the determination of these final particle sizes are
given in ESL.{ In addition, the equations for each model that
were used to fit the SANS data at different solvent ratios, pair-
distance distribution functions and SLD calculations are also
provided in the ESL{ Assumption of monodisperse aggregates
led to reasonable fits. As seen in Fig. 3 all samples show a
similar trend upon changing solvent ratio. The cartoons
placed next to the scattering profiles are the nanoaggregate
shapes and sizes fitted to the data.

At higher THF contents, particles tend to be more elongated
while at lower contents the particle takes a shorter, closer to
spherical shape. For polymer A (PHEA,,-b-PSs,), all particles
keep an ellipsoidal morphology which is in agreement with
studies on a similar polymer system made in this way.> At the
highest THF content, the ellipsoid has an equatorial radius of
80 nm and a polar radius of about 30 nm. The polar radius as
well as equatorial radius gradually show a decrease upon a
decrease of organic solvent during the self-assembly process,
which is likely the consequence of the limited freedom the
styrene chains have during the self-assembly process with
reduced solvent quality. Polymer B (PHEA,-b-PS;300) is even
more interesting. Here, at high THF contents cylindrical par-
ticles are formed with a length of 78 nm and radii of 22 nm.
Upon increase of the water content, the length as well as radii
decrease making the cylinders shorter. At the lowest THF
content, the SANS data could be fitted with a sphere too, yet
the better fit was shown with a very short cylinder.

Polymers C (PHEAgy-b-PSgy) and D (PHEA;yy-b-PS;s50) show
similar trends, where at high organic solvent content during
mixing, elongated cylindrical shapes are clearly observed and
on the increase of water content, the radii do not vastly
change, but the length of the cylinders decreases by more than
half. At the lowest THF content, they become very short cylin-
ders, which could also be fitted as spheres in SasView, yet
cylinder model showing better fit in both the instances. It is
important to note that despite the drastic difference in styrene
chain length all these systems are self-assembled in similar
morphologies. This indicates that moving the process from
batch to flow might, to a certain extent, bypass the commonly
accepted rules of making different morphology polymers by
extending their hydrophobic block.

Clearly, kinetic effects are dominant over thermodynamic
effects in the investigated system. There, kinetic trapping of
the morphologies due to the flow self-assembly using micro-
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Fig. 3 SANS data of BCP nanoaggregates made in flow using different solvent ratios at similar flow velocities with background subtracted. Ratios
are depicted in THF/D,O form, blue 1.5/2.5, green 2/2, yellow 2.5/1.5 and red 3.2/0.8. Error bars are added on the plots. Plots are spaced on y axis by
1x, 10%, 100x, 1000x for visual clarity. Schematic representations of the particles with accurate relative dimensions are shown for each fit for easier
interpretation of the data (dpo, = polar diameter, dgq = equatorial diameter, d = diameter, L = length). A—D denotes different individual block copoly-

mers as indicated in the figure.

Table 1 Geometrical parameters of BCP nanoaggregates made in flow
using different solvent ratios at similar flow velocities as determined by
SANS data fitting

THF/ Radius Radius

D,O (polar)/ (equatorial)/
Block copolymer ratio Shape nm nm
PHEA,-b-PSgo (A)  3.2/0.8 Ellipsoid 31.7 + 0.1 81.1+0.5

2.5/1.5 Ellipsoid 30.7 £0.1 67.5+0.3

2/2 Ellipsoid 27.6 + 0.1 56.8 £0.2

1.5/2.5 Ellipsoid 24.1+0.1 57.8+£0.2

Radius (nm) Length (nm)

PHEA,o-b-PS;00 (B)  3.2/0.8 Cylinder 22.3+0.15  77.8+2
2.5/1.5 Cylinder 22.3+0.2 62.1+1.5
2/2 Cylinder 19.8 £0.15 56.1+1.2
1.5/2.5 Cylinder 18.2+0.15 50.3+1.1

PHEA4-h-PSg (C)  3.2/0.8 Cylinder 13.5+0.1 87.8+3
2.5/1.5 Cylinder 13.4+0.1 43.3 £0.7
2/2 Cylinder 13.1+0.1 31.3£0.6
1.5/2.5 Cylinder 15.2+0.1 18.2+0.3

PHEA,0o-b-PS150 (D) 3.2/0.8 Cylinder 18.5+0.1 118+ 6
2.5/1.5 Cylinder 18.7+0.1 58+0.8
2/2 Cylinder 18.5+0.1 51 +0.6
1.5/2.5 Cylinder 22.5+0.14 27.8+0.3

mixer plays a major role."""? Considering the different THF/

water solvent ratios used in self-assembly, at higher THF
content environments, the solvent quality for both the hydro-
phobic PS and hydrophilic PHEA blocks of the polymer is
higher and this results in PS chains in the core getting more

4618 | Polym. Chem., 2024, 15, 4615-4621

stretched, swollen and flexible. When there is a higher degree
of stretching in the core forming block, they can relax by chan-
ging to morphologies such as cylinders, minimizing free
energy.””® This could be a major cause for the nanoaggregates
synthesized at higher THF content to be larger in size and to
be self-assembled into cylinders instead of spheres compared
to those at lower THF content.>**"

When there is a higher water content in the environment
(lower THF ratio), the solvent quality for core polystyrene
inherently gets poorer since water is a non-solvent for PS and
the plasticizing effect of chains decrease. With the slow chain
mobility and lesser swollen and stretched core, the nanoaggre-
gates get frozen in the achieved morphology, with smaller
dimensions than those at higher THF content.****° Similar
trends, but different morphologies have been observed by
Wong et al. in the studies done with PEQ4-b-PSg BCP.*°

Some thermodynamic control is, however, still observed
from effects of the polystyrene chain length on nanoaggrega-
tion. Polymer C shows thinner and shorter cylinders when
compared to polymers B and D due to the shorter polystyrene
chains present in this system, which results in a less bulky
interior in the particle. In addition, polymer A never formed
cylinders but remained ellipsoidal which is happening likely
due to its smaller overall size. Similar trends with changing
hydrophobic length of BCPs could be identified in previous
studies.®?

This journal is © The Royal Society of Chemistry 2024
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Moreover, it is also apparent that an increase in hydrophilic
chain length influences the morphology via inducing stronger
interchain repulsion in the corona.? This is confirmed via the
formation of very short cylinders which are closer to spherical
particles at a lower THF content in samples B, C and D com-
pared to A. These approximately closer spherical particles are
formed by B, C and D which are polymers with comparably
longer PHEA chains, at THF/water content of 1.5/2.5, and it is
not observed for polymer A with a smaller hydrophilic chain at
the same THF/water ratio. Most likely here, at longer hydro-
philic chain lengths, the polar groups on the corona are so
strong, inter-coronal chain repulsions get more dominant than
the stretching of core block,* hence, the polystyrene chains
lose the ability to define particle morphology. Therefore, they
are trying to achieve a morphology which is closer to thermo-
dynamically favoured spherical shape at 1.5/2.5 ratio.
Considering all these effects, and the enhanced freedom of the
polymer chains during the formation of particles due to the
high T, of styrene, the BCPs are kinetically trapped in these
states upon leaving the static mixing unit, which results in the
observed structures.’

Scanning Transmission Electron Microscopy (STEM) was
performed to verify if the particles would remain stable after
being dried and stained on a grid (see ESI{). STEM was chosen
over conventional Transmission Electron Microscopy (TEM) to
obtain higher spatial resolution at relatively less harsh
imaging conditions. Moreover, with the use of low acceleration
voltages compared to TEM, knock-on damage could be
reduced, leading to reduced sample damage. Interestingly, par-
ticles on STEM all appear spherical and much larger (up to
factor 2) than observed via SANS. While this might seem odd
at first, it is likely that further bulk self-assembly occurs upon
drying of the samples which brings the micelles closer to their
thermodynamically favoured state. Micelles were made in the
presence of a large amount of organic solvent, hence when
placed on a grid to dry it is likely their polystyrene chains
rearrange during the drying process forming large spherical
structures. A test was done trying to fit SANS data with para-
meters obtained from STEM data. No match of SANS data was
found, allowing for the conclusion that STEM samples prepa-
ration procedures are altering the shape of particles. There are
studies in literature discussing similar scenarios due to the
drying and staining procedures in imaging techniques resulting
in clustering, array formation and collapsing of structures.**>*
Nonetheless, there are advanced techniques that could be uti-
lized to reduce these events, such as freeze-fracture electron
microscopy and plunge freezing in cryo-TEM.*® Further, sophis-
ticated detector calibration-less, quantitative 4D STEM tech-
niques can be used in imaging for more accurate results.> Yet,
in studying the real-time morphology of a nanoparticle sample
in solution, still they can be tedious techniques which need
more careful sample preparation. Hence, a technique such as
SANS still stands out as a better candidate in real-time online
monitoring of these particle synthesis processes.

Using SANS as an online detector, in principle it is possible
that the data given in Fig. 3 only depicts a snapshot right after

This journal is © The Royal Society of Chemistry 2024
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particle formation, and that a change in morphology might
occur with time, relaxing the kinetically trapped state into
the thermodynamically stable aggregate. Following particle
evolution over time in online SANS allowed to study the
stability of the nanoaggregates by acquiring data over a
period of 10 min directly after the self-assembly process in
stop flow experiments. Comparison of the scattering on
100sec intervals in the very beginning and the end of these
10 minutes exhibit no difference from each other, meaning
the particles were relatively stable and trapped in their kine-
tically frozen state further validating the usefulness of the
flow approach (data slices are shown in the ESI in Fig. S47).
Further investigation will be needed on the effects of post-
processing (such as dialysis) and the formed nanoparticles.
These effects however should remain minimal due to the
high T, of polystyrene, and in a previous study we had seen
that dialysis, when carried out in flow, has only miniscule
effects on the particle size."* It can also be assumed that
particles remain in their stable state for extended times, not
only for the timeframe covered in here. Since flow allows for
on-demand synthesis of micelles, and also allows for direct
introduction of payloads, a 20 min timeframe is fully
sufficient to exploit, for example, biomedical properties of
the aggregates.”

In summary, the effect of the solvent ratio during the con-
tinuous flow mixing on the self-assembly of BCPs was investi-
gated using SANS as an online detector. Altering the amount
of organic solvent drastically influences on the particle mor-
phology and size of residual nanoaggregates at a much lower
final organic solvent content than used previously. Generally,
at higher organic solvent ratio the particles were significantly
elongated due to the increased freedom of the polymer chain
during the self-assembly process, allowing for comprehensive
shape control of micelles independently from their respective
polymer block ratio. However, particles were shorter when
water content was higher. This result offers new pathways to
control particle shape outside of the currently established
paradigm of purely thermodynamically motivated BCP nano-
particle design principles.
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