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Chemical degradation as an enabling pathway to
polymersome functionalizationy

Chenyu Lin, © * Kumar Siddharth @2 and Juan Pérez-Mercader & *2®

Readiness and the ability to functionalize are the fundamental features of natural living systems.
Understanding the chemical roots of functionalization is a basic quest for the generation of new
materials in the laboratory and chemistry-based natural-life-mimicking artificial or synthetic living
systems. Using polymerization-induced self-assembly (PISA) and starting from a homogeneous aqueous
blend of a few strictly non-biochemical compounds, it is possible to create amphiphiles that can self-
boot into submicron supramolecular objects (micelles). These micelles under the control of chemistry
can undergo (1) morphological evolution into giant polymersomes and (2) exhibit growth-implosion
cycles accompanied by (3) vesicle self-reproduction and population growth. We call the physico-
chemical processes underlying these life-like systems "Phoenix dynamics”. Herein, we studied how the
emergence of such functions in these systems can occur owing to the combination of the chemical
degradation of the macro chain transfer agents involved in the PISA process due to the presence of
oxygen and its impact on the physico-chemical evolution of these objects. Results indicated implications
for the controllable degradation-triggered functionalization of self-booted synthetic supramolecular self-
assembling systems and provided a physicochemical pathway to implement novel functionalities in
supramolecular systems. Functionalization of polymersomes is of interest in many areas of science and
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Introduction

Utilization of the degradation of polymers in terms of the
chemical and physical modifications of their molecular struc-
tures has attracted a lot of attention in the fields of material
science and chemistry in general.' Investigating the degrada-
tion pathways in detail is important in the design of materials
for applications in environmental and biomedical fields."
Interestingly, the degradation of chemical structures also plays
an important role in the fields of origins of life studies and
prebiotic chemistry.* In this context, polymerization-induced
self-assembly (PISA) is becoming a key method™® as it can
resolve the problems associated with the ‘arithmetic demon’”
and can be utilized to produce polymer vesicles (also called
polymersomes), which are analogous to lipid bilayer vesicles.®
PISA is an extremely valuable technique that is compatible with
several chemical reactions and has a diverse range of applica-
tions, including drug delivery, biomimetics and, importantly,
the autonomous and chemically controlled generation of
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technology, including biomedical and environmental applications and origins of life studies.

polymersomes in one-pot reactors from a homogeneous blend
of chemicals.>™*°

Given the popularity, efficiency, scalability and diverse
applications of PISA, it is important to understand the
degradability aspects of materials involved in PISA reactions.™
For example, chemical degradation in PISA has been utilized to
support controlled, order-order morphological transitions via
a reductive degradation pathway,'” and it has been used in the
context of reversible addition-fragmentation chain transfer
(RAFT)-PISA to synthesize core-degradable polymer objects.** In
an intriguing investigation, our group demonstrated the
formation of polymersomes and their cyclic growth and
collapse patterns (which we called “Phoenix dynamics”) under
the input of light energy.™ In a follow-up study, the mechanism
behind this type of dynamic morphological transitions was
further discussed.* It was pointed out that several factors that
can affect the Phoenix dynamics are oxygen, irradiation,
hydrated cores (nature of the monomers) and the presence of
degradable chemicals and their byproducts. Hence, it is
important to investigate and understand the chemical degra-
dation characteristics of the macro-RAFT agent (m-RAFT)
component of PISA, which plays a direct fundamental role in
determining the resulting properties of the synthesized
amphiphiles of the polymersomes wundergoing Phoenix
dynamics. It is also important to study the chemical degrada-
tion of the m-RAFT and its correlation and influence in the

RSC Adv, 2025, 15, 4693-4700 | 4693


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra08536a&domain=pdf&date_stamp=2025-02-12
http://orcid.org/0000-0002-4579-5113
http://orcid.org/0000-0002-3195-6430
http://orcid.org/0000-0001-6278-9068
https://doi.org/10.1039/d4ra08536a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08536a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015006

Open Access Article. Published on 12 February 2025. Downloaded on 1/15/2026 1:56:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

functionalization process involved in the emergence of Phoenix
dynamics.

In this paper we first discuss the experimental detail and
characterization of the PISA system in a cuvette, followed by
performing Phoenix dynamics studies via fluorescence micros-
copy. The significant implications of the Phoenix dynamics are
established in terms of growth-implosion cycles and object
count studies. The chemical degradation characteristics of m-
RAFT and the PISA system are then investigated with respect
to the nature of m-RAFT, the oxygen levels, and the temperature
effects, to provide a comprehensive and optimized analysis of
the Phoenix dynamics.

Results and discussion

Fig. 1a shows the experimental procedure used for the photo-
induced electron/energy transfer (PET)-RAFT-PISA experiments,
which were carried out in a temperature-controlled cuvette,
which was subsequently transferred to a microscope slide
containing these photochemical reactions and then placed
under a fluorescence microscope for studying the Phoenix
dynamics. In brief, to begin with, the chemical reagents
involved in PET-RAFT-PISA, i.e., the m-RAFT, the water-soluble
monomer HPMA (hydroxypropyl methacrylate), and the photo-
catalyst Ru(bpy);Cl,, were mixed with 18 MQ water to generate
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a homogeneous chemical blend, which was then subjected to
nitrogen bubbling for 15 min. The PET-RAFT polymerization
was then carried out in a water-jacketed cuvette under blue-light
continuous irradiation at 25 °C for 16 h.

The polymerization reaction was monitored via proton
nuclear magnetic resonance spectroscopy analysis ("H-NMR), as
shown in Fig. S1.f The growing signals between 0.8-1.1 ppm
(marked in red rectangles in Fig. Siat) highlight the chain
extension of the hydrophobic PHPMA block on the overall
hydrophilic m-RAFT to form the amphiphiles, while Fig. S1b¥
portrays the progress of the degree of polymerization (DP) over
time. In the reported experiments, the DP vs. time curve
approached saturation beyond 8 h. Moreover, the final DP value
of the PHPMA was around 20, which was relatively shorter than
the 44 units of hydrophilic blocks (polyethylene glycol, PEG) of
the amphiphiles. This chain extension of the hydrophobic
PHPMA block on the m-RAFT agent with the hydrophilic PEG
block endowed this diblock copolymer with amphiphilic
properties.

Next, gel permeation chromatography (GPC) studies were
conducted and the results are shown in Fig. S2,7 showing the
narrow molecular weight distribution and well-controlled chain
extension of PHPMA achieved through the RAFT-mediated
radical polymerization (the resulting polydispersity index, PDI,
was 1.14 at the end of 16 h).

Coverslip
-~ Solution
- Seal frame

- Slide

Blue light Green light Slide in Zess
pulse pulse microscope
- - P
b o N H "‘n’o*
( ) - o) o\/\.om:,..»f\ e NOEANS | o}
ol ‘ [ 4 \ n - oS
S Yoy e s IS ol SRy
44 OH s i et N[
HO H a L
PEG,,- HPMA PEG,4,-PHPMA- Ru(bpy),?* R6G
© Lt (o R e
et N2 RIPE A Yealb ¥ N2 ® - 02 .
K i o 1Y, AL Morphological
oo Jter 0, - @ —_ -
% Polymerization 0 S2My, Self-assembly . o ™, R6G dynamlcs
o4 ". o of PHPMA g ey e @ %)
. Lo
Homogeneous Formation of amphiphiles Micelle population

chemical blend

Y N © @

~SVWe m-RAFT  svwave Amphipihles |

Fig. 1

(a) Experimental setup for the photochemical reactions in a cuvette and fluorescence microscope. (b) Structures of the chemicals used in

the system. (c) Illustration of the PISA process and the subsequent morphological dynamics.
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Using transmission electron microscopy (TEM) imaging
(Fig. S37), we found that the chain extension of PHPMA on the
m-RAFT agent reached a concentration larger than the critical
micelle concentration and they self-assembled into micelles
(with sizes around 50 nm). The time evolution of the hydrody-
namic diameter of the objects produced was also measured via
dynamic light scattering (DLS) experiments, as illustrated in
Fig. S4a.7 The corresponding hydrodynamic diameter vs. time
plot is displayed in Fig. S4b,i which shows the presence of
nano-sized objects, which was in agreement with the TEM
results. Similar to the DP, the average sizes of the self-
assembled objects also reached saturation beyond 8 h. These
characterization results fitted well with each other and suggest
that our PET-RAFT PISA system conducted in the cuvette could
autonomously boot-up as supramolecular systems to produce
well-defined micelles with sizes in the nanoscale range.

The as-synthesized PISA suspension was then stained with
rhodamine 6G dye (4 uM in the suspension), followed by
a gentle air bubbling, and was then transferred to a frame-
sealed microscopic slide. The ensuing photochemical reac-
tions that took place in the PISA suspension were carried out
using blue-light pulsed irradiation (on a Zeiss Axio Observer Z1
microscope using its 40x objective) for studying the Phoenix
dynamics. Detailed descriptions of the materials, PET-RAFT-
PISA synthesis, and other characterization techniques are
provided in the ESI.1 The structures of all the chemical reagents
involved are shown in Fig. 1b, while the ultraviolet-visible (UV-
vis) spectra of the necessary components are presented in
Fig. S5.f An important point to note is that the microscope's
blue light (2 = 470 nm) was used to carry out the photochemical
reactions since it is would be absorbed primarily by the pho-
tocatalyst, Ru(bpy)s;Cl,, while a green light pulse was used for
imaging as the dye, rhodamine 6G, absorbs strongly in that
region. An overall illustration showing the PISA process and the
subsequent experimental workflow for Phoenix dynamics is
presented in Fig. 1c.

With the energy supplied from the microscopic blue light
into the closed slide chamber, the PISA suspension within it was
expected to undergo chemical degradation in the presence of
oxygen and exhibit active morphological dynamics, which we
have previously called “Phoenix dynamics”.*** The funda-
mental mechanism behind the chemical degradation and the
subsequent dynamic morphological evolution requires reactive
oxygen species (ROS), which are generated via
photosensitization®™® of the photocatalysts in the system.
These ROS react with the labile chemical bonds of the mole-
cules in the micelle cores, leading to structural degradation
inside the core. This degradation induces both a subsequent
osmotic imbalance as well as packing defects of the micelles,
which induces periodic growth and collapse while the Phoenix
dynamics take place. Two basic stages constitute the Phoenix
dynamics. The first stage involves a morphological transition
from the micelles and is accompanied by size growth. The above
osmotic imbalance creates a water influx, which forces the
internal packed amphiphiles to reconfigure and form inverted
micelles in the cores. Meanwhile, the packing defects enhance
the water permeability, which promotes greater water influx and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the growth and merger (coalescence) of the internal inverted
micelles. Eventually the inverted micelles in the cores form
a single water lumen encapsulated by a single bilayer
membrane. Through this process, the nano-sized micelles grow
and transit to a giant vesicle morphology. During the second
stage, the giant vesicles formed in the first stage exhibit active
growth-implosion cycles with the progression of chemical
degradation. As the vesicle lumen keeps expanding due to water
influx, the membrane becomes thinner and, owing to the
defects, also weaker. The expansion in pressure due to the
acceleration of the vesicle membrane growth competes with the
surface tension, ultimately leading to cavitation. In fact, these
dynamics of polymersomes in aqueous solution can be thought
of as a spherical bubble forming in an incompressible fluid, i.e.,
water in our case. Their evolution, under the assumption of
spherical symmetry, can be described by the Rayleigh-Plesset
equation," which tells us that the competition of forces just
described leads to cavitation and that once a critical maximum
size is reached, the membrane will implode. Remarkably, this
growth-implosion pattern was repeated for several cycles.

To investigate the above in more detail, the evolution of the
diameter of one vesicle with the irradiation time was observed,
and is shown in Fig. 2a. A trace for a specific object moving in
the solution is presented in Fig. S6.f We found that the diam-
eter gradually grew with time until a certain radius was ach-
ieved, and then it was drastically reduced in a short period of
time, suggesting implosion of the membrane. Over time, the
diameter of this particular polymersome started another growth
cycle, followed again by its implosion. This led to another
crucial feature of the Phoenix dynamics illustrated in Fig. 2b,
where the number of polymersomes in the analyzed field of view
is plotted against time. The growth curve for the number of
vesicles could be well fitted by a Hill function (n = 2), whereby
the population of vesicles grew slowly at the beginning, followed
by a rapid increase, and then grew at a decreasing rate. The
corresponding confidence band is also highlighted and it can
be seen that it widens as time elapses. These features and
implications of Phoenix dynamics are quite significant and are
directly linked to the presence of chemical degradation, espe-
cially with respect to the active end of the m-RAFT, since this is
internal to the membrane and constitutes the intrinsic part of
the packed amphiphiles in the vesicles.

The various morphological variations observed during this
two-stage Phoenix dynamics can be essentially understood as
the consequence of the reconfiguration of the packed amphi-
philes under osmosis-induced water influx when chemical
degradation takes place. Since the m-RAFT is an integral part of
the amphiphiles (containing the hydrophilic blocks as well as
their tail group) and controls their self-assembly and packing
attributes, we asked ourselves if the onset of Phoenix dynamics
would be impacted if the m-RAFT agent used in the PISA
process were to be less prone to chemical degradation. We
already know from our previous work*** that the 2-sulfur m-
RAFT exhibits Phoenix dynamics. Thus, to further test our
hypothesis, we instead utilized a 3-sulfur m-RAFT (poly(ethylene
glycol)methyl ether (4-cyano-4-pentanoate dodecyl trithiocar-
bonate) to replace the 2-sulfur m-RAFT in our synthetic system.

RSC Adv, 2025, 15, 4693-4700 | 4695
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Fig. 2

It is known from the existing literature that the 3-sulfur m-RAFT
is relatively more stable structurally than the 2-sulfur m-RAFT in
an aqueous medium,* so we conducted the above experiments
using 3-sulfur m-RAFT, while keeping all the other parameters
and conditions the same. From the fluorescence microscopy
images shown in Fig. S7,} it is clear that the system did not
exhibit any observable Phoenix dynamics. This strongly
corroborated our hypothesis that the nature of the m-RAFT, and
hence the 2-sulfur m-RAFT agent, which is more easily
degradable, is extremely significant for the existence of Phoenix
dynamics.

We furthermore know that the chemical degradation of the
2-sulfur m-RAFT is strongly associated with the dissolved
oxygen in the aqueous medium.*"** Therefore, when degrada-
tion takes place, the m-RAFT agent losses its end-group,
resulting in an irreversible decomposition of the thiyl radical
species and the generation of small CS, and thiol species.> The
end-group of the m-RAFT molecule absorbs visible light
(between 450 nm and 550 nm) through n to pi* absorption,*
which aids the polymerization reaction, and, therefore, the
reduction of absorbance in the UV-vis spectrum of an m-RAFT
agent can be used to evaluate its degree of degradation.

Next, we wanted to know whether the degree of chemical
degradation of m-RAFT under various oxygen levels also influ-
enced the Phoenix dynamics phenomenon. To test this, we first
conducted tests involving chemical degradation of the 2-sulfur
m-RAFT at 25 °C in three different environments: air bubbling
(corresponding to a rich air/oxygen sample), nitrogen bubbling
(corresponding to a minimum oxygen sample), and no bubbling
(which we identified as a limited air/oxygen sample). The results
for each of these scenarios are shown in Fig. 3a. For a normal-
ized absorbance value, the absorption at each time point in the
same curve was divided by the maximum absorption obtained
before degradation (i.e., when the irradiation time was zero),
and then expressed as a percentage. We can clearly see that the
greatest degradation level was achieved in the rich air/oxygen
sample, while the nitrogen-bubbled, i.e., minimum oxygen,
sample showed little degradation, with a reduction in the UV-vis
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(a) Diameter of the specific traced vesicle vs. time and (b) vesicle number vs. time curve.

absorption of less than 5%. Interestingly, the limited air/oxygen
case not subject to any bubbling displayed an intermediate level
of degradation. Put together, these results suggest that a suffi-
ciently “abundant” oxygen supply is needed for chemical
degradation in the system, and contributes to the degree of
chemical degradation.

Armed with the above results related to the oxygen-
dependent degradation of m-RAFT, we then further investi-
gated its influence on the manifestation of Phoenix dynamics.
For this, fluorescence microscopy images were obtained for
three different PISA specimens, which were prepared following
similar experimental protocols for all three oxygen conditions,
as shown in Fig. S8.7 For the minimum oxygen sample gelation,
it was expected that, since the generation of ROS would be
lowest, radical polymerization would dominate in the system
due to the scarcity of dissolved oxygen. For the oxygen-rich
sample, we observed the typical two-stage Phoenix dynamics,
whereby the field of view of the microscope was full of giant
vesicles executing Phoenix cycles. Meanwhile, for the limited
oxygen case, we observed much fewer and small-sized objects in
comparison to the rich-oxygen situation, suggesting a slow
progress of the Phoenix dynamics. Considering the observed
timescale for all scenarios, we could clearly conclude that the
degree of dissolved oxygen and the chemical degradation
characteristics of the m-RAFT were linked with regards to the
progress of the Phoenix dynamics; whereby more oxygen led to
a rapid chemical degradation of the 2-sulfur m-RAFT, and with
it the faster progress of the Phoenix dynamics. The system thus
displayed more well-defined giant vesicles. Overall, the labile
chemical bonds of the m-RAFT, the amount of oxygen present,
and the photocatalyst and dye,” which contribute to the
amplified synchronous chemical degradation of m-RAFT
agents, were all key factors to consider with regards to the
Phoenix dynamics performance of our PISA system.

Since it is known that the amount of dissolved oxygen is
inversely proportional to temperature,® which in turn would
affect the photoinduced degradation properties of a system, we
next investigated how the Phoenix dynamics would be impacted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-vis studies for the degradation of the 2-sulfur m-RAFT agent (a) at various oxygen levels and (b) at 25 °C and 40 °C.

by temperature. Fig. 3b shows a comparison of the UV-vis
absorbance of the 2-sulfur m-RAFT agents with their degrada-
tion over with time (this is an irreversible process) at two
temperatures, namely at 25 °C and 40 °C. Interestingly, the
degradation of m-RAFT was much slower at 40 °C than at 25 °C,
with an approximately only 10% reduction in absorbance after
5 h of irradiation. On the other hand, m-RAFT degraded rapidly
at 25 °C, which could be due to the higher dissolved oxygen
content. These two observations further underline the role of an
oxygen-rich environment in efficient photodegradation. Subse-
quently, we explored the effect of these two temperatures on the
progress of the Phoenix dynamics, as illustrated in Fig. 4. To
understand and compare the Phoenix dynamics efficiency at the
two temperatures (25 °C and 40 °C), we studied the average size
and the count of the number of polymersomes produced vs.
time within a fixed observable field of view. From the fluores-
cence microscopy images (Fig. 4a) at two different timepoints
(12648 s and 28458 s) of our experiments, it can be seen that
large well-defined vesicles rapidly filled the field of view at 25 °C,
compared to at 40 °C. These observations were further
confirmed by the analysis of the average polymersome size
(Fig. 4c), which showed considerably higher average sizes at
both timepoints for 25 °C. Considering the 2-stage mechanism
of Phoenix dynamics, the self-assembled objects at 25 °C
appeared to exhibit a more accentuated morphological trans-
formation to vesicles and a faster size growth compared to the
smaller sized and less prominent objects observed at 40 °C. This
suggests a more rapid progress of the Phoenix dynamics at 25 °©
C than at 40 °C, since, as noted above, a larger amount of dis-
solved oxygen would lead to faster m-RAFT degradation. The
faster Phoenix dynamics was also accompanied by a rapid
growth of the object number. As can be seen in Fig. 4b, with the
faster progress of the Phoenix dynamics at 25 °C, the object
count also appeared to increase faster than at 40 °C before the
timepoint of 12648 s. Despite this, when the large objects
rapidly occupied a limited area in the field of view, the overall
observable number increase slowed down over time and even-
tually reached a plateau. On the other hand, with the slower
progress of the Phoenix dynamics at 40 °C, the objects started to

© 2025 The Author(s). Published by the Royal Society of Chemistry

occupy the field of view at a slower and steadier rate than those
at 25 °C after an initial small acceleration at a timepoint around
5000 s. Unlike the spatial limit that the large vesicles at 25 °C
encountered, the smaller diameters of the emergent objects as
a consequence of the slower Phoenix dynamics at 40 °C
appeared to allow the spatially confined field of view to
accommodate more small objects at the later stages of the
experiment (after around 22 500 s). Given the average sizes and
the growth observed prior to the spatial confinement of the field
of view, the quicker degradation of the m-RAFT agent at lower
temperature, like at 25 °C, could account for their contribution
to accelerating the progress of the Phoenix dynamics.

Summary

Overall, the features of the Phoenix dynamics were found to be
strongly correlated with the chemical degradation of m-RAFT.
As an inherent component of packed amphiphiles of the self-
assembled objects, the degradation nature of the m-RAFT can
affect and control the occurrence of the Phoenix dynamics. The
oxidized tails of the amphiphiles within the hydrophobic phase
of the vesicle (polymersome) membranes generated packing
defects, which locally reduced the membrane tension, thus
increasing the permeability of the polymersome membrane,
and fostering an osmotic influx of water and then the subse-
quent morphological dynamics. This occurred due to the
combined effects of the acceleration of the expanding
membrane and the consequent change in membrane tension,
together with changes in the average membrane-bound
amphiphile's packing parameter. Therefore, the presence of
chemical degradation is crucial for the existent physicochem-
ical pathways to enable faster progress of the dynamic
morphological transitions, which makes the choice of 2-sulfur
m-RAFT significant. On this premise, the rich dissolved oxygen
in the PISA system, coupled with the degradation with Ru
photocatalyst and rhodamine 6G dye, contributed to enabling
the functionalization of the polymersomes. Finally, as seen in
the Phoenix phenomenon, the temperature affects the oxygen
content in the solution, and hence the degradation of the m-

RSC Adv, 2025, 15, 4693-4700 | 4697
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RAFT and the progress of the Phoenix dynamics. Thorough
study of the m-RAFT degradation and Phoenix dynamic features
enable us to elucidate a coherent pathway for optimized
Phoenix systems and perhaps its extension to other systems,
and to more generally illustrate the role that degradation can
play in the development of functionality in self-booted synthetic
supramolecular self-assembling systems.

Conclusions

Essentially, the intriguing two-stage Phoenix dynamics
phenomenon is strongly related to the ongoing chemical
degradation of m-RAFT since it is an intrinsic part of the packed
amphiphiles. The degradation nature of m-RAFT determined
whether we could observe Phoenix dynamics or not. Based on
this proposition, the rich presence of dissolved oxygen and

4698 | RSC Adv, 2025, 15, 4693-4700

amplified synchronous chemical degradation with a photo-
catalyst and dye pave the way for enhancement of the
morphological dynamics, as well for functionalization of the
polymersomes as a consequence of the chemical degradation.
Importantly, the effect of temperature on the Phoenix dynamics
was also investigated and could be explained via the degrada-
tion tests and microscopy analysis at two different
temperatures.
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