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In the quest for stimuli-responsive materials with specific, controllable functions, coacervate hydrogels
have become a promising candidate, featuring sensitive responsiveness to environmental signals
enabling control over sol-gel transitions. However, conventional coacervation-based materials are
regulated by relatively non-specific signals, such as temperature, pH or salt concentration, which limits
their possible applications. In this work, we constructed a coacervate hydrogel with a Michael addition-
based chemical reaction network (CRN) as a platform, where the state of coacervate materials can be
easily tuned by specific chemical signals. We designed a pyridine-based ABA triblock copolymer, whose
quaternization can be regulated by an allyl acetate electrophile and an amine nucleophile, leading to gel
construction and collapse in the presence of polyanions. Our coacervate gels showed not only highly
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Introduction

Soft materials that can respond to signals from the environ-
ment, display promising applications in therapeutic delivery.”
Programmable sol-gel transitions are required for many ther-
apeutic applications, e.g., where materials could be injected into
the body as a gel, but then degrade in response to external
triggers.** Among various materials which are broadly applied,
hydrogels formed by strong electrostatic interactions (coacer-
vation assembly), have been of great interest due to their
inherent responsiveness to external signals.®® These signal-
sensitive (pH, temperature or salt) coacervate materials do,
however, show limited responsiveness under physiological
conditions.’* To overcome the restrictions above, it is of great
significance to develop materials which are responsive to
specific signals, enabling precise regulation of material
properties.

Inspired by biological systems, where biochemical signals
play an important role to control the growth and behavior of
supramolecular structures, chemical reaction networks (CRNs)
have been developed as a useful tool to control the properties of

“East China University of Science and Technology, Department of Chemical
Engineering, Meilong Road 130, 200237 Shanghai, China

Delft University of Technology, Department of Chemical Engineering, Van der
Maasweg 9, 2629 HZ Delft, The Netherlands. E-mail: R.Eelkema@tudelft.nl

t Electronic ~ supplementary information (ESI) available. See DOIL

https://doi.org/10.1039/d25c06935k

1512 | Chem. Sci,, 2023, 14, 1512-1523

synthetic supramolecular materials.’*"” Typically, non-
interacting building blocks are activated into an assembling
structure by an activator.'®" The initiated products are later
deactivated by a competing reaction, leading to disassembly
and recovery of the starting non-interacting building blocks.>***
Through delicate design, temporary sol-gel transition processes
have been realized, regulated by methylating agents,>?
glucose,* enzymatic reaction,”>” and other chemical fuels.*®**
Recently, CRNs have also been used to control coacervate
assembly with applications in drug delivery, nanoreactors and
protocell simulation.**** These have typically been dispersed
nano- and micro-scale assemblies and there are no studies on
CRN-regulated coacervate assembly for macroscopic gels.

In the current work, we start from a Michael addition-based
CRN to create chemical signal responsive coacervate hydrogels.
Specifically, allyl acetates (electrophile) act as an activator which
can react with tertiary amines, yielding a cationic quaternary
ammonium species. This species can subsequently react with
a competing nucleophile (deactivator), re-forming the initial
tertiary amine, completing the reaction cycle.** For example, we
selected a pyridine-based polymer as the poly(tertiary amine),
whose ionization could be reversibly regulated with the elec-
trophiles (to ionize the polyamine) and competing nucleophiles
(amines or thiols, to deionize the charged polyamine). Accord-
ingly, the hydrophobicity and charge state of the pyridine-based
polymer could be controlled.*® With this strategy, we have
controlled the assembly of hydrophobic surfactant micelles and
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complex coacervate-core micelles (C3Ms) as well as the degree
of swelling in cross-linked gels.**?¢

At the base of the current work is the ABA triblock copolymer
PVP1, which has pyridine groups incorporated into the A block
that can be charged by treatment with an electrophile - methyl-
2-(acetoxymethyl)acrylate (ME, activator). The copolymer can
then revert to a neutral state after addition of a nucleophile -
pyrrolidine (P, a secondary amine, deactivator). Importantly, the
positively charged A blocks can interact with a polyanion,
spontaneously forming a network of coacervate domains
interconnected by the hydrophilic B block chains. Above
a threshold polymer concentration, network formation leads to
gelation. Addition of P can then revert the positively charged
pyridinium units to their initial neutral state, destroying the gel.
Gel properties like mechanical strength and gelation time are
controllable by means of the amount of activator (ME). We then
investigated the self-healing and injectability of these coacer-
vate gels, which demonstrated their potential use as injectable
materials. Moreover, our coacervate gels show selective
nucleophile-responsiveness and therefore exhibit excellent
degradability in cell culture media-based solutions or gels,
acting as simulated interstitial fluid or tissue. We propose that
these properties make CRN controlled coacervate hydrogels
promising candidates for therapeutic biomedical materials.

Design concept of chemical signal regulated coacervate
hydrogels

Inspired by reported polymer architectures,” where the
designed ABA triblock copolymer usually requires each block in
moderate length for adequate interaction sites and moderate
water-solubility, we synthesized the ABA triblock copolymer
PVP1 (Scheme 1A) by a two-step RAFT polymerization using
a symmetrical RAFT agent. A flexible water-soluble DMA (N,N-
dimethylacrylamide) ‘B’ block of 410 units was prepared, fol-
lowed by symmetrical extension with a random mixture 17 DMA
and 41 VP (4-vinyl pyridine) units on either side as the ‘A’ blocks
(further details and characterization were shown in Fig. S1-S2,
S4-S5, S7 and Tables S1, S31). Herein, DMA units in the ‘A’
blocks serve to weaken hydrophobic interactions and suppress
gel formation in the neutral state. The pendent polyvinyl-
pyridine units can be activated to quaternary pyridinium
groups by ME, forming the cationic copolymer PVP1" can
interact with anionic polymer PAMPS,;, (poly(2-acrylamido-2-
methylpropane sulfonic acid sodium salt)), forming coacer-
vate domains.*® When the polymers are of sufficient concen-
tration, these domains are linked through the hydrophilic ‘B’
blocks, forming a coacervate gel network. Upon reaction with P,
PVP1" returns to its neutral state (PVP1), thus the electrostatic
interactions disappear and the gel disassociates to a solution
(Scheme 1B).

Results and discussion
Chemical reaction process and assembly mechanism

We began by studying the (de)ionization processes of our
system in solution state based on NMR tests (Fig. S87). Since the
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pK, of PVP1 is 4.1 (Fig. S91), we performed the experiments with
0.5 wt% PVP1 in phosphate buffer (100 mM, pH 7.4), where the
polymer is in a neutral state. After adding 1.0 eq. ME into the
PVP1 solution at ¢ = 0 h, we noticed that the conversion (from
PVP1 to PVP1") increased rapidly to approximately 75% in the
first 3 hours and reached to its peak (78%) at t = 5 h (see Fig. 1A
and B). Next, we added 1.0 eq. P into the solution at t = 30 h,
where we observed a dramatic recovery of PVP1 from PVP1" over
the following 2 hours (from 78% to 20%). After a further 3
hours, the PVP1* contents stabilized at 10%. From the NMR
data for the reaction VP + ME & VP' + acetate with an equi-
librium conversion as 78%, the K., for the reaction can be
calculated as [VP'][acetate]/[VP][ME] = 0.78 x 0.78/0.22 x 0.22
= 13. This indicates that when an equivalent amount of ME is
used (ME/VP = 1), 22% of the pyridine groups remain
uncharged. With this K., increasing the amount of ME will lead
to an increase in the ratio of charged over uncharged pyridines,
thereby regulating the strength of polyelectrolyte complexation.
This provides the possibility to modulate the material states by
adjusting polymer concentration and quaternization degree.
After NMR experiments demonstrated signal responsive
control over the ionization state of PVP1, we next investigated
whether this induced polycation could be used to trigger coac-
ervate formation with an anionic polymer. For this we synthe-
sized an AMPS (2-acrylamido-2-methylpropane sulfonic acid
sodium salt) polymer of approximately 236 units (PAMPS,3, for
synthesis details see Fig. S3, S6 and Tables S2, S31). We studied
their interactions via dynamic light scattering (DLS) at a rela-
tively low PVP1 concentration (0.1 wt% PVP1, in 100 mM pH 7.4
phosphate buffer) in the presence of 1.0 eq. PAMPS,3¢ (meaning
the ionic molarity for AMPS and VP are equal). Fig. 1C and D
show that, although the neutral PVP1 cannot interact with
anionic PAMPS,;, it can still form micellar structures by itself
in an aqueous environment based on hydrophobic interactions
(the presence of PAMPS,;s did not influence the result, see
Fig. S11A and Bt). Thus, the initial system had a high scatter
count and large Z-average size (15 Mcps, 175 nm). Charging the
pyridine groups with 1.0 eq. ME led to disassociation of
hydrophobic micelles. As a result, in first 2 hours, both the
scatter count and size decreased. Interestingly, this was fol-
lowed by an increase in both parameters for the next 11 hours,
reaching stable values around 12 Mcps, 150 nm. This implies
that once sufficient ionization of PVP1" is achieved, its coacer-
vate interactions with PAMPS,;¢ start to dominate, leading to
the formation of coacervate micellar structures (for the dilute
0.1 wt% PVP1 case). Then, 1.0 eq. P was added to neutralize the
charged pyridine groups, triggering a reduction in the scatter
count and size of our system due to dissociation of the coac-
ervate micelles. Interestingly, the scatter count and corre-
sponding particle size stabilized here (1.5 Mcps and 50 nm) and
did not return to the values observed before ME addition. This
implies that the hydrophobic association is not reversible in our
system, probably because of a small amount of residual PVP1".
A second cycle was then conducted which demonstrated the
reversibility of the system, with 1.0 eq. ME triggering the
appearance of coacervate micelles and 1.0 eq. P destroying
them. Since there was no hydrophobic micelles disassembly
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Scheme 1

(A) Chemical structures of polymers and reagents involved. (B) Scheme of the responsive coacervate hydrogel formation regulated by

chemical signals: ME (activator, an electrophile) activates the pyridine groups (on the polymer chain) from neutral to positive charged state, which
can interact with anionic polymer PAMPS,z¢, leading to a coacervate gel. With addition of P (deactivator, a nucleophile), the charged pyridine

groups are deactivated, leading to a gel to solution transition.

process during the second cycle, the time for reaching the
maximum count rate (~7 hours) was much shorter than in the
first cycle (~13 hours). Promisingly, the peak values for light
scatter intensity and particle size (13 Mcps, 145 nm) were
approximately the same as in the first cycle.

To further study why the hydrophobic micelles did not form
again, we repeated the experiment without PAMPS,;,. At the
start of the process, again hydrophobic micelles of similar size
and scatter count as the system with PAMPS,3¢ were observed.
Addition of 1.0 eq. ME similarly decreased these values, indi-
cating micelle disassociation (Fig. S11A and BY). After this
point, further additions of P were unable to recover the hydro-
phobic micelles, even when treated with 3.0 eq. excess of P
(Fig. S12A and Bt).

1514 | Chem. Sci., 2023, 14, 1512-1523

Based on these experiments, we speculate that the incom-
plete recovery of PVP1 from PVP1' (as indicated in NMR
experiments) leads to weaker hydrophobicity of recovered PVP1,
blocking the re-formation of hydrophobic micelles. At the same
time, the presence of a small amount of residual cationic pyri-
dine groups after P addition appears to be insufficient to allow
coacervate formation, opening the door to repeated transitions
between coacervate states.

Coacervate hydrogels formation controlled by chemical
signals

We next sought to use such coacervate assembly to construct
macroscopic hydrogels and study their chemical signal-
triggered sol-gel transitions. Herein, 5 wt% PVP1 and 1.0 eq.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Scheme of chemical reaction network (CRN) for reversible cationization of pyridine groups. Specifically, ME can induce the ionization

of tertiary amines via a nucleophilic substitution reaction, yielding the cationic amines and acetate. The starting neutral tertiary amines can then
be regenerated by addition of a competing nucleophile P followed by the production of waste. (B) Reversible formation of PVP1* following
sequential 1.0 eq. additions of ME and P to PVP1 (0.5 wt% PVP1, in 100 mM pH 7.4 phosphate buffer). The reaction cycle was also studied by
dynamic light scattering for 2-cycles of 1.0 eq. ME and P sequential additions followed with (C) scatter count and (D) Z-average diameter (0.1 wt%

PVP1 and 1.0 eq. PAMPS,3¢, in 100 mM pH 7.4 phosphate buffer).

PAMPS, ;s were dissolved in 100 mM pH 7.4 phosphate buffer.
Then, the solution was mixed with 1.0 eq. ME, and a gel formed
in 30 min (Fig. 2A, for detailed gel preparation see ESI{). With
addition of 1.0 eq. P, the obtained gel can revert to a solution in
5 min with similar rheological properties as the starting solu-
tion (Fig. 2A and B). To clearly illustrate the (de)generation of
the coacervate gel, we conducted time sweep rheological
measurements. As shown in Fig. 2B, at the beginning the
storage modulus (G') of the polymer solution was much lower
than loss modulus (G”), indicating a solution state. After treat-
ment with 1.0 eq. ME, both G’ and G” increased rapidly. Within
30 min, G’ surpassed G”, suggesting the gelation of polymer
solutions. After further 60 min, G’ stabilized at about 1000 Pa,
showing a stable gel state. Then, 1.0 eq. P was added to
neutralize the charged pyridine groups, which should lead to
disassociation of the coacervation domains in the gel. After
3 min shaking, the gel converted back to solution (G” > @)

© 2023 The Author(s). Published by the Royal Society of Chemistry

(shaking does not induce sol-gel transitions in this system, see
Fig. S13t). To demonstrate the reversibility of the chemical
signal-induced coacervate gel, we completed two more cycles
with sequential additions of 1.0 eq. ME and 1.0 eq. P. Note that
the gelation time for cycles 2 and 3 were about 15 min (much
shorter than the gelation time (~30 min) of cycle 1), which is in
good agreement with our DLS test results. Moreover, this sol-gel
cycle can bear at least 8 cycles, otherwise the materials will keep
as a solution state, possibly due to the accumulation of reagents
waste.

As a further test, we tried to achieve an ‘autonomous
recovery’ by preparing a gel with excess ME (4.0 eq.) and using
successive 1.0 eq. additions of P to transiently modulate gel
properties. We observed that the gelation of polymer solutions
(triggered by 4.0 eq. ME) quickly happened in 10 min (see
Fig. 2C), which is much faster than the 1.0 eq. ME-triggered
gelation. It seems plausible that a larger amount of ME leads to

Chem. Sci., 2023, 14, 1512-1523 | 1515
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Fig. 2 Chemical signal-programmed sol—-gel transition process. (A) Photographs showing the gelation of PVP1 solution (in the presence of 1.0
eq. PAMPS,3¢) driven by 1.0 eq. ME and the disassembly of coacervate gels induced by 1.0 eq. P. Rhodamine B was added for coloring (1 uM).
Mixing the PVP1 solution with 1.0 eq. ME at O min led to gelation after 30 min. After adding 1.0 eq. P, the formed coacervate gel converted to the
solution state in 5 min. (B) Time sweep rheological tests of the ME-driven gelation and P-induced disassembly process of the coacervate gels (3
cycles). (C) Time sweep rheological tests monitoring autonomous recovery of coacervate gels (triggered by 4.0 eq. ME) with re-additions of 1.0
eq. P. For the time sweep oscillatory tests, the strain (y) and frequency (w) were set as 5% and 10 rad s respectively. All samples: 5 wt% PVP1 and
1.0 eq. PAMPS,3¢ (overall polymer content: 6.8 wt%), in 100 mM pH 7.4 phosphate buffer.

a higher ionization rate for PVP1, resulting in faster gelation.
After the storage modulus stabilized around 1000 Pa, 1.0 eq. P
was added to weaken the gel (as there is still some excess ME
inside, 1.0 eq. P cannot fully convert the gel to a solution).
Immediately after adding P, the moduli dropped sharply, but
they then recovered to the starting value in minutes. Apparently,
the added P initially removes (part of) the charges, but reaction

1516 | Chem. Sci, 2023, 14, 1512-1523

with the remaining excess of ME restores these charges nearly
entirely. In the second recovery cycle, an additional 1.0 more eq.
P was placed onto the gel surface. Although this time there was
a recovery process for gel mechanical strength, the maximum
attained storage modulus (~300 Pa) was lower than the first
cycle (~900 Pa). Furthermore, we noticed that after the third P
addition, a solution formed that was unable to recover to a gel.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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We believe this is due to insufficient amount of remaining ME
to achieve the required ionization on PVP1 for coacervate gel

Chemical Science

Effects of chemical signals on the mechanical performance of
coacervate hydrogels and diagram of material states

formation.

Overall, the experiments illustrate how sol-gel transitions
can be achieved by modulating coacervate formation through
reaction with an activator electrophile (ME) and a deactivator
secondary amine (P). We found that the ‘forward’ reaction to
PVP1" is slower than the reverse reaction. In addition, with
excess ME in the solution, a non-monotonic autonomous
recovery, namely an initial drop in stiffness followed by
a recovery, can be realized.

Next, we characterized the impact of different ME equivalents on
the mechanical properties and gelation times of the coacervate
gels. For this purpose, we first prepared the polymer solutions
(5 wt% PVP1 and 1.0 eq. PAMPS, 3¢, in 100 mM pH 7.4 phosphate
buffer) and activated them with different ME equivalents. The
gelation time and mechanical strength of gels were determined
by oscillatory rheological measurements (Fig. S141). The results
shown in Fig. 3A suggest that the maximum storage modulus
(G'y) of coacervate gels increased from ~25 to ~1000 Pa with
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Fig. 3 Effect of ME equivalents on coacervate gelation process. (A) Maximum storage modulus G’y and (B) gelation time of the coacervate
hydrogels as a function of ME equivalents. Error bars in (A) and (B) are calculated from three independent measurements. All samples: 5 wt% PVP1
and 1.0 eq. PAMPS,3¢ (overall polymer content: 6.8 wt%), in 100 mM pH 7.4 phosphate buffer. Note that a sol-gel mixture (5 wt% PVP1, 0.5 eq.
ME) naturally gives variable results. In three measurements, we found one gel-like curve (from which we got one crossover point/gelation time,
the open circle) and two solution-like curves. (C) Diagram of material states by varying both PVP1 concentrations and ME equivalents. The
diagram is a compilation of the results from rheological measurements and visual observation (red circle and line — hydrophobic micelle gel
state; blue circles and area — coacervate gel state; orange square — sol—gel mixture state; white area — potential sol-gel intermediate state; and
green triangles and area — solution state). For 1 wt%, 2 wt%, 5 wt% and 10 wt% samples (overall polymer content: 1.4 wt%, 2.7 wt%, 6.8 wt% and
13.6 wt%): PVP1 and 1.0 eq. PAMPS;36, in 100 mM pH 7.4 phosphate buffer; for 15 wt% and 20 wt% samples: PVP1, in 100 mM pH 7.4 phosphate
buffer.
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increasing ME equivalents (from 0.5 to 1.0 eq.). Clearly, a larger
ratio of ME to pyridine groups leads to more charged pyridine
groups, leading to stronger coacervation interactions (higher
G'y). However, further increasing the ME equivalents beyond 1.0
eq. does not unlimitedly lead to enhanced mechanical properties
such as G' (Fig. S147), likely due to reaching a plateau in pyr-
idinium formation on the copolymers. Moreover, the gelation
time (first time point where G' > G”) can also be regulated by
varying ME equivalents. As shown in Fig. 3B, we found that the
gelation time decreased from ~1.5 h to ~0.3 h with increasing
ME equivalents (from 0.5 to 1.5 eq.). This indicates that higher
ME concentration increases the ionization reaction rate and
therefore shortens the gelation time of polymer solutions.

To show how chemical signals may regulate these coacervate
materials, we investigated the relationship between PVP1
concentrations, ME equivalents and material states (see Fig. 3C).
We firstly prepared polymer solutions of different concentrations
(1 Wt%, 2 wt%, 5 wt%, 10 wt% PVP1 with 1.0 eq. PAMPS,;;,
15 wt% and 20 wt% PVP1) and initiated their gelation by addition
of different ME equivalents. All samples were characterized by
the vial inversion method and frequency sweep rheology experi-
ments to identify the material states (solution or gel) (see Fig. S15
and S167). We found that 20 wt% PVP1 can form a hydrophobic
micelle gel by itself. In agreement with earlier dilute solution DLS
analysis, these hydrophobic micelle gels showed poor revers-
ibility, even after we attempted recovery using excess P (3.0 eq.)
(see Fig. S11C, S12C and Dt). The samples with =1 wt% PVP1
never formed a gel with ME (even with >1.0 eq. ME, see Fig. S15A
and S167). Samples with a PVP1 concentration between 1 wt%
and 10 wt% were able to form coacervate gels, with less ME
required for gel formation as polymer concentration increased
(1.0 eq. ME for 2 wt% PVP1 and 0.5 eq. ME for 10 wt% PVP1).
Interestingly, for 5 wt% PVP1 treated with 0.5 eq. ME (in the
presence of 1.0 eq. PAMPS,3), we observed the intermediate case
of a sol-gel mixture. It seems likely that such intermediate states
can also occur at other combinations of PVP1 concentrations and
ME equivalents, just below a threshold.

Based on these observations, a ‘diagram of material states’
can be constructed (Fig. 3C). To clarify the diagram, datapoints
referring to different states were given different colors. In the
diagram, the red circle and line represents the material states
which can assemble into hydrophobic micelle gels by them-
selves without any reagents added. The blue circles and area
represent the coacervate gel state, where the gelation of polymer
solutions can be activated by ME. The green triangles and area
represent the liquid state, in which ME cannot trigger the
gelation owing to insufficient polymer concentration. For the
white area (containing the orange square) between the green
and blue areas, we defined it as potential sol-gel intermediate
state. Combined, the diagram clearly shows that as polymer
concentration increases, the critical degree of PVP1 ionization
(or eq. ME added) required to form a gel decreases.

Self-healing and injectability of coacervate gels

We then took the 5 wt% coacervate gels (initiated by 1.0 eq. ME)
as a basis to investigate their self-healing properties. Strain

1518 | Chem. Sci, 2023, 14, 1512-1523
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sweep rheological tests showed that the gel networks are
temporarily disrupted upon application of over 200% strain (see
Fig. 4A). In the fixed-frequency measurement (with repeated
strain), the gels were subjected to cycles of 5% and 500% strain.
At 500% strain, G’ decreased from 800 Pa to 80 Pa and G” from
300 Pa to 200 Pa (Fig. 4B). In other words, under a large
amplitude oscillatory force, G’ was higher than G, indicating
the disruption of gel networks and conversion to a viscous fluid.
When the strain returned to 5%, G’ and G” rapidly recovered to
starting value (800 Pa and 300 Pa, respectively), suggesting the
recovery of coacervate gels. Moreover, the gels can be subjected
to at least 5 cycles without any loss of mechanical strength. In
macroscopic self-healing experiments (Fig. 4C), we prepared
two gels (one gel was colored by rhodamine B, and another one
was non-dyed) and hand-pressed them together into a whole
gel. After 5 min, the two separate gels reconnected and could be
easily lifted by a tweezer. After 2 further days, the dye diffused
into the non-dyed section, demonstrating the initially separate
gels have completely self-healed to an integrated gel. These
results provide clear evidence that these coacervate gels are
capable of self-healing, as expected for gels with reversible,
physical bonds.

Since the gels were self-healable and responded quickly to
the strain changes, we investigated whether our coacervate gels
were also injectable.>*** As shown in Fig. 4D, a rhodamine B
dyed gel was prepared and put into a syringe, then we extruded
it from needles with various diameters (20G - 0.9 mm, 21G -
0.8 mm and 26G - 0.45 mm). Using hand pressure, these gels
could be extruded through all investigated needles; after
extruding from the needles (the high shear force was removed),
the gel state was recovered instantly. As a proof of injectability,
we wrote three letters (‘T’, ‘U’ and ‘D’) through different sized
needles (Fig. 4D), a video showing the gel injection can be found
as Movie S1.t In future therapeutic applications, such gels
would have to injected into various tissues. Thus, we synthe-
sized a polyacrylamide (PAAm) gel as a simulated tissue (the
synthesis procedure of the PAAm gel can be found in the ESIT).
With a 26G needle, these gels can be easily injected into the
simulated tissue (Movie S27), leading to gel-in-gel hybrid
materials.

Accelerated degradation of coacervate gels in cell culture
media-based environment

One important requirement for injectable materials is whether
they can degrade in human tissue or interstitial fluid. Conven-
tional coacervate hydrogels are rendered degradable because of
their salt, pH or temperature responsiveness, however the
degradation time can be exceedingly long under physiological
conditions.>"*>3**** Previous work in our group on related
pyridine-based polymeric systems has shown that (in addition
to secondary amines) primary amines and thiols can be used to
trigger deionization.*>*® Treating our coacervate gels with two
representative chemical signals - glycine (Gly, a primary amine)
and sodium-3-mercaptopropane-sulfonate (SH-Na, a thiol), we
indeed observed gel-sol transitions at a similar rate to that
achieved with P (within 5 min). Interestingly, the recovered loss

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Self-healing and injectability of coacervate gels. (A) Strain sweep and of the coacervate hydrogels. Strain sweep measurements were
performed from 0.1% to 1000% at fixed frequency (w = 10 rad s™3). (B) Fixed-frequency (w = 10 rad s~!) measurement with repeated strain jumps
from 5% to 500% and back. (C) Self-healing of coacervate hydrogels. Two separate gels (one gel was dyed by rnodamine B, another gel was non-
dyed) were pressed together. After 5 min, the two gels had become a single gel; after 2 days, the dye diffused from the stained gel to non-stained
gel. (D) Coacervate hydrogels injection in air or into a PAAm gel (the coacervate gels can be extruded from 20G, 21G and 26G needles by hand-
pressing). The injected gels (which were dyed by rhodamine B) allowed for printing TUD' letters ('T", ‘U’ and ‘D’ were extruded from 20G, 21G and
26G needles, respectively). Also, the coacervate gels (in red circles, non-dyed gels) can be injected into a PAAm gel via a 26G needle. All samples:
5 wt% PVP1 and 1.0 eq. PAMPS,36 (overall polymer content: 6.8 wt%), in 100 mM pH 7.4 phosphate buffer (initiated by 1.0 eq. ME).

modulus depended on the nucleophilicity of the applied
nucleophile,*** with stronger nucleophiles giving a lower
recovered loss modulus (SH-Na ~0.3 Pa, P ~2 Pa, Gly ~4 Pa)
(Fig. S177). A stronger nucleophile implies a larger reaction free
energy, and, hence, a larger conversion of cationic into neutral
pyridine groups. This means that after treatment with
a stronger nucleophile, a smaller number of physical bonds
would have to be broken under flow, observed as solutions with
lower viscosity (lower G"). Since the disassembly of these coac-
ervate gels is responsive to these chemical signals, we anticipate
that the degradation for such gels could be accelerated by

© 2023 The Author(s). Published by the Royal Society of Chemistry

physiological signals such as amino acids and thiols present in
the cytosol or extracellular fluids.

We first selected a cell culture medium (Ham's-F12, no
phenol red, CM) as the simulated amino acids-rich interstitial
fluid, which was anticipated to accelerate gel degradation.
150 mM phosphate buffer (PB) was used to mimic the physio-
logical salt environment without nucleophiles present, isolating
the effects of high salt concentration (which is known to
degrade non-responsive coacervate gels).**'"**> Pure water was
applied as a blank culture environment (see Fig. S18 and Table
S41). At 25 °C, the coacervate gels completely disappeared
within 4 h when incubated in CM, while those in PB or water did
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Chemical Science

A) T=25°C
t=0h

Edge Article

Fig.5 Geldegradation tests in various liquid environments. Degradation of the coacervate gels in water, or 150 mM pH 7.4 phosphate buffer (PB)
or cell culture medium (CM) at (A) 25 °C and (B) 37 °C over time. All samples: 5 wt% PVP1 and 1.0 eq. PAMPS,3¢ (overall polymer content: 6.8 wt%),

in 100 mM pH 7.4 phosphate buffer (initiated by 1.0 eq. ME).

not disassemble even after 24 hours (Fig. 5A). When the
degradation temperature was elevated to 37 °C, the coacervate
gels in CM degraded in 2 h, again significantly faster than those
in PB (24 h) and water (gel fragments still observable after 24
hours, Fig. 5B). These results suggest that the gels are sensitive
to nucleophilic biological signals but not to physiological salt or
temperature in liquid environments.

We then evaluated cell cytotoxicity of these gels by a viability
test (CCK-8 assay) on NIH-3T3 mouse fibroblast cells
(Fig. S19Aft). These tests showed that the ME-activated gels
show negligible toxicity at low concentration (gel concentration
=1000 pg mL™ ') but substantial cytotoxicity at high concen-
tration (gel concentration >1000 pg mL™"). To investigate the
source of toxicity within the ME-activated gels, we also evaluated
the gel components separately. This showed that PAMPS, ;s and
PVP1 are non-toxic even at high concentrations (viability above
80% up to 350 ug mL ™' and above 95% up to 500 pg mL "
polymer concentration, respectively), while PVP1" and ME
decreased cell viability below 65% at 250 and 10 pg mL ™",
respectively (Fig. S19B-Ef). To increase biocompatibility, we
replaced ME with a more biocompatible electrophile,®***® for

1520 | Chem. Sci, 2023, 14, 1512-1523

which we have found diethyl(a-acetoxymethyl) vinyl-
phosphonate (DVP) retains ~80% cell viability at high concen-
trations (236 ug mL™", Fig. S20At). Gels prepared using DVP
were found to be significantly less toxic, with cell viability
remaining above 85% even at high gel concentrations (10 mg
mL ", Fig. S20B1). Alternatively, the hydrogel may be applied as
degradable scaffold or mold in 3D printing, because of its
proven extrudability and controllable degradability.*® For
example, the coacervate gel could be printed as a mold or
scaffold to support the printing of a second material, after
which the mold or scaffold can be easily removed by immersing
it in an amine-rich medium. Overall, we conclude that this
chemical-signal-regulated coacervate hydrogel could be used as
injectable material (preferably with DVP as the activator for
obtaining a more biocompatible material) or as scaffold in 3D
printing.

In future in vivo applications, such gel materials can be
introduced in the body by intradermal, subcutaneous or intra-
muscular injection, which is a reason to examine the gel
degradation process in viscoelastic solid environments. Hence,
we used swollen PAAm gels as tissue mimics. In brief, PAAm

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hydrogels were swollen in different media (water, PB and CM)
for 18 hours, allowing for solvent exchange (further details
shown in ESI and Table S5t). Frequency sweep rheological
measurements on these swollen PAAm gels showed that they

A) T=25°C

B) T=37°C
t=0h 1h

PB

CM

C)
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possess similar viscoelastic properties as many tissues (500 Pa <
G', G" <10 000 Pa, see Fig. S217).7” The coacervate gels were then
injected into the different swollen PAAm gels and kept at 25 °C

Temperature
/oG 25

37

Medium Water PB

CM

Water

PB

CM

Time/h > 48 > 48

2

48

36

Fig. 6 Degradation tests in the swollen PAAm gels. Degradation of the coacervate gels in water, or 150 mM pH 7.4 phosphate buffer (PB) or cell
culture media (CM) swollen PAAm gels at (A) 25 °C and (B) 37 °C over time. Red arrows are added to point out the gel residue. (C) Degradation
time (time needed for no visible gel remaining or below 0.5% blue pixels remaining, see ESI}) of coacervate gels (in the swollen PAAmM gels). All
samples: 5 wt% PVP1 and 1.0 eq. PAMPS,3¢ (overall polymer content: 6.8 wt%), in 100 mM pH 7.4 phosphate buffer (initiated by 1.0 eq. ME).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2023, 14, 1512-1523 | 1521



Chemical Science

or 37 °C, and photos of gel degradation were taken over time
(Fig. S22 and S23+).

At 25 °C, the coacervate gels decomposed completely in CM-
swollen PAAm gels within 2 h (Fig. 6A). In contrast, the coac-
ervate gels were still observable in PB-swollen PAAm gels even
after 48 hours (blue pixels retain 0.6%, Fig. S22 and S247). At
37 °C, coacervate gels that were injected into a CM-swollen
PAAm gel degraded completely within 1 h (Fig. 6B). In PB-
swollen PAAm gels the coacervate gels completely disappeared
in 36 h (Fig. S231). However, in water swollen PAAm gels, there
was almost no observable degradation within 24 h at 25 °C or
37 °C (blue pixels retain 8.1% and 11.7%, respectively;
Fig. S24t), and even after 36 hours the coacervate gel residues
can still be observed (blue pixels retain 7.4% and 7.8%,
respectively; Fig. S23 and S247).

On the basis of these results, we concluded that the degra-
dation of coacervate gels can be highly accelerated in both
simulated interstitial fluid and simulated tissue. While rela-
tively insensitive to the non-specific signals of physiological
temperature (37 °C) and salt concentration (150 mM), gel
degradation is then triggered by specific nucleophilic
biochemical signals, enabling a tissue-responsive degradation
process while maintaining gel integrity ex vivo.

Conclusions

This work shows the development and potential application of
a chemical signal responsive coacervate hydrogel based on
a Michael addition-based CRN. Allyl acetate electrophiles can
trigger the cationization of pyridine groups located in the A
blocks of an ABA triblock copolymer. In the presence of a poly-
anion, the electrophile addition triggers the formation of
coacervate gels. The gels can be disassociated to solutions by
reaction with a competing nucleophile, regenerating the start-
ing neutral pyridine-based polymers. Further electrophile
additions can recover the gel state, allowing for repeated and
reversible sol-gel transitions. Moreover, varying the electrophile
dose can tune the mechanical strength and gelation time of the
coacervate gels. We further demonstrated promising self-
healing properties of these coacervate gels, with application as
injectable materials. Importantly, in cell culture media-based
(rich in amino acids) environments, gel degradation can be
highly accelerated due to the nucleophile-responsiveness of the
coacervate gels. Extrapolating these findings, the concept of
nucleophile-responsive coacervate gels, being injectable and
selectively degradable, shows potential for application as ther-
apeutical injectable materials or degradable scaffold in 3D
printing.
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