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Introduction

Programming cascade mesophase transitions of
enzyme-responsive formulations via molecular
engineering of dendritic amphiphilest
Krishna Vippala,®®< Nicole Edelstein-Pardo,®>® Shahar Tevet, (2 &P f
Parul Rathee, (229 Gil Koren, (2 ®9€ Roy Beck () %€ and Roey J. Amir (&) ¥a->af

The ability to program cascades of enzymatically induced transitions of polymeric assemblies across
various mesophases holds promise for developing new dynamic materials with complex response
mechanisms, mimicking the intricate behavior of proteins and other biological systems. In this study, we
demonstrate the feasibility of controlling the rates of such sequential transitions by molecular engineering
of the polymeric building blocks. To this end, we utilized a hydrogel forming PEG-based tri-block amphi-
phile (TBA) and micelles forming di-block amphiphiles (DBAs), composed of dendrons with enzymatically
cleavable ester end-groups as their hydrophobic blocks, to create co-assembled nano-micellar formu-
lations. We investigated their multi-step mesophase transitions, first from micelles into macroscopic
hydrogels and subsequently into water-soluble polymers, in the presence of the activating enzyme
porcine liver esterase (PLE). To demonstrate the ability to control the time frame of the micelle-to-hydro-
gel mesophase transition, we designed and synthesized three DBAs with varying dendritic architectures
and degrees of hydrophobicity. These DBAs are composed of hydrophobic dendrons with two, three, and
four lipophilic end-groups, designated as DBA-C6x2, DBA-C6x3, and DBA-C6Xx4, respectively. Our
results indicated that the co-assembled micelles containing the least hydrophobic DBA-C6x2 rapidly
transformed into a hydrogel within less than two hours upon exposure to PLE. In contrast, the micellar
formulation with the most hydrophobic DBA-C6X4 took over two days to transition into the hydrogel
mesophase. These findings underscore the potential of using molecular engineering to tailor the behavior
of programable polymeric assemblies.

of stimuli-responsive polymeric amphiphiles and their self-
assemblies, a burgeoning field with extensive applications.'™®

The remarkable ability of various assembled nano-, micro-,
and macro-structures in nature to respond and adapt to
environmental cues has remained a steadfast source of inspi-
ration for scientific innovation. One realm in which this inspi-
ration has yielded transformative outcomes is the development
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Within this domain, variations in pH, high concentrations of
molecular species (e.g. reactive oxygen species, glutathione,
etc.), and enzymes, have served as potent triggers for the acti-
vation of responsive materials.”'> Among the various types of
responsive systems, enzyme-responsive ones can potentially
endow researchers with a profound level of control, enabling
precise modulation of structural alterations within polymeric
assemblies to facilitate a wide spectrum of functions, includ-
ing drug delivery and depot formation.**®

At the heart of the design of enzyme-responsive polymers
and assemblies lies the art of programming materials to react
selectively to the specific enzymes. This feat is accomplished
through the strategic integration of enzyme-responsive com-
ponents into the polymeric amphiphiles that compose the
responsive systems.'” > However, unlike biological systems,
most reported synthetic enzyme-responsive systems are
capable of transitioning only between two states, and only
limited examples of systems that can transition between more
than two states have been reported. These multi-states systems
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are based on the incorporation of several enzyme-responsive com-
ponents into the polymeric backbone of the amphiphiles.”’?>
Recently, we demonstrated a different strategy to program
enzyme-responsive micellar formulation to undergo sequential
multi-mesophase transitions in response to enzymatic
activation.”>** Qur strategy was based on co-assembling hydrogel
forming tri-block amphiphile (TBA) and stabilizing di-block
amphiphile (DBA), both featuring identical esterase-responsive or
amide-responsive groups in their hydrophobic dendron, into
nano-sized micelles. While the DBA accounts for the stabilization
of a micellar state for the mixed formulation, its selective enzy-
matic degradation in the presence of the activating enzyme, due
to its faster unimer-micelle exchange rate, results in the trans-
formation of the TBA into hydrogel mesophase. In the second
stage, the TBA based hydrogel is slowly degraded by the same
activating enzyme into water-soluble polymers.

The transition from micelles to hydrogel mesophase is gov-
erned by the hydrolysis rate of the stabilizing DBA. It’s note-
worthy that enzymes can cleave the end-groups in the DBA
dendrons only when the amphiphiles are in their unimer-form
rather than as micelles.>® Thus, adjusting the hydrophilic-lipo-
philic ratio of the DBA by modifying the hydrophobicity of the
dendron should lead to a change in the DBA hydrolysis rate, as
it influences the equilibrium between the unimer and
micelles. The hydrophobicity of the dendron can be changed
by either extending the aliphatic chain length,?® or by chan-
ging the number of arms in the dendron.>” In this work, we
synthesized three distinct DBA variants with different dendritic
architectures by altering the number of enzymatically cleavable
dendritic end-groups, and evaluated the impact of this engin-
eered change in hydrophobicity on the rates of enzymatically
induced DBA-hydrolysis and hydrogel formation.

These mixed micellar formulations may be beneficial for
potential biomedical applications due to the ability to tran-
sition between the three mesophases—micelles, hydrogel, and
soluble hydrophilic polymers. For instance, while the micellar
phase can be easily administered due to its low viscosity and
the nano-size dimensions of micelles,>®*3° the in situ for-
mation of a slowly degrading hydrogel phase can be explored
for its potential to serve as a degradable drug depot for sus-
tained release.’’° Hence, studying the underlying mecha-
nisms that influence the kinetics of this cascade of multi-
mesophase transitions—from nano-sized micelles to macro-
scopic gels and eventually into soluble polymers—could not
only enhance our understanding of how nature adapts to exter-
nal stimuli but also potentially aid in designing more
advanced drug delivery systems.

Results and discussion
Design and synthesis of DBA and TBA

The design of DBAs was based on PEGsyp,-dendron hybrids,
which due to their high modularity and structural precision,
can be tuned to achieve the desired number of dendritic end-
groups by simply altering the central branching unit
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(Scheme 1). The synthesis for all three DBAs initiated with con-
jugating an amine functionalized mPEG;,-NH,, synthesized
following previously reported procedures,”” with dendritic
branching units of different multiplicities. For the DBA with
two-arm dendron, 5 kDa mPEG-NH, was conjugated to 3,5-bis
(allyloxy)benzoic acid,*® serving as an AB, branching unit,
using N,N'-diisopropylcarbodiimide (DIC) and OxymaPure in
the presence of N,N-diisopropylethylamine (DIPEA). This reac-
tion quantitatively yielded mPEGsp,-di-allyl, which was sub-
sequently reacted by thiol-ene reaction®' with an excess of
2-mercaptoethanol and 2,2-dimethoxy-2-phenylacetophenone
(DMPA) as photo-initiator under UV irradiation at 365 nm, to
obtain mPEG-diol. Finally, the obtained mPEG-diol was
reacted by Steglich esterification with excess of hexanoic acid
using N,N'-dicyclohexylcarbodiimide (DCC), and 4-dimethyl-
aminopyridine (4-DMAP), to obtain the desired di-arm amphi-
philes MPEGs;p,-C6%2 (DBA-C6x2).

Similarly, the three-arm dendritic DBA was synthesized by
conjugating mMPEGs.p,-NH, with 3,4,5-tris(allyloxy)benzoic
acid,”” which served as an AB; branching unit, to obtain
MPEGs;p,-tri-allyl. This compound was further reacted with an
excess of 2-mercaptoethanol and DMPA under UV irradiation
by thiol-ene reaction to yield mPEG-triol, followed by Steglich
esterification with excess of hexanoic acid using DCC and
DMPA to yield the three-arm amphiphile MPEGs;p,-C6%3
(DBA-C6x3). For the four-arm containing DBA, mPEGs;p,-NH,
was reacted with 3,5-bis(prop-2-yn-1-yloxy) benzoic acid,*”
serving as an AB, branching unit, using DIC, OxymaPure, and
DIPEA to obtain mPEGs;p,-di-yne. Subsequently, thiol-yne
reaction®” with an excess of 2-mercaptoethanol using a cata-
Iytic amount of DMPA under UV irradiation led to the for-
mation of mPEG-tetraol, followed by Steglich esterification
with excess of hexanoic acid using DCC and DMAP to yield the
desired four-arm amphiphile mPEG;p,-C6x4 (DBA-C6x4).

To synthesize the tri-block copolymer, commercially avail-
able 10 kDa PEG was first refluxed in toluene with potassium
hydroxide, followed by addition of propargyl bromide to yield
PEG-di-yne (Scheme 2). Subsequent thiol-yne reaction with an
excess of cysteamine hydrochloride, utilizing a catalytic
amount of DMPA under UV irradiation yielded PEG-tetra-
amine. The resulting product was then reacted with 3,5-bis
(allyloxy)benzoic acid, serving as an AB, branching unit, to
obtain PEGgkps-octa-allyl, which was further reacted with an
excess of 2-mercaptoethanol using DMPA under UV irradiation
via a thiol-ene reaction to obtain PEG;qipy-octa-ol. Finally,
similar to the synthetic procedure for the DBAs, this product
was coupled by Steglich esterification with excess of hexanoic
acid using DCC and DMAP to obtain the desired tri-block
amphiphile C6x4-PEG;kp,-C6%4 (TBA). To verify the conver-
sion of synthetic steps, the purity of the products, and to
confirm the amphiphiles contained the desired number of
end-groups, we used 'H NMR spectroscopy, and HPLC.
Molecular weights of the amphiphiles were determined using
size exclusion chromatography (SEC, Table 1). Detailed syn-
thetic procedures and characterization data for the four
amphiphiles are provided in the ESL

This journal is © The Royal Society of Chemistry 2025
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Self-assembly of DBA and TBA

After successfully synthesizing and characterizing the four
amphiphiles, we initially investigated the self-assembly of the
three DBAs. We first determined their critical micelle concen-
trations (CMC) using the Nile red method,”® and analyzed

This journal is © The Royal Society of Chemistry 2025

their hydrodynamic diameters through dynamic light scatter-
ing (DLS). Notably, as can be expected, we observed that the
CMC of the micelles decreased as the hydrophobicity of the
underlying amphiphiles increased (Table 2). Additionally, all
DBA based micelles exhibited hydrodynamic diameters of
around 20 nm (DLS), and around 20-30 nm by transmission
electron microscopy (TEM), which also confirmed their
spheric shapes (Fig. S13}), with a slight increase in size when
the hydrophobicity of the amphiphile increased (Table 2).
Next, we aimed to formulate the DBA and TBA into co-
assembled micelles. Previously, we reported the feasibility of
creating mixed micellar formulations at a 1:1 DBA to TBA
weight ratio.”®** Henceforth, we began preparing co-
assembled formulations with this ratio using our least hydro-
phobic DBA variant with two arms, DBA-C6x2. Briefly,
DBA-C6x2 and TBA stock solutions were prepared separately
by dissolving them in dichloromethane (DCM). Subsequently,
the DBA-C6x2 and TBA mixtures were prepared at a 1: 1 weight

Polym. Chem., 2025, 16, 2757-2766 | 2759
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Table 2 Formulations and their characteristics

Formulation composition CMC* (M) Dy” (nm)
DBA-C6x2 24+2 18+2
DBA-C6x2 and TBA 10+1 19+8
DBA-C6x%3 10+1 19+4
DBA-C6x3 and TBA 7+1 23+5
DBA-C6x4 7+1 21+4
DBA-C6x4 and TBA 6+1 20+10

“CMC determined using the Nile red method.  Hydrodynamic dia-
meter (Dy) of micelles measured by DLS. Micelles were made by co-
assembling TBA and DBA in a 1: 2 wt. ratio.

ratio, followed by evaporation of DCM, leaving behind a white
solid thin film residue, which was then dried under reduced
pressure for 12 hours. The dried thin film was hydrated with
phosphate-buffered saline (PBS, pH 7.4), and the solution was
vigorously vortexed and then sonicated for 15 minutes.
However, at this ratio (5 mg mL™" of each amphiphile), we
noticed some visible aggregates, indicating that DBA-C6x2 was
unable to completely dissolve the TBA (Fig. S147) at this ratio.
To remedy this, we increased the concentration of DBA-C6x2
to 10 mg mL ™", resulting in a final weight ratio of DBA-C6X2 to
TBA of 2: 1. At this ratio, we observed complete dissolution of
TBA as clear solution was obtained, indicating the formation
of DBA-C6x2 and TBA co-assembled micelles (Fig. 1C, ¢ = 0).
We then used the same 2 : 1 ratio to prepare mixed micelle for-
mulations with the other two DBAs, DBA-C6x3 and DBA-C6x4.
To validate the formation of co-assembled micelles, we charac-
terized their hydrodynamic radius using DLS and TEM, and
determined their CMC with the Nile Red method, similar to
the approach used for characterizing the self-assembly of
DBAs.

For the least hydrophobic DBA-C6x2 amphiphile, the co-
assembly with the TBA into mixed micelles appears to lower
the CMC values compared to micelles consisting solely of
DBA, indicating greater thermodynamic stability of the co-
assembled ones. This effect was also observed for the
DBA-C6x3 and DBA-C6x4 amphiphiles, although to a lower
extent. We then characterized the formed micelles by DLS and
TEM, and observed nearly similar hydrodynamic diameters for
the co-assembled TBA and DBA, and the DBA micelles
(Table 2, Fig. 1D and S137).

Formation of TBA based hydrogel

To initiate the mesophase transition, the activating enzyme
porcine liver esterase (PLE, 0.5 U mL™"), which can cleave the
hydrophobic ester-containing end-groups, was added to the
solution of the DBA-C6x2 and TBA co-assembled micelles, and
HPLC was used to directly analyze the molecular composition
of the solution at given time points. The rate of disappearance
of the DBA-C6x2 and the rate of formation of hydrolyzed-DBA
were calculated by measuring the area under the curve of the
respective peaks in the HPLC chromatogram (Fig. 1A and B).
In parallel, we used a spectrophotometer to measure the
optical density of the solution at 600 nm. As the enzymatically
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Fig. 1 (A) HPLC overlay for micelles of DBA-C6x2 (10 mg mL™) and
TBA (5 mg mL™) over time in the presence of PLE (0.5 U mL™). (B)
Kinetic data plotted as percent conversion from HPLC data. Optical
density of the solution was measured at 600 nm. (C) Photographs of the
initial micellar solution and at different time points showing the gradual
formation of TBA hydrogel. (D) DLS graphs for mixed micelles
(DBA-C6x4 — green, DBA-C6x3 — blue, and DBA-C6x2 — red) before
the addition of PLE (solid lines), and the supernatant of the formulation
after the complete macroscopic hydrogel formation (dotted lines).
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hydrolyzed DBA becomes more hydrophilic and hence can no
longer co-assemble into micelles, its capacity to stabilize the
TBA in micellar form significantly diminishes. By overlaying
the optical density and HPLC measurements, we observe that
the TBA begins to coalesce into hydrogel macroparticle after
10 minutes when DBA-C6x2 concentration dropped to 60% of
its initial level, marking the onset of cloudiness (Fig. 1B and
C). Once the concentration of DBA-C6x2 decreased by around
90 percent, the TBA microparticles further coalesce and begin
to collapse into hydrogel, after one hour of incubation with the
activating enzyme, as depicted in Fig. 1C. Over time, this
process progresses, causing the TBA to condense into bulk
hydrogel and settle at the bottom of the HPLC vial as shown in
Fig. 1C (¢ = 12 h photo). As the coalescence and sedimentation
of the TBA-based hydrogel occur gradually, the HPLC chroma-
togram continues to show a peak corresponding to TBA and
relatively large error bars are obtained for this heterogenous
sample, which is in transition from micellar to hydrogel meso-
phase, until the hydrogel drops below the HPLC needle
sampling level and the mesophase transition is completed. At
that point, the absence of the TBA peak in the chromatogram
is not due to TBA hydrolysis but rather because the hydrogel
has fallen below the needle sampling level. This was further
corroborated by dissolving the TBA hydrogel in acetonitrile
after gently removing the supernatant, and analyzing it with
HPLC, which confirmed that the hydrogel was composed of
TBA (with around 8% of partially hydrolyzed TBA out of the
total TBA composition, Fig. S23t). To confirm the absence of
micelles once the TBA hydrogel settled, the supernatant from
the formulation was collected and analyzed using DLS. The
DLS analysis (Fig. 1D - dotted red line) indicated the presence
of only smaller species of diameters of 2-3 nm, which can be
associated with the hydrolyzed DBA-C6x2 that was observed in
the HPLC chromatogram (Fig. 1A). These observations align
well with our previously reported findings, where we demon-
strated that DBA hydrolyzes more rapidly than TBA, resulting
in the formation of a TBA-based hydrogel upon selective enzy-
matic degradation of the DBA.****

Characterization of the formed hydrogel

After confirming the ability of the mixed micellar formulation
to transition into hydrogel mesophase upon enzymatic acti-
vation, we evaluated the mechanical properties of the precipi-
tated hydrogel by conducting rheological measurements. The
viscous-elastic region was determined through an amplitude
sweep spanning from 0.01 to 100% at a frequency of 1 Hz. In
the linear viscoelastic region (LVR) of this sample, the elastic
modulus (G’) was higher than the viscous modulus (G"), which
exhibited a distinct maximum at a higher strain value (Fig. 2).
The amplitude sweep test confirmed that the TBA-based hydro-
gels indeed exhibit gel-like behavior, and are in good agree-
ment with our recent reports on other hydrogels formed by
these programmed mesophase transitions.”>** To further
characterize the TBA based hydrogel, we used small-angle
X-ray scattering (SAXS). The resulting patterns revealed that
the scattering was primarily dominated by a single structure-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Amplitude sweep test of the hydrogels obtained from 2:1
DBA-C6x2 (10 mg mL™) and TBA (5 mg mL™), at a constant frequency
of 1 Hz.

factor correlation peak, representing the average distance
between two cross-linking points in the hydrogel. This dis-
tance was determined to be 18 nm, aligning with the antici-
pated length of the TBA (Fig. S251), and correlates well with
previously reported data.>® Additionally, a high-resolution
scanning electron microscopy (HRSEM) image of the freeze-
dried hydrogel displayed a highly porous structure, further
supporting the formation of a hydrogel (Fig. S267).
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Fig. 3 (A) Photos of samples during the hydrolysis of TBA based hydro-
gel overtime in the presence of BSA (30 mg mL™) and, BSA and PLE
(BSA = 30 mg ml™, PLE = 25 mg mL™). (B) HPLC chromatogram
showing the complete hydrolysis of TBA after 12 weeks.
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Hydrogel to soluble polymer transition

The TBA-based hydrogel was designed to undergo further enzy-
matic degradation by cleavage of its hydrophobic hexanoate
end-groups to yield water-soluble PEG-based polymers and
hexanoic acid. Since no noticeable degree of degradation of
the TBA was observed in parallel with the DBA-C6X2 degra-
dation by PLE (PLE - 0.5 U mL™"), we wished to expedite the
hydrolysis of TBA-based hydrogel by using a higher concen-
tration of PLE (25 U mL™") along with bovine serum albumin
(BSA, 30 mg mL™"). BSA is known to interact non-specifically
with hydrophobic structures and can hence can tilt the
unimer-aggregate equilibrium towards the unimer state,** thus
allowing greater accessibility of the enzyme to the hydrophobic
end-groups of the TBA. The solutions were incubated at 37 °C,
and the degradation of the hydrogel was visually monitored
over time (Fig. 3A). We observed that the hydrogel slowly dis-
appeared from the bottom of the vial in the samples contain-
ing both PLE and BSA, while it could still be observed in the
presence of only BSA. Once the TBA appeared to have comple-
tely disappeared (the transition from macro-gel to soluble poly-
mers), we confirmed the full degradation of the TBA, by dilut-
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ing the with acetonitrile and analyzing itwith HPLC, confirm-
ing the complete hydrolysis of TBA (Fig. 3B).

Programming the time frame for hydrogel formation

After studying the ability of the DBA-C6x2 and TBA formu-
lation to undergo the sequential mesophase transitions from
micelles to hydrogel, and then eventually to fully degraded
hydrophilic polymers, we wished to evaluate how would the
hydrophobicity of the DBA component affect the first meso-
phase transition from micelles to hydrogel. Based on our pre-
vious studies of the enzymatic degradation rates of DBAs,>>*’
we expected that increasing the number of hydrophobic end-
groups and thereby the hydrophobicity of the dendritic block,
would lead to slower enzymatic hydrolysis of the DBA.
Consequently, the time frame for the first mesophase tran-
sition would be extended.”®*® The co-assembled micellar for-
mulations using TBA and either DBA-C6x3 or DBA-C6x4 were
prepared similarly to the DBA-C6x2 and TBA micelles, and PLE
was added to the micellar solutions to study their first meso-
phase transition. For the DBA-C6x3 and TBA mixed micellar
formulation (Fig. 4A), in the first 12 hours, the HPLC analysis

B 100 —@— DBA-C6x4 L 100 2
. =]
-~ 3
§ 80 - —— TBA a
c L 75 &
(-] Q
? 60 ——#— Absorbance at ®
g 1 600 nm 8
g - 50 S
O 40 | ]
a3
®
L 25 2
20 . >
&
0 ; : . r 0
0 20 40 60 80 100
Time (h)
10.00
D C6x2
° (] ~ 16 x faster
1.00
~6 X
§_ C6x3 faster
ol 0
0.10
C6x4
~100 X
faster (m]
0.01 : T T
7 9 11 13

ClogP of dendron

Fig. 4 Kinetic data plotted as percent conversion from HPLC data and optical density of the solution (measured at 600 nm) for the mesophase tran-
sition from micelles to hydrogel for mixed micellar formulations (DBA = 10 mg mL™%, TBA = 5 mg mL™Y) in the presence of PLE (0.5 U ml™Y). (A)
DBA-C6x3 and TBA mixed micellar formulation. (B) DBA-C6x4 and TBA mixed micellar formulation. (C) First order reaction rates of DBA hydrolysis
in the mixed micellar formulation. (D) Logarithmic representation of the calculated rate constants plotted against the calculated log P (c log P, calcu-
lated by ChemDraw 22.0.0) values of the hydrophobic dendrons of the three DBAs.
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showed the selective degradation of the DBA amphiphile and
formation of the cleaved mPEG-triol, while the TBA remained
nearly intact. Based on the turbidity measurements, we could
see an increase in absorption after 6 hours, indicating that the
TBA began to coalesce into microgels when the DBA-C6x3 con-
centration dropped to around 40% of its initial level. The
increase in absorbance continued until it plateaued at
12 hours, when the DBA-C6x3 reached 20%, and in parallel, a
sudden drop of almost 50% in the area of the HPLC peak
corresponding to the TBA was observed, followed by a gradual
decrease in its area over several days. Importantly, we didn’t
observe the formation of a new peak corresponding to the
hydrolyzed TBA, indicating that the decrease in the concen-
tration of TBA is due to the precipitation of the TBAs-based
hydrogel. Next, we studied the mesophase transition of the
DBA-C6x4 and TBA formulation. HPLC analysis (Fig. 4B)
showed a significantly slower degradation of the DBA com-
ponent. Similar to the other two formulations, the enzymatic
degradation was highly selective toward the DBA, with only
15% of TBA dropping out of the solution during the first
46 hours. The coalescence of TBA began when the DBA-C6x4
concentration reached 25% of its initial value, occurring
between 50 and 60 hours. Subsequently, we observed a sharp
decrease in the TBA concentration, indicating its transition
into a hydrogel mesophase. Since the transition from micelles
to hydrogel evidently depends on the hydrolysis rate of the stabi-
lizing DBA, we calculated the reaction kinetics of DBA hydrolysis.
Assuming a pseudo first-order reaction In[DBA], = —kt + In[DBA]j,
we obtained linear fit and determined the rate of DBA hydrolysis
from the slope of the natural logarithm of the DBA consumed
over time (Fig. 4C). As the micelle-to-unimer equilibrium depends
on the hydrophilic-lipophilic ratio of the amphiphiles, it could be
directly correlated with the hydrophobicity of the DBA dendrons
as all three had similar hydrophilic PEG block. With that in
mind, we plotted the ClogP of the dendrons (calculated by
ChemDraw 22.0.0), as an estimate for the degree of hydrophobi-
city of the DBAs, against their respective DBA hydrolysis rate in
the presence of PLE (Fig. 4D). Most interestingly, when compar-
ing the hydrolysis rates for all three formulations, we found that
DBA-C6x2 hydrolyzes approximately 16 times faster compared to
DBA-C6x3, which, in turn, hydrolyzes approximately 6 times
faster than DBA-C6x4. This significant change in hydrolysis rate
is achieved solely by precisely adjusting the number of dendritic
end-groups in the DBA, through molecular engineering of the
dendritic branching unit. These results suggest that the rate of
mesophase transitions can be tailored by changing the relative
hydrophobicity of the stabilizing DBA through precise changes of
the architecture of the DBA.

Conclusions

The ability to program cascades of enzymatically induced
sequential transition of polymeric assemblies between several
mesophases has mostly relied on the incorporation of
different enzymatic substrates into the polymeric backbone.

This journal is © The Royal Society of Chemistry 2025
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Recently, we demonstrated the ability to program such sequen-
tial transitions by using molecular architecture as a program-
ming tool. Building upon our recent report, in which we used
the ratio between di- and tri-block amphiphiles as a tool for
controlling the rate of mesophase transition from micelles to
hydrogel, we demonstrate herein the introduction of an
additional programming tool - the hydrophobicity of the di-
block amphiphiles. Applying molecular engineering, we syn-
thesized dendritic di-block amphiphiles with increasing
number of enzymatically cleavable hydrophobic end-groups.
We then made micellar formulations by co-assembling dendri-
tic hydrogel-forming TBA, which possess esterase-responsive
groups within its hydrophobic blocks, and the different DBAs,
which functioned as a stabilizing agent for the micellar meso-
phase of the TBA. The transition from micelles to a hydrogel
was initiated by introducing an esterase as the activating
enzyme, which selectively cleaved the DBA monomers, due to
their faster unimer-micelle-exchange rate, resulting in the
mesophase transition of the TBA into hydrogel overtime.
Importantly, we show that the rate of the transition from
micelles to hydrogels could be tuned by altering the number of
dendritic arms in the stabilizing DBA. Notably, DBA-C6x2,
which possesses two arms, exhibited a hydrolysis rate approxi-
mately 100 times faster than DBA-C6x4, which has four arms,
enabling the DBA-C6x2 based formulation to form hydrogels
at a much faster rate compared to the formulation with
DBA-C6x4. This finding underscores the significant impact of
utilizing dendritic architecture as a tool for tuning the rate of
mesophase transitions. In summary, our work demonstrates
the potential to use molecular engineering to program the
transformation of nano-micellar formulations into macro-
scopic hydrogels as well as their time frame. Future research
endeavors may focus on further refining the properties of
these hydrogels to cater to specific requirements in drug deliv-
ery and therapeutic applications. These results open up prom-
ising avenues for innovation in responsive materials.
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