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Hydrophobicity as a tool for programming sequential mesophase
transitions of enzyme-responsive polymeric amphiphiles

Shahar Tevet®< and Roey J. Amir* 2b.cd

The ability of polymeric assemblies to undergo programmable cascades of mesophase transitions is prevalent in many
systems in nature, where structural and functional features are tightly bound to maximize activity. In this study, we have
examined the ability to program the mesophase transition rates of co-assembled enzyme-responsive polymeric micelles,
through fine adjustments of the hydrophobicity of their amphiphilic components. We have utilized the different reactivities
of di- and tri-block amphiphiles toward enzymatic degradation as a tool for programming formulations to undergo sequential
enzymatically induced transitions from micelles to hydrogel and finally to dissolved polymers. By varying the aliphatic end-
groups of PEG-dendron di-block and tri-block amphiphiles, we could demonstrate the remarkable impact of minor
modifications to the di-block amphiphiles’ structure and hydrophobcity on the transition rates between the different
mesophases, ranging from few hours to a week. Additionally, the study reveals how altering the relative hydrophobicity of
its amphiphilic components influences the formulation ratio and enzymatic selectivity, as well as the stability and
degradation rate of the resulting hydrogels. The findings underscore the importance of molecular architecture and
hydrophobicity as key parameters in the design of programable enzyme-responsive polymeric assemblies, offering insights

into the ability to precisely control multi-step mesophase transitions for tailored functionality.

Introduction

Stimuli-responsive polymeric amphiphiles and their assemblies have
gained considerable attention over the past decades due to their
great potential in various fields, including biomedical applications
such as drug delivery systems, imaging, and theranostic.112 These
‘Smart’ assemblies can be designed to react to desired specific
stimuli, such as light, 34 pH,1>-7 temperature,'®'? or enzymes.?0-23
Reacting to such stimuli generates a change in the physical and
chemical properties of the amphiphiles, leading mostly either to the
disassembly or aggregation of the altered polymers. The ability to
design such systems to respond to various chemical and biological
cues, underscores their potential to serve as innovative bio-reactive
systems. Notably, among the various types of stimuli, the high
specificity and overexpression of disease-associated enzymes in
diseased tissues make enzymes highly promising stimuli for
triggering the selective activation of polymeric assemblies, such as
micellar nanocarriers.?0-222425 However, while enzymes can play a
key role in controlling these systems’ behaviour under biological
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conditions, it's important to note the unique challenges enzymes
face when interacting with the hydrophobic domains of polymeric
assemblies. Unlike dimensionless stimuli such as light 1314 and
temperature 189 or low molecular weight species such as in pH-1>-17
and oxidative-responsive systems,?6-28 enzymes and other proteins
have relatively large dimensions, which are of the same order of the
dimensions of polymeric micelles. Hence, enzymes are limited in
their ability to penetrate into the polymeric micelles and interact
with the hydrophobic substrates, which are hidden inside the
hydrophobic core.?’” Consequently, enzymes can effectively engage
with amphiphilic polymers only in their unimer form, thus making the
delicate equilibrium between the micellar and unimer states a key
factor dictating the interaction of enzymes with their substrates.??
This balance, therefore, determines the responsiveness of the
assembled system, adding another layer of complexity to the design
and application of enzyme-responsive polymeric assemblies.

Over the past decade, our group has investigated intensively the
factors that govern the reactivity of enzyme-responsive polymeric
micellar systems. Using dendritic amphiphiles, composed of
hydrophilic linear polymer and hydrophobic dendron, allowed us to
gain the high molecular precision that is needed to explore the
effects of small adjustments in the amphiphiles’ structure on the
responsiveness of their micelles toward enzymatic degradation.
Changes in the hydrophobicity,3°32 molecular weight,3334 or
architecture?83> of the polymeric amphiphiles, were found to greatly
impact the stability and responsiveness of the formed micellar
assemblies towards enzymatic degradation. Interestingly, while
major part of the research on enzyme-responsive polymeric
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assemblies, including ours, has been focused on their degradation
and disassembly, enzymatic stimuli can also be used to induce self-
assembly or aggregation of polymers.35-° While using enzymes to
trigger either the disassembly or aggregation of polymeric
amphiphiles can enable the utilization of such systems for various
applications, many assembled structures in nature show a much
more complexed behaviour, as they are capable of shifting between
several different phases. Hence, the ability to program materials to
undergo multiple transitions between several mesophases can be
extremely valuable for developing next generation materials for
advanced applications such as drug delivery systems.>0->3

Aiming toward the development of programable materials that can
undergo several mesophase transitions, our group has recently
developed an enzymatically responsive polymeric system, which can
transform from micelles to hydrogel, and then to hydrolyzed
hydrophilic polymers in the presence of a single stimulus.>* This
polymeric system was based on a crucial understanding - while PEG-
dendron di-block amphiphiles (DBA) tend to self-assemble into
micelles in aqueous media, PEG-based tri-block amphiphiles (TBA)
with identical hydrophilic to hydrophobic ratios have an inherent
tendency to form hydrogels in solution.3> However, when mixed
together, the two amphiphiles can co-assemble into micelles, which
are stabilized by the di-block amphiphile.>* In these co-assembled
micelles, despite their identical hydrophilic to hydrophobic ratios,
the architectural differences between the di-block and tri-block
amphiphiles, together with the different molecular weight, highly
affect their micelle-unimer exchange rates. Consequently, the DBA
was found to be more susceptible to enzymatic degradation,
similarly to other micellar assemblies recently reported by our
group.?® Therefore, upon exposure of the co-assembled micelles to
the activating enzyme, the DBA was degraded into soluble polymers,
which could no longer stabilize the TBA that remained nearly intact.
This change in the composition of the micelles resulted in a
mesophase transition from mixed micelles to a TBA-based hydrogel,
which could then undergo a second mesophase transition into
hydrophilic polymers upon its further enzymatic degradation.

In our previous publication,>* we established that different DBA to
TBA ratios in the formulation can be applied as a tool for
programming the kinetics of the first micelle to hydrogel mesophase
transition. Herein, we aim to demonstrate that the DBA
hydrophobicity can be utilized as a parallel programming tool to
control the timeframe of this first mesophase transition. To achieve
this goal, we wished to gradually modify the DBA’s hydrophobicity by
minor structural adjustments of the hydrophobic dendritic block.
Based on previous studies on DBA-only micellar systems,3%3! we
assumed that this seemingly minor increase in hydrophobicity would
profoundly impact the amphiphiles’ exchange rate and the
enzymatic degradation kinetics, subsequently slowing down the
mesophase transition into a hydrogel. In addition, we wished to
demonstrate the ability to use the modulation of the TBA
hydrophobicity to program the enzymatic degradation rate of the

hydrogel. We hypothesized that increasing its hydrophobicity would
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lead to the formation of a more stable hydrogel that, will undergo

slower enzymatic degradation. DOI: 10.1039/D4TB01587H

Results and Discussion

To carefully evaluate the impact of hydrophobicity on the transition
kinetics of these mixed assembled systems, three DBAs were
designed and precisely modified to establish different degrees of
hydrophobicity (Figure 1A). The three DBAs were composed of a 5
kDa polyethylene glycol monomethyl ether (mPEGsy) as a hydrophilic
block linked to a four-armed hydrophobic dendron. Our synthetic
methodology was aimed to be modular and step-efficient, while
allowing high molecular control over the degree of hydrophobicity by
a gradual tuning of the length of the aliphatic end-groups. The
amphiphiles were synthesized in only two high-yielding steps,
starting by conjugating PEG-amine (mPEGs,-NH,) with an activated
para-nitrophenol ester of a di-propargyl branching unit to yield a di-
(MmPEGs,-di-yne). The
subsequently reacted by thiol-yne reaction with three different thiol-
containing esters: 2-mercaptoethyl hexanoate, 2-mercaptoethyl

propargyl-functionalized PEG latter was

heptanoate, and 2-mercaptoethyl octanoate, yielded the final Hex-,
Hep- and Oct-DBA amphiphiles, respectively. This minimal structural
change of the hydrophobic end-groups allowed us to generate a set
of well-defined DBAs with gradually decreasing hydrophilic to
hydrophobic ratios. Importantly, the hydrophobic dendrons contain
four aliphatic end-groups, which are linked through ester bonds, and
can hence serve as hydrophobic substrates for an esterase enzyme.3°
Upon enzymatic activation, these hybrids could be expected to
degrade into fully soluble PEG-tetraol and the associated fatty acids.
Similarly, a TBA amphiphile was synthesized by following the same
methodology using a 10 kDa polyethylene glycol di-amine (NH,-
PEG;0k- NH,) as a central hydrophilic block and divergent growing of
two hydrophobic dendrons on both sides (Figures 1B and S9). As we
wished to examine a more hydrophobic TBA compared to the
previously reported hexanoate-based system, we used octanoate-
based end-groups. H NMR, size exclusion chromatography (SEC),
and high-performance liquid chromatography (HPLC) measurements
were used to verify the synthetic conversion, purity,
polydispersity of the amphiphiles, and the experimental results

and

showed excellent correlations with the expected values, as can be
seen in the Supporting Information (Figures $1-S11) and Table 1.

Once the three DBAs and the octanoate-based TBA were
synthesized, we used them to formulate three DBA-TBA co-
assembled micellar systems, differing in the hydrophobicity of their
DBA stabilizers (Table 2). We first ensured the formation of hydrogel
when dissolving the TBA alone directly in PBS (Figure S16), or in the
presence of the fatty acids that are expected to be formed by the
enzymatic cleavage (Figure S17). Notably, in our previously reported
system, in which both DBA and TBA had identical hexanoate end-
groups, a 1:1 weight ratio allowed the stabilization of the TBA in co-
assembled mixed micelles. However, for the currently reported
formulations, once we increased the relative hydrophobicity of the
TBA, in comparison to the DBA, the 1:1 ratio didn’t allow the full

This journal is © The Royal Society of Chemistry 20xx
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T
& solubilization of the TBA and the solution remained opaque. By  1apje 1— Amphiphiles and their properties
- slowly increasing the relative amount of the DBA, we found that a
e ratio of 3:2 (DBA:TBA w/w) yielded a clear solution of the desired Amphiphile End-group Mn? b Mnb  |Weight|cLog P
mixed micelles for a DBA-Hex/TBA-Oct based system. We assumed (kDa) (kDa) | ratio®
that this ratio would be acceptable also for the two other DBAs DBA-Hex Hexanoate 6.0 1.05 6.05 021 | 116
containing heptanoate and octanoate end-groups, as they are more
hydrophobic than the tested DBA-Hex and, therefore, should act as DBA-Hep Heptanoate 6.6 1.05 6.10 | 0.22 | 13.7
better stabilizers for the TBA. Indeed, all three synthesized DBAs
- > Sy o DBA-Oct Octanoate 70 | 1.08 | 616 | 023 | 158
were found to successfully stabilize the TBA as micellar assemblies in
the mentioned ratio. Additionally, all three types of co-assembled TBA-Oct Octanoate 12.5 1.04 | 1231 | 0.23 | 158

micelles were found to have similar CMC values of around 4 uM
(Table 2 and Figure $12) and similar diameters of around 13 nm were
observed by DLS (Table 2, Figure S13) and TEM (Figure S15).
Compared to micellar systems based on DBA alone, the mixed
micelles showed slightly lower CMC values, whereas the systems’
diameter remained similar (Table 2, Figures S12, S13). The lower CMC
values were expected and can be attributed to the addition of the
TBA, which has higher tendency to aggregate than the DBA355% and,
therefore, induces the assembly of micelles at lower concentrations.

This journal is © The Royal Society of Chemistry 20xx

3Measured by SEC using PEG commercial standards.

bCalculated based on commercial PEG (5kDa of 10kDa) and the expected exact
mass of the synthesized dendrons.

‘Weight ratio of the dendritic group to PEG.

dCalculated for only the dendritic group of the amphiphile via ChemDraw Version
21.0.
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Table 2 — Formulations and their properties

Formulation? CMCP (uM) Dy (nm)
DBA-Hex/TBA-Oct 5+1 1242
DBA-Hep/TBA-Oct 4+1 14+2
DBA-Oct/TBA-Oct 4+1 1343

DBA-Hex only 8+1 14+2

DBA-Hep only 8+1 15+1

DBA-Oct only 7+1 15+3

aDBA:TBA formulation ratio 3:2 w/w.
bDetermined using the Nile red method. [Nile Red] = 1.25uM
‘Hydrodynamic diameter measured by DLS. [Amphiphiles mixture] = 17.5 mg/mL

Encouraged by the successful formation of co-assembled micelles by
mixing the TBA and each of the three DBAs, as indicated by the DLS
and TEM, we proceeded to study their enzymatic degradation and
mesophase transitions. Porcine liver esterase (PLE) was selected as a
model enzyme, which can cleave the ester-containing aliphatic end-
groups, to generate the equivalent fatty acids (hexanoic, heptanoic,
and octanoic acids) as well as a soluble PEG-dendron with four
hydrophilic hydroxyl end-groups. We decided to start with the DBA-
Hex/TBA-Oct co-assembled micelles, to allow a direct comparison to
our previous study of mixed micelles composed of DBA and TBA
having both hexanoate-based end-groups. This comparison between
DBA-Hex/TBA-Oct and DBA-Hex/TBA-Hex should reveal better how a
change in the TBA's hydrophobicity will affect the enzymatically
induced mesophase transitions of the assembled system and the
properties of the TBA-based hydrogel that was expected to form
after the first mesophase transition.

Upon incubation of the co-assembled DBA-Hex/TBA-Oct micellar
solution with the activating enzyme under physiological pH at 37°C,
we observed a transition from clear to opaque solution within the
first few hours, indicating the mesophase transition from nano-sized
micellar assemblies to micro-particles. This transition was followed
by their gradual aggregation into a bulk hydrogel at the bottom of
the vial, which further shrank over few days until reaching its final
dimensions (Figures 2A, 2B). To have a better understanding of the
enzymatically induced transition, HPLC was used to directly monitor
the molecular composition of the solution at different time points.
Initially, HPLC analysis of the clear solution of the mixed micelles
showed the appearance of two peaks corresponding to the two types
of amphiphiles with the expected 3:2 ratio (Figure 2C). Notably, the
difference in the architecture, and the lower hydrophobicity and
molecular weight of the DBA-Hex in comparison with the TBA-Oct,
resulted in complete selectivity of the enzyme toward the
degradation of the DBA-Hex over the TBA-Oct, and while DBA-Hex
was fully hydrolyzed after 3 hours, TBA-Oct stayed intact (Figure 2C,
2D). Only after the DBA-Hex was fully hydrolyzed, a sudden drop in
the area of the peak related to the TBA-Oct was observed. As the

4| J. Name., 2012, 00, 1-3

disappearance of the TBA’s peak was not accompanied. by, the
appearance of a new peak for the hydrolyzedmpWipAfe, Rhexuddén
decrease in its concentration, suggested a mesophase transition
from co-assembled micellar solution into TBA-based hydrogels,
rather than enzymatic degradation of the amphiphile. This
phenomenon was supported by the visual images of the HPLC vials,
showing the formation of a bulk hydrogel at the bottom of the vial
(Figure 2B). In addition, DLS measurement of the upper solution,
showed sizes of around 4 nm, indicating the full transition of the
micellar system and degradation of the DBA into soluble hydrophilic
polymers (Figure S14). These results demonstrate the enzymatic
selectivity towards the DBA-Hex over the TBA-Oct, which are in good
agreement with our previous reports of splittable TBA28, gemini
amphiphiles34, and the recently reported hexanoate based DBA/TBA
co-assembled systems.>* Our observations highlight yet again that
the DBA-Hex could rapidly exchange between the micellar and
unimer states, thus being highly accessible to the activating enzyme,
while the higher molecular weight, different architecture, and
increased hydrophobicity of the TBA-Oct, make its exchange rate
significantly slower and, hence, unaffected by the activating enzyme
during the initial micellar state. Interestingly, when looking at the
HPLC data (Figure 2C, 2D), it seems as if the gelation process occurs
only after the full degradation of the DBA already happened,
suggesting that the TBA might be stable in the micellar state without
the presence of its DBA stabilizer. However, when looking at the
visual images of the experiment vials (Figure 2B), we can see a
transition from clear to opaque solution within the first three hours,
which only then gradually show the formation of a hydrogel at the
bottom to the vial. We hypothesize that the autosampler needle of
the HPLC might sample both micelles and the larger hydrogel
microparticles. Thus, while the disappearance of the TBA peak in the
chromatogram could indicate the second step of the mesophase
transition, which is the precipitation of a suspension of hydrogel
microparticles into a bulk hydrogel, the HPLC analysis did not allow
us to monitor the first step of the mesophase transition. This first
step involves the transition from nano-sized micelles to a suspension
of microparticles, which can then undergo aggregation into bulk
hydrogel in the second step as mentioned above. To overcome this
limitation and obtain kinetic data on the first step of the mesophase
transition from micelles to hydrogel microparticles, we conducted a
parallel experiment to evaluate the change in the turbidity of the
solution as additional support for the visual findings. The absorbance
data showed an initial increase in turbidity starting after one hour,
which kept increasing until reaching a maximal value after three
hours (Figure 2D, yellow line). This data correlated well with the
mentioned visual observations and the analyzed degradation profile
of the DBA, suggesting that once its concentration decreases a
certain threshold of about 25% of its original concentration in the
formulation, the mesophase transition from micelles to microgels
begins. As mentioned before, it then takes few more hours to the
formed hydrogel microparticles to further aggregate and precipitate
into a hydrogel at the bottom of the vial, which then goes another
shrinking process over few more days until reaching its final
dimensions (Figure 2B). Importantly, throughout this mesophase

This journal is © The Royal Society of Chemistry 20xx
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observed in the solution, indicating its high stability toward
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To analyze the molecular composition of the formed hydrogel, the
aqueous supernatant was discarded, and the precipitated hydrogel
was fully dissolved in acetonitrile, which is a good solvent for both
the PEG and dendron-based hydrophobic blocks, and the sample was
analyzed by HPLC. The chromatogram showed the hydrogel was
composed solely of the parent TBA, without any presence of
hydrolyzed TBA or DBA derivatives (Figure S21). When a similar
experiment was previously conducted using DBA and TBA, both with
the same hexanoate end-groups®, the hydrogel contained mostly
the TBA (80%) alongside the original and partially hydrolyzed DBA.
The fact that, in the current case, the generated hydrogel composed
solely from TBA, emphasizes our hypothesis regarding the ability to
use hydrophobicity to obtain greater selectivity of the DBA
component toward enzymatic degradation. Next, to characterize the
mechanical properties of the formed gel and further evaluate its
aging process, rheological measurements were conducted at several
time points after the gel was settled. All rheological measurements
at the different time points showed typical characteristics of a
hydrogel mesophase (Figure 3A, Figure S22). As could be expected
based on the visual shrinking process of the formed hydrogels, an
increase in the storage modulus was observed throughout the first
few days of incubation. After the fourth day of incubation, the
hydrogels’ properties stayed constant throughout an additional
week of measurements, indicating that the gel completed its aging
process within the first four days. Noticeably, these hydrogels
remained stable for over few months under these experimental
conditions ([PLE] = 0.7 uM, pH 7.4, 37°C, Figure S24).

To demonstrate that the formed hydrogels can undergo further
enzymatic degradation, which can be critical towards their potential
application as depot for slow and sustained drug release, we
incubated them with bovine serum albumin (BSA) and 20-fold higher
concentration of the activating enzyme PLE. BSA is a transport
protein that is known to have non-specific interactions with
hydrophobic moieties and can hence induce the disassembly of
polymeric aggregates. As mentioned above, the hydrogel seemed to
be stable when incubated with the lower concentration of PLE, which
was used to induce the transition from micelles to hydrogel. On the
other hand, once the hydrogel samples were incubated with the
higher concentration of PLE, BSA, and PLE with BSA, we could
observe a slow transition to yield clear solutions after nearly two
months of incubation. HPLC analysis of the solutions (Figure S24)
revealed that for both PLE and PLE with BSA, only degraded TBA was
observed, demonstrating the ability of the enzyme to hydrolyze the
cleavable ester-containing end-groups of the TBA. It was striking to
see that the sample containing solely BSA, showed only the presence
of intact TBA and no degradation products were observed. The
absence of hydrogel mesophase in this sample can be attributed to
the high (50mg/mL) concentration of BSA, which can interact with
the hydrophobic block of the TBA leading to destabilization of the
TBA based hydrogel®>.
earlier, the degradation of the TBA-Oct-based hydrogel was much
slower and required a higher concentration of both enzyme and BSA

It is important to note that as hypothesized

compared to our previously reported TBA-Hex-based hydrogel, 3
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Figure 3. Analyzed hydrogel aging process by rheology measurements (A) Amplitude
sweep tests of the obtained hydrogels after an additional incubation period of 0, 1, 4, 7,
and 10 days after the gel was settled (Storage modulus (G’) presented in graph (i), and the
loss tangent (G”’/G’) presented in graph (ii)). (B) visual images of the extracted samples
and the experiment vials.

which composed of TBA with shorter and less hydrophobic alkyl end-
groups.

Following the demonstration of the full cascade of mesophase
transitions from micelles to hydrogel and finally to degraded
polymers, we wished>3to examine whether the total concentration
of the DBA and TBA would affect the programmed mesophase
transition from micelles to hydrogel. To do this, we repeated the
enzymatic degradation experiments while using half (8.75 mg/mL)
and double (35 mg/mL) the total amount of the DBA-Hex/TBA-Oct in
the original formulation (17.5 mg/mL) while maintaining the same
DBA:TBA ratio (3:2 w/w). We were pleased to find that the
mesophase transition occurred at these concentrations, as shown in
Figure S19. Interestingly, we observed that as the concentration of
amphiphiles increased while the concentration of the enzyme wasn’t
changed, the timeframe for full degradation of DBA-Hex also
increased as could be expected due to the higher DBA to enzyme
ratio. In contrast, the increase in the TBA concentration led to faster
formation of microparticle suspensions and the aggregation of TBA
into settled hydrogel.

After confirming the ability of the DBA-Hex/TBA-Oct formulations to
undergo the cascade mesophase transitions from micelles to
hydrogel and eventually to fully degraded hydrophilic polymers, we
wished to evaluate the DBA-Hep and DBA-Oct based formulations.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Enzymatic degradation and induced gelation of the DBA-Hep/TBA-Oct and DBA-Oct/TBA-Oct mixed micellar system: (A+C) Overlay of HPLC chromatograms and
(B+D) Analyzed kinetic data, demonstrating the enzymatic degradation of DBA (blue), accompanied by TBA peak disappearance (red) and a change in the absorbance

(yellow), indicating the occurrence of the enzymatically induced sequential mesophase transitions. Graphs A and B refer to the DBA-Hep/TBA-Oct co-assembled micellar

system; Graphs C and D refer to the DBA-Oct/TBA-Oct system.

Based on our previous reports, which showed that increasing the
length of the hydrophobic end-groups of the DBAs led to significantly
slower degradation of their micellar assemblies, 3° we expected to
see an elongation of the transition timeframe from micelles to
hydrogel as the hydrophobicity of the DBA increased. Towards this,
we have repeated the enzymatic-degradation experiment for the
formulations containing the TBA-Oct and either DBA-Hep or DBA-Oct
as co-assembled stabilizers.

The degradation profiles were

monitored by HPLC, where parallel measurements in a
spectrophotometer were conducted to assess a change in the
turbidity of the solution as an indication of the mesophase transition,

as was described earlier.

For the DBA-Hep-based co-assembled micelles, we observed the
selective enzymatic degradation of the DBA-Hep (Figure 4A), and
after 6 hours, a sudden increase in the absorbance was observed

This journal is © The Royal Society of Chemistry 20xx

(Figure 4B), indicative of the formation of a suspension of hydrogel
microparticles. This was followed by a sharp drop in the associated
TBA peak in the HPLC chromatograms, indicating the mesophase
transitions from microparticles suspension to settled hydrogels.
These phenomena were also supported by visual observations
(Figure S20). As we hypothesized, the elongation of only one carbon
in each of the four end-groups of the DBA, resulted in slower
enzymatic degradation of the DBA and consequently elongated the
timeframe of the mesophase transition into hydrogel from around 4
hours to nearly 18 hours. The final TBA-based hydrogel composition
was further analyzed by HPLC by dissolving the hydrogel in
acetonitrile, and the chromatogram showed that it was composed
solely of the TBA (Figure S21). Rheology measurements of the
hydrogel were conducted after allowing an additional aging period
of one week, and indicated it had similar mechanical properties to

J. Name., 2013, 00, 1-3 | 7
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the hydrogel that was generated from the DBA-Hex/TBA-Oct co-
assembled system (Figure S22).

As for the DBA-Oct-based formulation, the further elongation of
additional methylene unit in each of the four end-groups of the DBA,
yielded additional significant change in kinetics of the first
mesophase transition, as the degradation of the DBA and gelation
process occurred only after four days (Figure 4, Figure S20). These
results highlight that while all three systems exhibited similar
mesophase transitions, the alteration in the hydrophilic to
hydrophobic ratio of the DBA stabilizer significantly influenced the
timeframes of these transitions.

Interestingly, unlike the DBA-Hex and DBA-Hep co-assembled
formulations, for the DBA-Oct-based formulation we observed a
slight degradation (~15%) of the TBA by HPLC (Figures 4C, 4D). We
assume that the slower degradation kinetics for the DBA-Oct in
comparison with the DBA-Hex and DBA-Hep allowed the limited
hydrolysis of the TBA in parallel to the DBA degradation before
reaching the gelation point. These results correlate well with our
previous findings for DBA-Hex/TBA-Hex formulation,>* suggesting
that a similar hydrophilic to hydrophobic ratio of the two
amphiphiles could allow a greater degree of interaction of the TBA
with the enzyme, as the difference in the unimer-micelle exchange
kinetics of the two is somewhat smaller. Nonetheless, the DBA-Oct
based formulation still showed high selectivity toward the
degradation of the DBA over the TBA and showed the desired
transformation of TBA into hydrogel mesophase upon enzymatic
activation.

As mentioned for the other two co-assembled systems, HPLC and
rheology measurements were conducted to assess the generated
TBA-based hydrogel composition and properties, respectively. HPLC
analysis indicated that the hydrogel was composed mainly (>90%) of
the parent TBA and a small amount of DBA and hydrolyzed DBA
(Figure S21). Notably, the presence of a small amount of DBA and
hydrolyzed DBA-Oct species in the formed hydrogel, which was
observed only for the DBA-Oct based formulation, could be
attributed, as mentioned above, to the slightly decreased selectivity
for the DBA in comparison with the TBA in this formulation. This
finding also correlates well with our previous finding on a DBA-
Hex/TBA-Hex based formulation, in which both types of amphiphiles
had similar hydrophilic to hydrophobic ratios.>* These findings
highlight the importance of the stabilizers’ hydrophobicity not only
in programming the kinetics of those mesophase transitions, but also
in governing the selectivity of the system toward enzymatic
degradation, and consequently the composition of the formed
hydrogel. Despite the small change in the hydrogel composition,
rheological measurements showed that this hydrogel had similar
mechanical properties to the hydrogels generated from DBA-Hex-
and DBA-Hep-based systems (Figure S22).

The direct comparison of the timeframes of DBA degradation,
transition of the TBA containing micelles into a suspension of
hydrogel microparticles, and their final aggregation into bulk

8| J. Name., 2012, 00, 1-3
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Figure 5. Enzymatic degradation and induced gelation of co-assembled polymeric
systems with different degrees of hydrophobicity: A comparative representation of
the timeframes of DBA complete degradation (Blue), transition of the TBA containing
micelles into hydrogel microparticles suspension (Yellow), and their initial timepoint
for aggregation into bulk hydrogel (Red), as was monitored by HPLC analysis and by
the change in absorbance, for all three formulations. DBA-Hex/TBA-Oct (Full bar);
DBA-Hep/TBA-Oct (Dotted bar); DBA-Hex/TBA-Oct (Dashed bar).

hydrogel for the three formulations is presented in Figure 5. The
results clearly highlight how minor structural changes of only a few
carbons in the molecular structure of the stabilizing DBAs could
highly impact the kinetic profile of the mesophase transitions of
these formulations. By elongating the hydrophobic end-groups of the
DBA from six to eight carbons, we were able to adjust the rate of
these transitions from few hours to several days. Furthermore, to
gain a quantitative insight into the influence of the DBAS’
hydrophobicity on their enzymatic degradation rates, the natural log
of the normalized experimental data was plotted against time (Figure
6A). This provided a linear equation consistent with rate of a first-
order reaction: In([A]/[Alo) = —kt. The calculated k values for the
three different formulations were plotted against the dendrons’ cLog
P values (Figure 6B). Although it
hydrophobicity of the amphiphile should be lower due to the

is clear that the overall

presence of the hydrophilic PEG block, the dendrons’ cLog P values
provide a quantitative parameter that is a key component of the
amphiphile's total hydrophobicity. The results indicate an
exponential correlation between the cLog P values of the dendrons
and the reaction rates, showing over a 100-fold increase in the
reaction rate when transitioning from DBA-Hex to DBA-Oct, thereby
emphasizing the importance of the amphiphile's hydrophobicity in
enzymatic degradation.

This newfound ability to utilize the hydrophobicity of DBA for
programming the timeframes of micelle to hydrogel mesophase
transition with minor changes in the stabilizing amphiphiles'
hydrophobicity, coupled with the capability to control the enzymatic
degradation rate of the hydrogel mesophase through adjustments in

This journal is © The Royal Society of Chemistry 20xx
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the hydrophobicity of the TBA component, holds promise for
developing stimuli-responsive polymeric systems tailored to specific
therapeutic and biomedical needs. These systems could potentially
be used as multifunctional drug delivery systems, which can be
administered as liquid micellar formulations that can accumulate at
desired disease sites due to the enhanced permeability and retention
(EPR) effect. Once there, the DBA amphiphiles can interact with the
activating enzyme and generate a TBA-based macroscopic
biodegradable hydrogel in situ. This hydrogel could then act as a
reservoir for sustained drug release, gradually degrading via disease-
associated enzymes. Once the TBAs based hydrogel will complete its
role as drug depot, it can undergo the last mesophase transition into
soluble polymers, thus facilitating their potential excretion from the
body. Ongoing studies are exploring these applications and
developing additional molecular tools to further program cascades
of mesophase transitions.
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Figure 6 . Kinetic evaluation of DBA-X enzymatic degradation rates: (A) Natural log
of the normalized experimental kinetic data of DBA degradation in different DBA-
X/TBA-Oct formulations. (B) Logarithmic representation of the calculated rate
constants plotted against the amphiphiles cLog P values. Calculated k values are
shown in parentheses for each amphiphile.
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To conclude, in this study, we demonstrated the ability to control the

kinetics of mesophase transitions in enzyme-responsive polymeric
amphiphiles by fine-tuning their hydrophobicity through structural
adjustments. We designed three types of PEG-dendron di-block
amphiphiles with varied hydrophobic end-groups and examined their
co-assembled micellar formulations in response to enzymatic
degradation. Our findings revealed that small modifications in the di-
block ampbhiphiles' hydrophobicity significantly influenced the
timeframes of transitions from micelles to hydrogels and ultimately
to fully soluble polymers, with transition durations varying from a
few hours to several days. Notably, the hydrophilic to hydrophobic
ratio affected the selectivity of enzymatic degradation, impacting the
hydrogel's molecular composition. By enhancing the hydrophobicity
of the tri-block amphiphiles, we achieved a more stable hydrogel that
undergo slow degradation for nearly two months. This research
highlights the potential of using hydrophobicity as a strategic key tool
for programming the kinetics of mesophase transitions in polymeric
assemblies, paving the way for engineered formulations with specific
structures and functionalities for various biomedical applications.
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