Downloaded viaY ONSEI UNIV on August 6, 2021 at 08:06:53 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

A Macro Letters>

pubs.acs.org/macroletters

Hydrolysis-Driven Viscoelastic Transition in Triblock Copolyether
Hydrogels with Acetal Pendants

Jinsu Baek, Seyoung Kim,*" Tloh Son, Soo-Hyung Choi,* and Byeong-Su Kim™

Cite This: ACS Macro Lett. 2021, 10, 1080—1087 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

Triblock Copolyether Hydrogels
”Oﬁ\/\ X’\/o{/\ %\[O\H
) o7\ /
o n m o .\

o O

:'s/ow;“

A\

» Tunable Acetal Pendant Hydrolysis
» Predictable Gel-to-Sol Transition

ABSTRACT: While the hydrolytic cleavage of ester groups is widely exploited in degradable hydrogels, the scission in the midst of
chain backbones can bring dramatic changes in the mechanical properties of the hydrogels. However, the predictive design of the
mechanical profile of the hydrogels is a complex task, mainly due to the randomness of the location of chain scission. To overcome
this challenge, we herein present degradable ABA triblock poly(ethylene oxide)-based hydrogels containing an A-block bearing
acetal pendant, which provides systematically tunable mechano-temporal properties of the hydrogels. In particular, hydrophobic
endocyclic tetrahydropyranyl or exocyclic 1-(cyclohexyloxy)ethyl acetal pendants are gradually cleaved by acidic hydrolysis, leading
to the gel-to-sol transition at room temperature. Most importantly, a series of dynamic mechanical analyses coupled with ex situ
NMR spectroscopy revealed that the hydrolysis rate can be orthogonally and precisely tuned by changing the chemical structure and
hydrophobicity of acetal pendants. This study provides a platform for the development of versatile degradable hydrogels in a highly
controllable manner.

BA triblock copolymers, comprising a hydrophobic A the polymer backbone, as in the case of PLGA and PCL.'»"* The

block and a hydrophilic B block, can self-assemble into scission of chain backbones can cause dramatic changes in the
hydrogels in aqueous media with mechanical and functional
versatility, such as a stimuli-responsive sol—gel transition,
injectability, and self-healing property.' ™ These dynamic
characteristics render the hydrogels attractive for potential
biomedical and clinical use, especially for the repair of injured

mechanical properties of hydrogels because of the delinking of
chain segments.'>'® However, a rheological analysis of the
degradable hydrogels is complicated because the hydrolytic

chain scission occurs at a random location along the backbone

tissues and localized drug delivery without the need for chemical and thus is uncontrollable. This uncertainty can be exacerbated
cross-linking.** In particular, hydrophobic association has been when the end-block is copolymerized with monomers with
widely exploited for the preparation of dynamic hydrogels since different hydrolysis rates.'”'® Furthermore, the lifetime of

it enables high loading capacity for hydrophobic drugs,”’ hydrophobic cores and the release profile of embedded drugs are

thermoreversible sol—gel transition near the physiological
temperature,”” and minimal interference with intracellular
processes.”'’ Furthermore, biodegradable hydrophobic end-
blocks, such as poly(lactide-co-glycolide) (PLGA) and poly(e-
caprolactone) (PCL), have been extensively used for the Received: June 19, 2021
efficient release of drugs, which is achieved by the degradation Accepted: August 3, 2021
of the end-blocks upon exposure to adequate stimuli, such as pH
and redox.' "

Currently, the clinical use of most degradable synthetic
hydrogels is based on the hydrolytic cleavage of ester groups in

hardly predictable, which mandates trial-and-error empirical

L 19,20
characterizations.
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Scheme 1. Synthesis of Tetrahydropyranyl Glycidyl Ether (TPGE) and 1-(Cyclohexyloxy)ethyl Glycidyl Ether (CHGE)
Monomers, Polymerization of the Triblock Copolymers Using Poly(ethylene oxide) (PEO), and the Preparation of Hydrogels

with Controllable Degradation at an Acidic pH
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Table 1. Characterization Data for All Polymers Prepared in This Study

entry code polymer composition
1 TP, PTPGEg-b-PEO,;,-b-PTPGE,
2 TP, PTPGE,,-b-PEO,,-b-PTPGE,,
3 TP, PTPGE,-b-PEO ,,-b-PTPGE
4 CH, PCHGE,-b-PEO,,-b-PCHGE,
5 CH, PCHGE,-b-PEO,5,-b-PCHGE,
6 CH,, PCHGE, s-b-PEO,;,-b-PCHGE,

M, g (g mol™) M’ (g mol™) 28 gel”
1300 22500 1.08 X
1900 23800 1.09 X
2400 24700 1.08 0
1400 22800 1.07 X
1800 23600 1.07 0
3000 26000 1.08 0

“M, of the end-block. ”M, of the overall block copolymer. “Dispersity (P) measured by GPC calibrated using a PEO standard in a DMF solution
with 0.02 M LiCl as the eluent. “Gel formation was identified from the absence of flow upon inversion at 25 °C. The polymer concentrations used

were 8 wt % for TP, and S wt % for CH,, respectively.

Alternatively, hydrophobic end-blocks containing cleavable
pendant groups attached to the main backbone could offer
controllable dynamic properties, which is ideal for both
fundamental study and clinical purpose. As a representative
class of cleavable pendant groups, acetal linkages can be
hydrolyzed into chemically inert products under mild acidic
conditions.”"** Several types of acetal linkages have been used as
either acid-labile covalent cross-links or pendant groups.”*~>°
Recently, self-assembled micelles prepared from diblock
copolymers functionalized with acetal pendants have been
shown to undergo highly tunable hydrolytic degradation under
acidic conditions.”*~** However, the incorporation of acetal
pendants in a hydrogel-forming triblock copolymer system has
not been investigated thus far.

Herein, we present polyether-based ABA triblock copolymer
hydrogels containing a poly(ethylene oxide) (PEO) midblock
and a hydrophobic end-block with acetal pendant groups, which
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provides an ideal platform to evaluate and tailor the viscoelastic
transition resulting from the hydrolytic degradation of acetal
pendant groups. Endocyclic acetal-based tetrahydropyranyl
glycidyl ether (TPGE)* and exocyclic acetal-based 1-
(cyclohexyloxy)ethyl glycidyl ether (CHGE)™® were employed
as two types of representative acetal pendant groups for the ABA
triblock copolymers. Here, the endocyclic acetal refers to the
acetal linkages that are a part of the ring structure as in TPGE.

A series of triblock copolyethers with respective acetal
pendant groups were prepared via anionic ring-opening
polymerization, resulting in either PTPGE,-b-PEO-b-PTPGE,
or PCHGE,-b-PEO-b-PCHGE,, (hereafter denoted by TP, and
CH,, respectively). When dispersed in an aqueous solvent above
a critical polymer concentration, the triblock copolymers formed
hydrogels that underwent a dynamic gel-to-sol transition upon
exposure to acidic conditions. Dynamic mechanical analysis was
performed to evaluate changes in the relaxation dynamics of

https://doi.org/10.1021/acsmacrolett.1c00413
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Figure 1. Representative '"H NMR spectra of the (a) TPGE monomer, (b) PTPGE-b-PEO-b-PTPGE (TP, entry 3 in Table 1), (c) CHGE monomer,
and (d) PCHGE-b-PEO-b-PCHGE (CH,, entry S in Table 1), respectively. In panels (b) and (d), the shaded regions denote the hydrogens of the
polyether backbone. All spectra were collected in CDCl; at 25 °C.

these hydrogels upon hydrolysis. Combined with ex situ NMR significantly dependent on the chemical structure of the pendant
spectroscopy, the gel-to-sol transition is attributed to a groups. This study provides a new approach for the preparation
continuous decrease in the end-block hydrophobicity by the of degradable block copolymer hydrogels with programmable
pendant group scission, and the hydrolysis kinetics are degradation profiles.
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Figure 2. (3, b) Photographs of (a) TP,4and (b) CH, hydrogels at pH S, taken after incubation at 25 °C for the target duration. Vials were inverted for
20 s before the snapshot was taken. (c) Storage modulus G’ (solid) and loss modulus G” (open), measured at a frequency of 1 Hz and a strain of 1% at
25 °C for the TPy4 (circle) and CH, (triangles) hydrogels incubated at pH S.

Hydrophobic epoxide monomers containing acetal linkages,
TPGE and CHGE, were prepared by reacting glycidol with 2,3-
dihydropyran and cyclohexyl vinyl ether, respectively, as
previously reported by our group (Scheme 1).””*° Anionic
ring-opening polymerization of TPGE and CHGE were
performed using a,w-hydroxy-terminated PEO (M, = 20
kDa), resulting in a series of symmetric ABA-type triblock
copolymers, as summarized in Table 1. The chemical structures
of the acetal glycidyl ether monomers and the resulting triblock
copolyethers were successfully resolved by "H NMR spectros-
copy (Figure 1). It was found that the characteristic peaks of
pendant group of the monomers are observed in the respective
triblock polymers with a high polymerization conversion over
99%. The degree of polymerization (DP) and M, of the end-
block in each polymer was determined by comparing the peak
area of the acetal proton (denoted as peak “d”) to that of the
polyether backbone (denoted as shaded region), as shown in
Figure 1b,d. In addition, gel permeation chromatography
(GPC) provided the monomodal distributions with narrow
molecular weight dispersity (P < 1.1) of all the triblock
copolymers prepared. Detailed synthesis and characterization
procedures can be found in the Supporting Information (Figures
S1-S4).

As depicted in Scheme 1, the synthesized polymers underwent
self-assembly in aqueous media to form hydrogels in which
nanoscale PTPGE or PCHGE cores are interconnected by PEO
midblocks. The micellar assembly of this class of ABA triblock
copolymers comprising the identical PEO midblock (20 kDa)
was previously documented by our group.”" The formation of
macroscopic three-dimensional networks (i.e. gelation) is
generally favored for higher polymer concentrations and longer
hydrophobic end-blocks.” This indicates the presence of a
threshold DP for end-blocks above which gelation occurs at a
certain polymer concentration and temperature.”’ We deter-
mined the DP of the end-blocks in both TP, and CH, by
monitoring their gelation behavior at 8 and 5 wt % of the
polymer concentrations for TP, and CH,, respectively. On the
basis of a visual inspection after vial inversion, the threshold DPs
for TP, and CH, were determined as 16 and 9, respectively
(entries 3 and S in Table 1). A lower threshold DP for CH,
indicates that the PCHGE end-blocks are more hydrophobic
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than PTPGE end-blocks. This observation is consistent with the
difference in 1-octanol/water partition coefficient (log P)
estimated by the ALOGPS 2.1 program, which are 0.60 +
0.15 and 1.82 + 0.34 for TPGE and CHGE, respectively.33 It is
of note that the gel relaxation of CH 5 was extremely slow due to
relatively larger end-block length, and thus, we focused on the
characterization of TP, and CHy hydrogels in this study.
Figure 2 presents the viscoelastic gel-to-sol transition in TP 4
and CH, hydrogels, which were prepared in 0.10 M acetate
buffer at pH S and subjected to acidic hydrolysis at 25 °C. At
different times of incubation, the images were taken 20 s after the
inversion of the TP,4 and CH, hydrogels to visualize viscoelastic
changes (Figure 2a,b). Although both were fluidized after a long
incubation time, it is evident that TP 4 exhibited a gradual
decrease in viscosity, whereas CH, showed an abrupt gel-to-sol
transition within 8 to 12 days of incubation. This observation
was corroborated by the time series measurements of dynamic
moduli at 1 Hz frequency and 1% strain obtained using small-
amplitude oscillatory shear measurements, as illustrated in
Figure 2c. Although the storage modulus G’ and loss modulus
G" decreased slowly over time for TP,4, those for CHy showed a
steeper decay after a short induction period (ca. 3 days).
Notably, the expected crossover between G’ and G” values at
around 9 days of incubation agrees well with the time scale of the
apparent gel-to-sol transition for CH,. Consequently, CH,
hydrogels are more solid-like than TP ¢ prior to the incubation
but become more fluidic than TP,4 as hydrolysis progresses.
This reflects that the hydrolysis kinetics accompanying the
transition from gel to sol upon hydrolysis is distinguished
between CHg and TP, ¢ hydrogels, which will be discussed later.
The temperature dependence of the dynamic moduli for TP 4
hydrogel exhibited typical lower critical solution temperature
(LCST) behavior (Figures SS and S6). Both G’ and G”
increased with temperature and the crossover between them
occurred at 37 °C for the pristine hydrogel. Such LCST behavior
has been noted in previous studies on hydrophobic interaction-
driven ABA-type hydrogels, which has been attributed to the
entropic effect of the hydration of hydrophobic end-blocks.*"**
Interestingly, during hydrolysis, the crossover point shifts
toward higher temperatures owing to the reduced hydro-
phobicity of the hydrolyzed TPGE end-block. By contrast, the
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Figure 3. Time—hydrolysis superposition of the dynamic moduli G’ (solid) and G” (open). Master curves for the (a) TPsand (b) CH, hydrogels after
incubation at pH § and 25 °C for the target duration were obtained by using the shift factors ay and by. For each curve, the initial sample without
incubation (i.e,, 0 day) was used as the reference. The insets show the crossover times determined from the intersection frequency of G’ and G”.

CH, hydrogel did not exhibit LCST behavior (Figure SSb),
which is possibly originated from the highly hydrophobic nature
of the CHGE end-block avoiding hydration, irrespective of
temperature changes. This observation is in accordance with the
reported lowering of the LCST in a series of polyethers with
pendant groups of high hydrophobicity.”> While an in-depth
analysis of the effect of the temperature on the structure of
hydrogels is outside the scope of this study, the present results
suggest that an appropriate choice of the acetal monomer allows
the rational design of the LCST, which can facilitate the
development of injectable hydrogels for biomedical purposes."

To elucidate the mechanistic details of how the hydrolysis of
the core-forming block at pH $ affects the rheological behavior
of the corresponding hydrogels, time slices of frequency-
dependent dynamic moduli were measured for TP,5 and CH,
(Figure S7). Both spectra clearly showed a continuous decrease
in G’ and G” as hydrolysis progressed. In a clear contrast, at pH
7, the prepared hydrogels did not display any noticeable changes
in the dynamic moduli after prolonged incubation (~3 months),
verifying that the gel-to-sol transition is significantly enhanced
by the hydrolytic degradation of end-blocks in an acidic
condition (Figure S8). Interestingly, we found that shifting the
dynamic moduli acquired at different incubation times resulted
in satisfactory superposed master curves for both TP s and CH,
in a manner analogous to the widely implemented time—
temperature superposition (tTS), as shown in Figure 3323637
The corresponding loss factors and the horizontal and vertical
shift factors used to produce the master curves are displayed
(Figures S9 and S10).

The apparent successful implementation of the “time—
hydrolysis superposition (tHS)” practice suggests that the
degree of hydrolysis regulates the hydrogel relaxation process
systematically in the absence of chain backbone scission. As
illustrated in Scheme 1, hydrolysis enhances the hydrophilicity
of the core-forming end-blocks by cleaving the hydrophobic
pendant acetal groups and leaving hydrophilic hydroxyl groups
on the backbone.”” This reduces the incompatibility between
the core blocks and the aqueous medium, resulting in faster end-
block expulsion from the cores and, hence, faster hydrogel
relaxation.’**° Furthermore, since the DP of the end-blocks
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remained constant during hydrolytic cleavage in this study, the
kinetics of end-block expulsion was exclusively affected by the
degree of hydrolysis in every chain. This is in stark contrast to
previous investigations of PLGA- or PCL-containing degradable
polymer hydrogels mediated by backbone scission.”'® Since the
position of chain scission along the backbone is inherently
stochastic,” the quantitative control and assessment of hydrogel
relaxation is difficult because of the broad molecular weight
distribution of the end-blocks.

Apparently, the master curves obtained from TP, 4 and CH,
reflect the typical behavior of viscoelastic fluids; while they show
the liquid behavior (i.e., G” > G') in the low frequency limit with
G’ ~ w*and G” = @', the solid-like behavior, such as G’ plateaus
(not observed within this frequency range) and G’ > G’, is
observed above a crossover frequency (@.).*” The crossover
time (7) defined as 7 = 27/, represents the gel relaxation
dynamics and the hydrolysis-time-dependent 7 is clearly
distinguished between TP;4 and CHy; CH, exhibited more
dramatic changes in 7, which drops 5 orders of magnitude in 12
days, but 7 for TP, 4 shows a drop of only 1 order of magnitude in
the same period. The observed decay in 7 is attributed to the
enhanced hydrophilicity of the end-blocks as hydrophobic
pendant groups were gradually cleaved. Upon hydrolysis, the
steeper decrease in 7 for CHy compared with the decrease for
TP is partly due to the greater difference in hydrophobicity
between the original and hydrolyzed pendant groups.”” In
addition, the slight overlap in 7 for TP)s and CHy as the
hydrolysis proceeded for 12 days strongly suggests that the
hydrolysis kinetics were considerably different for TP;4 and
CH,. This continuous and sustained decay in 7 is desirable for
the prediction and programming of core disintegration and for
achieving control over the release profile of the hydrogels."'

In order to determine the hydrolysis kinetics of acetal pendant
groups, ex situ "H NMR spectra of TP, s and CH, hydrogels were
collected after incubation at pH 5 for a predetermined time
period. The spectral regions of the acetal linkage at 4.56—4.67
and 4.75—4.80 ppm for TP,5 and CH,, respectively, and the
polyether backbone at 3.40—3.75 ppm were displayed in Figure
4. For example, the acetal peak intensity in TP, 4 showed a slight
decrease for as long as 30 days (Figure 4a). In contrast, the acetal
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Figure 4. (a, b) Exsitu '"H NMR spectra of (a) TP 4 and (b) CH, over the region of acetal linkage and polyether backbone, taken after incubation at pH
5 for the target duration. (c) Reciprocal fraction of unreacted acetal pendants, Ay/A,, determined from the '"H NMR peak area for acetal groups at the
beginning of incubation (A,) and after the target incubation time (4,). For each TP (blue) and CH, (yellow) hydrogel, data was fitted with first-order
kinetics. The fitted lines are displayed as dashed lines with half-lives (t,/,) of 87 and 12 days, respectively.

linkage in CHj is almost completely degraded during the same
period, indicating considerably faster hydrolysis (Figure 4b).
For a quantitative analysis, the reciprocal ratio of the number of
unhydrolyzed acetal hydrogens (A,) in the target duration to the
total amount of acetal hydrogens (4,), Ay/A, is plotted as a
function of the hydrolysis time. Here, A, and A, were obtained by
comparing the integrated peak area of the acetal groups to that of
the polyether backbone. The semilogarithmic representation in
Figure 4c enables an analysis based on first-order kinetics,
showing distinctly different hydrolysis rates with degradation
half-lives (¢, ,) of 87 and 12 days for TP,4 and CH,, respectively.

An induction period of approximately 2—3 days was observed
for CH,, after which the hydrolysis began to follow the first-
order kinetics (Figure 4c). Such induction behavior is attributed
to the limited water content in the core, which comprised a
hydrophobic PCHGE block in the initial stage. Previous studies
suggested that hydrolytic degradation is impeded in poorly
hydrated environments and that the hydrolysis of the hydro-
phobic segment can autoaccelerate, as the degradation product
is likely to be more hydrated than the parent polymer, owing to
the generated hydrophilic groups and shorter-chain molecular
weight.”>™** As the hydrolysis proceeds over 3 days, the
PCHGE core becomes sufficiently hydrated, resulting in the
hydration in the core not being a rate-determining factor
thereafter. By contrast, no induction behavior was observed in
TP, possibly due to the presence of a relatively less
hydrophobic PTPGE block that allowed sufficient hydration
from the onset of hydrolysis. However, the overall hydrolysis
rate was higher in CH, compared with that of TP, despite the
higher hydrophobicity of the end-block in CH,. This can be
viewed as a result of the enhanced hydrolytic stability of the
endocyclic acetal linkage in TP,4 compared with the exocyclic
acetal in CHy. The origin of the slower hydrolysis of the
endocyclic acetal linkage has previously been discussed in terms
of the restriction of stereoelectronically active conformations
posed by the ring structure.*’ Similarly, several studies have
reported a smaller entropy of cleavage for cyclic acetals because
of the restriction on rotation about the breaking bond or the
absence of translational entropy of the leaving group after
endocyclic cleavage, which in turn resulted in a lower hydrolysis
rate of cyclic acetals.*™*® For example, cyclic dioxolane acetals
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were found to be hydrolyzed about 30X slower than
homologous diethyl acyclic acetals.*® Therefore, we postulate
that the endocyclic acetal linkage in TPGE can significantly
retard hydrolysis, thereby slowing the gel-to-sol transition
kinetics of TP 4 hydrogels to a level lower than that of CH,.

These results imply that the triblock copolymers containing
acetal pendants can serve as an ideal degradable hydrogel system
with highly tunable mechano-temporal profiles. Cleaving
pendant groups without backbone scission opens a new way
to control the degradation profiles systematically through the
copolymerization of monomers with different hydrophobicity
and hydrolysis rates, in stark contrast to main-chain cleavable
copolymers (e.g, PLGA and PCL), where the degradation
kinetics is highly sensitive to the monomer sequence.
Furthermore, the end-block length, monomer hydrophobicity,
and proposed exo/endocyclic structure of acetal linkages enable
the orthogonal control of the thermoresponsive behavior of
hydrogels, the hydrolysis kinetics of end-blocks, and the release
profile of loaded compounds in the cores. Thus, the present
hydrogel systems have the superior potentials for injectable
pharmaceutical hydrogels.

In summary, we present a rheological analysis of ABA-type
triblock copolyether hydrogels containing cleavable acetal
pendants in conjunction with a kinetic analysis of acetal
hydrolysis. As the cleavage of hydrophobic pendant groups
induces a continuous reduction in the hydrophobicity of the A
end-blocks, the hydrogels show a decrease in the relaxation time
and eventually the gel-to-sol transition occurs at room
temperature. Such rheological changes are successfully
described in the framework of time—hydrolysis superposition
practice since the end-blocks become gradually hydrophilic as
hydrolysis progresses. Furthermore, the TP 4 hydrogels showed
slower gel-to-sol transition kinetics upon hydrolysis compared
with the CH, hydrogels, which is attributed to the constraint on
endocyclic cleavage imposed by the cyclic acetal pendant groups
in TP 4. This observation points to the orthogonal control over
the elastic modulus and the softening kinetics of hydrogels by
the hydrophobicity and the exo/endocyclic structure of the
acetal pendant groups. Overall, our findings show that
amphiphilic triblock copolymers with acetal pendant groups
can facilitate the systematic tunability of the viscoelastic
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transition in hydrogels, unlike the widely used main-chain
cleavable copolymer hydrogels.
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