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ABSTRACT: The relaxation dynamics of poly(ethyl glycidyl L W W e NN ‘ ' '
ether-co-isopropyl glycidyl ether-b-ethylene oxide-b-ethyl glycidyl
ether-co-isopropyl glycidyl ether) triblock copolymer hydrogels
were investigated as a function of the end-block hydrophobicity
and temperature primarily using the oscillatory rheometer, which is
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hydrogels. Lower critical solution temperature behavior of the e
poly(alkyl glycidyl ether) end-blocks was harnessed by random ECE ok feor
copolymerization of poly(ethyl glycidyl ether) (EGE) and

poly(isopropyl glycidyl ether) (iPGE), resulting in the remarkable temperature responsiveness of the hydrogel. As the fraction of
hydrophilic monomer (i.e., EGE) increases, the sol-to-gel transition occurs at higher temperature and higher polymer concentration.
The hydrogel relaxation measured by the oscillatory rheometer becomes faster with decreasing temperature and increasing fraction
of hydrophilic monomers. In particular, we observed that a small increment of the hydrophilic monomer fraction significantly
reduces the unfavorable interaction between the end-block and aqueous media, resulting in faster hydrogel relaxation dynamics. All
polyether-based hydrogels showed biocompatibility and injectability, indicating promising soft materials for biological and
biomedical applications. The results are discussed in terms of the current understanding of self-assembled triblock copolymer
hydrogels, and particular attention is paid to the issue of chain dynamics.

Bl INTRODUCTION the gel relaxation dynamics obtained by dynamic mechanical
measurement were compared to the chain exchange kinetics of
diblock copolymer micelles measured by time-resolved small-
angle scattering because the chain pullout perpendicular to the
interface is responsible for both behaviors.*”*' They suggested
that the enthalpic barrier at the core—solvent interface (i.e.,
interfacial tension), the chain architecture, and the midblock

biocompatibility, low toxicity, and temperature responsive- conformation play a critical role in managing the chain pullout

ness.””'! Furthermore, the suitable design of the end-blocks kinetics. . .
. . 12-16 12,17,18 When the end-block cores are frozen in dynamics, the
endows stimuli-responsiveness to temperature, pH,

. 14,1920 ) 21-23 Lo behavior of the hydrogels is essentially similar to chemically
ionic strength, and mechanical force, resulting in Jinked hvd 1 §8’39 Previous hivhilic block
the unique rheological and mechanical properties including crossunked Ayarogess. reviousty, many amphipauiic bloc

liquid-to-solid transition of hydrogels. These stimuli-responsive copolymers often experienced a frozen structure in aqueous

smart hydrogels have received significant attention because of sol\.rent's WItb extremely SI?W or hmflered sham dynamics,
human-related uses including food 2 osmetics 25 controlled which is attributed to the high interfacial tension between the
) )

drug and cell delivery,26_29 and tissue engineering.30_34 end-block and solvent and relatively long end-block

4245
Along with the liquid-to-solid transition, both injectability length. However, the recent development of macro-

and self-healing of the hydrogels are some of the most crucial

viscoelastic properties for potential biorelated applications.”"** Received: August 21, 2020

For the ABA triblock copolymer hydrogels, the viscoelastic Revised:  October 6, 2020

characteristics are primarily governed by the kinetics of end-

block pullout from the micellar cores (i.e., sticker lifetime) that

is the underlying process to attain the stress (terminal)

relaxation of the triblock copolymer hydrogels.***” Recently,

Self-assembly of ABA-type triblock copolymers in midblock
selective solvent at sufficiently high polymer concentration
produces physically cross-linked and percolated gel, where the
end-blocks form micellar cores that are bridged by mid-
blocks.'~® In aqueous solvent, poly(ethylene oxide) (PEO) has
been comprehensively used as a midblock owing to its
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Figure 1. Synthetic scheme for ABA triblock copolymers.
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molecular synthesis enables the managing of the chain pullout
kinetics by introducing novel monomers exhibiting lower
critical solution temperature (LCST) or upper critical solution
temperature (UCST) behavior around room temperature in
water.”” Chassenieux et al. achieved the dynamic triblock
copolymer hydrogel by adding hydrophilic monomers to lower
the interfacial tension against water, and they observed that the
viscoelastic characteristics are highly dependent on the end-
block solubility.'” In addition, Tsitsilianis et al. observed
dynamic-to-frozen transition and injectability of polyacrylate-
based ABA triblock copolymer hydrogels, which is attributed
to the exponential temperature dependence of the sticker
lifetime."” Recently, Nelson et al. explored direct-writing 3D
printing materials using temperature- and shear-responsive
hydrogels formed by A-PEO-A triblock copolymer hydro§els,
where A block is poly(alkyl glycidyl ether) (PAGE).”'~**
As a PEO derivative, PAGE is highly biocompatible, and the
LCST temperature is managed by copolymerization and side-
chain structure.”**>°

In this study, we address the hydrogel relaxation dynamics
by systematically modifying end-block hydrophobicity and
temperature at a fixed end-block length. The hydrogels were
formed by ABA triblock copolymers in water, where B
midblock is PEO and A end-block is the copolymers of
poly(isopropyl glycidyl ether) (poly(iPGE)) and poly(ethyl
glycidyl ether) (poly(EGE)) with the varying monomer ratio.
Since both poly(iPGE) and poly(EGE) exhibit LCST behavior
with different critical temperatures, copolymerization tunes the
hydrophobicity of the end-block near room temperature.”” All
hydrogels show thermoresponsiveness with the tunable
transition temperature, and small modification of the end-
block structure produces considerable change in the relaxation
time. Based on the facile dynamics, the injectability and self-
healing property of the hydrogels were examined by direct-
writing 3D printing. All polyether-based hydrogels showed
biocompatibility and injectability, resulting in promising soft
materials for biological and biomedical applications. Our
findings shed a new light on understanding the critical factors
in the relaxation of block copolymer hydrogels and their
potential applications in various fields.

B EXPERIMENTAL SECTION

Materials. Poly(ethyl glycidyl ether-co-isopropyl glycidyl
ether-b-ethylene oxide-b-ethyl glycidyl ether-co-isopropyl gly-
cidyl ether) ABA triblock copolymers were synthesized by
anionic ring-opening polymerization of ethyl glycidyl ether and
isopropyl glycidyl ether initiating from poly(ethylene oxide)
(PEO, M,, 20 kDa, Sigma-Aldrich) macroinitiator as shown in
Figure 1. Both ethyl glycidyl ether (EGE, TCI) and isopropyl
glycidyl ether (iPGE, TCI) were degassed through three

freeze—pump—thaw cycles and purified with butyl magnesium
chloride for 2 h. Tetrahydrofuran (THF), a solvent, was
collected from a dry solvent system. Potassium naphthalenide
was prepared by mixing potassium metal and naphthalene in
dry THF for at least 24 h. Under an argon atmosphere, the
potassium naphthalenide solution was injected dropwise into a
reactor filled with PEO macroinitiator in dry THF until a green
color was retained. Subsequently, EGE and iPGE monomers
mixture was added to obtain random copolymer of EGE and
iPGE as the end-block and polymerized for at least 24 h at 50
°C.*"*" Degassed methanol was injected into the reactor to
terminate the polymerization. The triblock copolymers were
then recovered by precipitation in diethyl ether.

The polymers were characterized by size exclusion
chromatography (SEC, JASCO) and 'H nuclear magnetic
resonance spectroscopy ('"H NMR, Unity-Inova 500) as shown
in Figure S1 and Figure S2. The molecular weight of the end-
block and the EGE fraction, fpgp in one end-block were
determined using a combination of 'H NMR spectroscopy and
the molecular weight of the initiated PEO block. SEC was used
to provide the overall polydispersity index (P = M,,/M,) of all
triblock copolymers. Molecular characteristics of the triblock
copolymers are provided in Table 1.

Table 1. Characterizations of the ABA Triblock Copolymer
Prepared in This Study

M peo M, e bloci”
polymer (kg/mol) (kg/ mol) f EGEb Nege™ N iPGEd b
PEO 20 - - - - 1.06
E,q—O—Ey 20 2.8 100 26 - 1.06
P,E;,—O— 20 3.0 0.40 11 17 1.08
Pi7E;
P4Eq—O— 20 2.8 0.35 9 16 1.02
PyeEy
P,Es—O— 20 2.8 0.21 S 20 1.04
PyoEs
P,—O—Py 20 3.0 0.00 - 26 1.04

“M, of one end-block. “Fraction of EGE monomers in the end-block.
Degree of polymerization of EGE monomers in one end-block.
Degree of polymerization of iPGE monomers in one end-block.

The monomer sequence of the copolymerization follows the
reactivity of monomers and thus depends on both the steric
effect and electronic properties. For the oxyanionic ring-
opening polymerization of alkylene oxides, the density
functional theory (DFT) calculation revealed the lower
transition energy barrier for the sterically hindered glycidyl
ether to the growmg chain because of better coordination to
the counterion.”’ Furthermore, the bulky substituents of
glycidyl ethers show little or no influence on the reactivity
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Figure 2. (a) Temperature-dependent moduli of G’ (solid) and G” (open) for 7 wt % polymer solutions of P,;E;;—O—P;E,, (®, O), P;;E,—O—
PyE; (¥, V), PyEs—O—DPyE; (A, A), and P,s—O~P,; (@, ). (b) Gel temperature, Ty, as a function of polymer concentration for P;E;;—O—
Py;E;; (O), PyEg—O—P1Eg (V), PyEs—O—PyEs (A), and Py—O—Py4 (<) hydrogels.
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ratio for the oxyanionic ring-opening polymerization.

Since iPGE monomers have one more methyl group at the end
of the side chain than EGE monomers, the reactivity ratios are
nearly identical, which provides a statistical random copoly-
merization of EGE and iPGE monomers.*

Polymer solutions were prepared by dissolving the
appropriate amount of triblock copolymers in an aqueous
solution, followed by annealing at S °C for at least 24 h using a
Peltier temperature controller. Then, the solutions were heated
to room temperature slowly.

Rheology. Rheological measurements were carried out on
an MCR 302 rheometer (Anton Paar) equipped with a parallel
plate of 25 mm in diameter. Temperature was controlled
between S and 35 °C by a Peltier accessory. To avoid water
evaporation from the samples, the fixture assembly was
surrounded by a homemade acrylic cover, and water droplets
were distributed inside the cover. Polymer solutions were
loaded on a lower plate at low temperature, and the gap
distance of 1 mm between upper and lower plates was
maintained. Temperature dependences of G’ and G” were
measured to obtain the gelation temperature with a frequency
of 6.28 rad/s (=1 Hz), a strain of 0.1%, and a ramping rate of 1
°C/min. Gelation temperature, Ty, was determined as the
temperature where G’ and G” intersect.”> Dynamic frequency
sweeps were examined in the linear viscoelastic regime (ca.
0.1% strain) at several temperatures, and then the master curve
was obtained by time—temperature superposition (tTS)
principle along the frequency axis with small variation in
vertical shift. The longest relaxation times were identified by
the point where G" and G” intersect in the master curve. Cyclic
oscillatory strain measurement was performed at 30 °C using
an alternating strain of 0.5% and 100% with a frequency of 6.28
rad/s.

Small-Angle X-ray Scattering (SAXS). SAXS experi-
ments were performed on beamline 4C SAXS II at Pohang
Acceleration Laboratory (PAL) using 16.9 keV radiation
corresponding to a wavelength of 1 = 0.734 A.°° The sample-
to-detector distance was 4 m, which covers 0.007 A~ < q <
0.12 A™!, where q is a wave vector defined as q = 474™" sin(6/
2). Temperature was controlled by the combination of an
electric heater and a fluid circulating system. Specimens were
loaded in sealed capillaries, followed by X-ray exposure for 5 s
after 5 min annealing at a target temperature. Two-dimensional

SAXS images, collected using a MAR-CCD detector, were
azimuthally averaged to one-dimensional plots of intensity,
I(q), versus q.

Cell Viability. A cell viability test was performed by mouse
fibroblast cells (1.929) purchased from the Korean Cell Line
Bank (Seoul, Korea). 1929 cells were seeded in 96-well plates
at a density of 7 X 10°* cells per well and cultured for 24 h in a
CO, incubator (5% CO, at 37 °C). The culture medium
Rosewell Park Memorial Institute (RPMI) 1640 was used with
25 mM sodium bicarbonate, 10% fetal bovine serum, and 1%
penicillin—streptomycin. After the culture medium was
removed, each well was washed with 1X phosphate buffer
saline (PBS). Each well was then filled with 90 uL of fresh
media and 10 pL of various concentrations of polymer
solutions and incubated for an additional 24 h. For the
assessment of cell viability, each well was washed with PBS and
filled with 10 uL of thiazolyl blue tetrazolium bromide (MTT,
Sigma-Aldrich) stock solution (S mg/mL) and 90 uL of fresh
media. After incubation for 4 h, 200 uL of DMSO was added
to each well to dissolve the MTT-formazan crystal, and the
plates were gently stirred for 15 min. UV absorbance was
recorded at a wavelength of 540 and 620 nm for the formazan
crystals and the reference, respectively, by microplate reader
(Infinite 200 pro, Tecan)

B RESULTS AND DISCUSSION

When ABA triblock copolymers are dissolved in an aqueous
solvent, hydrophobic A blocks aggregate into cores, and
hydrophilic B blocks form a bridge between cores or a loop. In
this study, the hydrophilicity of the A end-block was controlled
by the random copolymerization of ethyl glycidyl ether (EGE)
and isopropyl glycidyl ether (iPGE) monomers with a fixed
overall degree of polymerization of 25—28. Poly(EGE)
homopolymers exhibit the lower critical solution temperature
(LCST) behavior with the critical temperature of ~15 °C for 1
wt % aqueous solution, whereas poly(iPGE) homopolymers
are insoluble.”>*”° Thus, random copolymerization of EGE
and iPGE tunes the critical temperature as a function of the
fraction of EGE monomers, fggg, within a copolymer.””>*
The critical micelle concentration, CMC, of the triblock
copolymer solutions at room temperature using the fluorescent
probe of pyrene gradually increases as frgg increases, reflecting
that the end-block becomes more hydrophilic and shows the
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higher critical temperature at higher frgg (see the Supporting
Information). In addition, the hydrophobicity of the end-block
is estimated by the log P value, where P is the ratio of the
concentration of a solute between water and octanol.”” The log
P values of end-block gained by the ALOGPS 2.1 program are
2.90, 2.99, 3.12, and 3.30 for P,,E;;—O—P,E,;, P;E,—O—
PEg, PyoEs—O—PyEs, and Pyy—O—P,, indicating that the
end-block is more hydrophilic with increasing frcp."" For

comparison, log P for poly(propylene oxide) of similar chain
length was calculated as 4.71.

All triblock copolymer solutions examined between 3 and 10
wt % were prepared by complete dissolution of the polymers in
water at 5 °C, followed by heating to room temperature slowly,
which provides reproducible self-assembled structures. Figure
2a shows the temperature dependence of the storage modulus,
G’, and the loss modulus, G”, for 7 wt % aqueous solutions of
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Py—O—Pyg PyEs—O—PyEs, PcEg—O—PEy, and Py;E;—
O—P,E,,. At a lower temperature, liquidlike behavior was
observed (i.e, G’ < G”), whereas G’ becomes dominant over
G" (ie, G’ > G") as temperature increases. The gelation
temperature, T, identified as the temperature where G’ and
G” intersect, is 8, 11, 22, and 24 °C for P,,—O—P, P,oEs—
O—P,E;, P;sEg—O—P(Ey, and P;,E;;—O—P;E,; solutions at
7 wt %, respectively. E,,—O—E,; polymer solutions are
liquidlike and do not show the sol-to-gel transition between
5 and 35 °C. The elevated T is primarily attributed to the
higher critical temperature of the end-blocks with larger frgg,
which shows good agreement with the previous report.™

Overall Ty as a function of the polymer concentration for
Py—O—Pyg PyEs—O—PyEs, P1Eq—O—PEy, and PyE;—
O—P;E,; is illustrated in Figure 2b, which denotes that Ty,
gradually decreases with increasing polymer concentration as
well as reducing fpgg. Temperature-dependent moduli for all
polymer solutions are shown in Figure S5. The polymer
concentration dependence of T is consistent with the
previous findings for the thermoresponsive hydrogels induced
by poly(alkyl glycidyl ether)-based polymers, methacrylate-
based terpolymers, and Pluronics.””**°"°* The strong depend-
ence of T,y on the polymer concentration is still an open
question and potentially related to two thermodynamic factors:
(1) a polymer concentration dependence of the interaction
parameter63 and (2) strong interaction between end-block and
aqueous media.®* Ogura et al. reported that the critical
temperature of the poly(EGE) in water shows strong
dependence on the polymer concentration, yet is nearly
irrespective of the molecular weight.65 Besides, Lee et al.
observed an unusual LCST behavior of PEO in ionic liquids, in
which the phase diagram is either roughly symmetric or
asymmetric with a critical point shifted to a higher PEO
concentration. They proposed that strong interaction between
PEO and the ionic liquid, such as hydro§en bonding, plays a
significant role in this unusual behavior.”"**%”

Figure 3a depicts the frequency sweep of G’ and G” for S wt
% PcEq—O—P 4E, hydrogels at various temperatures between
20 and 40 °C. At a higher temperature, G’ is larger than G”
over the measured frequency range between 0.1 and 100 rad/s,
which indicates a rubberlike solid behavior. As the temperature
decreases, a crossover frequency of G’ and G”, ., appears and
shifts toward a higher frequency. At a lower temperature, the
power law exponent of G’ and G” on frequency is close to 2
and 1, respectively, reflecting the terminal relaxation behavior.
Here, the longest relaxation time, 7, is defined as the inverse of
@, as 7 = 27/ w.. The characteristic 7 is 0.39, 3.0, and 23 s for
25, 30, and 35 °C, respectively, as shown in the inset of Figure
34, indicating the steep decrease in the déynamics within 10 °C,
consistent with the previous findings.'”**

Based on the frequency sweep results, the master curve of
brG’ and brG” against arw for 5 wt % P ,E—O—PE,
hydrogels was constructed by time—temperature superposition
(tTS) principles as shown in Figure 3b. All data were
horizontally shifted to overlap tan &, defined as tan 6 = G/
G, and then followed by a vertical shift to overlap G’ values.
The applicability of tTS suggests that the underlying origin of
the hydrogel viscoelastic behavior does not change over the
temperature range studied. The corresponding horizontal shift
factor, ap, was recorded as shown in the inset of Figure 3b,
which shows a linear relationship between In(ay) and 1/T
within the temperature range investigated. Using Arrhenius
analysis, the apparent activation energy, AHapP’ was estimated

as —326 kJ/mol. The negative value is consistent with the
previous ﬁndings for the LCST system, which will be discussed
further later.'>?”%

Figure 4a illustrates the polymer concentration, c,, depend-
ence of the tTS master curves for P;;E,—O—P(E; at 3,4, S, 6,
7, and 10 wt % at a reference temperature of 30 °C. The
temperature-dependent a; for measured concentrations is
nearly overlapped as shown in Figure S6, deducing that the
apparent activation energy is nearly identical. As ¢p increases,
the frequency at the crossover point, @, moves to lower
frequency, and the plateau modulus, Gy, is intensified. At low
frequency, almost all polymer solutions show the terminal
relaxation behavior as G’ ~ w? and G” ~ ®w'. However, at 10
wt % solution the terminal behavior was not observed, and the
o, disappears, which is attributed to the formation of a body-
centered cubic structure.*""7°

SAXS data for the P Eq—O—P(E; hydrogel at various
polymer concentrations at 30 °C are displayed in Figure 4b.
Because of the small difference in electron density of the
polyether-based block against water, the SAXS intensity is
relatively weak. The structure peak near g ~ 0.025 A™' is
responsible for the average distance between end-block cores,
and the distance decreases as the concentration increases.
Above 10 wt % solution, Bragg peaks are evolved with peak
ratios, q/q%, of 1:\/2:\/3:\/5:\/2:\/7, which is attributed to
the fact that the cores are packed on a body-centered cubic
(bee) lattice.

The polymer concentration dependence of 7 is illustrated in
Figure 4c at the reference temperature of 30 °C, where 7
increases with increasing c,. The abrupt increase in 7 above 6
wt % presumably reflects a verge of congested micellar cores
where the cores cannot easily flow.”' As ¢ increases, 7 is
predicted to increase because (1) the distance between
micellar junctions decreases, and thus the thermodynamically
destabilized PEO midblocks can be relaxed, and (2) the
crowdedness in the matrix increases (i.e., corona screen-
ing).*>*"7>~7* Previously, lanniruberto et al. predicted 7 ~
sz/ 3 for the homogeneous network formed by telechelic
associating polymers, in which a sequence of detachment for
the end-block relaxation of the dynamic network was
postulated.”* The prediction showed good agreement with
the previous observation with the hgrdrophobically modified
ethoxylated urethanes hydrogels.”>’® Recently, Zinn et al.
however observed 7 ~ cp1 for triblock copolymer hydrogel
where PEO is capped by alkyl chain on both sides, and they
proposed that midblock conformation plays a significant role in
the relaxation process.”” Ye et al. reported 7 ~ cP7'6 for
methacrylate-based triblock copolymer gels in dimethylforma-
mide (DMF) and proposed that the significant ¢, dependence
is attributed to the concentration-dependent connectivity of
the network.™

Figure 4d depicts the plateau moduli, Gy, as a function of ¢,
at the reference temperature 30 °C. Since G’ values do not
show a complete horizontal plateau, Gy was estimated to be
two times the modulus at @_ based on the Maxwell model.”>””
Since elastically active chains contribute to the rubber elasticity
in the rheological measurement, the fraction of elastically
active chain, f, can be calculated by Gy = fvokT, where vy, k,
and T are the number density of midblocks, Boltzmann
constant, and absolute temperature, respectively. The value of f
shows a steep increase at 5 wt %, followed by a slight decrease
up to 7 wt %, which indicates that the relaxation time is not
dependent on the connectivity in our system.
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Figure Sa displays the tTS master curves for 5 wt % solutions
of Pys—O—Pyg PyoEs—O—PyEs, PiEg—O—P\(Ey, and P/E;—
O—P,E,, at the reference temperature of 30 °C, where the
end-block hydrophobicity progressively decreases with the
fixed overall degree of polymerization of 25—28. All curves
show a rubberlike behavior at higher frequency, followed by
the terminal relaxation at lower frequency. As fygp increases,
@ shifts to higher frequency, while Gy is nearly identical. This
reflects that the hydrogel structure is primarily maintained, but
the relaxation dynamics are regulated by the end-block
property.

Based on @, the relaxation time, 7, for polymer solution of
Pyg—=O—Pyq PyEs—O—PyEs, PisEg—O—PsEy, and P;E;—
O—P,E,; at 5 wt % was computed as 1.9 X 10% 2.1 X 10, 3.0,
and 2.2 s, respectively, as illustrated in Figure Sb. It is
surprising that a small modification of the mixing ratio of ethyl
glycidyl ether (EGE) and isopropyl glycidyl ether (iPGE) in
the end-block results in significantly slower dynamics by 2
orders of magnitude. Here, we note that the end-block pullout
from the cores is required for the terminal relaxation of the
triblock copolymer hydrogel, and thus the measured 7 should
correspond to or be larger than the end-block chain pullout
time, T,y s shown in Figure 6.10417578 Note that the effect
of the congested micellar cores was not significant for all § wt
% hydrogels. Regarding the relaxation dynamics of triblock
copolymer hydrogels, Peters et al. proposed that 7 observed by
rtheological measurement is identified with the chain end
pullout time, 7,4, Wwhich is associated with the Rouse
dynamics of the end-blocks in the cores and the thermody-
namic barrier at the core—solvent interface.*’ Considering the
entanglement degree of the polymerization molecular weight
of PEO of 1.6 X 10° g/mol that corresponds to N = 36, the
random copolymer of poly(EGE) and poly(iPGE) of N,,4 =
25-28 indicates that the end-blocks are not entangled in the
cores.”’ Also, the monomeric friction factors, {, for both
poly(EGE) and poly(iPGE) are expected to be nearly identical
because of similar molecular structure and nearly identical glass
transition temperature of —66 °C.*" Therefore, the Rouse
relaxation in the cores can occur at a comparable time scale for
all polymer hydrogels at 30 °C, resulting in that the huge
difference in the 7 is attributed to the thermodynamic penalty
of the chain extraction from the micellar cores.

? —»%‘ — zﬁ.

Figure 6. Schematic illustration of the relaxation process for ABA
triblock copolymer hydrogel. The end-block chain pullout is required
for the terminal relaxation detected by rheological measurement.

In more detail, Peters et al. proposed that 7., was
modeled as 7pyiou = Trouse X €Xp[a¥N,nal, where @, y, and N, 4
are an unknown O(1) prefactor, the Flory—Huggins
interaction parameter, and the degree of polymerization of
the end-block, respectively.**> The ayN,,q denotes the
thermodynamic penalty in kT unit to the chain pullout at
the interface due to the unfavorable monomer—solvent
contact.”’ Here, Tpo, is the longest Rouse relaxation time,
defined as T,y = (B*N,.4°C)/(67%kT), where b, £, k, and T are
the statistical segment length, the monomeric friction factor,
the Boltzmann constant, and the absolute temperature,
respectively. In our system, b was taken as b = 6.0 A similar
to PEO, and ¢ for all polymers was estimated as 1.94 X 107"
kg/s at 30 °C based on the zero-shear viscosity measurement
for poly(iPGE) as shown in Figure S8. Therefore, ay was
calculated as 0.68, 0.75, 0.89, and 0.92 for P,,E,;—O—P;E,,,
P 4Eq—O—P(Ey, PyEs—O—P,iE;, and P,c—O—P,;, respec-
tively, at 30 °C. As a comparison, y between poly(propylene
oxide) (PPO) and water, ¥ppo waten Was estimated as 2.1 using
activity data on PPO aqueous solution.*”** It is pointed out
that the interfacial energy barrier between poly(alkyl glycidyl
ether) and aqueous media is considerably intensified with a few
more methyl groups. Aoki et al. presented that the LCST
critical temperature is significantly affected by the side-chain
structure such as methyl, ethyl, and butyl group of poly(alkyl
glycidyl ether) in water.”® Similarly, Isono et al. showed that
the critical temperature in water is highly dependent on the
side-chain structure such as the number of oxyethylene units
and the terminal alkyl group of the poly(alkyl glycidyl ether) in
a systematic way."” Song et al. also showed that the cyclic side
chain provides much lower critical temperature than its acyclic
analogue of poly(alkyl glycidyl ether) in water.**
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Temperature-dependent 7 was computed by ay for P,,—O—
Pyg PyoEs—O—PyEs, P1sEg—O—P\cEy, and P,;E;,—O—P;E,
at S wt % as displayed in Figure 7a. As discussed above, the
temperature dependence of 7, is mainly dictated by ¢ and
X, where { is decreasing, yet y is increasing with increasing
temperature for the LCST system.*® Then, ay was estimated as
0.45, 0.57, 0.67, and 0.76 for 20, 25, 30, and 35 °C for 5 wt %
P (Eq—O—P(E, solutions as shown in Figure S7, indicating
that the significant increment of the unfavorable interaction
occurs with a small increase in temperature. Therefore, a
sequence of complete dissolution and dynamics to frozen
hydrogel primarily originates from a considerable temperature-
dependent thermodynamic property.

As an alternative analysis to gain thermodynamic insight, the
apparent activation energy, AH,,, was obtained by the

Arrhenius equation as 7 = 7, exp[AH,,,/RT], where 7, is the

attempt time.'>*%% As frge increases (more hydrophilic),

AH,,, becomes more negative as shown in Figure 7b. The
negative value of AH,, represents the enthalpy change for the
removal of an end-block from the cores and hydration of EGE
or iPGE to solubilize for the LCST system.”” Onoda et al.
observed that the introduction of hydrophobic monomer to
the end-block provides less negative AH,,, for LCST-type
triblock copolymer hydrogels, which is consistent with our
result.®

Figure 8a displays the cyclic oscillatory strain measurement
for 7 wt % PcEq—O—P(Ey hydrogel at 30 °C, where the
hydrogels exhibit liquidlike behavior at high strain, followed by
rapid recovery to solidlike behavior at low strain. The
reversible shear-responsiveness and the dynamic associative
junction are required for the extrusion-based 3D printing.
Figure 8b shows the printed structure of three layers using a
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homemade direct-write printer, in which buckling of the
layered structure was not observed. Relatively faster relaxation
process and chain exchange endow rapid adhesion between
layers and thus self-healing property. However, as the
relaxation becomes slower the unique viscoelastic character-
istics of the hydrogels were nearly vanished. As a representative
example, severe agitation by a vortex mixer results in fracture
into small pieces for 7 wt % P, Es—O—P,,Es hydrogels at 60
°C as shown in Figure 8¢, which stresses that the relaxation
process plays a significant role in the viscoelastic character-
istics.

All polymer hydrogels show good cell viability of 99%, 88%,
and 94% at a high concentration of 2500 yug/mL for P,E,,—
O—-PE|), PyEs—O—PyE;, and P,,—O—P,4 hydrogels,
respectively, as shown in Figure S9. The results of in vitro
MTT assay using mouse fibroblast cells (L929) indicate that
the polymer hydrogels are biocompatible, which is consistent
with the results obtained by Fellin et al. using HeLa cells.””
The low cytotoxicity associated with the unique viscoelastic
behavior of the polyether-based hydrogels potentially opens
new insights for the thermoresponsive polymers and the
potential materials for the biological and biomedical
applications.

B SUMMARY

We investigated the relaxation dynamics of biocompatible and
injectable triblock copolymer hydrogels as a function of
temperature and end-block hydrophobicity, regulated by the
random copolymerization of ethyl glycidyl ether (EGE) and
isopropyl glycidyl ether (iPGE). As the end-blocks become
hydrophobic, (1) the sol—gel transition occurs at lower
temperatures and lower polymer concentration, and (2) the
hydrogel relaxation time is significantly slower. We observed
that the small increment of hydrophobic moieties and/or
higher temperature intensifies the unfavorable interaction of
poly(alkyl glycidyl ether) against water significantly, suggesting
that monomer design is of great importance for applications in
aqueous media. In particular, chain relaxation dynamics govern
the injectability and the self-healing property of the self-
assembled triblock copolymer hydrogels. Besides, all the
polyether-based ABA triblock copolymer hydrogels show less
cytotoxicity, reflecting promising soft materials for biological
and biomedical applications. Overall, the results advance the
current understanding of how hydrogel dynamics are
influenced by the molecular structure of poly(alkyl glycidyl
ether) in aqueous solvents and should give assistance to design
complex fluids obtained by polyether block copolymer.
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