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ABSTRACT: Hydrogels hold significant promise as drug delivery
systems due to their distinct advantage of sustained localized drug
release. However, the challenge of regulating the initial burst
release while achieving precise control over degradation and drug-
release kinetics persists. Herein, we present an ABA-type triblock
copolymer-based hydrogel system with precisely programmable
degradation and release kinetics. The resulting hydrogels were
designed with a hydrophilic poly(ethylene oxide) midblock and a
hydrophobic end-block composed of polyethers with varying ratios
of ethoxyethyl glycidyl ether and tetrahydropyranyl glycidyl ether
acetal pendant possessing different hydrolysis kinetics. This unique
side-chain strategy enabled us to achieve a broad spectrum of
precise degradation and drug-release profiles under mildly acidic
conditions while maintaining the cross-linking density and viscoelastic modulus, which is unlike the conventional polyester-based
backbone degradation system. Furthermore, programmable degradation of the hydrogels and release of active therapeutic agent
paclitaxel loaded therein are demonstrated in an in vivo mouse model by suppressing tumor recurrence following surgical resection.
Tuning of the fraction of two acetal pendants in the end-block provided delicate tailoring of hydrogel degradation and the drug
release capability to achieve the desired therapeutic efficacy. This study not only affords a facile means to design hydrogels with
precisely programmable degradation and release profiles but also highlights the critical importance of aligning the drug release profile
with the target disease.

■ INTRODUCTION
Conventional therapeutics, including small molecule drugs,
peptides, and proteins, often exhibit low solubility or a short
circulatory lifetime.1,2 These limitations necessitate frequent
drug administration, which can cause patient discomfort, an
increased risk of infection, and potential adverse side effects.3,4

To address these challenges, an effective drug delivery system
that significantly enhances solubility, prolongs drug circulation
and consequently reduces the required drug dosage is
imperative.5−7 Among the various drug delivery systems
currently available, hydrogels stand out as a unique and
promising platform that offers advantages such as localized and
sustained drug release.8,9 Furthermore, their tissue-like
mechanical properties and high water content enable hydrogels
to be positioned near the target site without inducing severe
foreign body reactions.10−12 The elucidated advantages prove
highly effective for postoperative care.13 The hydrogel not only
inherently prevents adhesion between tissues but also has been
extensively investigated as a sustained drug delivery platform to
mitigate the risk of infection or recurrence of diseases.14,15

However, precise programming of the drug release profile
from hydrogels remains a formidable challenge. One issue
arises from their porous structure coupled with a steep drug
concentration gradient immediately after implantation, making

it difficult to prevent an initial burst release of the loaded
drug.8,16,17 As a result, a significant proportion of the drug is
initially released that can potentially exceed the toxic
concentration threshold of the drug. Another issue relates to
the varying duration of drug treatment depending on the
symptoms of the disease and the type of drug; for instance,
common bacterial infections often require 3 to 10 days of
antimicrobial treatment whereas anticancer therapies can
extend over months to years and chronic disease management
may necessitate an even longer duration.18−20 Consequently,
there is an incessant demand to incorporate a wide range of
drug release profiles into a drug delivery system to
accommodate variation in the disease treatment duration. In
this context, various approaches have been explored to address
these issues, including the modification of cross-linking density
to regulate simple diffusion,21,22 drug conjugation within the
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hydrogel network,23−25 and incorporation of degradable cross-
linkers.26 However, modifying the cross-linking density can
alter the mechanical properties of the hydrogel, thereby
potentially causing a mechanical mismatch with the target
tissue. In addition, while drug conjugation within the hydrogel
network via degradable bonds can preserve the mechanical
properties of hydrogels, it often requires additional functional
groups and conjugation chemistry. Alternatively, incorporating
degradable cross-linkers can provide an efficient way to alter
the hydrogel degradation kinetics.

Nevertheless, effective prevention of the initial burst release
resulting from exploiting a concentration gradient remains a
significant challenge. To date, no straightforward solutions for
preparing hydrogels with precisely programmable drug release
profiles and preventing an initial burst release while
maintaining their mechanical properties have been forth-
coming. In our previous work, we introduced a new strategy to
precisely control the hydrogel degradation kinetics using ABA-
type triblock copolymers with hydrophobic acetal pendants
(Scheme 1).27 As the hydrolysis kinetics of the acetal groups is

highly affected by the structure and the conformation of the
monomer, hydrogels prepared from two different acetal-based
monomers also display a distinct difference in degradation
behavior.28−30 It should be noted that after the hydrolysis of all
pendant moieties, the A end-block turns into the linear
polyglycerol which is well known for its high biocompati-
bility.31 Given that low-molecular-weight PEO similar to that
of our resulting triblock copolymer could be efficiently
excreted from the body, the utilization of this system as a
drug delivery carrier is compelling.32 Furthermore, unlike the

backbone cleavage system involved in polylactide (PLA),
poly(lactide-co-glycolide) (PLGA), or poly(ε-caprolactone)
(PCL), all of which have complicated degradation kinetics,
cleavable pendants impart controllable and predictable
dynamic properties.33,34 While this prior work provided
valuable insights into mechano-temporal transitions within
the developed hydrogel system involving a single monomer,
the relationship between hydrogel degradation and its release
behavior of an active therapeutic agent remains unexplored.

Inspired by this precedent work, we prepared poly(ethylene
oxide) (PEO)-based triblock copolymers using varying
fractions of two different acetal-based functional epoxide
monomers. Specifically, ethoxyethyl glycidyl ether (EE) and
tetrahydropyranyl glycidyl ether (TP) monomers were
employed to prepare a series of all polyether-based triblock
copolymers P(EE-co-TP)x/y-b-PEO-b-P(EE-co-TP)x/y using
PEO via anionic ring-opening polymerization (Scheme 2 and
see Table 1 for details). The prepared triblock copolymers
were carefully characterized using 1H NMR, gel permeation
chromatography (GPC), and differential scanning calorimetry
(DSC). Moreover, a series of rheology and ex situ NMR
studies were conducted to elucidate the mechanical properties
and degradation and release kinetics of the prepared hydrogels.
Furthermore, in vivo application of the hydrogels to a tumor-
recurrence mouse model clearly demonstrated the precisely
controllable degradation kinetics of the hydrogels to achieve a
programmable drug release profile for the anticancer
therapeutic agent to effectively eradicate any remaining tumors
after surgery. Coupled with its superior biocompatibility, the
precise programming of the degradation kinetics of the
hydrogels further underscores the significance of fine-tuning
the drug release profile of the hydrogels.

■ RESULTS AND DISCUSSION
Preparation of Triblock Copolymers. To examine the

effect of tuning the relative fractions of EE and TP in the end-
group in the triblock copolymers on the degradation and drug
release profile of the resulting hydrogel, two functional epoxide
monomers with acetal pendants were synthesized via simple
hydroxyl protection chemistry and purified via fractional
distillation according to previous reports (Figures 1a,b, and
S1−S8).35,36 A series of ABA-type triblock copolymers were
prepared via anionic ring-opening polymerization using PEO
(Mn = 20,000 g/mol) and t-BuP4 as a macroinitiator and base,
respectively. Here, metal-free organic phosphazene base t-BuP4
was used, owing to its high basicity and, more importantly, its
facile polymerization without side reactions. Various ratios of
acetal functionalized epoxide monomers EE and TP were
copolymerized to afford P(EE-co-TP)x/y-b-PEO-b-P(EE-co-
TP)x/y with various molar fractions of TP in the A end-block
( f TP), as provided in Table 1. The number in each sample, Tn,
represents the percentage of TP in the A end-block. In
addition, the degree of polymerization (DP) of each A end-
block was set to 25 in this study to minimize the effects of
molecular weight.

Characterization and purification were confirmed by a
number of different techniques, including 1H NMR, GPC,
and DSC (Figures 1c and S9−S11). For example, the distinct
methine peaks in the respective 1H NMR spectra of EE and TP
were used to calculate the EE/TP ratio after polymerization
(Figure 1c). The relative fractions of EE and TP within the end
block were readily controlled depending on the feed ratio of
the monomers, given their reactivity ratios during the

Scheme 1. (Top) Schematic Illustration of a Thermo- and
pH-Responsive ABA Triblock Copolymer Hydrogel and
(bottom) a Comparison of the A End-Block Hydrolytic
Degradation Mechanisms in the Polyester-Based Backbone
Degradation and Mixed Acetal-Based Pendant Degradation
Systems
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copolymerization (rEE = 1.49 ± 0.01 and rTP = 0.69 ± 0.01,
respectively), as determined via ex situ 1H NMR analysis.36

Furthermore, DSC measurements showed only a single glass
transition temperature (Tg) for all of the polymers prepared
irrespective of the EE/TP ratio, which verified the random
copolymerization of A end-blocks that are fully miscible with
the PEO midblock (Figure S9). This feature is beneficial in
minimizing the phase separation behavior between the A and B
blocks during hydrogel formation and degradation.

Meanwhile, side reactions such as self-initiation and cross-
coupling between the polymers were not observed during
polymerization, as indicated by the NMR and GPC spectra of
the polymer set in Figures 1, S10, and S11. Notably, the
molecular weights obtained from GPC (Mn,GPC) decreased as
the hydrophobic characteristics of the end-block increased,
while the molecular weights determined from NMR spectra
(Mn,NMR) were in a similar range (Figure S11). This can be
attributed to a decrease in the radius of gyration of the
hydrophobic blocks in triblock copolyethers under GPC

conditions, as has been similarly observed in previous
studies.35−37

Preparation of Hydrogels and Their Temperature-
Responsive Property. After characterization of the polymer
set, the 7.5 wt % of triblock copolymers were incubated in
phosphate-buffered saline (PBS) at pH 7.4 and 4 °C until fully
dissolved; the incubation time was increased according to the
hydrophobicity of the end-block. Specifically, T0 became a
homogeneous solution after 6 h, while it took more than 2 days
for T79. After the polymers were fully dissolved in the medium,
the sol−gel transition behavior of the resulting hydrogels
depending on the EE/TP ratio and temperature was
investigated. As depicted in Scheme 2, the synthesized triblock
copolymers underwent self-assembly in the aqueous medium
to form hydrogels in which nanoscale A end-block cores were
interconnected by PEO midblocks. Because the hydrophobic
association is favored at elevated temperature due to the nature
of the end-blocks possessing lower critical solution temper-
ature (LCST) property, the formation of macroscopic three-
dimensional networks through the A end-block core (i.e.,

Scheme 2. (Top) Syntheses of Ethoxyethyl Glycidyl Ether (EE) and Tetrahydropyranyl Glycidyl Ether (TP) Monomers,
Polymerization Using Poly(ethylene oxide) (PEO) as a Macroinitiator To Afford Triblock Copolymers P(EE-co-TP)x/y-b-
PEO-b-P(EE-co-TP)x/y, and (Bottom) Demonstration of the Thermo- and pH-Responsive Properties, Injectability, and
Programmable Degradation Kinetics of the Hydrogels

Table 1. Characterization Data of the Polymers and Hydrogels Prepared in This Study

entry sample DPNMR
a f TP

b Mn,NMR
a (g mol−1) Mn,GPC

c (g mol−1) Đc Tg
d (°C) Tgel

e (°C)

1 T0 27 0.00 27,900 28,000 1.08 −62.0 32
2 T11 26 0.11 27,500 26,300 1.12 −55.2 26
3 T27 26 0.27 27,800 25,000 1.15 −49.4 21
4 T51 25 0.51 27,600 26,300 1.11 −39.7 17
5 T79 24 0.79 27,300 25,800 1.11 −29.4 4
6 T100 27 1.00 28,500 25,000 1.12 −21.5 n.d.

aThe degree of polymerization (DP) of each A end-block measured using 1H NMR analysis. bThe molar fraction of tetrahydropyranyl glycidyl
ether (TP) in the A-block of each copolymer. cThe molecular weight obtained via GPC calibrated using PEO/PEG standard in a DMF containing
0.10 wt % LiCl as the eluent, RI detector. dThe molecular weight determined via using DSC at a scan rate of 10 °C min−1. eGelation temperature
identified via temperature-sweep analysis. The polymer concentrations used were 7.5 wt % for T0−T79 and 5 wt % for T100, respectively.
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gelation) occurred at an elevated temperature (Figure 2a).38,39

The LCST behaviors of each polymer were further
characterized via dynamic light scattering measurement upon
increasing temperature, suggesting a gradual transition from
single chains to micelles and aggregates (Figure S12). From
the temperature sweep analysis, we found that the T0−T79
hydrogels exhibited the sol−gel transition under 37 °C
(Figures 2b and S13). Increasing f TP lowered the sol−gel
transition temperature (Tgel) by increasing the hydrophobicity
of the A-block. It is noteworthy that all of the hydrogels could
form a gel-like structure lower than body temperature (37 °C),
which would enable them to maintain their structure while
releasing active therapeutics in vivo.

Although all of the hydrogels displayed similar viscoelastic
moduli (Figure 2c), their relaxation times were distinctly
different and significantly influenced by the f TP (Figures 2d,e,
and S14). In other words, the integrity of the micellar core
could be readily tailored by modulating the EE/TP ratio while
keeping the number of micellar junctions similar. Since it has

been revealed that the mechano-temporal properties of a
hydrogel can be tuned by regulating the end-block hydro-
phobicity,40 we noticed a gradual increase in the stress
relaxation times of hydrogels T0 to T79 with increasing f TP.
Interestingly, the stress relaxation time and f TP showed an
exponential relationship (Figure 2f), which can be explained by
the stress relaxation behavior of the triblock copolymer
hydrogel being governed by the end-block pullout time
(τpullout) according to the following relationship41:

= × e N
pullout Rouse

end (1)

where τRouse is the rouse relaxation time modeled as
b N k T/62

end
2 2

b , in which b, ζ, kb, and T represent the
statistical segment length, the friction factor of the monomer,
the Boltzmann constant, and the temperature, and α, χ, and
Nend mean an unknown factor, Florry−Huggins solubility
parameter for each monomer and the DP of A-block,
respectively. Specifically, αχNend can be expressed as

= +N N N( )end EE EE TP TP (2)

By assuming that NEE + NTP is 25, eq 2 can be rearranged to
provide

= { + }N f25 ( )end EE TP EE TP (3)

In addition, according to the study of Smith and co-workers,42

the effective friction coefficient of the A-block consisting of EE
and TP can be written as

= f f
eff EE TPo EE o TP (4)

where ζEEo and ζTPo, and f EE and f TP are the monomeric friction
factors and volume fractions of EE and TP, respectively.
Considering that the volumes of EE and TP are similar, eq 4
can be rewritten by replacing f EE with f EE = 1 − f TP as follows:

= ( / ) f
eff EE TP EEo o o TP (5)

Thus, τpullout can be expressed as

= × +A f Bln pullout TP (6)

,where A = ln (ζTPo/ζEEo) + (αχTP− αχEE) and
= +B b N k T25 ln( /6 )EE

2
end

2
EE

2
bo respectively.

The relaxation times of all of the hydrogels upon shear stress
are represented by a single master curve in Figure 2e.
Meanwhile, eq 6 further verifies the similar hydrogel formation
mechanisms. Thus, all of the hydrogels exhibited gradual
viscoelastic gel-to-sol transitions upon hydrolysis in a similar
manner. Although adjustable stress relaxation behavior was not
emphasized in this study, it holds significant potential in 3D
cell culture and tissue engineering. We plan to employ our
hydrogel system to regulate the morphology and differentiation
efficiency of cells by continuously adjusting stress relaxation
while maintaining stiffness.

pH-Responsive Tunable Degradation Rates of the
Hydrogels. To confirm the tunable degradation behavior of
the hydrogels depending on f TP, they were immersed in mildly
acidic phosphate buffer (pH 5.8). As shown in Figure 3a, the
degradation mechanism of the hydrogels involves the stepwise
hydrolysis of the inner core-block of the A end-blocks of the
triblock copolymer hydrogels, including (i) core-block
swelling, (ii) acidic hydrolysis, (iii) hydrophobic-to-hydrophilic
transition of the A end-block, and (iv) chain pullout to full
dissolution in solution. In particular, due to the presence of

Figure 1. 1H NMR spectra of (a) ethoxyethyl glycidyl ether (EE)
monomer, (b) tetrahydropyranyl glycidyl ether (TP) monomer, and
(c) a series of resulting triblock copolymers, P(EE-co-TP)x/y-b-PEO-b-
P(EE-co-TP)x/y, with varying fractions of each monomer in the end-
block (see Table 1 for details). All of the spectra were measured at 25
°C (400 MHz, CDCl3). See full assignments in the Supporting
Information.
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two exocyclic cleavable C−O bonds in the acyclic acetal
pendants in EE, rapid hydrolysis occurs first in these acyclic
acetal pendants, followed by slower hydrolysis of the cyclic
tetrahydropyranyl acetal pendants in TP.27,28 From the images
of the degraded hydrogels, it was obvious that the degradation
kinetics of the hydrogels under mildly acidic conditions could
be tuned by modulating the f TP of the A-block (Figure 3b).
While the structure of the hydrogels persisted in the initial
stage, T0 hydrogel degraded almost completely and exhibited a
liquid-like behavior after 8 days of incubation whereas T11
hydrogel still retained its gel-like behavior. This observation
indicates that even subtle modulation of the A-block (i.e., f TP
from 0 to 0.11) can effectively tailor the rate of hydrolysis and
the rheological properties of the hydrogel. Ex situ NMR
analysis was performed to further elucidate whether the
degradation of the hydrogel aligns with the hydrolysis of the
hydrophobic acetal pendant groups. The representative ex situ
NMR spectra of T27 shown in Figure 3c demonstrate that the
overall integration values of the acetal pendant groups with
reference to the polyether backbone clearly decreased over
time. Furthermore, the acyclic acetal pendants in the EE block
exhibited a rapid reduction compared to the cyclic pendants in
the TP block, which aligns with the proposed degradation
mechanism. In addition, the visual degradation behavior
according to f TP was well synchronized with the percentage
of hydrolyzed acetal pendants identified from the ex situ NMR
study (Figure 3d). This result further highlights that the
degradation kinetics of the hydrogel can be precisely tuned by
simply adjusting f TP in the A end-block.

Encouraged by the precisely programmable degradation of
the hydrogels, we carried out model drug loading and release
analyses to determine the drug release profile of the triblock
copolymer hydrogel system. Given that triblock copolymer
hydrogels possess a large hydrophobic core that is
interconnected by hydrophilic PEO spacers, the hydrophobic
pocket was exploited to load hydrophobic small molecules.
Specifically, a solvent-casting method was employed to
encapsulate the model drug Nile Red into the hydrogels.43,44

Afterward, the hydrogels were immersed in phosphate buffer at
pH 5.8 to induce their degradation and subsequent release of
the model drug, which was measured by monitoring the
photoluminescence of the supernatant for 15 days (Figure 4a).
It was observed that there was an initial induction period that
resisted wetting of the core block, thus retarding hydrolysis of
the acetal-based pendant groups, followed by a relatively
gradual increase in the release of the model drug in the order
of T0, T11, and T27, which is in accordance with their
degradation rates. It is of note that neither the T51 nor T79
hydrogel released a noticeable amount of the model drug due
to the considerably low degree of degradation during the time
of the test. In addition, the release of the model drug into the
buffer medium was readily visualized over time (Figure 4b).
Considering the highly hydrophobic nature of the model drug,
we postulate that the model drug is released as if it were
encapsulated within the triblock copolymer micelles in
aqueous buffer media. This hypothesis was further verified
by observing that the maximum emission wavelength of Nile
Red released from the hydrogel was significantly lower than

Figure 2. (a) Photographic images of the temperature responsive behavior of the hydrogels (7.5 wt % for T0−T79 and 5.0 wt % for T100) taken 30 s
after vial inversion. (b) Temperature-sweep analysis and (c) comparison of the viscoelastic modulus of the hydrogels at 4 and 37 °C. The arrows
represent the sol−gel transition temperature (10 rad/s, 1%). (d) A schematic illustration of the stress relaxation mechanism of hydrogels with
different acetal pendant groups. (e) Time- f TP superposition master curves of the dynamic moduli G′ (solid) and G″ (open) with T27 as a reference.
Horizontal and vertical shift factors, aF and bF were applied. The inset shows the loss factor (tan δ) values plotted as a function of the stress
frequency, depending on the f TP value of the A end-block. (f) Relaxation time of each hydrogel with varying f TP in the A end-block. The frequency
sweep analysis was conducted at 37 °C using 1% strain in the range of 0.1−100 rad.
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that in water (Figure S15). This might be the reason why
initial burst release was not observed despite all hydrogels
exhibiting a porous structure (Figure S16).

An additional release experiment with a real drug, paclitaxel
(PTX) was performed to confirm that the hydrolysis of side
pendants triggers the release of the drug inside (Figure S17).
There was no release of PTX in neutral conditions, while a

sustained release tendency was observed under mild acidic
conditions. Therefore, it is evident that acid-catalyzed
hydrolysis facilitates the release of PTX within the hydrogel.
In hydrogels, there exists an equilibrium between the elastic
force and swelling force by water inflow.45 As the hydrolysis of
the A-block resulted in a decrease in the relaxation time, the
elastic force of the hydrogel became lower and broke the

Figure 3. (a) Schematic illustration of the stepwise degradation mechanism of the prepared hydrogels upon hydrolysis. (b) Corresponding
photographic images of the hydrogels degraded after various incubation periods in phosphate buffer (pH 5.8) taken 20 s after vial inversion. (c) Ex
situ 1H NMR spectra of the T27 hydrogel. (d) Comparison of the hydrolysis of the acetal pendants in all of the hydrogels upon incubation in pH 5.8
buffer for various periods. PG, polyglycidol; EE, ethoxyethyl glycidyl ether; and TP, tetrahydropyranyl glycidyl ether.

Figure 4. (a) Release profiles of the model drug Nile Red from the T0−T79 hydrogels and (b) corresponding photographic images after incubation
in mild acidic buffer (pH 5.8) for various periods. Note that the Nile Red release from the T51 and T79 hydrogels is not clearly discernible. The
values are expressed as the mean and standard deviation (n = 3 for each set).
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equilibrium, ultimately resulting in the erosion of the polymers
and micelles on the hydrogel surface. Taken together, the
tunable degradation kinetics of the hydrogels clearly coincide
with their small molecule release profiles, which highlights the
significance of precisely programming the hydrogel-based
system simply via fine-tuning of the monomer ratio in the
end-block in this triblock copolymer system.

Anticancer Efficacy of the Hydrogel System in an In
Vivo Postoperative-Tumor Recurrence Mouse Model.
After the excellent biocompatibility of the hydrogel was
confirmed through transwell analyses and MTT (Figures S18
and S19), a suitable disease model was selected to assess the
critical role of degradation and release kinetics control. In this
context, the hydrogel was employed to inhibit tumor

recurrence following resection, which is frequently associated
with residual tumor tissue.46,47 The thermoresponsive property
of the hydrogel can be exploited to conform to an irregular
surface after surgery, while the mild acidic environment
resulting from surgical inflammation facilitates the gradual
degradation of the injected hydrogel.48,49 By leveraging these
attributes, we aimed to investigate the impact of the
degradation and drug release kinetics of the hydrogel on
therapeutic efficacy. Subsequently, we evaluated the therapeu-
tic effects of PTX-loaded hydrogels on inhibiting postsurgical
tumor recurrence using an MCF-7 xenograft mouse model.
Following the surgical resection of tumors, the T27 and T79
hydrogels with varying amounts of PTX were implanted and
postoperative-tumor recurrence and the anticancer efficacy of

Figure 5. (a) Schematic illustration of the design of the in vivo tumor-recurrence mouse model. (b) Ultrasonography images to monitor tumor
development and (c) a photographic image of the resected and collected tumors on day 25 (tumor disappearance and mouse mortality during the
experiment are noted in the image). (d) Tumor volume changes after treatment with PTX-loaded T27 or T79 hydrogel (PTXx designates the
amount (μg) of PTX loaded into 100 μL of hydrogel (*p < 0.05, **p < 0.01 from two-sided Student’s t-tests). (e) Final weight of the tumors and
(f) body weight changes under various treatment conditions. Note that all values are expressed as the mean and standard deviation (n = 4 for each
set).
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the hydrogels were closely monitored by measuring the tumor
volume and weight, and the body weight of the mice (Figure
5a). As shown in Figure 5b,d, the continuous progression of
tumor recurrence was clearly visualized via noninvasive
ultrasonography. After 25 days of monitoring, all of the mice
were sacrificed, and tumors therein were resected again.
Noticeably, the size and mass of the resected tumors were well
aligned with the results obtained via ultrasonography, which
demonstrates the effectiveness of the latter for in situ tumor-
volume monitoring (Figure 5b,c,e). While rapid tumor growth
was observed in the control group, marked tumor-recurrence
inhibition was observed in the groups treated with the
hydrogel samples. Interestingly, T27 + PTX100 (i.e., T27
hydrogel loaded with 100 μg of PTX) almost completely
suppressed postsurgical tumor recurrence whereas the effect of
T79 + PTX100 was marginal (Figure 5c,e). This can be
explained by the difference in the degradation and release
kinetics of the T27 and T79 hydrogels. As the degradation and
the subsequent release of PTX from the T27 hydrogel began
within 5 days, PTX inside the T27 hydrogel could be delivered
to the remaining tumor tissue within a reasonable time scale.
Meanwhile, since the release kinetics of the T79 hydrogel are
much slower than those of the T27 hydrogel, the prolonged
release time scale for the latter resulted in ineffective temporal
delivery of PTX to the target tissue. Furthermore, the body
weights of all of the mice were maintained, which highlighted
the excellent biocompatibility of the hydrogel (Figure 5f).

Anticancer Efficacy of the PTX-Loaded Hydrogel. To
further substantiate the postoperative anticancer effect of the

PTX-loaded hydrogels, we collected sections of tumor tissues
and stained them with hematoxylin and eosin (H&E) or Ki-67
(an immunofluorescence cell proliferation marker) (Figures 6a,
b, S20 and S21). While large tumor cells with uniform nuclear
distribution were observed in the control group, those from the
groups treated with T27 + PTX50 or T27 + PTX100 showed
disruption of their structures and nuclear shrinkage (Figure
S20). Furthermore, the highest population of TUNEL-positive
cells was observed in the group treated with T27 + PTX100.
This indicates that PTX released from the T27 hydrogel, as
suggested by the results from the degradation and release
assays, induced apoptotic cell death to suppress tumor
recurrence. To further verify the efficacy of the PTX-loaded
hydrogels on tumor cell recurrence, tumor tissues were stained
with Ki-67 and Ki-67-positive cells indicated that PTX released
from the hydrogel exerted highly potent anticancer activity that
inhibited tumor recurrence.

Since biocompatibility is a crucial factor for the applicability
of implantable materials, major organs were examined after
treatment with T27 + PTX100 and T79 + PTX100. Noticeably, no
specific abnormalities were observed in tissues excised from the
heart, lung, liver, spleen, or kidney (Figure 6c). Besides, the
biochemistry assay revealed that neither the T27 nor T79
hydrogel induced a noticeable effect on hepatic functionality,
as evidenced by moderate changes in the serum levels of
aspartate aminotransferase (ALT) and alanine aminotransfer-
ase (AST) remaining within the accepted normal ranges
(Figure S22). Thus, the excellent biocompatibility of the T27

Figure 6. Histological examination of mouse tissues after treatment with PTX-loaded hydrogels for 25 days. Representative images of excised tumor
tissue from mice treated with T27 + PTX100 or T79 + PTX100: (a) (left) H&E and (right) DAPI and TUNEL staining (blue: DAPI; green: TUNEL)
and (b) DAPI and Ki-67 immunofluorescence staining (blue: DAPI; green: Ki-67). (c) H&E-stained image sets of major organs from mice after
treatment with T27 + PTX100 or T79 + PTX100 hydrogel for 25 days. All scale bars: 50 μm. H&E: hematoxylin and eosin; TUNEL: terminal
deoxynucleotidyl transferase dUTP nick end-labeling.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c14838
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14838/suppl_file/ja3c14838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14838/suppl_file/ja3c14838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14838/suppl_file/ja3c14838_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14838/suppl_file/ja3c14838_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14838?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14838?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14838?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14838?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c14838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and T79 hydrogels demonstrates their potential in clinical
translation.

■ CONCLUSIONS
A thermo- and pH-responsive ABA-type triblock copolyether-
based hydrogel with highly tunable degradation and release
kinetics was demonstrated in this study. Anionic ring-opening
polymerization enabled the precise copolymerization of EE
and TP monomers comprising the A end-block by using PEO
as a macroinitiator. The series of prepared hydrogels showed
distinct differences in degradation and release kinetics with
respect to f TP, as confirmed via rheological and ex situ NMR
studies, as well as a model dye release analysis. After
confirming the biocompatibility of the polymer, the resulting
hydrogels were loaded with PTX, and their postoperative-
tumor recurrence inhibition efficiency was demonstrated.
Notably, the PTX-loaded T27 hydrogel showed higher efficacy
for the inhibition of tumor recurrence than did the T79
hydrogel with identical PTX loading. This result further
highlights the importance of matching the degradation and
release time scale of the drug delivery system to that of the
target disease. Hence, we anticipate that this approach to finely
tuning the degradation and release kinetics of hydrogels will
play a pivotal role in advancing the development of
sophisticated drug delivery systems, thereby offering significant
promise for their applicability in the fields of biology and
biomedicine.
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