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ABSTRACT

We developed an injectable and transient hydrogel with a programmable lifetime by introducing closed functional loops, specifically gelation and sol transition
pathways, within the system. Gelation occurs through the formation of coordination crosslinking between a phosphate ester and its affinity ligand, while enzymatic
degradation of the phosphate ester triggers the sol transition pathway. The transition from the gel to the sol state was driven by the dissipation of a transient
thermodynamic state under out-of-equilibrium conditions. The transient gel persisted because of the kinetic imbalance between fast gelation and the slow sol
transition pathway. By tuning the kinetic balance of these pathways, the lifetime of the transient hydrogel was programmed over a wide range—from within an hour
to three months. Additionally, the ability of the hydrogel to control the payload release induced by sol transition was validated. The unique properties of the present
system are expected to have applications in drug delivery systems tailored to patient needs and objectives, as well as in scaffold materials for tissue engineering.

1. Introduction

Hydrogels have been developed in the biomedical field for applica-
tions such as drug delivery, wound dressings, and scaffolds for tissue
engineering owing to their biocompatibility, softness, porous structure,
and excellent swelling properties [1,2]. Among them, injectable
hydrogels, typically formed through in situ chemical and/or physical
crosslinking, have attracted significant attention because they can be
locally administered to the target site by simple manipulation without
surgery, thereby overcoming side effects and poor drug distribution and
improving therapeutic intervention [3]. Tetra-branched polyethylene
glycols (tetra-PEGs) have a tetrahedral structure and thus form a uni-
form hydrogel by crosslinking at their termini [4]. Tetra-PEG gels with a
homogeneous network structure were developed using two tetra-PEG
with either activated carboxylate esters or amine groups as precursors
[5-7]. Non-covalently crosslinkages [8-13], such as avidin-biotin in-
teractions [8] and DNA hybridization [11], have also been employed in
fabricating tetra-PEG-based hydrogels. The gel-to-sol transition of
injectable gels is effective for enhancing payload release and/or facili-
tating cell proliferation and migration [14]. Thus, to control the sol

transition behavior of injectable gels, systems containing crosslinked
structures that degrade in response to various stimuli, such as enzymes,
pH, and/or temperature, have been widely studied [15]. In general, the
sol transition of these gels is controlled by changes in the thermody-
namic equilibrium state upon the addition of stimuli.

In contrast, many biological processes form kinetically regulated
closed functional loops rather than being in equilibrium. For example,
kinetically controlled phosphorylation/dephosphorylation by kinases/
phosphatases regulates several biological functions. Smooth muscle
contraction is regulated by the reversible phosphorylation of actin and
myosin filaments [16]. Phosphorylation of certain proteins promotes the
timely degradation of polyubiquitinated proteins via selective auto-
phagy [17]. Such a dynamic nature enables unique biological properties,
including a tunable lifetime and structural and functional complexities.
In this context, hydrogels that function under out-of-equilibrium con-
ditions as living systems have been developed [18]. J. Boekhoven et al.
reported the transient gelation of synthetic molecules by engineering a
chemically fueled reaction network involving the activation and deac-
tivation of building blocks [19,20]. Poly(N-isopropylacrylamide)-based
polymers/hydrogels functionalized with a catalyst for the
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Fig. 1. Conceptual illustration of this study. (A) As hydrogel precursors, tetra-
branched polyethylene glycols (tetra-PEGs) with either a phosphate ester (tetra-
PEG-SerPi) or an affinity ligand of phosphate ester (tetra-PEG-PE-ligand) were
prepared. Prior to mixing two precursors, alkaline phosphatase (ALP) was
encapsulated into the tetra-PEG-PE-ligand. (B) Crosslinked structure by coor-
dination between SerPi and PE-ligand is rapidly formed upon mixing two tetra-
PEG precursors as the forward pathway. (C) Obtained hydrogel persists tran-
siently. (D) The transient state is dissipated through slow enzymatic de-
crosslinking catalyzed by encapsulated ALP as an internal feedback pathway.
(E) At the end of the loop, the gel automatically turns into a solution state at
thermodynamic equilibrium.

Belousov-Zhabotinsky (BZ) reaction have demonstrated oscillatory
structural changes [21-23]. A hydrogel film consisting of thiol-
terminated tetra-PEG and crosslinkers facilitated electricity-powered
temporal modulation of hydrogel stiffness through the formation of
transient cross-links [24]. Functions under extreme or limited conditions
differ significantly from those under normal biological conditions, and
the use of biomolecules as fuel and/or catalysts for functions far from
equilibrium is of great interest for their application in biomaterials. For
example, supramolecular self-assembly fueled by ATP, peptide de-
rivatives, and DNA has been demonstrated in enzyme-catalyzed reaction
networks [25-30]. Hydrogels with affinity and digestive capacity for
biomacromolecules exhibit transient volume phase transitions [31,32].
H. Jo et al. reported a system comprised of Staphylococcus epidermidis
and telechelic block copolymers exhibited transient and macroscopic
phase transition fueled by p-glucose [33].

Inspired by kinetically controlled signal transduction through phos-
phorylation/dephosphorylation, we report an injectable and transient
gel system with an endogenous pathway for sol transition (Fig. 1). The
system comprises a closed functional loop. Mixing two tetra-PEGs with
either a phosphate ester (tetra-PEG-SerPi) or an affinity ligand of
phosphate ester; an alkoxide-bridged dinuclear zinc(II) complex, which
recognize phosphate monoester dianion in an aqueous solution at a
neutral pH [34-36]. (tetra-PEG-PE-ligand) forms a crosslinked structure
by coordination, which induces gelation. In parallel, encapsulated
alkaline phosphatase (ALP) catalyzes de-crosslinking as a dissipative
process. Because of the kinetic imbalance between these forward and
feedback pathways, the gel persists as a temporarily stable gel state
(transient gel), followed by an autonomous, programmable, and
external stimulus-free sol transition. By controlling the kinetic balance
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of the two pathways, the lifetime of the hydrogel can be programmed
over a wide range (from hours to months). Additionally, the capability of
the hydrogel to control payload release is demonstrated. Our study
provides a foundation for engineering injectable hydrogels with pro-
grammable functional lifetimes that operate far from equilibrium,
enabling their use as carriers for drugs, proteins, and/or cells in drug
release systems and/or tissue engineering.

1.1. Materials and instrumentation

Pentaerythritoltetra(succinimidylcarboxypentyl)polyoxyethylene
(tetra-PEG-NHS) (MW = 20 kDa) was purchased from the NOF COR-
PORATION (TY, Japan). O-Phospho-i-serine (SerPi), zinc chloride,
disodium p-nitrophenyl phosphate hexahydrate, and fluorescein
diphosphate tetraammonium salt (FDP) were purchased from FUJIFILM
Wako Pure Chemical Corporation (OS, Japan). The amino-pendant
Phos-tag™ ligand was purchased from the Nard Institute Ltd. (HG,
Japan). Alkaline phosphatase (ALP) (from bovine intestinal mucosa)
were purchased from Sigma-Aldrich Co. (MO, USA). Dulbecco's modi-
fied eagle medium (DMEM) (high glucose and phosphate free) and a
LIVE/DEAD™ viability/cytotoxicity kit for mammalian cells were pur-
chased from Thermo Fisher Scientific (MA, USA). The human breast
cancer cell line (MDA-MB-231) was obtained from KAC Co. Ltd. (KY,
Japan). Ultra violet-visible (UV-Vis) absorption spectra were measured
using a NanoDropTM 2000c (Thermo Fisher Scientific, MA, USA) or
UV-Visible spectrophotometer (V-670; JASCO, TY, Japan) for polymer
characterization or enzymatic assays. Lyophilization of the polymer
samples was performed using an FDU-2200 lyophilizer (EYELA, TY,
Japan). 'H nuclear magnetic resonance (*H NMR) spectrum of the ob-
tained polymers were acquired using a 400-MHz NMR spectrometer
(JEOL, TY, Japan). The rheologies of the hydrogel formulations were
determined using a modular compact rheometer (MCR302; Anton Paar,
0S, Japan). A UV lamp (AS ONE, Osaka, Japan) was used to visualize the
enzymatic reactions during the sol transition. Fluorescence spectra were
recorded using an FP-8500 spectrofluorometer (JASCO, TY, Japan).
Confocal images were obtained using Cell Voyager CQ1 (Yokogawa
Electric Corporation, TY, Japan).

2. Experiments
2.1. Synthesis of Tetra-PEG-SerPi

Briefly, 44 mg of SerPi (240 pmol, 48.0 eq.) was dissolved in 4 mL of
a 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
(500 mM, pH 7.4), followed by the addition of 100 mg of tetra-PEG-NHS
(5.0 pmol, 1.0 eq.). The solution was incubated at 37 °C for 24 h in a
rotary shaker. Subsequently, the solution was dialyzed against water for
two days using a dialysis membrane with a cut-off of 3.5 kDa. Finally,
purified tetra-PEG-SerPi was obtained by lyophilization for three days.
The amount of SerPi in tetra-PEG was determined by 'H NMR spec-
trometry at 400 MHz (5 g L 'in D,0) (JEOL, TY, Japan).

2.2. Synthesis of Tetra-PEG-PE-ligand

5.5 pL triethylamine (TEA) (40 pmol, 8.0 eq.) and 22 mg of Phos-tag
(40 pmol, 8.0 eq.) were dissolved in 4.0 mL of tetrahydrofuran (THF),
followed by the addition of 100 mg of tetra-PEG-NHS (5.0 pmol, 1.0 eq.).
The solution was incubated at 37 °C for 24 h in a rotary shaker. Sub-
sequently, the solution was diluted five-fold using water and dialyzed
against 5 mM ZnClyaq for one day and water for one day using a dialysis
membrane with a cut-off of 3.5 kDa. Finally, the purified tetra-PEG-PE-
ligand was obtained by lyophilization for three days. The amount of the
PE-ligand in tetra-PEG and coordination of zinc ions to the PE-ligand
were determined using 'H NMR spectrometry at 400 MHz (5 g L™! in
D20). The introduction of the PE-ligand was also confirmed by UV ab-
sorption at 260 nm.
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Fig. 2. (A) Synthesis scheme of tetra-PEG-SerPi and tetra-PEG-PE-ligand. (B) Gelation upon mixing tetra-PEG-SerPi and tetra-PEG-PE-ligand. (C) Chemical structure
of coordination crosslinking. Lack of gelation upon mixing (D) tetra-PEG-SerPi and tetra-PEG-PE-ligand without zinc ions / (E) tetra-PEG-Ser without phosphate
esters and tetra-PEG-PE-ligand. (F) Time courses of G' and G" during gelation after mixing the two gel precursors. (G) G' and G" of the hydrogel in frequency sweep
measurements. (H) G' and G" of the hydrogel under various polymer concentrations. The weight ratio of polymers was fixed at 1: 1 (f = 5 Hz). (I) Dependence of G'
and G" on the stoichiometric ratio of two polymers (f = 5 Hz). (B), (D)-(G) and (I) Total polymer concentration was fixed at 30 g LY. (F)-(D) G' and G" are shown as
closed green and open light green, respectively, with the shaded area or error bars representing SD (n = 3). Some errors are small and not visible. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3. Preparation of injectable hydrogel reaction during sol transition was visualized using a hydrogel encap-
sulating both ALP (0.1 unit) and FDP (250 pM). The hydrogel was kept at
25 °C, in a dark room, and observed over time under 365-nm UV light.
The fluorescence intensity of the FDP at each timepoint was quantified
via fluorescence measurements. The excitation and emission wave-
lengths were 490 and 521 nm, respectively.

Each precursor was dissolved in the HEPES buffer (100 mM, pH 7.4)
at the same concentration. The discrimination between the gel and sol
states was determined by whether the surface of the solution or hydrogel
was parallel to the bottom of the screw tube when the screw tube was
tilted at respective time. For cell culture, the hydrogels were prepared in
the same manner, except for the use of DMEM (without phosphates, with
50 mM HEPES) supplemented with 10% fetal bovine serum (FBS) and
1% antibiotics as solvents.

2.5. Rheology measurement

The rheology of the hydrogel was investigated by oscillatory time-
sweep measurements at a strain of 0.5% and a constant frequency of

2.4. Preparation of injectable and transient hydrogel

First, 1 pL of an ALP solution (0.001 to 10 unit) was added to 100 pL
of a tetra-PEG-PE-ligand precursor solution. This solution was mixed
with 100 pL of a tetra-PEG-SerPi precursor solution. The enzymatic

5 Hz using a rheometer with a 25-mm parallel plate. After mixing the
precursors, 600 pL of hydrogel was immediately placed in the rheom-
eter, and its storage modulus (G') and loss modulus (G") were recorded at
10-s intervals. In frequency sweep measurements, G' and G" were
recorded as functions of shear frequency in the range 0.1-100 Hz at a



R. Sekiya et al.

(A) .
Tetra-PEG-SerPi
fL Tetra-PEG-PE-ligand

ALP

7z,
g

Journal of Controlled Release 394 (2026) 114867

Time (h)

Time (h)
(B) 3 18
0 y
Q) /
o 4 4
o [*] y
uo’i;o ‘ o O 0’2;
No fluorescence Fluorescence \
1500 1000
(D) ™ e, (E) (F)
H Time (h)
T 1000 E 100 | ~ 0 1 3 6 9 15 24
e = -
i, I § Q 30
ol L 2wl 560  Gel Sol
" L 3 90
5| I AT IS Z
0 1 2 3 6 0 1 3 18
Time (h) Time (h)
Time
(G) Ohr 1hr 3hrs 6hrs 9hrs 15hrs 24hrs::- 1mth 2mths 3 mths
10
1
= 0.1 Sol
5 o0.06
o 0.0
< 0.006 Gel
0.001 |
0

Fig. 3. (A) Photographs of transient gel and its sol transition. (B) Chemical structure of phosphatase-responsive fluorophore: FDP. (C) Photographs of transient gel
and its sol transition in the presence of FDP in gel. (D) G' and G" of transient gel on the sol transition. G' and G" are shown as closed green and open light green
squares, respectively (n = 3). (E) Fluorescence intensity of FDP within transient hydrogel (n = 3). Programing the lifetime of the transient gels by tuning (F) polymer
concentration and (G) ALP concentration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fixed strain of 0.5%. A 600 pL aliquot of the hydrogel was loaded onto
the rheometer 20 min after mixing. All measurements were carried out
at 37 °C; moistened cotton was deposited around the sample to prevent
evaporation.

2.6. Programmed release of payload

100 pL of a tetra-PEG-SerPi precursor solution (30 g L™ containing
ALP (0.1 or 1 unit) and 100 pM FDP was mixed with 100 pL of the tetra-
PEG-PE-ligand precursor solution (30 g L) in a micro tube to prepare a
hydrogel with 50 pM FDP. 800 pL of the HEPES buffer (100 mM, pH 7.4)
was added on top of the gel, and the tube was maintained at 37 °C. The
release of payload was quantified based on the fluorescence intensity of
the supernatant. The excitation and emission wavelengths were 490 and
521 nm, respectively. Prior to the measurement, 1 pL of ALP (10 gL ™)
was added to 10 pL of the collected supernatant and kept at 37 °C for 3h

to eliminate phosphate ester completely. For the programmed release of
a phosphate ester-tagged protein, 0.5 pM enhanced green fluorescein
protein with phosphate ester tag (EGFP-Pi) was encapsulated in a gel,
and its release was quantified based on the fluorescence intensity of the
supernatant. The excitation and emission wavelengths were 488 and
509 nm, respectively.

2.7. Biocompatibility

To investigate the biocompatibility of this material, the survival of
cells with the hydrogel was assessed using a live-dead assay. In brief,
100 pL of the hydrogel was prepared on MDA-MB-231 cells (5.0 x 10°
cells/well) in a DMEM buffer (without phosphates, with 50 mM HEPES)
supplemented with 10% FBS and 1% antibiotics in 96 well plates. The
cells were incubated for 24 h at 37 °C and 5% COs. For the live-dead
assay, solution A was prepared by adding 1 pL of calcein-
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acetoxymethylester (calcein-AM) and 4 pL of ethdium homodeimer-1 to
200 pL of Dulbecco's phosphate-buffered saline (D-PBS). Solution A was
added at 10 pL/well on each hydrogel and incubated for 1 h at 37 °C, 5%
CO». Subsequently, we observed the cells using confocal scanning laser
microscopy.

3. Results and discussion
3.1. Gelation by coordination crosslinking between precursors

Two four-arm poly-ethylene glycol (tetra-PEG) derivatives, func-
tionalized with either phosphorylated amino acids (SerPi) or affinity
ligands of phosphate esters (PE-ligand) at their termini, were prepared
as gel precursors (Fig. 2A). The degrees of introduction of SerPi and the
PE-ligand were determined to be 87% and 91%, respectively, via 'H
NMR (Fig. S1). The coordination of zinc ions to the PE-ligand were also
confirmed via 'H NMR. UV absorption from the PE-ligand group quan-
tified the degree of introduction as 106% (Fig. S2). Two precursor so-
lutions were prepared by dissolving tetra-PEG-SerPi (30 g L™1) or tetra-
PEG-PE-ligand (30 g L’l) in the HEPES buffer (100 mM, pH 7.4). A
transparent hydrogel was immediately obtained by mixing equal vol-
umes of the two gel precursors (total volume: 200 pL) (Fig. 2B), which
suggest the formation of coordination crosslinkages (Fig. 2C). In
contrast, no gelation was observed when a tetra-PEG-PE-ligand without
zinc ions or a tetra-PEG-Ser without phosphate esters was used as a
precursor (Fig. 2D and E). These results indicate that coordination
crosslinking between the PE-ligand and SerPi is the driving force for
gelation.

Rheological measurements showed that gelation proceeded within a
few tens of seconds (Fig. 2F). The storage modulus (G') was higher than
the loss modulus (G") in the high-frequency region with a crossover
frequency observed around 2 Hz (Fig. 2G). Such frequency-dependent
viscoelastic behavior, characterized by the presence of a crossover be-
tween G' and G', is a typical feature of physically crosslinked hydrogels
with reversible crosslinking, in contrast to chemically crosslinked
hydrogels, which generally exhibit frequency-independent moduli.

O
A A

Initial state
= sol

© a4

Dissipation process

(B)ﬁ 0\

Transient state
= gel

AG

©.4 4
44
Equilibrium state
=sol

Free energy

Fig. 4. Qualitative energy landscape of the transient hydrogel system. (A)
Mixing two tetra-PEG precursors in the presence of ALP leads to (B) a transient
state, in which the polymers form a hydrogel network via rapid coordination
crosslinking. (C) This kinetically trapped state is gradually dissipated through
slow enzymatic dephosphorylation, which facilitates the sol transition. (D)
Ultimately, the gel autonomously transitions into the solution state at ther-
modynamic equilibrium.
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These results indicate the presence of non-covalent and reversible
crosslinkages within the hydrogel network [37,38]. The obtained
hydrogel was also characterized by scanning electron microscopy
(SEM), revealing a morphology similar to that reported earlier (Fig. S3)
[39,40].

Hydrogels were formed when the polymer concentration exceeded
30 gL ! and G' increased from 1.3 kPa to 5.7 kPa with an increase in the
polymer concentration from 30 g L™ to 60 g L™}, indicating the for-
mation of a denser hydrogel network (Figs. 2H and S4). The
concentration-dependent increase in G’ supports the formation of a more
robust hydrogel network. As the concentration increases, the sol-gel
equilibrium shifts toward gel formation, resulting in a greater contri-
bution of G' relative to G". In contrast, both G' and G" changed slightly
upon further increasing the polymer concentration from 60 gL~} to 90 g
L7}, indicating that the network was already fully developed. When the
polymer concentration was lower than 15 g L™}, the weaker network led
to a marked decrease in modulus, indicating a viscous liquid rather than
a hydrogel. The effect of the stoichiometric ratio of the two precursors
on the mechanical properties was further investigated (Fig. 2I). The
hydrogel showed the highest G' when at a stoichiometric ratio of 1:1,
which indicates that a homogeneous network without defects provides
the stiffness of a gel. We also observed that G' was higher than G" within
the range of 10 to 40 °C by temperature sweep measurements (Fig. S5).
In summary, two tetra-PEGs functionalized with either SerPi or PE-
ligand formed a tetra-PEG gel with measurable rheological properties
via phosphate ester-mediated coordination crosslinking.

3.2. Transient hydrogel with programmable lifetime

An injectable gel system with a closed functional loop, consisting of
two pathways: a rapid gelation via coordination crosslinking and a
slower sol transition facilitated by enzymatic dephosphorylation, is ex-
pected to exhibit transient gelation with a finite lifetime. Before vali-
dating this hypothesis, we first confirmed that ALP catalyzes
dephosphorylation of tetra-PEG-SerPi (Supporting Information 5 and 6),
indicating that ALP can function as a de-crosslinking pathway in the
system. Based on these results, we developed a transient gel system by
encapsulating ALP in a tetra-PEG-PE-ligand precursor prior to mixing.
Rapid gelation was observed upon mixing the two precursors within
several tens of seconds. This gel state persisted for approximately 1 h,
after which it autonomously transitioned into a solution state within 3 h
(Fig. 3A). Furthermore, to visualize the dephosphorylation process, FDP,
a fluorogenic substrate that releases fluorescein upon dephosphoryla-
tion catalyzed by ALP, was encapsulated within the transient gel system.
As a result, fluorescence growth was observed to coincide with the
autonomous sol transition, indicating that the ALP-catalyzed de-cross-
linking pathway facilitates the sol transition (Fig. 3B and C). Rheological
measurements over time showed a decrease in modulus and loss of
hydrogel properties (Figs. 3D and S11). In addition, the time scale of
fluorescence growth derived from enzymatic hydrolysis of FDP during
the sol transition of the FDP-loaded system was clearly slower than the
gelation process (Fig. 3E). Thus, this transient gelation was achieved
through a kinetic imbalance between the fast gelation pathway and the
slow sol transition pathway under given condition. This interpretation is
also supported by the kinetic analysis of in-gel enzymatic dephosphor-
ylation (Supporting Information 7 and 8). We first confirmed that the
addition of the same amount of ALPs to the pre-formed gel required a
longer time for the sol transition (Fig. S8). In addition, comparable
enzymatic reaction kinetics of in-gel ALP and free ALP were observed
(Fig. S9 and S10). These results indicate that ALP could be distributed
and act homogeneously in the transient gel system. Accordingly, tuning
the kinetic balance between these two pathways would enable control
over the lifetime of the gel.

Thus, we investigated the changes in the hydrogel lifetime with
variations in the concentrations of polymers/ALPs (Fig. 3F and G). At a
fixed ALP concentration (0.1 unit), the hydrogel lifetime increased with
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increasing polymer concentration (Fig. 3F). Higher polymer concen-
trations result in a denser hydrogel network. Such network densification
suppresses network collapse and the subsequent sol transition, as a
higher degree of de-crosslinking is required to disrupt the hydrogel
network. As a result, increasing the polymer concentration prolongs the
lifetime of the hydrogel.

Subsequently, we investigated the changes in the hydrogel lifetime
with variations in the concentrations of encapsulated ALPs at a fixed
polymer concentration (30 g L ™). The results showed that the hydrogel
lifetime decreased with increasing ALP concentration (Fig. 3G). It is
considered that a higher concentration of encapsulated enzymes pro-
motes dephosphorylation and accelerates the sol transition. The rela-
tionship between ALP concentration and hydrogel lifetime exhibited an
exponential trend (Fig. S12). We also observed the gradual decay of ALP
activity over time (Fig. S13). These observations suggest that the time-
dependent decay of enzymatic activity also contributes to the lifetime
of the transient hydrogel in addition to the enzymatic hydrolysis ki-
netics, particularly in systems exhibiting longer lifetimes.

In summary, by tuning the kinetic balance between the gelation and
sol transition pathways, the lifetime of the transient hydrogel can be
programmed over a broad timescale, ranging from an hour to three
months. In terms of the energy landscape, mixing two polymers results
in a transient thermodynamic state, in which the two polymers form
hydrogel networks via coordination crosslinking at the termini of the
precursors (Fig. 4). This state is dissipated through enzymatic dephos-
phorylation, which proceeds via de-crosslinking and yields a sol tran-
sition. The transient gel state persisted as a kinetically trapped state,
facilitated by fast crosslinking and slow de-crosslinking pathways.

3.3. Programmed release of phosphate ester tagged payload

We performed model drug loading and release experiments using
FDP (Fig. 3B) as the model payload (Fig. 5A). First, FDP was encapsu-
lated in a hydrogel without ALPs. Then, the HEPES buffer (100 mM, pH
7.4) was added to the top of the hydrogel, and the release of payload into

the supernatant was quantified via fluorescence spectroscopy. More
than 80% of the loaded FDPs were retained in the hydrogel after three
days (Fig. 5B). In contrast, when fluorescein without phosphate esters
was used as a control, significant leakage from the hydrogel was
observed within one day. These results indicate that compounds con-
taining phosphate esters could be sufficiently incorporated into the
hydrogel network. We then investigated whether transient hydrogels
encapsulating ALPs could facilitate the release of FDPs via an autono-
mous sol transition. The release of FDPs was significantly accelerated by
encapsulating ALPs within the hydrogel, indicating that ALP-catalyzed
dephosphorylation eliminated the phosphate ester from FDP and
allowed fluorophores to escape from the networks, accompanied by
network degradation (Fig. 5B). The payload release rate tended to in-
crease with increasing concentrations of ALPs encapsulated in the
hydrogel, indicating the capability of the system for programmable and
sustained payload release (Fig. 5C). We further demonstrated the pro-
grammed protein release using EGFP with E4pY tag at C-terminus
(EGFP-Pi) as a model (Fig. 5A and Supporting information 12). When
EGFP-Pi was encapsulated in the hydrogel without ALPs, almost all
loaded proteins were retained in the hydrogel, while EGFP without tag
leaked completely (Fig. 5D); the leakage of EGFP-Pi and EGFP were 1.2
+ 0.1% and 116 + 9%, respectively after six days. The release of EGFP-
Pi was accelerated by encapsulating ALPs within the hydrogel; 25 +
8.1% of EGFPs was released after six days. The results demonstrate the
universal ability of the hydrogel to perform programmable retention and
release of payloads with a phosphate ester. This offers the possibility of
loading various phosphorylated compounds, such as drugs, proteins,
and cells, into hydrogels via phosphate ester tagging. It should be
mentioned that numerous phosphate-esterified prodrugs have been re-
ported [41].

3.4. Biocompatibility

Finally, the biocompatibility of the hydrogel was investigated using
MDA-MB-231 cells. Prior to the cell experiments, hydrogel formation
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Fig. 6. Representative image of a live/dead stain (A) with and (B) without the
hydrogel on cells. The polymer concentration was 120 g L. (C) Cell number
after 24 h incubation normalized by cells without the hydrogel. Cell population
of live and dead cells are shown as green and red (n = 3). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

was examined using cell culture media. Hydrogel formation was
confirmed in the cell culture media when the polymer concentration was
higher than 90 g L™! (Supporting Information 13). The hydrogel was
then formed on the cells and incubated for 24 h. Cell viability was
assessed by live/dead staining using calcein-acetoxymethylester (cal-
cein-AM) and ethdium homodeimer-1 (Fig. 6A and B). The results of the
live-dead assay showed high cell viability after treatment, indicating the
biocompatibility of the hydrogel (Fig. 6C).

4. Conclusion

In this study, we developed a transient and injectable hydrogel with a
programmable lifetime by introducing closed functional loops, specif-
ically gelation and sol transition pathways, within the system. The gel
emerged in a transient thermodynamic state, which was dissipated by
the encapsulated enzymes under out-of-equilibrium conditions. The
transient gel state persisted because of the kinetic imbalance between
the fast gelation and slow sol transition pathways. By tuning the kinetic
balance of these pathways, the lifetime of the transient hydrogel was
programmed in across a broad timescale, from within an hour to three
months. The capability of the hydrogel to program payload release
induced by sol transition was also validated by using phosphate ester-
tagged small molecules and proteins as models. The unique properties
of the present system are expected to have applications in drug delivery
systems tailored to patient needs and objectives, as well as in scaffold
materials for tissue engineering. The obtained results provide a foun-
dation for engineering hydrogels that can dynamically regulate biolog-
ical processes, and offers a strategy for the development of materials
with autonomous, adaptive, and programmable functions that are far
from equilibrium.
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