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ABSTRACT: Supramolecular polymeric gels cross-linked by well-defined, discrete
metal−organic macrocycles (MOMs) or metal−organic cages have become a prevailing
topic within the field of supramolecular self-assembly. However, the realization of
supramolecular polymeric hydrogels cross-linked by discrete organometallic architec-
tures with good biocompatibility is still a great challenge. Herein, we present the
successful preparation of CO2 stimuli-responsive, injectable block copolymer hydrogels
cross-linked by discrete organoplatinum(II) metallacycles. Through the combination of
coordination-driven self-assembly and stepwise post-assembly polymerization, star block
copolymers (SBCPs) containing well-defined hexagonal metallacycles as cores were
successfully prepared, which featured CO2 stimuli-responsive properties including CO2-
triggered morphology transition and CO2-induced thermoresponsive behavior.
Interestingly, the resultant SBCPs were capable of forming supramolecular hydrogels
with MOMs as junctions near physiological temperature, which allowed the realization
of a reversible gel-to-sol transformation through the removal and addition of CO2. More importantly, the resultant
supramolecular hydrogels presented good cytocompatibility in vitro. Therefore, this study provides a new strategy for the
construction of new “smart” supramolecular hydrogels with promising applications as biological materials.

■ INTRODUCTION

Supramolecular gels, as a family of classical soft matter, have
evolved to be one of the most attractive topics within
supramolecular chemistry and materials science due to their
wide applications in tissue engineering, drug and protein
delivery, actuators and sensors, etc.1 Very recently, supra-
molecular polymeric gels cross-linked by well-defined, discrete
metal−organic macrocycles (MOMs)2 or metal−organic cages
(MOCs)3 have received much attention. The combination of
relatively rigid, discrete metal−organic scaffolds with elastic
polymer networks allows for the construction of a new class of
hybrid soft materials with tunable viscoelastic properties as well
as multiple functions arising originally from metallosupramo-
lecular architectures. For example, in 2013, Stang and co-
workers constructed a new family of supramolecular polymers
containing well-defined rhomboidal or hexagonal MOMs via
hierarchical coordination-driven self-assembly and hydrogen-
bonding interfaces, some of which were capable of forming gel-
like soft matter through the addition of dichloromethane.2a

Subsequently, we reported cross-linked polymer organogels
with multiple stimuli-responsive behaviors from discrete

multipillar[5]arene MOMs driven by hierarchical self-assem-
bly.2b In 2015, Johnson and co-workers prepared a new highly
branched and loop-rich gel in DMSO through formation of
MOCs linked by polymers.3a Very recently, the same group
successfully realized thermally responsive supramolecular
copolymer organogels cross- linked by MxLy-type MOCs in
2-ethylhexanol as the solvent.3b

However, although great achievements have been made in
this field, most known supramolecular polymeric gels cross-
linked by discrete organometallic architectures2,3 are generated
in organic solvents. In general, good biological materials feature
the characteristics of facile preparation, tissue adhesion,
excellent biocompatibility, robust mechanical properties, and
bioactivity. However, the majority of supramolecular coordina-
tion complexes display poor solubility in water and sometimes
suffer from being potentially cytotoxic, thus limiting their
applications as real biomaterials. With the goal of applying these
supramolecular gels as biomaterials and further making them
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adaptive to physiological environments, the design and
construction of new supramolecular polymeric hydrogels
cross-linked by well-defined, discrete MOMs or MOCs,
especially those with stimuli-responsiveness as well as good
biocompatibility, are indeed desired. In 2015, Johnson and co-
workers reported a new family of supramolecular hydrogels
cross-linked by M4L4 square junctions through self-assembly of
PEG decorated ligands with Fe2+ or Ni2+, which was
successfully employed to realize the photoinduced drug
release.3c In the same year, Nitschke and co-workers reported
a new family of polymer hydrogels that were cross-linked
through their own subcomponent self-assembled MOCs.3d

They revealed that benzene and furan could be encapsulated
and released from the cages in these soft materials. Very
recently, we demonstrated that the combination of a
thermoresponsive polymer with discrete, well-defined MOMs
through post-assembly polymerization allowed the generation
of supramolecular polymeric hydrogels with self-healing
properties.2c

It should be noted that the post-assembly modification4

strategy provides an opportunity to fine-tune the structures and
properties of supramolecular architectures, thus leading to
construction of higher order complexity with additional
functionality after the initial self-assembly. Considering that
the relatively rigid MOMs or MOCs often offer very well-
defined scaffolds for the precise positioning of functional
groups and good control over the exact number of functional
moieties per assembly, we envisioned that stepwise post-
assembly polymerization might allow for the preparation of new
polymeric hydrogels cross-linked by well-defined, discrete
MOMs or MOCs with potential as biomaterials, which has
been rarely explored in this field.
Herein, we present the successful combination of coordina-

tion-driven self-assembly5,6 and stepwise post-assembly polymer-
ization to prepare a new family of star block copolymers
(SBCPs) containing well-defined MOMs as cores. The
obtained star block copolymers featured carbon dioxide
(CO2) stimuli-responsive behavior including CO2-triggered
morphology transition, CO2-induced thermoresponsive behav-
ior, and even CO2-promoted hydrogel formation. For instance,
a new family of supramolecular polymeric hydrogels with
MOMs as junctions were easily obtained upon heating an
aqueous SBCP solution after it was treated with CO2 to 34 °C
at a concentration as low as 2.5 wt %. Consequently, upon

bubbling N2 into the obtained hydrogels, a reverse gel-to-sol
transition was also realized. It should be noted that as a benign,
abundant, and nontoxic trigger, CO2 has been extensively
explored to prepare stimuli-responsive functional materials in
recent years.7 For instance, CO2-responsive polymers have
found potential applications in diverse fields such as CO2
capture and monitoring, separation, encapsulation, and CO2-
switchable vesicles.8 In particular, since CO2 is a key metabolite
in cells, with good biocompatibility and biomembrane
permeability,9 it has proven to be an excellent stimulus to
trigger physiological environment changes. However, compared
to numerous examples of hydrogels responsive to other stimuli
such as temperature, pH, and light, CO2 stimuli-responsive
hydrogels have been relatively less explored.10 To the best of
our knowledge, this study presents the first example of CO2-
switchable, injectable, block copolymer hydrogel cross-linked
by well-defined, discrete MOMs, which also feature good
cytocompatibility.

■ RESULTS AND DISCUSSION

Construction of SBCPs Containing Hexagonal MOMs
via Stepwise Post-Assembly Polymerization. With the
aim of preparing functionalized SBCPs containing well-defined,
discrete MOMs as cores, N-isopropylacrylamide (NIPAAM)
was selected as a thermoresponsive monomer since poly(N-
isopropylacrylamide) (PNIPAAM) features typical LCST
(lower critical solution temperature) behavior near human
body temperature.11 Moreover, in this study, N,N-dimethyla-
minoethyl methacrylate (DMAEMA) was explored as another
block due to the CO2-responsiveness and low cytotoxity of
poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA).12

Based on the general principles of coordination-driven self-
assembly,5 combining three 120° donor building blocks with
three 120° acceptor linkers can result in the formation of a
discrete hexagonal metallacycle.13 Thus, as shown in Scheme 1,
120° dipyridyl building block 1 substituted with trithioester, a
typical chain-transfer agent (CTA) for reversible addition−
fragmentation chain-transfer (RAFT) polymerization,14 was
designed and synthesized. Then, coordination-driven self-
assembly of 1 with 120° di-Pt(II) acceptor 2 in acetone-d6
provided a discrete hexagonal metallacycle 3 decorated with
three CTA moieties at alternating vertexes. The structure of
tris-CTA hexagon 3 was well characterized through both

Scheme 1. Graphical Representation of the Construction of Organoplatinum(II) Metallacycle and Star Supramolecular Block
Copolymers
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multinuclear NMR (1H and 31P) and ESI-TOF-MS spectrom-
etry (Figure S38).2c With the tris-CTA hexagonal metallacycle
3 in hand, the subsequent stepwise post-assembly polymer-
ization was performed to prepare star block copolymers
possessing well-defined, discrete MOMs as the main scaffold
(Scheme 1). The intermediate star supramolecular polymer 4
was prepared by polymerizing DMAEMA in the presence of the
corresponding tris-CTA metallacycle 3 and azodiisobutyroni-
trile (AIBN) as an initiator with a molar ratio of [DMAEMA]/
[tris-CTA metallacycle]/[AIBN] = 600:1:0.5 in acetone. The
tube was sealed under vacuum after the mixture was degassed
by three freeze−evacuate−thaw circles, and the subsequent
polymerization was performed at 60 °C for 20 h. Polymer 4 was
isolated by precipitation in cold n-hexane and then dried under
vacuum at room temperature overnight to afford a yellow
powder. Subsequently, the targeted SBCP 5 was finally
obtained from the intermediate star polymer 4 by polymerizing
NIPAAM through a similar procedure.
The structures of both the intermediate star polymer 4 and

SBCP 5 were well characterized by using FTIR, multinuclear
(1H and 31P) NMR spectroscopy, and gel permeation
chromatography (GPC), which provided strong support for
the formation of star-shaped supramolecular block copolymers
containing a well-defined hexagon as their core. For instance,
the FTIR spectrum of SBCP 5 displayed the typical absorption
bands of PDMAEMA (νC=O = 1721 cm−1 and νC−N = 1146
cm−1) as well as PNIPAAM (νC=O = 1639 cm−1 and νC−C =
2971 cm−1), which is consistent with the formation of
poly(DMAEMA-co-NIPAAM) species (Figure S33). In addi-
tion, in the 1H NMR spectrum (Figure S1) of SBCP 5, the
characteristic signals of PDMAEMA, such as δ = 2.53 ppm and
δ = 4.07 ppm attributed to methyl protons (end-up group) and
methylene protons, respectively, were clearly observed. More-
over, signals at δ = 4.0 ppm and δ = 1.1 ppm attributed to the
methine protons and methyl protons of isopropyl groups in
PNIPAAM, respectively, as well as the signal at δ = 6.80−7.45
ppm ascribed to the NH of amide groups, etc., were found.
Together, the listed characterization agreed well with the
generation of a star-shaped block copolymer. It should be noted
that compared to the parent tris-CTA metallacycle 3, the
signals corresponding to pyridyl moieties in the 1H NMR
spectra of both the intermediate star polymer 4 and the star
block copolymer 5 remained almost unchanged (Figure S1).
Similarly, the 31P {1H} NMR spectra of polymers 4 and 5
(Figure S1) exhibited a singlet at 14.43 or 14.41 ppm,
respectively, which was almost the same as that of the original
tris-CTA metallacycle (14.50 ppm). These findings indicated
that the controlled stepwise post-assembly RAFT polymer-

ization allowed for the formation of a new star-shaped block
copolymer with the well-defined metallacycle as the core.
Furthermore, the molecular weights of polymers 4 and 5

were determined to be Mn,GPC = 42.1 kDa and Mn,GPC = 76.3
kDa, respectively, with a relatively narrow molecular distribu-
tion (for polymer 4, PDI = 1.23; for polymer 5, PDI = 1.30),
based on GPC analysis (Figure S2). In addition, the degree of
polymerization of PDMAEMA or PNIPAAM in each arm was
determined to be 105 and 123, respectively, through NMR
characterization, which was thus denoted as MOM-(PDMAE-
MA105-b-PNIPAAM123)3. To obtain further structural informa-
tion, dynamic light scattering (DLS) and transmission electron
microscopy (TEM) were employed to investigate the
morphology of SBCP 5 in aqueous solution. As displayed in
Figure 1a, for the aqueous solution of SBCP 5 with a
concentration of 1.0 mg/mL, the average hydrodynamic
diameter (Dh) was determined to be approximately 9.8 nm
through investigation by DLS. In addition, TEM study of SBCP
5 revealed spherical micelles with an average diameter of ∼10
nm (Figure 1b and Figure S6), which was close to the
hydrodynamic diameter determined by DLS. Notably, with the
increase in concentration of SBCP 5 from 1.0 mg/mL to 10.0
mg/mL, the resultant size determined by DLS was almost the
same (Figure S9), which indicated that SBCP 5 was stabilized
individually as unimolecular micelles. It is reported that in some
cases of core−shell-type polymers, a sufficiently high molecular
weight as well as a high number of linear arms allow for the
formation of unimolecular micelles, thus stabilizing the
individual polymer without any further self-assembly.15 In this
study, the relatively hydrophobic metallacycle was probably
wrapped by three self-folded block copolymer arms, thus
leading to the generation of unimolecular micelles in aqueous
solution.

CO2 Stimuli-Responsive Behavior of Star Block
Copolymer 5. PDMAEMA has been explored as a weak
polybase to react with CO2 to construct CO2-responsive
materials.12 The presence of PDMAEMA thus prompted us to
investigate the CO2-responsive behavior of SBCP 5 by using
DLS and TEM. Very interestingly, upon passing CO2 through
the aqueous solution of SBCP 5 (1.0 mg/mL), the average
value of Dh was found to increase to 164.2 nm as determined by
DLS (Figure 1a). More importantly, this CO2-stimulated
morphology transformation was reversible. After bubbling N2
for 10 min at room temperature into the solution previously
treated with CO2, the Dh value decreased from 164.2 nm back
to 11.6 nm. Several successive morphology transition cycles
were successfully realized as evidenced by DLS (Figure S10).
Further TEM investigation revealed that large vesicles with an

Figure 1. (a) DLS data for the size change of SBCP 5 in aqueous solution (1.0 mg/mL); no stimulus (green line), 1 min of CO2 (red line), and
subsequent 10 min of N2 (blue line). TEM images of SBCP 5 in aqueous solution (1.0 mg/mL), (b) no stimulus, (c) 1 min of CO2, and (d)
subsequent 10 min of N2.
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average diameter of ∼120 nm were formed after CO2 was
bubbled into the aqueous solution of SBCP 5 (Figure 1c and
Figure S7). This result clearly reveals a sharp morphology
transition from unimolecular micelles into large vesicles trigged
by CO2. In addition, after N2 was bubbled into the vesicle
solution, the expanded vesicles were found to shrink into the
small micelles, as evidenced by TEM (Figure 1d and Figure
S8). Additionally, 1H NMR was performed to further
understand this CO2-triggered morphology transition of
SBCP 5 in aqueous solution. The change of the 1H NMR
spectra of SBCP 5 in D2O with the addition and removal of
CO2 was recorded as displayed in Figure S11. After inletting
CO2 into the solution of SBCP 5 in D2O for 1 min to protonate
the PDMAEMA block, resonance peaks f, g, and h of
PDMAEMA at 2.0−3.0 and 4.1 ppm distinctly shifted to
lower field. Further CO2 injection for another 5 min resulted in
a clear shift of the characteristic peaks of PDMAEMA to the
lower field. Subsequently, after removal of CO2 with N2, the
chemical shifts of peaks f, g, and h returned to the original
position. Notably, the typical peaks of PNIPAAM such as peaks
k and i were almost unchanged with the addition and removal
of CO2, demonstrating that the reaction of CO2 with
PDMAEMA rather than PNIPAAM was the key driving force
for the observed morphology transformation.
Combining all the above results, we proposed a possible

explanation for such CO2-triggered micelle−vesicle transition.
Before being treated with CO2, SBCP 5 formed stable
unimolecular micelles in aqueous solution, in which the
hydrophobic metallacycle was probably wrapped by the folding
block copolymer chains. Upon bubbling CO2 into the aqueous
solution of SBCP 5, the tertiary amine of PDMAEMA was
protonated by carbonic acid, thus leading to the formation of
the charged and water-soluble ammonium bicarbonates. Then,
an unfolding star-shaped block copolymer containing the
hydrophobic metallacycle as the core surrounded by hydro-
philic block copolymers was obtained as a result of the repulsive
interactions caused by the existence of multiple positive charges
within the protonated PDMAEMA chains (Scheme 2), thus
allowing for the existence a typical supramolecular amphiphilic
species.16 Driven by the hydrophilic/hydrophobic interactions,
this supramolecular amphiphilic species subsequently aggre-
gated into large vesicles in aqueous solution, which was
consistent with the self-assembly behavior of a typical
previously reported supramolecular amphiphilic structure.2d

With the removal of CO2 with N2, the protonation of
dimethylamino groups in PDMAEMA was weakened, leading
to the clear hydrophilicity decrease of PDMAEMA segments.
Thus, the vesicles converted into the unimolecular micelles.

Since PNIPAAM has also been explored as a smart polymer
that usually exhibits LCST behavior, the thermoresponsive
behavior of the obtained star block copolymer 5 was then
investigated. Upon heating to 31 °C, the clear aqueous solution
of SBCP 5 (3.0 mg/mL) turned into a white opaque
suspension, which then regained transparency after cooling to
room temperature (Figure S15). A temperature-controlled UV/
vis spectrometer was used to measure the clouding point
(Tcloud) of SBCP 5 by investigating the change in transmittance
at 500 nm. As shown in Figure 2a, the transmittance curve
displayed the transition with changing temperature, and the
final Tcloud was determined to be 31 °C for SBCP 5.
Impressively, further investigation revealed that SBCP 5
displayed CO2-induced thermoresponsive behavior. After CO2

was bubbled into the aqueous solution of SBCP 5 for 1 min,
Tcloud increased to 33 °C. Subsequently, after N2 was passed

Scheme 2. Schematic of CO2-Triggered Morphology Transition of Star Block Copolymer 5 in Water

Figure 2. (a) Transmittance curves and (b) temperature dependence
of hydrodynamic diameter (Dh) of SBCP 5 in aqueous solution under
different conditions (3.0 mg/mL).
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through the solution for 10 min, Tcloud recovered to its initial
value.
To obtain further insight into such CO2-induced thermor-

esponsive behavior, variable-temperature (VT) DLS was
performed. Figure 2b shows the plots of the hydrodynamic
diameter (Dh) of SBCP 5 in aqueous solution (3.0 mg/mL) at
different temperatures with and without the existence of CO2 as
a stimulus. It was found that before treatment with CO2, the Dh
values of SBCP 5 were approximately 10 nm and changed
slightly at low temperatures from 25 to 32 °C. However, when
the solution temperature increased from 32 to 35 °C, the Dh
sharply increased from 10 to 300 nm. The critical temperature
was found to be 32 °C, which was close to the Tcloud obtained
from the UV measurements. We rationalized that the increase
in temperature weakened the hydrogen bonds between
PNIPAAM and water molecules and made SBCP 5 more
hydrophobic.17 Therefore, the increased hydrophilic/hydro-
phobic interactions between supramolecular block copolymers
led to the formation of large aggregates in aqueous solution
with the increase in temperature. Notably, upon a further
increase in temperature from 35 to 45 °C, the Dh values began
to decrease from 300 to 190 nm, which might be attributed to
the further dehydration of the PNIPAAM block at the higher
temperature.11b Subsequently, VT DLS investigation of the
aqueous solution of SBCP 5 after being treated with CO2 was
performed. The critical temperature was determined to be 35
°C, which is higher than that of the former aqueous solution of
SBCP 5 without being treated with CO2. This shift might be
caused by the protonation of the amine groups of PDMAEMA
though the addition of CO2, making the block copolymer more
water-soluble with the stronger hydrogen bonds between SBCP
5 and water molecules. Thus, in this case, it is necessary to
increase the temperature to weaken the hydrogen bonds
between the polymer and solvents, thus allowing for the
aggregation of polymers in aqueous solution. As expected, after
N2 was passed through the solution to remove CO2, the change
tendency of the Dh returned to the initial state, and the growth
trend of the curve was similar to that of the solution of SBCP 5
without being treated with CO2. Variable-temperature (VT) 1H
NMR experiments in D2O were further performed to
investigate the CO2-induced thermoresponsive behavior of
SBCP 5. Notably, the critical phase transition temperature
obtained from 1H NMR experiment (Figure S16) aligned with
the DLS and UV results.
CO2 Stimuli-Responsive Supramolecular Block Co-

polymer Hydrogels. In addition to the interesting CO2-
triggered morphology transformation and CO2-induced
thermoresponsive behavior of SBCP 5 in water, it is worth
noting that SBCP 5 could form a supramolecular polymeric
hydrogel cross-linked by well-defined metallacycles promoted
by CO2 near physiological temperature (34 °C). In a typical
procedure of gelation, 30 mg of SBCP 5 was dissolved in 1.0
mL of water in a vial, followed by bubbling CO2 for 1 min and
subsequent heating to 34 °C. The free-standing macroscopic
hydrogel was formed immediately (Figure 3). The critical
gelation concentration (CGC) was determined to be 2.5 wt %
for SBCP 5. Notably, SBCP 5 was not able to form a free-
standing gel at the same concentration without bubbling CO2
(Figure S17e). Moreover, the gelation process was very fast,
which could thus be considered as in situ generation of polymer
hydrogels at 34 °C. When the temperature was cooled to room
temperature, the hydrogel returned to a free-flowing,
homogeneous solution. This recovered aqueous solution of

SBCP 5 reformed the hydrogel as the temperature increased to
34 °C. Interestingly, upon passing N2 into the resultant
supramolecular hydrogel of SBCP 5, the gel-to-sol transition
was observed within 2 min from top to bottom in the vial. The
polymeric hydrogel 5 gradually collapsed and became a turbid
solution, which ultimately became a transparent solution after
cooling to room temperature (Figure 3). The hydrogel was
reformed upon treatment of the resultant disassociated
hydrogel with CO2 for 1 min. Notably, this CO2-switchable
and thermo-reversible sol−gel transition could be repeatedly
performed for several cycles.
To explore the key factors associated with the CO2-

promoted hydrogel formation, several control experiments
were conducted (Scheme 3). First, the intermediate star

Figure 3. Reversible gel−sol transitions of supramolecular polymer gel
5 (3.0 wt %) triggered by CO2/N2 and temperature.

Scheme 3. Schematic Presentation of Several Model
Polymers for the Gelation Test
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polymer 4 without PNIPAAM was investigated for hydrogel
formation. Interestingly, at 34 °C, star polymer 4 was not able
to form a free-standing gel at a similar concentration (3.0 wt %)
after CO2 bubbling (Figure S17a). In addition, the gel
formation of another model star polymer 7, containing three
PNIPAAM arms rather than PDMAEMA, was studied at 34 °C
after CO2 inletting (Figure S17b), and no gel formation was
found. To elucidate the influence of the metallacyclic scaffold
on gelation, the linear copolymer PDMAEMA-b-PNIPAAM 8
without the metallacycle was designed and synthesized as
another model polymer, and it was also unable to generate a
hydrogel after inletting CO2 at 34 °C (Figure S17c). Following
the results of the control experiments, we assumed that the
rigid metallacyclic core provided a well-defined, rigid scaffold,
wherein the pendant polymer chains self-organized well to form
the ordered nanostructures during the gelation process.
Meanwhile, upon introducing CO2 to the solution, the
PDMAEMA block became protonated and more water-soluble,
which made it easier to package water molecules. Upon
increasing the temperature of the solution, the weakening
hydrogen bonds between PNIPAAM chains and water induced
a greater degree of block copolymer aggregation (Scheme 4).
Thus, the coexistence of both block copolymers and the well-
defined metallacycle is the key factor for the realization of CO2-
promoted hydrogel formation in this study.

Rheological and viscosity investigations can provide further
insight into the properties of cross-linked supramolecular
materials.18 Therefore, two rheological experiments were
performed to examine the formation of supramolecular block
copolymer hydrogels cross-linked by discrete metallacycles: (1)
the linear response of the modulus (G′ and G′′) to a fixed small
stress by varying the frequency and (2) nonlinear behavior of
the modulus to a fixed frequency by varying the shear stress. As
shown in Figure S18, for the hydrogel of SBCP 5, a frequency
sweep from 100 to 0.1 rad/s was performed at a small
oscillatory stress of 1.0 Pa. It was found that the elastic modulus
(G′) of 100 Pa was higher than the viscous modulus (G′′), with
a linear response over the frequency range, which clearly
identified the hydrogel-like behavior of SBCP 5. Meanwhile, a
strain sweep showed a linear region between 0.1% and 200%

presenting a hydrogel-like behavior (G′ > G′′) and a liquid-like
behavior (G′′ > G′) above 200% (Figure S19). G′ decreased
rapidly above the yield stress, indicating the breakage of the
networks.
It is well-known that the gel-phase transition can be

determined from dynamic rheological data. To further study
the CO2-induced thermo-reversibility of the resultant hydrogel
from SBCP 5, dynamic shear moduli were tested on the
prepared solutions after bubbling CO2 within a temperature
sweep range from 25 to 42 °C. As shown in Figure 4a, when

the temperature was in the low region of 20 to 31.5 °C, both G′
and G′′ remained unchanged with the G′′ always a little larger
than G′, confirming a liquid state. As the temperature was
raised to 31.5 °C, both G′ and G′′ started to increase, and G′
increased faster than G′′, which was attributed to the sol−gel
phase transition. The gelling point (Tgel) was determined to be
33 °C as indicated by the G′/G′′ crossover point, which was
related to the phase transition of the SBCP 5 hydrogel. The
formation of the hydrogel was further investigated by viscosity-
temperature oscillatory rheology for the aqueous solution of
SBCP 5 (3.0 wt %). As shown in Figure 4b, no distinct change
of the viscosity for the initial solution of SBCP 5 was observed
between 25 and 45 °C. However, after bubbling CO2, when the
temperature reached 34 °C, the viscosity of 5 increased
dramatically, suggesting the formation of a large three-
dimensional (3D) network. Moreover, Tη was determined to
be 34 °C according to the viscosity−temperature curves, which
was close to the corresponding Tgel. To obtain further insight
into the properties of the resultant block copolymer hydrogels,
the effect of shear rates on the hydrogel viscosity was also

Scheme 4. Schematic Presentation of the CO2 Stimuli-
Responsive Hydrogel of SBCP 5

Figure 4. (a) Temperature dependence of dynamic shear moduli (σ =
1 Pa, ω = 1 rad/s) for a 3.0 wt % hydrogel of SBCP 5. (b)
Temperature dependence of the viscosity of SBCP 5 treated with CO2
and without CO2. Digital photos show the corresponding appearance.
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investigated. As shown in Figure S20, as the shear rate
increased, the viscosity decreased, indicating a shear-thinning
behavior due to the disruption of dynamic cross-links within
the 3D networks of the gels.
Scanning electron microscopy (SEM) is a versatile technique

that can elucidate the microscopic structure of supramolecular
hydrogels. Thus, the morphology of the obtained xerogel from
SBCP 5 was investigated by employing SEM, which revealed a
3D interconnected porous structure. As displayed in Figure 5a

and Figure S21, the average width of these pores was found to
be approximately 10.0 μm. Notably, after N2 bubbling, the
regular porous networks were destroyed and turned into an
irregular microstructure (Figure 5b and Figure S22). Moreover,
to obtain further insight into the hydrogel formation process,
the morphology of the cryo-dried solution of SBCP 5 at
different temperatures after CO2 bubbling (Figure S23) was
also investigated. It was found that between 20 and 30 °C the
SEM images exhibited disorderly fibers. However, when the
temperature increased to 35 °C, uniform, highly ordered
microstructures with a higher cross-link density were observed,
demonstrating the formation of a supramolecular hydrogel.
With the continuous increase in temperature, a decrease in pore
size from approximately 20.0 to 8.0 μm with an enhanced cross-
link density was found, which is consistent with the features of a
typical cross-linked hydrogel.
Injectable and Biocompatible Hydrogel. Over the past

two decades, injectable hydrogels have been extensively
explored due to their wide biological applications including
drug delivery, cell encapsulation, and tissue engineering.19

Usually, injectable hydrogels are preferably designed in such a
way that they are liquid-like during injection and form
hydrogels only in situ in response to external stimuli such as
pH, temperature, or ionic strength. The above-mentioned
investigation revealed that SBCP 5 was able to form hydrogels
near physiological temperature (34 °C) very quickly, thus

prompting us to study the injectable property of the SBCP 5
hydrogel. As described below, first, SBCP 5 was dissolved in
water at room temperature with a fixed concentration (3.0 wt
%). Then, sulforhodamine B (a fluorescent dye) was added into
the aqueous solution of SBCP 5, which was then stirred for a
few minutes. After ventilation with CO2 for 1 min, the solution
was pipetted into a syringe. Upon injection into the aqueous
media at 34 °C, the SBCP 5 hydrogel formed immediately. The
whole process was recorded by camera. Upon increasing time,
the volume of the hydrogel in the water gradually increased
(Figure 6 and movie 1).
Inspired by CO2 stimuli-responsive gel-to-sol transition and

good injection profile, we envisioned that obtained supra-
molecular hydrogels cross-linked by discrete metallacycles
might be very promising to be explored as biological materials.
Thus, the cytotoxicity of SBCP 5 was first investigated by
conducting a MTT assay of the MC-3T3 cell line after 24 h
incubation. Figure 7a shows the influence of polymer
concentration (0.05−0.5 mg/mL in media) on MC-3T3 cell
viability. It was found that the SBCP 5 exhibited a dose-
dependent cytotoxicity effect. When the polymer concentration
of SBCP 5 was up to 0.5 mg/mL, the cell viability was found to
be above 80%, indicating the low cytotoxicity of the obtained
block copolymer.
Moreover, to investigate the biocompatibility of the resultant

hydrogel from SBCP 5, cell culture studies were further
employed to evaluate its in vitro cytotoxicity. MC-3T3 cells
were encapsulated in the hydrogels of SBCP 5. After being
incubated with 50 or 125 μL of hydrogel SBCP 5 (3.0 wt %)
for 24 h, the MC-3T3 cells were stained by using a Live/Dead
assay kit. Then fluorescence micrographs were obtained under
an inverted microscope to distinguish the living cells (green
fluorescence) from the dead (red fluorescence). As shown in
Figure 7c, when MC-3T3 cells were incubated with 50 μL of
the SBCP 5 hydrogel for 24 h, over 95% living cells were
observed, and red fluorescence could hardly be observed in the
micrographs. Even after being incubated with 125 μL of SBCP
5 hydrogel for 24 h, 90% living cells were observed compared
with those of the control group (Figure 7d). These obtained
results suggested that the resultant SBCP hydrogel featured
good cytocompatibility.

■ CONCLUSION
In summary, by combining coordination-driven self-assembly
and stepwise postpolymerization, we successfully realized the
construction of a new family of supramolecular star block
copolymers (SBCPs) containing discrete, well-defined metalla-
cycles as cores. Notably, from the resultant SBCP, supra-
molecular polymeric hydrogels cross-linked by discrete metal-

Figure 5. Photographs of polymeric hydrogel formation and SEM
images of the xerogel: (a) SBCP 5 with CO2 bubbling (b) SBCP 5
with N2 bubbling.

Figure 6. Photographs of the injectable hydrogel over time at 34 °C.
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lacycles were obtained, promoted by CO2 near physiological
temperature, which is unlike most known supramolecular
polymer gels cross-linked by discrete organometallic architec-
tures that are usually generated in organic solvents. Moreover, a
series of control experiments disclosed that the coexistence of
both block copolymers and well-defined metallacycles was the
key factor for the realization of CO2-promoted hydrogel
formation in this study. Further investigation revealed that
these obtained hydrogels featured CO2-switchable, injectable,
and cytocompatible properties. To the best of our knowledge,
this study provides the first example of CO2-switchable block
copolymer hydrogels cross-linked by well-defined, discrete
MOMs, which were injectable and had good cytocompatibility,
thus providing a new route for the preparation of novel “smart”
soft matter with potential as biological materials.

■ EXPERIMENTAL SECTION
Full experimental details are provided in the Supporting Information.
The most important information is summarized below.
General Information. All reagents were commercially available

and used as received unless stated otherwise. N-Isopropylacrylamide
(NIPAAM, recrystallized twice from hexane prior to use) and
azodiisobutyronitrile (AIBN, recrystallized from ethanol before use)
were purchased from Energy Chemical Reagent Co. J & K. TLC
analyses were performed on silica gel plates, and flash chromatography
was conducted using silica gel column packages. All solvents were
dried according to standard procedures, and all of them were degassed
under N2 for 30 min before use. All air-sensitive reactions were
performed under argon atmosphere. 1H NMR and 31P NMR spectra
were recorded on a Bruker 400 MHz spectrometer (1H: 400 MHz;
31P: 161.9 MHz) and a Bruker 500 MHz spectrometer (1H: 500 MHz)
at 298 K. The 1H chemical shifts are reported relative to residual
solvent signals, and 31P NMR resonances are referenced to an internal
standard sample of 85% H3PO4 (δ 0.0). Coupling constants (J) are
denoted in Hz and chemical shifts (δ) in ppm. Multiplicities are
denoted as follows: s = singlet, d = doublet, m = multiplet, br = broad.
IR spectra were recorded on a Bruker Tensor 27 infrared
spectrophotometer. Tris-CTA metallacycle 3 was prepared through
the previous procedure in literature.2c

Transmission Electron Microscopy and Dynamic Light
Scattering Studies. TEM images were recorded on a Tecnai G2

F30 (FEI Ltd.). The samples for TEM measurement were prepared by
dropping the solution onto a carbon-coated copper grid. Dynamic
light scattering was recorded by a Zetasizer Nano ZS90 from Malvern
Instruments (UK).
Scanning Electron Microscopy and Confocal Laser Scanning

Microscopy. The SEM samples were prepared on clean Si substrates.
To minimize sample charging, a thin layer of Au was deposited onto
the samples before examination. All the SEM images were obtained
using an S-4800 (Hitachi Ltd.) with an accelerating voltage of 3.0−
10.0 kV. Confocal laser scanning microscopy (CLSM) imaging was

performed with an OLYMPUS ZX81 laser scanning microscope and a
60× oil-immersion objective lens.

Gel Permeation Chromatography (GPC) Protocols. A gel
permeation chromatograph equipped with a Waters 1515 isocratic
HPLC pump and a Waters 2414 refractive index detector was used to
perform GPC measurements at 40 °C using THF containing 5 mM
LiTFSI, 5 mM 1-butylimidazole, and 0.02 wt % BHT as eluent with a
flow rate of 1.0 mL/min. The system was calibrated with polystyrene
standards. THF and sample solutions were filtered over a filter with a
pore size of 0.22 μm (PTFE, Millex-HN 13 mm Syringes Filters,
Millipore, US).

Dynamic Rheology Measurements. Rheological measurements
were performed on freshly prepared gels using a controlled stress
rheometer (HAAKE MARSIII, Thermo Fisher). A parallel plate
geometry with a 25 mm diameter and a 0.3 mm gap was employed
throughout dynamic oscillatory work.

Cytotoxicity of SBCP 5. It is well-known that MC-3T3, which is
an osteoblast precursor cell line derived from Mus musculus (mouse)
calvaria, features the stronger sensitivity to the input stimulus when
compared to L929 and some completely differentiated cells. Thus,
MC-3T3 was chosen for the biocompatibility investigation of SBCP 5.
They were obtained from Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences, Shanghai, China. The cells were
cultured with DMEM (10% fetal bovine serum, 5% CO2 at 37 °C).
MC-3T3 cells, specifically, 5 × 103 cells in each well were seeded in 96-
well plates and incubated for 24 h. Then, each cell was exposed to a
different concentration of SBCP 5 samples and incubated for another
24 h. Next, 20 μL MTT solutions were added to each well, and cells
were incubated for 4 h. After removing all of the solution in each well,
150 μL of DMSO (per well) was added before measurement at 490
nm; cells cultured without SBCP 5 were explored as a control.

Live/Dead Staining Analysis. MC-3T3 (1.8 × 105 cells, 1.0 mL
DMEM medium for each well) were seeded in 3422 transwell plate
and incubated with 50 or 125 μL of hydrogel SBCP 5 (3.0 wt %) for
24 h. Then the live cells were stained with Calcein-AM (green), and
dead cells were stained with propidium iodide (red). Each sample was
set in triplicate.

Synthesis of Intermediate Star Supramolecular Polymer 4.
Supramolecular tris-CTA hexagon 3 (47 mg, 7.90 μmol), AIBN (0.65
mg, 3.95 μmol), N,N-dimethylaminoethyl methacrylate (745 mg, 4.7
mmol), and 1.5 mL of acetone were added into a 10.0 mL flask
equipped with a magnetic stir bar. After being degassed by three
freeze−pump−thaw cycles, the mixed solution was immediately
transferred to a preheated oil bath at 60 °C to initiate the
polymerization. After 20 h, the polymerization was quenched by
liquid N2, and the resultant mixture was precipitated in cold n-hexane.
The precipitate was dissolved in acetone and then precipitated again in
the presence of n-hexane. The above dissolution−precipitation cycle
was repeated three times. The final product was dried in vacuum,
yielding a yellow solid: 425 mg, Mn, NMR = 55.4 kDa, Mn, GPC = 42.1
kDa, PDI = 1.23; 1H NMR (acetone-d6, 400 MHz) 4.07 (s, -O−CH2-),
2.58 (s, CH3 end-group), 0.95−0.96 (s, −CH3);

31P NMR (acetone-d6,
161.9 MHz) δ 14.43 (s, JPt−P = 2726 Hz); IR (neat) 3396, 2940, 2932,
2821, 2770, 1721, 1575, 1146, 1058 cm−1.

Figure 7. Cell viability of MC-3T3 treated with different concentrations of SBCP 5 (a). Fluorescent microscopy images of MC-3T3 in the SBCP 5
hydrogel after 24 h incubation with 0 (b), 50 (c), and 125 μL (d) (scale bar = 100 μm).
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Synthesis of SBCP 5. Supramolecular star polymer 4 (425 mg),
AIBN (0.65 mg, 3.95 μmol), N-isopropylacryamide (536 mg, 4.7
mmol), and 1.5 mL of acetone were added into a 10.0 mL flask
equipped with a magnetic stir bar. After being degassed by three
freeze−pump−thaw cycles, the mixed solution was immediately
transferred to a preheated oil bath at 60 °C to initiate the
polymerization. After 20 h, the polymerization was quenched by
liquid N2, and the resultant mixture was precipitated in diethyl ether.
The precipitate was dissolved in acetone and then precipitated again in
the presence of diethyl ether. The above dissolution−precipitation
cycle was repeated three times. The final product was dried in vacuum,
yielding a yellow solid: 480 mg, Mn,NMR = 96.5 kDa, Mn,GPC = 76.3
kDa, PDI = 1.30; 1H NMR (acetone-d6, 400 MHz): 6.80−7.45 (br s,
−NH), 4.00 (br s, NCH), 1.1−2.06 (br m, backbone),0.84−0.88 (s,
CH3 end-group);

31P NMR (acetone-d6, 161.9 MHz) δ 14.41 (s, JPt−P
= 2716 Hz); IR (neat) 3468, 3291, 3072, 2971, 2936, 1727, 1639,
1544, 1271, 1239 cm−1.
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