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and adapt to the environment.[13,14] The 
sequential change in crosslinking mecha-
nism from dynamic to static crosslinking 
can be leveraged to provide post-injection 
mechanical stability in programmed 
multi functional hydrogels. For example, 
Lou et al. used a biocompatible catalyst to 
accelerate the exchange rate of hydrazone 
bond, a type of dynamic covalent bond, 
which helps modulate the hydrogel inject-
ability for cell delivery.[15] As the catalysts 
diffused out, the hydrazone bond became 
more static so that the hydrogel gained 
high stability and slow erosion post-injec-
tion. Moreover, Hua et  al. exploited the 
difference in reaction kinetics of thiol-

aldehyde addition and thiol-ene reaction to build an adaptable 
mechanically stable hydrogel.[16,17] The reversible hemithioac-
etal allows the hydrogels to be temporarily injectable, and the 
thermodynamically stable thiol-ene bonds make the hydrogels 
mechanically stable as a long-term scaffold. These hydrogels 
are not only readily conformable for convenient manipulation 
during the medical procedure but also guarantee long-term sta-
bility for cell and therapeutic delivery.[9,11,18,19]

Dynamic hydrogels with shear-thinning and shear-recovery 
ability can be used for 3D printing as hydrogel bioinks.[20,21] To 
be printed, hydrogel bioinks must be easily deposited on a sur-
face and then maintained a printed structure. Shear-thinning 
and shear-recovery hydrogels enable the formation of thin 
filaments for high-resolution printing due to rapid deforma-
tion and recovery during the printing process. As the charac-
teristics of hydrogels to be printable are very stringent, use of 
dynamic crosslinking can provide new approach to design next 
generation of hydrogel bioinks. Specifically, dynamic hydro-
gels equipped with reversible crosslinking for self-healing 

Dynamic hydrogels are promising biomaterials for various biomedical and 
biotechnological applications due to their ability to change physicochemical 
properties and functions reversibly and/or sequentially in a time- or stimuli-
dependent manner. In this study, a new class of dynamic hydrogels that are 
crosslinked by the in situ redox reactions of gold ions and disulfide groups 
are developed. Specifically, the gold ions initiate hydrogel formation via gold-
thiol crosslinking, transforming the hydrogel from an injectable hydrogel to a 
mechanically stable and tough hydrogel. Moreover, the in situ nucleation and 
growth of gold nanoparticles within the crosslinked hydrogel networks further 
enhance electrical conductivity. The current work demonstrates the utility of 
these dynamic hydrogels for 3D printing and drug delivery.
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1. Introduction

Hydrogels are crosslinked polymeric networks, and the type 
of crosslink between polymeric chains mainly determines the 
physical, chemical, and biological properties of hydrogel net-
works.[1,2] For example, static covalent bonds provide structural 
and mechanical stability for weight-bearing hydrogels.[3] Due to 
the static structure of these hydrogels, these gels are mechani-
cally resilient but challenging to use for minimally invasive 
therapies or biofabrication approaches.[4,5] On the other hand, 
dynamic covalent bonds allow the hydrogels to be injectable 
and printable due to shear-thinning and self-healing character-
istics.[6–8] However, these hydrogels with reversible crosslinking 
are mechanically weak and require post strengthening.[9,10] 
Therefore, various studies have combined static and dynamic 
crosslinking to develop multifunctional hydrogels for biomed-
ical applications.[11,12]

Recently, dynamic hydrogels have attracted significant atten-
tion in biomedical research due to their ability to respond 
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and secondary crosslinking for enhancing structural integ-
rity are useful approaches for 3D printing.[22] Thus, a hybrid 
network involving covalent and non-covalent crosslinking is 
prevalent for rationally designing dynamic hydrogel inks.[23] 
Several studies have reported the potential of using thiol-gold 
interactions to fabricate self-healing dynamic hydrogels.[24–26] 
However, the pH-dependent self-healing ability and flowing 
behavior under gravity caused by permanent thiol-gold 
exchange represent the major issue for metal(I)-thiol based 
dynamic hydrogels.

Here, a dynamic hydrogel network consisting of covalent 
and non-covalent crosslinking is designed by leveraging the 
redox reaction between gold ions and disulfide. Conventionally, 
the polymerization of disulfide groups often relies on the pres-
ence of light, heat, and radicals (e.g., thiol groups) due to its 
relatively higher stability than thiol groups.[24–26] Here, we intro-
duce a mild and facile method to trigger the polymerization of 
disulfide groups by the versatile interactions between gold and 
sulfur. Specifically, an amphiphilic thermoresponsive copol-
ymer (Pluronic F127) was functionalized with disulfide end 
groups.[27,28] The strong oxidizing power of gold ions enables 
the ring-opening of 1,2-dithiolane, which further generates a 
dynamic hydrogel network containing thiol-disulfide exchange, 
Au(I)-thiolate bonds and sulfur-gold nanoparticle absorption. 
This redox reaction between gold ions and disulfide trigger a 
time-dependent mechanical rigidity in these dynamic hydro-
gels. The thermo-gelling behavior allows the hydrogels to be 
transformed from an injectable to a mechanically stable state 
in a temperature-dependent manner. Interestingly, the rheo-
logical, mechanical properties, and appearance of the hydrogels 
can be altered by in situ formation of gold nanoparticles. To 
further transform these dynamic hydrogels for additive manu-
facture, a rheological additive synthetic clay[29,30] was added to 
stabilize the gold-thiol crosslinking and provide shear-thinning 
characteristics for 3D printing.[31]

2. Results and Discussion

2.1. Design and Synthesis of Dynamic Hydrogels

The dynamic interaction and efficient conjugation of thiol 
and gold has been utilized for designing biosensors,[32] self-
assembled nanoparticles,[33] surface modification,[34] conduc-
tive materials,[35] and hydrogel formation.[36] Lipoic acid (LA) 
is a naturally occurring disulfide compound[37,38] and has been 
used for dispersing gold nanoparticles in the aqueous phase. 
The reduced form of LA has been used to oxidize gold ions to 
synthesize near-infrared emitting gold nanoclusters.[39] There-
fore, it would be interesting to investigate and design a dynamic 
hydrogel through multiple redox states of gold and LA. In this 
study, LA played two primary roles as oxidizing agents to gold 
ions and ligands conjugated to nanoparticles to form a dynamic 
hydrogel. Leveraging these interactions, rheological additive –  
Laponite nanoparticles (nSi) is added to provide shear-thin-
ning ability by providing strong interaction with Pluronic F127 
and gold ions (Figure  1A). Together, the hybrid hydrogels are 
equipped with high injectability and post-injection mechanical 
stability.

The time-dependent interaction between gold and sulfur 
can be used to program the rheological properties of the hydro-
gels. First, Pluronic acid F127 was selected to be functional-
ized with LA by carbodiimide-mediated esterification (F127-LA) 
(Figure  1B). Upon mixing F127-LA with chloroauric acid, a 
series of redox reactions was triggered by the reduction of LA’s 
disulfide groups and the formation of gold nanoparticles. The 
gold nanoparticles act as multivalent crosslinkers to covalently 
absorb thiol and disulfide groups.[40] Moreover, dynamic gold(I)-
thiolate bonds were generated by the attraction of gold ions to 
thiol groups, which mainly contributed to the rapid configura-
tion of the dynamic hydrogel network.[24] In addition, the thiol 
groups could also react with the disulfide bonds in the way of 
dynamic covalent bonds called the thiol-disulfide exchange. A 
dynamic hydrogel network containing disulfide-thiol exchange, 
Au(I)-thiolate, and covalently gold nano particle-thiol bonds was 
generated (Figure 1C). As more gold ions and thiol groups were 
consumed, the more stable disulfide and gold nanoparticle-thiol 
bonds dominated the hydrogel crosslinking, which gradually 
changed the appearance, rheological and mechanical properties 
of the hydrogels.

2.2. Gelation Kinetics, Injectability, and Self-Healing Ability

Initially, the F127-LA/AuNP/nSi hydrogel appeared to be yellow 
because of unreacted gold ions in the network. After 24 h at 
37  °C, the hydrogel turned red due to the formation of gold 
nanoparticles (Figure  2A). The dynamic crosslinks permit 
the F127-LA/AuNP/nSi hydrogel to be temporarily injectable 
and shear-thinning. The shear rate sweep test was performed 
on the F127-LA/AuNP/nSi hydrogel after 30 min crosslinking 
(Figure  2B). The non-linear shear-thinning curve could be 
attributed to shear-induced intermolecular associations between 
F127-LA and rapid self-healing ability. When the shear rate 
was further increased to 100 s−1 and 1000 s−1, two transitions 
of viscosity were observed. This drop in viscosity from 1.24 to 
0.12 Pa s could be attributed to the disruption of the dynamic 
network as the applied shear force exceeded the intermolecular 
forces between reversible crosslinking. The hydrogel could be 
injected via 27G needles and stabilized by increasing tempera-
ture and further covalent crosslinks, indicating its high mold-
ability. Due to the rapid reaction rate of gold ions and disulfide, 
the F127-LA/AuNP/nSi hydrogel could form within 3 min, indi-
cated by Gʹ and Gʺ crossover point (Figure  2C). Interestingly, 
the hydrogel still preserved the thermo-responsiveness of plu-
ronic acid when the environmental temperature increased from 
25 to 37  °C (Figure  2D). At room temperature, the F127-LA/
AuNP/nSi hydrogel is shape-adaptive and can rapidly fill the 
mold. Then, at 37  °C, the physical crosslinks formed due to 
the entanglement of the F127 hydrophobic core, allowing the 
hydrogels to be mechanically stable.

Laponite played a crucial role in maintaining the struc-
tural integrity of hydrogels. The F127-LA/AuNP/nSi hydrogel 
with 1.5% Laponite could maintain its shape over six 
months (Figure S1, Supporting Information). However, the 
F127-LA/AuNP hydrogels without adding Laponite collapsed 
after 48 h (Figure 2E). The frequency sweep tests showed that 
the F127-LA/AuNP/nSi hydrogels maintained a similar storage 
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modulus at 24 and 48 h, but the storage modulus of the F127-LA/
AuNP hydrogels significantly reduced after 48 h (Figure  S2, 
Supporting Information). It indicated that the laponite nano-
particles served not only as a rheological additive but also 
mechanical reinforcing agent by providing structural stability to 
the hydrogel network and preventing it from collapsing. This is 
attributed to strong electrostatic interaction as well as hydrogen 
bonding between Laponite and pluronic acid. Our observation 
is further supported by earlier studies where pluronic acid was 
used to exfoliate Laponite.[41] Other studies have also reported 
that pluronic acid can readily adsorb on Laponite and can pre-
vent the formation of pluronic acid micelles. We have verified 
this by performing dynamic light scattering (DLS) measure-
ment of Laponite (DH ≈ 58.12 ± 1.07 nm), and F127-LA absorbed 
Laponite (DH  ≈ 95.39 ± 0.74  nm). The increase in the hydro-
dynamic size of Laponite upon exposure to F127-LA indicates 

the surface absorption of polymer on the nanoparticle surface 
(Figure 2F).

Moreover, the hydroxyl ions released by Laponite could also 
promote the formation of disulfide bonds and thiol-gold conjuga-
tion in a relatively alkaline environment.[42] Last but not least, the 
negatively charged surface of Laponite might serve as nucleation 
sites for gold nanoparticle formation, which could prevent gold 
nanoparticles from over-aggregating.[43] To validate this hypoth-
esis, Laponite was incubated with different concentrations of 
gold ions for 24 h and washed with water to remove unattached 
gold ions. The zeta measurement showed that the surface charge 
of the gold decorated Laponite increased along with the concen-
trations of gold ions from −8.08 ± 0.56 to 35.48 ± 3.51 mV. The 
aggregation of gold nanoparticles led to the inhomogeneous 
distribution of the polymer and nanoparticle composites, which 
resulted in the crashing of the F127-LA/AuNP hydrogel network. 

Figure 1. A shape adaptable to mechanically stable hydrogel formed by a hybrid covalent/non-covalent dynamic network. A) The hydrogel was 
composed of gold ions, F127-LA, and Laponite. The redox reaction between the gold ions and disulfide initiated the gelation and transition of 
the hydrogel. Laponite stabilized the F127-LA/AuNP/nSi hydrogel network by surface and ionic absorption to F127-LA and gold ions, respectively. 
Without adding Laponite, the hydrogel would be dissolved rapidly. B) The chemical structure and NMR spectra of F127-LA and F127. The peaks 
(a) to (g) were assigned to the protons of LA. The peak (h) at 4.25 ppm were originated from methylene protons at the chain ends of F127 after 
esterification. C) The hybrid covalent/non-covalent dynamic network containing disulfide-thiol exchange, dynamic Au(I)-thiolate, and covalently Au 
nanoparticle-thiol bonds.
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Moreover, F127-LA/AuNP/nSi was found to have higher storage 
modulus than F127-LA/AuNP. Laponite has been reported with 
the ability to increase the mechanical properties of pluronic 
hydrogel by physically absorbing the hydrophobic segment 
(PEO) of pluronic acid.[44] Also, the non-covalent interaction 
between pluronic acid and Laponite significantly improves the 
self-healing characteristics and thus facilitates its use as inject-
able and moldable hydrogels (Figure 2G).

2.3. In Situ Formation of Dynamic Hydrogels

Gold ions initiated the gelation of the F127-LA/AuNP/nSi 
hydrogel by redox reactions with the mineralization of gold 
nanoparticles. It was found that the gold nanoparticles 
embedded in the hydrogels exhibited their red color due to 
the surface plasmon resonances. The absorbance at 534  nm 
was enhanced along with the increasing concentrations of 
gold ions from 25 to 30  mm (Figure  3A). However, beyond 

that specific range of gold ion concentrations (25–30  mm), 
the absorbance peaks were altered or disappeared probably 
because of the changed particle sizes. In addition, due to the 
self-healing effect, the hydrogels with different concentra-
tions of gold ions could attach together and eventually form 
a hydrogel strip with a biphasic color (Figure  3B). This also 
indicated that the diffusion of gold ions was limited across 
the hydrogel boundaries by thiolate-Au(I) bonds. However, the 
presence of Au(I)-capped thiolates preserved the self-healing 
ability of the hydrogels by protecting thiolates from aerial 
oxidation without preventing thiol-disulfide exchange.[26] The 
thiol groups could exchange between the disulfide groups and 
Au(I). Thus, it was observed that the hydrogels gradually lost 
their self-healing ability when the yellow color of gold ions 
faded. The dynamic thiol-disulfide exchange and thiolate-
Au(I) bonds are both essential to forming the self-healing 
hydrogel.

The energy-dispersive X-ray spectroscopy (EDS) and trans-
mission electron microscopy (TEM) also confirmed the  

Figure 2. The physical appearance and rheological analysis of the hydrogels. A) The F127-LA/AuNP/nSi hydrogel underwent red-shift, indicating the 
maturation and stabilization of the dynamic network after 24 h at 37 °C. B) The shear-thinning behavior of the F127-LA/AuNP/nSi hydrogel showed its 
good injectability. The dynamic hydrogel could be injected through a 27G needle. C) The gelation kinetics of the F127-LA/AuNP/nSi hydrogel initiated 
by gold ions at 25 °C. D) The thermo-responsive behavior of F127-LA/AuNP/nSi was observed from 25  to 37 °C (scale bar: 10 mm). E) Laponite helped 
stabilize the F127-LA/AuNP/nSi hydrogel and prevent it from dissolving. F) The DLS measurement (left) of laponite w/or w/o absorbing F127-LA (n = 3). 
The zeta potential measurement (right) of Laponite incubated with different concentrations of gold ions (n = 3). G) Laponite increased the self-healing 
efficiency of the hydrogel. Statistics analysis performed using one-way ANOVA with ****p < 0.0001.
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formation of the gold nanoparticles in the F127-LA/AuNP/nSi 
hydrogel (Figure  3C,D). In the case of 25  mm gold ion con-
centration, if gold ions completely react with LA, theoretically, 
5.26 wt% of gold atoms will be detected in the hydrogel either 
in the oxidized or reduced form. 5.30 wt% of gold atoms was 
found in the washed and lyophilized hydrogel by EDS, indi-
cating the sturdy bonds between the LA and gold could pre-
vent the release of gold ions and nanoparticles. Moreover, the 
sizes of gold nanoparticles observed by TEM ranged from 
50 to 70  nm, comparable to the emission red color of the 
hydrogel.[45]

The mechanical properties of F127-LA/AuNP/nSi can be 
modulated by the number of gold ions. Since gold ions were 
used to open disulfide groups of LA, higher concentrations of 
gold ions could form more crosslinks of gold-thiol and disulfide 
bonds. The four-fold increment of gold ion concentration sig-
nificantly enhanced the storage modulus of the hydrogel by 
18-folds measured by the frequency sweep of the rheology test,  

indicating the production of more crosslinks by adding more 
gold ions (Figure  3E). The F127-LA/AuNP/nSi hydrogels with 
10% F127-LA, which contained 16  mm disulfide groups, had a 
gradient degree of crosslinking level with the gold ion concen-
tration from 6.25 to 25  mm. Therefore, the mechanical proper-
ties of the hydrogels can be fine-tuned by the concentration of 
ions, which is similar to the ionic crosslinking system, such as 
calcium ions and alginate.

Gold nanoparticles have been incorporated into conductive 
hydrogels to increase the electrical conductivity for the appli-
cations such as strain sensing, biosensor, and excitable tissue 
engineering.[46,47] Thus, the F127-LA/AuNP/nSi hydrogels 
with varying concentrations of gold ions were tested for their 
electrical properties, including capacitance and impedance 
measurement by cyclic voltammetry (CV) and electrochem-
ical impedance spectroscopy (EIS), respectively. CV curve and 
impedance spectra were obtained by placing hydrogel strips 
on two sliver coated electrodes. The F127-LA/nSi hydrogel with 

Figure 3. In situ formation of gold nanoparticles. A) UV–vis spectrum of the F127-LA/AuNP/nSi hydrogels crosslinked by incremental concentrations of 
gold ions. B) The physical appearance of F127-LA/AuNP/nSi with different concentrations of gold ions. C) The elemental analysis of F127-LA/AuNP/nSi 
indicated the presence of gold nanoparticles. D) TEM images of the gold nanoparticles embedded in the F127-LA/AuNP/nSi hydrogel. E) The gold ion 
concentrations affected the storage modulus of F127-LA/AuNP/nSi. F) Cyclic voltammetry (CV) and G) electrochemical impedance spectroscopy (EIS) 
of the F127-LA/AuNP/nSi hydrogels with varied gold ion concentrations.
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0  mm gold ions was made by directly exposing 7.5% F127-LA 
and 1.5% Laponite to UV (320–500  nm, 30  mW cm−2) for 
10 min. The hysteresis loop area expanded as the gold ions con-
centration increased from 3.125 to 12.5 mm (Figure 3F). More-
over, the impedance modulus of the F127-LA/AuNP/nSi hydro-
gels was significantly reduced after doping with gold nanopar-
ticles throughout the entire frequency window of 102–105  Hz, 
which was consistent with the CV curves (Figure  3G). The 
impedance of the 12.5 mm groups was 2.5 times less than that 
of the 3.125 mm group. The EIS measurements in physiologi-
cally relevant frequencies showed that the 12.5 mm group had 
the lowest charge transfer resistance, which could be deemed 
as the highest conductivity among all groups (Figure S3, Sup-
porting Information). The low electrical impedance of the 
F127-LA/AuNP/nSi hydrogels can be attributed to the resistive 
current passing through the conductive gold nanoparticles, 
indicating that a higher concentration of gold ions generated a 
larger amount of gold nanoparticles.

2.4. 3D Printing of Dynamic Hydrogels

Laponite is frequently used as an additive component for 3D 
printing ink due to its unique shear-thinning behavior.[31] 
Therefore, the laponite concentration was increased from 
1.5% to 8% to enhance the viscosity of F127-LA/AuNP/nSi. 

The peak-hold test, which can mimic the transition of shear 
rate and stress applied on 3D printing inks, helped assess 
the printability of the 10% F127-LA – 8% Laponite hydrogel 
(Figure 4A). The F127/nSi hydrogel experienced a constant low 
shear rate in the syringe, endured a high shear rate (3000 s−1) 
while extruding, and finally relaxed back to a low shear rate 
in air. Due to the shear-thinning behavior, the viscosity of the 
hydrogel rapidly dropped while extruding and bounced back 
when the shear stress was removed. Moreover, the smooth for-
mation of the hydrogel filament by the printing nozzle with a 
0.41  mm inner diameter indicated good shear-thinning prop-
erties (Figure  4B). Then, a 3 × 3 grid structure was used to 
assess the printing fidelity by a printability characteristic (Pr) 
calculated by Equation  (1).[20] When the Pr was in the range 
of 0.9–1.1, the 3D printed hydrogel construct would demon-
strate sound filament morphology and mechanical stability. 
The Pr of F127-LA/AuNP/nSi was 1.04 ± 0.02 (n  = 5), indi-
cating the hydrogel was available to be used as a 3D printing 
ink (Figure 4C). The printed hydrogel structure can be rinsed 
or immersed into gold ions solution (25  mm) for further 
crosslinking, similar to the conventional ionic crosslinking 
system. The gold ions could diffuse into the scaffolds, react 
with LA to form covalent bonds.

The crosslinked 3 × 3 grid hydrogel structure with ten-
layer height showed no shape distortion after being rinsed by 
the gold ion solution (Figure 4D). The compression tests with 

Figure 4. 3D printing of the F127-LA and Laponite ink followed by gold ion crosslinking. A) Peak-hold analysis of the F127-LA and Laponite ink.  
B) The formation of a smooth hydrogel filament extruded by a tapered extruder with a 0.41 mm diameter. C) Computer-aided designed graph and actual 
printed hydrogel of a 10 mm square 3 × 3 grid. D) The crosslinked hydrogel grid with 10-layer height. E) The compression tests of the F127-LA/AuNP/
nSi hydrogels before (−G) and after (+G) gold ion crosslinking (n = 3). F) Gold ions crosslinked the printed cylinder of the F127-LA and Laponite ink. 
Statistics analysis was performed using a t-test with **p < 0.05.
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30% strain showed that the compression modulus enhanced 
from 5.06 ± 0.89 to 23.49 ± 3.82 kPa, and the maximum stress 
increased from 1.63 ± 0.11 to 8.21 ± 1.72  kPa (Figure  4E and 
Figure S4, Supporting Information). The transparent hydrogel 
turned purple while absorbing gold ions, indicating that the 
redox reaction induced the formation of gold nanoparticles 
(Figure  4F). Then, after removing the excessive gold ions, the 
hydrogels were transferred to the incubator at 37  °C for 24 h, 
allowing the hydrogels to become mechanically stable. The 
purple color disappeared later because the gold nanoparti-
cles grew larger, which turned off the color emission.[48] The 
crosslinked cylinder could bounce back to its original shape 
after compressing with a tweezer, indicating that the physical 
affinity of Laponite and F127-LA contributed to the resilient 
hydrogel.

Moreover, the gold ion crosslinking system can also be 
applied to the conductive hydrogels doped with dark and con-
ductive materials, such as graphene, carbon nanotube, molyb-
denum disulfide (MoS2), and poly(3,4-ethylenedioxythiophene) 
(PEDOT). 3D printable hydrogels often rely on UV exposure 
for forming crosslinking.[49] However, the darkness of these 
conductive hydrogels might need higher UV intensity to pen-
etrate through the printed structure. The high absorption coef-
ficient for a 405 nm light through the graphene oxide suggested 
that the UV light intensity would be significantly attenuated by 
quenching through dark 3D printed hydrogels.[50] Therefore, 
the gold ion crosslinking system allowed the gold ions to dif-
fuse into F127-LA/AuNP/nSi to crosslink LA ligands and pro-
duce gold nanoparticles, which might benefit the electrochem-
ical performance of conductive hydrogels. For example, reduced 

graphene oxide (rGO) was introduced to fabricate conductive 
ink. Since pluronic acid is a non-ionic surfactant, the rGO 
could be facilely dispersed in the hydrogel ink (Figure S6, Sup-
porting Information). 0.5% rGO – 10% F127-LA – 8% Laponite 
hydrogel had high printing fidelity and could be lifted after gold 
ion crosslinking. This gold-ion-initiated crosslinking systems 
without using UV light and toxic photoinitiators could be used 
in developing soft bioelectronic, and 3D printed conductive 
inks.

2.5. Dynamic Hydrogels Sequester Hydrophobic Drugs  
for Sustained Delivery

The temporarily dynamic network gives F127-LA/AuNP/nSi 
a time window with high injectability for therapeutic delivery. 
First, the cell viability and metabolic activity of human mes-
enchymal stem cells (hMSCs) co-cultured with the hydrogel 
extraction medium (Gel) were assessed by 2,5-diphenyl-
2H-tetrazolium bromide (MTT) and Alamar blue (Figure 5A,B). 
Both results showed no significant difference between the 
TCPS control and Gel groups, indicating the good biocompat-
ibility of the hydrogel. In addition, the hydrophobic core (PEO) 
of F127-LA micelles could be loaded with the hydrophobic drug. 
A thin-film procedure was adopted to loaded curcumin or pacli-
taxel into the F127-LA micelles. In short, F127-LA and the drugs 
were dissolved in organic solvents and formed a composite thin 
film by evaporating the solvents. Therefore, after rehydrating 
the thin film, the drug could be loaded entirely into the hydro-
gels. The sizes of F127-LA\Curcumin (27.98 ± 0.94 nm) micelles 

Figure 5. Drug delivery and in vitro study. A) Cell viability and B) metabolic activity of the hMSCs co-cultured with the F127-LA/AuNP/nSi hydrogel 
extraction medium obtained by MTT and Alamar blue tests, respectively (n = 3). C) Curcumin release profile in PBS and ethanol (n = 3). D) Live/
Dead assay of the MCF-7 cells co-cultured with the paclitaxel-loaded F127-LA/AuNP/nSi hydrogel (scale bar: 100 µm). E) The anti-cancer effect of the 
paclitaxel-loaded hydrogel was assessed by MTT assay (n = 4). Statistics analysis was performed using one-way ANOVA with **p < 0.0001.
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were slightly larger than F127LA (22.90 ± 0.57  nm) micelles, 
indicating potential drug encapsulation (Figure S7, Supporting 
Information). The sizes of F127-LA\Curcumin micelles (29.84 ± 
0 = 1.57 nm) observed by TEM were similar to the DLS results 
(Figure S8, Supporting Information).

To quantify the drug-releasing rate, curcumin was used 
as a model hydrophobic drug with absorbance at 430  nm 
(Figure  5C). Initially, no burst release was observed in both 
PBS and ethanol, indicating curcumin was successfully fixed in 
the cores of F127-LA micelles. Further, due to the hydrophobic 
nature of curcumin, the releasing rate in ethanol was largely 
higher than that in PBS, which was released completely in a 
week. However, the curcumin release in PBS could be pro-
longed over ten days depending on the solubility of curcumin 
and the F127-LA/AuNP/nSi hydrogel degradation. Similarly, 
paclitaxel was loaded to the hydrogel by thin-film rehydra-
tion. Breast cancer cells (MCF-7) co-cultured with the F127-LA/
AuNP/nSi hydrogels with (+PTX) or without (–PTX) paclitaxel 
displayed that the released paclitaxel had the anti-cancer effect 
(Figure 5D). The –PTX group had cell viability as good as the 
negative control, but both the +PTX and positive control found 
severe cell death after 48 h. Moreover, the cancer cell viability of 
F127-LA/AuNP/nSi was significantly reduced by loading pacli-
taxel assessed by MTT assay after 48 h (Figure 5E). The results 
showed that the hydrophobic drugs could be facilely loaded into 
the hydrogel with a long-term drug delivery profile while main-
taining function.

3. Conclusion

In summary, a novel hydrogel crosslinking method initiated by 
the redox reaction of gold ions and disulfide groups of polymer 
(F127-LA) was developed. The dynamic crosslinking allowed 
the hydrogels to transform from being moldable and injectable 
to mechanically stable in a time-and temperature-dependent 
manner. Interestingly, the reduction of gold ions results in situ 
deposition of gold nanoparticles, which contribute to further 
enhancing both mechanical and electrochemical properties of 
the dynamic hydrogels. For example, a four-fold increase in gold 
ion concentrations led to 18 and 2.5 times increase in the per-
formance of storage modules and electrical impedance, respec-
tively. The abundant addition of rheological agent, Laponite to 
these dynamic hydrogels provides shear-thinning characteris-
tics, which are utilized for 3D printing. The ability of polymer 
(F127-LA) to form micelles was leveraged to encapsulate hydro-
phobic drug (paclitaxel) for sustained and long-term delivery. 
Overall, the redox reaction of gold ions and disulfide groups on 
polymer provides a novel platform to fabricate dynamic hydro-
gels for various applications, including regenerative medicine, 
drug delivery, and biosensing.

4. Experimental Section
Materials Synthesis: Pluronic F127 (PEO99-PPO65-PEO99) (Mn  =  12600), 

lipoic acid (LA), and gold(III) chloride trihydrate (HAuCl4·3H2O) were 
purchased from Sigma-Aldrich Co. LLC (USA). Nanosilicates (Laponite 
XLG) were obtained from BYK Additives Inc. First, Pluronic acid F127 
functionalized with lipoic acid (F127-LA) was synthesized by the 

esterification of F127 with LA.[51] Briefly, F127 (12.6  g, 0.001  mol) and 
LA (0.825  g, 0.004  mol) were dissolved in 150  mL dichloromethane 
(DCM). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDC, 0.844 g, 4.4 mmol) and 4-dimethylaminopyridine (DMAP, 0.489 g, 
4.000 mmol) were added to the solution. The mixture was stirred under 
nitrogen at room temperature for 24 h. The solution was washed three 
times with an acidic, saturated NaCl solution and saturated NaHCO3 
solution, respectively. The solution was then dried over anhydrous 
NaSO4 overnight, then filtered and concentrated. The concentrated 
solution was then precipitated into cold diethyl ether three times and 
dried under vacuum for 24 h at room temperature. Reduced graphene 
oxide was synthesized by the reduction of graphene oxide via reacting 
with ascorbic acid.[52]

Hydrogel Fabrication: 10% LA-F127 was dissolved in distilled water for 
3 h. Then, 2% Laponite was added with vigorous vortexing to ensure 
homogenous dispersion of Laponite nanossilicates. The solution was 
then mixed with various concentrations of gold ions for further material 
characterization. For example, 7.5% F127-LA, 1.5% Laponite, and 
6.25  mm were prepared by vigorously vortexing 75  µL of 10% LA-F127 
and 2% Laponite with 25 µL of 25 mm gold ion solution. For 3D printing 
conductive hydrogel, additional 0.5% reduced graphene oxide was 
added, and the concentration of Laponite was increased to 8% to make 
the hydrogel printable.

Material Characterization: For TEM images, JEOL 1200 operated at 
200 keV was used. To prepare TEM samples, the hydrogel was ground 
into powder and diluted in DI water, 10 µL of which was transferred to 
a TEM grid and allowed to dry. Uranyl  acetate staining was performed 
for observing the formation of the F127-LA micelles. Energy-dispersive 
X-ray spectra detector was used to confirm the presence of gold in 
the gel samples. The hydrogel was deposited on a silicon wafer and 
sputtered with a 10 nm Pt coating to enhance surface conductivity. The 
nuclear magnetic resonance (NMR) spectra of the F127 and F127-LA 
polymers were measured in D2O on AVANCE NEO 400 and analyzed in 
Mestrenova. DLS and zeta potential measurement were used to study 
the size change and surface charge of the polymer- and ion-decorated 
Laponite nanoparticles. The solutions at 0.1  wt% were prepared in DI 
water for DLS and zeta measurements.

3D Printing: The 3D printing was done on a modified Anet A8 printer 
with a screw extruder-based printing head. The designs were generated 
in Solidworks 2019 and converted to STL files. The STL files were sliced 
and converted into G-code using Slic3r software. Repetier Host v.2.1.1 
was used as a user interface for controlling the 3D printer. Layer height 
was kept at 200 µm, layer width was set at 600 µm, and printing speed 
was 10  mm  s−1.  3D printing was performed with a 410  µm tapered 
extruder tapered tip attached to the extruder. The 3D printed constructs 
were crosslinked by 25 mm gold ion solution for 15 min. The printability 
of hydrogel inks was defined by the following function:[20]

4
1

16

2
Pr

C
L

A
π= × =  (1)

L means perimeter and A means area. Circularity (C) of an enclosed 
area is defined as the following:

4
2C A

L
π=  (2)

For a square shape, circularity is equal to  π/4. For an ideal 3D 
printing ink, the interconnected channels of the printed structures would 
demonstrate a square shape, and the Pr value was 1. To determine the Pr 
value of each printing parameter combination, optical images of printed 
constructs were analyzed in ImageJ to determine the perimeter and area 
of interconnected channels (n  =  5).

Drug Loading and Delivery: Curcumin and F127-LA were dissolved 
in 5  mL DCM with a weight ratio of 1:100 and sonicated for 10 min. 
Next, curcumin-loaded F127-LA thin film was acquired by evaporating 
the solvent by rotavap. The thin film was put under a vacuum at room 
temperature to remove the solvent completely for 24 h. Paclitaxel was 
loaded with the same procedure, except that acetonitrile was used as 
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the solvent instead of DCM. To prepare curcumin or paclitaxel loaded 
hydrogel, 90  mg of F127-LA and 10  mg of drug-loaded F127-LA were 
mixed in 1 mL DI water and stirred for 3 h. Then, 20 mg of Laponite was 
added to the solutions with overnight incubation at room temperature. 
100 µL of curcumin-loaded hydrogels were placed in either 1 mL ethanol 
or PBS (1X, pH = 7.4) at 37 °C. 100 µL of the supernatant was transferred 
for measurement and fresh 100  µL ethanol or PBS was added to the 
original tubes. The absorbance of the released curcumin was measured 
at 430  nm. CV and EIS were performed using an electrochemical 
workstation (Gamry Reference 600+).

In Vitro Assays: hMSCs were cultured in low-glucose Dulbecco’s 
modified Eagle’s medium (DMEM) with 15% fetal bovine serum (FBS), 
50 U mL−1 penicillin, and 50  µg mL−1 streptomycin, at 37 °C and 5% 
CO2 in a humidified environment. Cytotoxicity and metabolic activity of 
the hydrogels were assessed by using MTT assay (BioVision, Inc., USA) 
and Alamar blue assay (Bio-rad Laboratories, Inc., USA), respectively. 
Briefly, hMSCs seeded in a 96-well plate were treated with the extracted 
media of hydrogels and cultured in new media with MTT reagent or 
Alamar blue. The extracted media was prepared by incubating 100 µL of 
the sterilized hydrogel samples in 1  mL of cell culture media at 37  °C 
for 24 h.[53] For the MTT assay, newly formed formazan crystals were 
dissolved in DMSO, and then the absorbance of the resulting solutions 
was measured at 540  nm. The absorbance of Alamar blue was read 
on a UV–vis spectrophotometer at 570  nm. Alamar Blue assays were 
performed on days 1, 3, and 7. All samples were normalized to TCPS 
controls. Breast cancer cells (MCF-7, ATCC, USA) were cultured in normal 
growth media (DMEN, Gibco, USA), supplemented with 10% FBS (Life 
Technologies, USA) and 1% penicillin/streptomycin (100 U/100 µg mL−1; 
Life Technologies, USA) at 37 °C with 5% CO2. For live/dead staining, 
cells co-cultured with the hydrogels (100 µL) were stained with calcein 
AM and ethidium homodimer (Santa Cruz Biotechnology, Inc., USA) in 
24 wells. The samples were washed with PBS thrice and imaged using 
epifluorescence microscopy (TE2000-S, Nikon, USA).

Statistical Analysis: All results are expressed as the mean ± deviation 
(n = 3–5). Statistical analysis of all quantitative data was performed via 
one-way ANOVA with post hoc Turkey analysis or unpaired t-test using 
GraphPad Prism (v 6.01).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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