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Adhesive aero-hydrogel hybrid conductor assembled
from silver nanowire architectures

Zhao Pan', Ze-Yu Wang', Mo-Han Wang’, Lu Yang” and Shu-Hong Yu'’

ABSTRACT Conductive and adhesive hydrogels are pro-
mising materials for designing bioelectronics. To satisfy the
high conductivity of bioelectronic devices, metal nanomater-
ials have been used to fabricate composite hydrogels. However,
the fabrication of a conductive-nanomaterial-incorporated
hydrogel with high performance is a great challenge because of
the easy aggregation nature of conductive nanomaterials
making processing difficult. Here, we report a kind of adhesive
aero-hydrogel hybrid conductor (AAHC) with stretchable,
adhesive and anti-bacteria properties by in situ formation of a
hydrogel network in the aerogel-silver nanowires (AgNWs)
assembly. The AgNWs with good conductivity are well-
integrated on the inner-surface of shape-memory chitosan
aerogel, which created a conductive framework to allow hy-
drogel back-filling. Reinforcement by the aerogel-silver makes
the hybrid hydrogel tough and stretchable. Functional groups
from the hydrogel allow strong adhesion to wet tissues
through molecular stitches. The inherent bacteria-killing
ability of silver ions endows the conductive hydrogel with
excellent anti-bacteria performance. The proposed facile
strategy of aerogel-assisted assembly of metal nanomaterials
with hydrogel opens a new route to incorporate functional
nanoscale building blocks into hydrogels.

Keywords: silver nanowire, chitosan aerogel, templating assem-
bly, conductive hydrogel

INTRODUCTION

Wearable and implantable bioelectronic devices, which
are designed to interface with human body, have been
intensely studied to collect and deliver various bioelec-
tronic signals on different human body parts such as
brain, spinal cord, skin and heart [1-5]. Despite the huge
promise in personalized healthcare that bioelectronics can

offer, the stark disparities between rigid conventional
electrodes and soft, high water-containing tissues, pose
immense challenges towards clinical operations and post-
operation care [3,6].

In light of their similar mechanical properties toward
biological tissues in human body, hydrogels have been
receiving a great deal of attention for applications as
bioelectronics [6-9]. Despite their high compliance,
toughness, and stretchability, conductive properties of
hydrogel are typically provided by requisite additives
[10,11]. An efficient method to endow hydrogels with
high conductivity involves integration of conventional
conductors including conducting polymers [11], carbon-
based nanomaterials [12,13], and nanometallic materials
into the hydrogel network [14]. As a promising candidate
additive, silver nanowires (AgNWs) with excellent con-
ductivity and anti-bacterial performances have drawn
great attention for building elastic conductors [15-21].
However, while harnessing unique advantages of AgNWs,
either the random distribution or easy aggregation of the
nanomaterials in a polymer matrix leads to poor con-
ductivity and weak mechanical strength, which causes the
shrinkage of their application [22,23]. Hence, it is highly
desirable, from the viewpoint of practical applications, to
develop an effective assembling strategy for integration of
one-dimensional conductive nanostructures into a
macroscopic flexible hydrogel conductor.

Engineering bio-devices typically requires robust fixa-
tion on tissues for their corresponding functional purpose
[24]. To avoid physical damage induced by mechanical
fixation such as suturing [25], and prevent delamination
failure of the bio-electronic device from tissues, the in-
terfacial adhesion between bioelectronics and tissues is of
critical importance. Thus, an effective adhesive mechan-
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ism is strongly required in designing hydrogel electronics.
Recently, tough bonding of hydrogels on diverse wet
tissues has been proposed by topologically anchoring
hydrogel through molecular stitches [26]. Such robust
interfacial adhesion can offer more reliable bio-electronic
performances and functionalities, particularly for dy-
namic and highly deformable tissues such as skin.
Herein, we report the fabrication of a flexible hydrogel
conductor based on a chitosan (CTS) aerogel-assisted
AgNW assembly and in situ hydrogel polymerization
strategy. The adhesive aero-hydrogel hybrid conductor
(AAHC) is firstly fabricated from the ice-templated CTS
aerogel that offers a rigid framework to integrate AgNWs
into the conductive network and provides mechanical
supporting for AAHC. In addition, the backfilling poly
(acrylamide-sodium acrylate) (PAMSA) hydrogel works
as soft matrix to tack AAHC on tissues and dissipate
energy when AAHC is under stress. Consequently,
AAHC bioelectronics features high electronic con-
ductivity, superior mechanical properties, anti-bacteria
capability and excellent tissue adhesive performance.

EXPERIMENTAL SECTION

Preparation of porous CTS aerogel

CTS solution (2 wt%) was prepared by dissolving CTS
powder (1.0 g) in 50 mL of acetic acid aqueous solution
(2 wt%). CTS scaffolds were fabricated according to the
previously reported ice-templated process [27]. Briefly,
viscous polymer solution was frozen in a silicon rubber
mold placed on the top of pre-cooled steel plate. The
obtained frozen samples were then freeze-dried by using a
Labconco-195 freeze-drier.

Preparation of AgNW attached CTS aerogel (Ag-CTS
aerogel)

AgNWs were synthesized in a modified process reported
previously [28]. In brief, 5.86 g of poly(vinylpyrrolidone)
(PVP K30) and 190 mL of glycerol were added into a
500-mL round bottom flask and dissolved at 100°C to
form a homogenous solution. After being cooled to room
temperature, 1.58 g of AgNO; powder was added into the
flask. With gentle stirring, the solution was heated to
210°C for 30 min. During the heating process, 10 mL of
glycerol solution containing 59 mg of NaCl and 0.5 mL of
H,0 was added at 60°C. The reaction was immediately
stopped after the temperature reached 210°C by adding
200 mL of room-temperature deionized water. The color
of the reaction solution evolved from pale white to light
brown, red, dark gray, and eventually grayish-green. The
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resultant AgNWs were washed with deionized water
twice before use. Then, the freeze-dried CTS aerogel was
immersed in aqueous ammonia to neutralize the acid and
rinsed with water three times. After that, the CTS aerogel
was immersed in AgNW dispersion, squeezed and then
released. After repeating squeezing-releasing cycles five
times, the resultant Ag-CTS aerogel was freeze-dried in a
Labconco-195 freeze-drier.

Preparation of adhesive AAHC

Firstly, 7.2 g acrylic acid was neutralized by 25 mL of
4mol L' NaOH aqueous solution and cooled down to
room temperature. Then, 3.55 g acrylamide was added to
make stock A solution. The pre-gel solution was made by
mixing 3.5 mL stock A, 2.5 mL deionized water, 110 pL
N,N'-methylenebisacrylamide solution (2 wt% aqueous
solution), 100 pL ammonium persulphate (10 wt% aqu-
eous solution) and 10uL  N,N,N',N'-tetra-
methylethylenediamine. Then, Ag-CTS aerogels were
immersed inside the pre-gel solution to infiltrate the
aerogel with the hydrogel precursor, followed by degas-
sing in a vacuum oven and curing at 40°C for 1 h under
nitrogen atmosphere. The resultant hybrid conductor was
thoroughly rinsed with a large amount of deionized water
for 24 h.

In vitro cytocompatibility test

The cytocompatibility of materials was assessed by the
CCK-8 kit. In brief, the material samples were incubated
in cell culture medium at 37°C for 24 h to prepare con-
ditioned medium. Mouse fibroblasts (NIH/3T3) were
plated in 96-well plates (2.0 x 10" cells per well, N = 4 per
group) and cultivated with 200 pL per well normal culture
medium or each conditioned medium for 24 h, 3, 5, and 7
days, respectively. Cell proliferation was determined by a
CCK-8 assay. CCK-8 reagent was mixed with Dulbecco’s
modified Eagle medium (DMEM) at 1:10 and added into
the wells (110 uL per well). Then the cells were cultivated
for another 2 h at 37°C. Finally, the culture medium was
removed and the viability was measured by a microplate
reader at a wavelength of 450 nm.

Anti-bacteria performance test

Staphylococcus aureus (S. aureus, Gram-positive, ATCC
25923) and Escherichia coli (E. coli, Gram-negative,
ATCC 25922) were employed to evaluate the anti-
microbial activity of the materials. The antibacterial
properties were determined by optical density value at
600 nm (ODy). All the microbial cell suspensions were
diluted to 10° CFU mL . The materials were punched
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into uniform discs of 6 mm diameter and then were
sterilized using a high-pressure steam sterilizer (HVE-50,
HIRAYAMA company, Japan). Ten microliter of bac-
terial culture was taken out after 12 h incubation, and
diluted with the corresponding medium until ODy, value
came to around 0.08 (ODy, of culture medium is 0.072).
One material disk was immersed in each culture tube and
incubated at 37°C, and 100 pL of the culture medium was
taken out for testing on the micro-plate reader at setting
time points (0, 1, 2, 3, 4, 6, 8, 10 and 12 h). A group of
culturing bacteria without the material was used as a
control. The growth curve of the corresponding bacteria
was depicted according to the OD value of the bacterial
culture. All the experiments were carried out in triplicate.

In vivo biocompatibility test

Animal studies were performed according to the Guide
for the Care and Use of Laboratory Animals of the Na-
tional Institutes of Health. The in vivo biocompatibility
test was in full compliance with the guidelines of the
Institutional Animal Care and Use Committee of Anhui
Medical University, China (LLSC20150002). Specific pa-
thogen-free (SPF) Sprague-Dawley rats (male, 7-8 weeks)
were purchased from Anhui Medical University. Animals
were randomly selected for operation without blinding or
applied inclusion and exclusion criteria. Rats were housed
singly in plastic cages containing sterile bedding in ven-
tilated animal rooms and maintained on a 12/12 h light/
dark cycle with sterile food and water. Prior to im-
plantation, 10 mm x 10 mm x 1 mm rectangular samples
were prepared using sterile techniques and were further
sterilized for 3 h under ultraviolet light. The rats were
anesthetized with pentobarbital, dorsal hairs were re-
moved and the animals were placed over a heating pad
for the duration of the surgery. The subcutaneous space
was accessed by a 1-2 cm skin incision per implant in the
center of the animals’ back. To create space for implant
placement, blunt dissection was performed from the in-
cision towards the animal shoulder blades. The materials
were placed in the subcutaneous pocket created above the
incision, and then the incision was closed using inter-
rupted suture. Up to two implants were placed per animal
ensuring no overlap between each subcutaneous pocket
created. After two weeks following the implantation, the
animals were euthanized by CO, inhalation. Sub-
cutaneous regions of interest were excised and fixed in
10% formalin for 24 h for histological analyses.

Characterization
Scanning electron microscopy (SEM) images of the
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freeze-dried samples were carried out on a field emission
scanning electron micro-analyzer (Zeiss Supra 40, Carl
Zeiss AG, Baden-Wurttemberg, Oberkochen, Germany).
The morphologies of the samples were observed using a
Hitachi H7700 transmission electron microscope (TEM)
at an acceleration voltage of 120 kV. The electrical con-
ductivity of aerogels, hydrogels and hybrid composites
was measured by a two-probe method with the PM5
Analytical Probe System (Cascade Microtech, Inc., Bea-
verton, OR, USA) and Keithley 4200 SCS at room tem-
perature in air. Stretch tests with different strains were
carried out on the Instron 5565A. The sample size was
measured using a standard caliper. The adhesive tests
were also carried out on the Instron 5565A following the
instructions of ASTM F2256.

RESULTS AND DISCUSSION

Preparation of robust AAHC

Fig. 1a schematically illustrated the fabrication of a highly
conductive, stretchable hybrid conductor through back-
filling hydrogel into AgNW attached CTS framework. In
brief, firstly, the unidirectional CTS aerogel was con-
structed by a ice-templated freeze casting process
(Fig. 1b). As shown in the top-view SEM image in Fig. 1f,
the CTS aerogel demonstrated an undisrupted cellular
structure that interconnected through porous compart-
mental walls (Fig. 1g). After being neutralized by im-
mersing in aqueous ammonia for 1 h and washed with
pure water, this CTS aerogel exhibited robust mechanical
properties and highly charged inner-surfaces due to the
abundant amino groups on CTS molecule skeleton. The
uniaxially aligned and interconnected tunnels endow the
aerogel with excellent resistance towards compression,
and their structure can recover fast while immersed in
water (shape-memory property) [27]. These unique
structure-allowed properties provide an ideal platform for
fabricating flexible bioelectronics.

High aspect-ratio AgNWs were facilely synthesized
through a template method. In glycerol, silver ions as-
sembled along the axis with the constraint of PVP
(polyvinylpyrrolidone, K30) to form negatively charged
nanowires (Fig. Sla-c). Through simply immersing the
as-prepared CTS aerogel into AgNW aqueous dispersion
and repeating compressing-releasing cycles, the AgNWs
could be easily fixed onto the porous CTS framework
through electrostatic adsorption and integrated into
conductive networks (Fig. 1c and Fig. S1d). As shown in
the SEM image (Fig. 1h, i), the smooth walls of CTS
aerogel (Fig. S2a) were overlaid with AgNWs after at-

November 2021 | Vol.64 No.11



SCIENCE CHINA Materials

ARTICLES

a Ice-templated Fabrication
of CTS aerogel

Lyophilization

Compress

Chitosan
solution

Ice
formation

CTS aerogel

{

Integration

Ag-CTS aerogel

Release

Formation of AAHC hydrogel

AAHC

.
=

In-situ
polymerization

AgNW attached
CTS network

Figure 1 Fabrication procedure and morphology of the AAHC. (a) Schematic illustrations of the preparation of AAHC. Typically, CTS aerogel with
a cellular structure was prefabricated by the lyophilization method. With recycling resorption, the AgNWs were integrated onto the surface of CTS
and formed an interconnected network. The AAHC was finally fabricated after in-situ polymerization of PAMSA hydrogel. The digital pictures of
(b) CTS aerogel, (c) Ag-CTS aerogel, (d) PAMSA hydrogel, and (e¢) AAHC were further demonstrated. SEM images of CTS aerogel (f, g) before and

(h, i) after integrating AgNWs.

taching cycles (Fig. S2b), and meanwhile, the structural
integration of CTS aerogel was perfectly maintained.
Compared with conventional ice-templated methods for
metal nanowires assembly [15], this two-step approach
not only facilitates inter-connected AgNW network on
the inner surface of aerogel, but more importantly, the
natural polymer-based framework also provides great
mechanical properties to facilitate establishment of robust
conductors.

At the last stage to prepare AAHC, the pre-gel solution
of PAMSA hydrogel was penetrated into the aerogel
through vacuum infusion. Due to the strong negative
charges inherited from the sodium acrylate monomer, the
subsequent hydrogel network presents high affinity with
the CTS framework and attached AgNWs. The interac-
tions between building blocks of CTS, AgNWs and hy-
drogels integrate the bulk material into a robust
composite bioelectronics. Compared with homogenous
matrix formed from the pure PAMSA hydrogel (Fig. S2¢),
the Ag-CTS aerogel exhibits a uniform filling of hydrogel
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inside without disrupting its integrity, as revealed by the
SEM image (Fig. S2d).

Mechanical and adhesive performances

Hydrogel network can be uniformly distributed in the
aerogel framework because the monomer possesses
abundant functional groups like the carboxylate group,
which interact with the CTS framework by noncovalent
bonding and electrostatic interactions. Incorporation of
PAMSA hydrogel into the CTS aerogel combined the
high stretchability of PAMSA hydrogel and strength of
Ag-CTS aerogel together, endowed the composites with
high stretchability, toughness and excellent recovery
capability. Typical uniaxial tensile stress-strain curves
showed that the tensile strength of the AAHC was 70 kPa,
which is significantly higher than that of the Ag-CTS
aerogel (45 kPa) and PAMSA hydrogel (10 kPa) (Fig. 2a,
b); moreover, due to the strong bonding formed between
the aerogel framework and hydrogel network, the max-
imum tensile strain of the hybrid (200%) is four times

2871



ARTICLES

SCIENCE CHINA Materials

a b

Ag-CTS aerogel

= =
3 3

Tensile strength (kPa)
=
3

PAMSA hydrogel
¥

N
S

°

100 200 300 400 500 600 700
Strain (%)

PAMSA
hydrogel

* o T
e v 2

Ag-CTS
aerogel

Young's modulus (kPa) o
8 8 8 8

N
S

o

PAMSA
hydrogel

Ag-CTS
aerogel

AAHC

2
3

0
|
8
m?) g,
g BB

®
8

Strain at break (%)
5
8
]

Tearing toughness (kJ
3 3

PAMSA
hydrogel

Ag-CTS
aerogel

PAMSA
hydrogel

Ag-CTS

VHC aerogel

AAHC

@
=

50 AAHC
/
40
40
30 \

[ | Ag-CTS aerogel

Stress (kPa)

PAMSA hydrogel 20

Shear strength {kPa)

\
0 20 40 60 80
Strain (%)

100 120 PAMSA

hydrogel

Ag-CTS

aerogel AAHC

Figure 2 Mechanical and adhesive performances. (a) Typical tensile stress-strain curves, (b) tensile strength, (c) breaking strain, (d) tearing
toughness and (e) Young’s modulus of Ag-CTS aerogel, PAMSA hydrogel and AAHC. (f) Photographs demonstrating different ways of tearing
between Ag-CTS aerogel and AAHC. (g) Typical shear-lap curves and (h) shear strength of Ag-CTS aerogel, PAMSA hydrogel and AAHC adhering
on wet biological surface. Error bars represent standard deviation (SD); N = 4.

that of pristine aerogel (50%) (Fig. 2c). Additionally, this
strong interfacial bonding together with the energy-
dissipation capability of hydrogel matrix led to a sy-
nergistic effect in toughness of the hybrid (Fig. 2d)—the
tearing toughness of AAHC is clearly enhanced when
compared with that of the two components. Due to the
parallel tunnel structure, for the Ag-CTS aerogel, only the
fracture of ice-templated walls is responsible for the
fracture resistance and energy dissipation during tearing,
leading to very limited tearing toughness. In comparison,
when integrated with PAMSA hydrogel, the fracture of
ice-templated walls occurred after the deformation and
fracture of very flexible hydrogel matrix, resulting in a
composite with exceptionally high tear resistance. Besides
the toughness, for the sake of interfacial and mechanical
stability, wearable and implantable electronics should
match the elastic modulus of surrounding biological tis-
sues [6]. As shown in Fig. 2e, different from the squishy
pure PAMSA hydrogel (Young’s modulus 5 kPa) and stiff
Ag-CTS aerogel (Young’s modulus 80 kPa), the elastic
modulus of AAHC can be easily tuned into a moderate
range (30 + 10 kPa). Therefore, the as-prepared aero-
hydrogel hybrid has shed a light on the design of elec-
tronic devices resembling natural tissues, which un-
doubtedly increases their compatibility with biological
systems.

For either electronic skin or implantable bio-electrodes,
interfacial adhesion between the device and tissues is of
critical importance to avoid damage towards both elec-
tronics and dynamic tissues. In this scenario, it is desir-
able to develop flexible and tissue-adhesive bioelectronics
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so that they can tightly integrate with surrounding tissues.
Recently, tissue adhesives based on topological adhesion
mechanism have attracted extensive research attention
[29]. Here we design an approach that molecularly stit-
ches wet AAHCs to tissues. CTS molecular chains were
used as stitches to bond to the surface of each adherends,
and then form a new polymer network at the interface,
resulting in strong wet adhesion between AAHC and
tissues. After CTS solution was applied, the stitch mole-
cules penetrated into and topologically entangled with the
network of adherends’ surface. Besides, additives in the
solution, 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide hydrochloride (EDC) and N-hydroxy succinimide
(NHS), facilitate the stitch molecules to form chemical
bonds with functional groups of adherends, like amino
and carboxyl groups. Quantitative tensile-adhesion test-
ing revealed that the hybrid conductors adhered strongly
to test tissue substitution (wet porcine sausage skin
membrane), and their adhesive strength (55kPa) is
comparable to those of commercially available sealants
such as Histoacryl and Coseal [30,31]. Notably, combin-
ing tough interfacial bonding and efficiently enhanced
matrix energy-dissipating ability, the adhesion strength of
hybrid conductors became prominently stronger than
that of Ag-CTS aerogel (3 kPa) and PAMSA hydrogel
(8 kPa).

Electromechanical property

The structural advantages of the 3D binary-network ar-
chitecture and extraordinary electrical conductivity
combined with the excellent mechanical robustness of
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hydrogel make the hybrid an appropriate candidate for
use as flexible and stretchable bioelectronics. The in situ
formation of AQNW network on CTS framework resulted
in high electrical conductivity of the aerogel (Fig. 3a). The
CTS aerogel and PAMSA hydrogel are inherently in-
sulating, but the hybrid after combination with PAMSA
hydrogel showed good electrical conductivity, suggesting
that the formation of hydrogel surrounding AgNWs
caused little damage to the conductive network. In ad-
dition, the resistance variation as a function of uniaxial
tensile strain from 15% to 30% was then investigated. As
revealed in Fig. 3b, ¢, the resistance of the aero-hydrogel
hybrid increases with the increasing tensile strain during
the stretching cycles, exhibiting excellent sensitivity, re-
sponse capability and repeatability. Even after one-thou-
sand stretch-release cycles (Fig. 3d), the hybrid did not
show any obvious irreversible resistance increase. These
results are a proper demonstration of the excellent elec-
tromechanical stability of aero-hydrogel hybrids and their
great potential for high-performance stretchable and
flexible bioelectronics.

Biocompatible performances
As the hybrid has a good conductive capacity and tissue
adhesive performance, it is necessary to estimate the cy-
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tocompatibility of it for potential biomedical application.
To explore the cytocompatibility of the hybrid, we used
the fibroblasts for cell proliferation analysis and demon-
strated the biocompatibility of CTS framework, CTS-
AgNW aerogel, and hybrid to fibroblasts by live/death
analysis. To be sure, the in vitro biocompatibility of the
hybrid-conditioned medium is comparable to that of the
control medium, CTS framework medium and CTS-
AgNW aerogel-conditioned medium, showing no ob-
servable decrease in the in vitro viability of the blasts after
24-h, 3-d, 5-d, and 7-d culture (Fig. 4a). The fluorescence
images (Fig. 4b) showed no decrease in the in vitro via-
bility of fibroblasts after 24-h culture.

Implantation of bioelectronics could cause damage to
tissues and easily recruit surrounding microbial, trigger-
ing wound infection and local inflammation. Therefore,
bioelectronics with antibacterial ability is of great value
during the clinical application. The antibacterial proper-
ties of our hybrid were tested by using E. coli and S.
aureus as the representative bacteria. For comparison,
CTS framework and CTS-AgNW aerogel were also
committed to antibacterial test by co-culturing with
bacteria. Pre-cultured E. coli and S. aureus were cultured
on an automated shaker at 37°C containing the experi-
mental materials, respectively. The ODyy, value of the
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Figure 3 Electrical performance of AAHC. (a) Conductivity of PAMSA hydrogel, CTS aerogel, Ag-CTS aerogel and AAHC. (b) Sensitivity, response
capability, repeatability test of AAHC at 15%, 20%, 25%, 30%. (c) Resistance changes caused by the transverse tension as a function of true strain.
(d) AR values of AAHC during the stretching-releasing cycles with a small distance of 2 mm. The inset shows the AR values during 1000 cycles. Error

bars represent SD; N = 4.
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Figure 4 Cytocompatibility and anti-bacteria performance of AAHC. (a) Cell viability was compared among DMEM, CTS aerogel, Ag-CTS aerogel
and AAHC conditioned media at 1, 3, 5, 7 days. (b) Fluorescent images of fibroblasts after 24-h culture in various conditioned media. Viability of
(c) Gram-negative bacteria, E. coli and (d) Gram-positive bacteria, S. aureus after being co-cultured with blank medium, CTS aerogel, Ag-CTS aerogel

and AAHC at continuous time points. Error bars represent SD; N = 5.

above bacterial solution was measured. According to
Fig. 4c, d, the ODy, values for both E. coli and S. aureus
increased with incubation time because the bacteria
proliferated over time. After incubation with CTS-AgNW
and the hybrid, the ODy, value decreased significantly
with time. In contrast, the ODg, values of E. coli and S.
aureus in the CTS framework groups increased with the
prolongation of culture time. These results demonstrated
that AgN'W integrated electronics can significantly inhibit
the growth of E. coli and S. aureus, and their antibacterial
properties were mainly derived from AgNWs. Unlike
traditional adhesive conductors, this hybrid exhibits sa-
tisfactory antibacterial properties. More importantly, they
can prevent infection when they are in direct contact with
the skin, tissue surface and other organs of the human
body.

Furthermore, in order to evaluate the in vivo histo-
compatibility of the hybrid, we implanted the CTS fra-
mework, CTS-AgNW aerogel and hybrid in a dorsal
subcutaneous model of the rat (Fig. 5a). Histological as-
sessment demonstrates that, after two weeks of im-
plantation, three groups of subjects all generate a mild to
moderate chronic inflammatory response involving
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macrophages, lymphocytes and occasional giant cells in
association with the formation of a capsule of granulation
tissue comprising fibroblasts, collagen and new blood
vessels. There is no evidence of necrosis of the overlying
skeletal muscle or skin, or of an eosinophilic response
suggestive of an allergic reaction (Fig. 5b-g). Although
the hybrid shows a higher degree of inflammatory re-
sponse than the CTS framework and CTS-AgNW, as
indicated by a denser chronic inflammatory reaction, no
major damage to the surrounding dermal and muscular
layers is observed after two weeks of implantation. The
more pronounced inflammatory response of the hybrid
might result from the faster bio-integration of the hy-
drogel coating and subsequent effects on the surrounding
tissues.

CONCLUSIONS

In summary, we have demonstrated a new conductive
aero-hydrogel hybrid with integration of conductivity and
good mechanical properties. With the merits of well-
organized conductive AgNW architectures on the pre-
prepared aerogel and aerogel-hydrogel interaction, this
AAHC showed high electro-mechanical performance. In

November 2021 | Vol.64 No.11
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Figure 5 In vivo biocompatibility performance. (a) Schematic illustrations for in vivo biocompatibility implants in the rat dorsal subcutaneous
pocket. Representative histological images stained with hematoxylin-eosin (H&E) for assessment of the biocompatibility of subcutaneously implanted
CTS aerogel (b, e), Ag-CTS aerogel (c, f) and AAHC (d, g) after two weeks. GT and FB indicate granulation tissue and fibrous capsule, respectively. All
experiments were repeated three or four times with similar results.

addition, the hydrogel conductor with biocompatible and
adhesive properties can firmly adhere to dynamic and wet
biological surfaces for body signal detection, which is an
indispensable performance to build electronic-biology
interface. Furthermore, the inherent antibacterial prop-
erty of the AAHC holds the promise for versatile appli-
cations, including soft implantable bio-electrodes and
devices.
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