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A B S T R A C T

Although microcurrent stimulation (MCS) has been demonstrated to enhance tissue repair, a significant limi
tation of MCS in clinical applications is the scarcity of suitable biomaterials, which can effectively deliver 
microcurrents while conforming well to bone tissue. In this study, carbon nanotubes (CNTs) and graphene oxide 
(GO) were incorporated into double-network hydrogels synthesized from gelatin and polyacrylamide (PAAm) to 
render the hydrogels conductive. CNTs were identified as the optimal nanofillers via simulations and experi
mental investigations. The optimal gelation and mechanical properties of the hydrogel are achieved when the 
initiator content is 0.8 wt%. The obtained conductive hydrogel exhibits mechanical properties of 0.23 MPa, 
meeting the biomechanical requirements. When both CNT and GO are added at 1.0 wt%, the conductivity of the 
CNT-included composite hydrogel is 10.17 times that of the GO-included hydrogel. Meanwhile, this CNT-doped 
composite hydrogel demonstrates excellent biocompatibility. Upon implantation of the hydrogel into an animal 
model with skull defects followed by electrical stimulation, it was confirmed that these hydrogels can promote 
skull repair. This conductive hydrogel holds promise in addressing current challenges related to material 
acquisition difficulties and postoperative infection risks associated with bone repair procedures.

1. Introduction

Bone defects represent one of the most prevalent orthopedic condi
tions, primarily resulting from trauma, tumor resection, infection, or 
congenital disorders [1–3]. The principal treatments currently employed 
include autografts, allografts, and synthetic bone substitutes [4]. How
ever, these approaches are not without challenges; notably, synthetic 
bone substitutes often exhibit a lack of biological activity and osteoin
ductive properties, significantly limiting their effectiveness in facili
tating complete bone regeneration [5–7]. Considering these limitations, 
the exploration of innovative strategies to address bone defects has 
become increasingly critical.

Bioelectrical signals, as a biophysical stimulus, are prevalent in the 
microenvironment of natural bone tissue and play an important role in 
promoting the healing process of bone defects [8–10]. There is 
increasing evidence that exogenous electrical stimulation can modulate 

bioelectrical signals and accelerate the healing of bone defects. Exoge
nous electrical stimulation therapies approved by the U.S. Food and 
Drug Administration have demonstrated their ability to accelerate the 
healing of bone defects [11], Calcium ions (Ca2+) are a key second 
messenger for intracellular signaling. Increasing evidence highlights the 
calcium signaling pathway in osteogenic differentiation [12,13]. As a 
result of electrical stimulation, cell membrane depolarization leads to 
the opening of calcium channels, which increases Ca2+ influx [14], and 
as a second messenger, Ca2+ activates the PI3K/AKT, MAPK, and Wnt/- 
βcatenin signal pathway, which in turn regulates subsequent 
osteogenesis-related genes and promotes osteogenic differentiation of 
bone marrow mesenchymal stem cells.

Recent advancements in biomaterials and biophysical stimulation 
techniques have unveiled new possibilities for treatment of bone defects 
[15–17]. Among these innovations, the application of MCS in conjunc
tion with conductive biomaterials has demonstrated considerable 

* Corresponding authors.
E-mail addresses: fhzhang_hit@163.com (F. Zhang), 13704846805@163.com (G. Xu), lengjs@hit.edu.cn (J. Leng). 

1 These authors contributed equally as the first author.

Contents lists available at ScienceDirect

Composites Part A

journal homepage: www.elsevier.com/locate/compositesa

https://doi.org/10.1016/j.compositesa.2025.109205
Received 9 June 2025; Received in revised form 19 July 2025; Accepted 22 July 2025  

Composites: Part A 199 (2025) 109205 

Available online 26 July 2025 
1359-835X/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0009-0002-4420-1720
https://orcid.org/0009-0002-4420-1720
https://orcid.org/0009-0005-6970-9995
https://orcid.org/0009-0005-6970-9995
https://orcid.org/0000-0001-5098-9871
https://orcid.org/0000-0001-5098-9871
mailto:fhzhang_hit@163.com
mailto:13704846805@163.com
mailto:lengjs@hit.edu.cn
www.sciencedirect.com/science/journal/1359835X
https://www.elsevier.com/locate/compositesa
https://doi.org/10.1016/j.compositesa.2025.109205
https://doi.org/10.1016/j.compositesa.2025.109205
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesa.2025.109205&domain=pdf


promise [18]. These emerging methodologies aim to mitigate the 
shortcomings associated with traditional treatments while promoting 
functional and durable bone repair [19]. MCS is a form of tissue 
regeneration that influences cell migration, proliferation, and differen
tiation through the application of low electric currents to enhance tissue 
repair [20]. This technique shows significant potential in bone regen
eration, as microcurrent stimulation (MCS) has been demonstrated to 
enhance osteogenic differentiation by upregulating critical markers such 
as alkaline phosphatase (ALP), osteocalcin, and type I collagen. MCS 
achieves this by activating essential intracellular signaling pathways, 
including the mitogen-activated protein kinase (MAPK) and Wnt/ 
β-catenin pathways [21–24]. For instance, Konstantinou et al. demon
strated that microcurrents stimulate cell proliferation and migration via 
pathways involving ERK 1/2 or p38-dependent manner. Additionally, 
microcurrents induce fibroblasts and osteoblast-like cells to secrete 
transforming growth factor-beta-1 (TGF-β1). Transcriptomic analysis 
further revealed that microcurrent exposure enhances the transcrip
tional activation of genes associated with the Hedgehog, TGF-β1, and 
MAPK signaling pathways—processes that are crucial for osteoblast 
differentiation and bone mineralization [25]. In addition, MCS facili
tates angiogenesis through the induction of pro-angiogenic factor 
secretion, most notably vascular endothelial growth factor (VEGF), 
which is vital for successful bone regeneration [26–28]. However, a 
significant limitation of MCS in clinical applications is the absence of 
suitable biomaterials capable of seamlessly integrating with bone tissue 
while efficiently delivering microcurrents.

To address the limitations of traditional bone repair methods, 
research on conductive hydrogels has emerged as a key focus, particu
larly in combination with microcurrent stimulation (MCS) technology. 
Due to their high-water content and excellent biocompatibility, hydro
gels are widely used in tissue engineering [29–31]. Incorporating con
ductivity into hydrogels further expands their applications, especially in 
electrically sensitive tissues such as bone. Conductive hydrogels are 
typically synthesized by integrating conductive components—such as 
polyaniline (PANI) and polypyrrole (PPy)—or conductive fillers like 
carbon nanotubes and graphene into the hydrogel matrix [32–35]. 
While this approach enables hydrogels to transmit electrical signals, it 
often compromises their biocompatibility, thereby limiting their appli
cations (Table S1).

Gelatin, a natural biopolymer sourced from collagen, is widely 
recognized for its biocompatibility, biodegradability, and versatile 
properties [36–38]. As an affordable and sustainable material, it dem
onstrates strong gelation, film-forming ability, and emulsification, 
making it valuable in food science, pharmaceuticals, and tissue engi
neering. Its non-toxic nature, adjustable mechanical strength, and 
thermal stability enable tailored modifications for diverse industrial 
applications. Moreover, gelatin supports cell adhesion and proliferation 
[39,40]. However, studies on conductive gelatin-based hydrogels 
remain scarce.

In this study, we developed a conductive hydrogel exhibiting excel
lent biocompatibility. High-strength double-network hydrogels can be 
obtained by introducing acrylamide chain segments into gelatin to form 
a double-network (DN) hydrogel. This strategy enhances the mechanical 
properties of the hydrogel while maintaining its biocompatibility and 
degradability. Through a comparative analysis of simulation and 
experimental results, CNTs were selected over GO due to their superior 
conductivity. The synthesis of gelatin/polyacrylamide/CNTs(G-A-CNTs) 
hydrogels involved a systematic investigation into the effects of thermal 
initiators on hydrogel properties, utilizing ab initio quantum chemical 
calculations alongside experimental validation to identify the optimal 
initiator concentration [41]. The resulting conductive hydrogel 
demonstrated remarkable stability in conductivity as well as biocom
patibility. In vivo implantation studies in mice with skull defects 
revealed that the hydrogel was capable of fully repairing these defects; 
specifically, the G-A-CNTs hydrogel containing 0.75 % CNTs achieved 
complete repair when combined with microcurrent stimulation. This 

study introduces an innovative approach for employing conductive 
hydrogels in cranial repair applications.

2. Materials and methods

2.1. Materials

Acrylamide (AAm, 99 %), gelatin, and N,N’-methylenebis-acryl
amide (MBA) were sourced from Aladdin (Shanghai) Co., Ltd. Potassium 
persulfate (KPS) was obtained from Sinopharm Chemical Reagent Co., 
Ltd. Multi-walled carbon nanotubes were acquired from Suzhou Tanfeng 
Technology Co., Ltd., while single-layer graphene was procured from 
Shenzhen Suiheng Graphene Technology Co., Ltd.

2.2. Fabrication of Gelatin/PAAm/CNTs hydrogel

Gelatin/acrylamide/carbon nanotube or gelatin/acrylamide/gra
phene hydrogel is synthesized by the following steps: first, add 15 wt% 
gelatin, 25 wt% AAm, and 0.05 wt% MBA crosslinker to the beaker, then 
add deionized water(10 g), heat it to 50◦C, wait until all are dissolved 
into a solution, add a certain amount of CNTs or GO, stir well, wait until 
the solution drops to room temperature, add KPS with 0.23 wt%, stir 
evenly, The solution is sonicated for 20 min, subsequently transferred to 
the mold, placed in an oven at 70 ◦C for gelling, and after 30 min, 
completely gelled, it is removed and placed at 0 ◦C for 30 min.

2.3. Characterization

2.3.1. Mechanical properties
The mechanical properties of G-A-CNTs hydrogels were obtained by 

testing with an electric universal testing machine (CMT2103). The 
tested splines were vegetated by cutting the G-A-CNTs hydrogel into 
with dimensions of 5 mm in width, 20 mm in length, and 0.2 mm in 
thickness. The conditions of the test were as follows: at room tempera
ture, a tensile grip was used with a tensile speed of 10 mm/min to 
generate a stress–strain curve.

2.3.2. Swelling behavior
The swelling rate of G-A-CNTs hydrogel in water is calculated by 

soaking it in water and measuring its mass change at different times. 
Considering that its initial mass is R0 and the mass after soaking for 
different times and taking out is Rx, then its swelling rate SR can be 
calculated by Eq. (6): 

SR = (RX − R0)/R0 × 100% (6) 

2.3.3. Morphology
The microstructure of the G-A-CNTs hydrogel was examined using a 

Hitachi SU5000 scanning electron microscope (SEM). After freeze- 
drying the G-A-CNTs hydrogel for 48 h, gold was sprayed on its sur
face, and the microstructure of the G-A-CNTs hydrogel was observed at 
10,000 X and the CNTs in the G-A-CNTs hydrogel was observed at 
100,000 X.

2.3.4. Conductivity
The conductivity of G-A-CNTs/G-A-GO hydrogels was measured by a 

Hall effect test instrument (Ecopia, HMS-5500). The response conduc
tivity of hydrogels with different 0 %-1% CNTs/GO was tested at room 
temperature without any treatment.

2.3.5. Resistance stability
The resistance stability of the G-A-CNTs hydrogel was tested by the 

following method: the electronic universal testing machine using 
UTM5305H was used under the condition of 50 % strain, the tensile 
frequency was 1 Hz, the periodic load-release cycle, and at the same 
time, the change of the resistance of the G-A-CNTs hydrogel was 
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detected by an oscilloscope, and the number of cycles was 2000 times.

2.3.6. Rheological testing
The storage modulus (G’) and loss modulus (G’’) of the G-A-CNT 

hydrogel were measured using a rotational rheometer (DHR2, TRIOS, 
Germany) under frequency changes from 0.1 Hz to 15 Hz at room 
temperature with a strain of 1.0 %.

2.3.7. XRD
The G-A-CNTs hydrogel was analyzed using an XRD instrument from 

Rigaku D/Max 2500. The analysis was performed with Cu Kα radiation 
(λ = 0.154 nm) at a scan rate of 10◦/min, covering a 2θ range of 10◦ to 
90◦.

2.4. In vitro cell studies

2.4.1. Isolation and culture of BMSCs
BMSCs were isolated from 3-week-old male SD rats. After euthanasia, 

hind limbs were disinfected with 75 % ethanol. Femora and tibiae were 
dissected under sterile conditions, and bone marrow was flushed with 
DMEM/F-12 (Gibco). The suspension was centrifuged (1000 rpm, 5 
min), and the pellet was resuspended in DMEM/F-12 with 10 % FBS 
(Sigma) and 1 % penicillin–streptomycin (Beyotime). Cells were 
cultured at 37 ◦C with 5 % CO2, with medium replaced daily. Experi
ments used passages 3–5.

2.4.2. Electrical stimulation
A programmable dual-output DC power supply (CooWey Electronic 

Industrial Corp., Taiwan) was used for in vitro experiments. Electrode 
leads were UV-sterilized for 30 min in a biosafety cabinet. In the sterile 
environment, one terminal was connected to the power supply and the 
other to cell-laden hydrogels in culture plates, forming a closed circuit. 
Controlled electrical stimulation (400 mV) was applied daily for 30 min 
via precise voltage regulation. Six experimental groups were tested: 
Control, G-A-CNTs 0 %, 0.25 %, 0.5 %, 0.75 %, and 1 %.

2.4.3. Cell biocompatibility
BMSCs were uniformly seeded onto ultraviolet-sterilized hydrogels 

at a density of 3 × 104 cells/cm2. Cell proliferation on the hydrogels was 
assessed at 1, 4, and 7 days following the application of electrical 
stimulation, using the CCK-8 reagent kit. At the respective time points, 
the hydrogels were placed in new 12-well plates, with 2 mL of complete 
medium and 200 μL of CCK-8 reagent was add to the wells. After 1 h of 
incubation in a cell incubator, 100 µL of sample from each well was 
carefully pipetted into the corresponding wells of the 96-well plate. And 
using a microplate reader, the absorbance at 450 nm was measured to 
evaluate cell proliferation.

To evaluate the cytotoxicity of the scaffolds, a live/dead cell staining 
assay was performed. The hydrogels were seeded with BMSCs at a 
concentration of 3 × 104 cells/cm2. After 4 days of incubation under 
different conditions, the cells were stained using the Calcein-AM/PI 
Double Staining Kit (Calcein-AM/PI Live/Dead Cell Staining Kit, Essen 
Bio, Shanghai, China) and incubated in the dark for 15 min. Cell viability 
was subsequently assessed using a fluorescence microscope, where live 
cells emitted green fluorescence and dead cells exhibited red 
fluorescence.

2.4.4. Evaluation of in vitro osteogenesis
BMSCs (1 × 105 cells/mL) were cultured on scaffolds using Cyagen’s 

OriCell® Rat BMSC Osteogenic Induction Kit (Catalog No. RAXMX- 
90021, provided by Cyagen Biosciences, China). Medium was changed 
every 48 h. After 7 and 14 days, ALP and Alizarin Red staining were 
performed, with excess dye removed by distilled water washing before 
microscopic evaluation. On day 14, osteogenic differentiation was 
assessed by RT-qPCR and Western blot for ALP, Runx2, and OCN 
expression (primer sequences in Table S2; antibody details in Table S3).

2.5. In vivo studies

2.5.1. Animal model construction and hydrogel implantation
In this study, thirty-six male SD rats (approximately 250 g each), 

acquired from the Animal Centre of Harbin Medical University, were 
used to establish a model of a critical-sized cranial defect (5 mm in 
diameter) (Fig. S1b) [42]. All animal procedures adhered to the ethical 
guidelines set forth in the Declaration of Helsinki and complied with 
relevant international, national, and institutional protocols governing 
the humane care and ethical use of animals. The study protocol was 
granted approval by the Ethics Committee of Harbin Medical University 
(approval number: YJSDW2024-090). Carbon nanotube hydrogels at 
varying concentrations were implanted into the defect site and subjected 
to electrical stimulation, while a hydrogel-only group served as the 
blank control. The animals were assigned to six groups in a random 
manner: control, G-A-CNTs 0 %, G-A-CNTs 0.25 %, G-A-CNTs 0.5 %, G- 
A-CNTs 0.75 %, and G-A-CNTs 1 %. Immediately following surgery, the 
animals were exposed to electrical stimulation with parameters consis
tent with those used in previous cellular studies. Treatment was 
administered daily for 30 min (Fig. S1a).

2.5.2. In vivo biocompatibility assessment
Ten weeks post-surgery, the rats were euthanized, and major organ 

tissues were collected. The collected tissue samples were preserved in a 
4 % paraformaldehyde solution for a period of 48 h, after which they 
underwent embedding and slicing procedures. Following this, hema
toxylin and eosin (H&E) staining was applied to evaluate the G-A-CNT 
hydrogel’s biocompatibility within a living organism.

2.5.3. Micro-CT analysis
The osteogenic effect of the scaffold was evaluated using micro

computed tomography (micro-CT) analysis. Cranial defect samples were 
scanned with a micro-CT imaging system (Quantum GXII, PerkinElmer, 
USA). The specimens were positioned in a sample holder and imaged 
using the following parameters: a scanning resolution of around 14 µm, 
a full rotation of 360 degrees, a source voltage set at 90 kV, and an 
applied current of 80 ÂµA. Parametric analyses were conducted using 
the CT Analyser (CTAn) v.1.18.8.0 (Bruker) to generate 2D images. 
Adjustments were made using Bruker Software DataViewer v1.7.0.1, 
while graphical analysis was performed with CTvox v3.3.1.0. A 6 mm 
diameter circle was selected as the region of interest (ROI), with the 
internal and external facets of the skull set as the upper and lower limits. 
The drilling area was then centered and defined. Following this, a 3D 
reconstruction of the ROI images was conducted. Various bone param
eters, such as bone mineral density (BMD) and the ratio of bone volume 
to total volume (BV/TV), were then quantified to evaluate the three- 
dimensional architecture of cranial defects and the degree of 
regeneration.

2.5.4. Histological examination
Staining of the collected hard tissue samples was performed to 

further investigate the osseointegration of the implanted hydrogel. For 
histological evaluation, all tissue sections were subjected to both H&E 
staining and Masson’s trichrome staining. Histological images were 
captured using a standard light microscope. The area of newly formed 
bone tissue was quantified using ImageJ software to conduct a qualita
tive analysis of bone formation at 6 and 12 weeks after implantation.

3. Results and discussion

3.1. Preparation of G-A-CNTs/G-A-GO hydrogel

Fig. 1 illustrates the stepwise synthesis procedure for G-A-CNTs and 
G-A-GO hydrogels. Initially, predetermined amounts of gelatin, acryl
amide, and the crosslinker N, N’-methylenebis-acrylamide (MBA) were 
dissolved in deionized water under constant stirring at 40 ◦C until the 
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gelatin was fully dissolved. Subsequently, CNTs or GO, along with the 
thermal initiator potassium persulfate (KPS), was incorporated into the 
mixture. The above obtained solution was stirred thoroughly to ensure 
homogeneity and then subjected to ultrasonication for 30 min, which 
facilitated the complete dispersion of CNTs or GO within the solution. 
The uniform mixture was subsequently transferred into a mold and 
permitted to solidify at 70 ◦C for 30 min, after which it was cooled at 
4 ◦C for an additional 30 min, ultimately yielding the G-A-CNTs and G-A- 
GO hydrogels.The synthesized G-A-CNTs hydrogel was subsequently 
implanted into the skull defects of mice. Upon the application of elec
trical stimulation, the hydrogel effectively facilitated the differentiation 
process of BMSCs as well as osteoblasts, thereby accelerating bone tissue 
regeneration and promoting efficient skull repair in the mice.

3.2. Conductive of G-A-CNTs/G-A-GO hydrogel

CNTs and graphene are widely regarded as highly effective 
conductive nanomaterials, extensively utilized in various applications. 
However, the majority of existing research has focused on studying these 
materials individually, with comprehensive comparative studies or 
simultaneous testing largely absent. In this study, the conductivity of G- 
A-CNTs and G-A-GO hydrogels was systematically investigated through 
simulation and experimental validation.

Monte Carlo simulations evaluated the conductivity of CNT/gra
phene/hydrogel composites [43]. The model treated graphene/CNTs as 
discontinuous conductive phases (CPs) and hydrogel as a continuous 
non-conductive phase (nCP). While conductivity depends on multiple 
factors (nanofiller distortion/bending, surface adsorption, hydrogel 
tunneling), the dominant factor was the conductive network size from 
CP overlap. The system quantified conductivity through CP contact 
points, which strongly correlated with composite conductivity.

The simulation process was implemented in Python, with the Flex
ible Collision Library (FCL) utilized for collision detection and for 

calculating the number of contact points. The simulation space was 
defined as a cubic region with dimensions of 5 × 5 × 5 μm3. Graphene 
was modeled as a disc with radius rd and thickness d, while CNTs were 
represented as cylinders with a cross-sectional radius rc and length l. For 
single-layer graphene, the thickness was defined as d0 = 1.36nm.

Each primitive in the simulation space was characterized by two 
parameters: its spatial position T=(x,y,z), which described its trans
lation, and its pose Ro=(a,b,c,d), which was represented as a quaternion 
describing its spatial rotation. The corresponding rotation matrix R was 
expressed as Eq. (1): 

R =

⎛

⎝
1 − 2c2 − 2d2 2bc + 2ad 2bd − 2ac

2bc − 2ad 1 − 2b2 − 2d2 2cd + 2ab
2bd + 2ac 2cd − 2ab 1 − 2b2 − 2c2

⎞

⎠ (1) 

The spatial transformation of each primitive was then computed as 
Eq. (2): 

Transform = R × T (2) 

where R is the rotation matrix and T is the translation matrix.
The specific simulation process is as follows: Firstly, CNTs were 

simulated by randomly generating n CNTs primitives within the simu
lation space, using a cylindrical model with rc = 3 nm and d = 8 μm. 
Random spatial transformation matrices T and Ro were generated. The 
number of contact points for nnn primitives was calculated using the 
FCL module. As nnn increased, the number of contact points grew, as 
shown in Fig. 2a for n = 100(i),300(ii),400(iii),4000, 6000, 8000… 
52000. The corresponding variation in the contact points for graphene 
of equivalent mass was also calculated using the following trans
formation formula (Eq. (3)): 

ngraphene = ncnts •

[
πrc

2 − π(rc − d0)
2
]
• l

πrd2 • d
(3) 

A schematic representation of the graphene simulation is provided in 

Fig. 1. Electrical stimulation promotes skull repair. Schematic diagram of the preparation of G-A-CNTs/G-A-GO hydrogel, the G-A-CNTs hydrogel was implanted into 
the skull defect of mice, and the growth of BMSCs and osteoblasts was promoted under the action of electrical stimulation, and then the regeneration and repair of 
skull tissue were promoted.
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Fig. 2b. The mass of CNTs and graphene was calculated using the 
following equations:

For carbon nanotubes, the mass is calculated as Eq. (4): 

mc =
[
πrc

2 − π(rc − d0)
2
]
• l • ρ (4) 

For single-layer graphene, the mass is calculated as Eq. (5): 

md = πrd
2 • d • ρ (5) 

The relationship between the number of CNTs or graphene sheets 
and their contact points is shown in Fig. 2c. The results revealed that 
CNTs formed a significantly denser conductive network compared to 
graphene under identical mass conditions, as evidenced by the faster 
increase in contact points for CNTs. Furthermore, The quantitative 
relationship between the number of contacts N and the σ conductivity is 
derived:

σ = σ0 × (N − Nc)^t (N > Nc).
σ = 0 (N ≤ Nc).
When N approaches Nc, the system undergoes a conductor–insulator 

transition: 

• N < Nc: Insulating state, σ = 0.
• N=Nc: Critical point, σ∝(N − Nc)t.
• N > Nc: Conducting state, σ continues to increase.

Experimental validation was performed using G-A-CNTs and G-A-GO 
hydrogels (0.25–1.0 % CNTs/GO). Hall effect measurements (Fig. 2d, e) 

showed G-A-CNTs’ conductivity increased sharply with CNT content, 
while G-A-GO exhibited a gradual rise. At 0.75 wt%, G-A-CNTs (4.2 ×
10− 5 S/m) showed ~ 4 × higher conductivity than G-A-GO (1.1 × 10− 5 

S/m). This difference increased to 10.17-fold at 1.0 wt%, confirming 
simulations that CNTs form more efficient conductive networks than 
graphene.

3.3. Effect of KPS on G-A-CNTs hydrogels synthesis

During G-A-CNTs synthesis, KPS concentrations below 0.15 % failed 
to achieve complete gelation (Fig. S2). While 0.05–0.1 % KPS main
tained a liquid state, 0.15 % showed partial gelation and 0.2 % achieved 
complete gelation. This suggests CNTs may consume sulfate radicals 
(SO4•

− ) through: (1) weak interactions reducing radical-molecule col
lisions, and (2) charge transfer causing radical quenching, both facili
tated by CNTs’ conjugated π-bonds.

Ab initio calculations revealed how CNTs affect SO4•
− activity. 

Structural optimization and electrostatic potential analysis (Fig. 3a) 
showed that isolated SO4•

− has strong nucleophilic regions, whereas 
SO4•

− near CNTs loses this feature. Atomic Dipole Moment Corrected 
Hirshfeld Population (ADCH) charge analysis further confirmed this: 
isolated SO4•

− had uneven oxygen charge distribution (− 0.55, − 0.55, 
− 0.62, − 0.09), with one weakly charged oxygen (radical site). In 
contrast, near CNTs, the charges became uniform (− 0.72, − 0.72, − 0.72, 
− 0.64), indicating radical quenching.

The van der Waals interface analysis (Fig. 3b) revealed penetration 
between SO4•

− and CNT surfaces, confirming their interaction. 

Fig. 2. (a) Schematic representation of CNTs with varying spatial densities in G-A-CNTs conductive hydrogels; (b) Schematic representation of GO with different 
spatial densities in G-A-CNTs conductive hydrogel; (c) Simulation illustrating the number of collision points within the G-A-CNTs/G-A-GO conductive hydrogel; (d) 
Results from conductivity tests conducted on the G-A-CNTs/G-A-GO conductive hydrogel (Unit: S/m); (e) Physical depiction of the conductive hydrogel as measured 
by a Hall effect test instrument.
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Independent Gradient Model based on Hirshfeld Partition (IGMH) 
analysis (Fig. 3c) quantified this weak interaction (200.74 kJ/mol), 
indicated by the green interaction zone, demonstrating strong 

adsorption of SO4•
− onto CNTs. This surface accumulation reduces 

isolated SO4•
− in solution. Combined with charge transfer effects, CNTs 

thereby decrease KPS initiation efficiency by both sequestering and 

Fig. 3. (a) Schematic representation of the electrostatic potential and ADCH calculation results for sulfate radicals in water and in proximity to CNTs; (b) Calcu
lations of Van der Waals surfaces; (c) IGMH calculations. (d) Mechanical property of G-A-CNT hydrogels with varying KPS contents; (e) XRD analyses of G-A 
hydrogels and G-A-CNT hydrogels.

Fig. 4. (a) Conductive cycling stability test of G-A-CNT conductive hydrogel i: 0–2000 times ii 1000–1010 iii 1990–2000 times; (b) Swelling test of G-A-CNT 
conductive hydrogels with different CNT contents; (c) Mechanical properties test of G-A-CNT conductive hydrogels with different CNT contents; (d) Rheological tests 
of G-A-CNT conductive hydrogels with different CNT contents.
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deactivating SO4•
− .

Fig. 3d demonstrates that increasing KPS concentration enhances G- 
A-CNTs hydrogel mechanical properties, with optimal performance at 
0.8 wt% (0.23 MPa tensile strength, 198 % elongation). XRD analysis 
(Fig. 3e) shows a peak shift confirming CNT-hydrogel integration, while 
SEM (Fig. S2e, f) reveals a porous structure with well-dispersed CNTs at 
10,000 × magnification. These results collectively demonstrate suc
cessful CNT incorporation and its role in improving the hydrogel’s me
chanical and structural properties.

3.4. Performance of G-A-CNTs hydrogels

The conductivity stability of G-A-CNTs hydrogels was evaluated as 
shown in Fig. 4ai. During the stretching-releasing process, the hydrogel 
exhibited a reversible and stable relative resistance response. Even after 
1000 cycles (Fig. 4ai) and 2000 cycles (Fig. 4aii), the resistance of the 
hydrogel remained almost unchanged, demonstrating excellent cyclic 
stability. In addition to conductivity, the hydrogel’s swelling charac
teristics were assessed, as depicted in Fig. 4b. The results indicate that 
the inclusion of CNTs had minimal impact on the hydrogel’s swelling 
ratio, and the swelling rate stabilized after 7 h. Fig. 4c illustrates that the 
tensile strength of G-A-CNTs hydrogels increases with CNT content, 
while toughness exhibits a slight decrease. Specifically, at a CNT con
centration of 0.75 wt%, the tensile strength of the G-A-CNT hydrogel 
was 0.23 MPa, and the elongation at break was 205 %. At a CNT con
centration of 1.0 wt%, the tensile strength increased to 0.24 MPa, while 
the elongation at break decreased to 188 %. The G’ and G’’ of the G-A- 
CNTs hydrogels with varying CNTs concentrations were shown in 
Fig. 4d. The results indicate that both G’ and G’’ of the hydrogels 

increased significantly with CNTs content, reaching a peak at a CNTs 
concentration of 0.75 %. Based on the combined mechanical and rheo
logical properties, the hydrogel achieved optimal performance at a CNTs 
concentration of 0.75 %.

3.5. Biocompatible of G-A-CNTs hydrogels

We successfully isolated primary BMSCs from rats and cultured them 
to the third passage. The cells were characterized using flow cytometry, 
as shown in Fig. 5a. BMSCs were co-cultured with G-A-CNTs hydrogels 
containing varying concentrations of CNTs for 1, 4, and 7 days. The 
proliferation of cells within each experimental cohort was meticulously 
quantified via the CCK-8 assay, as depicted in Fig. 5b. The results 
showed that cell viability increased with the incubation time in all 
groups. At various time intervals, data revealed that the incorporation of 
G-A hydrogels did not markedly influence cellular proliferation when 
compared to the control group. Conversely, the inclusion of CNTs 
significantly enhanced cell viability relative to the control, with the most 
notable augmentation observed in the G-A-CNTs 0.75 % cohort. How
ever, in the G-A-CNTs 1 % group, cell viability was substantially reduced 
compared to the control, suggesting that hydrogels at this concentration 
exhibit a degree of cytotoxicity. To further analyze the cytotoxicity of 
the hydrogels, live/dead staining was performed after 4 days of co- 
culture. As shown in Fig. 5c, in fluorescence imaging, viable cells emit 
green fluorescence, while non-viable cells emit red fluorescence. The 
results revealed that, except for the G-A-CNTs 1 % group, cells on the 
scaffolds in other groups exhibited good growth, with no significant cell 
death observed, indicating good cytocompatibility of these scaffolds. In 
addition, we compared the conductivity and biocompatibility of 0.75 % 

Fig. 5. Results of in vitro cell studies: (a) Results of primary cell identification; (b) CCK-8 assay of cell proliferation in each group; (c) Live/dead cell staining.(*P < 
0.05, ns P > 0.05, **P < 0.01).
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G-A-CNTs and 0.9 % G-A-CNTs, as shown in Fig. S3. Since the G-A-CNT 
(0.75 %) formulation already satisfies this requirement while main
taining superior biocompatibility, we have retained it as the optimal 
composition for our study.

The osteogenic differentiation of BMSCs in vitro was evaluated by 
assessing ALP activity and calcium nodule deposition. Fig. 6a and 6b 
present the ALP staining results of BMSCs co-cultured with G-A-CNTs 
hydrogels for 7 days. No significant difference was detected in the ALP- 
positive area between the control group and the hydrogel group without 
CNTs, indicating that the hydrogel alone does not affect cellular dif
ferentiation. However, with the incorporation of CNTs, ALP activity 
increased with the CNTs concentration, with the most substantial 
improvement observed in the G-A-CNTs group at a concentration of 
0.75 %. After 14 days of co-culture under various conditions, osteogenic 
activity was further validated using Alizarin Red staining (Fig. 6c and 
6d). Compared to the control group and the hydrogel without CNTs, the 
CNTs-doped hydrogels exhibited a greater number of mineralized nod
ules and stronger osteogenic differentiation. The results of Alizarin Red 
staining agreed with those of ALP staining, demonstrating that CNTs- 
doped conductive hydrogels effectively promote osteogenic differenti
ation. To further evaluate the biocompatibility of the hydrogel, in vivo 
studies were conducted. The H&E staining results of major organ tissues 

from different rat groups are illustrated in Fig. S4. H&E staining clearly 
revealed the morphological features and cellular structure of the organs, 
with no obvious damage or inflammation observed. This indicates that 
the G-A-CNTs 0 %, G-A-CNTs 0.25 %, G-A-CNTs 0.5 %, and G-A-CNTs 
0.75 % hydrogels exhibited good biocompatibility in vivo.

To further investigate the effect of different ratios of G-A-A hydrogels 
on osteogenic performance, we tested the expression of osteogenic genes 
in hydrogels. RT-qPCR analysis (Fig. 7a-c) further demonstrated that 
cells cultured on G-A-CNTs 0.75 % hydrogels exhibited significantly 
higher expression levels of osteogenic genes, including ALP, Runx2, and 
OCN, compared to other groups. Similarly, Western blot analysis (Fig. 7. 
b-g) revealed a pronounced upregulation of osteogenic marker proteins 
in cells co-cultured with G-A-CNTs 0.75 % hydrogels. Taken together, 
these results highlight the superior osteoinductive potential of G-A-CNTs 
0.75 % hydrogels, underscoring their promise as a scaffold for promot
ing osteogenic differentiation. Fig. 8h elucidates the mechanism of 
osteogenesis stimulated by electrical impulses. Electrical stimulation 
enhances the influx of Ca2+, leading to an elevation in intracellular 
calcium ion concentration. This increase activates multiple signaling 
pathways, including PI3K/AKT, MAPK, and Wnt/β-catenin, which pro
mote the expression of osteogenesis-related genes. Consequently, this 
process facilitates the osteogenic differentiation of BMSCs, thereby 

Fig. 6. (a) ALP staining images of BMSCs co-cultured with scaffolds for 7 days; (b) ARS staining images of BMSCs co-cultured with scaffolds for 14 days; (c)Statistical 
analysis of ALP staining images; (d) Statistical analysis of ARS staining images.(*P < 0.05, **P < 0.01, ****P < 0.0001).
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Fig. 7. Expression levels of osteogenesis-related genes and proteins in each group after 14 days of co-culture with hydrogel (a-c)The expression levels of osteogenic 
genes (ALP, Runx2 and OCN) of BMSCs cultured on different samples on day 14. (b-f)Quantitative analysis of protein band intensities. (g) Western blot assay of ALP, 
Runx2 and OCN of BMSCs on day 14 (h) The mechanism of bone healing by electrical stimulation.

Fig. 8. Results of in vivo studies: (a) Top view of micro-CT images of cranial defect sites after 6 weeks and; (b) 12 weeks; (c) Quantitative analysis of bone 
regeneration parameters at 6 weeks; and (d) 12 weeks. (*P < 0.05, **P < 0.01, ****P < 0.0001).
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enhancing osteogenesis.
The fabricated G-A-CNTs hydrogel was surgically positioned into the 

cranial defect sites of rats. Each experimental group was subjected to a 
400 mV voltage stimulation for 30 min daily to investigate its effect on 
cranial defect repair under microcurrent stimulation. The in vivo oste
ogenic potential of the scaffold was evaluated through radiological and 
histological analyses. The 3D reconstructions from micro-CT analysis 
(Fig. 8a) revealed suboptimal bone defect healing in both the untreated 
and hydrogel-only groups. Even after 12 weeks, only minimal new bone 
formation was observed at the periphery of the defects, as illustrated in 
Fig. 8b. In contrast, the 0.75 % G-A-CNTs group demonstrated signifi
cantly enhanced bone formation, with new bone almost covering the 
entire defect. The quantitative assessment of bone formation, based on 
BV/TV and BMD parameters, provided additional confirmation of these 
findings (Fig. 8c and 8d). Groups treated with CNTs-doped hydrogels 
exhibited markedly elevated BV/TV and BMD values relative to the 
control and hydrogel-only groups. Moreover, these values increased in 
response to higher CNTs concentrations, reaching their maximum at 
0.75 % CNTs. These results indicate that the CNTs-doped conductive 
hydrogel can effectively promote bone regeneration.

H&E staining (Fig. S5a) revealed no inflammation or pathology in 
any group. Controls and hydrogel-only groups showed poor defect repair 
with fibrous tissue, while 0.25 % and 0.5 % G-A-CNTs groups had weak 
bone bridges with gaps. The 0.75 % G-A-CNTs group demonstrated su
perior osteogenesis, with nearly continuous bone bridges merging 
seamlessly with native tissue. Masson staining (Fig. S5b) corroborated 
these findings: controls and hydrogel groups showed unhealed defects 
with sparse bone bridges; 0.25 % and 0.5 % groups had partial healing, 
while the 0.75 % group exhibited robust bone formation-woven bone 
(blue) and cortical-like lamellar tissue (red) nearly filling the defect. 
These histological findings were consistent with the results of micro-CT, 
indicating that the combination of conductive hydrogel and exogenous 
electrical stimulation significantly promoted bone regeneration.

4. Conclusion

In conclusion, this study developed a conductive G-A-CNT hydrogel 
with excellent stability and biocompatibility. The incorporation of CNTs 
enhanced its electrical conductivity and mechanical strength by 44 % 
compared to the CNT-free hydrogels, supporting bone repair. Under 
microcurrent stimulation, the G-A-CNT hydrogel significantly boosted 
cranial regeneration-after 12 weeks, the 0.75 % G-A-CNT group showed 
near-complete defect coverage. This hydrogel addresses key challenges 
like material scarcity and infection risks in bone repair, offering prom
ising clinical potential. Future research should explore its efficacy in 
diverse bone defects and larger animal models.
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