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A B S T R A C T   

Existing strategies for bone defect repair are difficult to monitor. Smart scaffold materials that can quantify the 
efficiency of new bone formation are important for bone regeneration and monitoring. Carbon nanotubes (CNT) 
have promising bioactivity and electrical conductivity. In this study, a noninvasive and intelligent monitoring 
scaffold was prepared for bone regeneration and monitoring by integrating carboxylated CNT into chemically 
cross-linked carboxymethyl chitosan hydrogel. CNT scaffold (0.5% w/v) demonstrated improved mechanical 
properties with good biocompatibility and electrochemical responsiveness. Cyclic voltammetry and electro
chemical impedance spectroscopy of CNT scaffold responded sensitively to seed cell differentiation degree in 
both cellular and animal levels. Interestingly, the CNT scaffold could make up the easy deactivation shortfall of 
bone morphogenetic protein 2 by sustainably enhancing stem cell osteogenic differentiation and new bone tissue 
formation through CNT roles. This research provides new ideas for the development of noninvasive and elec
trochemically responsive bioactive scaffolds, marking an important step in the development of intelligent tissue 
engineering.   

1. Introduction 

Self-regeneration of bone defects caused by severe trauma, surgical 
resection, and congenital malformation remains challenging in the 
clinical setting [1,2]. Current gold standard treatments for bone defects, 
autologous and allogenic bone transplantations [3,4], are limited by 
challenges such as shortage of bone tissues donors, necrosis of donor 
sites, donor-derived infection, etc. [5]. In addition, allogeneic bone 
transplantation poses a great risk of immune rejection [6]. A variety of 

materials have been developed as scaffold substitutes for organ regen
eration particularly for bone as well as drug delivery, including metal, 
inorganic, organic, and composite materials [7–22]. Nevertheless, the 
mismatch between the rates of new bone regeneration and scaffold 
degradation poses adverse effects on bone defect repair [23]. In brief, 
premature bone regeneration may prompt the formation of a cyst and 
requires a second surgery. In the case of delayed bone regeneration, the 
scaffold would collapse earlier before bone can be regenerated on it, as 
the scaffold lacks physical support later [24,25]. Moreover, seed cells 
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from different donors vary significantly in proliferative capacities and 
osteogenic potentials under the complex physiological environment 
[26]. Therefore, monitoring cell mineralization during bone regenera
tion is essential to evaluate the bone repair effect (see Scheme 1). 

At present, the electrochemical responsiveness of materials has 
attracted extensive attention as a noninvasive detecting system in 
continuous monitoring of interaction between cells and interfaces 
[27–30]. Owing to their high surface area, hollow geometry, and satis
factory electrical properties, carbon nanotubes (CNT) have been widely 
utilized in the fabrication of electrochemical biosensors [31]. CNT have 
also been reported to induce osteogenic differentiation in human 
adipose-derived mesenchymal stem cells and stimulate ectopic bone 
formation in New Zealand white rabbits [32]. In recent years, CNT have 
demonstrated promising potential in cell monitoring at a 
two-dimensional cell culture level [33]. However, pure CNT scaffolds 
are hampered from being developed as scaffold substitutes as they have 
poor biocompatibility [34]. Carboxylated CNT is a kind of biocompat
ible nanomaterials, the plenty of oxygen-containing groups could 
contribute the CNT good solubility while the delocalized π bond be
tween C–C make CNT as a good conductor, therefore, systematically 
optimizing the biocompatibility and conductivity of CNT composite 
scaffolds is essential to develop noninvasive electrochemically respon
sive scaffolds. 

Apart from being an effective inducer in stem cell differentiation, 
CNT also possess superior mechanical characteristics [35–37], having 
promising potential to be used as composite scaffolds for bone regen
eration. Considering the advantages of CNT, they can be utilized as 
bioactive and electrochemically responsive materials for repairing bone 
defects. Biocompatible and bioactive CNT composite scaffolds were 
prepared by blending CNT with polymers, inorganic materials, and 
polysaccharides have previously been explored. Among these materials, 
chitosan appears to be a promising base material for scaffold preparation 
due to its lack of immunogenicity, superb biocompatibility, good 
biodegradability, and good mechanical properties [38,39]. Carbox
ymethyl chitosan (CMC) is of interest as it forms tough hydrogels 
through chemical crosslinking and can be used as biomimetic scaffolds 

and sustained release systems [40–42]. In terms of improving seed cell 
osteogenic differentiation, bone morphogenetic protein 2 (BMP2) as an 
effective growth factor has been known to participate in many pathways 
to promote differentiation and proliferation of osteoblasts [43,44]. 
However, the low stability of BMP2 (i.e., easy deactivation) limits its 
application for long-term use in bone repair [45,46]. Considering CNT’s 
pro-differentiation role in long-term use in bone repair, simultaneously 
incorporating CNT and BMP2 into scaffold could enhance seed cell 
osteogenic differentiation and further promote tissue mineralization 
maximum. 

In this study, bioactive and electrochemically responsive scaffolds 
were prepared by integrating CNT and BMP2 into chemically cross
linked CMC hydrogels. The osteogenic ability of CNT composite scaf
folds was primarily detected through voltammetry and impedance 
measurements, and subsequently verified by systematic biological 
evaluations (Schematic 1). The bioactive scaffold significantly stimu
lated bone formation by synergizing osteogenic effects of CNT and 
BMP2. These CNT composite scaffolds could also monitor osteogenic 
differentiation level of cells effectively by detecting electrochemical 
signals. This study contributes new ideas in developing electrochemi
cally responsive bioactive scaffolds that allows noninvasive, continuous 
monitoring of bone regeneration process, laying the foundation for 
developing intelligent materials for tissue engineering. 

2. Experimental section 

2.1. Fabrication and characterization of CNT/CMC/BMP2 scaffolds 

Carbonylated CNT were obtained from the Department of Micro/ 
Nano Electronics, School of Electronics Information and Electrical En
gineering, Shanghai JiaoTong University. CNT (8%) were dispersed in 
ddH2O via sonication for 1 h. Morphology of CNT was observed by 
scanning electron microscope (SEM) and high-resolution transmission 
electron microscope (TEM). The chemical properties of CNT were 
examined by Fourier transform infrared (FTIR) spectroscopy and Raman 
spectroscopy (Senterra R200-L, Bruker, Germany). 

Scheme 1. Graphic of the utilization of intelligent CNT/CMC/BMP2 scaffold in noninvasive, continuous monitoring of bone regeneration (i.e., osteogenesis and 
mineralization). 
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In order to prepare CNT substrates with different concentrations, 2% 
CMC (2%W/V) was added to 1% and 0.5% CNT dispersion solution, 
respectively. The obtained solutions were mixed under magnetic stirring 
for 15 min and sonicated for 30 min to achieve homogeneous dispersion 
of CNT in CMC. Then 0.1 M N- (3-dimethylaminopropyl) -n-ethyl car
bondiimide hydrochloride (EDC) and 0.025 M N hydroxyl succinimide 
(NHS) were added and mixed, the mixture was placed to crosslink at 
room temperature for 30 min and rinse twice with ddH2O under ultra
sonic washing to obtain CNT substrates. In order to prepare three- 
dimensional porous scaffold materials, the above obtained homoge
neous CNT/CMC mixture was frozen overnight at − 80 ◦C and lyophi
lized overnight, next the redundant crosslinking reagents were rinsed 
three times with ddH2O under ultrasonic washing, finally the CNT 
composite scaffolds were obtained by re-lyophilized overnight. The CMC 
scaffold was prepared by self-crosslinking CMC under the action of NHS 
and EDC, the lyophilization and rinse procedures were referred to above 
operation. For BMP2-integrated CNT substrates and scaffolds, 0.25 ng/ 
μL BMP2 was added into each CNT dispersion solution. The scaffold 
morphology was observed with SEM (JEOL JSM 5600LV). Chemical 
properties of scaffolds were characterized by performing Nicolet 6700 
FTIR spectrometer (Thermo Electron Corporation, USA) and Raman 
spectroscopy (Senterra R200-L, Bruker, Germany). To test the mechan
ical performance of CNT/CMC scaffolds, 10-mm-diameter scaffolds were 
prepared for compression load test using a tabletop uniaxial testing in
strument. Load capacity of 50 N force at a rate of 0.5 mm/min was set for 
the compression load test. Compressive strength and Young’s modulus 
were calculated on the basis of the stress–strain curve of each sample. 

2.2. Degradation and BMP2 release of scaffolds 

For the scaffold degradation test, combing the ASTM standards (F- 
1635–95) and Biological Evaluation of Medical Devises- Part 13 stan
dards (ISO 10993–13: 2010 IDT), the scaffolds were performed accel
erating enzyme degradation test, briefly, the scaffolds were soaked in 
degradation medium of ddH2O containing 500 μg/mL lysozyme at 
65 ◦C, after the 1, 3, 5, 7, 10 and 14 days degradation treatment, the 
scaffolds were respectively rinsed with ddH2O and lyophilized, the 
weight of scaffolds were measured before and after degradation treat
ment. For the BMP2 release rate test, the CNT/CMC/BMP2 scaffold was 
soaked in PBS for 1, 2, 3, 5, 7, 10 and 14 days. The supernatant was 
collected and measured by ELISA (R&D Systems, USA) to quantified the 
content of BMP2. 

2.3. Isolation and subculture of human adipose-derived stem cells 
(hADSCs) 

Based on our previous work [47], protocol involved in isolation of 
hADSCs was authorized by Shanghai JiaoTong University of Medicine 
through the Ethics Committee of Shanghai Ninth People’s Hospital. Fat 
pads of patients aged 18–40 years old whom had received double eyelid 
surgeries were obtained from the department of ophthalmology. After 
rinsing with phosphate buffer saline (PBS) for 3 times, fat pads were cut 
into pieces of 1 mm3. The fat pads were then immersed in 1 mg/mL 
collagenase I (Sigma Aldrich, St. Louis, MO, USA) and incubated at a 
37 ◦C shaker overnight. Digested tissue was obtained via centrifugation 
at 1200 rpm for 15 min. The precipitate was resuspended in α-MEM 
(Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum 
(FBS) (Gibco, USA) and 1% penicillin-streptomycin (Invitrogen). The 
tissue mixture was then incubated at a 37 ◦C incubator with CO2 at
mosphere maintained at 5%. Every three days, the culture medium was 
replaced. They only employed cells from the third to fifth passages of 
growth in future studies. 

2.4. Biocompatibility of CNT scaffolds 

hADSCs were adjusted to a concentration of 1 × 104/100 μL and 

plated on substrates with different CNT contents. Cell counting kit-8 
(CCK-8) assay (Dojindo, Japan) was used to enumerate the prolifera
tion of cells cultured on substrates for 4, 24, and 72 h. Viability of 
hADSCs cultured on different substrates was detected using a Live/Dead 
kit (Invitrogen) following the manufacturer’s instructions. To further 
validate the scaffold’s biocompatibility, flow cytometry analysis was 
performed through the Annexin V and propidium iodide staining at third 
day after hADSCs coculture with scaffold. Scanning electron microscopy 
(SEM) examination was also performed to evaluate the biocompatibility 
of hADSCs seeded on the scaffold, after the cells were cultured in scaf
fold for 3 and 7 days, the scaffold was fixed with 2.5% glutaraldehyde 
for 30 min, dehydrated with a graded ethanol series, and observed using 
SEM. 

2.5. Osteogenic differentiation and mineralization potentials of CNT 
scaffolds 

hADSC were seeded on the scaffolds 7 days with 60–70% confluence, 
the total cellular RNA of hADSCs was extracted with Trizol (Sigma 
Aldrich, USA) reagent and reverse transcribed into cDNA with prime
script RT Kit (Takara, Tokyo, Japan). The relative mRNA expression 
levels of bone formation-related genes, including alkaline phosphatase 
(ALP), bone sialoprotein (BSP), collagen alpha 1 chain type I (COL1A1), 
osteocalcin (OCN), and Runt-related transcription factor 2 (Runx2), 
were analyzed using real-time qPCR with SYBR premix ex Taq (Takara) 
on the 7900HT FAST real-time PCR system (Applied Biosystems, Carls
bad, California, USA). All tests were repeated at least 3 times and results 
were normalized based on the expression of GAPDH. Primers used in the 
experiments are listed in Table 1. Expression levels of osteogenesis 
proteins were evaluated at 14 days after culture. For the protein 
extraction, hADSCs were lysed on ice for 30 min in cell lysis buffer and 
centrifuged at 10,000 g for 15 min to collect the supernatants, the 
protein amount was established using bicinchoninic acid (BCA) protein 
assay kit (Thermo Fisher Scientific Inc., MA). The loading quantities of 
proteins for each sample was corrected accordingly. Proteins were first 
separated by 10% SDS-PAGE and transferred onto polyvinylidene 
difluoride (PVDF) membranes (Millipore, USA). The membranes were 
blocked with 5% nonfat milk for 1 h and incubated with primary anti
bodies (i.e., Col1A1, Runx2, OPN, BSP, OSX, OCN, and β-actin) at 4 ◦C 
overnight. The membranes were subsequently incubated with secondary 
antibodies (i.e., anti-rabbit or anti-mouse peroxidase-labeled antibodies 
(Jackson ImmunResearch, West Grove, PA, USA)) at 25 ◦C for an hour. 
After washing 3 times in TBST, the membranes were wetted with ECL 
plus reagent (Millipore, USA) and visualized with Tanon 5200 Multi 
System (Shanghai). All primary and secondary antibodies were pur
chased from Abcam. 

After 7 days of osteogenic induction, quantitative alkaline phos
phatase (ALP) was determined according to the manufacturer’s in
structions. Substrates and p-nitrophenol from ALP test kit (Beyotime, 
China) were added to cell lysates and incubated at 37 ◦C for 15 min. ALP 
activity was measured at 405 nm. ALP test and alizarin red staining were 
carried out after 14 and 21 days of osteogenic induction. Photos were 
taken after cell fixation and staining. CNT/CMCs were precoated on 
glass slides and hADSCs were left to differentiate for 14 days. Immu
nocytochemistry (ICC) was then performed. After fixation, hADSCs were 
blocked with PBS containing 10% goat serum for 1 h, incubated with 
primary antibodies (e.g., BSP and Runx2) at 4 ◦C overnight, and incu
bated with secondary antibodies at room temperature for 1 h. The nuclei 
were stained with Hoechst (Invitrogen) and observed with Olympus 
BX51 microscope. 

2.6. Electrochemical assay for ALP monitoring on CNT substrates 

Electrochemical assay was carried under the following three- 
electrode system: a platinum foil as the counter electrode, an Ag/AgCl 
electrode as the reference electrode, and indium tin oxide conductive 
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glass (ITO) with CNT/CMC scaffold as the working electrode. Cyclic 
voltammetry (CV) test was run under N2 atmosphere at a scanning speed 
of 50 mV/s for the range of − 0.2 to 0.4 V. The surfaces of ITO were first 
scraped. ITO were then coated with cross-linked CNT/CMC mixture 
within 2 min and dried overnight in a 60 ◦C oven. hADSCs were seeded 
on dried CNT/CMC substrates and left for incubation for 2, 5, and 10 
days. hADSCs/CNT/CMC were incubated in 0.2 mM pAPP at 37 ◦C for 
45 min prior to CV test. The standard curve of ALP response to peak 
current values was obtained by testing 0.2 mM P-aminophenyl phos
phate (pAPP) (Aladdin, Shanghai) solutions containing different con
centration of ALP (Sigma-Aldrich, USA) incubated at 37 ◦C for 45 min 
with three-electrode system. 

2.7. Electrochemical response of CNT scaffolds to cells differentiation 

Electrochemical detection system of cells differentiation was set up 
as follows: a counter electrode using a platinum wire was used. SCE 
(saturated calomel electrode) was used as a reference electrode. Elec
trolyte consists of 3 mM potassium ferricyanide (0.1 g K3Fe (CN)6/100 
mL) and 0.1 M potassium chloride (0.745 g KCl/100 mL) was prepared. 
CV test was run under N2 atmosphere at a scanning speed 50 mV/s for 
the range of − 0.1 to 0.6 V. Electrochemical impedance spectroscopy 
(EIS) test was run under N2 atmosphere with applied bias of +0.2 V and 
AC amplitude of 5 mV for frequency range of 0.1–105 Hz. Two- 
dimensional and three-dimensional electrode systems were con
structed as mentioned above. hADSCs were seeded and incubated on 
two- and three-dimensional electrode systems. After trypsin digestion, 
the electrodes were stored in ddH2O and detected by the above elec
trochemical system. 

2.8. Electrochemical response of CNT scaffolds to cranial defect repair 

Protocols were authorized by the Shanghai Jiaotong Medical Uni
versity’s Ninth People’s Hospital’s animal research committee. A cranial 
defect model of eight-week male SD rats was used to test the electro
chemical response of CNT/CMC scaffolds in vivo. Before surgery, scaf
folds were seeded with hADSCs and grown for three days. Two critical 
size defects were created on both sides of SD rat skulls with a 5-mm- 
diameter trephine (Nouvage company, Golddaher, Switzerland). The 
defects were subsequently filled up using scaffolds and cell composites. 
Based on the number of weeks since transplantation, 12 rats were 
randomly assigned to one of four groups: CNT/CMC-1 week, CNT/CMC- 
2 week, CNT/CMC-3 week, and CMC-3 week. The SD rats were sacrificed 
after the predefined period and scaffolds were retrieved from the skulls 
and tested for CV and EIS performance after trypsin digestion. 

2.9. Bone defect repair study of scaffolds 

Protocols were authorized by the Shanghai Jiaotong Medical Uni
versity’s Ninth People’s Hospital’s animal research committee. hADSCs/ 
scaffold were implanted into SD rat skull defects to examine the osteo
genic capacity of CNT scaffolds. CNT/CMC/BMP2 rats were arbitrarily 
separated into four groups, as were CNT/CMC rats, CMC group as well as 
the NC group. Intraperitoneal administration of tetracycline (1 mg/kg 
body weight) was given at week 2, Alizarin Red S (3% in 2% sodium 

bicarbonate solution, 0.8 mL/kg body weight) at week 4, and Calcine 
(1% in 2% sodium bicarbonate solution, 5 mL/kg body weight) at week 
6 (all from Sigma) An animal micro-CT scanner (mCT-80, Scanco 
Medical, Switzerland) was utlized to analyze the structure of rebuilt 
skulls in high-resolution scanning mode. The 3D isosurface reconstruc
tion tool was then used to examine the skulls. Results from a micro-CT 
scan were examined using the percentage of new bone volume (BV/ 
TV), the number of trabeculae (Tb. N), and bone mineral density (BMD). 

Animals were killed 8 weeks following surgery in order to study the 
bone growth of scaffolds. The skulls were collected, fixed with 4% PFA, 
and dehydrated in 75–100% ethanol solutions. To perform histological 
staining, the samples were implanted into polymethylmethacrylate 
(PMMA). As a rule, the thickness of each slice is 40 nm. We utilized a 
Leica TCS SP8 microscope with the Leica Las AF software to view cells at 
488 nm, 543 nm, and 405 nm (calcium yellow green, red, and blue) 
(tetracycline, yellow). Van Gieson’s picrofuchsin was then applied to the 
samples. A light microscope was used to examine the new bone’s volume 
and location. 

2.10. Statistical analysis 

Each experiment was repeated for at least 3 times. All data were 
shown as mean ± SD unless otherwise specified. Data were analyzed by 
one-way ANOVA. P < 0.05 was statistically significant. 

3. Results and discussion 

3.1. Characterization of the CNT composite scaffolds 

TEM revealed that CNT could dispersed in water and have a diameter 
ranged from 6 to 10 nm (Fig. 1a and b). Raman spectroscopy was per
formed to verify the electronic structure of carbon atoms in CNT 
(Fig. 1c). D band at 1340 cm− 1 and G band at 1572 cm− 1 represent the 
specific characteristics of CNT. R value (ID/IR) illustrates the number of 
chemical groups on the surface of CNT. After chemical crosslinking with 
CMC, the R value of CNT decreased as the chemical groups on the sur
face had become occupied. The chemical groups of CNT were charac
terized by FTIR (Fig. 1d). Absorption peaks at ~3400 and 1370 cm− 1 

were induced by O–H stretching and bending vibrations, respectively. 
Absorption peaks of C–H stretching modes in CNT can be observed at 
2920 cm− 1. The peaks at 1730, 1621, and 1064 cm− 1 represent 
stretching modes of C––O and C––C, respectively. The bending mode of 
C–O illustrates that CNT are carboxylated and could be beneficial for the 
preparation of CNT/CMC scaffolds. 

CNT/CMC scaffolds were prepared by chemically crosslinking CNT 
and CMC through amide reaction. SEM images showed that both pristine 
CMC and CNT/CMC scaffolds possess interconnected porous structures 
and the latter with a pore size ranged from 50 to 80 μm (Fig. 2a), which 
would allow better cell communication and nutrient transportation 
[48]. Incorporation of CNT (0.5% w/v) could improve the mechanical 
properties of CMC scaffold (Fig. 2c). Compared to pristine CMC scaffold, 
the compressive strength and Young’s modulus of CNT-doped scaffold 
increased by 7.25-fold from 0.4408 ± 0.07951 kPa to 3.2 ± 0.4438 kPa 
and 7.19-fold from 1.075 ± 0.1931 kPa to 7.733 ± 0.9905 kPa, 
respectively (Fig. 2d and e). What is more, the degradation curve of 

Table 1 
Primer sequences.  

Gene Accession No. Forward Primer (5′-3′) Reverse Primer (3′-5′) 

ALP NM_001632.5 GGACATGCAGTACGAGCTGA CCTTCCACCAGCAAGAAGAA 
COL1A1 NM_000088.4 AAGAGGCGAGAGAGGTTTCC ACCAGCATCACCCTTAGCAC 
BSP NM_004967.4 CGGAGGAGACAATGGAGAAG CCACCATTTGGAGAGGTTGT 
OCN NM_199173.6 GGCGCTACCTGTATCAATGG TCAGCCAACTCGTCACAGTC 
OSX NM_001173467.3 AACAACTCTGGGCAAAGCAG CAGGTGAAAGGAGCCCATTA 
Runx2 NM_001015051.4 GTGGACGAGGCAAGAGTTTC TTCCCGAGGTCCATCTACTG 
GAPDH NM_001256799.3 CTGACTTCAACAGCGACACC TGCTGTAGCCAAATTCGTTG  
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scaffold illustrated that CNT/CMC is a sustained degradable biomaterial 
(Fig. 2b). 

3.2. Optimization of biocompatible CNT scaffolds and its osteogenic 
differentiation potential 

Incorporation of CNT may improve the bioactivity and electro
chemical sensitivity of scaffolds, but it also poses a risk of toxicity. 
Therefore, optimizing the concentration of CNT in the system is 
important to prepare biocompatible, bioactive, and electrochemical 
response-sensitive scaffolds. Final CNT concentration was chosen based 
on the biocompatibility and osteoinductivity tests of scaffolds. A CCK-8 
assay was used to detect the proliferation rate of hADSCs planted on 
different substrates, including 0%, 1%, and 0.5% (w/v) CNT composite 
substrates. Results showed that there was little proliferation in the first 
24 h in both 1% and 0.5% groups, presumably due to acute stress re
action. As the culturing time was prolonged to 72 h, the proliferation 
rate of CNT groups increased with 0.5% group higher than 1% group. 
Both CNT groups proliferated slower than the group with CMC (Fig. 3a), 
that is because the CNT has good promoting cells differentiation effect. 
In order to learn more about the safety of CNT/CMC scaffolds, hADSCs 
were stained with Live/Dead assay after they were cultured with 0.5% 
CNT/CMC scaffolds for 3 days. Results showed that CNT/CMC scaffolds 
and substrates are biocompatible as there were almost no dead cells after 
cultured with them (Figs. 3b and S1a). The cells in the CNT/CMC groups 
were clustered together while cells in the CMC group were relatively 
dispersed because the cells were more inclined to differentiate under 
CNT stimulation. The flow cytometry analysis results showed that 
96.95% of the cells are survival after 3 days culture (Fig. S1b). SEM 
revealed that the cells were in wide spindle shapes (Fig. 3c), showing 
that CNT/CMC scaffolds have good adhesive capability to the cells and 
allows them to grow well [49]. 

ALP is an important marker of early osteogenesis [50]. To evaluate 
the osteogenic differentiation potential of CNT/CMC scaffolds, ALP 
assay was applied a week after cells were grown on CMC and CNT/CMC 
scaffolds. Results showed that 0.5% CNT/CMC scaffold had significant 
pro-osteogenic ability while there was no significant difference between 
1% CNT/CMC and CMC scaffolds (Fig. 3d). mRNA expression levels of 
osteogenic-related genes, i.e. ALP, BSP, COL1A1, OCN and OSX, showed 
similar trends (Fig. 3e–i). Taken account of the good biocompatibility 
and osteoinductivity of 0.5% CNT/CMC scaffold, 0.5% CNT was selected 
as the optimal concentration for subsequent experiments. 

3.3. Osteogenic differentiation potential of the CNT scaffold in vitro 

In the early phase of osteogenesis, osteogenic differentiation of cells 
is limited due to restricted contact between seed cells and CNT. Addition 
of BMP2 into the system could synergistically stimulate the osteogenic 
differentiation of seed cells. As BMP2 could be rapidly deactivated, it 
could be designed to sustained release in a short term to initiate dif
ferentiation of seed cell. The BMP2 release curve indicated that BMP2 
could sustainably release from CNT/CMC/BMP2 scaffold in 14 days 
(Fig. S5). By degrading the CNT/CMC scaffold, exposed CNT could 
maintain the osteogenic differentiation direction of cells for a long term 
[51]. mRNA expression levels of osteogenic-related genes were 
increased in CNT/CMC/BMP2 scaffold compared with CNT/CMC scaf
fold (Fig. 4a–d). Bone formation-related proteins expression levels were 
analyzed using Western blot after hADSCs incubated on different sam
ples for 14 days. Results showed that osteogenesis-related proteins (i.e., 
Col1A1, Runx2, OPN, BSP, OSX, and OCN) were expressed higher in 
CNT/CMC/BMP2 group than CNT/CMC group, while CMC group had 
the lowest proteins expression levels (Fig. 4e and f). 

To better evaluate the ontogenetic potential of CNT/CMC/BMP2, 
ALP and ARS staining were performed after hADSCs grown on different 

Fig. 1. Characterization of CNT. a) and b) TEM and high resolutions images of CNT; c) Raman spectrum of CNT; d) FTIR spectrum of CNT.  
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samples for 2 and 3 weeks. ALP and ARS examination revealed that 
CNT/CMC/BMP2 group exhibited enhanced ALP activity and significant 
mineralization ability, respectively (Fig. 4g and h). Immunocytochem
istry staining of hADSCs was further conducted after 14 days of incu
bation. Results showed that expression levels of osteogenic transcription 
factor Runx2 and cytoplasmic protein BSP were higher in CNT/CMC/ 
BMP2 group compared to both CNT/CMC and CMC groups (Fig. S2). 
These results demonstrated that CNT/CMC/BMP2 group showed 
enhanced osteogenic differentiation potential as compared to CNT/CMC 
group. 

3.4. Electrochemical response of CNT scaffolds during cell osteogenic 
differentiation 

Electrochemical sensitivity of CNT composite scaffolds is critical in 
monitoring osteogenic differentiation of cells. CV and EIS were used to 
evaluate the degree of cell osteogenic differentiation after seeding 
hADSCs onto CNT electrodes. The osteogenic potential of CNT/CMC 
scaffold was first proven by electrochemical sensing of ALP generation. 
ALP, an important osteogenesis marker, was able to catalyze electro
chemical inactive P-aminophenyl phosphate (pAPP) to produce active p- 

aminophenol (pAP), and the redox pair of pAP/quinone imine could 
generate oxidation/reduction peak on CV curves (Fig. 5a). The CV dia
gram reflects the electrode reversible redox reaction degree. A higher 
peak current derivation value implies a better redox characteristic [52]. 
CV curve of pure pAPP presented no peak. With ALP addition, distinct 
oxidation/reduction peaks with similar altitudes appeared, suggesting a 
reversable redox process. To obtain the correlation between ALP con
centrations and peak current values, different amount of ALP was added 
into pAPP and tested for CV performance on CNT/CMC scaffold 
(Fig. S3). The linear regression showed that concentration of ALP and 
oxidation peak current value (Ipox) have a positive correlation with a R2 

of 0.98. The value of CV basal current also increased with higher con
centration of ALP (Fig. 5b), presumably due to the enhanced electron 
transfer efficiency on electrode surface by the ALP generated redox 
pairs. For determining the potential of osteogenesis differentiation in
duction of the CNT/CMC scaffold, equal amount of hADSCs were seeded 
on CNT/CMC substrates and incubated for 0, 2, 5, and 10 days. These 
hADSCs/CNT/CMC substrates were pretreated with pAPP before CV 
tests. Compared with 0-day group, oxidation peak started to appear in 
2-, 5-, 10-day groups and the value of Ipox and basal current was grad
ually improved with prolonged incubation time (Fig. 5c and d). The 

Fig. 2. Microstructure and mechanical properties of the scaffolds. a) SEM Images of the pristine CMC and CNT/CMC scaffold; b) Degradation curve of the scaffold; c) 
stress–strain curve of the scaffold; d) Young’s modulus and e) compressive strength of the scaffold (***P < 0.001). 
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longer hADSCs incubated on CNT/CMC scaffold, the more ALP could be 
produced in extracellular matrix on the electrode surface. As ALP are 
secreted during early osteogenesis, results demonstrated that CNT/CMC 
scaffold facilitated hADSCs osteogenesis differentiation and the differ
entiation process tended to be more mature with longer incubation time. 
It also illustrated that CNT/CMC could be used as a potential electrode 
with good inductivity and sensitivity on detecting seed cells 
osteogenesis. 

To further evaluate CNT-induced osteogenic differentiation capa
bility and electrochemical signals sensing ability, EIS curves were 
plotted after 0-, 3- and 7-day differentiation culture of hADSCs on CNT/ 
CMC substrate. The smaller the diameter of the arc, the lower the charge 
transfer resistance (Rct) [53,54]. EIS curve showed that the Rct of 7-day 
differentiated group was considerably greater than that of 3- and 0-day 
differentiated group (Fig. 5e). As most of the extracellular matrix but not 
the mineralization matrix could be removed through trypsin digestion, 
changes in electrochemical signals could be seen as the mineralization 
matrix deposition degree. When the charge transfer ability of 
hADSCs/CNT/CMC decreased with prolonged cell differentiation time, 
it means CNT could enhance hADSC osteogenic differentiation and 
induce cells to form a mineralizing matrix. The CV curve showed the 
redox characteristic of hADSCs/CNT/CMC in descending order from the 
control group to the 7-day group (Fig. 5f), indicating that the 7-day 
group electrodes have low peak current value due to the influence of 
the cell mineralization matrix. Evaluation on the conductivity and 
osteogenic capability of the three-dimensional CNT scaffolds were also 
carried out. CV and EIS measurements of CNT/CMC scaffold were 
recorded after seeding hADSCs for 1 and 2 weeks. As the cell culturing 
time increased, the conductivity of CNT/CMC scaffold decreased 
significantly, as reflected in EIS curve that the Rct increasing from the 
control group to the 2-weeks group (Fig. 5g). Meanwhile, the CV results 
also showed that CNT/CMC scaffold had a lower peak current value after 

culturing cells for 2 weeks compared with the 1-week and control groups 
(Fig. 5h). Both CV and EIS results suggest that CNT/CMC scaffolds are 
feasible as an osteogenic induction and/or monitoring platform with 
electrochemical-responsive signal. In addition, to further validate BMP2 
acts early osteogenesis promotion effects on cells in an electrochemical 
manner, the CV peak current tended to decrease and Rct exhibited 
increased as the hADCSs incubation time prolonged in CNT/CMC/BMP2 
scaffold (Fig. 5i and j). More importantly, comparison of the CV and EIS 
results of CNT/CMC and CNT/CMC/BMP2 scaffolds, CNT/CMC/BMP2 
group presented a lower CV peak current and higher Rct at the first and 
second week after seeded hADSCs (Fig. S4), the results illustrated that 
the CNT/CMC/BMP2 scaffold processed a better ability on promoting 
early osteogenesis and larger effect on forming mineralizing matrix 
compared with CNT/CMC scaffold. Meanwhile, CV and EIS curves of the 
scaffolds were almost coincided whatever supplement with and without 
BMP2 before seeding hADSCs (Fig. S4), it implied that addition of BMP2 
would not interfere electrochemical response of the scaffolds. 

3.5. Electrochemical monitoring of early osteogenic differentiation on 
CNT scaffold in cranial defect rats 

Since CNT/CMC scaffold revealed the potential of electrochemical 
monitoring cellular osteogenic differentiation, the effectiveness of the 
scaffold’s electrochemical response was further validated after trans
plantation in vivo (Fig. 6a), CV and EIS curves of CNT/CMC scaffold were 
harvested and recorded on week 0, 1, 2, and 3 after transplantation into 
cranial defects of rat (Fig. 6b). The peak value of current in CV curve 
declined gradually and the diameter of EIS increased gradually for 
prolonged duration of placement in vivo. These reflect reduction in the 
scaffold’s electroconductivity, presumably due to mineralization matrix 
deposition (Fig. 6c and d). In contrast, CMC scaffold exhibited almost no 
changes in electrochemical signal response with limited potential in 

Fig. 3. Osteoinductive effects of varying quantities of CNT in a CNT/CMC matrix. a) Propagation of hADSCs on CNT/CMC and CMC samples for 72 h; b) Live/Dead 
assay profile of hADSCs cultured on 0.5% CNT/CMC and CMC samples for 3 days (merged signals); c) hADSCs incubated on 0.5% CNT/CMC scaffolds for 3 and 7 
days; d) ALP quantitative analysis of hADSCs in 1% CNT/CMC, 0.5% CNT/CMC and CMC scaffolds; e-i) expression levels of osteogenesis-specific genes (ALP, BSP, 
Col1A1, OCN and OSX) of hADSCs cultured on samples for a week. GAPDH has been used to standardize the data from three separate investigations. (*P < 0.05, **P 
< 0.01, ***P < 0.001). 
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osteogenic induction (Fig. 6e). Compared with CNT/CMC scaffold, the 
changes of CMC scaffold’s CV and EIS curve were insignificant after 3 
weeks’ transplantation. At the same time, it also proved that electro
chemical signal variation of CNT/CMC scaffold was mainly derived from 
the early osteogenic differentiation (Fig. 6f and g). These results indi
cated that CNT/CMC scaffold retained good sensitivity for electro
chemical monitoring of early osteogenic differentiation in vivo. 

3.6. Bone defect repairing effects of CNT scaffolds in vivo 

The osteoinductivity of CNT/CMC scaffold was evaluated using a 
critical-size calvarial defect model. hADSCs were seeded onto the scaf
folds 3 days before the surgery and transplanted into 5-mm-diameter 
bone defects in SD rats’ skulls. The high-resolution micro-CT imaging 
revealed the presence of bone abnormalities during an 8-week trans
plant period. Bone tissues developed in CNT/CMC/BMP2 group had 
almost covered all bone defects. There was a reduced amount of bone 
tissues produced in both CNT/CMC and CMC groups and virtually no 
new bone tissues developed in the NC group (Fig. 7a). These had been 
validated with quantitative morphometric examination of osteogenesis 
as well as the new bone volume to tissue volume ratio (BV/TV). The 
CNT/CMC/BMP2 group had a greater BV/TV ratio of 33.28 ± 6.03% as 
compared to CNT/CMC (12.31 ± 3.20%), CMC (6.144 ± 1.73%), and 

NC (3.859 ± 3.54%) groups (Fig. 7b). The trabecular number (Tb. N) of 
CNT/CMC/BMP2 group (2.227 ± 0.77 per mm) was significantly 
greater than CNT/CMC (1.157 ± 0.80 per mm), CMC (0.2097 ± 0.14 
per mm), and NC (0.3015 ± 0.07 per mm) groups (Fig. 7c). Bone min
eral density (BMD) analysis additionally confirms that a greater amount 
of new bone tissues was developed in CNT/CMC/BMP2 group (0.34 ±
0.13 g/cc) than in CNT/CMC (0.17 ± 0.08 g/cc), CMC (0.03 ± 0.04 g/ 
cc), and NC (0.03 ± 0.03 g/cc) groups (Fig. 7d). It appears that CNT/ 
CMC/BMP2 scaffold had superior osteoinductivity than either CNT/ 
CMC and CMC scaffolds. 

To study the mineralization ability of scaffolds at the histological 
level, the fluorescent dyes tetracycline, alizarin red S, and calcein were 
injected into SD rats to mark the different stages of new bone formation 
at 2, 4, and 6 weeks after surgery, respectively. Representative images of 
each group showed that bone repair effect of CNT/CMC/BMP2 group 
was better than those of CNT/CMC, CMC, and NC groups at all stages of 
osteogenesis (Fig. 7e). Fluorescence intensity quantitative analysis re
sults revealed that CNT/CMC/BMP2 group (1.39 ± 0.56%) had a higher 
percentage of tetracycline (yellow) than CNT/CMC (1.07 ± 0.45%), 
CMC (0.36 ± 0.22%), and NC (0.21 ± 0.25%) groups (Fig. 7f). The 
percentage of alizarin red S (red) in the CNT/CMC/BMP2 group was 2.9 
± 0.79%, while the percentages in CNT/CMC, CMC and NC groups were 
1.82 ± 0.68%, 0.6 ± 0.29%, and 0.58 ± 0.27%, respectively (Fig. 7g). 

Fig. 4. Assessment of the osteogenic differentiation of hADSC CNT/CMC/BMP2 samples. a-d) Levels of osteogenesis-specific genes (ALP, BSP, Col-1 and Runx2) as 
expressed in hADSCs cultured on substrates a week; e) Proteins expression levels and f) quantitative analysis of osteogenic markers(Col1A1, Runx2, OPN, BSP, OSX 
and OCN)after hADSCs cultured on substrates 2 weeks; g) ALP and h) ARS staining of hADSCs cultured on substrates for 2 and 3 weeks. The data shown represent the 
mean of three separate trials and standardized to GAPDH (*P < 0.05, **P < 0.01, ***P < 0.001). 
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There was also substantial variation in the percentage of calcein (green) 
between the CNT/CMC/BMP2 (2.95 ± 0.22%), CNT/CMC (1.63 ±
0.41%), CMC (0.75 ± 0.30%), and NC (0.37 ± 0.24%) groups (Fig. 7h). 
From these results, it showed that CNT/CMC/BMP2 scaffold had the best 
bone-promoting effect out of all the scaffolds tested. 

Arrangement of collagen fibers is one of the main process that occurs 
during new bone formation. Collagen fibers occupy the most organic 
part of the bone and combine with the inorganic component to realize 
mineralization [55–57]. Therefore, the content of collagen fibers can 
directly reflect tissue mineralization effect. Herein, collagen fibers were 
stained by van Gieson’s picrofuchsin to evaluate the mineralization 
degree in new tissues. The representative sagittal view images indicated 
that the gap was almost filled by collagen fibers in CNT/CMC/BMP2 
group, which was better than the results in the CNT/CMC group, while 
there was almost no collagen signal in CMC and NC groups (Fig. 7i). 
Collectively, in vivo experiment of bone defect repair demonstrated that 
CNT/CMC/BMP2 had promising potential as bone defect repair scaf
folds with enhanced osteoinductivity. 

4. Conclusion 

Monitoring early mineralization of tissue is beneficial in evaluating 
the effectiveness of scaffolds. A novel bioactive CNT composite scaffold 
was fabricated by integrating CNT into chemically crosslinked CMC 
hydrogels. The CNT composite scaffold exhibited sensitive electro
chemical response signals to seed cell osteogenic differentiation and 
tissue mineralization in both cellular and animal levels. Incorporation of 

BMP2 could synergistically induce new bone formation with CNT. CNT 
could counterbalance the shortcoming of BMP2 for long-term bone tis
sue formation. Development of bioactive and electrochemically 
responsive CNT composite scaffolds lays the foundation for long-term 
noninvasive, continuous monitoring of newly formed tissues in regen
erative medicine. 
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Protocols were authorized by the Shanghai Jiaotong Medical 

University’s Ninth People’s Hospital’s animal research committee. 
hADSCs/scaffold were implanted into SD rat skull defects to examine the 
osteogenic capacity of CNT scaffolds. CNT/CMC/BMP2 rats were arbi
trarily separated into four groups, as were CNT/CMC rats, CMC group as 
well as the NC group. Intraperitoneal administration of tetracycline (1 
mg/kg body weight) was given at week 2, Alizarin Red S (3% in 2% 
sodium bicarbonate solution, 0.8 mL/kg body weight) at week 4, and 
Calcine (1% in 2% sodium bicarbonate solution, 5 mL/kg body weight) 
at week 6 (all from Sigma) An animal micro-CT scanner (mCT-80, 
Scanco Medical, Switzerland) was utlized to analyze the structure of 

Fig. 7. Assessment of the potential of bone repair of CNT/CMC/BMP2 scaffold. a) Micro-CT imaging examination of critical-sized rat calvarial defects 8 weeks post- 
implantation; b) BV/TV, c) Tb.N and d) BMD examination of the freshly formed bone; e) fluorochrome-labeled images and f-h) quantitative examination of new bone 
formation and mineralization; i) histological assessment of the sliced specimens; the newly formed bone was stained red with van Gieson’s picrofuchsin (*P < 0.05, 
**P < 0.01, ***P < 0.001). 
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rebuilt skulls in high-resolution scanning mode. The 3D isosurface 
reconstruction tool was then used to examine the skulls. Results from a 
micro-CT scan were examined using the percentage of new bone volume 
(BV/TV), the number of trabeculae (Tb. N), and bone mineral density 
(BMD). 

Animals were killed 8 weeks following surgery in order to study the 
bone growth of scaffolds. The skulls were collected, fixed with 4% PFA, 
and dehydrated in 75–100% ethanol solutions. To perform histological 
staining, the samples were implanted into polymethylmethacrylate 
(PMMA). As a rule, the thickness of each slice is 40 nm. We utilized a 
Leica TCS SP8 microscope with the Leica Las AF software to view cells at 
488 nm, 543 nm, and 405 nm (calcium yellow green, red, and blue) 
(tetracycline, yellow). Van Gieson’s picrofuchsin was then applied to the 
samples. A light microscope was used to examine the new bone’s volume 
and location. 
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