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Currently, mesenchymal stem cells (MSCs)-based therapies for bone regen-
eration and treatments have gained significant attention in clinical research. 
Though many chemical and physical cues which influence the osteogenic 
differentiation of MSCs have been explored, scaffolds combining the benefits 
of Zn2+ ions and unique nanostructures may become an ideal interface to 
enhance osteogenic and anti-infective capabilities simultaneously. In this work, 
motivated by the enormous advantages of Zn-based metal–organic framework-
derived nanocarbons, C-ZnO nanocarbons-modified fibrous scaffolds for stem 
cell-based osteogenic differentiation are constructed. The modified scaffolds 
show enhanced expression of alkaline phosphatase, bone sialoprotein, vin-
culin, and a larger cell spreading area. Meanwhile, the caging of ZnO nanopar-
ticles can allow the slow release of Zn2+ ions, which not only activate various 
signaling pathways to guide osteogenic differentiation but also prevent the 
potential bacterial infection of implantable scaffolds. Overall, this study may 
provide new insight for designing stem cell-based nanostructured fibrous scaf-
folds with simultaneously enhanced osteogenic and anti-infective capabilities.

1. Introduction

Because various degenerative bone dis-
eases and inflammatory joint disturb 
many people all over the world, there is 
currently an urgent need for the supply 
of osteogenic and anti-infective scaffolds 
that provide bone regenerative therapies 
in the clinic.[1–8] Mesenchymal stem cells 
(MSCs) are frequently investigated to dif-
ferentiate to different kinds of cell lineage, 
including osteoblasts, they are considered 
as a good candidate for bone therapy.[1,4,9–13] 
Meanwhile, MSCs’ differentiation can be 
driven by the chemical and physical cues at 
material/cellular interfaces, thus providing 
a controllable protocol to manipulate the 
differentiation of MSCs without using 
complex bio-factors or cellular reprogram-
ming processes.[14–17] Indeed, chemical 
cues (metal ions, small molecules, and 
synthetic extracellular matrix) and phys-

ical cues (stiffness, micro-/nanotopography, and physical adhe-
sion property) can efficiently influence MSCs’ functionalities, 
including regulation of cell adhesion, proliferation, and differen-
tiation.[18–29] For instance, forces originated from the cell–mate-
rial interface could change the cell membrane and subsequently 
affect the cell cytoskeleton, owing to the physical and mechan-
ical interactions between the cells membrane the intracellular 
mechanoresponsive elements.[20,30–33] Continuous immersion 
in Yes-associated protein (YAP) activation culture environments 
could decrease the human mesenchymal stem cells (hMSCs) 
multiple differentiation potency and promote osteogenesis.[19,23]

Due to a variety of unique properties, carbon nanomate-
rials have been widely investigated as physical cues in tissue 
scaffolds to regulate stem cell behavior.[22,34–40] For MSCs, it 
is suggested that carbon nanomaterials can provide binding 
sites with high stiffness to cell membrane receptors, and large 
adsorption and accumulation of nutrients,[37,38] which may 
promote the fast formation of focal adhesion (FA). Then it 
triggers the rearrangement of F-actin and nuclear transloca-
tion of the YAP signal, finally improving the nuclear envelope 
protein Lamin A/C expression and activating the Runt-related 
transcription factor 2 (RUNX-2) pre-osteogenic marker expres-
sion, which eventually enhances the osteogenic differentia-
tion.[23,41–46] Among diverse kinds of carbon nanomaterials, the 
Zn-based metal–organic frameworks (MOFs)-derived nanocar-
bons (C-ZnO) have attracted much interest in the biomedical 
field.[47] On the one hand, the large surface area and particular 
nanostructures of C-ZnO can facilitate the interactions between 
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the material and cell membrane.[48–52] On the other hand, the 
Zn2+ ions do not only show strong inhibition on the growth of 
bacteria but also stimulate mineralization and osteoblast pro-
liferation by improving anabolic influence on bone metabo-
lism, thus promoting osteogenic differentiation of MSCs.[51,53] 
Therefore, it is suggested that the C-ZnO-based nanocarbons 
that combine benefits of Zn2+ ions and unique nanostructures 
may become ideal candidates to construct favorable stem cells 
scaffolds with simultaneously enhanced osteogenic and anti-
infective capabilities.

In this work, motivated by their advantages of Zn-based 
MOF-derived nanocarbons,[47,52,54,55] we have constructed C-ZnO 
nanocarbons-modified fibrous scaffolds for stem cell-based oste-
ogenic differentiation. Although ZIF-8 is size-morphology tun-
able and could contain multiple metal ions, they are not quite 
stable, especially in the acidic environment. Thus, the ZIF-8 
nanostructure was carbonized and oxidized to obtain C-ZnO 
nanocarbons. The fibrous scaffolds were fabricated via electro-
spinning of a carrier polymer with C-ZnO nanoadditives. The 
expression of alkaline phosphatase (ALP) and bone sialoprotein 
(IBSP), and the calcium deposition test indicate that the engi-
neered scaffolds show better osteogenic properties. The results 
of enhanced cell spreading area, vinculin expression, and F-actin 
rearrangement suggest the cell membrane and cytoskeleton 
sensed the physical cues of the nanostructured scaffolds. The 
following nuclear translocation of YAP, improved expression of 
Lamin A/C and RUNX-2 signaling emphasized the role of the 
C-ZnO in the regulation of cell–matrix interactions during pro-
moting osteogenic differentiation. These detailed investigations 
confirm that the carbon nanostructures facilitate the adsorption 
and concentration of nutrients, which offer preferable environ-
ments for the growth and differentiation of MSCs. Meanwhile, 
the caging of ZnO nanoparticles can allow the slow release of 
Zn2+ ions, which not only activates various signaling pathways 
to guide osteogenic differentiation but also prevents the poten-
tial bacterial infection of implantable scaffolds. Overall, this 
study may provide new insight for designing stem cells-based 
nanostructured fibrous scaffolds with simultaneously enhanced 
osteogenic and anti-infective capabilities.

2. Results and Discussion

2.1. Preparation and Characterization of the C-ZnO 
Nanoparticles

ZIF-8 nanoparticles were prepared using 2-methylimidazole and 
Zn(NO3)2⋅6H2O. Then, the ZIF-8 nanoparticles were then carbon-
ized for 2 h at 800 °C with the protection of argon and oxidized for 
2 h at 300 °C in air to obtain the C-ZnO nanoparticles (Figure 1a). 
Scanning electron microscopy (SEM) image in Figure 1b and the 
energy-dispersive X-ray spectroscopy (EDS) in Figure  1c suggest 
that C-ZnO nanoparticles are well prepared. Meanwhile, the size 
and morphology are relatively uniform and homogenous. Trans-
mission electron microscope (TEM) image in Figure 1d exhibits 
that the sizes are around 50 nm. Moreover, the amplified high-
resolution TEM in Figure  1e suggests that abundant ultra-small 
ZnO nanoparticles (yellow circles) homogenously distribute on 
the carbon matrix. Figure  1f presents the high-angle annular 

dark-field scanning TEM (HAADF-STEM) picture of C-ZnO and 
relative elemental mapping data, which proved the homogenous 
distribution of C, N, O, and Zn elements on nanocarbon. No big 
ZnO particles can be noticed from the images.

Further characterization of nanocarbons composition and 
chemical structure was performed by X-ray photoelectron spec-
troscopy (XPS) and the X-ray diffraction (XRD). The XRD in 
Figure  1g suggests that the ZIF-8 was successfully prepared. 
After carbonization and oxidation processes, no obvious peak 
for ZnO could be noticed, thus indicating that the ZnO doping 
provides amorphous structures. Moreover, the XPS survey scan 
in Figure  1h proved the existence of C, N, O, and Zn peaks. 
The high-resolution XPS C 1s spectra were fitted to four peaks 
(Figure  1i), which were corresponding to 288.0 eV (OCN, 
OCO), 286.5 (CN, CO), 285.1 (CN, CO), and 284.0 
(CC, CC). The high-resolution XPS O 1s spectra in Figure 1j 
were fit to 532.9 (OC), 531.6 (OC), and 530.5 eV (OZn). As 
with previous report, Figure 1k shows two characteristic peaks 
at 1044.7 and 1021.7 eV in the Zn 2p spectra.[54] Figure  1l sug-
gests the measured atom ratio of C, N, O, and Zn are 62.04, 
18.35, 12.55, and 7.04 at%, respectively. According to the data 
above, it is believed that C-ZnO nanocarbons were successfully 
synthesized.

Previous literature has already proven that 
poly(ε-caprolactone) (PCL) electrospun fibers were outstanding 
matrix for osteogenic tissue engineering.[5,7,56] C-ZnO nanopar-
ticles were incorporated into the fibrous scaffolds to investigate 
their interactions with hMSCs. As shown in Figure  2a, the 
obtained PCL/C-ZnO solutions were well dispersed and sucked 
into a syringe, then the fibers were collected on an aluminum 
foil when a certain voltage applied between the needle and sub-
strate. As shown in Table S1 in the Supporting Information, the 
membrane scaffolds were prepared in hexafluoroisopropanol 
at the concentration of 10%, w/v PCL and 0%, 1%, 2%, and 
5%, w/v C-ZnO nanoparticles.

To investigate the difference between bare ZnO nanopar-
ticles and the C-ZnO, the ZnO-blended PCL (PCL-ZnO) with 
a similar amount of ZnO as that of PCL-ZnO-2 was fabri-
cated. The morphology of the fibrous membrane is shown in 
Figure  2b and Figure S4 in the Supporting Information. The 
SEM data suggest that the fibrous scaffolds were composed of 
randomly overlaid fibers. The digital pictures of the prepared 
membrane suggest that after being mixed with C-ZnO nano-
particles, the color of the scaffold turns black. Meanwhile, with 
the increased concentration of the C-ZnO, the membrane 
scaffolds grow darker. As is shown on amplified SEM images, 
obvious C-ZnO nanoparticles could be observed on the fiber, 
which suggests that the C-ZnO nanoparticles were successfully 
blended into the fibers. The morphology of the scaffolds proved  
that the C-ZnO nanoparticles were uniformly distributed 
throughout fibers, and part of nanocarbons was observable 
on the fiber surface. As shown in Figure 2c, the diameter distri-
bution of the prepared fibers suggests that after the concentration 
of nanocarbons reaches 2%, w/v, the fiber sizes decreased. The 
energy dispersive spectrometer data (EDS) and element map-
ping in Figure 2d,e suggest the abundant existence of Zn after  
the incorporation of C-ZnO nanoparticles. The water contact 
angle (WCA) in Figure S6 in the Supporting Information sug-
gests that the pristine PCL fiber membrane is around 131.2°. 
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Figure 1. a) The ZIF-8 and C-ZnO preparation process scheme. b) Typical SEM image of the prepared C-ZnO nanoparticles. c) EDS curves of the C-ZnO 
particle. d) TEM image of the C-ZnO. e) High-resolution TEM image of the C-ZnO. f) HAADF-STEM image and elemental mapping of the C-ZnO. 
g) XRD spectra of ZIF-8, C-Zn, and C-ZnO nanoparticles. h) XPS survey scanning spectra for C-ZnO. The high-resolution XPS i) C 1s spectra, j) O 1s 
spectra, and k) Zn 2p spectra for C-ZnO. l) The atom percentages of C, N, O, and Zn in C-ZnO nanoparticles.
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After the incorporation of C-ZnO nanoparticles, the WCA did 
not show any significant change between different samples.

To further prove the successful incorporation of C-ZnO and 
ZnO nanoparticles into PCL fibers, XPS was performed and 
exhibited in Figure 2f,h. According to the XPS survey scanning 
spectra, the nitrogen and zinc elements peaks indicate that 
the nanocarbons are successfully blended into the PCL-C-ZnO 

fibers. Meanwhile, the zinc element on PCL-ZnO indicates 
that ZnO nanoparticles have been successfully coated into 
PCL fiber. After immersion in the cell culture medium, those 
contents of N 1s (Figure 2g,i) increased significantly compared 
to the original membrane nitrogen contents (Figure  2f,h). It 
is proposed that membranes could absorb diverse nitrogen-
containing nutrients such as proteins, peptides, or amino acids 

Figure 2. a) Schematic image for the preparation of PCL-C-ZnO nanofibrous scaffolds. b) SEM images for the electrospun bare PCL and PCL-C-ZnO 
scaffolds. c) The diameter distribution of the electrospun fibers (n = 100 fibers were quantified). d,e) The SEM element mapping and EDS curves of 
the PCL-C-ZnO and PCL-ZnO, respectively. XPS survey scanning spectra for f) fibrous scaffolds and g) cell culture medium immersed scaffolds. h) The 
atom percentages of C, N, O, and Zn on scaffolds and i) cell culture medium immersed scaffolds.
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from the media. As shown in Table 1, Compared to the pure 
PCL membrane, there is no apparent change in the content 
of N 1s on PCL-ZnO, which means the incorporation of ZnO 
nanoparticles could not improve the adhesion property. How-
ever, the higher content of N 1s on PCL-C-ZnO suggests that 
nanocarbons could contribute to a higher absorption amount 
of these nutrient molecules, which could exert beneficial effects 
on the MSCs growth and differentiation.

The MSCs proliferation activity and viability on the scaf-
folds were evaluated by cell counting kit-8 (CCK-8) analysis 
and lived/dead assay kit. The lived/dead cell in Figure  3a 
exhibits that the hMSCs are viable on all samples from the 
vertical pictures under the confocal microscopy after 3 days 
of culture. The statistical analysis of the cell numbers on 
the membrane in Figure  3b indicates that the live cell num-
bers on scaffolds did not change much after incorporation 
of C-ZnO nanoparticles until the concentration of 2%, w/v. 
However, the cell number on sample PCL-C-ZnO-5 decreased 
around 40% compared with pure PCL, which suggests that 
the increase of Zn2+ concentration exerted a negative effect on 
cell proliferation due to the potential oxidative stress caused 
by the ZnO.[5] Meanwhile, all samples exhibited similar cell 
viability except PCL-C-ZnO-5 (Figure  3c). Additionally, the 
proliferation of hMSCs on scaffolds evaluated by a CCK-8 
assay kit (Figure 3d) was similar to the results of the live/dead 
assay. On the first day, cells adhere well on all scaffolds; after  
5 days of culture, the proliferation of cells on the PCL-C-ZnO-5 
is less than PCL. Meanwhile, PCL-ZnO cell proliferation rate 
was less than PCL-C-ZnO-2 although the total amount of ZnO 
was the same, which indicated that the C-ZnO nanoparticles 
could reduce the release rate of Zn2+ ions, which may benefit 
the cell growth process. In summary, after incorporation of 
C-ZnO nanocarbons at the concentration of 2%, the hMSCs 
seeded on scaffolds could survive and proliferate much better 
than the other samples.

The osteogenic induction function of the scaffolds was fur-
ther investigated in osteogenic induction media. The ALP 
expression at previous status was related to bone type matrix 
deposition, and the subsequent upregulation of other advanced 
osteoblastic markers was related to bone mineralization. Since 
the ALP activity is the strongest after 2 weeks of culture, 
ALP live staining after 14 days of culture was performed and 
observed with confocal microscopy, whereby the green fluores-
cence signal indicated the ALP activity. As shown in Figure 3e, 
ALP activity is the strongest on the surface of PCL-C-ZnO-2 

compared with other samples. From the relative fluorescence 
intensity data in Figure 3g, it is evident that the incorporation 
of C-ZnO could improve the ALP expression in cells. Mean-
while, the lower ALP activity on PCL-C-ZnO-5 may mainly due 
to the fewer cellular metabolism activity compared with sample 
PCL-C-ZnO-2, which is following the results of cell prolifera-
tion. As the ALP activity on PCL-ZnO is less intense compared 
to PCL-C-ZnO-2, it indicates that the nanocarbon can promote 
the osteogenic induction as well.

We further used the ALP activity assay kit to quantify the 
osteogenic marker ALP expression on 7 and 14 days. As is 
shown in Figure  3h, the ALP activity increased after 2 weeks 
of culture compared to 1 week, which is in accordance with 
the literature.[12,19] Meanwhile, the ALP activity on the sample 
PCL-C-ZnO-2 is also the strongest both at 7 days and 14 days. 
IBSP is an essential constituent in the bone since it is found to 
take part in around 8% of noncollagenous proteins in the bone 
extracellular matrix. The IBSP staining after 21 days is shown 
in Figure 3f; blue is DAPI (4′,6-diamidino-2-phenylindole) and 
the green is the IBSP marker. The relative fluorescence inten-
sity in Figure  3g suggests that the PCL-C-ZnO-2 exhibits the 
best performance compared with other samples. Calcium depo-
sition amount of the MSCs is a significant landmark for the  
osteogenesis mineralization process, and we tested the cal-
cium deposition on different samples after culturing for 14 and  
21 days. Figure 3i suggests that the calcium deposition amount 
results are similar to the ALP and IBSP results. After incorpora-
tion of 2% C-ZnO nanocarbons into the fibrous structure, the 
ALP activity, IBSP expression, and calcium deposition were 
increased significantly compared with PCL and PCL-C-ZnO-5.

According to the biocompatibility test and osteogenic dif-
ferentiation results, we found that the scaffolds with 2%, w/v 
C-ZnO nanocarbons presented the best performance compared 
with other samples. Therefore, PCL-C-ZnO-2 was chosen to 
perform the following osteogenic differentiation analysis. As 
is known that an extracellular matrix environment stimulates 
a series of cell signals reactions, which could modulate FA for-
mation and cytoskeleton rearrangements. FAs and cytoskeleton 
protein on the cell–scaffolds interface play a pivotal role in cell 
motility, spreading, and differentiation via the FA kinase-sign-
aling pathway. Confocal image of immunofluorescence staining 
with FAs protein (vinculin) and cytoskeleton protein (F-actin) 
is shown in Figure 4a. Blue is nuclear, red is F-actin, and the 
green represents the vinculin. It is shown that the cell spheroids 
exhibited highly spread morphologies on PCL-C-ZnO com-
pared with pure PCL and PCL-ZnO. The cytoskeleton protein 
(F-actin) presents a linear microfilament structure, which sup-
ports the whole cell structure. The amplified F-actin (red) and 
vinculin (green) confocal images in Figure 4b suggest that the 
vinculin protein grows along the cytoskeleton microfilament, 
which is crucial during the cell spreading. As shown in the 
schematic illustration in Figure  4c, due to larger surface area 
and the corresponding more binding sites, the carbon nanoma-
terial structure on fibrous surfaces could improve cell adhesion. 
The vinculin intensity value along the white line is shown in 
Figure 4d, and the high-value peaks suggest the expression of 
vinculin protein, the cell vinculin expression signal on PCL-C-
ZnO-2 is much more frequent and stronger than that on PCL 
and PCL-ZnO, which indicates that the incorporation of carbon 

Table 1. Atomic compositions of the nanocarbon-incorporated PCL scaf-
folds before and after immersed in the cell culture medium, and the data 
are obtained from the XPS.

Sample C 1s  
[%]

O 1s  
[%]

N 1s  
[%]

S 2p  
[%]

Zn 2p  
[%]

N/C ratio  
[%]

PCL 76.42 23.58 0 0 0 0

PCL-C-ZnO-2 72.92 23.91 2.56 0 0.6 3.51

PCL-ZnO 75.25 24.39 0 0 0.37 0

PCL-medium 68.37 25.17 6.46 0 0 9.45

PCL-C-ZnO-2-medium 65.68 23.43 10.14 0.31 1.34 15.44

PCL-ZnO-medium 68.19 24.69 6.35 0.28 0.48 9.32
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Figure 3. a) Confocal image of live/dead cells (green: live, red: dead) of hMSCs after seeding on different samples for 3 days. b) Quantitative analysis 
of cell numbers on the scaffolds from the confocal image after 3 days. Statistical quantification of the cell numbers on the surface, n is the number of 
confocal pictures analyzed (mean ± SD, n = 10). c) Cell viability quantitative analysis according to the live/dead cell numbers (mean ± SD, n = 10). d) The 
absorbance of live cells after 1, 3, and 5 days culture using the CCK-8 assay kit (mean ± SD, n = 6). e) ALP live-staining of hMSCs after being incubated 
on the scaffolds for 14 days. f) Fluorescence staining image of mature osteogenic marker IBSP after 21 days of culture on scaffolds (blue is DAPI and 
green is IBSP). g) The average expressions of ALP and IBSP were quantified according to the fluorescence-stained image intensity (mean ± SD, n = 10). 
h) Quantitative analysis of ALP activity of hMSCs with osteogenic induction medium for 7 days and 14 days, respectively; the ALP activity was normalized 
against the µmol/assay time/mg protein (mean ± SD, n = 6); i) quantitative analysis of calcium deposition assay with osteogenic induction medium 
after 14 days and 21 days of culture, respectively (mean ± SD, n = 6), **p < 0.01. NS, not significant.
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nanomaterials can offer more binding sites for FAs to pro-
mote cell adhesion and motility. According to the SEM images 
of MSCs on scaffolds (Figure S8, Supporting Information), 
there is more pseudopodium on the surface of PCL-C-ZnO-2 
compared with bare PCL scaffold, which proves that C-ZnO 
nanocarbons-modified fibrous scaffolds could improve the cells 
adhesion.

Moreover, correlative cell area analysis (Figure  4e) showed 
that the hMSCs grown on a carbon nanomaterials-incorporated 
surface were more significant than those on pure PCL. FAs’ 
size markedly increased on PCL-C-ZnO-2 suggesting that the 
cell size and shape are related to cell–scaffolds interaction and 
cell–cell interaction. So fractal dimension analysis was utilized  

to quantify cytoskeletal spatial arrangement and density 
changes on different surfaces.[12,57,58] Figure 4f suggests that the 
cytoskeleton arrangement was described by a fractal dimension 
(Df). Through investigation and quantification analysis of the 
cytoskeleton distribution, the Df values on PCL-C-ZnO-2 were 
significantly higher than those on PCL (Figure  4g). Moreover, 
no obvious differences were observed between PCL and PCL-
ZnO. Results suggested that the cell spheroids on carbon 
nanomaterials-modified PCL fibers could quickly facilitate the 
mature FA formation and promote the cytoskeleton rearrange-
ment, which improves the cell adhesion to the scaffolds and 
cell motility, thus could further lead to increase of the osteo-
genic differentiation.[43]

Figure 4. a) Confocal image of hMSCs growth on samples in growth medium; cells were stained with nuclei (blue), vinculin (green), and F-actin (red). 
b) Amplified confocal cell images in (a). c) Schematic illustration of scaffolds with nanoscale architectures on the fiber surface have larger surface area 
and thus providing more binding sites for protein to adsorb. d) The vinculin intensity distribution profiles along the white line based on the immuno-
staining image in (a) on sample PCL, PCL-C-ZnO-2, and PCL-ZnO, respectively. e) Quantitative analysis of the cell spreading area on different samples 
(n =  50). f) Matlab analysis of the 2D fractal dimension (Df) based on F-actin staining. g) Statistic quantification of the cell area according to the F-actin 
staining and cumulative Df value of a cell (n =  10). **p < 0.01.
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Many studies have shown that the cytoskeletal tension could 
trigger the translocation of subcellular transcriptional coacti-
vator YAP, the successive activation of genetic signaling pathway 
could lead to the osteogenic specification. In this article, the role 
of YAP location was investigated using immunofluorescence 
staining of YAP in hMSC spheroids; Figure  5a suggests that 
the YAP signal on the PCL-C-ZnO-2 was more concentrated in 
nuclear. The statistical analysis of the nuclear/cytoplasmic ratio 
in Figure  5d suggests that the YAP protein on PCL-C-ZnO-2 
was twofold more concentrated than that on PCL and PCL-
ZnO, which suggested that carbon nanomaterials played an 
important role in the translocation of nuclear YAP. However, no 
obvious differences were observed between PCL and PCL-ZnO. 
Moreover, Lamin A/C, a protein found in the inner nuclear 
envelope, played a pivotal role in the interaction between 
nuclear events and cytoplasmic signaling. Previous results 
suggest that the cytoskeleton rearrangement and FA changes 
could alter the signal of nuclear envelope protein Lamin A/C. 

This protein was stained and observed in Figure 5b, whereby it 
is found that the nuclear of the cells grown on different sam-
ples was mostly round and no obvious nuclear morphology 
changes could be observed. However, the relative fluorescence 
intensity in Figure  5e suggests that the increased expression 
of Lamin A/C on PCL-C-ZnO-2, which proves the incorpora-
tion of nanocarbons could trigger the nuclear envelope protein 
change. In addition, the pre-osteogenic biomarker RUNX2 was 
stained and observed with confocal microscopy. The fluorescent 
images in Figure  5c exhibited that the pre-osteogenic marker 
RUNX2 can be co-activated with YAP and Lamin A/C on PCL-
C-ZnO-2. Meanwhile, the quantitative immunostaining analysis 
in Figure 5f suggests that the relative fluorescence intensity for 
RUNX2 on PCL-C-ZnO-2 was much stronger than that on PCL. 
Moreover, Figure  5g indicates that almost 100% of hMSCs are 
RUNX2 signal positive after 7 days of culture on PCL-C-ZnO; 
however, the RUNX2 positive cells on PCL are only around 
60%. In the collection, results suggest that YAP subcellular 

Figure 5. a) Immunofluorescence staining of the YAP signal in hMSCs for 7 days (DAPI, blue; YAP, green). b) Immunofluorescence staining of the 
Lamin A/C in hMSCs for 7 days (DAPI, blue; RUNX2, green). c) Immunofluorescence staining of the RUNX2 in hMSCs for 7 days in osteogenic culture 
medium (DAPI, blue; RUNX2, green). d) Quantitative analysis of the YAP nuclear/cytoplasmic fluorescence intensity ratio (n = 20). e) Relative fluores-
cence intensity analysis of Lamin A/C (mean ± SD, n = 50); f) relative fluorescence intensity analysis of RUNX2 (mean ± SD, n = 50); g) quantitative 
analysis of the RUNX2-positive cells percentage on different scaffolds (mean ± SD, n = 50); **p < 0.01, significant difference.
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localization and activity and nuclear envelope protein Lamin 
A/C could be influenced by carbon nanomaterials and used 
further to promote the expression of intranuclear RUNX2 tran-
scription, which leads to the pre-osteogenic differentiation.

Bacterial infections accompany with scaffolds contamination 
are a crucial complexity primarily due to the improper delivery 
methods of biofactor and bacterial infections related to surgery. 
Supplementary implant scaffolds that could combine bacterial 
inhibition and osteogenic induction are of both clinical and sci-
entific importance. In order to further investigate the antibac-
terial property of the C-ZnO nanocarbons modified with PCL 
scaffolds, gram-negative E. coli (ATCC 6538) and Gram-positive 
S. aureus (ATCC 25922) were chosen to perform the bacterial 
inhibition tests of the engineered membrane. The live/dead 
staining results of S. aureus after 12 h of incubation in Figure 6a 
suggest that many live bacteria grow on PCL. However, few bac-
teria were found on PCL-C-ZnO-2. Figure  6b shows the live/
dead staining image of E. coli cultured on PCL-C-ZnO-2 after 
6 h of incubation, it is obvious that the incorporation of C-ZnO 
nanoparticles endows the membrane with bacterial inhibition 
properties. However, bare PCL failed to show any antibacterial 
property, as the live bacteria grow quickly on the surface. Mean-
while, the statistical analysis of live dead cell numbers on the 
scaffolds in Figure  6g suggests that live S. aureus and E. coli 
numbers on PCL are around fourfolds and fivefolds larger than 
that on PCL-C-ZnO-2, respectively.

To further investigate the antibacterial property in medium, 
we tested the bacterial growth concentration along with time. 
As is shown in Figure  6c,d, when co-cultured with PCL-C-
ZnO-2, the concentration increased along with bacterial growth 
in the medium, which was much slower than that with PCL 
and pure medium. After co-culture for 24 h, the amount of S. 
aureus and E. coli in PCL co-cultured medium was around two-
folds and 1.5-folds more significant than that in PCL-C-ZnO-2 
co-cultured medium, respectively. The bacterial concentration 
in the sample co-cultured medium suggests that PCL-C-ZnO-2 
has not only bacterial inhibition properties on its surface but 
also exhibits antibacterial property in the surrounding envi-
ronment. To verify the release capabilities of Zn2+ ions, the 
long-term and short-term release of Zn2+ ions of PCL-C-ZnO-2 
were characterized (Figure 6e,f). During the first 6 h, Zn2+ ions 
release was very fast and the subsequent release rates were 
slowing down moderately. The release of Zn2+ ions plays a piv-
otal role in both bacterial killing and osteogenic differentiation.

3. Conclusion

In summary, we have constructed a novel nanocarbon-
structured fibrous scaffold for stem cell-based osteogenic 
differentiation, which combines both physical characteris-
tics (nanotopography) and chemical characteristics (gradual 

Figure 6. Live/dead staining images (red: dead, green: live) for a) S. aureus and b) E. coli after incubated with PCL and PCL-C-ZnO-2, respectively.  
c,d) Real-time OD600 values with S. aureus and E. coli, respectively (mean ± SD, n = 5). e,f) Zn2+ ions short-term and long-term release of the PCL-C-ZnO-2. 
g) Quantitative analysis of live/dead bacteria numbers on the membrane. The numbers were estimated from fluorescent photographs (mean ± SD, 
n = 5). ∗p < 0.05, ∗∗p < 0.01.
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release of the Zn2+ ions) in promoting osteogenic differentia-
tion. The C-ZnO-modified scaffolds show enhanced expres-
sion of ALP, IBSP, vinculin, and a larger cell spreading area. 
The following nuclear translocation of YAP, improved expres-
sion of Lamin A/C and RUNX-2 signaling indicate the impor-
tant role of the C-ZnO nanocarbons in promoting osteogenic 
differentiation. Meanwhile, the caging of ZnO nanoparticles 
can allow the slow release of Zn2+ ions, which not only acti-
vate various signaling pathways to guide osteogenic differen-
tiation but also prevent the potential bacterial infection during 
implantable applications. Overall, this study may provide new 
insight for designing stem cells-based nanostructured fibrous 
scaffolds with simultaneously enhanced osteogenic and anti-
infective capabilities.
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