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ABSTRACT: Spinal cord injury (SCI), began with a primary
injury including contusion and compression, is a common
disease caused by various pathogenesis. Characterized dis-
ruption of axons and irreversible loss of neurons in SCI, and
further damage in spinal cord tissue caused by following
secondary injuries, such as the formation of glial scar and
inflammation, makes it even harder to recover for affected
patients. Tetrahedral framework nucleic acid (tFNA), which
possesses the capability of promoting neuroprotection and
neuroregeneration in vitro, might alleviate the injuries, and
facilitate the neural tissue regeneration in experimental animal
models of SCI. Here, we developed a concomitant treatment of
tFNA and neural stem cells (NSCs) for the synergistic therapy
in treating the injury of the spinal cord. We first observed that
tFNA could promote cell proliferation of NSCs then verified that the concomitant treatment of tFNA and NSCs showed the
neuroprotective actions by increasing the survival of transplanted NSCs. Furthermore, the recovery of motor function and the
tissue regeneration in the lesion site of the spinal cord achieved the best performance in the SCI rats treated with the
combination of tFNA and NSCs than others, and the formation of glial scar was the least. Our findings provide novel evidence
of a promising strategy for synergistic treatment of SCI in the future.
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■ INTRODUCTION

Spinal cord injury (SCI), mostly caused by traumatic events in
young males, is a damage to the spinal cord that will cause
temporary or permanent functional changes.1−4 The SCI could
also resulted from nontraumatic diseases including infection,
tumors, and degenerative disk diseases among older persons,
making the incidence increase with aging.5−7 As one of the
common diseases for humans, the SCI can result in dramatic
disability, thus causing poor life quality and serious socio-
economic burdens for affected individuals and families.1,6−8

However, there are still no reliable medicines or therapeutics
that could be effectively used to treat SCI till now.1,9−11

During SCI, the irreversible loss of neurons, the damages of
vascular and blood-spinal cord barrier, and the disruption of
axons in the wounded spinal cord are all big challenges to
achieve functional recovery for patients.1,9−11 These patho-
physiological events can further trigger secondary injuries of
normal tissue around the lesion such as excitotoxicity,
formation of cystic cavities and hypertrophic scar, inflamma-
tion, and ischemia, which can lead to exacerbation of the
injured site and spread damage that further impede the
recovery of patients.1,2,5,9−11

Neuroprotection and neuroregeneration are the two main
strategies for treating SCI currently.2,5 Medicines for neuro-
protection, such as epothilone B, dexamethasone, and

methylprednisolone, are applied by preventing the extensive
degeneration caused by secondary injury,12−16 hence restrict-
ing the further damage of the spinal cord.2,5,17,18 In contrast,
the treatments for neuroregeneration, such as cell trans-
plantation and tissue engineering, aim to recontribute the
connections of injured neuronal tissues, promote axon and
neuron regeneration, and recuperate the neural loss via the
recellularization in the wounded site of the spinal cord.1,9−11

Although these therapeutic options have been oberved with
efficacy in treating SCI in previous studies, their applications in
preclinical trials and clinical practice are still limited by high
costs and low therapeutic efficiency in vivo.1,8,11,19−21 Thereby,
a therapeutic strategy with high biocompatibility and cost
efficiency and combining effects of both neuroprotection and
neuroregeneration simultaneously might be of great promise in
the treatment of SCI.
The medications based on stem cell transplantation (SCT)

gain increasing attention in treating nervous system diseases,
including Parkinson’s disease (PD), Alzheimer’s disease (AD),
and nervous system injury.6−8,19−25 However, some studies
demonstrated that therapies with only cell transplantation have
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limitations of low cell survival rate, poor differentiation
efficiency, and the unwarranted source security of transplanted
cells.6−8,19−21 In this context, the co-transplantation of stem
cells with other cells or biomaterials, which could regulate the
microenvironment and promote the survival rate and differ-
entiation of neural stem cells (NSCs) with high safety and
efficacy, was urgently needed for cell therapies in SCI.8,19−21

Tetrahedral framework nucleic acid (tFNA), a nanophase
material with special nanostructure, has been widely
investigated in various biological medical applications,
including biosensors, delivery system of drugs, and disease-
targeted diagnosis.26−38 The functions of tFNA have also been
studied in stem cell engineering and in treating nervous system
diseases.39−41 For instance, previous studies have demon-
strated that tFNA could promote NSCs to proliferate, migrate,
and differentiate into neurons39,40 and accelerate cell self-
renewal of chondrocytes.42,43 It has also been proven that
tFNA could avoid the neurological damage caused by Aβ
protein in the AD cell model41 and possessed anti-
inflammatory and antioxidative effects on macrophages.44

Therefore, the tFNA might be a promising regenerative
medicine in tissue engineering and a suitable candidate for co-
transplantation therapeutic strategy with stem cells in treating
SCI.
Thus, in this study, we examined the hypothesis that co-

transplantation of NSCs and tFNA via a direct intramedullary
transplantation would have better performance in treating and
promoting higher transplanted cell survival at the injured site
of the SCI animal model than only NSCs or only tFNA
(Scheme 1). The combined NSCs and tFNA treatment was

also hypothesized to enhance NSCs in proliferating and
differentiating into neurons and oligodendrocytes but not
astrocytes, which might be better to avoid the formation of
glial scar for the recovery of nerve tissue (Scheme 1).

■ RESULTS AND DISCUSSION
Fabrication and Characterization of tFNA. In Figure

1A, the schematic diagram showed the procedures of the

synthesis of tFNA. In Figure 1B, the results of capillary gel
electrophoresis (CGE) indicated that the four single-stranded
DNA (ssDNA) could form the tFNA. The results of
polyacrylamide gel electrophoresis (PAGE) shown in Figure
1C suggested successful generation of tFNA. The size of tFNA
measured by dynamic light scattering (DLS) was 11.213 ±
0.654 nm, and the polymer dispersity index (PDI) result of
tFNA was 0.356 ± 0.162 (Figure 1D). The size of tFNA tested
by transmission electron microscopy (TEM) was approx-
imately 10.0 nm (Figure 1). The result of atomic force
microscopy (AFM) is shown in Figure 1F, which revealed that
the dimension of tFNA was approximately 10.0 nm in length
and 4.0 nm in height. The results above showed that the tFNA
could be generated successfully, which is an essential
prerequisite for further experiments and investigations in the
current study.
Given that the nature of tFNA is nucleic acid, which

maintains high biocompatibility and safety, the tFNA might
also be used in loading and delivering some medicines
specifically to the targeted nidus in future studies, which
could enhance the treatment effects of various medicines.

Cell Culture and Identification. From the results shown
in Figure 2A, we found that the isolation of NSCs could be
separated from the rat brain, and the neural spheres were
formed after the cells cultured for several days, suggesting the
successful cell self-renewal of NSCs during in vitro culture. To
confirm that NSCs were primitive, Nestin protein was tested.
As shown in Figure 2B, we could tell that the Nestin was

Scheme 1. Schematic Diagram Depicting the Application of
Concomitant Treatment of tFNA and NSCs in Spinal Cord
Injury (SCI)a

atFNA could promote NSCs differentiate into neurons and
oligodendrocytes but not astrocytes, which indicated that the
concomitant treatment of tFNA and NSCs possessed the excellent
neural tissue regeneration effects. The rats treated with tFNA/NSCs
exhibited much better motor functional recovery and tissue
regeneration.

Figure 1. Generation and characterization of tFNA. (A) Schematic
illustration of the synthetic process of tFNA. (B) Confirmation of the
successful synthesis of tFNA by capillary gel electrophoresis (CGE).
(C) Polyacrylamide gel electrophoresis (PAGE) was used to prove
the successful generation of tFNA. Line 1, S1. Line 2, S2. Line 3, S3.
Line 4, S4. Line 5, S1. Line 6, S1 + S2. Line 7, S1 + S2 + S3. Line 8,
S1 + S2 + S3 + S4, tFNA. (D) Dynamic light scattering (DLS)
measurement statistics of tFNA. The size distribution result of tFNA
was 11.213 ± 0.654 nm (n = 3). The PDI result of tFNA was 0.356 ±
0.162 (n = 3). (E) Transmission electron microscopy (TEM) image
of tFNA. Scale bar is 100 nm. (F) Atomic force microscopy (AFM)
image of tFNA. Scale bar is 80.0 nm.
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expressed highly in NSCs, indicating that the cells were not
differentiated.
Cellular Uptake of tFNA. From the in vitro experiments

of cellular uptake of tFNA (Figure 2C), the results indicated
that the Cy5-tFNA could be internalized by NSCs. From the
results of flow cytometry (Figure 2D,E), it showed that more
than 60% NSCs could ingest Cy5-tFNA after incubation with
Cy5-tFNA for 12 h. The cellular uptake of tFNA is the
prerequisite for tFNA to exert its effects on NSCs. The tFNA
will also be developed as an excellent drug delivery system in
our further study.
Cell Proliferation Assay. Previous studies have reported

that tFNA could facilitate the self-renewal of NE-4C cells and
PC12 cells. In this study, we used Brdu straining and flow
cytometry to examine whether tFNA could enhance the
proliferation of primary NSCs. In Figure 3A, it shows that the
DNA in NSCs after being treated with tFNA for 24 h had
more replications than that without giving tFNA. As presented
in Figure 3B,C, the flow cytometry results suggested that tFNA
could increase the cell number of phase S significantly. From
the results above, we could tell that the cell proliferation of
NSCs could be promoted after being exposed to tFNA, which
indicated that tFNA had the potential in neural tissue
regeneration.

Blood Circulation Time of tFNA. From the results shown
in Figure 3D, we could find that the distribution of Cy5-tFNA
in vivo kept changing with time, and the blood circulation time
was approximately 1 h. It showed that the tFNA did not
aggregate in the spinal cord; therefore, we used subdural
injection of tFNA in this study.

Enhanced Functional Recovery after SCI by Using
tFNA and NSCs. To evaluate whether tFNA could effectively
improve the functional recovery after SCI, adult Sprague−
Dawley (SD) rats were subjected to lateral hemisection at the
T9 and typically treated with a single application of normal
saline (NS), free tFNA, free NSCs, and NSCs/tFNA. The
functional recovery in SCI was evaluated by Basso−Beattie−
Bresnahan (BBB) scores, a measure that could reflect the
motor and sensory functional remodeling.45,46 After SCI
operation, all experimental rat hindlimbs were immediately
paralyzed as expected. There was no significant difference in
BBB scores among all rat groups in 1 week after the operation.
However, the BBB scores of rats treated with NSCs/tFNA
improved significantly after 2 week treatment and kept
increasing thereafter (Figure 4A and Table 2). To further
observe the long-term recovery of motor function, BBB scores
were also compared among groups at the ends of fourth and
eight week after SCI. Relative to the free NSCs-treated or free
tFNA-treated group, the significantly higher BBB scores in

Figure 2. Cell culture and identification of NSCs and cellular uptake
of tFNA by NSCs. (A) Culture of isolated NSCs from fetal rats. (B)
Immunofluorescence images of NSCs (Nestin: green, cytoskeleton:
red, and nucleus: blue). Scale bars are 25 μm. (C) Confocal laser
scanning microscopy images show the NSC uptake of Cy5-tFNA
(Cy5-tFNA: red, cytoskeleton: red, and nucleus: blue). Scale bars are
25 μm. (D) Flow cytometry analysis of cellular uptake rate in NSCs
after being treated with 250 nM Cy5-FNA for 12 h. (E) Quantitative
analysis of flow cytometry. Data are presented as mean ± SD (n = 3).
Statistical analysis: ***p < 0.001.

Figure 3. Cell proliferation effects of tFNA on NSCs and the blood
circulation of tFNA in vivo. (A) Confocal laser scanning microscopy
images show the tFNA effect on cell proliferation by Brdu
incorporation. The cell proportion of Brdu-positive was higher in
the tFNA-treated group (Brdu: red, and nucleus: blue). Scale bars are
25 μm. (B) Flow cytometry analysis of cell cycle after NSCs treated
with tFNA. (C) Analysis data of cell cycle distribution. Data are
presented as mean ± SD (n = 3). Statistical analysis: ***p < 0.001.
(D) Representative fluorescence imaging of Babl/c nude mice after
the injection of Cy5-tFNA (n = 3).
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Table 1. Base Sequence of Each ssDNA

ssDNA base sequence direction

Cy5-S1 Cy5-ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA 5′→3′
S1 ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA 5′→3′
S2 ACATGCGAGGGTCCAATACCGACGATTACAGCTTGCTACACGATTCAGACTTAGGAATGTTCG 5′→3′
S3 ACTACTATGGCGGGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAGAGCATGCCCATCC 5′→3′
S4 ACGGTATTGGACCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGGCATGCTCTTCCCG 5′→3′

Figure 4. The concomitant treatment of tFNA and NSCs promotes motor functional recovery in rats after SCI. (A) BBB scores for each group at
determined points (n = 10). (B) Images of amino cupric silver staining (n = 3). (C) H&E staining of the injured tissue around the SCI model rats
at determined time points (n = 3). Scale bars are 50 μm. (D) Statistical analysis of the percentage of TUNEL-positive cells in the lesion sites of
each group. Data are presented as mean ± SD (n = 5). Statistical analysis: **p < 0.01 versus sham (4W); ^p < 0.05, ^^p < 0.01 versus SCI (4W);
&p < 0.05 versus SCI+tFNA (4W); @p < 0.05 versus SCI+NSCs (4W); ##p < 0.01 versus sham (8W); %p < 0.05 versus SCI (8W); $p < 0.05, $$p <
0.01 versus SCI+NSCs (8W). (E) TUNEL staining in the lesion sites of SCI model rats after 4 week treatment. Scale bars are 100 μm. (F) TUNEL
staining in the lesion sites of SCI model rats after 8 week treatment. Scale bars are 100 μm.

Table 2. BBB Scores for Each Group at Determined Points

group/time 12h-before 1W-after 2W-after 4W-after 8W-after

sham 19.67 ± 0.33 20.78 ± 0.17 21.00 ± 0.00 20.00 ± 0.37 20.33 ± 0.33
SCI 1.00 ± 0.17a 1.33 ± 0.17a 2.00 ± 0.29abc 4.33 ± 0.21abcd 10.50 ± 0.34abcde

SCI+tFNA 1.33 ± 0.17a 1.56 ± 0.18a 2.33 ± 0.17abc 7.67 ± 0.21abcdf 15.33 ± 0.31aabcdef

SCI+NSCs 1.44 ± 0.18a 1.78 ± 0.22a 3.56 ± 0.24abcfg 7.50 ± 0.22abcdf 15.83 ± 0.33abcdefg

SCI+tFNA+NSCs 1.11 ± 0.20a 1.67 ± 0.24a 4.67 ± 0.41abcfgh 12.00 ± 0.37abcfgh 18.67 ± 0.31bcdefgh

aversus sham. bversus 12-before. cversus 1W-after. dversus 2W-after. eversus 4W-after. fversus SCI+PBS. gversus SCI+DNA. hversus SCI+NSCs.
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NSCs/tFNA-treated rat group at the two longitudinal time
points indicated that the combined treatment of NSCs and
tFNA had better therapeutic effects on SCI modeled rats
(Figure 4A and Table 2). In the following comparisons, BBB
scores did not differ between the free tFNA-treated group and
free NSCs-treated group, but the scores in these two groups
were higher than those in the control (NS-treated) rat group.
This was seen at all time points.
To further investigate the functional recovery of nerve

conduction at the injured site with different treatments, the
amino cupric silver staining was used. As shown in Figure 4B,
the NSCs/tFNA-treated rat group had better functional
recovery of nerve conduction than other groups significantly.
However, there was no significant difference between free
NSCs-treated and free tFNA-treated groups, indicating that the
tFNA and NSCs might have comparable effects on the
transplantation of NSCs. In Figure 4C, the results of the H&E
(hematoxylin and eosin) stained sections suggested that the
tissue in the NSCs/tFNA-treated group had much less necrosis

than other groups, also suggesting a better regeneration of
neural tissue with the combined treatment of tFNA and NSCs.
To characterize the cell survival rate of transplanted NSCs,

the TUNEL staining of the injured site was also conducted at
the ends of fourth and eight week after SCI.47−49 As shown in
Figure 4D−F, the TUNEL staining indicated that more NSCs
could survive in the NSCs/tFNA-treated group. There was no
difference between the free NSCs-treated group and free
tFNA-treated group in the cell survival rate, but that of NSCs
in these two groups was much higher than the control group.
These results indicated that tFNA could increase the survival
rate of NSCs, which was vital for the transplanted cells.
Our findings revealed that tFNA had neuroprotective effects

on the transplanted NSCs by increasing the survival rate of
cells. The recovery of nerve conduction and the tissue
regeneration of H&E indicated that tFNA could facilitate the
transplanted NSCs to rebuild and recover. The functional
recovery as rated by BBB scores suggested that tFNA was a
promising biological material in tissue engineering for
regenerative medicine.1,9,45,46

Figure 5. Immunohistochemistry of Nestin protein in the lesion sites of each group. (A) Immunohistochemistry images of Nestin protein in the
lesion sites of SCI model rats after 4 week treatment. Scale bars are 100 μm. (B) Immunohistochemistry images of Nestin protein in the lesion sites
of SCI model rats after 8 week treatment. Scale bars are 100 μm. (C) Statistical analysis of the percentage of Nestin-positive cells in the lesion sites
of SCI model rats after 4 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: ***p < 0.001 versus sham; ###p < 0.001
versus SCI; ^^^p < 0.001 versus SCI+tFNA; $p < 0.05 versus SCI+NSCs. (D) Quantification of the average optical density of the Nestin in the
lesion sites of SCI model rats after 4 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: ***p < 0.001 versus sham; ###p
< 0.001 versus SCI; ^^^p < 0.001 versus SCI+tFNA; $p < 0.05 versus SCI+NSCs. (E) Statistical analysis of the percentage of Nestin-positive cells
in the lesion sites of SCI model rats after 8 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01
versus sham; #p < 0.05, ##p < 0.01 versus SCI; ^p < 0.05, ^^p < 0.01 versus SCI+tFNA; $p < 0.05 versus SCI+NSCs. (F) Quantification of the
average optical density of the Nestin in the lesion sites of SCI model rats after 8 week treatment. Data are presented as mean ± SD (n = 3).
Statistical analysis: *p < 0.05, **p < 0.01 versus sham; #p < 0.05, ##p < 0.01 versus SCI; ^p < 0.05, ^^p < 0.01 versus SCI+tFNA; $p < 0.05 versus
SCI+NSCs.
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The Differentiation of Transplanted NSCs. To observe
the differentiation of transplanted NSCs, the immunohisto-
chemistry was used. From the results shown in Figure 5, the
Nestin-positive tissue was more in the NSCs/tFNA-treated
group than other groups after 4 week and 8 week treatment of
SCI.50−52 More Nestin-positive tissue meant more NSC
survival or proliferation, which indicated that tFNA could
enhance the cell proliferation and survival of NSCs in vivo.
The proliferation of transplanted NSCs is critical for the tissue
regeneration. In Figure 6, the results suggested that the Neun-
positive cells were obvious in the sham group and NSCs/
tFNA-treated group. However, in the control group and tFNA-
treated group, the tissue expression of Neun was lower than
other groups. The results demonstrated that the tFNA could
promote transplanted NSCs and differentiate into neurons
after being treated with NSCs/tFNA. From the results of
Figures 5 and 6, we could draw the conclusion that the NSCs/
tFNA-treated group had better tissue regeneration and
functional recovery.

In Figure 7, the expression of glial fibrillary acidic protein
(GFAP) was the highest in the control group than other
experiment groups, and the expression of GFAP in the NSCs/
tFNA-treated group was the lowest, indicating that tFNA could
inhibit NSCs to differentiate into astrocytes, which was
consistent with results of the in vitro experiment. Previous
studies have demonstrated that astrocytes could form the glial
scar after SCI, which was one of the significant factors affecting
regeneration of nerve fiber and neuron.1,2,53−55 Therefore, the
results of Figure 7 suggested that the tFNA could enhance the
tissue regeneration by inhibiting the formation of glial scar in
the group treated with tFNA and that the tFNA might have the
synergistic effects on NSCs in treating SCI.
In Figure 8, the expression of MBP, a marker protein

expressed in oligodendrocytes,56 was more obvious in the
NSCs/tFNA-treated group than other groups. The regener-
ation of oligodendrocytes can reestablish myelin sheaths and
restore the carry signal function of nerve cells. These results
indicated that tFNA could promote the transplanted NSCs and
differentiate into oligodendrocytes in the NSCs/tFNA-treated

Figure 6. Immunohistochemistry of NEUN protein in the lesion sites of each group. (A) Immunohistochemistry images of NEUN protein in the
lesion sites of SCI model rats after 4 week treatment. Scale bars are 100 μm. (B) Immunohistochemistry images of NEUN protein in the lesion sites
of SCI model rats after 8 week treatment. Scale bars are 100 μm. (C) Statistical analysis of the percentage of NEUN-positive cells in the lesion sites
of SCI model rats after 4 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001 versus
sham; ##p < 0.01, ###p < 0.001 versus SCI; ^^p < 0.01 versus SCI+tFNA; $$p < 0.01 versus SCI+NSCs. (D) Quantification of the average optical
density of the NEUN in the lesion sites of SCI model rats after 4 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: *p
< 0.05, **p < 0.01, ***p < 0.001 versus sham; #p < 0.05, ##p < 0.01 versus SCI; ^p < 0.05 versus SCI+tFNA; $p < 0.05 versus SCI+NSCs. (E)
Statistical analysis of the percentage of NEUN-positive cells in the lesion sites of SCI model rats after 8 week treatment. Data are presented as mean
± SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001 versus sham; #p < 0.05, ###p < 0.001 versus SCI; ^^^p < 0.001 versus SCI
+tFNA; $$p < 0.01 versus SCI+NSCs. (F) Quantification of the average optical density of the NEUN in the lesion sites of SCI model rats after 8
week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001 versus sham; #p < 0.05, ##p <
0.01 versus SCI; ^^p < 0.01 versus SCI+tFNA; $$p < 0.01 versus SCI+NSCs.
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group, which was significant for the neurons to manifest their
function. However, the expression of MBP did not differ
between the free tFNA-treated group and the free NSCs-
treated group.
Finally, we found that the tFNA could enhance the

transplanted NSCs in proliferating and differentiating into
neurons and oligodendrocytes, while the astrocytes were scarce
at injured sites of SCI. The results indicated that the tFNA
could promote the regeneration in injured sites after the co-
transplantation of NSCs and tFNA and confirmed that the
tFNA could facilitate the neural tissue formation in the injured
spinal cord. However, our current study is somewhat
superficial, and some limitations are noteworthy when
interpreting our findings: (i) other detection methods should
be used in this study to support these conclusions, such as the
dorsal view of representative spinal cords of different groups,
and the typical MRI (magnetic resonance imaging) images of
all spinal cords, which were limited by experiment conditions;
(ii) more physiological changes caused by SCI should be
measured; (iii) the tissue regeneration effects of the combined
treatment of NSCs and tFNA need to be confirmed by more

experiments on different animal models to replicate the
neuroprotective and neuroregenerative effects of tFNA; and
(iv) the tFNA might be modified by other medicines to further
enhance the effects of neuroprotection and neuroregeneration.
In spite of these limitations, the current work shows promising
evidence about neuroprotective and neuroregenerative effects
of tFNA when co-transplanted with NSCs. Although clinical
application of this combined tFNA and NSCs therapeutic
strategy still requires further investigation, our study may
initiate a significant step toward developing a new biomedicine
to treat SCI.

■ CONCLUSIONS

In conclusion, our study first demonstrated that the tFNA
could be taken into NSCs and could promote primary NSC
proliferation. In the further in vivo experiments, we found the
tFNA could increase the survival of transplanted NSCs and
promote them to differentiate into neurons and oligoden-
drocytes. More importantly, the combined use of tFNA and
NSCs showed better performance than each of them in
inhibiting the transplanted NSCs to differentiate into

Figure 7. Immunohistochemistry of GFAP protein in the lesion sites of each group. (A) Immunohistochemistry images of GFAP protein in the
lesion sites of SCI model rats after 4 week treatment. Scale bars are 100 μm. (B) Immunohistochemistry images of GFAP protein in the lesion sites
of SCI model rats after 8 week treatment. Scale bars are 100 μm. (C) Statistical analysis of the percentage of GFAP-positive cells in the lesion sites
of SCI model rats after 4 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: ***p < 0.001 versus sham; ##p < 0.01, ###p
< 0.001 versus SCI; ^p < 0.05 versus SCI+tFNA; $p < 0.05 versus SCI+NSCs. (D) Quantification of the average optical density of the GFAP in the
lesion sites of SCI model rats after 4 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: **p < 0.01 versus sham; #p <
0.05, ##p < 0.01 versus SCI; ^p < 0.05 versus SCI+tFNA. (E) Statistical analysis of the percentage of GFAP-positive cells in the lesion sites of SCI
model rats after 8 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: ***p < 0.001 versus sham; ##p < 0.01, ###p < 0.001
versus SCI; ^p < 0.05 versus SCI+tFNA; $p < 0.05 versus SCI+NSCs. (F) Quantification of the average optical density of the GFAP in the lesion
sites of SCI model rats after 8 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: **p < 0.01 versus sham; #p < 0.05,
###p < 0.001 versus SCI; ^p < 0.05 versus SCI+tFNA.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b19079
ACS Appl. Mater. Interfaces 2020, 12, 2095−2106

2101

http://dx.doi.org/10.1021/acsami.9b19079


astrocytes, which could decrease the formation of glial scar.
Therefore, the concomitant treatment of tFNA and NSCs
manifested great potential in serving as an effective therapeutic
aid in the neural regeneration of SCI.

■ EXPERIMENTAL SECTION
Preparation and Characterization of tFNA. The details about

how the tFNA was generated have been well described in our
previous studies.39−42,57 Briefly, each single-stranded DNA (ssDNA;
TaKaRa, Ostu, Japan; Table 1) was added to the TM buffer (MgCl2
50 nM, Tris-HCl 10 nM, pH = 8.0) equally, blended well, heated to
95 °C (10 min), and cooled to 4 °C (30 min). Capillary gel
electrophoresis (CGE; Bioptic, Qsep100 Advance, Taiwan, China)
was applied to measure the length of each ssDNA and tFNA. We also
used PAGE (8%, Biotime, Nanjing, China) to testify the successful
generation of tFNA. We adopted DLS to measure the size and PDI of
tFNA. Then, the morphology of tFNA was also investigated by TEM
(Libra 200, Zeiss, Germany) and AFM (SPM-9700 instrument,
Japan). In the experiment of TEM, the sample was spread on a copper
sheet without any stain and dried under infrared light for 5 min and
tested using a microscope. As for the test in AFM, tFNA was dropped

on a sheet, dried in the air circulation place, and then measured by
AFM.

Animal Models. All adult female Sprague−Dawley (SD) rats with
a weight of 240−260 g were bought from the Chinese Academy of
Science, Sichuan Branch (Sichuan, China). Pregnant female SD rats
were prepared for collecting fetal NSCs on the embryonic 10th−12th
day. All rats were fed with rodent food and water under standard
conditions. All animal experiments were conducted according to the
guidelines of the animal ethics committee of Sichuan University.

Isolation and Culture of NSCs. Fetal rats were obtained from
pregnant rats on the embryonic 10th−12th day. All brains of
anesthetized sucking rats were dissected and minced under the sterile
surgical condition, and the primary NSCs were isolated from the brain
tissue mainly after the separation of meninx and cerebral vessels. All
minced brains were digested with 0.05% trypsin for 15 min. Then, 200
mesh sieves were used to remove the undigested tissue, and the
filtrate was centrifuged at 1000 r/min for 5 min to remove the residual
trypsin. After that, cells were resuspended and incubated with
complete DMEM/F12 medium supported with basic fibroblast
growth factor (bFGF; 20 ng/mL, Gibco), epidermal growth factor
(EGF; 20 ng/mL, Gibco), N2 supplement (10 ng/mL, Sigma), and
B12 supplement (20 ng/mL, Sigma). The NSCs were passaged once a

Figure 8. Immunohistochemistry of MBP protein in the lesion sites of each group. (A) Immunohistochemistry images of MBP protein in the lesion
sites of SCI model rats after 4 week treatment. Scale bars are 100 μm. (B) Immunohistochemistry images of MBP protein in the lesion sites of SCI
model rats after 8 week treatment. Scale bars are 100 μm. (C) Statistical analysis of the percentage of MBP-positive cells in the lesion sites of SCI
model rats after 4 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001 versus sham;
#p < 0.05, ###p < 0.001 versus SCI; ^^p < 0.01 versus SCI+tFNA; $p < 0.05 versus SCI+NSCs. (D) Quantification of the average optical density of
the MBP in the lesion sites of SCI model rats after 4 week treatment. Data are presented as mean ± SD (n = 3). Statistical analysis: *p < 0.05, ***p
< 0.001 versus sham; #p < 0.05, ##p < 0.01 versus SCI; ^^p < 0.01 versus SCI+tFNA; $$p < 0.01 versus SCI+NSCs. (E) Statistical analysis of the
percentage of MBP-positive cells in the lesion sites of SCI model rats after 8 week treatment. Data are presented as mean ± SD (n = 3). Statistical
analysis: *p < 0.05, ***p < 0.001 versus sham; #p < 0.05, ###p < 0.001 versus SCI; ^^p < 0.01 versus SCI+tFNA; $p < 0.05 versus SCI+NSCs. (F)
Quantification of the average optical density of the MBP in the lesion sites of SCI model rats after 8 week treatment. Data are presented as mean ±
SD (n = 3). Statistical analysis: *p < 0.05, ***p < 0.001 versus sham; #p < 0.05, ###p < 0.001 versus SCI; ^^p < 0.01 versus SCI+tFNA; $$p < 0.01
versus SCI+NSCs.
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week for two to four generations to collect more stem cells for
transplantation.
Identification of NSCs. Nestin, an important predominant

biomarker protein of progenitor/stem cells, was used to examine
whether the cultured cells were NSCs based on their abilities of
proliferation and differentiation. The fourth-generation NSCs were
seeded on plates in growth medium supplemented with 5% fetal calf
serum (FCS; Corning) for 24 h, which was exposed on 0.01% poly-L-
ornithine for 24 h. Cells were washed thrice with phosphate-buffered
saline (PBS), fixed in paraformaldehyde for 30 min at 4 °C, and
treated with Triton X-100 for 10 min at 37 °C. Then, cells were
blocked with sheep serum for 1 h at 37 °C. Subsequently, we treated
cells with primary antibody (anti-Nestin, Abcom) overnight. On the
next day, we removed the primary antibody and treated cells with the
secondary antibody for 1 h at 37 °C. The cytoskeleton and nucleus
were then labeled with phalloidin for 1 h and 4′,6-diamidino-2-
phenylindole (DAPI) for 10 min, respectively. Finally, all samples
were tested by a fluorescence microscope (OLYMPUS CK31, Japan).
Cellular Uptake of tFNA by NSCs. In our previous studies, we

had found that tFNA could enter various cells, including adipose-
derived stem cells (ADSCs), chondrocyte, and some tumor cells. In
this study, it is also a significant precondition for tFNA to enter NSCs
before exerting its biological effects on NSCs. Therefore, the confocal
imaging and flow cytometry were used to analyze the cell uptake of
Cy5-tFNA. NSCs were plated on dishes preprocessed with 0.01%
poly-L-ornithine for 24 h. After 24 h incubation, cells were treated
with Cy5-tFNA for 12 h. All cells were washed thrice with PBS to
remove the residual Cy5-tFNA, fixed with paraformaldehyde for 30
min at 4 °C, and stained with phalloidine and DAPI. Finally, all
samples were tested by a laser confocal microscope (N-SIM, Nikon,
Japan). For flow cytometry, NSCs were seeded on 6-well plates for 24
h and then exposed to Cy5-tFNA for 12 h. Cells were rinsed with PBS
three times, harvested in PBS, and tested by a flow cytometer
(Beckman Coulter, Cytomics FC 500, USA).
Blood Circulation and In vivo Distribution of tFNA. One

hundred microliters Cy5-tFNA (1 μM) was injected into nude mice
(male, 20 g, 6 week-old, Balb/c) by tail vein injection to measure the
blood circulation time and observe the in vivo distribution of tFNA.
Before that, all mice were anesthetized by 10% chloral hydrate (100
μL/mouse) and then were imaged with a whole-body fluorescence
system (QuickView3000, Bio-Real, Austria) at different time points
(i.e., before injection and 5, 15, 30, 45, and 60 min after injection).
Proliferation of NSCs by Brdu Straining and Flow

Cytometry. In order to determine whether tFNA could affect the
proliferation of NSCs, we used Brdu to mark the newly synthesized
DNA, which would increase significantly if the proliferation of NSCs
was promoted. Brdu is a kind of nucleic acid analogue, which can be
used as a raw material for the synthesis of DNA in cells with
proliferating ability. Brdu can also be recognized by some specific
antibodies thus could be used to mark the cells that have the newly
generated DNA. In this investigation, NSCs were seeded in dishes for
24 h, which were embedded with 0.01% poly-L-ornithine for 24 h.
Then, cells were cultured with 250 nM tFNA and BrdU for 24 h. All
cells were fixed in paraformaldehyde for 30 min at 4 °C,
permeabilizated by 0.05% Triton-X for 10 min, blocked by 20%
sheep serum for 1 h, and incubated with the primary antibody (anti-
Brdu, Abcom) overnight at 4 °C. On the second day, all cell samples
were treated with the second antibody for 1 h. The cells were stained
with DAPI for 10 min. Finally, all samples were tested by a light
microscope (Nikon, Japan).
To further observe the proliferation of NSCs, we also conducted

the flow cytometry to measure the effects of tFNA on the cell cycle.
NSCs were seeded on culture flasks (25 cm2 surface area, Corning)
and culture plates for 24 h, treated with 250 nM tFNA for 24 h, and
harvested by PBS. The cells were washed by PBS three times and kept
in cold ethanol overnight at −20 °C. In the following day, all cell
samples were treated with RNase (100 μL) at 37 °C for 30 min and
incubated with propidium iodide (PI; 400 μL) for 30 min at 4 °C in
the dark. Finally, all samples were determined by a flow cytometer
(FC500 Beckman, IL, USA).

Model Establishment of Spinal Cord Injury and Exper-
imental Design. A hemisected spinal cord injury surgery was
conducted on adult SD rats. Sodium pentobarbital (1%, 40 μg/g) was
used to anesthetize healthy rats, and then a T9 hemisected spinal cord
injury was made in model rats. Briefly, the skin of rats was shaved and
disinfected with a betadine solution, then the skin was incised, and the
muscle tissue was separated to unclose the T8-T10 vertebral body.
The laminectomy was conducted at T9 to show the half-cut spinal
cord. After a longitudinal incision preformed in the dura to expose the
posterior median sulcus, the right half of the spinal cord was cut at T9
followed by the removal of a 2 mm segment. Then, the soft tissue was
sutured individually, and animal post-operative care was required to
avoid autophagia and infection, including bowel care and proper
bladder. All rats in the study were randomly divided into five groups:
(i) sham-operated group: laminectomy without SCI; (ii) control
group: half-cut spinal cord injury with NS treatment; (iii) tFNA
group: half-cut spinal cord injury with 250 nM tFNA treatment; (iv)
NSCs group: half-cut spinal cord injury with NSCs treatment; and (v)
tFNA+NSCs group: half-cut spinal cord injury with combined tFNA
and NSCs treatment. Every group has nine rats with the successful
modeling of SCI. The successful modeling of SCI was tested by the
BBB scores.

Treatment of Different Groups. After 7 days of the SCI
operation, different treatments were administered to rats via located
injection at the spinal dural of T9. In the tFNA-treated group, 50 μL/
mice (250 nM) tFNA was injected into rats for 2 weeks. In the NSCs-
treated group, 5 μL/mice/d NSCs (1 × 105/μL in NS) was
transplanted into the injured T9 with a speed of 0.5 μL/min. In the
combined tFNA+NSCs-treated group, after the NSCs were injected
into rats, the 50 μL/mice/d (250 nM) tFNA was injected into rats for
2 weeks. In the sham-operated group and control group, 50 μL/mice/
d NS was injected into rats with the same frequency.

Basso−Beattie−Bresnahan (BBB) Ratings. The ratings of BBB
scale are determined according to the hindlimb locomotor function.
The tests were conducted before the SCI operation and after from 12
h to 8 weeks. In the BBB ratings, the rats were placed and allowed to
move freely on an open field for 5 min individually. Two experienced
raters assessed the performance of each rat according to the BBB scale
while being blinded to the groups. The BBB scale ranges from 0 (no
limb movement or weight support) to 21 (normal locomotion).

TUNEL Staining. Four and 8 weeks later after SCI operation, the
tissue of SCI was separated from the spinal cord and fixed in 4%
paraformaldehyde for 24 h. All tissue was dehydrated using graded
ethanol as follows: 75% ethanol for 1 h, 85% ethanol for 1 h, 90%
ethanol for 1 h, 95% ethanol for 1 h, and absolute ethyl acohol for 1 h.
Then, the tissue was vitrified by dimethylbenzene for 20 min and
paraffin-embedded. Then, the paraffin-embedded tissue was treated
with dimethylbenzene for 1 h and dehydrated using graded ethanol as
follows: absolute ethyl acohol for 20 min, 95% ethanol for 10 min,
90% ethanol for 5 min, 80% ethanol for 5 min, and 70% ethanol for 5
min. Next, after being treated with proteinase K (20 μg/mL) without
DNase, all tissue samples were stained with TUNEL solution for 1 h
at 37 °C, washed with PBS thrice, and treated with DAPI (1:1000,
Sigma) for 10 min. Finally, all images of samples were captured by a
laser scanning confocal microscope (Nikon-SN, Japan). The apoptotic
index of all rat groups was also calculated and compared among them.

Histology. At ends of fourth and eight week after injury of rats, the
histological evaluation was also conducted. The T7-T11 spinal cord
pieces of euthanized rats were separated and fixed in 4%
paraformaldehyde for 24 h, and the spinal cord sections were
prepared as mentioned above in TUNEL staining. Then, cross-
sectional or longitudinal sections of the spinal cord were made and
dyed with hematoxylin and eosin (H&E) to assess the tissue histology
and damage. Finally, the images of H&E were captured by a
microscope (Lisa).

Immunohistochemistry. In immunohistochemistry, the spinal
cord sections were prepared as mentioned above in TUNEL staining.
All sections were blocked with 5% BSA (serum) for 30 min and
incubated with primary antibodies (anti-GFAP, anti-MBP, anti-nestin,
and anti-Neun) overnight at 4 °C. On the next day, the sections were
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treated with the secondary antibodies for 1 h at 37 °C and dyed with
DAPI for 10 min. During each step, all samples were washed with PBS
thrice for 5 min. Finally, the immunohistochemistry samples were
observed with a laser scanning confocal microscope (Nikon-SN,
Japan).
Amino Cupric Silver Staining. After 7 weeks of SCI, the amino

cupric silver was injected into the peroneal nerve for the assessment of
neuronal and axonal degeneration and function. The samples were
treated in the same way as mentioned above in TUNEL staining, and
all images were taken by a laser scanning confocal microscope
(Nikon-SN, Japan).
Statistical Analysis. All experiments were performed for more

than three times, and the experimental data were presented as mean ±
standard deviation (SD) and analyzed with GraphPad (version 7.0).
One-way analysis of variance (ANOVA) was adopted to compare the
variables among groups. The differences in BBB scores among all rat
groups were evaluated with repeated-measures ANOVA.
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