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application of NSCs would be based on controlled differentia-
tion of NSCs to neurons and long-term monitoring in real time.

For the aspect of controlling differentiation, retinoic acid 
(RA) has been proven to be capable of upregulating the expres-
sion of neuronal genes and inducing neuronal differentiation of 
NSCs.[9] Unfortunately, RA has a low solubility in aqueous solu-
tions, which seriously impedes its application.[10] Furthermore, 
the neuronal promoting effect of RA was found to actually be 
counteracted by the SOX9 protein in NSCs, which suppresses 
neuronal gene expression and induces glial traits.[11] Therefore, 
it is necessary to down-regulate the expression of the SOX9 pro-
tein in advance to avoid its negative effect on RA. Small inter-
fering RNA (siRNA) has been demonstrated as a great potential 
agent for the down-regulation of the gene expression via RNA 
interference (RNAi).[12] However, the intrinsic deficiencies of 
siRNA, such as the short plasma half-life and poor membrane 
penetrability, reduce its therapeutic efficiency.[13]

From the point of trackability, superparamagnetic iron oxide 
nanoparticles (SPIONs) have emerged for tracking the trans-
plantation site and migration of NSCs thanks to their high 
relaxivity in magnetic resonance imaging (MRI).[14] Unfortu-
nately, their effect is seriously limited due to the low perme-
ability for the target cells.[15]

To this end, we intended to develop traceable nanoparticles 
(NPs) to satisfy the following conditions: 1) NPs that can load 
RA to enhance its solubility; 2) the system can form a complex 
with siSOX9 and achieve temporally controlled release, so that 
siSOX9 can be released earlier than RA to down-regulate the 
SOX9 protein expression; 3) SPIONs should be encapsulated 
and efficiently taken up by NSCs. To date, no such traceable 
NPs for AD have been reported. Prior studies have focused on 
either drug delivery or NSC monitoring. For instance, Santos 
and co-workers designed RA-loaded polymeric NPs as a tool to 
induce the neuronal differentiation of NSCs.[16a] Adams’ group 
has used polymeric SPIONs for the MRI-based tracking of 
NSCs.[16b] Thus, it was important for us to make a proper bal-
ance between tracing NSCs in real time and offering enough 
neurons for alleviating AD.

NPs with complicated components have the potential to meet 
those conditions.[17] Amphiphilic cationic polymers or lipids 
could encapsulate hydrophobic SPIONs/drugs and complex 
siRNA. Neutral materials, such as polyethylene glycol (PEG), 
have been used to maintain the stability of such complexes. 
However, the steric hindrance due to PEGylation reduces 
the electrostatic interaction required for cellular uptake and 

Alzheimer’s disease (AD) is the most prevalent age-related neu-
rodegenerative disorder.[1] The predominant pathologies of AD 
are gliosis and widespread neuronal loss, which progressively 
cause impairments in the memory and cognitive functions.[2] 
Current therapies, such as treatment with acetylcholinesterase 
inhibitors to enhance the cholinergic function, are inefficient 
due to the great hindrance at the blood–brain barrier (BBB) and 
their poor target ability to the diseased sites.[3] Therefore, it is 
necessary to develop more efficient methods to overcome these 
drawbacks.

Neural stem cells (NSCs) are becoming an increasingly 
attractive option because of their non-immunogenicity and 
ability to differentiate into neurons.[4] Generally, NSCs are ste-
reotactically transplanted into the hippocampus of patients, 
which could avoid the interference of the BBB. Furthermore, 
NSCs have the capacity of targeting migration to the diseased 
sites after transplantation.[5] Therefore, these neurons could 
remedy the neuronal loss at the diseased site. However, there 
are two disadvantages limiting their application. Firstly, the dif-
ferentiation of NSCs to neurons is far from successful because 
of their multi-directional differentiation.[6] It has been reported 
that only a small proportion of NSCs adopted a neuronal state 
after transplantation, while the majority differentiated into 
astrocytes.[7] Secondly, it is hard to track NSCs in real time after 
transplantation into the brain of patients, which is problematic 
as the therapeutic efficiency of NSCs depends on their trans-
plantation site and their migration.[8] Therefore, the successful 
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endosomal/lysosomal escape. Moreover, the multi-components 
generally impose an extra burden on the patient.[18] Therefore, 
the development of simple component NPs is urgently needed 
to be able to load SPIONs with a temporally controlled release 
ability of RA and siSOX9. In our previous study, we reported 
that the charge-reversible zwitterionic poly(carboxybetaine) 
(PCB) was neutral in physiological conditions and as such 
resisted nonspecific protein adsorption, which changed to 
a positive charge via protonation in acidic environment.[19] 
Inspired by this, we designed and synthesized PCB-based 
poly(2-hydroxyethyl methacrylate)-RA-poly(carboxybetaine) cell-
penetrating peptide (PHEMA-RA-PCB-CPP) polymers to con-
struct traceable, simple-component NPs for AD therapy.

As shown in Scheme 1A, PHEMA-RA-PCB-CPP polymers 
could self-assemble into NPs to encapsulate SPIONs in the 
hydrophobic region (1). The hydrophilic PCB could absorb 
siSOX9 in acidic environment to form a synergistic system (2) 
and the NPs reverted to the neutral state after dialysis (3). The 
CPP was conjugated to the outer layer of the NPs to enhance 
the interaction between the NPs and the NSCs for the promo-
tion of endocytosis. As illustrated in Scheme 1B, after being 

endocytosed by the NSCs for transplantation, the NPs were 
expected to achieve the temporal release of siSOX9 and RA, 
such that siSOX9 was released first into the acting site to down-
regulate the SOX9 protein expression in advance. RA was then 
sustainedly released into the cytoplasm and it thus efficiently 
controlled the differentiation of NSCs to neurons without the 
interference of the SOX9 protein. SPIONs were used to trace 
the transplantation site and migration of the NSCs though 
MRI. Therefore, the visualization of PHEMA-RA-PCB-CPP/
SPIONs/siSOX9 NPs combined with NSCs would form an 
effective therapeutic and traceable system to alleviate AD.

The synthesis of the PHEMA-RA-PCB-CPP polymers is 
shown in Figure S1 (Supporting Information). The chemical 
structure of the obtained monomer and polymers was char-
acterized by 1H NMR (Figure S2, Supporting Information), 
which indicated their successful synthesis. For comparison, 
a PEG-2000-based PHEMA-RA-PEG-CPP polymer was also 
successfully synthesized (Figure S3, Supporting Informa-
tion). The conjugation efficiency of CPP was studied by ele-
mental analysis, which confirmed that all polymers were more 
than 10% conjugated (Table S3, Supporting Information). In 
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Scheme 1. A) Structural composition and preparation of the traceable NPs. PHEMA-RA-PCB-CPP polymers were self-assembled into NPs encapsu-
lating SPIONs in the hydrophobic region (1). The NPs could complex siRNA in pH 4 citrate buffer because of the protonation of PCB (2) and revert to 
a neutral state after dialyzing in pH 7.4 PBS (3). B) Schematic diagram of cellular uptake and subcellular drug release of PHEMA-RA-PCB-CPP/SPIONs/
siSOX9 NPs. NPs were added to the culture medium (1) and endocytosed by NSCs (2). In endosomes/lysosomes (3, 4), siSOX9 (5), SPIONs (5′) and 
polymers (5″) were released into the cytoplasm. siSOX9 could inhibit the expression of SOX9 protein in advance (6, 7, 8), whereby RA was released 
sustainedly in the cytoplasm (6″). Free RA entering the nucleus upregulated the neuronal protein (7″), which could then control the differentiation of 
NSCs to neurons (9).
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the following studies, NPs with 10% CPP were prepared to 
investigate the effect on cellular uptake. The self-assembling 
ability of the polymers was evaluated by studying the critical 
micelle concentrations (CMCs). As shown in Figure S4 (Sup-
porting Information), the CMC for the RA-conjugated poly-
mers PHEMA50-RA-PCB20-CPP was 41 μg mL−1, which was 
much lower than that of the PHEMA50-PCB20-CPP polymer 
(85 μg mL−1). These results demonstrate that the conjugation 
with the hydrophobic RA may enhance the self-assembling 
ability of polymers. Furthermore, the CMC for the PHEMA50-
RA-PEG-CPP polymer was 45 μg mL−1, which was comparable 
to that of PHEMA50-RA-PCB20-CPP. 

Next, PHEMA-RA-PCB-CPP/SPIONs/siSOX9 NPs (abbre-
viated as ABC/SPIONs/siSOX9 NPs) were prepared to study 
their effect on the differentiation of NSCs. As shown in 
Table S4 (Supporting Information), PHEMA-RA-PCB/SPIONs/
siSOX9 NPs without CPP (abbreviation as AB/SPIONs/siSOX9 
NPs) were also prepared as comparison to study the effect of 
CPP on the cellular uptake. Non-pH-sensitive cationic lipid 
dimethyldioctadecylammonium bromide (DDAB) was used in 
PHEMA-RA-PEG-CPP/SPIONs/siSOX9 NPs (abbreviated as 
AGC/SPIONs/siSOX9 NPs) to adsorb siSOX9. Moreover, RA-
encapsulated PHEMA-PCB-CPP/RA/SPIONs/siSOX9 NPs 
(abbreviation as BC/A/SPIONs/siSOX9 NPs) were prepared to 
investigate the effect of the temporally controlled release on the 
differentiation of NSCs. 

To evaluate the siSOX9 complexing ability of the NPs, the 
buffering capacity of the NPs before complexing with siSOX9 
was investigated by acid–base titration in 0.01 m NaCl aqueous 
solution.[20] As shown in Figure S5A (Supporting Informa-
tion), PEG-based AGC/SPIONs NPs had no buffering capacity, 
whereas PCB modification led to a better buffering capacity 
over the pH range of 7.4 to 3.5. Furthermore, the zeta potential 

of ABC/SPIONs NPs showed a pH dependency, whereby the 
zeta potential enhanced from 2.6 mV at pH 7.4 to 15.4 mV at 
pH 3.5 (Figure S5B, Supporting Information). This means that 
the protonation of PCB in acidic conditions could enhance the 
positive charge of the NPs, which in turn enables PCB com-
plexing with siSOX9, like with cationic polymers or lipids. 

Next, gel-electrophoresis assay was adopted to evaluate 
whether PCBylated NPs were capable of absorbing siSOX9 in 
acidic conditions. As shown in Figure S6 (Supporting Infor-
mation), PCB-modified NPs could complex with siSOX9 
in acidic solutions. As expected, the complexing ability was 
enhanced under lower pH conditions, whereby ABC/SPIONs 
NPs achieved complete retardation at a N/P ratio of 3:1 at pH 4, 
whereas it was at a N/P ratio of 15:1 at pH 6. However, the NPs 
were unstable at pH values lower than 4 as at this point RA 
was released due to the breakage of the ester bond. Therefore, 
we chose pH 4 for the following experiments. Furthermore, as 
displayed in Figure S7 (Supporting Information), AB/SPIONs 
NPs, ABC/SPIONs NPs, and BC/A/SPIONs NPs could com-
pletely retard siRNA at a N/P ratio of 3:1, 3:1, and 5:1, respec-
tively, at pH 4, which was comparable with that of PEGylated 
AGC/SPIONs NPs including the cationic lipid DDAB (N/P = 
5:1). Moreover, the diameter decreased to about 100 nm at a 
N/P ratio of 5:1 (Figure 1A and Figure S8A, Supporting Infor-
mation), and the zeta potential reverted to 0.0–3.0 mV after 
dialysis for PCBylated NPs at a N/P ratio of 5:1 (Figure S8B, 
Supporting Information). As excess materials may impose an 
extra burden for patients to excrete, NPs with a N/P ratio of 5:1 
were chosen for the following experiments.[21]

The transmission electron microscopy (TEM) images in 
Figure 1B (i) show that the SPIONs were monodispersed and 
had a spherical-like structure with a diameter of about 10 nm. 
They were aggregated at the center of the ABC/SPIONs/siSOX9 
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Figure 1. A) The diameter of the NPs at an N/P ratio of 5:1. B) TEM images of SPIONs (i) and ABC/SPIONs/siSOX9 NPs (ii). C) The r2 value of ABC/
SPIONs/siSOX9 NPs. D) The RA released from the NPs at different conditions at 37 °C. For BC/A/SPIONs/siSOX9 NPs: i) pH 7.4, ii) pH 5.0, iii) pH 
7.4+esterase; for ABC/SPIONs/siSOX9 NPs: iv) pH 7.4, v) pH 5.0 and vi) pH 7.4+esterase.
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magnetic property, the r2 value was calculated by measuring the 
change in the spin–spin relaxation rate (R2) per unit iron con-
centration. As shown in Figure 1C, the ABC/SPIONs/siSOX9 
NPs had an r2 value of 171.05 mM−1 s−1, which was high 
enough for in vivo application. 

The loading efficiency of RA was detected using UV–vis 
spectroscopy with a characteristic absorbance peak at 360 nm. 
As displayed in Table S5 (Supporting Information), the loading 
efficiency of RA for the RA-conjugated NPs was comparable, 
namely it was about 86.67, 86.09, and 84.88 μg mg−1 for the 
AB/SPIONs/siSOX9 NPs, ABC/SPIONs/siSOX9 NPs, and 
AGC/SPIONs/siSOX9 NPs, respectively. However, the loading 
efficiency was 68.40 μg mg−1 for the BC/A/SPIONs/siSOX9 
NPs, which was lower than that of the RA-conjugated NPs, due 
to their poor assembly ability. To investigate the release kinetics 
of RA, the NPs were incubated under different conditions for 
5 days at 37 °C. The conditions of pH 7.4, 5.0, and 7.4 in the  
presence of esterase were simulating the culture medium, 
endosomes/lysosomes, and cytoplasm of the NSCs, respec-
tively. From the release graph in Figure 1D, there was an ini-
tial burst release of 18.5% for BC/A/SPIONs/siSOX9 NPs in 
pH 7.4 after 1 day of incubation (i), indicating that they were 
unstable in culture medium. The BC/A/SPIONs/siSOX9 NPs 
were more sensitive to acidic conditions and as a result about 
86.0% of the RA was released after 1 day of incubation at pH 
5.0 (ii). The reason for this was illustrated in our previous work, 
in short: the protonation of PCB in acidic conditions results 
in an extensive disruption of the NPs and thus in the release 
of the encapsulated drug.[22] The BC/A/SPIONs/siSOX9 NPs 
were less responsive to the presence of esterase and thus only 
22.7% was released after 1 day of incubation (iii). In compar-
ison, the released RA for ABC/SPIONs/siSOX9 NPs was neg-
ligible at pH 7.4 (iv), indicating that they were stable in culture 
medium. Even at pH 5.0 the release was still only 23.1% (v) 
after 1 day of incubation, whereas it is clear that 60.0% of RA 
was sustainedly released in PBS-containing esterase (vi). This 
would be favorable for the temporal controlled release of RA 
as siSOX9 could then be released earlier in the endosomes/lys-
osomes in our system and RA would then be released later in 
the cytoplasm. 

To validate this, cultured cells isolated from the hip-
pocampus of suckling-mice were immunolabeled with markers 
including Nestin, sex-determining region y-box 2 (Sox2), and 
immature neuronal marker doublecortin (DCX). The results 
demonstrated that the NSCs were positively marked (Figure S9, 
Supporting Information). Before in vivo application, the bio-
compatibility of the NPs on NSCs was studied using a methyl 
thiazolyl tetrazolium (MTT) asay. As illustrated in Figure S10 
(Supporting Information), the cell viability was above 92% at an 
N/P ratio of 5:1 for all NPs. The apoptosis of NSCs after treat-
ment with NPs (N/P = 5:1) was further evaluated by Annexin 
V/PI assay. As shown in Figure S11 (Supporting Information), 
compared to the PBS control groups, there was no significant 
cell apoptosis of NSCs after treatment with NPs (N/P = 5:1), 
which rendered them suitable for applications. 

Furthermore, the internalization of NPs was analyzed by 
flow cytometry using carboxyfluorescein (FAM)-labeled siRNA 
(FAM-siRNA) as a fluorescence probe (Figure 2A). CPP is shown 

to enhance the interaction between the NPs and the NSCs as 
the mean fluorescence intensity (MFI) of the ABC/SPIONs/
FAM-siRNA NPs was 1.6 times that of the AB/SPIONs/FAM-
siRNA NPs. The MFI of ABC/SPIONs/FAM-siRNA NPs was 
also much stronger than that of BC/A/SPIONs/FAM-siRNA 
NPs because of their higher stability in culture medium. Sur-
prisingly, the cellular uptake of ABC/SPIONs/FAM-siRNA 
NPs was much higher than that of AGC/SPIONs/FAM-siRNA 
NPs. To illustrate this, the interactions between NSCs and NPs 
were observed by spinning disk confocal imaging. The results 
(Figure 2B and Video 1–2, Supporting Information) showed 
that extensive filopodia protruded from the NSCs after incuba-
tion with ABC/SPIONs/FAM-siRNA NPs, whereas there was 
almost no filopodia observed from the NSCs after incubation 
with AGC/SPIONs/FAM-siRNA NPs. To further understand 
the mechanism, we characterized the actin cytoskeleton after 
treatment with NPs. Cells treated with PEGylated NPs exhibited  
nearly spherical actin skeletons (Figure 2C(i)), whereas NSCs 
treated with ABC/SPIONs/siSOX9 NPs displayed extended 
actin skeletons (white arrow, Figure 2C(ii)). The filopodia 
enhanced the cellular uptake because of their active capturing 
ability. This difference might be attributed to the different  
topographical structure in which the nano-brushed PCB may 
enhance the topographic interactions between the NPs and the 
nanoscaled filopodia of the NSCs.[23] Furthermore, the distribu-
tion of SPIONs in the NSCs was observed by TEM (Figure 2D). 
Figure 2D(i) demonstrates the presence of electron-dense 
SPIONs (red circle) in the NSCs after treatment with ABC/
SPIONs/siSOX9 NPs for 4 h and the electron-dense spots of 
SPIONs were also visible under high-magnification visualiza-
tion. Although the control NSCs also showed electron-dense 
black spots (Figure 2D(ii), red circle), the spots in the untreated 
NSCs were proven to be non-specific under high-magnification 
visualization.[24]

After endocytosis in the NSCs, siSOX9 was expected to be 
released earlier than RA to down-regulate the expression of the 
SOX9 protein in advance. The endosomal/lysosomal escape of 
the NPs was observed with CLSM, whereby the blue fluores-
cence is the autofluorescence of RA at an excitation wavelength 
of 405 nm. As shown in Figure 2E, there were a relatively high 
number of co-localization (white) spots for AB/SPIONs/FAM-
siRNA NPs and ABC/SPIONs/FAM-siRNA NPs after 4 h of 
incubation, which combined the green FAM-siRNA, blue RA, 
and red endosomes/lysosomes fluorescence. However, the 
co-localization spots were yellow for the AGC/SPIONs/FAM-
siRNA and BC/A/SPIONs/FAM-siRNA NPs because of their 
poor cellular uptake. These results indicated that the majority 
of the RA and FAM-siRNA was located within the endosomes/
lysosomes for all NPs. After 8 h of incubation, the FAM-siRNA 
fluorescence started to be separated from the endosomes/lys-
osomes for the AB/SPIONs/FAM-siRNA NPs and the ABC/
SPIONs/FAM-siRNA NPs because of the proton-buffering 
effect of PCB in acidic environment, and the co-localization 
ratio was reduced by 22.0% and 21.7%, respectively (Figure S12,  
Supporting Information). Additionally, no RA blue fluores-
cence was observed in the nucleus for both NPs. However, the 
green FAM-siRNA fluorescence of the AGC/SPIONs/FAM-
siRNA NPs was still co-localized with the red fluorescence and 
the co-localization ratio only reduced by 2.0%, suggesting that 
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Figure 2. A) Cellular uptake of NPs after incubation in culture medium for 3 h detected by flow cytometry. B) Spinning disk confocal image of NSCs fol-
lowing incubation with NPs. C) Immunofluorescent images including actin (green) and the nucleus (blue) of the NSCs after 0.5 h of incubation with NPs. 
i) AGC/SPIONs/siSOX9 NPs, ii) ABC/SPIONs/siSOX9 NPs. D) TEM of an ultrathin section of NSCs incubated with ABC/SPIONs/siSOX9 NPs (i) or 
PBS (ii) for 4 h. The images in the inset are the electron-dense dark spots (red circle) observed under high-magnification visualization. E) Assessment 
by CLSM of the endosomal/lysosomal escape of NPs in NSCs after 4 h and 8 h of incubation. Endosomes/lysosomes were stained with lysotracker red 
with an excitation wavelenght of 534 nm. siRNA was labeled with FAM with an excitation wavelength of 488 nm. The blue fluorescence is the autofluores-
cence of RA with an excitation wavelength of 405 nm. F) Neural differentiation of NSCs treated with NPs for 10 days. The cells were immunostained with 
MAP-2 (green) for the neurons, GFAP (red) for glial cells, and DAPI (blue) for nucleus. The mean ± SD is shown. ***P < 0.005 (n = 3) versus control.
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FAM-siRNA was still mainly located within the endosomes/lys-
osomes because of the steric hindrance of PEG. In comparison, 
although RA-encapsulated BC/A/SPIONs/FAM-siRNA NPs 
could achieve fast endosomal/lysosomal escape of FAM-siRNA 
with a co-localization ratio decrease of 23.0%, RA was simul-
taneously released into the nucleus (white arrow). The release 
kinetics of FAM-siRNA from all NPs of all internalized FAM-
siRNA at various time points also confirmed the expedited 
endosomal/lysosomal escape of PCB-modified NPs (Figure S13, 
Supporting Information). The release was approximately 80.0% 

for PCB-based NPs, whereas only 53.4% was achieved 
for PEG-based AGC/SPIONs/FAM-siRNA NPs after  
8 h of incubation. As expected, only RA-conjugated NPs modi-
fied with PCB met the requirement of releasing siRNA earlier 
into the acting site than RA. 

To test whether the ABC/SPIONs/siSOX9 NPs with better 
cellular uptake and endosomal/lysosomal escape could indeed 
deregulate the expression of SOX9, the actual down-regula-
tion ability was measured by room-temperature polymerase 
chain reaction (RT-PCR). As shown in Figure S14 (Supporting 

Figure 3. A) The escape latency of 2×Tg-AD mice treated with different formulations. B) The latency during the memory test in a MWM probe trial 
without a platform. C) The percentage of time in the target quadrant with a platform included in the MWM. D) The number of 2×Tg-AD mice that 
crossed the platform in the target quadrant where the platform had been located during the MWM. Key: S1) wild, S2) PBS, S3) NSCs alone, S4) ABC/
SPIONs/siNonsense NPs NSCs, S5) BC/A/SPIONs/siSOX9 NPs NSCs, S6) AGC/SPIONs/siSOX9 NPs NSCs, S7) AB/SPIONs/siSOX9 NPs NSCs, 
and S8) ABC/SPIONs/siSOX9 NPs NSCs. E) Nissl staining of nerve cells in the brains of wild and 2×Tg-AD mice treated with different formulations. 
Key: i) wild, ii) PBS, iii) ABC/SPIONs/siSOX9 NPs NSCs. F) Representative in vivo T2 MRI images of brains in 2×Tg-AD mice, before (i) and after 
transplantation of NSCs with ABC/SPIONs/siSOX9 NPs for 1 day (ii) and 35 days (iii). G) Prussian-blue staining of nerve cells in brains of 2×Tg-AD 
mice treated with ABC/SPIONs/siSOX9 NPs. The inset image is the staining (red circle) observed under high-magnification visualization. The mean 
± SD is shown. *P < 0.05, **P < 0.01, and ***P < 0.005 (n = 5) versus control.
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Information), the ABC/SPIONs/siSOX9 NPs could indeed sig-
nificantly silence the gene expression of SOX9 in NSCs, leading 
to a knock-down of approximately 52.3% of SOX9 mRNA, 
which was better than the negative controls. 

To further analyze the effects of our NPs on neuronal dif-
ferentiation, the cells were characterized via immunolabelling 
with microtubule-associated protein 2 (MAP-2) to label the neu-
rons (green) and glial fibrillary acidic protein (GFAP) to label 
the glial cells (red). As displayed in Figure 2F and Figure S15 
(Supporting Information), in the PBS control cells the majority 
of NSCs differentiated into glial cells (89.0% GFAP MFI) rather 
than into neurons (11.0% MAP-2 MFI). Free siSOX9 had 
almost no effect on the controlled differentiation of the NSCs to 
neurons because of its poor cellular uptake. Although RA could 
promote the differentiation of NSCs to neurons, its effect was 
limited (Figure S16, Supporting Information). However, treat-
ment with NPs resulted in a higher MAP-2 MFI compared to 
that in the control. Among these, the NSCs treated with ABC/
SPIONs/siSOX9 NPs exhibited the highest MAP-2 MFI at 
76.8%, which could be attributed to the better cellular uptake 
of the NPs and the synergistic effect with the temporally con-
trolled release of siSOX9 and RA. 

Morris water maze (MWM) experiments were performed to 
examine whether the NSCs treated with NPs could improve the 
spatial learning and memory of APPswe/PS1dE9 double trans-
genic mice (2×Tg-AD). As expected, the mice treated with ABC/
SPIONs/siSOX9 NPs NSCs (S8) had shorter escape latencies 
after 1 to 5 days (Figure 3A) and significantly shorter latencies 
at 1 month after NSCs transplantation (Figure 3B), indicating 
that the ABC/SPIONs/siSOX9 NPs NSCs could significantly 
improve the cognition and memory of 2×Tg-AD mice. These 
results were further confirmed by the fact that mice treated with 
ABC/SPIONs/siSOX9 NPs NSCs spent more time in the target 
quadrant (Figure 3C) and crossed the former platform location 
significantly more than the other groups (Figure 3D). Neuronal 
loss in the hippocampus is one of the key hallmarks of AD. 
The Nissl staining analysis in Figure 3E shows that compared 
to wild mice (i), neuronal hypocellularity and neuron nuclear 
shrinkage were observed in the hippocampus of 2×Tg-AD 
mice treated with PBS (ii). After treatment with ABC/SPIONs/
siSOX9 NPs NSCs (iii), there were more neurons again, indi-
cating that the neurons recovered their integrity in AD mice.

During the therapeutic process, the traceability in vivo was 
observed using T2 MRI after treating the NSCs with ABC/
SPIONs/siSOX9 NPs. As shown in Figure 3F, 1 day after trans-
plantation the difference in position of the NSCs with ABC/
SPIONs/siSOX9 NPs in the ventricular system compared to  
that before transplantation (Figure 3F(i)) could be seen by MRI 
(Figure 3F(ii), white circle). The subsequent MRI, taken after 
5 weeks, shows that the NSCs extended posteriorly from the 
injection site into the hippocampus (Figure 3F(iii), red arrow 
and circle). These results were further confirmed by Prussian-
blue staining, showing that SPIONs were distributed in the 
hippocampus (Figure 3G). In general, our results have dem-
onstrated that NSCs treated with ABC/SPIONs/siSOX9 NPs 
could achieve long-term monitoring of NSCs and significantly 
improve the learning and memory of AD mice. 

In summary, we constructed charge-reversible PCB-
based therapeutic and traceable ABC/SPIONs/siSOX9 NPs that 

integrate the functionalities of cationic materials and PEG. On 
the one hand, the modification of CPP enhanced the interac-
tion between the NSCs and the NPs. And on the other hand, 
extensive filopodia protruded from the NSCs after incubation 
with ABC/SPIONs/siSOX9 NPs because of the enhanced topo-
graphic interaction between the nano-brushed PCB and the 
NSCs. These two factors resulted in a better cellular uptake. 
In addition, we have shown that siSOX9 can be controllably 
released from the NPs in the endosomes/lysosomes because of 
the protonation of PCB before RA is released in the cytoplasm. 
Because of their superior cellular uptake and temporally con-
trolled release ability, ABC/SPIONs/siSOX9 NPs could effi-
ciently control the differentiation of NSCs to neurons, which 
resulted in ameliorating neurologic changes and better res-
cuing the memory deficits in 2×Tg-AD mice. Moreover, the 
system allowed the monitoring of the transplantation site and 
the migration of the NSCs after transplantation because of the 
high r2 value of the SPIONs. Therefore, these traceable ABC/
SPIONs/siSOX9 NPs might have the potential to open up a 
new avenue for treatment applications for AD as well as other 
neurodegenerative disorders because of their excellent tracing 
and therapeutic ability.
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