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Patients with glioblastoma multiforme (GBM), the most common and aggressive form of
adult brain cancer, suffer from poor outcomes, even after undergoing surgery or
radiotherapy in conjunction with chemotherapy.[1] In the context of GBM treatment,
nanoparticles offer the potential to improve drug delivery by increasing drug half-life and
allowing for controlled release.[2] However, achieving extensive yet specific drug
distribution in a tumor is still a major challenge for such systems, especially when targets
including diffuse infiltrating cancer cells are distant from the site of administration. While
diffusion-based delivery of these systems has been attempted, it often results in poor
intratumoral distribution and an inability to reach distant metastatic sites.[3] Thus, in order to
maximize the therapeutic potential of drug-nanoparticle conjugates while minimizing drug-
related side effects, a targeted delivery strategy is needed to ensure that only malignant
tissue in the brain is affected.

Neural stem cells (NSCs), with their inherent tumor-tropic migratory capability,[4] may offer
an innovative approach for targeted delivery of anti-cancer drug-loaded nanoparticles to
distant and diffuse tumor sites. Several groups, including our own, have reported the use of
various targeted delivery approaches using NSCs as vehicles in xenograft models of human
glioma.[5] However, the use of such cell carriers in the drug delivery field of nanoparticle-
mediated chemotherapy is limited. While a few studies have demonstrated the use of
mesenchymal stem cells to deliver drug-loaded nanoparticles through intratumoral
administration,[6] no previous work has shown this concept using NSCs. For such a system
to work, it is critical to choose a platform that delays drug-release so that the drug-related
toxicity does not impair migratory function. Upon arrival at the tumor site, stem cell carriers
must be able to release the drug to affect neighboring cancerous cells in the nearby vicinity.
Mesoporous silica nanoparticles (MSNs) possessing controlled-release capabilities and non-
toxic features can serve as a platform to meet these criteria.[7–10]

In the context of glioma therapy, pH-sensitive drug release is a suitable mechanism for non-
invasively triggering programmed cell death when compared to the external triggers such as
light, which is limited by poor penetration depth across the cranial vault. There is a
significant difference in the environmental pH between cancerous and normal tissues: pH in
tumor tissue is approximately 6.8–7.0, which is lower than normal physiological pH 7.4.[11]

In addition, acidic compartments within cells, such as endosomes and lysosomes, have a pH
between ~4.5–6 and are important organelles for drug-release intracellularly.[12]

Here, we report an in vivo model of loading the HB1. F3.CD NSC line (approved by FDA
for human clinical trials via local injection, Identifier: NCT01172964) with pH-sensitive
doxorubicin-loaded mesoporous silica nanoparticles (MSN-Dox). This combination
promoted programmed self-destruction of HB1.F3.CD carriers that had migrated to glioma
cells after local injection based on the FDA-guided human clinical trials (Scheme 1). To
achieve this, we first designed an 80 nm MSN with highly ordered nano channels, allowing
for a high drug-loading capacity. Doxorubicin (Dox) was selected due to its high anti-tumor
potency when compared to the current standard-of-care drug, temozolomide (TMZ) (Figure
S1 in the Supporting Information).[13] Dox was subsequently linked to the surface of MSNs
via a pH-sensitive hydrazone bond.[7] The outermost surface of MSNs was further modified
with trimethylammonium (TA) groups, which increased the surface charge (zeta potential
+3.78 ± 5.2 mV at pH 7.4, Supporting Information Table S1) and allowed for improved
cellular uptake. According to transmission electron microscopy (TEM) imaging, MSN-Dox
conjugates were well dispersed with an average diameter of 80 nm and with highly ordered
nanochannels on their surface (Figure 1a). The drug loading percentage of MSN-DOX was
1.05 wt%. The surface area was 510 m2/g and pore size was 3.5 nm as determined by
Brunauer–Emmett–Teller and Barrett–Joyner–Halenda methods, respectively (Table S1).
Drug-release kinetics of MSN-Dox was both pH- and time-dependent (Figure 1b). Under
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acidic pH, the hydrazone bond between the drug and MSNs was hydrolyzed, generating Dox
in its active form. Within the first 6 h, MSN-Dox conjugates were stable with less than 10%
release at physiological pH 7.4, but when exposed to pH 1, over 95% of bound drug was
released within the same time period. Between pH 4.5 and 5.5 (corresponding to the pH
within cellular lysosomes),[12] drug release was sustained and increased over the first 48 h,
and by 120 h, 50–70% of drug molecules had been released from MSNs (Figure 1b). Thus,
the pH-responsive MSN-Dox conjugates provided prolonged release of Dox within a pH
range corresponding to that found in the lysosomes of cells.

It was critical to ensure that the MSN-Dox conjugates were adequately endocytosed by
HB1.F3.CD cells and trafficked to the lysosomes where the low pH organelles would
facilitate efficient drug release. Flow cytometry was used to assess the proportion of
HB1.F3.CD cells that endocytosed the conjugate. After 4 h of incubation, 88.1% of
HB1.F3.CD cells demonstrated significant uptake of the nanoparticle constructs (Figure 1c).
This was comparable to the free Dox incubation condition in which 98.4% of cells displayed
uptake of the drug (Figure S2). Confocal microscopy was used to assess intracellular
trafficking (Figure 1d). Immediately after a 4 h incubation, some of the MSN-Dox
conjugates appeared to be adsorbed onto the cell membrane while others already appeared to
be localized to the lysosomes with a Pearson’s correlation coefficient of 0.56 ± 0.08. At 24 h
post-incubation, the Pearson’s correlation coefficient of Dox and Lysotracker Green location
was 0.81 ± 0.03 (p < 0.01 compared to 0 hr) (Figure 1e), suggesting the release of Dox and
MSN-Dox still localized to the lysosomes. Based on the pH-sensitive releasing mechanism,
one might expect approximately 50% Dox release from MSNs at 24 h after incubation in a
lysosomal pH of 4.5 (Figure 1b). It is also probable that a small amount of the drug is
released within endosomes during transport to the lysosomes, since the late endosome has a
pH of approximately 5.5.[14]

In order to allow for migration of the NSC carrier towards invading tumor cells, MSN-Dox
toxicity needed to be delayed by about 24–48 h. To assess this, HB1.F3.CD cells were
incubated in MSN-Dox or free Dox at a concentration equal to the average loading
concentration on MSNs. Compared to free Dox, MSN-Dox conjugates delayed the drug-
related toxicity to the cellular carrier over the first 72 h (Figure 2 and Figure S3). By 96 h,
the percentage of viable HB1.F3.CD cells in the MSN-Dox conditions was comparable to
that seen in the free Dox incubation conditions (Figure S3), demonstrating a similar end-
point of overall toxicity. The release profile of Dox from the MSN-Dox loaded HB1.F3.CD
cells (Figure S3B) was consistent with cell death (Figure S3C) over a 72-h period. At 0 h,
there was no significant amount of Dox released from the cells. 0.27 ± 0.016 μM Dox was
released from MSN-Dox loaded NSC after 24 h and the concentration slightly increased to
0.33 ± 0.017 μM after 48 h. The released Dox concentration reached 0.64 ± 0.03 μM after
72 h. When the cells were dying, the released Dox concentration increased. Furthermore, the
released Dox in the media should be sufficient to cause death of U87 glioma cells (IC50 =
0.3 μM). MSN-Dox-loaded HB1. F3.CD cells also showed tumor-specific homing
capabilities within 20 h in vitro. Microscopic images and quantification of migratory
distance over 20 h are depicted in Figure 2 and S4. MSN-Dox-loaded HB1.F3.CD cells
migrated toward U87 glioma cells at a rate similar to unloaded HB1.F3.CD cells. It is
important to note that MSN-loaded HB1.F3.CD cells also migrated to the glioma cells while
free Dox induced significant cell-death within this time period (Figures S4 and 2c),
demonstrating the importance of drug conjugation to MSNs. These in vitro results
demonstrate that conjugation of Dox to MSNs delays drug toxicity toward the NSC carrier
long enough to allow for migration to occur and can provide a self-destruct mechanism after
migration is completed.
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The cytotoxicity of MSN-Dox-loaded HB1.F3.CD cells towards U87-GFP-Luc was
evaluated using a co-culture experiment (schematic depicted in Figure S5). There was a
visible decrease over time in the amount of U87-GFP-Luc cells when co-cultured with
MSN-Dox-loaded HB1.F3.CD cells as indicated by fluorescence images (Figure 3a). By 96
h, a significant decrease in U87 cell viability was observed in the MSN-Dox-loaded
HB1.F3.CD cell incubation conditions, as quantified by the analysis of luciferase activity
(Figure 3b). Dox transfer from HB1.F3.CD cells to U87 cells was also studied using
confocal microscopy (Figure 3c). By 24 h, MSN-Dox-loaded HB1.F3.CD cells had targeted
U87 cells and had shown some morphological changes that most likely represented
cytotoxicity towards the carrier due to drug-release from MSNs. Dox fluorescence was also
observed in adjacent U87 cells at this time point, demonstrating that some of the MSN-Dox
conjugates were being transferred from the NSC carriers to the glioma cells. After 48 h, less
HB1.F3.CD cells were visualized and Dox fluorescence was observed in the surrounding
U87 cells. These results were even more apparent by 72 h. Interestingly, Dox appeared to be
localized in the nuclei and perinuclear region of U87 cells (Figure 3c), indicating that Dox
on the MSNs had been released from lysosomes and had translocated to the nucleus.
Although our study can explicitly demonstrate the delivery mechanism, such a complicated
trilogy including MSN-Dox endocytosis to NSCs, migration and programmed NSC death,
MSN-Dox release, and endocytosis by glioma cells comprises too many variables making
the quantification of final drug concentration in tumor cells difficult. However, with the
current experimental design, we can still observe the cytotoxicity of MSN-Dox on the
glioma cells via NSC delivery. The delayed drug-transfer observed via confocal microscopy
was consistent with results from our cytotoxicity assays using the same co-culture system.

Next, we wanted to demonstrate that MSN-Dox could be delivered to tumor cells using
NSCs in an orthotropic human glioma xenograft model (Figure 4). Firefly luciferase-
labelled HB1.F3.CD cells loaded with MSN-Dox were injected into the cerebral hemisphere
contralateral to that of the tumor (a distance of 5 mm). The NSC migratory pattern was
monitored via bioluminescence imaging (Figure 4a). Contralaterally-injected MSN-Dox-
loaded HB1.F3.CD cells were found at the brain tumor site within 4 h after injection and this
localization was even more robust by 24 h post-injection. Histological studies further
revealed that Dox had been delivered into the tumor area as well (Figure 4b and Figure S6).
Dox fluorescence was distributed around the border and within the tumor by 72 h after
injection and persisted in the tumor for at least 10 days (Figure S7). Furthermore, there was
no detectable amount of Dox in normal brain tissue expect for that immediately surrounding
the tumor (Figure 4b and S6). This peri-tumoral Dox distribution may represent NSC
delivery of the conjugates to invading glioma cells that are infiltrating the normal tissue
surrounding the tumor. These results confirmed the delivery of the MSN-Dox via tumor-
tropic HB1.F3.CD carrier cells over a distance of 5 mm. In addition, Dox distribution within
the tumor after intratumoral injection of MSN-Dox-loaded HB1.F3.CD cells was studied
(Figure S8). Dox fluorescence was found in the tumor area 3 days and 10 days after
injection. This indicated that specific and extensive distribution of MSN-Dox within the
tumor could be achieved through the use of NSC carriers.

Furthermore, we observed that MSN-Dox-loaded HB1.F3.CD cells showed an anti-tumor
effect by inducing apoptosis, as assessed by immunofluorescence staining using a cleaved
caspase-3 antibody (Figure 4c and Figure S9). Apoptosis was detected mainly within the
tumor in both contralateral and intratumoral post 3-day injected samples. The apoptotic area
also corresponded to Dox distribution within the tumor (Figure 4c). The majority of Dox
was found in the tumor area (96%) as quantified by ImageJ. In addition, 96.5% of the
apoptotic cells were found at the tumor site. Less than 4% of apoptotic cells were in the
normal brain as shown in Figure 4c and Figure S9A. These data indicated that the pH-
triggered mechanism was sufficient to delay the release of Dox for a period of time that
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could enable migration of NSCs towards the tumor. MSN-Dox-loaded HB1.F3.CD cells
preserved their tumor-tropic migratory properties and were able to release Dox upon arrival
to the tumor, inducing apoptosis in the surrounding area. Analysis of adjacent sections
indicated that the MSN-Dox-loaded HB1.F3.CD cells were extensively distributed
throughout the tumor.

We chose to administer MSN-Dox-loaded HB1.F3.CD intracranially as opposed to
systemically injection to demonstrate in vivo efficacy in order to circumvent problems
associated with systemic distribution and drug side effects. The in vivo survival study
demonstrated the advantage of using MSN-Dox-loaded HB1.F3.CD over MSN-Dox alone
for glioma therapy as shown in Figure 5. We used PBS and MSN-Dox as controls and
compared the overall survival outcomes of MSN-Dox-loaded HB1.F3.CD via two different
methods of injection (intratumoral and contralateral injections). There were no significant
changes in overall survival between the groups treated with MSN-Dox alone, when
compared to the PBS group. Importantly, the MSN-Dox loaded HB1.F3.CD showed
significant improvements over MSN-Dox groups for both intratumoral injection (p = 0.03)
and contralateral injection (p = 0.005). The median survival of MSN-Dox loaded
HB1.F3.CD group was prolonged to 41- and 42-days for intratumoral and contralateral
injections, respectively. These results were consistent with the anti-tumor effect of MSN-
Dox loaded HB1.F3.CD observed in the histology studies. Although this system has not
been optimized for maximal efficacy in vivo, these preliminary results are encouraging and
suggest the potential for stem cell carrier-based targeted delivery. Furthermore, while there
may be some concern about the fate of these stem cells after administration, the system’s
self-destructing mechanism of action should prevent any future tumor-modulating effects by
the NSCs. Introducing external triggers such as X-ray for drug release could be of value for
future applications of this system. An additional imaging component to our set-up could also
be implemented. Recently, versatile nanoparticle systems including gold nanoparticles and
quantum dots were loaded into stem cells for photoacoustic imaging[15] and optical
imaging.[16] Such a feature could also be incorporated into our system as well.

In summary, we have demonstrated the first example of targeted anti-cancer drug-
nanoparticle conjugate delivery using NSC-based carriers in an orthotopic human glioma
xenograft model. We first demonstrated that HB1.F3.CD cells could uptake MSN-Dox
efficiently and that pH-controlled Dox release from the nanoparticle surface delayed drug-
induced toxicity towards carrier cells, preserving their migratory function in vitro. Secondly,
we established that MSN-Dox-loaded HB1.F3.CD cells could release MSN-Dox conjugates
and cause significant toxicity to surrounding U87 glioma cells in vitro. Lastly, tumor-tropic
migration of MSN-Dox-loaded HB1.F3.CD cells in an intracranial U87 xenograft mouse
model was observed, resulting in the induction of apoptosis within tumors and
improvements in survival. It should be noted that the HB1.F3.CD NSCs are restricted for
clinic trials utilizing local injection for treatment of recurrent high-grade glioma based on
the guidance of FDA. Such local injection of the nanoparticle-programmed NSCs enables
these cells to disperse throughout the tumor via the tropic migration capacity of NSCs. Both
intratumoral and contralateral injections are sufficient to achieve significant amounts of
MSN-Dox-loaded NSCs in a tumor and elicit a significantly enhanced therapeutic effect
compared to the MSN-Dox alone. We are currently conducting FDA guided pre-clinical
studies based on this intracranial injection method in order to translate the MSN-Dox-loaded
HB1.F3.CD cells for malignant glioma therapy. Taken together, this proof-of-concept study
demonstrates that NSCs have the potential to serve as a novel delivery platform for multi-
functional nanoparticles, allowing for targeting towards diffuse tumor sites after intracranial
administration.
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Figure 1.
MSN-Dox characterization and uptake into HB1.F3.CD neural stem cells. a) TEM image of
MSN-Dox conjugates and b) the release profile of Dox from MSNs at varying pH. c) FACS
data demonstrating significant HB1.F3.CD cell uptake of MSN-Dox after 4 h incubation. d)
Confocal images of HB1.F3.CD cells after incubation with MSN-Dox. Scale bar: 20 μm. e)
Pearson’s correlation coefficient for Dox and LysoTracker Green location was determined
using OpenLab. Co-localization increased over the first 24 h (**p < 0.01).
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Figure 2.
Prolonged cell viability of MSN-Dox-loaded HB1.F3.CD (vs. free Dox) and the migratory
ability to glioma cells. a) Light microscopy images demonstrating MSN-Dox and Dox
toxicity towards HB1.F3.CD cells. b) MTT assay quantification of the time-dependent cell
viability of MSN-Dox and Dox loaded HB1.F3.CD cells. c) Light microscopy images
demonstrating Dox or MSN-Dox-loaded HB1.F3.CD cell migration towards U87 glioma
cells. d) Quantitative results of migration of HB1.F3.CD and MSN-Dox loaded HB1.F3.CD.
Distance measured was between the forefront of HB1.F3.CD and U87 cell lines. Scale bars:
a): 20 μm; c): 200 μm.
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Figure 3.
MSN-Dox-loaded HB1.F3.CD cells conferred toxicity towards U87-GFP-Luc cells. a).
Fluorescence images from co-culture of MSN-Dox-loaded HB1.F3.CD cells and U87-GFP-
Luc cells. GFP signal corresponds to viable U87-GFP-Luc cells only. Scale bar: 200 μm. b).
Luciferase activity assay results at 96 h (***p<0.001). c). Confocal images of GFP-labeled
MSN-Dox-loaded HB1.F3.CD cells co-cultured with U87 cells. (Red arrows = U87 glioma
cells; White arrows = HB1.F3.CD cells.)
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Figure 4.
In vivo tumor-tropic migration of luciferase-labeled HB1.F3.CD cells loaded with MSN-
Dox. a) Bioluminescent images of a mouse implanted with a xenograft U87 brain tumor
after contralateral injection of MSN-Dox-loaded HB1.F3.CD cells expressing luciferase. b)
Confocal images of brain sections taken 3 days after contralateral injection of MSN-Dox-
loaded HB1.F3.CD cells. (Dox = red; Nuclei = DAPI). c) Apoptosis within the tumor was
assessed via caspase-3 immunofluorescence staining (Activated caspase-3 = green; Dox =
red). Scale bar: 100 μm.
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Figure 5.
Prolonged survival of mice after MSN-Dox loaded HB1.F3.CD cell administration in a
xenograft U87 glioma model via intratumoral and contralateral injections. Phosphate
buffered saline (PBS) and MSN-Dox treated groups were included as the controls.
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Scheme 1.
Schematic of the pH-senstive MSN-Dox-loaded neural stem cell delivery system.
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