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Abstract

The ability of nanoparticles to target tumors and to enable site-specific drug release provides a
unique system for the delivery of effective therapy with reduced toxic side effects. In this study,
we used mesoporous silica nanoparticles (MSN) to fabricate a targeted drug delivery system that is
responsive to hyaluronidase (HAase). Following engraftment of desthiobiotin onto the surface of
MSN, a streptavidin complex was generated which was functionalized with biotin-modified
hyaluronic acid (HA) to enable controlled drug release at cancer cells expressing HAase. Various
technologies were used to confirm the successful fabrication of this MSN-based nanocarrier
system for targeted drug delivery. /n vitro analyses showed that the release of doxorubicin
hydrochloride (Dox) was accelerated significantly in the presence of biotin or HAase and
accelerated further in the presence of biotin and HAase. Uptake by cancer cells was mediated
efficiently by CD44-receptor mediated endocytosis and that the MSN exhibited good
biocompatibility /n vitroand in vivo. MSN-HA/Dox nanoparticles induced apoptosis in cancer
cells more efficiently than free Dox and inhibited tumor growth with minimal systemic toxicity /in
vivo. Collectively, our findings offered a preclinical proof of concept for a novel targeted drug
delivery carrier system for cancer therapy.
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Introduction

Malignant tumors are worldwide threats to human health (1). The traditional anticancer
strategies, such as chemotherapy, do not distinguish cancerous cells from the healthy cells,
and thus may have poor therapeutic effect on tumors while inflicting collateral damage to
healthy cells (2). To address this formidable challenge, diverse classes of nanotechnology-
based drug delivery systems (DDS) have been designed. These efforts have shown great
promise for improving cancer treatment. The reported DDS have involved polymeric
nanoparticles (3), liposomes (4), dendrimers (5), inorganic nanoparticles (6), and protein
nanoparticles (7). Some of these delivery vehicles take advantage of the enhanced
permeability and retention (EPR) effect, through which drugs passively accumulate in
tumors due to the leakiness of the vasculature surrounding the mass (8). However, this
passive approach is limited by it’s over dependence on the degree of tumor vascularization
and angiogenesis (9, 10), and the high interstitial fluid pressure of solid tumors can work
against the successful uptake and homogenous distribution of the drug (10).

As an alternative strategy, researchers have modified delivery vehicles with targeting
ligands, such as polysaccharides, antibodies, proteins, and aptamers (6), which should
enable active targeting ability via binding to cognate receptors that are overexpressed by
cancer cells or angiogenic endothelial cells (11). In this approach, a targeting moiety
attached to the surface of DSS may act as a homing device, thereby improving the selective
delivery of the loaded drug to specific tissues/cells. In addition to targeting, a DDS should
enable the controlled release of drug molecules with a proper behavior to achieve an
effective local concentration (12). However, entrapped drug molecules often leak from the
delivery vehicles upon their introduction to aqueous solution. To maximize cancer cell death
and minimize metastatic spread, a DDS should therefore combine cancer cell targeting with
controlled intracellular drug release (13).

Among the reported DDS, mesoporous silica nanoparticles (MSN) have emerged as robust
vehicles for drug delivery. MSN have many unique and beneficial properties, including well-
defined pore structures, excellent biocompatibility, a tunable pore size, and an easily
functionalized surface (14, 15). Moreover, the same MSN surface can be simultaneously
assembled with multiple different moieties, such as a stimulus-responsive moiety and a
targeting moiety. Many stimulus-responsive MSN based DDS have been designed to
respond to various internal and external stimuli, such as pH (16), redox status (14, 15),
enzyme activity (17), small molecules (18), light (19), and temperature (20).

Hyaluronic acid (HA) has recently been highlighted as a tumor-targeting moiety. It is
composed of A-acetylglucosamine and D-glucuronic acid disaccharide units, and is
generally considered to be a non-toxic and biodegradable natural acidic polysaccharide
macromolecule (21). CD44, the cluster of differentiation (CD) protein, is the main HA-
binding receptor. This single-chain transmembrane glycoprotein has a molecular mass of
80-250 kDa and is reportedly overexpressed on various tumor cells, including those of
ovarian, breast, and colon cancers (22). In addition to its targeting ability, HA has other
unique properties, including its large and biocompatible molecular size, which can be used
to block the release of a drug, and its ability to be readily degraded to lower-molecular-
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weight components by HAase after being taken up by cancer cells through receptor-
mediated endocytosis (forming the basis for enzyme-responsive release).

Vitamin H, or more commonly known as biotin, is a B-complex vitamin that helps the body
convert food (carbohydrates) into a fuel (glucose) used to produce energy. Biotin also helps
the body metabolize fats and protein, and can generally promote cell growth (23). However,
recent work suggested that biotin may be upregulated in some cancer tissues (e.g., colon
cancers) compared to normal tissues (24). Desthiobiotin is a modified form of biotin that
binds less tightly to SA than biotin, while still exhibiting excellent binding specificity
[dissociation constant (K,) = 10711 M and 1071 M, respectively] (25). We hypothesized that
the affinities of desthiobiotin and biotin toward SA could be combined with the targeting
ability and HAase-mediated degradation of HA to develop a new MSN-based DDS that
exhibits targeted drug delivery and intracellular dual-stimulus-responsive drug release.

Here, we report a novel multifunctional MSN-based biotin/HAase dual-stimulus-triggered
DDS for targeted therapeutic drug delivery in vitroand in vivo. Doxorubicin hydrochloride
(Dox) was investigated as a model anti-cancer drug. In this system, desthiobiotin-SA
complex and HA were employed as ‘gatekeepers’. Briefly, the external surface of each MSN
was modified with desthiobiotin molecules; the MSN pores were blocked with SA viathe
desthiobiotin-SA interaction; and biotin-modified HA was added to further block the pores
and endow MSN-HA/Dox with its targeting capability (Figure 1A). We propose that after
MSN-HA/Dox is preferentially taken up by cancer cells through receptor-mediated
endocytosis, the HAase-mediated degradation of HA triggers drug release that undergoes
further enhancement by the displacement of desthiobiotin by intracellular biotin (Figure 1B).
This targeted drug release induces cell apoptosis and inhibits tumor growth /n vivo. Our
results suggest that the developed MSN may potentially be a promising drug delivery carrier
for efficient tumor therapy.

Materials and Methods

Synthesis of desthiobiotin-functionalized mesoporous silica nanoparticles (MSN-
desthiobiotin)

For MSN-desthiobiotin synthesis, 110 mg propylamine functionalized silica (MSN-NH,)
was dispersed in 10 ml PBS (pH 7.4). Then, 20 mg NHS-desthiobiotin dissolved in 1ml
DMSO was added and stirred (1000 rpm) at room temperature overnight. The mixture was
washed with PBS for three times and dried using lyophilizer to yield the desthiobiotin
functionalized MSN (MSN-desthiobiotin).

Synthesis of SA functionalized mesoporous silica nanoparticles (MSN-SA)

For MSN-SA synthesis, 10 mg MSN-desthiobiotin was dispersed in 4 ml PBS (pH 7.4).
Then, 1 ml SA (1 mg/ml in PBS) was added and allowed to react at room temperature for 2
h. The mixture was washed with PBS for three times and dried using lyophilizer to yield the
SA functionalized MSN (MSN-SA).
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Preparation of MSN-HA drug delivery system

Cell culture

Animals

The MSN-desthiobiotin (10 mg, 4 ml in PBS) was added to 5 ml of Dox (1 mg/ml) in PBS
(pH 7.4) solution. After stirring about 12 h, 1 ml SA (1 mg/ml in PBS) was added and
allowed to react at room temperature for 2 h to cap the pores on the mesoporous silica
particles. The final mix solution was centrifuged and washed with PBS for three times, the
amount of Dox loaded into MSN-desthiobiotin was determined by analyzing the absorbance
of supernatant solution. Rhodamine B was loaded by the same protocol. Then, MSN-SA (2.5
ml, 2mg/ml) was redispersed in PBS, and mono-biotin labeled hyaluronan (HA) (2mg in 200
ul PBS) was added to incubate for another 2 h to obtain hyaluronic acid modified MSN
(MSN-HA), The theoretical capping amount of HA on the surface of MSN was 15 pg/mg
MSN.

Macrophage 264.7, HT-29 and Colon 26 cells were cultured to confluency in 75-cm? flasks
at 37°C in a humidified atmosphere containing 5 % CO,. HT-29 Cell were cultured in
McCoy’s 5A medium, Macrophage 264.7 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM), and Colon 26 cells were culture in RPMI 1640 medium (Life
Technologies, NY, USA). All these cases were supplemented with penicillin (100 U/ml),
streptomycin (100 U/ml), and heat-inactivated fetal bovine serum (10 %) (Atlanta
Biologicals, GA, USA). All these cell lines were obtained directly from ATCC (2009-2013)
where they were tested and authenticated via morphology, and PCR to rule out interspecies
and intraspecies contamination.

Athymic BALB/c nu/nu female mice, C57BL/6 and FVB/NJ female mice (6-8 wk old) were
purchased from Jackson Laboratories (Bar Harbor, ME, USA). Mice were housed under
specific pathogen-free conditions. All the experiments involving mice were approved by the
Institutional Animal Care and Use Committee (IACUC) of Georgia State University
(Atlanta, GA, USA).

Statistical analysis

One-way and two-way analyses of variance (ANOVA) and #tests were used to determine
statistical significance (*p<0.05, **p<0.01, ***p<0.001).

Results and Discussion

Preparation and characterization of MSN-HA drug delivery syestem

Propylamine functionalized MSN (MSN-NH5) (~ 180 nm in diameter) was characterized by
a typical hexagonal channel-like mesoporous structure, as confirmed by scanning electron
microscope (SEM), transmission electron microscope (TEM), small-angle X-ray diffraction
(Figure 2A-C), and nitrogen adsorption-desorption isotherms (Figure S1). Consistent with
previous reports (26, 27), MSN-NH, displayed a homogeneous spherical morphology and
had a highly regular mesoporous structure. Investigation confirmed that nanoparticles < 200
nm in diameter can circulate in blood for an extended period (28), thus the characteristics of
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our developed MSN suggest that they could potentially reach the target v7a circulation and
might be useful carriers for drug delivery.

To construct our MSN-HA DDS, we first conjugated MSN-NH, with NHS-activated
desthiobiotin molecules, which are known to react efficiently with primary amine groups (-
NHy), such as those on the surface of MSN-NH, to form stable amide bonds (23). The
efficient conjugation of desthiobiotin with MSN (MSN-desthiobiotin) was validated by the
appearance of a broad absorption band at around 1680 cm™1 in the Fourier Transform
Infrared (FITR) spectra (Figure S2), which can be assigned to vibrations of the cyclic urea
group within the attached desthiobiotin molecules. For some experiments, the MSN were
loaded with Dox, as a model anti-cancer drug, or rhodamine B, which was used as a tracer to
locate the distributions of MSN within the cells. After Dox was loaded into the pores of
MSN-desthiobiotin, SA was added to cap the pores through the desthiobiotin-SA interaction.
Desthiobiotin and SA can form a complex that blocks the release of a drug or dye from the
pores of a nanoparticle. To provide the SA-capped MSNSs with another level of targeting
capability and to further cap the pores and prevent drug/dye release, we performed
additional functionalization with biotin-labeled HA. SEM showed that MSN-HA displayed a
spherical morphology similar to that of MSN-NH, (Figure 2D), but the surface modification
obscured the mesoporous structure of MSN-HA (Figure 2E). Zeta potential measurements
showed that MSN-HA nanoparticles had a highly negative charge (-24.3 £ 0.5 mV) (Figure
2F) when compared with MSN-NH, (+38.4 £ 0.3 mV) and MSN-desthiobiotin (+38.2+ 0.3
mV), confirming that HA had been successfully linked to the MSN surface. After Dox was
loaded to generate MSN-HA/Dox, spectrophotometry revealed a drug-loading content of ~
5% (w/w), which was comparable to that obtained in a previous study (28). In addition, as
shown in Figure S3, MSN-HA/Dox showed low DPI value (0.157) and good dispersibility,
indicating that potential aggregation of MSN-HA/Dox didn’t occur and therefore the
followed targeted therapeutic efficacy would not be affect. The successful loading of
rhodamine B into the pores of MSN-HA was confirmed by fluorescence imaging, as shown
in Figure S4.

MSN-HA nanoparticles show biotin- and HAase-dependent drug release

The Kof biotin toward SA (Ky~1071% M) is about 10,000-fold higher than that of
desthiobiotin (K;~10711 M). In the context of our DDS, biotin will thus replace
desthiobiotin within the cell, triggering drug release. To investigate the dual-stimulus-
responsive release behavior of our designed MSN-HA DDS, we used biotin and HAase as
triggers under conditions that mimicked the tumor microenvironment (pH 6.5). As shown in
Figure 3, MSN/Dox exhibited higher Dox release in pH 6.5 solution when compared with
MSN-HA/Dox. The cumulative release of Dox from MSN/Dox was more than 80% by 24 h.
Under the same pH condition, MSN-HA/Dox released only ~ 12% of the loaded Dox,
indicating that our use of desthiobiotin-SA complex and polysaccharide-HA yielded good
capping. In the presence of biotin or HAase alone, the cumulative drug releases from MSN-
HA/Dox were ~ 60% and 40%, respectively, at 24 h post-treatment. The cumulative drug
release was further improved to ~ 70% in the presence of both biotin and HAase. This likely
reflects the possible degradation of HA of MSN-HA/Dox by HAase and/or the displacement
of desthiobiotin by biotin in co-treated cells compared to those treated with biotin alone. The
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release profiles of Dox from MSN-HA/Dox under various stimulations in neutral buffer (pH
7.0) were also examined. We obtained release profiles similar to those observed under pH
6.5. Blood and healthy tissues are under neutral pH and express minimal biotin and HAase
to trigger the release of Dox from MSN-HA/Dox. Therefore, our smart MSN-HA
nanoparticles have very good capping efficacy, and do not release Dox until they reach the
stimulating conditions (i.e., the cancer milieu) (Figure S5). Taken together, our results show
that MSN-HA/Dox exhibits the highest drug release in the presence of both biotin and
HAase under a pH that mimics the tumor microenvironment. Thus, our DDS shows great
potential for tumor therapy.

MSN-HA can be taken up efficiently by Colon-26 and HT-29 cells through CD44 receptor
mediated endocytosis

Efficient cellular uptake is a major requirement for the therapeutic efficacy of nanoparticles
(3). To test the targeting specificity of MSN-HA, we evaluated the cellular uptake of MSN-
HA/rhodamine B by Colon-26 cells and HT-29 cells. Membrane-localized CD44, which is
known to be the main HA-binding receptor, is responsible for the interaction between HA
and the surface of cancer cells (29). We incubated MSN-HA with Colon-26 and HT-29 cells
at 37°C for 4 h with or without free HA. Subsequent confocal microscopy revealed that cells
incubated with MSN-HA alone showed strong fluorescence of rhodamine B, both at the
membrane and within the cells (Figure 4A—a, c). In the presence of free HA, in contrast, we
observed less fluorescence from MSN-HA/rhodamine B in both Colon-26 and HT-29 cells
(Figure 4A-b, d). This confirms that MSN-HA were subject to CD44-mediated endocytosis.
The cellular uptake of MSN-HA/rhodamine B by Colon-26 and HT-29 cells was also
assessed by flow cytometry, which revealed much higher fluorescence in HA-free cultures of
Colon-26 (Figure 4B) and HT-29 cells (Figure 4C) than in their HA-treated counterparts.
Together, our results are consistent with the idea that MSN-HA undergoes CD44 receptor-
mediated endocytosis.

To confirm the involvement of receptor-mediated endocytosis, we performed a fluorescence-
based co-localization study of MSN-HA/rhodamine B and FITC-labeled transferrin (Tf-
FITC). Transferrin is internalized by receptor-mediated endocytosis via the formation of
clathrin-coated pits, and is widely used as a tracker for clathrin-dependent endocytosis.
Consistent with the results of our confocal microscopic and flow cytometric analyses, both
Colon-26 and HT-29 cells showed high levels of co-localization between MSN-HA/
rhodamine B (red color; Figure S6) and Tf-FITC (arrows, yellow color).

Evaluation the biocompatibility of MSN-HA both in vitro and in vivo

For a potential DDS, biocompatibility is a key issue that should be investigated. To assess
the biocompatibility of MSN-HA, we first used MTT assays to quantify the viability of cells
treated with different concentrations of MSN and MSN-HA.. Colon-26 and HT-29 cells
treated with MSN-HA showed higher cell viability than those treated with the same
concentrations of MSN at up to the highest tested dose of 200 pg/ml (Figure S7A and B),
indicating that HA modification improved the biocompatibility of MSN. An ATPL.ite assay,
which quantitatively measures cell proliferation, confirmed these results (Figure S7C and
D). These results indicate that MSN-HA has good biocompatibility /n vitro.
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Next, we explored the biocompatibility of MSN-HA /n vivo. Intravenous i.v. injection of
mice with MSN-HA (1 mg/100 pl) daily for 7 days did not trigger any change in the
weights/body weights of the heart, liver, spleen, lung, or kidney (Figure S8A). Histological
analysis of H&E-stained tissue sections did not find any clear evidence of organ damage in
the MSN-HA group compared with the control group. The liver hepatocytes appeared
normal; no myocardial fibrillary loss or vacuolation was observed in the heart; no pulmonary
fibrosis was detected in lung samples; and no necrosis was observed in any analyzed
samples (Figure S8B). We also failed to observe any significant increase in the indicators of
liver injury, alanine aminotransferase (ALT) or aspartate aminotransferase (AST), in the
MSN-HA group compared with the control group (Figure S8C). Collectively, these findings
indicate that MSN-HA exhibits higher biocompatibility both /n vitroand in vivo, and
therefore should be useful as a safe drug-delivery platform.

Nuclear transport of Dox and subsequent cell apoptosis

Research showed that Dox can diffuse into nuclei, where it interacts with DNA molecules
(30). As shown in Figure S9, free Dox or MSN-HA/Dox-released Dox was transported into
nuclei after 8 h incubation, indicating that MSN-HA/Dox can successfully be taken up and
deliver Dox into the nucleus to exert its function.

To compare the apoptosis induced by free Dox and MSN-HA/Dox, we used Annexin V-
FITC and PI double staining to examine treated Colon-26 and HT-29 cells. Fluorescence
microscopy revealed that free Dox- and MSN-HA/Dox-treated Colon-26 cells showed
positive staining for both Annexin V-FITC and PI (Figure 5A), whereas no such signal was
detected from untreated control cells. Flow cytometry-based quantification revealed
apoptotic cell populations of 90.8+5.5%, 41.849.2%, and 3.2+2.1% in MSN-HA/Dox-
treated, free Dox-treated, and control cells, respectively (Figure 5B and C). Similar results
were obtained in HT-29 cells, which exhibited apoptotic populations of 90.7+1.5%,
50.2+5.6%, and 1.1+0.9%, respectively (Figure S10). We also compared apoptosis using 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. As shown in
Figure 5D and E, MSN-HA/Dox induced more cell apoptosis than free Dox at all tested
concentrations (0.5, 1.0, 2.0, and 5.0 ug/ml Dox) in both Colon-26 and HT-29 cells. These
results confirmed that MSN-HA/Dox has a higher therapeutic effect than free Dox.
Consequently, MSN-HA/Dox could improve the therapeutic effect of Dox and might serve
as a good DDS.

MSN-HA shows relatively little non-specific interaction with proteins, blood cells and
macrophages

After a nanoparticle enters the circulation, the first biological event is the adsorption of the
abundant plasma proteins onto to the nanoparticle surface (31). This would be expected to
change the surface characteristics of a nanoparticle-based DDS and impact its delivery
efficiency /in vivo. To investigate the interaction of MSN-SA with such proteins, we followed
previous studies by using bovine serum albumin (BSA) (15), which is a major serum protein
often found in the protein corona of nanoparticles. As shown in Figure S11A, significantly
less BSA was absorbed by MSN-HA compared to MSN at both 12 h and 24 h. This suggests
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that the surface-bound HA prevents proteins from adsorbing into the MSN, which could
prolong the circulation time of our DDS in the blood (32).

In blood, the hemolysis by nanoparticles seriously limits the /n vivo application of
nanoparticle-based DDS (33, 34). In our studies, however, while Triton X-100 (positive
control) achieved 100% hemolysis, MSN-HA did not trigger hemolysis at concentrations up
to 1 mg/ml (Figure S11B). This suggests that i.v.-administered MSN-HA could be nontoxic
towards erythrocytes.

When nanoparticles enter a host, they firstly interact with macrophages to trigger immune
responses, such as inflammation. Prominent inflammatory mediators, IL-6, IL-1p and TNF-
a, are typically used as markers of an acute macrophage-related inflammatory response
(35). As shown in Figure S12A-C, the mRNA levels of IL-6, IL-1p and TNF-a were
significantly lower in MSN-HA-treated RAW 264.7 cells (a macrophage cell line) than in
MSN-treated cells. To further investigate the immunological effect of MSN-HA/Dox in vivo,
we subjected mice to single-dose injections of MSN-HA/Dox, and obtained sera at 24 h and
48 h post-injection. As shown in Figure S12D-F, the protein concentrations of IL-6, IL-1p
and TNF-a were not significantly different between MSN-HA/Dox-injected and control
mice at 24 h and 48 h, indicating that HA capping of MSN reduced the likelihood of
triggering a macrophage-induced inflammatory response. These observations reflect the
improvement of the biocompatibility of MSN via the conjugation of HA, thereby reducing
the inflammatory response triggered by our MSN-HA delivery system.

Anti-tumor effects of MSN-HA/Dox in vivo

To evaluate the anti-tumor effects of MSN-HA/Dox /n vivo, we established a Colon-26
xenograft tumor model in athymic BALB/c nu/nu mice. The tumor-bearing mice were
randomly divided into four groups and i.v. injected with saline, MSN-HA, free Dox, or
MSN-HA/Dox. As shown in Figure 6A, visual observations indicated that the MSN-HA/
Dox-treated mice showed the most efficient reduction of tumor size. The saline- and MSN-
HA-treated control groups exhibited similar tumor volumes at the end of the experiment
(Figure 6B), whereas the free Dox-treated group showed slightly decreased tumor growth
compared with the control groups (Figure 6B). At the end of the experiment, tumor weights
were compared. As shown in Figure 6C, the MSN-HA/Dox-treated group showed the lowest
tumor weight, which was significantly lower than that of the free Dox-treated group. The
saline- and MSN-HA-treated control groups displayed similar tumor weights, indicating
similar tumor growth.

These findings, which are consistent with the results of our in vitro apoptosis assays,
indicate that MSN-HA/Dox shows better tumor growth inhibition than free Dox /n vivo.
This may reflect that free Dox quickly diffuses into tissues and organs following i.v.
injection (31), potentially affecting normal tissues and decreasing the amount of free drug
that would reach the tumor site. Moreover, free Dox has a short half-life /nvivoand is
quickly cleared from the body (36).

To explore the mechanism underlying the tumor growth inhibition conferred by our DDS,
we performed TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling)
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apoptosis assays. As shown in Figure 6D, few TUNEL-positive apoptotic cells (green dots)
were detected in tumor sections from the saline- and MSN-HA-treated groups, providing
additional evidence that MSN-HA shows good biocompatibility /n vivo. In contrast, tumor
tissues from the MSN-HA/Dox-treated group showed the most severe apoptosis among the
different groups, indicating that MSN-HA/Dox inhibits the growth of solid tumor model by
inducing apoptosis.

To further confirm the improved therapeutic efficacy of MSN-HA/Dox, we performed
histological analysis of tumor tissues. H&E staining and subsequent analysis (Figure S13)
revealed that sections from the MSN-HA/Dox-treated group harbored significantly fewer
cancerous cells than those from the saline-, MSN-HA- and free Dox-treated groups.

To investigate the potential side effects of MSN-HA/Dox, we performed histological
examinations of major organs (heart, liver, spleen, lung and kidney) at the end of the
experiment. As shown in Figure 7, mice of the control and MSN-HA/Dox groups did not
show any noticeable signs of tissue or cellular damage in the examined tissues (e.g.,
myocardial fibrillar loss or vacuolation in the heart; edema, ballooning and/or degeneration
of hepatocytes; increased numbers of granulocytes in the spleen; tubular vacuolization or
tubular dilation with hemorrhagic areas in the kidney; or increased alveolar wall thickness or
cellular infiltration in the lung). In contrast, free Dox induced typical myocardial damage
with intensive vacuolization and myofibril loss (Figure 7, blue circles).

To investigate time-dependent bio-distribution of our drug delivery system, we administered
a single dose of MSN-HA/near-infrared dye (DiL) to mice via intravenous injection. No
post-injection abnormality was observed in the eating, drinking, grooming, activity,
exploratory behavior, urination, or neurological status of treated mice. At4 h, 24 h, and 7 d
post-injection, mice were sacrificed and the DiL contents were measured in different organs
(heart, liver, spleen, lung and kidney) using an IVIS in vivo imaging system. As shown in
Figure S14, MSN-HA/DIL was predominately found in organs of the reticuloendothelial
system (liver and spleen) at 4 h and 24 h post-injection. The dye was noticeably cleared from
the body within one week. This biodistribution reflects that the protective HA layer on the
surface of the MSN nanoparticles prevented this drug delivery system from being recognized
and engulfed by phagocytes of the liver and spleen, thereby reducing the cellular uptake by
liver and spleen. These results suggest that MSN-HA/Dox could have a low toxicity to the
body, and could thus be suitable for use as a real anticancer system /n vivo. Our findings in
this regard are consistent with those of the previous studies (16, 31, 37).

Based on the results presented in this report, we conclude that our biotin/HAase dual-
responsive mesoporous silica drug delivery system (MSN-HA/Dox) exhibits better selective
anti-tumor effects against solid tumors than free Dox. Mechanistically, these effects reflect
that: (1) the HA on the surface of MSN-HA/Dox uses active targeting to improve the
selective delivery of the loaded drug to tumor tissues; (2) the capping of the pores alleviates
the premature release of highly toxic anti-cancer drugs during the delivery process; and (3)
extracellular matrix-localized HAase and intracellular biotin both trigger the release of the
encapsulated Dox, improving its anti-proliferative activity in a solid cancer. Since the zeta
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potential of MSN-HA/Dox was highly negative, it is reasonable to believe that the
nanoparticles escape from the endosome to interact with biotin in the cytoplasm (23).

In conclusion, we herein designed and constructed a biotin and hyaluronidase dual-
responsive DDS (MSN-HA/Dox) for a targeted therapeutic drug delivery in vitroand in
vivo. Desthiobiotin-modified MSN was used as the initial carrier to load Dox. The
polysaccharide, hyaluronic acid, was grafted onto the MSN surface via the biotin-
streptavidin interaction to serve as a targeting moiety. The pores of this delivery system were
capped by desthiobiotin/streptavidin complexes and HA to eliminate the premature drug
leakage. Following uptake of the nanoparticles by target cells, HAase in the extracellular
matrix and biotin in the cytoplasm opened the pores for controlled intracellular release of the
entrapped drug. MSN-HA/Dox triggered enhanced apoptosis among cancer cells /n vitro and
conferred better anti-tumor effects /n vivo compared to the free drug. Our findings suggest
that this novel DDS may hold promise for efficient tumor therapy.
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A 1. self-assembly by biotin
(or desthiobiotin)-
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Figure 1. Schematic diagram to describe M SN-HA nanoparticles mediated delivery of the
therapeutic drug, doxor ubicin (Dox), to cancer cells

A. Drug loading steps to yield MSN-HA/Dox delivery system. Propylamine functionalized
silica (MSN-NH>) was first modified with desthiobiotin to obtain MSN-desthiobiotin, then
by employing biotin (or desthiobiotin)-SA interaction, SA and biotinylated HA were self-
assembled on the external surface of MSN to yield MSN-HA. Optionally, therapeutic drug,
Dox, was able to load to obtain MSN-HA/Dox. B. Schematic illustration of the CD44-
receptor-mediated endocytosis and triggering of drug release in tumor cells. MSN-HA/Dox
were taken up by cancer cell via receptor-mediated endocytosis (HA-CD44 interaction), then
loaded Dox was release from the pore of MSN by the triggering of HAase and intracellular
biotin.
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Figure 2. Characterization of M SN-NH» and M SN-HA nanoparticles
A. SEM images were performed to characterize MSN-NH> nanoparticles, scale bar: 1 um.

B. TEM images were performed to characterize MSN-NH, nanoparticles, scale bar: 50 nm.
C. Small-angle power X-ray diffraction was employed to characterize the structure of MSN-
NH,. The high ordered lattice array indicated MSN-NH> has a uniform and well-defined
mesostructure. D. SEM images of MSN-HA, scale bar: 1 ym. E. TEM images of MSN-HA,
scale bar: 50 nm. F. Zeta potentials of MSN-NH,, MSN-desthiobiotin, and MSN-HA were
measured. MSN-NH, and MSN-desthiobiotin showed a positive surface charge, after
grafting HA, surface charge was changed to negative, indicating the successful link of HA,
(n=3).
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Time (h)

The biotin- and HAase-responsive release profiles of Dox were evaluated. Drug release

under pH 6.5 was
different stimulus

conducted to mimic the condition of tumor microenvironment. Under
condition, biotin (2 uM), HAase (150U/ml) or both were added to MSN-

HA/Dox solution; as a control, MSN-Dox was employed. At specified time points (1, 2, 4, 6,
12, and 24 h), cumulative drug release were measured and compared, (n=3).

Cancer Res. Author manuscript; available in PMC 2017 December 15.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 16

>

Colon-26 cells

HT-29 cells

B MSN-HA MSN-HA
MSN-HA+HA MSN-HA+HA
e C ONtrol e C ONtrol
€ €
3 3
0
o (&]
Fluorescence intensity Fluorescence intensity
Figure 4.

Endocytosis pathway of MSN-HA taken up by Colon-26 and HT-26 cells was investigated.
A. Confocal microscopic images show: a, Colon-26 cells treated with MSN-HA in the
absence of HA; b, Colon-26 cells treated with MSN-HA in the presence of HA (2mg/ml); c,
HT-29 cells treated with MSN-HA in the absence of HA; d, HT-29 cells treated with MSN-
HA in the presence of HA (2mg/ml). Blue channel: DAPI; Green channel: FITC; Red
channel: the fluorescence of rhodamine B. The fluorescence intensities of rhodamine B-
labeled MSN-HA applied with or without HA were quantified by flow cytometry. B.
Colon-26 cells. C. HT-29 cells. (n = 5). Scale bar: 20 um.
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Figureb.
Evaluation the apoptosis induced by MSN-HA/Dox /n vitro. A. Fluorescence imaging of

Colon-26 cells treated with free Dox or MSN-HA/Dox for 8 h and then co-stained with
Annexin V-FTIC and PI. Scale bar: 20 um. B. Flow cytometric analysis of apoptosis in
Colon-26 cells treated with free Dox or MSN-HA/Dox for 8 h. C. Quantification of the
Annexin V-FTIC/PI-positive apoptotic cells from panel B. Data are from three independent
experiments. D. The apoptotic effects of free Dox and MSN-HA/Dox in Colon-26 cells were
assessed by MTT assay, (n=5). E. The apoptotic effects of free Dox and MSN-HA/Dox in
HT-29 cells were assessed by MTT assay, (n=5), ***p < 0.001.
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Figure6.

Effects of MSN-HA/Dox against Colon-26 xenograft tumors were evaluated /n7 vivo. A.
Representative Photos of tumor tissues obtained from tumor-bearing mice treated for 18
days with saline (control), MSN-HA, free Dox, or MSN-HA/Dox, (n=6). B. Tumor volumes
were measured at the end of the experiment (n=6). C. Tumor weights were measured at the
end of the experiment (n=6). D. TUNEL staining was used to examine apoptosis in tumor
sections (green, TUNEL positive cells; blue, cell nuclei), (n=4). Scale bar: 50 um; *p < 0.05
and **p < 0.01.
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Figure7.
The major organs of tumor-bearing mice treated with saline, MSN-HA, free Dox, or MSN-

HA/Dox were subjected to histological examination. Heart samples of free Dox-treated mice
show intensive vacuolization and myofibril loss (as indicated). Scale bar: 20 um.
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