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Abstract

A multifunctional mesoporous drug delivery system that contains fluorescent imaging molecules,
targeting proteins, and pH-sensitive nanovalves was developed and tested. Three nanovalve-MSN
systems (NV-MSNSs) with varied quantities of nanovalves on the surface were synthesized. These
systems were characterized and tested to optimize the trade-off between coverage of nanovalves
on the MSNs to effectively trap and deliver cargo, and the remaining underivatized silanol groups
that can be used for protein attachments. The NV-MSN system that has satisfactory coverage for
high loading and spare silanols was chosen, and transferrin (Tf) was integrated into the system.
Abiotic studies were performed to test the operation of the nanovalve in the presence of the
protein. In vitro studies were carried out to demonstrate the autonomous activation and function of
the nanovalves in the system under biological conditions. Enhanced cellular uptake of the Tf-
modified MSNs was seen using fluorescence microscopy and flow cytometry in MiaPaCa-2 cells.
The MSNs were then tested using in SCID mice, which showed that both targeted and untargeted
NV-MSN systems were fully functional to effectively deliver cargo. These new multifunctional
nanoparticles serve proof of concept of nanovalve functionality in the presence of large proteins
and demonstrate another dimension of MSN-based theranostic platforms.
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1. Introduction

Mesoporous silica nanoparticles (MSNs) have shown great promise for biological
applications as a drug delivery system because they are nontoxic, easily functionalized, and
possess high surface areas.[14] MSNs are able to contain and protect therapeutic agents
inside the mesopores when the pore openings are controlled by nanovalves. In addition, the
exterior surface can simultaneously contain targeting ligands to enhance cellular nanocarrier
internalization. Two different approaches for improving the therapeutic delivery of MSNs
have been previously shown: mechanized pore control, and targeting ligands. With the
diverse silane chemistries available, a variety of nanomachines can be covalently attached to
MSNs. These mechanized MSNs are activated only upon a certain stimulus (light, enzyme,
redox, magnetic field, pH) to remove the pore capping agent and enable the MSN contents
to diffuse out, thereby achieving spatial and temporal control of the delivery of
therapeutics.[>71 pH-sensitive activation is of special interest as delivery can be
autonomously activated in vitro and in vivo, due to the acidic conditions of the lysosomal
compartments. These nanovalves remain closed at physiological pH (7.4), protecting and
trapping the cargo. When the MSNs are endocytosed by cells and enter the lysosome (pH <
6), the pH-sensitive nanovalve will be activated— opening and releasing its contents to
provide a stimulus-responsive and autonomous release of therapeutics. Many other MSN-
based systems have applied pH-sensitivity to other pore-capping strategies, such as
polymers, proteins, and peptides.[8-1°]

Nanocarrier delivery can also be enhanced by derivatizing the MSN surface with
biologically active targeting molecules (e.g. folate, RGD, transferrin) that increase the
endocytosis of MSNs into cancer cells overexpressing receptors for such molecules.[16-19]
These molecules incite biological responses from the cancer cell that increases NP
endocytosis relative to their untargeted counterparts. Various cancer cell types express
upregulated transferrin receptors (TfR) due to the higher iron requirement for cell
proliferation.[20-22] |ron is carried into the cell by the 79 kD transmembrane protein,
transferrin (Tf), which can be exploited to increase delivery payload of therapeutics and
maintain a localized region of treatment. Our group as well as others have successfully
shown the enhanced delivery of therapeutics by transferrin-modified nanoparticles that
induce receptor-mediated endocytosis in cancer cells.[17: 23-28] We have demonstrated the
enhanced delivery of delivery hydrophobic drugs (camptothecin, taxol) with the folate- and
transferrin-modified MSNSs, relying on the hydrophobic and hydrophilic forces to retain the
hydrophobic cargo inside the MSN as it travels through the aqueous cellular media.
However, if pore control and targeting functions can be integrated, we can fabricate a
delivery system that synergistically delivers hydrophilic cargo in a localized and controlled
manner.

In this paper, the design, fabrication, and operation of a multifunctional MSN delivery
system that simultaneously contains fluorescent molecules, targeting proteins, and pH-
sensitive nanovalves are presented. The nanovalves can autonomously activate and deliver
hydrophilic cargo when exposed to a pH lower than 6 even in the presence of a 79 kD
protein. The system is optimized and tested abiotically, demonstrating the successful
operation of a nanovalve in the presence of the bulky targeting protein. The transferrin
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protein slightly impedes the release of cargo, but in vitro testing with human pancreatic
cancer cells (MiaPaCa-2) shows an enhanced delivery of doxorubicin (Dox) and cell killing.
An in vivo study using SCID mice xenografts was subsequently carried out and showed
successful delivery of Dox by using MSNs compared to that of the free drug. However, the
transferrin targeting particles did not improve delivery compared to the untargeted particles
because the impeded release of cargo counteracted the targeting.

2. Results and Discussion

2.1. Design, synthesis, and testing of pH-responsive nanovalves

In order to design a system that includes both targeting and pH-sensitive functionalities, a
simple and sensitive nanovalve system that could be easily integrated into a well-established
targeting scheme was chosen.[29] The nanovalve is composed of an aniline-based stalk that
is grafted onto the surface of the nanoparticle, which forms an inclusion complex with a-
cyclodextrin (a-CD) via hydrophilic and hydrophobic interactions to seal cargo inside the
pores at neutral conditions. When exposed to acidic conditions, the phenyl amine is
protonated (pK, ~ 6) and the binding constant between the stalk and a-CD dramatically
decreases, causing the cyclic sugar to de-bind and allow the cargo to diffuse out.

The first task was to optimize the nanovalve-MSN system in the presence of the targeting
agent. There are a limited amount of silanol groups on the external surface of the MSNs,
which made it necessary to adjust the relative surface coverage to simultaneously
accommodate the nanovalve and a protein-coupling agent. Determining the appropriate
amount of nanovalves necessary for sufficient pore capping and targeting was crucial in
order for the two modalities to work synergistically. Therefore three different MSNs systems
(Nanovalve-1, Nanovalve-2, Nanovalve-3) were synthesized that contained 50%, 85%, and
100% of the concentration for maximum surface coverage of nanovalves (Scheme 1). The
nanovalves were grafted onto the surface via silanol exchange in dry toluene.

To confirm the nanovalve attachment and determine quantity of surface coverage, solid-
state 13C and 2%Si CPMAS NMR spectroscopy and thermogravimetric analysis were
preformed. The 13C CP/MAS SSNMR spectrum shows characteristic peaks in the aliphatic
region from the propyl and methoxy groups, and four phenyl peaks in the aromatic region
(Figure S1). Analysis of the 29Si CP/MAS SSNMR spectrum show peaks in the T and Q
regions, which are attributed to the silicon atoms in the bulk silica (Q region) and the silicon
atoms from the surface-functionalized nanovalves (T region) (Figure S2). TGA showed the
quantitative differences of the surface coverage, which confirmed the various quantities used
in the synthesis of the nanovalve (NV-1, 6.98; NV-2, 7.82; NV-3, 8.27 % wt). As expected,
the more thread used in the synthesis, the higher the weight percentage, and thus the greater
number of nanovalves on the particle surface.

The new NV-MSN systems were loaded with doxorubicin (Dox), a water-soluble and
widely used anticancer drug, to determine the behavior of the nanovalve as a function of
surface coverage. Dox has a bright red fluorescence under laser stimulation (Agx = 480 nm;
Aem = 560-590 nm), which makes it convenient to detect in release experiments. After
loading, the nanoparticles were capped with a-CD and the excess dye was washed away
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with water until the supernatant was clear. Dox functions by inhibiting the progression of the
enzyme topoisomerase Il and can induce severe adverse effects such as life threatening heart
damage. Many approaches to deliver Dox to target cancer cells in order to reduce its toxicity
have been investigated, such as liposome-encapsulated forms Doxil, Caelyx, and
Myocet.[30-31]

The three NV-MSN systems were tested abiotically using real-time continuously monitored
fluorescence spectroscopy. To measure the amount of cargo that could be trapped by the
different concentrations of nanovalves as well as to determine each sample's loading
capacity, small amounts of dry Dox-loaded NV-MSNs were placed in a cuvette that was
then filled with water. The fluorescence of the supernatant was monitored as a function of
time before and after acidification. The initial flat baseline shows no increase of
fluorescence (hour 0-1), indicating that the cap is tightly secured onto the stalk and there is
no premature release of cargo (Figure 3). The nanovalve is activated in the aqueous solution
by adjusting the pH to 5.5, which causes the amine groups on the nanovalves to become
protonated and thus decrease the binding constant between the stalk and a-CD. The bulky
CD dissociates from the stalk and enables the cargo to diffuse out. The movement of the
cargo from the particles into the bulk solution is quantified by monitoring the increase of
fluorescence of the supernatant in real time. When each release was complete, an aliquot of
the supernatant was removed and analyzed by UV-vis. The quantity of Dox released in the
pH = 6 solution was calculated using Beer's law, and these data were later used to normalize
the release profiles to one another. The release capacities were dependent on the quantity of
surface functionalizations on the MSNs. The NV-3 had the highest release capacity of 1.2%
wt, while NV-1 had the lowest (0.2% wt), and sample NV-2 had a release capacity of 0.5%
wt.

The quantity of cargo released from the NV-MSNSs was directly related to the extent of
nanovalves on the surface and the rate was dependent on the amount of cargo released. In
order to be effective at holding cargo, the nanovalves must block both ends of the hexagonal
pore openings on the MSNs. As the surface coverage of nanovalve decreased, the loading
capacity and release rate were lowered because there were fewer capped pore channels to
hold cargo. The trend of release rate was NV-3 > NV-2 > NV-1, which corresponds to the
relationship between nanovalve surface coverage and loading capacity of the MSN.
Complete release of NV-1 is achieved in 3.5 hours, evidenced by the intensity. The profile
of NV-2 begins to plateau at 5 hours, and the NV-3 sample still has a nonzero slope at hour
6. It can be concluded that the new NV-MSN systems work, but suffer consequences from
decreased quantity of nanovalves on the surface. NV-2 has a release that is 20% less than
that of the full coverage sample, but NV-1 is only about 35% (NV-3). The NV-2 MSN
system was chosen to be the optimum value to be able to accommodate the Tf while
maintaining a relatively large release capacity for cargo.

2.2. Integrating pH-responsive nanovalves and Tf targeting into MSN system

The targeting component was attached to the chosen NV-2-MSN system by functionalizing
the particles with the thiol-terminated silane, 3-mercaptopropyltrimethoxysilane (MPTMS),
to serve as the protein-coupling agent. The M-NV-MSNs were loaded with Dox and capped
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before the protein was attached. Finally, transferrin (Tf) was covalently bonded to the
nanoparticle by the thiol-disulfide exchange. The thiol-terminated particles are suspended in
and added drop-wise to a protein solution and adjusted to a basic pH with NaHCO3. Under
basic conditions, the thiolate anion forms and exchanges readily with the disulfide bonds in
the protein.[32] By attaching the Tf last, the denaturation of the protein is limited because the
synthetic steps to attach the nanovalves would expose the protein to non-ideal conditions,
such as nonpolar solvents and heat.

The assembled Tf-NV-MSNs were characterized by three methods. TEM imaging showed
that the porous structure of the nanoparticle was preserved even after extensive surface
modifications. Because electron microscopy cannot image small molecules or proteins on
the particles’ surface without staining, the apparent diameters of the nanoparticles did not
appear to change after the surface modifications (Figure S2). Dynamic light scattering
(DLS) was performed to ensure the nanoparticles were well suspended and monodisperse
for biological studies. DLS showed the NV-MSN sample had an average hydrodynamic
diameter of 108 nm, while the protein-modified MSN had a diameter of 117 nm (Figure
S3). The increase in the average hydrodynamic radius (9 nm) is consistent with the addition
of a protein (~ 6 nm) and the nanovalve on the surface of the MSN. Thermogravimetric
analysis (TGA) shows the total surface coverage of both protein and assembled nanovalve
was approximately 9% wt and degrades between temperatures 120 and 400 °C (Figure $4).

To verify the presence of Tf on the nanoparticles, a modified Bradford assay was preformed.
Nanoparticles with and without protein modification were treated with the dye Comassie
Brilliant Blue and the samples’ supernatants were analyzed by UV/vis absorption
spectroscopy. The dye primarily exists in its green form (Amax = 650 nm), but will bind to
the protein, shifting the dye to its a blue form (Amax = 595 nm). The absorption spectrum of
aqueous Comassie Brilliant Blue shows two peaks at 470 and 650 nm that are indicative of
the two unbound forms, while the peak at 595 nm for its bound form is absent. Upon adding
a suspension of Tf-MSNSs, the solution turned blue and the absorption spectrum only
exhibited a broad peak at 595 nm, diagnostic of the dye binding to protein (Figure S5).
Moreover, the supernatant of the Tf-MSN solution was measured and there was a negligible
amount of absorbance at 650 nm. As a control, unmodified MSNs were also assayed and did
not exhibit any bound protein peaks in the spectrum. These data suggest that Tf proteins are
on the MSNSs and are not in solution.

In order to understand the behavior and operation of the nanovalve in the presence of the Tf
protein, abiotic studies were performed using the aforementioned fluorescent spectroscopic
technique. After the pH was adjusted to 5.5, the release profile Dox was obtained. Profiles of
the MSNs with and without protein modification show successful release of Dox that
confirm the nanovalves’ operation with large proteins on the surface.

The two sets of nanoparticles show successful activation of the nanovalve with release of
cargo and demonstrate different release kinetics as seen in Figure 2B. The Tf-modified
NV-2-MSNs exhibit some impedance of cargo diffusion from the pores— the release rate at
slightly acidic pH is considerably slower than that of the NV-2-MSNSs. The cargo is not fully
released even after 13 hours, which can be attributed to the protein delaying the diffusion of
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the cap and cargo from the pores. The MSNs with only the nanovalve have a faster rate of
release; 90% of the cargo is in the solution after 4 hours (Figure 2B, black trace). Because
Dox is positively charged, the cargo can be electrostatically adsorbed to the surrounding
proteins, slowing and hindering the diffusion process as the cargo leaves the pore. We have
also observed a similar effect in samples with both polymer coatings and nanovalves on the
silica surface.[3%]

However there is a negligible difference in the overall loading capacities of both materials.
Dox-loaded nanoparticles were treated with a strong acidic solution (pH = 1) to release the
MSNs’ entire contents. The solution was buffered back to neutral pH, the UV-vis absorption
spectrum of the supernatant was measured, and the concentration of the drug was calculated
via Beer's law. The Dox-loaded NV-MSNs have a loading capacity of 2.5 % wt, while the
Tf-NV-MSNs have a loading capacity of 3.8 % wt (Figure S7). The loading capacity of the
Tf-NV-MSNs is slightly higher, which can be attributed to the modified loading method that
is used to protect the transferrin.

2.3. Enhanced Cellular Uptake of Tf-modified MSNs

After the MSNs were optimized as described above, in vitro studies were carried out to test
the efficacy of the targeting agent in a pancreatic cancer cell line, MiaPaCa-2. The MSNs
were synthesized and fluorescently labeled with fluorescein via a co-condensation method.
Cells were incubated with MSNs with and without Tf modification for 24 hours, and
subsequently washed with phosphate-buffered saline (PBS) solution to remove the excess
MSNSs. The cells were imaged via fluorescence microscopy, which showed that the MSNs
(green fluorescence, fluorescein) were located within the cell (red fluorescence, WGA-
Alexa Fluor 594 stain) (Figure 5A). The Tf modification on the cellular uptake resulted in
enhanced uptake, shown qualitatively by the increase of cellular fluorescence by the Tf-
targeted MSNSs. Flow cytometry was performed to confirm and quantify the observed
enhanced uptake of Tf-modified nanovalves inside the MiaPaCa-2 cells. As shown in
Figure 5B, the amount of internalized Tf-MSNs is significantly higher than that of the
MSNs without targeting agent. These results are explained by the overexpression of
transferrin receptor (TfR) on the MiaPaCa-2 cancer cells, which facilitates the recognition
and binding of the Tf-modified MSNs, thereby increasing the intracellular uptake.

2.4. Intracellular release of fluorescent dyes

The MSNs were loaded with fluorescent model cargo molecules to demonstrate the
autonomous activation and function of the nanovalves in biological conditions, after the
enhanced cellular uptake of Tf-modified MSNs was established. For this purpose two
fluorescent dyes were used. Membrane impermeable propidium iodide (PI), and membrane
permeable Hoechst 33342 (Hoe) were used as guest molecules in MSNs with and without
the targeting protein. As Pl is impermeable to lysosome membranes, it is unable to stain the
cell nuclei if the nanovalves open inside the acidic lysosomes. Conversely, once Hoe is
released, it can cross the lysosomal membrane easily and stain the nuclei. If P is released
into cytosol, it will stain the nuclei by intercalating into the DNA. Two cell lines (HFF,
PANC-1) were cultured overnight with dye-loaded MSNs on a Lab-Tek chamber slide
system (Nalgel Nunc International) to allow for cellular uptake, cargo release, and staining.
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As shown in the Supplemental Information, the Hoechst dye was released and the cell nuclei
were stained bright blue, for the both sets of MSNs (Figure S6A). It should be noted that the
Tf-NV-MSNSs show a brighter staining that is indicative of enhanced uptake by targeting.
Alternatively when Pl is employed as cargo, there are no observable cell nuclei staining with
the same length of treatment. Even though the acidic environment of the lysosomal
compartments causes release of Pl, all of the released Pl molecules are confined in the
lysosomes due to the membrane impermeable nature of PI.

It is also possible the observed nuclei staining with Hoechst-loaded MSNs simply might be
due to leakage of dye from the pores before the cellular uptake even occurs. To rule out this
possibility, MiaPaCa-2 cells were incubated with dye-loaded MSNs for 3 hours (Chamber
1); the supernatant was collected, and then used to treat cells in another chamber (Chamber
2) for 30 minutes before being subjected to fluorescence microscopic examination. If the
dye had leaked from the MSNs before their cellular uptake, the dye should be in the
supernatant and would be able to stain the cells in Chamber 2. In Figure S6B, the cells in
Chamber 1 show brightly stained nuclei but there is no detectable staining in Chamber 2,
proving that leakage is negligible.

These experiments prove that the NV-MSNSs can release cargo in the lysosomes and stain
the nuclei. However, the intracellular dye release observed is not necessarily due to the
lower pH environment in the lysosomes; other unexpected stimuli could exist within a
complex biological system. To prove the nanovalve activation is due to the acidic
environment of the lysosome, the acidity of lysosomes was altered by using a proton
inhibitor Bafilomycin Al (Baf). Cells were treated with 160 nM Baf for 6 hours before the
dye-loaded NV-MSNs were added to the cells. To examine the effect of Baf on the de-
acidification of lysosomes, acridine orange (AO) staining was performed (Figure 4). AO is
a fluorescent weak base that is frequently used as a probe for monitoring the acidification of
organelles. In neutral or alkali environments it emits a green fluorescence, but when exposed
to acidic compartments, it is ionized and it emits red light. In the untreated cells, red
fluorescence was observed inside discrete cytoplasm organelles, indicating that the AO had
accumulated in acidic organelles. However, the red fluorescence dramatically decreased
after 6 hours of Baf treatment, indicating that the Baf had increased the pH of the lysosomes
in the MiaPaCa-2 cells. NV-MSNs loaded with Hoechst dye were added to the cells and
incubated for an additional 12 hours before examination by fluorescence microscopy. As
shown in Figure 4, the treatment with Baf completely prevented the release of Hoechst from
nanovalves, demonstrated by the lack of nuclear staining, as compared to the bright staining
of the cells unexposed to Baf. This directly proves that the intracellular release of dye from
MSNs was triggered by the acidity of the lysosomes.

2.5. Intracellular anticancer drug release from nanovalves

The previous experiments with fluorescent cargoes clearly demonstrate the pH-activated
intracellular cargo release. To prove the synergistic cell killing effects of applying both pore
control and targeted delivery, Dox was loaded into the NV-MSNs and tested in cancer cells.
MiaPaCa-2 cells were incubated with fluorescein-labeled NV-MSNs for a range of 3 to 24
hours, washed with PBS, fixed with cold methanol, and examined by fluorescence
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microscopy. The NV-MSNs (green fluorescence) incubated for 3 hours primarily co-localize
with Dox (red fluorescence) and are distributed within lysosomes, primarily in the
perinuclear areas (Figure 5). However after 12 hours of incubation, the red fluorescence of
Dox no longer co-localized with green NV-MSNSs but was observed in the nuclei. These
images are is indicative of the drug exiting the lysosome and entering the nucleus, which is
essential for the drug to be effective at cell killing.

Subsequently, the MSN systems were tested to determine if the Tf targeting agent and
nanovalve functionalizations would deliver Dox more efficiently than with only the
nanovalve on the surface. MiaPaCa-2 cells were treated with NV-MSNs (with and without
transferrin) loaded with or without Dox for 72 hours. The cells that survived were counted
with a WST-8 cell counting kit. Figure 6 shows the MSNs modified with the nanovalve
alone did not induce proliferation suppression to cells, while Dox-loaded NV-MSNs showed
a significant cytotoxic effect even at very low concentrations (green trace). The Tf-NV-
MSNSs (blue trace) were even more effective at increasing cell cytotoxicity. The nanovalve is
able to autonomously open and deliver Dox in the presence of the bulky protein, while
transferrin is increasing the cellular uptake of the MSNs to focus its delivery. These data
demonstrate the synergistic effects at work to deliver cargo more effectively.

2.6. In vivo anticancer effect of doxorubicin-loaded nanovalves

Successful in the in vitro model, the MSN system was tested in an in vivo model to
understand the effectiveness of the nanovalve and targeting functions in an animal model.
To establish human cancer xenografts, 5x108 MiaPaCa-2 cells were subcutaneously injected
into the right lateral abdominal wall of the SCID mice. Mice were randomly divided into the
treatment groups in each experiment after the tumors approximately 3 mm in diameter were
palpable. Four mice bearing subcutaneous tumors approximately 8 mm in diameter were
injected via tail vein with Dox-loaded MSNs, suspended in saline solution. After 4 and 24
hours, the mice were anesthetized, placed in the chamber of a Maestro 2 in vivo imaging
system, and optic light and green fluorescent images were obtained. As shown in Figure 7A,
a strong green fluorescence signal was detected in tumors of the mice treated with MSNs at
4 hours and 24 hours after the injection, indicating the accumulation of nanoparticles in
tumors. After euthanasia, the tumors were collected and all tissues were analyzed by
fluorescence imaging. The red fluorescence signal was observed from the tumors in the mice
treated with Dox-loaded MSNSs, but no signal was observed in mice treated unloaded MSNs
(Figure 7B).

Next, 25 SCID mice with established xenografts of MiaPaCa-2 were randomly divided into
5 groups (n=5), and intraperitoneal injections of MSN solutions began after the average
tumor diameter reached 3 mm (141" day after inoculation). Animals in the first group
received saline solution as control, Group 2 was treated with free Dox, Group 3 was treated
with unloaded NV-MSNs, Group 4 was treated with NV-MSNs loaded with Dox, and Group
5 was treated with Tf-NV-MSNs loaded with Dox (the final concentrations of Dox were the
same as Group 2). All injections were done twice per week until the end of the experiment
(the 28! day). The average body weights are unchanged, which shows that there is no
significant toxicity of MSN systems to the mice (Figure S7).
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The tumors in the control group (Group 1) and unloaded NV-MSN group (Group 3) kept
growing—showing the MSNs themselves did not affect the tumor growth in mice (Figure
7C). Tumor growth inhibition was significant with the administration of free Dox (Group 2).
The mice treated with Dox-loaded NV-MSNs (Group 4) and Dox-loaded Tf-NV-MSNPs
delivered to the mice in Group 5 also showed significant tumor suppression, demonstrating
the effective autonomous delivery of Dox inside the tumor. Targeting effects are negligible,
as the average tumor volume is within the statistical error of the untargeted MSNs. The
results of the hematology and serology examinations are summarized in Table 1 (Figure
S8). The blood test from the mice of Group 2 and 4 showed mild bone marrow suppression
without significant alteration of liver function or renal functions, which indicates the safety
of the whole experiment.

These in vivo experiments demonstrate that the nanovalve-modified MSNs are adept at
trapping and autonomously releasing cargo in xenograft tumors. The similarity between the
therapeutic efficacies of the targeted and untargeted nanoparticles suggests complex in vivo
effects. Possibilities include a simple screening effect in which local proteins block the
transferrin protein from being sensed by the Tf receptors of cancer cells, or complex
interactions with blood cells, such as erythrocytes and macrophages, that can prevent the Tf-
NV-MSNs from reaching the tumor site and passing through intraepithelial gap of
capillaries in the tumors.[34 Another possible explanation is that two competing effects are
at play: the active targeting of the protein and the delayed release of cargo (Figure 4C). As
previously discussed, it is probable that the targeting is active, but the impeded release
greatly reduces the delivery of cargo and its efficacy. Further in vivo studies are necessary to
evaluate the exact nature of this phenomenon in order to optimize the effect of transferrin
targeting to enhance tumor shrinkage. This study demonstrates that both types of pH-
sensitive MSNs are more effective for in vivo delivery of doxorubicin than the free drug
counterpart.

3. Conclusion

In summary, we have designed and optimized a multifunctional MSN system that has
demonstrated the operation of a pH-sensitive nanovalve in conjunction with transferrin as a
targeting agent. Abiotic studies of the MSN system show efficient loading and pH-activated
release of doxorubicin in the presence of the large Tf protein, and the release profiles
demonstrate that the release Kinetics are slower than that of MSNs without the protein.
Cellular studies prove that the delivery of cargo is due to the pH activation of the nanovalves
in the acidic lysosomes. Fluorescence microscopy images show that membrane permeable
cargo can stain the nuclei, while cargo that is membrane impermeable remains in the
endosome. The activation of the nanovalve is due to the acidic nature of the endosome—
treatment of Baf to prevent the acidification of the lysosomal also prevents valve opening
and cargo release. The cell cytotoxicity assays show the MSN delivery of Dox is more
effective than free drug, and targeting by Tf increases its efficacy, especially at low
concentrations. In vivo studies were carried out to demonstrate the effective pH-responsive
MSNs in SCID mice. The effect of targeting was negligible, which can be attributed to the
phenomena of delayed delivery or local proteins shielding the effect of transferrin in the
body. To our knowledge, this is the first operation of a pH-sensitive nanovalve-MSN system
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in vivo.[3%] This study demonstrates that autonomously operating nanovalves function as
designed in the presence of a bulky protein targeting agent not only in solution, but also in
vitro and in vivo models.

4. Experimental Section

Materials

All reagents were used as received without further purification. 3-
Aminopropyltriethoxysilane (APTES, 99%), p-anisidine (= 99%), cetyltrimethylammonium
bromide (CTAB, 90%), a-cyclodextrin (a-CD, 98%), doxorubicin (98%), fluorescein
isothiocyanate (FITC, 90%), bisBenzimide H 33342 trihydrochloride (Hoechst 33342,
>90%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES buffer, 0.05 M),
propidium iodide (Pl, 95%), tetraethyl orthosilicate (TEQOS, 90%), transferrin (Tf, =98%)
and 3-(trihydroxysilyl)propyl methylphosphonate monosodium aqueous solution (HTMP,
42%) were purchased from Sigma. 3-lodopropyltrimethoxysilane (IPTMS, 90%) and 3-
mercaptopropyltrimethoxysilane (MPTMS, 90%) was obtained from Gelest. Triethylamine
(99.5%, EMD), ethanol (200 proof, Pharmaco-AAPER)

General Methods

Transmission electron microscopy (TEM) images were obtained using a JEM1200-EX
(JEOL) instrument. UV-vis spectra were collected by a Cary 500 UV-vis-NIR
spectrophotometer. The fluorescence release profiles were recorded by an Acton Spectra Pro
2300i CCD and excited by a CUBE 445-40C (Coherent Inc., Santa Clara, CA, USA)

laser. 13C CPMAS NMR spectra were obtained by a Bruker DSX-300 MHz Spectrometer
with a 4 mm double resonance Bruker probe head, used with Zirconium oxide 4 mm rotors
and Kel-F caps. Thermogravimetric analysis (TGA) was performed by a Pyris Diamond
TG/DTA (Perkin-Elmer Instruments). DLS and zeta potentials were measured by ZetaSizer
Nano (Malvern Instruments Ltd., Worcestershire, U.K.).

Synthesis of MSNs

An aqueous solution of CTAB (0.25 g, 0.7 mmol) and NaOH (875 pL, 2 M) was heated to
80 °C. TEOS (1.2 mL) was added to the ethanolic solution, and then added to the heated
solution drop-wise. After waiting 20 minutes, 300 uL of HTMP was slowly added into the
solution and aged for 2 hours. Once the solution was cooled, MSNs were collected by
centrifugation, and washed with methanol. The surfactant was removed by refluxing in an
acidic methanol solution overnight, washed with MeOH, and subsequently resuspended in
the desired solvent. To fluorescently label the MSNSs, a separate flask containing FITC (3
mg), APTES (6 pL), and ethanol (dry, 1.5 mL) was reacted under nitrogen for 2 hours. This
solution was added to the TEOS prior to being condensed in the hot CTAB solution.

Surface Functionalizations

The nanovalves and protein-coupling agent were covalently attached to the surface of the
MSNs by refluxing the silanes and MSNs overnight in dry toluene. In order to synthesize the
nanovalve, MSNs were first derivatized with 3-iodopropyltrimethoxysilane and
subsequently coupled to p-anisidine. For the three nanovalves systems (Nanovalve-1,
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Nanovalve-2, and Nanovalve-3), differing quantities (15 uL, 25 uL, 30 uL, respectively) of
IPTMS were used for 100 mg of MSNs in 10 mL of toluene. The solution was cooled and
washed with additional aliquots of toluene. The iodo-functionalized NV-2 MSNs were then
suspended in 10 mL of dry toluene and refluxed overnight with p-anisidine (120 mg) in the
presence of triethylamine (450 pL). The NV-MSNs were consequently scaled with respect to
the quantity of IPTMS. Again the solution was cooled and washed with toluene to remove
unreacted materials. To prepare for the protein attachment, the NV-MSNs (100 mg) were
subsequently modified with the MPTMS (7 pL) by refluxing overnight in toluene (10 mL)
and washed with toluene, methanol, and suspended in water. TGA and solid state NMR
confirmed the surface functionalizations.

Cargo Loading and Capping

Cargos (Hoechst, PI, Dox) were loaded into the MSNs by suspending 25 mg of MSNs in a
concentrated solution (Hoe and PI: 1 mM, Dox: 4 mg/mL) and left to stir overnight. The
nanoparticles were capped by adding a-CD (50 mg) and stirred for 24 hours. The MSNs that
did not require any further modifications were thoroughly washed with water until the
supernatant ran clear. MSNs that needed Tf-modification were washed only twice to prevent
any loss of cargo by excessive washing.

Protein Attachment

Transferrin was covalently attached to the surface of the loaded and capped mercapto-
modified NV-MSNs (M-NV-MSNSs) by first suspending 25 mg in 1 mL of water. The
suspension of nanoparticles was slowly added drop wise to a stirring solution of transferrin
and HEPES buffer (1 mg/mL). Finally a 0.8 M NaHCO3 (0.4 mL) was added for the
reaction to proceed. The solution was capped and sealed in foil to prevent light exposure,
and let stir for 4 hours at room temperature. The Tf-MSNs were carefully collected by
centrifugation and washed several times with HEPES. To confirm the protein was on the
nanoparticle, a modified Comassie assay was preformed and analyzed by absorption
spectroscopy. Comassie blue typically absorbs at 595 nm, but will shift to 650 nm when
exposed to protein. The suspension of Tf-MSNs absorbed at 650 nm but the measurement of
the supernatant did not, indicating the Tf is on the MSN and not just in solution. The
absorption spectra of the supernatant and suspension of MSNs with the Comassie assay were
not red-shifted.

Abiotic Studies

To confirm the function and operation of the nanovalves, aqueous release studies were
preformed on the MNSP systems. Samples loaded with cargo (5 mg) were carefully placed
in the corner of a cuvette and filled with water (7 mL). A probe beam (448 nm) was used to
excite the emission of the cargo being released in the bulk water and its fluorescence was
continuously monitored by a spectrophotometer in real time. Once a flat baseline was
obtained to show no leakage, the solution was adjusted to a pH of 5.5 to activate the acid-
sensitive nanovalves. The supernatant of the solution was measured by UV-vis spectroscopy
to calculate the loading capacity and to normalize the different release profiles.
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Human cancer cells, MiaPaCa-2, were obtained from the American Type Culture Collection
and were maintained in Dulbecco's modified Eagle's medium (DMEM) (GIBCO)
supplemented with 10% fetal calf serum (Sigma, MO), 2% L-glutamine, 1% penicillin, and
1% streptomycin stock solutions. The media were routinely changed every 3 days, and the
cells were passaged by trypsinization before confluence.

The MNSPs emit a green fluorescence when excited at 470 nm because of fluorescein
(FITC) dye co-condensed within the silica matrix. Acridine Orange (AO) was used to
monitor the acidic intracellular organelles. Cells were cultured on a Lab-Tek chamber slide
system (Nalge Nunc International) overnight. After being incubated with MSNs for 3 hrs,
the cells were washed with PBS, and incubated with 6 uMAO for 1 hr in DMEM without
phenol red and washed with PBS, then examined with confocal microscopy (Aey = 470 nm)
(Carl Zeiss LSM 310 Laser Scanning Confocal microscope). The cellular uptake and
subcellular distribution of Doxorubicin-loaded nanovalves can be easily monitored using
fluorescence microscopy since Dox exhibits bright red fluorescence under laser stimulation
(excitation at 480 nm; emission maximum at 560-590 nm). MiaPaCa-2 cells were incubated
with either Dox-loaded NV-MSNs or NV-MSNs for 3 hours or 12 hours at 37 °C and the
fluorescence distribution was examined using a fluorescent microscope.

Cell Death Assay

The cytotoxicity assay was performed using a cell counting kit from Dojindo Molecular
Technologies, Inc. Briefly, cancer cells were seeded in 96-well plates (5000 cells/well) and
incubated in fresh culture medium at 37 °C in a 5% C04,/95% air atmosphere for 24 hours.
The cells were then washed with PBS, and the medium was changed to a fresh medium with
indicated NVV-MSNs at indicated concentrations. After the indicated incubation period, the
cells were washed again with PBS. Then, 10% WST-8 solution in 100 pl of DMEM was
added to the wells, and incubated for another 2 hours. Finally, the absorbance of each well
was measured at 450 nm with a plate reader. Since the absorbance is proportional to the
number of viable cells in the medium, the viable cell number was determined using a
previously prepared calibration curve (Dojindo Co.).

Flow Cytometry

Flow cytometric analysis was used to detect the fluorescent signal of MSNs internalized by
human cells. The cells treated with MSNs for 24 hours were collected, washed with PBS,
and analyzed with a fluorescence-activated cell sorter (Caliber, Becton Dickinson).

Human Cancer Xenograft Establishment

5x106 human pancreatic cancer cells, MiaPaCa-2, collected in 0.2 mL DMEM, were s.c.
injected into the right lateral back of the SCID mice (Charles River). Mice were randomly
divided into treatment or vehicle groups in each experiment after the tumors of approximate
3 mm in diameter were palpable.
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Biodistribution of NV-MSNs

4 SCID mice bearing subcutaneous tumors approximately 8 mm in diameter were injected
via the tail vein with NV-MSNs loaded with doxorubicin suspended in saline solution. After
4 hours and 24 hours, the mice were anesthetized, placed in the chamber of a Maestro 2 in
vivo imaging system (CRi, MA), and optic light and green fluorescent images were
obtained. After euthanasia with CO5, the tumors were collected, embedded, frozen,
processed to 4 um slides by our Tissue Processing Core Lab (TPCL, UCLA). All slides were
then analyzed under a fluorescent microscope.

In Vivo Tumor Growth Assay

25 SCID mice with established xenografts of MiaPaCa-2 were randomly divided to 5 groups
(n=5), and the intraperitoneal injections (0.5 mg/0.2 mL per mouse) began when the average
tumor diameter reached 3 mm (14 day after inoculation). Animals in the first group
received saline solution as control (Group 1). Group 2 was treated with Dox only. Group 3
was treated with plain NV-MSNs without loading. Group 4 was treated with NV-MSNs
loaded with doxorubicin (the final concentration of Dox is the same as Group 2). Group 5
was treated with Tf-NV-MSNs loaded with Dox. All injections were performed twice per
week until the end of the experiment (the 28" day). Tumor volume and body weight were
monitored every other day, and tumor volume was calculated using the following formula:
tumor volume = (4/3) x3.14 x (L/2x W /2 x W/ 2), where L is the length and W is the
width of the tumor. At the final day, all mice were sacrificed and subjected to autopsy.
Blood was collected for serological and hematological examination, and the organs were
analyzed by a pathologist for histopathological examination.

Statistical Analysis

All results are expressed as means + SD. Statistical comparisons were made using Student's
t test after analysis of variance. The results were considered to be significantly different at P
value <0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synthetic schemes of acid valve assembly and incorporation of targeting agent. NVMSN
denote particles that are modified with nanovalve only, and Tf-NV-MSN are particles that
have both transferrin and nanovalve derivatizations.
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Figure 1.
Depiction of fully assembled Tf-NV MSN system: when the pH is adjusted to below 6, the

nanovalves open, and the MSNs’ contents diffuse out in the presence of transferrin.
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a) Release profiles for particles with 50%, 85%, and 100% acid nanovalve surface coverage
(respectively NV-1, NV-2, and NV-3). Capacity is dependent on the amount of surface

coverage to hold cargo. b) Release of NV-2 MSN delivery systems with and without protein
modification. Protein presence hinders release of cargo. All pH activations are performed at

pH of 5.
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Figure 3.
a) Fluorescence microscopy images of cell (red) and MSNs (green) show increased

fluorescence of the Tf-MSNs than the untargeted MSN, indicative of higher endocytosis of
Tf-MSN; and b) Flow cytometry of targeted and untargeted MSNs at two different
concentrations show Tf-MSNs have a significantly higher uptake.
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Figure 4.
Cells (green) are treated with acridine orange to detect acidic organelles (orange). Once

exposed to Bafilomycin (Baf), the organelles are no longer acidic and no orange
fluorescence is seen. Hoechst-loaded NV-MSNs show nuclear staining of cells (blue) but
after Baf treatment, the NVs are not activated and no staining is seen.
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Green Channel Red Channel

Figureb5.

Confocal images of Dox-loaded MSNs: the green channel represents the MSNs and the red
channel shows doxorubicin. At 3 hours, the Dox is contained in the MSNs located inside the
cell, but at 12 hours the nanovalves have been activated and the Dox has begun to stain the
cell nuclei red.

3 hours

12 hours
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Figure®6.
Cell proliferation assay was carried out with MiaPaCa-2 to observe the efficacy of the Tf-

NV-MSN drug delivery system. The MSN-systems without drug did not induce proliferation
suppression to cells at all. The Dox-loaded NV-MSNs and the Dox-loaded Tf-NV-MSNs
were similarly effective concentrations.
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Figure7.
a) Biodistribution of MSNs in mice with xenograft tumors. SCID mice bearing subcutaneous

human pancreatic tumors were injected via tail vein with MSNSs. 4 and 24 hours later, the
mice were anesthetized, subjected to Maestro 2 in vivo imaging system for green fluorescent
(MSNs) images. b) Tumors were collected, processed, and analyzed with fluorescence
microscope. Red fluorescence indicates doxorubicin in the tumors. ¢) 25 SCID mice with
established xenografts of MiaPaCa-2 were randomly divided to 5 groups (n=5), and the
intraperitoneal injections of MSN solutions began once the average tumor diameter reached
3 mm (141 day after inoculation). All injections were done twice per week until the end of
the experiment (the 28t day). The average tumor volumes are shown as means + the
standard deviation (SD).
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