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Abstract

Although a range of nanoparticles have been developed as drug delivery systems in cancer 

therapeutics, this approach faces several important challenges concerning nanocarrier circulation, 

clearance, and penetration. The impact of reducing nanoparticle size on penetration through leaky 

blood vessels around tumor microenvironments via enhanced permeability and retention (EPR) 

effect has been extensively examined. Recent research has also investigated the effect of 

nanoparticle shape on circulation and target binding affinity. However, how nanoparticle shape 
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affects drug release and therapeutic efficacy has not been previously explored. Here, we compared 

the drug release and efficacy of iron oxide nanoparticles possessing either a cage shape (IO-

NCage) or a solid spherical shape (IO-NSP). Riluzole cytotoxicity against metastatic cancer cells 

was enhanced three-fold with IO-NCage. The shape of nanoparticles (or nanocages) affected the 

drug release point and cellular internalization, which in turn influenced drug efficacy. Our study 

provides evidence that the shape of iron oxide nanoparticles has a significant impact on drug 

release and efficacy.
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A wide spectrum of nanoparticle-based drug carriers have been developed to release large 

doses of drugs in targeted locations, such as tumor sites, assuming nanoparticles can target 

them actively or passively.1, 2 Drugs can reach tumor sites as molecules diffuse through 

complex biobarriers created by an abnormal extracellular matrix (ECM) in the tumor 

microenvironment; however, nanoparticles typically remain at the near-vascularized regions 

of tumors.3, 4 While the characteristic feature of tumor microenvironment EPR allows 

nanoparticles to reach the vessel walls at the edge of tumor sites, they are still absent in the 

avascular region of the microenvironment due to an insufficient diffusion rate of larger 

nanoparticles (as compared to drug molecules) through the complex ECM.5 The strong 

affinity of nanoparticles to the ECM also prevents their penetration into the avascular area of 

the tumor.6, 7 From studies addressing the issue of deficient nanocarrier diffusion, 

researchers have observed that nanoparticles less than 50 nm in diameter improve 

biodistribution, clearance, and escape from phagocytosis as compared to larger 

nanoparticles,2, 8–13 Yet, the penetration of nanoparticles through biobarriers is not still 

efficient enough to translate into clinical applications.12, 14–16 Given this limitation, 

mechanisms for drug release at the tumor vasculature or at the ECM around the tumor need 

to be developed to reduce the distance the drug has to diffuse from the nanoparticles to the 

tumor tissue.5, 16 Despite the requirement of such a sophisticated release strategy, it is 

desirable to keep the nanocarrier structure as simple as possible for scale-up of nanocarrier 

production.16
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While the effect of nanoparticle size for drug delivery has been the focus of clinical 

nanotechnology studies, nanoparticle shape also has been explored. Studies have mostly 

examined solid nanoparticles and nanorods and found that nanoparticle shape significantly 

influences fluid dynamics, cellular uptake, and mechanical and binding properties in 

transvascular transport.12, 17–20 The impact of nanoparticle shape on drug release and 

resulting efficacy, however, has not been previously explored. As stated above, the point of 

drug release before endocytosis is important if high diffusion of drug molecules is required 

for targeting the tumor microenvironment through perivascular ECMs.

The surface area of nanoparticles is a key component to how nanoparticle shape affects 

drug-loading capacity and release. For a given nanoparticle size, a cage structure has a much 

larger surface area than a solid structure. Therefore, we compared the drug release and 

resulting efficacy from nanoparticles with and without an open-cavity (Fig. 1a). Inorganic 

nanocages have been developed that contain a single pore and are less than 15 nm in 

diameter which is within the size range pertinent to medical interests, particularly 

penetration of biobarriers, such as the blood-brain barrier (BBB).21 Most of these nanocages 

have been examined with respect to catalytic and optical properties related to medical 

imaging and thermo-therapeutics.22–29 Previously, mesoporous iron oxide nanoparticles 200 

nm in diameter were developed by etching pores for gene delivery application.30 Here, we 

specifically compared iron oxide nanocages (IO-NCages) and iron oxide solid spherical 

nanoparticles (IO-NSPs). Inorganic nanocages less than 15 nm in size can be fabricated by 

controlling crystalline face-dependent ion adsorption/desorption rates on seed 

nanocrystals.29 Through the ion exchange via this strategy, iron oxide nanocages can be 

generated in high yield and monodispersity.31 The iron oxide nanoparticle is one of the most 

pursued carriers and contrast agents in the theranostic field due to its low toxicity and 

characteristic size/shape-dependent magnetic property.9, 32, 33 Iron oxide nanoparticles have 

been approved to treat iron-deficiency anaemia and applied to reduce the early staging of 

lymph node metastases among prostate and testicular cancer patients.21

In our study, riluzole as a glutamate release inhibitor was incorporated into the IO-NCage 

cavity and attached onto the IO surface. Drug-incorporated IO-NCages and IO-NSPs in the 

size range of 15 ± 2.5 nm were subsequently capped by catechol-functionalized dextran for 

the comparison of drug release and efficacy (Fig. 1a). Iron oxide nanoparticles capped by 

dextran, a neutral and hydrophilic polymer (Fig. 1b), have been approved by the US Food 

and Drug Administration as MRI contrast agents.34 The porous nature of dextran,35 allows 

drugs to be released at a controlled rate. Riluzole was delivered to metastatic osteosarcoma 

cells via release from IO-NCages and IO-NSPs. This agent limits glutamate secretion from 

cells by blocking sodium ion channels,36 thereby preventing activation of glutamate 

receptors that utilize glutamate as a signaling molecule.37 Based on this blocking 

mechanism, metabotropic glutamate receptor-expressing tumor cells38 (e.g., those from 

breast cancer, melanoma, prostrate cancer and osteosarcoma) that secrete and utilize 

glutamate for enhancing their growth can be treated by riluzole (Fig. 1a).37, 39–41 Riluzole 

delivery to osteosarcoma cells by IO-NCages was two times higher compared to neat 

riluzole. Surprisingly, riluzole delivery by IO-NSPs was less effective than even neat riluzole 

treatment. The difference in drug delivery by nanoparticle shape depended in part on the 

point of drug release. Zeta potential analysis indicated that the IO-NCage screens the charge 
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of drug molecules by incorporating them in the cavity, important for the fate of localization 

around ion channels. Our data show that nanocarrier shape indeed influences the extent of 

efficiency of drug delivery.

To study the effect of nanoparticle shape on drug cytotoxicity, we first synthesized IO-

NCages in the size range of 15 ± 2.5 nm by etching cubic nanocrystal seeds via galvanic 

exchange reactions (Fig. 2).31 IO-NCages were then compared with commercially available 

IO-NSPs. TEM micrographs in Fig. 2a and 2b show the cage shape and hollow cavity of 

iron oxide nanocages and the electron diffraction pattern in Fig. 3c indicates the single 

crystalline nature of these nanoparticles. Riluzole was incorporated in the IO-NCages by 

incubating for 1 hour in DMSO and drug incorporation was confirmed by quantifying via 
HPLC. With the protocol used in this study, each IO-NCage and IO-NSP contains 30 

molecules of riluzole, quantified by the amount of riluzole molecules remaining in the 

supernatant. After the drug was encapsulated into the IO-NCages, the cavities were 

protected by a catechol-functionalized dextran capping agent (Fig. 1b). We chose to 

conjugate dihydrocaffeic acid (DHCA) with dextran for the stable capping of the IO-NCage 

cavity because the catechol group of DHCA has one of the highest affinities toward iron 

oxide.9, 42, 43 Dextran is porous, hydrophilic, and neutral polymer used to cap various 

commercially available nanoparticles for medical applications,44 This characteristic 

structure was expected to balance drug release and retention inside the nanocage cavity via 
controlling the thickness of coating.

Analysis of DAPI-staining showed that survival LM7 metastatic osteosarcoma cells in 

riluzole released from IO-NCages was 18%, almost two times lower than the survival of free 

riluzole-treated LM7 cells (39%; Fig. 3a, blue bars). To evaluate the effect of nanoparticle 

shape on drug efficacy, spherical IO-NSPs with no cavity, similar in size to the IO-NCages, 

were capped by DHCA-dextran after non-covalent attachment of riluzole molecules. IO-

NSPs containing 30 molecules of riluzole per nanoparticle were incubated with LM7 cells. 

Total number of surviving cells (DAPI-stained) in riluzole released from IO-NSPs was three 

times higher and even two times higher than that observed with IO-NCages and neat drug 

molecules, respectively (Fig. 3a, blue bars). The number of proliferating cells (Fig. 3a, green 

bars), positive for the Ki-67 assay, was consistently decreased compared to the trend found 

in DAPI-stained cells (i.e., proliferating LM7 cells in riluzole released from IO-NCages was 

18%, almost two times lower than the proliferation of free riluzole-treated LM7 cells as 

41%). The increased efficacy of riluzole treatment with IO-NCages was further confirmed 

by probing the number of TUNEL-positive apoptotic cells (Fig. 3a, red bars). In Fig. 3b, 

percentage of apoptotic cells was calculated by dividing the number of apoptotic cells by the 

number of DAPI-positive cells for each delivery method. Strikingly, 88% of the DAPI-

positive cells were TUNEL-positive in the samples treated with the riluzole-loaded IO-

NCages. In contrast, free riluzole-treated samples showed only 20% TUNEL positivity and 

only 13% of DAPI-positive cells were TUNEL positive for riluzole-loaded IO-NSPs.

These results show that riluzole released from IO-NCages was more cytotoxic against LM7 

cells compared to riluzole released from IO-NSPs or free riluzole. Neat IO-NCages and IO-

NSPs had little effect on total cell number and apoptosis. According to our findings, riluzole 

efficacy in LM7 osteosarcoma cell apoptosis cells can be enhanced when the drug is 
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released from IO-NCages, as compared to IO-NSPs, indicating that the shape and the 

structure of nanocarriers influence in drug delivery and resulting efficacy.

Riluzole molecules induce more apoptosis to cancer cells by blocking ion channels, 

preventing glutamate receptor activation on the plasma membrane.45 Supporting this 

apoptotic mechanism, our control study demonstrated that human lung fibroblasts (WI-38) 

were associated with reduced drug efficacy via IO-NCage delivery due to the diminished 

expression of glutamate receptors (Fig. S1). Proliferation of WI-38 cells (Fig. S1) was 

almost three times higher than that of LM7 cells (Fig. 3a) in the same riluzole-IO-NCage 

incubation (70% versus 24% respectively). The observation that WI-38 cells express 

glutamate receptors three times less than LM7 cells (Fig. S2) supports the hypothesis that 

the riluzole nanocage delivery is markedly less effective in WI-38 cells, as compared to LM7 

cells.

This apoptotic mechanism of receptor blockade suggests that riluzole efficacy depends on 

the point of drug release around cells. We hypothesized that the superior cytotoxic effect of 

riluzole with IO-NCages, as compared to the IO-NSPs, was due to the high payload and 

release of riluzole at the membrane of LM7 cells. To validate this hypothesis, we labeled IO-

NCages and IO-NSPs by FITC dyes and probed the location of nanoparticles around LM7 

cells after one hour of incubation. When dye-conjugated catechols were co-adsorbed with 

dextran-catechols in the consistent concentration on IO-NCages and IO-NSPs, respectively, 

confocal micrographs showed that IO-NCages localized on the membrane (Fig. 4a and b, 

upper panel) while IO-NSPs were incorporated into the LM7 cells (Fig. 4a and b, lower 

panel). Insets are confocal images of stained membranes depicting the corresponding 

focused plane in the z-direction. To quantify the difference of nanoparticle populations 

inside the LM7 cell, integrated fluorescence intensities in the center of nanoparticles in Fig. 

4b were normalized by integrated fluorescence intensity at the cell’s edge. After this 

normalization, fluorescence intensity of IO-NSPs was found to be 3.4 times higher than that 

observed for IO-NCages, supporting faster internalization of IO-NSPs in LM7 cells. This 

observation indicates that IO-NCages adhere to the membrane without cell penetration for a 

longer time, allowing the drug to be released directly to ion channels, while the IO-NSPs are 

quickly internalized into the cells, resulting in less effective receptor blockade (Fig. 4c).

Nanoparticle surface charge is a major factor regulating nanoparticle internalization. 

Recently, positively charged silica nanoparticles were reported to internalize into cells faster 

than negatively charged nanoparticles.46 In our work, the charge (as probed by zeta potential 

measurements) of riluzole-incorporated IO-NCages was more negative (0.08 ± 0.01) than 

that of IO-NSPs (1.5 ± 0.20 mV). These findings indicate that more positively-charged IO-

NSPs are quickly internalized, rendering the drug ineffective in blocking membrane ion 

channels (Fig. 4c). The data also suggest that IO-NCages have ability to screen charges of 

drugs via incorporation in the cavity, which could be advantageous to deliver highly charged 

drugs into targeted areas.

In conclusion, when riluzole was incorporated inside cage-shaped IO-NCages, this anti-

cancer drug was released onto LM7 cell membranes, inducing apoptosis by blocking ion 

channels and glutamate receptors. The cytotoxic effect of riluzole was two times higher with 
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IO-NCage carriers than with neat drug incubation and drug delivery with spherical shaped 

solid IO-NSPs was three times less efficient than IO-NCages. Thus, the shape of 

nanocarriers indeed matters in drug deliver and cytotoxicity. One reason for increased 

efficiency in drug delivery with IO-NCages is the charge-screening effect on the 

nanoparticle surface. When drugs are conjugated with nanoparticle carriers, the charge of 

drugs could affect the overall charges of hybrids. However, IO-NCages effectively screen the 

charge of drugs by incorporation inside the cavity and stable capping with the DHCA-

dextran. In the case of riluzole efficacy against metastatic osteosarcoma cells, charge is 

important in that nanocarriers need to release the drug at the outer membrane before 

endocytosis to effectively block membrane ion channels and prevent glutamate release in 

order to induce apoptosis. Our study showed that the faster endocytosis observed with IO-

NSPs resulted in less effective blockade of ion channels displayed on outer cells and in turn 

less effective apoptosis of osteosarcoma cells. It should be noted that the majority of tumors 

express glutamate receptors, although these receptors are very heterogeneous due to 

different subunit combinations.47 Since selective ligands for targeting particular glutamate 

receptor subunits are available,48 IO-NCages conjugating these targeting agents and 

glutamate release inhibitors, such as riluzole, could be useful in targeted therapy applications 

for specific cancer types.

Cage-shaped nanoparticles with a cavity could be applied as universal drug carriers for 

newly designed drugs, enabling either penetrating membranes or adhering to cell surfaces, 

regardless of the drug charge. As discussed in the Introduction, drug nanocarriers could be 

more effective with certain types of tumors (e.g., unvascularized metastatic sites where 

nanoparticles cannot penetrate due to the lack of EPR) if the drug can be released before 

nanocarriers are internalized via endocytosis and then penetrate through the complex tumor 

microenvironment from the entrance of tumor sites with the shortest travel distance.21 

Recently, many human tumors were found to express P-selectin, an inflammatory cell 

adhesion molecule, on tumor cells and in tumor vasculature, whereas normal tissues exhibit 

little expression.49 Drug-encapsulated P-selectin-targeted nanoparticles could arrest tumor 

sites at the endothelium, and the enhanced drug efficacy was observed through the efficient 

drug diffusion through ECMs to multiple metastatic sites, assisted by ionizing radiation.49 

IO-NCages could be effective for a similar drug delivery scheme whereby P-selectin or 

related membrane molecules are targeted by IO-NCages and then the anti-cancer agent is 

released in high concentration from the IO-NCages at the endothelium, dependent on the 

diffusion of drugs to tumor sites through ECMs. In our system, drug release could also be 

assisted by magnetic IO-NCage-based hyperthermia at targeted locations if the nanocages 

further penetrate tumor tissues. This approach could represent an alternative way to deliver 

drugs deep into the tumor microenvironment without relying on the EPR-based targeting. 

Inorganic nanocages can be fabricated by a simple protocol and thus complex synthesis 

pathways are not necessary, enabling scaled up production without excessive separation 

processes. The size of the nanocage cavity allows incorporation of drugs and RNAs in high 

payloads, reducing the amount of material required and treatment cost. Notably, riluzole 

incorporated into liposomes with a diameter of 88 nm, compared to neat riluzole molecules, 

was shown to yield better efficacy and less accumulation in the liver in vivo.50 Due to their 
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cage shape, smaller size and neutral charge, IO-NCages may allow for enhanced drug 

efficacy in vivo. The enormous potential of nanocages needs to be tested in future research.

Methods

Materials

Manganese (II) acetate, oleylamine, oleic acid, iron (II) perchlorate, and 2-(N-morpholino) 

ethanesulfonic acid (MES) were purchased from Sigma-Aldritch. p-Xylene, dimethyl 

sulfoxide (DMSO), dihydrocaffeic acid (DHCA), and fluorescein isothiocyanate (FITC) 

were purchased from Acros Organics. 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide 

(EDC) and N-hydroxysuccinimide (NHS) were purchased from Thermo Scientific. Dextran, 

amino, 40000 MW was purchased from Molecular Probes. Dihydrocaffeic acid was 

purchased from Alfa Aesar.

Iron oxide nanocage (IO-NCage) synthesis

Iron oxide nanocages were synthesized by a modified version of a previously published 

method.31 0.17 g of manganese (II) acetate, 0.82 mL of oleylamine, and 0.16 mL of oleic 

acid were added to 15 mL of p-xylene in a three-necked 50 mL flask with a reflux 

condenser. The flask was heated to 90° C in air under magnetic stirring, then 1 mL of 

deionized water was rapidly injected into the flask. The reaction mixture was heated at 90° C 

for 1.5 hours, producing Mn3O4 nanoparticles. 1 mL of 2.0 M aqueous iron(II) perchlorate 

solution was added and the mixture maintained at 90° C for an additional 1.5 hours to 

produce the iron oxide nanocages by galvanic replacement. After cooling, the solution was 

centrifuged and the supernatant removed, mixed with 15 ml ethanol, and centrifuged to 

collect the nanocages, which were then dispersed in hexane.

FITC conjugation with DHCA-dextran

First, 100 mg (2.5 μmol) aminodextran (molecular weight 40 KDa, 10 amines per molecule), 

4.6 mg (25 μmol) DHCA, 4.8 mg (25 μmol) 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide (EDC), and 2.9 mg (25 μmol) N-hydroxysuccinimide 

(NHS) were dissolved in 1 mL dimethyl sulfoxide and 1 mL pH 6 buffer containing 0.1M 2-

(N-morpholino)ethanesulfonic acid (MES) and 0.5M NaCl and reacted overnight. The 

catechol-dextran was condensed with ethanol and collected by centrifugation. The pellet was 

dissolved in 1 mL H2O with sonication, then frozen and lyophilized. To fluorescently label 

the product dextran with FITC, 30 mg of the DHCA-dextran was dissolved in 0.3 mL of pH 

8.3 0.1M phosphate buffer, and 3 mg of FITC dissolved in 0.1 mL DMSO was added. The 

solution was reacted overnight, and then the product was condensed with ethanol and 

collected by centrifugation. The pellet was dissolved in 0.3 mL H2O with sonication, 

purified using a Zeba spin desalting column, 7K MWCO (Thermo Scientific), frozen and 

lyophilized.

IO-NCage/IO-NSP drug loading, capping by DHCA-dextran, and labeling by FITC

To load riluzole on IO-NCages, riluzole hydrochloride (25 mg) is dissolved in DMSO- (1 

mL, 99.9%) prior to incubation with Iron Oxide to yield a 92.4 mM stock solution. The IO-

NCage (0.02 mL, 25 mg/mL) suspension in DMSO (99.9%) was loaded with riluzole 
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(0.065mL, 92.4 mM) solution. The solution was incubated and placed on a rocker with 

vigorous shaking for 1 hour. The drug in the IO-NCage solution was mixed with DMSO and 

DHCA-dextran (0.035 mL, 50 mg/mL). In the resulting solution (50 mM), the DHCA-

dextran capped the cavity of IO-NCage and sealed its drug content. The solution is left on a 

rocker for an hour. The hybrid, drug-IO-NCage mixture, was centrifuged at 13,300 RPM for 

10 minutes and then washed with the same volume of DHCA-dextran (0.1 mL, 50 mg/mL) 

for re-suspension after light vortexing and sonication (20 seconds). A control IO-NCage 

sample with no drugs should be prepared using the same concentration of iron content (25 

mg/mL) and the same ration of DHCA-dextran (50 mg/mL) used in the drug-nanocage 

hybrid sample. For the IO-NSPs, first the suspension was washed by the chloroform via 
centrifugation at 13,300 RPM. After the solvent was exchange with DMSO (1 mL, 99.9%) 

three times, riluzole was loaded on IO-NSP’s. Riluzole hydrochloride (25 mg) was dissolved 

in DMSO- (1 mL, 99.9%) prior to incubation with IO-NSPs to yield a 92.4 mM stock 

solution. The IO-NSP suspension in DMSO (99.9%) (0.02 mL, 25 mg/mL) was loaded with 

riluzole (0.065mL, 92.4 mM) solution, and then the solution was incubated and placed on a 

rocker with vigourous shaking for 24 hours. Then, the solution of drug-loaded IO-NSPs was 

mixed with a solution of DMSO and DHCA-dextran (0.035 mL, 50 mg/mL) to be consistent 

with the capping condition of the IO-NCage. A control IO-NSP sample with no drug was 

prepared using the same concentration of iron content (25 mg/mL) and the same ration of 

DHCA-dextran (50 mg/mL) used in the drug-nanocage hybrid sample. To label IO-NCages 

and IO-NSPs with the FITC dye, after an IO-NCage suspension in DMSO (99.9%) (0.02 

mL, 25 mg/mL) was added to the FITC-DHCA-dextran conjugate (0.004 mL, 6.5 mg/mL), 

the sample was diluted by DMSO (.5 mL, 99.9 %) and then left on a rocker for 3 hours. 

After centrifuging down the sample for 10 minutes at 13,300 RPM, the sample was washed 

five times with a 1 mL volume of DMSO. After washing, 100 μL of DMSO (99.9%) was 

added and re-suspended via sonication. Next, 5 μL of this suspension was added to the 

seeded cell samples and incubated for 3 hours. The seeded cells were gently washed with 

Millipore water and followed the fixing protocol with 4% PFA. A Z-stack of these cells were 

imaged by Nikon A1 Confocal Microscope on different cross sections of these cells. The 

integrated fluorescence intensity of middle slice of cells was normalized by the one for the 

edge to quantify the nanoparticle content in each cell for the comparison of localization 

around the cell.

Cell Culture

LM7 cells were maintained in DMEM supplemented with 4.5% glucose, 1mM pyruvate, 

10% fetal bovine serum, 100 units/mL penicillin and 100 μg/mL streptomycin. Cells were 

passaged every 4 days. Cells were maintained at 37°C with 95% air and 5% CO2. For 

experiments when indicated, cells were seeded in DMEM media without glutamate, 

penicillin and streptomycin and 0.5% fetal bovine serum.

Drug delivery to cells in vitro

First, 1.5 × 104 cells were seeded onto polylysine coated coverslips in 24 well plates. 

Twenty-four hour later the LM7 cells were treated with riluzole (100 μM). The drug-

contained IO-NCages or IO-NSPs (.002 mL) was placed within the seeded LM7 cell 

suspension and gently mixed with pipetting for even dispersion within the sample. The LM7 
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cells were fixed 48 hour post-treatment. Three different control samples are added to 

sequential wells. A DMSO control (.001 mL, 99.9%), neat riluzole hydrochloride control (.

001 mL, 50 mM), and neat IO-NCage/IO-NSP controls (.002 mL, 30 mg/mL) were added to 

the 1 mL LM7 cell seeded suspensions in the wells. All samples were tested in triplicates, 

and allowed these samples to incubate in a 37° incubator for 48 hours.

Proliferation assay

Post drug treatment, the cells were fixed in 4% paraformaldehyde for 10 min and 

permeabilized in 0.2 % triton X-100 for 5 min. The cells were washed well with 1X 

Phosphate buffered saline (PBS) and then blocked with 10% bovine serum albumin made in 

1X PBS. Immunocytochemistry was carried out using primary antibodies such as anti-rabbit 

Ki-67 followed by ALEXA 488-conjugated anti-rabbit secondary antibody. The samples 

were mounted in mounting media (Molecular Probes) containing DAPI for nuclear staining. 

Images were captured at 20X magnification using a Zeiss fluorescence microscope. The 

images were used for counting DAPI positive and Ki-67 positive cells. At least five images 

were used from each sample and the experiments were repeated at least four times.

TUNEL assay

TUNEL assay was performed using the in situ cell death detection kit from Roche as per 

manufacturer’s instructions. Briefly, after cells were fixed with 4% paraformaldehyde and 

permeabilized in 0.2% Triton X-100, the TUNEL assay was carried by incubating the fixed 

cells with the TUNEL reagent containing TMR red labeled nucleotides at 37° C for 1 hour. 

The samples were washed in 1X PBS and mounted in mounting media containing DAPI. 

Fluorescent images were captured using a Zeiss fluorescence microscope at 20X 

magnification. The total number of DAPI positive cells and total number of TUNEL positive 

cells were counted from at least five images from each sample. Each experiment was 

repeated four times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ECM extracellular matrix

IO-NCage iron oxide nanocage

IO-NSP iron oxide nanosphere

EPR enhanced permeability and retention

BBB blood-brain barrier

DHCA dihydrocaffeic acid
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Figure 1. 
(a) Schematic to delivery anti-cancer drug of riluzole to metastatic osteosarcoma cells by 

IO-NCages. Riluzole blocks sodium ion channels to induce apoptosis of cancer cells. The 

shape of iron oxide nanocarriers affects the localization around the cells, and these locations 

are important for the efficacy of anti-cancer drugs. (b) Illustration of the DHCA-dextran 

capping on IO-NCages. The porous, neutral, and hydrophilic dextran is conjugated with 

DHCA. The catechol group of DHCA enables stable capping on iron oxide nanoparticles.
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Figure 2. 
(a) TEM image of iron oxide nanocages (IO-NCages) in (a) low magnification (b) high 

magnification. (upper inset) an illustration of IO-NCage (lower inset) An electron diffraction 

of IO-NCages indicates the single crystalline nature of iron oxide (the facets are assigned as 

(220), (311), and (400) from the inner circle).
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Figure 3. 
(a) Total cell viability tested after 48 hr incubation with osteosarcoma cells (LM7) 

containing drug loaded IO-NCages and IO-NSPs. Blue bars show DAPI staining for total 

cell numbers, green bars show Ki-67 assay for proliferation, and red bars show TUNEL 

assay for apoptosis. Controls are neat solvent of DMSO (control #1), neat IO-NCages 

(control #2), neat IO-NSPs (control #3), and neat riluzole (control #4). Riluzole delivery 

from IO-NCages reduces the cell viability from 483 cells to 86 cells (18%) as compared to 

the one by neat riluzole of 39% (405 cells to 158 cells). (b) The percentages of apoptotic 

cells, calculated by dividing the number of apoptotic cells by the number of DAPI positive 

cells. Among total LM7 cells, 88% of cells are apoptosis positive after the drug is delivered 

by IO-NCages, which is much higher than the riluzole delivery by IO-NSPs.
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Figure 4. 
(a) Confocal images of osteosarcoma cells incubated with iron oxide nanocages (IO-

NCages) (upper) and iron oxide spherical nanoparticles (IO-NSPs) (bottom). Green color 

shows the locations of nanoparticles on the sliced plane of the center of cells in the confocal 

imaging. Insets in red color show stained membrane for comparison. IO-NCages are 

localized on the membrane while IO-NSPs are internalized inside the cell after 48 hours of 

incubation. (b) Fluorescence profile of dotted lines in (a). (c) Illustrations for localizations of 

IO-NCages (upper) and IO-NSPs (bottom). Based on zeta potential measurements, 

positively-charged IO-NSPs are quickly internalized in cells while neutral IO-NCages 

remains longer on membranes so that more riluzole can be released near the location of ion 

channels which blocks the channel and limit glutamate binding to the receptors.
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