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Abstract

Nanoparticles have considerable potential for cancer imaging and therapy due to their small size
and prolonged circulation. However, biological barriers can impede the delivery of a sufficient
dose of a drug to the target site, thereby also resulting in the accumulation of toxic compounds
within healthy tissues, and systemic toxicity. Multistage nanovectors (MSV) preferentially
accumulate on inflamed endothelium, and can thus serve as carriers for drugs and nanoparticles.
Herein, we describe the loading of free (i.e., melittin) and nano-encapsulated (i.e., doxorubicin-
loaded micelles) drugs into MSV, and report the impact of surface charge and pore size on drug
loading. For both drug formulations, negatively charged MSV (i.e., oxidized) with larger pores
were shown to retain higher concentrations of payloads compared to positively charged (i.e.,
APTES-modified) MSV with small pores. Treatment of human umbilical vein endothelial cells
(HU-VEC) with melittin-loaded MSV (MEL@MSV) resulted in an 80% reduction in cell viability
after 3 days. Furthermore, MEL@MSYV conjugated with anti-vascular endothelial growth factor
receptor 2 (VEGFR?2) antibodies displayed preferential targeting and delivery of MEL to activated
HUVEC expressing VEGFR2. Treatment of HUVEC and MCF7 cells with doxorubicin-loaded
micelles (DOXNP@MSYV) resulted in a 23% and 47% reduction in cell viability, respectively.
Taken together, these results demonstrate increased loading of a payload in oxidized, large pore
MSV, and effective delivery of free and nano-encapsulated drugs to endothelial and cancer cells.
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1. introduction

Although nanotechnology has significantly improved the delivery of cancer therapeutics,
only a few drugs have been successfully used in the clinical setting [1]. With more than
500,000 Americans expected to suffer from cancer this year [2], further advances in drug
delivery and nanotechnology could drastically reduce cancer-related deaths. Although the
discovery of the enhanced permeability and retention of small particles (e.g., 10-100 nm)
has led to promising treatments [3], limitations still exist. For example, the efficacy of
current cancer therapeutics is hindered by their non-specific distribution, poor bioavailability
and solubility, as well as their potential to trigger drug resistance after repeated
administration [4]. Consequently, there is a need for drug delivery vectors that selectively
target tumor sites in order to minimize damage to healthy tissue.

Currently, patients undergoing cancer treatments are often administered a cocktail of drugs
to inhibit further tumor growth; each anti-cancer drug has its own pharmacokinetic
properties and toxicity [5, 6]. Doxorubicin (DOX) [7] and melittin (MEL) [8-11], which is
the primary component of bee venom, are well-established therapeutics for cancer. Thanks
to its topoisomerase II inhibition properties, DOX has been very successful in treating
leukemia, Hodgkin's lymphoma, and various other solid tumors [7]. As an inhibitor of
calmodulin, MEL inhibits the growth and clonogenicity of human leukemia cells [12] and
the growth of lung tumor cells [13]. However, despite the anticancer properties of these two
drugs, the efficacy of their free formulations is limited due: (i) to non-specific accumulation
in healthy tissues, which results in severe systemic toxicity (e.g., cardiotoxicity [7, 14, 15]),
and (ii) to their susceptibility to rapid degradation in the blood [16]. Nanoparticles have the
potential to significantly minimize these limitations. For example, when formulated into
liposomes, the potency of DOX was conserved and toxic side effects were substantially
reduced [17-19]. Thus, nanoparticles (or nanovectors) may represent a unique solution with
which to entrap therapeutics while circumventing the systemic toxicity typically associated
with chemotherapeutics.

Multistage nanovectors (MSV) have many beneficial properties, namely, improved
bioavailability [20], tunable drug solubility [21], and sustained release [22]. Designed to
navigate the vasculature [23], their size and shape enhance margination [24] (i.e., the
propensity to drift laterally) thereby promoting accumulation at the tumor vasculature [25].
Furthermore, given the possibility of engineering the pore size of MSV from 5 to 100 nm,
nanoparticles of various sizes and shapes can be loaded [26] and their release rate finely
tuned [27]. Additional changes to the surface of MSV opened an avenue for the covalent
attachment of targeting moieties and drugs [28]. Moreover, the regulation of surface charge
permits the simultaneous loading of multiple nanoparticles each carrying a different
therapeutic load [22]. Given these features, MSV are able to transport, protect, and deliver
concentrated doses of siRNA [29, 30] and chemotherapeutics [31] thereby effectively
reducing the size of the tumor. Consequently, in addition to silicon's biocompatibility and
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benign degradation byproducts [32-34], MSV that can entrap multiple payloads are well
suited for drug delivery applications.

This article describes the loading of free MEL and DOX-loaded micelles (DOXNP) within
MSV. The effect of free drug and nano-encapsulated drug on loading was studied using
MSYV of various pore sizes and surface charges. In addition, surface modification of MSV
with VEGFR2 antibody was used to assess the ability to selectively target endothelial cells
overexpressing VEGFR2. Herein, we demonstrate that MSV are versatile drug carriers
capable of transporting and protecting various payloads while actively targeting tumor
vasculature.

2. Materials & Methods

2.1. Materials

MEL, DOX, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Tris-
HCI, Triton X-100, dimethyl sulfoxide (DMSO), Lipopolysaccharide (LPS), bovine serum
albumin (BSA), and (3-aminoproply) triethoxysilane (APTES) were purchased from Sigma
Aldrich (St. Louis, MO). Phosphate buffered saline (PBS), DMEM, fetal bovine serum
(FBS), HEPES, and Alexa Fluor 555 Phalloidin were purchased from Invitrogen (Grand
Island, NY). DyLight 555, Sulfo-SMCC, and methanol-formaldehyde were purchased from
Thermo Pierce (Rockford, IL). Human umbilical vein endothelial cells (HU-VEC), EBM-2,
and EGM-2 SingleQuots were purchased from Lonza (Basel, Switzerland) and MDA-
MB-231 and MCF-7 were purchased from ATCC (Manassas, VA). Anti-human vascular
endothelial growth factor receptor (VEGFR2) and IgG FITC monoclonal antibodies were
purchased from R&D Systems (Minneapolis, MN) and VEC-TASHIELD Mounting
Medium with DAPI from Vector Laboratories (Burlingame, CA). 3000 centricon centrifugal
filter devices were purchased from Millipore (Billerica, MA) and 1,2-distearoyl-
phosphatidylethanolamine-polyethylene glycol amino-200 (DSPE-PEG-NH,) was
purchased from Avanti Polar Lipids (Alabaster, AL).

2.2. MSV Fabrication and Surface Modification

3.2 um hemispherical multistage silicon nanovectors (MSV) were fabricated as previously
described [27]. The pore sizes of the MSV used were: small (SP; 3-5 nm), large (LP;20-40
nm), and XLP (extra large; 40-60 nm). MSV were oxidized and APTES-modified as
previously described [32]. APTES-modified MSV were conjugated with an FITC antibody
directed against human VEGFR?2 (or IgG for untargeted control) by incubating both MSV
and the antibody in a 10 mM PB solution containing Sulfo-SMCC for 2 hours at 4°C under
mixing. MSV were then washed in PB three times to remove unconjugated antibody.

2.3. Loading of MSV with Therapeutics

The free amino groups on MEL were conjugated with DyLight 555 ester using routine N-
hydroxysuccinimide chemistry and the conditions previously reported for dye conjugation
[35]. Briefly, MEL was mixed with free dye in 10 mM phosphate buffer at pH 7.2, and the
free dye was filtrated and removed using centricon centrifugal filters.
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DOXNP were synthesized by adapting a previously published protocol [36]. Briefly, DOX
was dissolved in 30% methanol and added to DSPE-PEG-NH, powder at a drug to lipid
ratio of 1:10 (wt/wt). The DOX-lipid solution was dried in a vacuum oven to a thin film and
then hydrated with PBS at 60°C under sonication to form DOXNP. Free drug was removed
via dialysis against PBS. The size of DOXNP was measured using a Brookhaven 90Plus
PALS using dynamic light scattering and transmission electron microscopy images were
acquired using a JEOL JEM 1230 using a voltage of 80 kV and 56 pA beam current housed
within the Department of Molecular Virology and Microbiology at Baylor College of
Medicine operated by Dr. Budi Utama (Rice University) on samples stained with 1% uranyl
acetate. Quantification of DOX within micelles was determined by measuring fluorescence
excitation and emission using a plate reader (Molecular Devices) set at 480 and 580 nm after
incubation in 1% Triton X-100 solution for 45 minutes.

Conjugated MEL or DOXNP was loaded into dried MSV. Briefly, the therapeutic solutions
were suspended in 50 puL of a 20 mM Tris-HCI or PBS and incubated with MSV for 30
minutes. MEL loaded into MSV (MEL@MSV) or DOXNP loaded into MSV
(DOXNP@MSV) was separated from unloaded dye using centrifugation at 4000xg for 5
minutes and washed twice with water. Quantification of MEL loading in MSV was
confirmed by measuring the fluorescence excitation and emission at 493 nm and 515 nm,
and comparing the results to a standard curve. DOXNP loading in MSV was quantified after
incubation with 1% Triton X-100, heated at 65°C for 45 minutes, centrifuged, after which
the supernatant was measured for fluorescence of DOX as described earlier.

2.4. Cell Culture

HUVEC were maintained in EBM-2 media supplemented with EGM-2 SingleQuots, as
recommended by the manufacturer. The activation of surface VEGFR2 on HUVEC was
achieved by serum starvation for 18 hours followed by stimulation with 1 pg/mL of LPS or
VEGF165 for 6 hours. MDA-MB-231 and MCF-7 were maintained in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin.

2.5. Confocal Microscopy

Point scanning confocal microscopy was performed with an upright Leica TCS SP5
confocal microscope housed at The University of Texas Health Science Center's Institute of
Molecular Medicine, which is equipped with multiline argon, 561 nm, 594 nm, and 633 nm
lasers. MSV loaded with fluorescent therapeutics were imaged with confocal microscopy

using a 63x oil objective.

2.6. Flow Cytometry

Flow cytometry of cells and MSV was performed using a Becton Dickinson FACSCalibur
Flow Cytometer equipped with Cellquest housed at The University of Texas Health Science
Center's Institute of Molecular Medicine capable of six parameter analysis equipped with
488 nm and 635 nm lasers. The loading of therapeutic agents into MSV and conjugation
with anti-VEGFR2 was characterized using flow cytometry. Briefly, 0.5-1 x10° MSV were
resuspended in 200 uL of water in PBS and placed into polystyrene tubes for analysis. The
activation of VEGFR2 on HUVEC was evaluated after detaching cells with EDTA cell
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dissociation buffer. HUVEC were then washed in PBS, resuspended in a solution containing
1% BSA and 25 mM HEPES in PBS, and then labeled with anti human-VEGFR?2 or IgG for
30 minutes at 4°C. Control and activated HUVEC samples stained with anti-VEGFR2 or
IgG were analyzed with flow cytometry and compared.

2.7. Immunocytochemistry

2.8.MTT

The VEGFR?2 expression of HUVEC was analyzed by growing cells on glass coverslips in
6-well plates at 100,000 cells per well and activated as described earlier. Cells were then
fixed in 2% methanol-free formaldehyde, permeabilized in 0.1% Trition X-100, and stained
with human VEGFR2-FITC antibody in PBS containing 1% BSA. Cells were then mounted
with VECTASHIELD Mounting Medium with DAPI. Cell imaging was performed with the
Nikon Eclipse TE2000E Widefield Fluorescence Microscope, which is equipped with a
Photometrics Cascade 512B EMCCD camera, housed at The University of Texas Health
Science Center's Institute of Molecular Medicine.

The targeting of anti-VEGFR2 MSV was investigated using confocal microscopy. HUVEC
were grown on coverslips and exposed to anti-VEGFR2 MSV or IgG MSV at a ratio of 1:10
(Cells:MSV) for one hour at 37°C. HUVEC were fixed and permeabilized as before and
then stained with Alexa Fluor 555 phalloidin for 20 minutes at room temperature and
mounted with VECTASHIELD Mounting Medium with DAPIL.

HUVEC, MDA-MB-231, and MCF-7 cells were seeded in 96-well plates at 5000 cells/well
in their appropriate media. After allowing the cells to adhere for 6 hours, the media was
replaced with fresh media (for controls) or with media containing either empty MSV or
therapeutic loaded MSV and left to grow in the incubator at 37°C and 5% CO,. At pre-
determined times the media was removed, replaced with media containing 0.5 mg/mL of
MTT dye, and incubated at 37°C and 5% CO, for four hours. After incubation the media
containing MTT dye was removed, wells were treated with DMSO for 30 minutes at room
temperature, and then read for absorbance at 570 nm using the plate reader.

2.9. Statistical Analysis

Statistics were obtained using Prism GraphPad software. All values were compared using a
two-way analysis of variance proceeded by a Bonferroni post-test to compare groups. For all
cases asterisks denote the following: * for p values between 0.01 and 0.05, ** for values
between 0.001 and 0.01, and *** for values below 0.001.

3. Results & Discussion

3.1. MEL Loading into MSV

A standard curve relating the concentration of dye-conjugated MEL to fluorescence intensity
demonstrated a linear correlation between 0 and 40ug/mL, thereby enabling quantification
of MEL loading into MSV (Fig. S1). The impact of surface charge (oxidized and APTES)
and pore size (SP, 5 nm; LP, 20 nm) on the loading of MEL into MSV was assessed. As
previously described [37], MSV exhibited a negative surface charge (i.e., zeta potential)
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after oxidation and alternated between positive and negative charge after APTES and
fluorescent dye modification, respectively (Fig. S2). Fig. (1) compares the impact of surface
charge on MEL loading by calculating drug content and entrapment efficiency
(Supplemental Equation 1 and 2). In oxidized MSV, there was a 2-fold increase of entrapped
MEL, which favored LP across the tested concentrations with a maximum drug content ratio
of 90% (Fig. 1A). In APTES MSYV, on the other hand, there was a statistically significant
difference at the medium and high dose of MEL that favored LP and SP MSV, respectively,
and with a maximum drug content of only 45% (Fig. 1B). While there was a direct
correlation between MEL entrapment and pore size in oxidized MSV, loading efficiency in
APTES MSV was erratic, i.e., it differed between the two pore sizes at different drug
concentrations. A comparison of the entrapment efficiency of MEL between the conditions
(Fig. S3) revealed a loading efficiency greater than 45% in oxidized MSV at the lower
concentrations, while loading efficiency was less than 30% in all APTES MSV (see Fig. 1A
and B). Furthermore, despite incubation with higher amounts of MEL, oxidized LP
incubated with 25 pg successfully loaded nearly double the amount of MEL than APTES
MSYV incubated with 50 pg, which indicates selective loading of MEL to negatively charged
MSV.

Loading was confirmed using fluorescence microscopy and flow cytometry. The fluorescent
signal was higher in oxidized MSV (Fig. 1C) than in APTES MSV (Fig. 1D). MEL was
loaded uniformly throughout the MSV in line with the typical shape of MSV, similar to
fluorescent dye conjugations [35]. Similarly, at flow cytometry, loading was 19-fold higher
in oxidized MSV than in APTES MSV, (Fig. S4). Previous reports established the
preferential interactions of MEL with negatively charged surfaces or phospholipids [38, 39],
thus supporting the increased loading of MEL we observed within oxidized MSV.

3.2. Endothelial Cell Response to Mel@MSV

HUVEC were continuously exposed to both oxidized and APTES SP and LP MSV loaded
with MEL (i.e., MEL@MSV). The metabolic activity or viability of HUVEC treated with
MEL@MSYV at three cell:MSV ratios (LOW, 1:5; MED, 1:10; HIGH, 1:20) was monitored
for three days using the MTT assay (Fig. 2). Previous data demonstrated that, at these ratios,
MSYV did not significantly affect HU-VEC viability [22, 33, 34]. Oxidized MSV displayed a
substantial decrease in HUVEC viability upon treatment with MEL@MSV. The viability of
HUVEC treated with oxidized SP marginally decreased at day 2, and was approximately
20% at LOW and MED ratios, and significantly decreased (35%) at a HIGH ratio (Fig. 2A).
At day 3, the viability of HUVEC was significantly decreased (>50%) at all three ratios
tested (Fig. 2A). Delivery of MEL@MSV with oxidized LP rapidly decreased the viability
of HUVEC (> 60%) after a single day at all three ratios (Fig. 2B). The viability of HUVEC
treated with LP MEL@MSYV continued decrease significantly in the next two days,
eventually resulting in an 80% decrease in viability (Fig. 2B). On the other hand, treatment
of both SP and LP APTES MSV with MEL@MSV failed to trigger a significant reduction
in cell viability in HUVEC at all three ratios tested (Fig. 2C,D). APTES SP and LP reduced
cell viability by only 25% and 20%, respectively, by day 3, respectively. Hence, oxidized
MSYV enhanced delivery of MEL thereby triggering a significant decrease in the metabolic
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activity of HUVEC. Consequently, MEL@MSYV is able to deliver concentrated doses of
MEL that induce cellular death.

3.3. Vegfr2-Targeted Delivery of Mel@MSV

HUVEC were activated to express VEGFR2 and were characterized using flow cytometry
and fluorescence microscopy. An intense signal originated from the surface of HU-VEC
(Fig. S5), and the cells maintained VEGFR2 expression while in culture (Fig. S6). APTES
LP MSV was conjugated with human anti-VEGFR?2 or anti-IgG FITC labeled antibodies.
Successful conjugation of anti-VEGFR2/IgG and retention of MEL in MSV was
investigated using flow cytometry and fluorescence microscopy (Fig. 3A-C). At flow
cytometry, the fluorescence of surface functionalization of MSV with anti-VEGFR2
antibody was four-fold higher versus unmodified MSV, thereby confirming successful
functionalization (Fig. 3A). For further confirmation, we direct the reader to previous work
by our group demonstrating the successful functionalization of antibody through Fourier
transform infrared spectroscopy and surface charge analysis [40].

The ability of antibody conjugated MSV to retain a pay-load was investigated using MEL as
a model cargo. As shown in Fig. (3B), MSV with both anti-VEGFR2 and anti-IgG were
consistently labeled. The signal from MEL co-localized with the antibody signal (Fig. 3B;
note the strong orange fluorescence). Quantitative analysis of the simultaneous loading and
antibody labeling of MSV, demonstrated preserved conjugation of both anti-VEGFR2 and
anti-IgG after successful loading with similar amounts of MEL (Fig. 3C). Although MEL
loading was best in oxidized MSV (Fig. S7), surface modification with antibodies exhibited
40% of the maximum load displayed by oxidized MSV and an increase in MEL retention
exceeding 50-fold versus controls. Thus, the successful loading of MEL illustrated that
MSYV conserved the ability to load and retain a therapeutic payload upon conjugation with
targeting antibodies.

Previous investigations demonstrated that decorating MSV with anti-VEGFR2 antibodies
resulted in increased docking and firm adhesion towards VEGFR2-expressing cells [40].
Herein, targeted (i.e., anti-VEGFR2) and untargeted (i.e., anti-IgG) MSV were exposed to
normal and activated (i.e., increased expression of VEGFR2) HUVEC. Fluorescence
microscopy images after one hour revealed minimal MSV targeting by untargeted MSV in
both conditions (Fig. 3D), whereas MSV targeting by targeted MSV was marginally higher
in response to activated HUVEC (Fig. 3D). Three-dimensional confocal microscopy
confirmed that MSV had successfully targeted HUVEC, which were found near the surface
either docked (Fig. 3E, orange arrows) to expressed VEGFR2 or internalized (Fig. 3E, white
arrows).

The viability of activated HUVEC after treatment with untargeted and targeted MEL@MSV
for one hour at three ratios (LOW, MED, and HIGH) was measured after three days by
means of the MTT assay (Fig. 3F). Untargeted MEL@MSYV had a negligible impact on the
viability of HUVEC; in fact, it caused only a 15% decrease in viability across the various
ratios tested. However, targeted MEL@MSYV decreased cell viability by more than 40%, and
exhibited significant differences between the untargeted groups at all ratios tested.
Comparison between Fig. (2B and 3F) demonstrated an apparent decrease in cell death (i.e.,
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lower cytotoxicity) upon antibody functionalization with anti-VEGFR2. This variance can
be attributed to the lower loading of MEL observed in antibody functionalized MSV (Fig.
S7) and the limited incubation time (1 hour versus continuous for Fig. 3F and Fig. 2B,
respectively) necessary to model MSV targeting in vivo. Hence, surface modification of
MSYV with anti-VEGFR2 antibodies enabled the selective delivery of MEL to endothelial
cells overexpressing VEGFR2, which is a feature representative of tumor-associated vessels,
and resulted in enhanced cellular death compared to MSV without targeting antibodies.

3.4. DOXNP Loading into MSV

Positively charged (i.e., cationic) DOXNP with sizes ranging from 10 to 20 nm (confirmed
using dynamic light scattering (Fig. 4A) and transmission electron microscopy (Fig. 4B))
were synthesized and loaded into MSV. Loading was better into oxidized MSV for both SP
and XLP MSV, for which there were 7- and 18-fold increases, respectively (Fig. 4C,D).
DOXNP loading into XLP was 7-fold higher than in SP MSV, due to the small pores (3-5
nm) that obstructed efficient loading. Furthermore, the loading of fluorescent micelles was
similar to that of DOXNP being higher in oxidized and XLP MSV (Fig. S8), and confirms
that the MSV surface (rather than the encapsulated payload) was a major factor for efficient
loading of payloads. Fluorescence micrographs showed a homodisperse DOX signal
throughout the MSV, which confirmed consistent loading of DOXNP (Fig. 4E-G and S9).
Furthermore, MSV displayed a burst release of 67% and 58% DOXNP within the first hour
in the case of SP and XLP, respectively (Fig. 4E). After the initial delivery, the discharge of
DOXNP from MSV decreased substantially, i.e., the payload release for SP and XLP was
2% and 7%, respectively, at two hours (Fig. 4H).

The loading of cationic micelles into oxidized MSV confirmed the role of electrostatics in
the loading of MSV with nanoparticles [22], thus illustrating the flexibility of MSV for
loading a variety of payloads with distinct surface properties. The successful loading of
DOXNP in negatively charged MSV (i.e., oxidized, fluorescent-dye conjugated and
antibody-conjugated, Fig. 3C and Fig. S2) demonstrates the possibility of simultaneously
loading DOX while retaining fluorescent recognition abilities for tracking the in vivo
biodistribution [33, 35]. Furthermore, the ability to effortlessly engineer the surface
chemistry and pore size of MSV can enable the simultaneous loading of various payloads
into MSV with given properties, such as DOXNP and MEL into oxidized LP MSV.

3.5. Cell Viability Attributed to Doxnp@MSV

The ability of DOXNP@MSYV to provide a therapeutic benefit was tested on two human cell
lines: endothelial (HU-VEC) and breast cancer (MCF-7). The viability of both HUVEC and
MCEF-7 cells was assessed using the MTT assay during three days of continuous treatment
with DOX, DOXNP, or DOXNP@MSYV. The data were collected each day and normalized
to the viability of the control (Fig. 5). DOX exerted a substantial effect on HUVEC (Fig.
5A) and MCF-7 (Fig. 5B) at both low (L, 0.73 pg) and high (H, 2.5 ug) doses. In general,
larger increases in cell death were observed at the high dose compared to the low dose. The
response of HUVEC to DOX was immediate for all groups; and cell viability was decreased
by 40% and 50% decreases by day 1 at low and high doses, respectively (Fig. SA).
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However, in the case of the low dose, there was a lower cell death observed after day 1 in all
the groups, which resulted in a 45-50% decrease in overall viability.

On the other hand, the high doses of DOX and DOXNP induced a 90% decrease in viability
by day 3. DOXNP@MSYV at the high dose modified the toxicity of DOX; in fact, at this
dose DOXNP@MSV was associated with higher HUVEC viability, which indicates that the
MSYV abates the toxicity of DOX. Conversely, MCF-7 cells exhibited a gradual reaction to
DOX at both doses (Fig. 5B). At the low dose, the viability of MCF-7 cells was reduced by
15% at day 1 and culminated in a final reduction of 40% by day 3. As with HUVEC, the
high doses of DOX and DOXNP induced a more pronounced effect on MCF-7.
DOXNP@MSYV displayed more gradual decreases in metabolic activity although cell
viability was higher compared to the other groups that confirm its ability to dampen the
toxicity of DOX.

To illustrate the initial changes in MCF-7 cell viability induced by DOXNP@MSV, the day
1 values from Fig. (SA and B) were normalized to 100% for all groups (Fig. 5C, D). The
viability of HUVEC treated with a low DOXNP@MSYV dose differed negligibly between
day 2 and day 3, while the high dose of DOXNP@MSYV failed to exhibit a significant
difference, as was observed with DOX and DOXNP (Fig. 5C). As observed with HUVEC,
MCEF-7 cells displayed a minor decrease in cell death of about 10% between day 2 and day 3
(Fig. 5D). Differently, the high dose caused a significant decrease in cell viability in the case
of free DOX/DOXNP (70%) and DOXNP@MSV (50%); and there was a similar decrease
of 25% in cell viability between day 2 and day 3 for all the groups. Although
DOXNP@MSYV initially abated the toxicity of DOX in MCF-7 cells, this analysis revealed
that similar decreases in cell viability were triggered after the initial exposure to the
treatment.

A possible explanation of the delayed DOXNP@MSV-induced death of MCF-7 cells
compared to HUVEC could be attributed to the higher internalization of MSV in HU-VEC
[41, 42] than in MCF-7. Previous reports have demonstrated delayed internalization
exhibited by MCF-7 and other cancer cells for nano- and microparticles of various
geometries, sizes, and materials [43, 44]. In fact, as shown in Fig. (6A), after four hours,
MSYV internalization (green) was only visible in HUVEC and was mainly localized in the
peri-nuclear region, consistent with previous results [42]. Furthermore, after exposure to
MSYV, both HUVEC and MCF-7 (Fig. 6A and B, respectively) displayed a typical nuclear
(blue) and f-actin microfilament (red) structure. HUVEC displayed organized
microfilaments that extended parallel throughout the cytoplasm, while MCF-7 micro-
filaments were less organized and occurred primarily around the cell boundaries. Thus, the
low internalization rate experienced by MCF-7 could benefit the gradual release of DOXNP
from MSYV after the first hour of day 1 [31], thereby permitting delayed increases in the
delivery of DOX outside of cells overtime, and explaining the gradual decreases in MCF-7
cell viability.
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Conclusion

The ability to effectively load free drugs and nano-encapsulated drugs into a versatile
nanovector can improve the delivery of drugs to the target site while minimizing toxicity on
healthy cells. This study demonstrates better loading of free MEL and nano-formulated
DOX in oxidized, LP MSV, and a direct relationship between drug loading and MSV pore
size. This enhanced loading can be attributed to the overall increase in negatively charged
surface area and the exclusion of larger payloads from SP MSV. Furthermore, when
conjugated with anti-VEGFR?2 antibody, MSV targeted the delivery of MEL to activated
endothelial cells. DOXNP@MSV delayed cancer cell death, possibly because of the
prolonged release of DOX from its porous matrix. Taken together, these results demonstrate:
1) the versatility of MSV for loading various payloads; ii) that they are able entrap free and
nano-encapsulated drugs; and iii) that they may enable the simultaneous loading of various
payloads.
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Refer to Web version on PubMed Central for supplementary material.
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A. Loading of MEL into oxidized and (B) APTES SP and LP MSV comparing the drug

content (ug of MEL/ug of MSV). (** = p < 0.01, *** = p <0.001) C. Fluorescent images of
MEL loaded into oxidized and (D) APTES LP MSV, where white outline encircles the MSV
(scale bar: 1 um).
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Fig. (2). Cellular proliferation of HUVEC upon treatment with MEL @M SV
A. MTT assay to evaluate the cell viability of HUVEC treated with oxidized SP and (B) LP

MEL@MSV at LOW, MED, and HIGH concentrations corresponding to HUVEC to MSV
ratios of 1:5, 1:10, and 1:20, respectively. C. HUVEC treated with APTES SP and (D) LP
MEL@MSYV at low, medium, and high. (* = p < 0.05, ** = p <0.01, *** = p <0.001).
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Fig. (3). Targeted delivery of MEL @M SV using a-VEGFR2 on activated HUVEC
A. Fluorescence of MSV measured by means of flow cytometry comparing oxidized,

APTES, anti-IgG, and FITC anti-VEGFR?2. B. Fluorescent microscopy images of anti-IgG
MSV (upper, green) and anti-VEGFR2 MSV (bottom, green) loaded with MEL (red). C.
Flow cytometry analysis of simultaneous MEL loading (red, left axis) and conserved
antibody labeling (green, right axis) for both anti-IgG and anti-VEGFR2 MSV. D.
Fluorescent microscopy images of control (top) and activated (bottom) HUVEC following
treatment for 19 hours with untargeted (anti-IgG) and targeted (anti-VEGFR2) MSV. MSV
are in green, microtubules (f-actin) in red, and white arrows indicate location of MSV. (scale
bar, 25 um). E. Docking (orange arrows) and internalization (white arrows) of targeted MSV
on activated HUVEC. MSV are in green, microtubules (f-actin) in red. (scale bar, 25 um). F.
Cellular proliferation of activated HUVEC following treatment with untargeted and targeted
MEL@MSYV after three days comparing LOW (1:5), MED (1:10), and HIGH (1:20) ratios
of MSV. (*¥* =p <0.01, *** = p < 0.001).
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AP

A. Dynamic light scattering size analysis of DOXNP showing a mean diameter of 13 nm

with sizes ranging from 10 to 20 nm. B. Transmission electron micrograph of DOXNP

micelles showing nanoparticles of uniform size and shape. (scale bar, 100 nm). C.
Quantitative analysis of cationic DOXNP loading into SP and (D) XLP comparing oxidized
and APTES MSV. E-G. Fluorescent images of DOXNP@MSYV showing (E) bright field,
(F) DOX, and (G) merged channels. (scale bar, 1 um) H. Release of DOXNP from MSV at

1 and 2 hours for SP and XLP.
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Fig. (5). Assessment of DOXNP@M SV toxicity on endothelial and cancer cells
A. Cell viability was measured using an MTT assay on HUVEC and (B) MCF-7 cancer cells

after treatment with LOW and HIGH concentrations of DOX, DOXNP, and DOXNP@MSV
and monitored for three days. C. Analysis of HUVEC and (D) MCF7 comparing day 2 and
day 3 treatments normalized to day 1 treatments of the same group. (¥** =p < 0.01, *** =p

<0.001).
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A Nucleus MSV Actin Merge

Fig. (6). Internalization of MSV on HUVEC and MCF7
Fluorescent images depicting nucleus (blue), MSV (green), microtubules (red), and merge of

MSYV internalized in HUVEC (A) and (B) MCF-7 (B) after 4 hours. (scale bar, 25 pm).
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