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he introduction of specific proteins

into cells represents a powerful alter-

native to methods of manipulating
cellular function based on the introduction
of genetic material, which is the current
standard method for expression of specific
proteins in cells."? For example, unlike loss
of function screens that typically involve
cellular transfection with constructs that ex-
press shRNA, protein delivery to the cell
can be used to assess loss/gain of function
on different post-translationally modified
forms of a protein, for example, on various
kinases involved in cellular signaling.3~> In
addition, it may be advantageous to
deliver certain complex proteins (e.g., multi-
component protein assemblies or post-
translationally modified proteins) to cells
because these proteins may require exquis-
ite cellular machinery for their production,
which may not be present or fully functional
in the host cell. By introducing proteins
that specifically recognize and influence tar-
get proteins, deactivation or activation of
key signaling pathways within the cell can
occur, which will strongly affect cell func-
tion.®

A variety of carriers have been studied

for their applicability as delivery agents, in-
cluding (but not limited to) liposomes, poly-
meric micelles, and nanomaterials.” '
Liposomes are phospholipid vesicles of
varying diameters, which can be loaded
with biomolecules and are considered ideal
materials for drug delivery due to their bio-
logical inertness and biocompatibility. How-
ever, the efficiency of liposomal delivery of
proteins is generally low and depends on
cell type; for example, only 30—80% of cells
actually receive the protein of interest.'>
Recent studies have shown the ability of
nanoscale materials to act as carriers to
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ABSTRACT Despite recent advances in nanomaterial-based delivery systems, their applicability as carriers of

cargo, especially proteins for targeting cellular components and manipulating cell function, is not well-

understood. Herein, we demonstrate the ability of hydrophobic silica nanoparticles to deliver proteins, including

enzymes and antibodies, to a diverse set of mammalian cells, including human cancer cells and rat stem cells, while

preserving the activity of the biomolecule post-delivery. Specifically, we have explored the delivery and cytosolic

activity of hydrophobically functionalized silica nanoparticle —protein conjugates in a human breast cancer cell

line (MCF-7) and rat neural stem cells (NSCs) and elucidated the mechanism of cytosolic transport. Importantly, the

proteins were delivered to the cytosol without extended entrapment in the endosomes, which facilitated the

retention of biological activity of the delivered proteins. As a result, delivery of ribonuclease A (RNase A) and the

antibody to phospho-Akt (pAkt) resulted in the initiation of cell death. Delivery of control protein conjugates (e.g.,

those containing green fluorescent protein or goat antirabbit IgG) resulted in minimal cell death, indicating that

the carrier-mediated toxicity was low. The results presented here provide insight into the design of nanomaterials

as protein carriers that enable control of cell function.

KEYWORDS: protein delivery - nanoparticle—protein conjugates - mechanism of

cellular uptake - signaling pathways -

transport biomolecular cargo into mamma-
lian cells.'®"'3 While a variety of nanoscale
carriers, including quantum dots, nanoparti-
cles, and carbon nanotubes, have been
shown to be internalized by cells, the mech-
anism of internalization remains unclear.
For instance, while some reports indicate a
non-endocytotic mechanism of uptake, sev-
eral other studies suggest a key role for
endocytosis."'27-2° Furthermore, the pres-
ence of biomolecular cargo can interfere
with nanomaterial—membrane interactions
and influence the mechanism and effi-
ciency of internalization. Moreover, most of
the delivered biomolecules may get en-
trapped in vesicular compartments, such as
endosomes, rendering them ineffective for
targeting cellular components.'>?' As a re-
sult, two critical criteria for efficient protein
delivery to mammalian cells are not met:
(a) efficient delivery of proteins to the cell
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Figure 1. Characterization of the internalization of Rubpy-doped SiNP—ODMS—GFP

conjugates by confocal microscopy. Multilabel cell images showing the internalization
of nanoparticles at varying time periods of incubation. The nucleus was stained using
DAPI (blue), and the lysosomal compartments were stained using lysotracker (red). Im-
ages are from z-stacks and were obtained at thickness intervals of 1 pm. Scale bar repre- ;o 1, the SINP—GFP conjugates were
sents 10 pm.

cytoplasm, and (b) retention of biological activity at
the targeted site of action.

Herein, we explore the ability of hydrophobic silica
nanoparticles to immobilize and effectively deliver pro-
teins to the cytoplasm of mammalian cells while en-
abling retention of biological activity of the delivered
protein. Specifically, we have delivered functionalized
silica nanoparticle—protein conjugates to a human
breast cancer cell line (MCF-7) and to rat neural stem
cells (NSCs). In the process, the mechanism of autono-
mous escape of these nanoparticle—protein conjugates
from the endosomal compartments has been eluci-
dated. Finally, by delivering specific proteins, we were
able to control cell fate by manipulating the cellular ma-
chinery and signaling pathways.

RESULTS AND DISCUSSION

Confocal laser scanning microscopy and epifluores-
cence microscopy were used to characterize the deliv-
ery of nanoparticle—protein conjugates to the cyto-
plasm of target cells. For initial experiments, green
fluorescent protein (GFP)? was used as a model pro-
tein; in addition to serving as a reagentless marker that
can be used to assess retention of protein structure
and function, GFP also serves as a simple reporter to fol-
low nanoparticle—protein conjugate delivery into cells.

A“t%\&) VOL.4 = NO.3 = BALE ET AL.

GFP + Rubpy

Initial experiments were carried out us-
ing conjugates of dye (Rubpy)-doped
silica nanoparticles as the nanoscale ve-
hicle, which allowed us to track simulta-
neously the intracellular location of
both the nanoparticle and the protein.
The silica nanoparticles (20 nm) were
functionalized with
n-octadecyltrimethoxysilane (n-ODMS);
these functionalized nanoparticles will
henceforth be referred to as SiNPs. Con-
jugate formation was carried out via
simple adsorption (see Materials and
Methods). Immobilized GFP retained ca.
60—70% of its fluorescence, which indi-
cates the favorable retention of struc-

mammalian host, and 0.1 mg/mL of
Rubpy—SiNP—GFP conjugates were in-
cubated with the cells for 24 h. Follow-
ing lysosomal and nuclear staining, con-
focal microscopy was used to
characterize the internalization of the
Rubpy —SiNP—GFP conjugates (Figure
1). Every image in Figure 1 also includes
the nuclear (DAPI, blue) and lysosomal
(lysotracker, red) stains. As seen in Fig-

internalized in less than 4 h, and conju-

gates were clearly observed in the cell
cytosol (up to 24 h) and outside the endosomal com-
partments (Movies M1—4 and Figure ST in Supporting
Information). Throughout the process, GFP retained its
fluorescence, which indicates that the delivery process
was not harsh and did not deactivate the conjugated
protein. Furthermore, colocalization of the fluorescence
signals from the Rubpy—SiNP and GFP (Figure 1 and
Figure S1) provides evidence of the integrity and stabil-
ity of the conjugates after delivery to the cytosol.

Fluorescence activated cell sorting (FACS) analysis

confirmed cellular delivery. Specifically, MCF-7 cells
were incubated with increasing concentrations (up to
0.4 mg/mL) of SINP—GFP conjugates for 14 h (Figure
2a). Analysis of ~5000 cells revealed a clear shift in fluo-
rescence intensity in the FITC channel, consistent with
GFP entry into the cells. Delivery of the nonfluorescent
SiNP—BSA conjugates as a control did not result in
change in the fluorescence intensity of cells (Figure
2b). The near complete shift in the histogram of Figure
2a indicates that essentially all of the cells internalized
the SiNP—GFP conjugates. In contrast, a significantly
smaller increase in the fluorescence intensity was ob-
served using a liposomal protein delivery system (Pro-
Ject, Pierce), and very little change in fluorescent inten-
sity was observed using GFP alone (Figure 2c).
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Figure 2. FACS analysis of internalization of SiNP—protein conjugates. Data are recorded on the FITC channel (Ax = 488 nm, A, = 515

nm). (a) Flow cytometry histograms showing the internalization of SiNP—GFP conjugates after an overnight incubation (14 h). Histograms
showing the fluorescence profile of cells incubated with 0, 0.05, 0.2, and 0.4 mg/mL of nanoparticle—protein conjugates (30 pg GFP im-
mobilized per 1 mg SiNP). (b) Delivery of SINP—BSA to MCF-7 cells; flow cytometry histograms showing no increase in fluorescence sig-
nal for cells incubated overnight (14 h) with SiINP—BSA conjugates. (c¢) Comparison of GFP delivery with various carriers; flow cytometry
histograms showing the fluorescence profile of (i) cells and of cells incubated with (ii) GFP (2.5 p.g), (iii) GFP (40 pg), (iv) Pro-Ject (2.5 pg of

GFP), (v) Pro-Ject (40 pg of GFP), and (vi) 0.1 mg/mL (2.5 p.g of immobilized GFP) of nanoparticle—protein conjugates.

Collectively, the confocal microscopy and FACS results
indicate efficient nanoparticle-mediated delivery of GFP
to the cytosol of host cells.

Having established the efficient delivery of
SiNP—GFP to MCF-7 cells, we proceeded to assess
whether the delivery mediated by these hydrophobic
nanoparticles would be toxic. To that end, we incu-
bated MCF-7 cells with different concentrations of
SiNP—GFP conjugates for 14 h followed by measure-
ments of cell viability with the Trypan Blue reagent (Fig-
ure 3). Cell viability was ca. 84% at concentrations of
the conjugates as high as 0.8 mg/mL, indicating the ab-
sence of significant nanoparticle-derived toxicity for
these nanoparticle—protein conjugates. When coupled
with the observation that essentially all cells internal-
ized SINP—GFP (Figure 2a), this information indicates
that SiNP—protein conjugates have minimal toxicity.

Understanding the mechanism of internalization is
critical for the efficient use of nanoparticles to deliver
active proteins to the cytoplasm. A common route for
nanoparticle delivery to mammalian cells involves en-
docytosis followed by release into the cytosol. However,
several competing mechanisms may contribute to up-
take. These could include phagocytosis, clathrin- and
caveola-dependent endocytotic mechanisms, and in-
volvement of other cellular machinery.?® Our initial re-
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Figure 3. Influence of nanoparticle—protein conjugates on
the viability of mammalian cells. MCF-7 cells were exposed
to increasing concentrations of SINP—GFP (@), SINP—RNase
A (M), or SiNP-denaturated—RNase A (#®) conjugates for 14 h.
Cell viability was then determined using the Trypan Blue
assay.
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sults (Figures 1 and 2) are consistent with the endocy-
totic uptake of SiNP—protein conjugates followed by
autonomous release from the vesicular compartments
that are involved in uptake. To further elucidate the
mechanism(s) of internalization, we immobilized
fluorescein—bovine serum albumin (FITC—BSA) on
SiNPs and characterized their uptake by MCF-7 cells in
the presence or absence of a variety of inhibitors for
known endocytotic mechanisms. The fluorescence sig-
nal from FITC—BSA is ca. 10-fold higher when com-
pared to that from GFP, which increases the sensitivity
of FACS measurements (Supporting Information Figure
S2).

To elucidate the mechanism of cellular delivery of
SiNP, we studied the effect of inhibitors of various en-
docytotic mechanisms, including phenylarsine oxide
(PAO, 3 wM; clathrin inhibitor), cytochalasin D (Cyt D, 3
M; actin inhibitor), filipin (Fili, 3 wg/mL; caveola inhibi-
tor).2% We also characterized the uptake of the conju-
gates at 4 °C with and without sodium azide (NaNs,
0.05%)." Sodium azide inhibits energy-dependent en-
docytotic processes.?** Cells were incubated with 0.1
mg/mL of SINP—FITC—BSA conjugates and FACS analy-
sis (Figure 4a) was used to characterize the uptake of
the conjugates. Strong inhibition of nanoparticle up-
take (ca. 55—65%) was indicated by the decrease in
FITC signal (average from FACS analysis) in the pres-
ence of PAO and Cyt D. Furthermore, experiments at
4 °Cin the presence of 0.05% NaN; showed a similar de-
crease in the FITC signal, supporting the involvement
of energy-dependent endocytotic mechanisms in the
uptake of the conjugates by MCF-7 cells. Confocal mi-
croscopy images of cells incubated with
nanoparticle—protein conjugates in the presence of en-
docytotic inhibitors (Figure 4b—e) show uptake of con-
jugates, suggesting a possible role for other cellular ma-
chinery, as well. Collectively, these results suggest the
strong involvement of clathrin-coated pits and actin mi-
crofilaments in the active uptake of SiNP—protein con-
jugates by MCF-7 cells.
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Figure 4. (a) FACS analysis illustrating the role of endocytosis in the uptake of
SiNP—FITC—BSA conjugates. Plot showing the increase in mean fluorescence val-
ues with time for cells incubated with nanoparticle—protein conjugates at 37 °C (#),
at 37 °C in the presence of filipin (0), cytochalasin D (A), phenylarsine oxide (O), 4
°C (@) and at 4 °C with 0.05% sodium azide (). Confocal micrograph figures show-
ing cells incubated with SiINP—FITC—BSA conjugates with (b) no inhibitor, (c) Cyt
D (3 mM), (d) PAO (3 M), (e) Fili (3 g/mL). Scale bar represents 10 um.

To validate internalization and to demonstrate re-
tention of biological function of the SiNP—protein con-
jugates, we used proteins that could disrupt cell func-
tion only upon entry into the cytosol. Among the
multitude of ways cell function can be altered, we fo-
cused on two approaches: cytotoxicity due to degrada-
tion of critical cellular machinery and cytotoxicity due
to disruption of key signaling pathways. With respect to
the former, one protein that could strongly influence
cell function is ribonuclease A (RNase A), which would
have deleterious effects on cell viability by degrading

leading to cell death (Figure 5a). We rea-
soned, therefore, that cytosolic delivery of
the antibody to pAkt would inactivate pAkt,
thereby activating a variety of suppressed
pathways, including apoptosis by activation
of caspases (Figure 5b). Similar to that ob-
tained with SiNP—RNase A, dose-dependent
cytotoxicity was observed with SiNP—anti-
pAkt (@ maximum exposure of 1 pg/mL of
immobilized anti-pAkt antibody at 0.8
mg/mL nanoparticle addition) (Figure 5c);
once again, this scenario can only occur if
the protein was delivered to the cytosol. Fur-
thermore, when cells were incubated with
SiNP—anti-rabbit I1gG (e.g., a nonbinding,
control mAb), no enhancement in cytotoxic-
ity was observed over that of SiNP alone.

To further test the downstream effects of inactivat-
ing pAkt, we examined poly(ADP-ribose) polymerase
(PARP) cleavage (Figure 5¢, inset). In the absence of
pAkt, the cytosolic caspase pathway is activated, which
leads to PARP cleavage (Figure 5a). This apoptotic signal
can be seen as the cleavage of PARP (116 kDa), into 89
and 24 kDa fragments.?”?® Consistent with the cytotox-
icity results, PARP cleavage was only observed following
cytosolic delivery of the SiINP—anti-pAkt. These results
clearly demonstrate the ability of SINP—protein conju-

mRNA and tRNA, thus inhibiting protein synthesis.26 A gates to enter the cytosol at concentrations sufficient to

dose response toxicity profile of SINP—RNase A conju-
gates (@ maximum exposure of 35 wg/mL of immobi-

lized RNase A at 0.8 mg/mL nanoparticle addition) re-
vealed statistically significant dose-dependent

impact cell function.

Having demonstrated the ability of SiINP—protein
conjugates to be delivered into the cytosol and influ-
ence cell function, we wanted to assess whether such

cytotoxicity that was well above the basal cytotoxicity ~ delivery was somehow unique to transformed cell lines.
due to the SiNP (Figure 3). Furthermore, control incuba-  Indeed, it is well-known that cancer cells are “leaky”

tions with conjugates of SiNP with heat-denatured and thus may be more amenable to SiNP—protein con-
RNase A showed no enhancement in cytotoxicity over ~ Jugate transport through the cell into the cytosol. More-
that of SINP—GFP. Finally, incubation of MCF-7 cells over, cancer cells have signaling pathway alterations,
with the endosomal disruption agent, chloroquine, had which are often the core event in transformation.? For
minimal impact in enhancing the cytotoxic effect of this reason, we examined the generality of our ap-
RNase A; less than 15% enhancement of RNase-driven  proach by using stem cells. In addition to the unique
cytotoxicity was seen in the presence of chloroquine properties of self-renewal and differentiation, stem cells

(Supporting Information Figure S3). In aggregate, these ~ are capable of dividing into a multitude of cell types.*
results suggest that SiNP—RNase A conjugates are en-  Altering stem cell signaling, therefore, may be a way to
docytosed into the cell and rapidly exocytose into the ~ impart control over stem cell growth and differentia-

cytosol where RNase A activity results in cell death. tion?! Importantly, stem cells are known to possess
In terms of the ability to disrupt key signaling path- ~ membrane integrity similar to that of normal cells. For

ways in the cell, we employed the monoclonal anti- these reasons, we performed a series of experiments di-
body to phospho-Akt (pAkt) as the protein conjugated  rected toward the delivery of SINP—protein conju-

to SiNP; pAkt plays a major role in epidermal growth gates to rat hippocampal neural stem cells (NSCs).>
factor receptor signal transduction pathways, leading We initially examined whether the SiNP—protein

to activation of nuclear factor-kB (NF-kB) and its nuclear ~ conjugates resulted in general cytotoxicity in the NSCs.
translocation, and subsequent transcriptional activa- As with MCF-7 cells, we performed a dose response
tion of proteins involved in cell growth.* Blocking this study using SINP—GFP. After 14 h incubation, little loss
pathway (i.e., by preventing pAkt from performing its in cell viability occurred (Supporting Information Figure

signaling role) results in degradation of NF-kB and acti-  S4). To elucidate the mechanism of internalization and
vation of caspases, which activate apoptosis signaling delivery of active proteins to the stem cell cytoplasm,

i\ m ) )
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Figure 5. Strategy for targeting metabolic pathways in cells. (a) Schematic of the Akt pathway. Activation of receptor ty-
rosine kinases (RTK) phosphorylates phosphoinositide 3-kinase (PI3K) in the cell cytoplasm. Akt is phosphorylated down-
stream of PI3K by a cascade involving phosphatidylinositol-3,4-diphosphate (PIP,), phosphatidylinositol-3,4,5-triphosphate
(PIP3), and 3’-phosphoinositide-dependent kinase 1 (PDK1). Phosphorylated form of Akt has multiple targets and is involved
in a variety of functions, including cell cycle arrest, DNA repair, glucose metabolism, and cell survival. Phospho-Akt phospho-
rylates caspase-9, forkhead (FKHR), BAD, and kB kinase (IKK) and aids in cell survival. NF-kB, nuclear factor-kB; PTEN, phos-
phatase and tensin homologue. (b) Delivery of anti-phospho-Akt antibody initiates a cascade of downstream processes, in-
cluding cleavage of PARP and apoptosis. (c) Influence of the delivery of nanoparticle—antibody conjugates on the viability
of mammalian cells. MCF-7 cells were incubated with increasing concentrations of SiNP—anti-phospho-Akt (H) or control
SiNP—antirabbit IgG (®) conjugates for 14 h, and their viability was determined using the Trypan Blue assay. (Inset,c) Down-
stream effect of antibody delivery to mammalian cells. MCF-7 cells were exposed to increasing amounts of SiNP—anti-
phospho-Akt conjugates for 14 h. Western blot analysis was then used to quantify the cleavage of PARP, a nuclear poly-
merase involved in DNA repair, and actin, which served as a control protein. Blocking phosphorylated Akt in the cell by the
delivery of anti-phospho-Akt antibodies triggers activation of caspases. Activation of caspases leads to apoptosis, resulting in
the cleavage of PARP. (d) Influence of delivery of nanoparticle—antibody conjugates on viability of stem cells. NSCs were in-
cubated with increasing concentrations of SiNP—antirabbit IgG (¢, B) and SiNP—anti-pAkt (A,®) conjugates for 14 and

24 h, respectively, and their viability was determined using the Trypan Blue assay.

we characterized the uptake of SINP—FITC—BSA conju-
gates by NSCs in the presence or absence of a variety
of inhibitors for known endocytotic mechanisms (as de-
scribed above for MCF-7 cells). Specifically, NSCs were
incubated with 0.1 mg/mL of SiNP—FITC—BSA conju-
gates, and FACS analysis (Figure S5) was used to char-
acterize the uptake of the conjugates. Our results sug-
gest a very strong inhibition of nanoparticle uptake in
the presence of PAO and cytochalasin D, similar to that

www.acsnano.org

observed with MCF-7 cells. Furthermore, experiments
at 4 °C in the presence of 0.05% NaNjs support the in-
volvement of energy-dependent endocytotic mecha-
nisms in the uptake of the conjugates by NSCs. FACS
data comparison with MCF-7 cells reveals a similar up-
take by both the cell types, suggesting that it may be
possible to use SiNPs to deliver proteins to many cell
types. Toxicity assays indicated that the delivery of the
anti-pAkt antibody caused stem cell death in a dose-
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dependent manner (Figure 5d), however, at a longer in-
cubation time than when compared with MCF-7 cells,
presumably owing to the difference in the metabolic
state of these cell lines. The cell viability decreased fur-
ther upon 24 h incubation, suggesting a very efficient
uptake of the conjugates and retention of activity of the
immobilized antibody in the cell cytoplasm.

CONCLUSION

Collectively, these results suggest the involvement
of clathrin-coated pits and actin microfilaments in the
active uptake of SiINP—protein conjugates by the differ-
ent cell lines investigated, which include cancer (MCF-7)

MATERIALS AND METHODS

Cell Culture. Human breast cancer (MCF-7) cells (American
Type Cell Culture Collection) were maintained in Dulbecco’s
modified eagle’s medium (DMEM) supplemented with 5% (v/v)
fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin
mixture. Cell cultures were maintained at 37 °C and in 5% CO,.

Adult rat neural stem cells (NSCs) isolated from the hippoc-
ampi of 6 week old female Fisher 344 rats were maintained in
DMEM/F-12 medium supplemented with 1% (v/v) N2 supple-
ment and 1% (v/v) penicillin/streptomycin mixture. Cell cultures
were maintained in media with 20 ng/mL of fibroblast growth
factor (FGF-2, Promega) in polyornithine/laminin (5 pg/mL,
Sigma-Aldrich) coated plates at 37 °C and in 5% CO,. Cells were
subcultured at 70% confluency using Accutase (Phoenix Flow
Systems, San Diego, CA). All materials were purchased from Invit-
rogen, Inc., unless stated.

Functionalization of Nanoparticles. Silica nanoparticles were first
functionalized with n-octadecyltrimethoxysilane (n-ODMS). Silica
nanoparticles (diameter = 15 = 5 nm) were obtained from EKA
Chemicals, Inc. (Augusta, GA), and Rubpy-doped silica nanopar-
ticles (diameter = 15 = 5 nm, A¢xy = 458 NM, Aem = 592 NM) were
obtained from Life Sciences Inc. Briefly, ca. 8 mg of silica nano-
particles was taken in 1 mL of dry ethanol and washed at least
three times by centrifugation at 10 000 rpm for 5 min followed
by redispersion in dry ethanol by sonication. Washed nanoparti-
cles were then sonicated in a solution of 1% (v/v) n-ODMS in
dry ethanol for 2 h. -ODMS-functionalized silica nanoparticles
were washed with dry ethanol three times followed by three
washes with sterile PBS by repeated centrifugation and sonica-
tion as described above.

To attach proteins, n-ODMS-functionalized nanoparticles
were suspended in sterile phosphate buffered saline (PBS) and
a solution of protein in PBS was added to a final protein concen-
tration of 1 mg/mL. The nanoparticle suspension was shaken at
200 rpm for 2 h at 4 °C. The resulting nanoparticle—protein con-
jugates were washed three times in PBS by repeated centrifuga-
tion at 7000 rpm for 5 min and redispersion by pipetting. Super-
natants from all of the washes were collected, and the protein
content was analyzed using the bicinchoninic acid (BCA) assay
(Pierce Biotechnology, Rockford, IL). SiNP—protein conjugates
were used immediately or stored at 4 °C. Values of the loading
for GFP and RNase A were 30 = 5 pg/mg SiNP and 40 = 5 pg/mg
SiNP, respectively. For conjugates of SiNP with anti-pAkt anti-
body, a mixture of 1.25 g of antibody and 1.25 g of BSA was
loaded per milligram of SiNP.

Confocal Microscopy. Glass-bottom Petri dishes (35 mm total di-
ameter, 22 mm glass bottom, Electron Microscopy Sciences, Hat-
field, PA) were coated with poly-L-ornithine (0.01 mg/mL in ster-
ile PBS) by overnight incubation and stored at —20 °C. Poly-L-
ornithine-coated Petri dishes were washed with sterile PBS at
least three times before using. MCF-7 cells in suspension were
counted and diluted to 1 X 10° cells/mL and seeded in poly-L-
ornithine-coated Petri dishes at 1 X 10° cells/dish. Cells were al-
lowed to settle for 15 min, and 1 mL of fresh media was further

and stem (NSC) cells. The ability of nanoscale materials
to autonomously escape from endosomal compart-
ments can be used to deliver cargo that can alter cell
metabolism and function and regulate signaling path-
ways. Such a system could have a broad applicability to
target cellular function at a range of levels, including
at the transcriptional, translational, and post-
translational levels. This result has significant implica-
tions in understanding and applying the properties of
nanoscale materials to not only stabilize biomolecules
but also retain their activity post-delivery and could aid
in the development of novel strategies for delivering
biomolecule-based therapeutics.

added to the plate and incubated. Cells were washed with me-
dia prior to addition of nanoparticle—protein conjugates sus-
pended in 1 mL of fresh media.

Procedure for Staining the Cells. The position and integrity of the
internalized nanoparticle—protein conjugates were evaluated
by confocal microscopy. For these experiments, we have stained
the nucleus and lysosomal compartments of the cell and used
fluorescent nanoparticle—protein conjugates. All of the stains
were added to the cell media and mixed properly. Lysotracker
red (\ex = 577 nm, Aemy = 590 nm, 0.5 mM) was added to the cell
sample 2 h prior to imaging.

Cell nuclei were stained using DAPI (dilactate) by adding 10
wL of DAPI (\ex = 405 nm, Aem = 460 nm, 0.1 wM) with proper
mixing and incubated for 10 min. For tracking the
nanoparticle—protein conjugates, dye-doped silica nanoparti-
cles containing Rubpy (Aex = 458 Nm, Ay = 592 Nm) conjugated
with green fluorescent protein (GFP) (A\ex = 488 nm, Ay = 515
nm) were added to cells. Stained samples were washed thor-
oughly with 1 mL of fresh DMEM at least three times and im-
aged. All stains were purchased from Invitrogen, USA. Confocal
microscopy images were obtained and processed using LSM Im-
age Browser. To distinguish between lysotracker and Rubpy
(which have close \en values), we have rendered Rubpy using a
yellow palette.

Fluorescence Assisted Cell Sorting (FACS). Cells were seeded in a 12-
well plate at a density of 3 X 10° cells/well and incubated for
4—6 h. The cells were then washed with DMEM and incubated
with a solution of nanoparticle—protein conjugates diluted in
fresh media for various time periods (1—14 h). For FACS analy-
sis, cells incubated with nanoparticle—protein conjugates were
washed with fresh DMEM, PBS, and then detached from the sur-
face by incubating with 300 pL of 0.05% trypsin/EDTA mixture.
Samples collected were resuspended in DMEM.
Nanoparticle—protein conjugates not internalized into the cells
were removed from the cell suspension by centrifuging the cells
at 1000 rpm for 3 min and resuspending cells in fresh DMEM.
The resulting cell suspension was diluted in an equal volume of
FACS Flow (BD Biosciences) followed by analysis on FACS.

The cell suspensions were analyzed on a BD Sciences LSRII
flow cytometer. The forward scatter (FSC) and side scatter (SSC)
for the cells were adjusted using MCF-7 cells (control) to lie in a
range of 50— 100 and were appropriately gated to include the
majority of live cell population. FITC-A signal (\ex = 488 nm, Aem
= 515 nm) for cells without any fluorophore was adjusted to ob-
tain a background signal of ca. 2000 for control cells. Cells sus-
pensions with nanoparticle conjugates were analyzed with the
same settings, and at least 5000 events were obtained for each
sample in the gate selected for control cells. Data were analyzed
and plotted using Flow Jo software.

Protein Transfection Using Pro-Ject. Cells were seeded in a 12-well
plate at a density of 3 X 10° cells/well and incubated for 4—6 h.
GFP (in 50 pL) was added to a microcentrifuge tube containing
the dry film of Pro-Ject reagent (prepared using the standard
protocol supplied by the provider) and incubated for 5 min. The
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Pro-Ject protein complexes were mixed with 450 pL of serum-
free DMEM and added to cells in the 12-well plate and incubated
for 4 h. At the end of incubation, the medium in the well was
changed to fresh DMEM containing 5% FBS. Transfected cells
were characterized by FACS as described above.

Toxicity Assay. Cells were seeded in a 12-well plate at a den-
sity of 3 X 10° cells/well and incubated for 4—6 h. Cells were
then washed with DMEM and incubated overnight with a solu-
tion of nanoparticle—protein conjugates diluted in fresh media.
Cell media from each sample were collected, and cells were de-
tached by incubating with 300 pL of 0.05% trypsin/EDTA mix-
ture. Detached cells were then suspended in the media previ-
ously collected from the sample. Cell suspension was diluted
with Trypan Blue reagent in a 1:1 ratio, and live and dead cells
were counted on a hemacytometer.

Western Blot. Cells were seeded in a 12-well plate at a density
of 3 X 10° cells/well and incubated for 4—6 h. SINP—anti-pAkt
conjugates were prepared by adding 50 pL (5 pg of anti-pAkt
mAb with 5 g BSA, Phospho-Akt (Ser473) mAb #4058, Cell Tech-
nology, Inc. MA). of the anti-pAkt mAb solution to 4 mg of SiNP
conjugates. Cells were washed with DMEM, and a solution of
SiNP—pAkt antibody conjugates diluted in fresh media was then
added to the wells and incubated overnight. At the end of incu-
bation, cells were washed with PBS and lysed. The solutions con-
taining cell lysates were heated at 95 °C for 15 min followed by
characterization by SDS-PAGE on a 10% SDS gel at 120 V. The
protein bands were transferred to a PVDF membrane. PARP
cleavage was observed using anti-PARP rabbit mAB (#9542, Cell
Technology, Inc. MA). as the primary antibody, and goat antirab-
bit 1gG, HRP-linked antibody as the secondary antibody.
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