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Cationic Polymer Modified Mesoporous Silica
Nanoparticles for Targeted siRNA Delivery to HER2"

Breast Cancer

Worapol Ngamcherdtrakul, Jingga Morry, Shenda Gu, David J. Castro,
Shaun M. Goodyear, Thanapon Sangvanich, Moataz M. Reda, Richard Lee,
Samuel A. Mihelic, Brandon L. Beckman, Zhi Hu, Joe W. Gray,* and Wassana Yantasee*

In vivo delivery of siRNAs designed to inhibit genes important in cancer and
other diseases continues to be an important biomedical goal. A new nano-
particle construct that is engineered for efficient delivery of siRNA to tumors
is now described. The construct comprises a 47-nm mesoporous silica
nanoparticle core coated with a crosslinked polyethyleneimine—polyethylene-
glycol copolymer, carrying siRNA against the human epidermal growth factor
receptor type 2 (HER2) oncogene, and coupled to the anti-HER2 monoclonal
antibody (trastuzumab). The construct is engineered to increase siRNA blood
half-life, enhance tumor-specific cellular uptake, and maximize siRNA knock-
down efficacy. The optimized anti-HER2 nanoparticles produce apoptotic
death in HER2 positive (HER2*) breast cancer cells grown in vitro, but not in
HER2 negative (HER2") cells. One dose of the siHER2—-nanopatrticles reduces
HER2 protein levels by 60% in trastuzumab-resistant HCC1954 xenografts.
Administration of multiple intravenous doses over 3 weeks significantly
inhibits tumor growth (p < 0.004). The siHER2-nanoparticles have an excel-
lent safety profile in terms of blood compatibility and low cytokine induction,
when exposed to human peripheral blood mononuclear cells. The construct
can be produced with high batch-to-batch reproducibility and the production
methods are suitable for large-scale production. These results suggest that
this siHER2-nanopatrticle is ready for clinical evaluation.

are identifying genomic aberrations and
affected regulatory networks that enable
aspects of cancer progression including
proliferation, angiogenesis, invasion, drug
resistance, and metastasis.!) These dis-
covery efforts and associated large-scale
functional studies!?! are guiding the devel-
opment of a wide range of therapeutic
agents designed to inhibit the genes
and pathways on which cancers depend.
Unfortunately, many of the most attrac-
tive therapeutic targets currently are not
druggable using small molecule inhibitors
or antibodies.’! RNA interference using
siRNA is an attractive alternative to inhib-
iting otherwise intractable therapeutic
targets.! This strategy has been effective
in vitro. However, delivery of siRNAs to
tumors in patients is still challenging.
Several strategies to deliver siRNAs in
vivo have involved packing siRNAs into
nanoparticle (NP) constructs designed to
increase siRNA halflife in the blood,P!
allow escape from the reticuloendothe-
lial system (RES) recognition that rapidly
causes nanoparticles to accumulate in the
liver and spleen,® and enhance tumor-
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1. Introduction

The Cancer Genome Atlas project, the International Cancer
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specific cellular uptake. Many types of organic and inorganic
nanoparticles have been evaluated as siRNA carriers to achieve
these goals. These include viral-capsids, cyclodextrin, cationic
polymers, gold nanoparticles, peptides (see reviews),”l and
mesoporous silica nanoparticles (MSNPs, see reviews).!
Several organic nanoparticles developed for anticancer agent
delivery show promise, but limitations have been identified.
For example, viral-based carriers sometimes induce adverse
immune responses. Cationic lipid nanoparticles have shown
efficacy in treating liver cancerl® since they home to the liver
and spleen via RES recognition. Unfortunately, they did not
show objective efficacy when used to treat tumors at other ana-
tomic sites.'” In addition, they elicited hematological toxicity
in some cases!'!l and some have been difficult to manufacture
reproducibly at large scale. A cyclodextrin-based nanoparticle
targeted to the human transferrin protein (hTf) was the first
targeted siRNA delivery system to demonstrate anticancer
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efficacy at sites other than the liver (i.e., melanoma). A Phase 1
trial showed that this construct successfully silenced the target
gene, RRM2, in tumors of three patients.'?l However, a subse-
quent report found that particle instability in kidneys reduced
siRNA halflife.’¥] In particular, only 1.4% of the injected
siRNA remained in blood at 1 h after injection into nonhuman
primates without tumors.!¥ SiRNA complexed with tumor
penetrating peptides have also shown some efficacy.’” Fur-
thermore, a siRNA-peptide complex against PLK1 coupled to
a human epidermal growth factor receptor type 2 (HER2) scFv
for targeted delivery to HER2" breast cancer was reported to
show efficacy in HER2* BT474 xenografts.[>")

Inorganic nanoparticles such as gold, mesoporous silica, and
iron oxide have been tested as siRNA carriers. These are typi-
cally easier to synthesize reproducibly at large scale. Spherical
nucleic acid-gold nanoparticle conjugates!*®! have been devel-
oped to deliver siRNA against Bcl2Like12 for treating glioblas-
toma. In vivo protein knockdown (=40%) and antitumor effi-
cacy were achieved in the orthotopically implanted tumor after
seven doses administered every other day. Several MSNP-based
platforms for siRNA delivery have been tested.'”] These have
exploited passive delivery to areas of tumors that have abnormal
molecular and fluid transport dynamics due to abnormal vas-
culature and lymphatic structure—termed enhanced perme-
ability and retention (EPR).'8] These MSNPs were coated with
cationic polymers including polyethyleneimine (PEI),!72!
PEI-cyclodextrin,['7) and PDMAEMAI'74 for cellular entrance
and hence had no cancer cell specificity. Three of the four
platforms!172<d] did not have a steric layer such as polyethylene-
glycol (PEG) to shield them from RES recognition.’”) One PEI-
modified MSNP platform without PEG or a targeting agent was
employed to deliver siRNA against vascular endothelial growth
factor in tumors upon intratumoral injection and shown to
inhibit tumor growth.'’? Two of the four platforms were
loaded with siRNA (siRNA against the M2 isoform of the glyco-
lytic enzyme pyruvate kinase (PKM2)[79l or siRNA against polo-
like kinase 1 (PLK-1))["74 inside the pores, requiring large pore
size, and in turn resulting in large particle sizes (80-150 nm as
the MSNP core size). While promising, significant antitumor
activity in vivo has not been reported for these constructs.[7¢d
Meng et al.'7? reported a PEG-PEI-MSNP platform, but it had
no targeting component and showed tumor inhibition only
upon combination with a chemotherapy drug (doxorubicin) due
to the choice of targeted gene. Overall, MSNP remains attrac-
tive as a core material for siRNA delivery in vivo due to its low
toxicity, large pore volume,?% large surface area, ease of control-
ling size, and high synthesis scalability.

Following on these reports, we developed a new MSNP con-
struct to deliver siRNA against the oncogenic HER2 gene. We
used a small diameter (=50 nm) rigid MSNP as the core. We
coated the MSNP core with a PEI polymer to overcome delivery
barriers, enable scale-up production, and minimize toxicity
compared to PEI-siRNA complexes. PEI was also crosslinked
by bioreducible crosslinkers to enhance its buffering capacity.
We incorporated a PEG layer to protect the siRNA against blood
enzymes, to prevent aggregation of cationic nanoparticles, to
enhance blood safety, and to prevent adverse immune response
to the nanoparticles. We attached the antibody trastuzumab
to the nanoparticle surface to target the particles to cells that

Adv. Funct. Mater. 2015, 25, 2646-2659

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

overexpress the HER2 protein and to provide independent ther-
apeutic benefit. Finally, we loaded siRNA on the external sur-
face of the MSNP (but protected under the PEG layer) to allow
easy siRNA escape from the endosome prior to degradation by
lysosomes.

We chose HER2 as the initial siRNA target because it is a
particularly strong and well-validated therapeutic target in
breast cancer. Amplification of this gene occurs in 15%-25%
of diagnosed breast cancersi?!! and is linked to aggressiveness
and poor prognosis.?? First line HER2" targeted therapies,
trastuzumab and lapatinib, demonstrate significant clinical
efficacy, thereby providing validation of HER2 as a thera-
peutic target. However, up to 70% of patients with advanced
disease demonstrate intrinsic or acquired resistance to trastu-
zumab within one year.?3l A combination of trastuzumab and
lapatinib provided additional benefits to patients, but 50% of
patients still did not respond to the treatment.?*) Combina-
tions with newer therapeutic agents including trastuzumab
emtansine, pertuzumab, and neratinib are promising and
some will likely become part of the standard of care for HER2"
tumors. However, early studies of these agents also show
that many tumors still eventually progress on treatment.l’!
Thus, additional therapeutic options are needed. By silencing
HER2 in tumors with siRNA in combination with simulta-
neous trastuzumab delivery, we provide a new strategy that
may increase efficacy in tumors that remain dependent on the
HER2 pathway, thereby advancing treatment of HER2* breast
cancers.

2. Results and Discussion

2.1. Synthesis, Characterization, and Optimization
of siRNA-nanoparticles

Our siRNA delivery construct is built around a MSNP core.
MSNP size is an important consideration in siRNA-nanopar-
ticle design. Several studies suggest that nanoparticles should
be within the size range of 20-200 nm in order to enable EPR-
mediated delivery.?®l We used MSNPs at the smaller end of
this size range since we expect that smaller nanoparticles will
extravasate best into tumor tissues.*”] We compared two syn-
thetic methods to produce the MSNP core; one yielded uniform
sizes of 34 £ 3, 47 £ 4, and 61 £ 7 nm by varying the ratios
of two surfactants (designated as S-34, S-47, and S-61, respec-
tively), and the other® yielded particles that were larger and
less uniform in size of 87 = 14 nm (designated as O-87). These
results are illustrated in the transmission electron microscope
(TEM) images in Figure 1A-D and summarized in Table 1.
We analyzed these MSNPs using Fourier transform Infrared
spectroscopy (FT-IR) to make sure there were no remaining
surfactants (pore templates) in the NP cores (Figure S1A, Sup-
porting Information).

We modified the MSNP core surface as illustrated in
Figure 1E by adding PEI, PEG, the targeting antibody, and
siRNA. We included PEI in these constructs to promote
endosomal escape of nucleic acids.*”) However, the toxicity
of PEI is of concern. We attempted to reduce this by adding
a PEG layer.?% Nanoparticles were further conjugated with
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Figure 1. Characterization of mesoporous silica nanoparticle (MSNP) cores and schematic of siRNA-nanoparticles. A-D) TEM images of four batches
of mesoporous silica nanoparticle (MSNP) cores: nonuniform-sized MSNP with an average size of 87 nm (0-87, A)), and uniform-sized MSNP with an
average size of 61 nm (S-61, B)), 47 nm (S-47, C)), and 34 nm (S-34, D)), respectively (Scale bar =50 nm). E) Schematic illustration of the nanoparticles
with exterior modified layer-by-layer with cationic polymer (crosslinked PEI, blue), PEG (orange), antibody (green), and siRNA (magenta). F) Hydro-
dynamic size distribution of S-34 (blue), S-47 (red), S-61 (green), and O-87 (black) cores after surface modification as in E) except O-87, of which PEI

was coated without crosslinking.

trastuzumab (designated as T) to target cells expressing
HER2 and with rituximab targeting CD20 (designated as R)
as a negative control. These nanoparticle constructs will be
referred to hereafter as T-NP or R-NP, designating trastu-
zumab-conjugated PEG-PEI-MSNP or rituximab-conjugated
PEG-PEI-MSNP, respectively. We employed several siRNAs
during the course of our studies including a scrambled
siRNA control designated siSCR, a siRNA against luciferase
designated siLUC, and a siRNA against HER2 designated
siHER2. Their specific sequences are described in the Sup-
porting Information.

The nanoparticles after surface modification had a hydro-
dynamic size of =100 nm for the three uniform-sized core
materials (S-34, S-47, S-61) and 200 nm for the nonuniform-
sized core material (O-87) in phosphate buffered saline
(PBS). All materials were also positively charged after the
modification due to the cationic PEI. The hydrodynamic
sizes and zeta potentials of these materials after surface
modification are summarized in Table 1 and hydrodynamic
size histograms are shown in Figure 1F. Composition of
the optimized nanoparticles (also see Section 2.2) was ana-
lyzed by thermogravimetric analysis (TGA) and BCA assay

Table 1. Hydrodynamic size, zeta potential, and silencing efficacy of six different nanoparticles.

Material (MSNP core) MSNP core size by TEM?  Surface modification®)

Hydrodynamic size (DLS) Zeta charge

[nm] [mv]

Size9 pDI9)

[nm]

0-87 87+ 14 T-NP'0 214422 0.22 22+0.5
S-61 61+7 T-NP'0 113+£1.0 0.20 18+0.4
T-NP'°C 131103 0.20 19+3.7
S-47 47+4 T-NP'°C 117+£0.5 0.19 25+0.1
T-NP'-8¢ 117+24 0.20 19+4.0
S-34 3443 T-NP10¢ 133+4.1 0.37 19 +4.0

2 Core size measured in dry state, average size of 50 particles; b)«10” stands for 10-kDa PEI; “1.8C" and “10C” stand for crosslinked 1.8-kDa and crosslinked 10-kDa
PEI, respectively. All PEI-MSNP were then conjugated with PEG, and trastuzumab (T); 9Average of three measurements; the z-average diameter and polydispersity index
(PDI) values were defined according to International Standard on DLS (1ISO13321); 9PDI ranges from 0 to 1; smaller number indicates narrower size distribution; e.g., PDI
< 0.05 is considered monodisperse (one size only), while PDI > 0.5 indicates a broad distribution of particle sizes.
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Table 2. Composition of T-siRNA-NP (all reported as percent by mass of the whole construct).

Materials Surface modification PEI by TGA PEG by TGA Antibody by BCA NP/siRNA mass ratio

[%] [%6] [%] (fluorescent method)
S-47 T-NP10¢ 13.5 18.2 3 Complete at 25 and 50
S-47 T-NP'-8¢ 15.9 6.1 3 Complete at 25 and 50

as reported in Figure S1B, Supporting Information, and
Table 2.

The siHER2 was selected from 76 potential sequences by
measuring the efficacy and specificity with which these siRNAs
reduced mRNA levels and growth in four HER2" cell lines and
two HER2™ cell lines. The best siHER2 from these studies was
further confirmed for the efficacy and specificity in 20 addi-
tional HER2" cell lines and 2 HER2™ cell lines as shown in
Figure S2A, Supporting Information. The dose of this siRNA
required to inhibit growth by 50% (GI50) was <5 X 10~ m in 19
of 20 HER2" cell lines including 13 that did not respond to tras-
tuzumab (30 pg mL™) (Figure S2B, Supporting Information).

2.2. Engineering Endo-Lysosomal Vesicle Escape and In Vitro
Gene Knockdown by siRNA-Nanoparticles

Internalized nanoparticles ultimately end up in perinuclear
lysosomal vesicles. siRNAs must escape from this environ-
ment early to be effective since the nucleases and acidic pH
in the lysosomal vesicles will destroy the entrapped com-
plexes. Polymers that exhibit high transfection efficiencies,
such as PELBY have buffering capacity in the endo-lysosomal
pH range of 5-7 due to presence of unprotonated secondary
and tertiary amines. This buffering is thought to increase
influx of hydrated protons and chloride ions, thereby causing
the vesicles to swell, rupture, and release the siRNAs into

10.00

cytosol.??l This phenomenon is referred to as the proton
sponge effect.

We tested the possibility that endo-lysosomal escape and
gene silencing efficacy of our siRNA-nanoparticles could be
increased by increasing buffering capacity of the nanoparticles.
First, we measured the buffering capacities of nanoparticle
platforms with crosslinked 1.8-kDa PEI (T-NP'%%), crosslinked
10-kDa PEI (T-NP¢), and noncrosslinked 10-kDa PEI
(T-NP1) in 150 x 1073 m NaCl (see Figure 2A). We found that
the nanoparticle platforms had buffering capacity in the order
of T-NP'%¢ > T-NP'® > T-NP'¥C. Thus, the crosslinking of
the PEI creates more secondary and tertiary amines yielding
greater buffering capacity than primary amines.3! We expected
that gene silencing efficacy would be in the same order based
on the proton sponge mediated siRNA release concept.

We tested this by comparing the gene silencing ability of test
siLUC on various nanoparticles (four core sizes, loaded with
PEI of 1.8-kDa or 10-kDa, crosslinked or no crosslinked). Spe-
cifically, we assessed luciferase silencing at 24 h post exposure
of the siLUC-nanoparticles on a breast cancer cell line, MDA-
MB-231-H2N-luc, that was genetically modified to overexpress
both HER2 and luciferase.?¥! Figure 2B,C shows the luciferase
silencing (vs siSCR) of all nanoparticles. Complete siRNA
binding was achieved for all materials at NP/siRNA mass ratio
of 25 and above (confirmed by no remaining unbound siRNA
in the solution phase after the loading step). However, mate-
rials with NP/siLUC of 50 offered better gene silencing efficacy
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Figure 2. Buffering capacity and luciferase silencing efficacy of nanoparticles. A) Buffering capacity of three nanoparticle platforms with crosslinked
1.8-kDa PEI (T-NP'#%), and noncrosslinked (T-NP'®) and crosslinked 10-kDa PEI (T-NP'%®) measured in NaCl (150 x 1073 wm). B,C) Silencing of lucif-
erase in MDA-MB-231-H2N-luc (high HER2, high luciferase) upon treatment with 30 X 10~ m siLUC on nanoparticles (NP) at NP/siRNA weight ratio
of 25 (B) and 50 (C), measured at 48 h post-transfection (with overnight media change).
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(per same dose of siLUC) (Figure 2C) than those with NP/
siLUC of 25 (Figure 2B) due to the greater number of nano-
particles to which the cells were exposed. We used the 50 mass
ratio throughout this study unless specified otherwise. We
found that smaller particles had reduced silencing efficacy com-
pared to larger particles (see S-61 vs O-87, both were modified
with 10-kDa PEI, designated as T-NP'® in Figure 2B). This is
likely due to poorer endo-lysosomal escape of the siLUC from
the smaller particles. However, large particles are less desirable
for tumor delivery using EPR effects. We tested the possibility
that the siRNA endosomal release from smaller particles could
be enhanced by PEI crosslinking to increase the buffering
capacity as shown in Figure 2A. Figure 2B,C shows that the
silencing efficacy was indeed improved with crosslinked mate-
rials, compared to the noncrosslinked material (see T-NP%C vs
T-NP!, from S-61 core). The highest silencing efficacy (76%)
was achieved with the nanoparticles that were developed from
S-47 core. This S-47 material also yielded the best size distri-
bution without large aggregates (Figure 1F). The S-47 modi-
fied with crosslinked 10-kDa PEI was more effective than that
modified with crosslinked 1.8-kDa PEI (76% vs 60% silencing
efficacy). Their compositions are reported in Table 2 (see also
Figure S1B, Supporting Information, for TGA analysis for PEI
and PEG loading characterization). The S-47 core material with
crosslinked PEI was used for all subsequent experiments.

2.3. Protection of siRNA against Blood Enzymatic Degradation

We assessed the ability of MSNP constructs (T-siHER2-
NP!8¢ ys T-siHER2-NPC) to protect siHER2 from degrada-
tion by blood enzymes by measuring the amount of siHER2
remaining after incubation of siHER2-nanoparticles for 0-48 h
in human serum (50% in PBS) at 37 °C. We compared these
results to those obtained for free siHER2 without nanoparticles.
Figure 3A shows the amount of intact siHER2 that survived
enzymatic degradation as measured by gel electrophoresis. The
corresponding siHER2 quantification based on the band inten-
sity and location is shown in Figure 3B. Without the nanopar-
ticles, naked siHER2 was degraded within 0.5 h (observed as
bands shifted toward lower molecular weight), and its half-life

Free siHER2 T-siHER2-NP'%¢

T-siHER2-NP'*®

www.MaterlalsVIews.com

was about 1 h, in agreement with previous reports for other
siRNAs.?l T-siHER2-NP!C fully protected siHER2 up to
8 h, while T-siHER2-NP%C fully protected siHER2 up to 24 h.
The siRNA on both of our nanoparticle platforms appeared to
experience much less degradation than siRNA on the cyclodex-
trin-based nanoparticles which have already shown clinical anti-
tumor efficacy.l'?®! Those cyclodextrin-protected siRNAs were
reported to experience 50% degradation within 12 h, and 70%
within 24 h under 50% serum conditions.(®!

2.4. Importance of PEG

The higher siRNA protection for T-siHER2-NP'%¢ compared
to T-siHER2-NP'#C is likely due to the increased PEG content
for the higher-molecular-weight PEI of T-siHER2-NP!C, The
PEG contents of T-siHER2-NP'°C and T-siHER2-NP'4€ were
18.2% and 6.1%, respectively (Table 2). Higher PEG content
is expected for T-siHER2-NP'%C since it contains more reac-
tive amine groups for PEG binding than T-siHER2-NP!-8C,
PEG is known to provide a steric blocking effect’®”] that reduces
enzymatic degradation of siRNA.B®! It also reduces binding of
blood proteins to the nanoparticles.*”"! We found in a separate
experiment (Figure S3A, Supporting Information) that siRNA
on PEI-MSNP without PEG degraded faster than naked siRNA
since positively charged PEI recruited more negatively charged
siRNA degrading enzymes. In addition, we found significant
aggregation of nanoparticles without PEG upon siRNA loading
(Figure S3B, Supporting Information). The PEG layer also
improved blood compatibility and reduced immune response
as described later in the paper.

2.5. Cellular Uptake of the siRNA-Nanoparticles

Cellular uptake relies on HER2 antibody (trastuzumab) con-
jugated on the nanoparticles, which was found to be optimal
at 3% by mass of trastuzumab per nanoparticles as shown in
Figure S4, Supporting Information. This 3% loading was used
throughout the paper. Without trastuzumab (Figure S4, Sup-
porting Information), the nanoparticles could be taken up by

512482448 00051 2 4 82448

*samples prior to serum exposure

—a— T-siHER2-NP10C
—m— T-siHER2-NP1sC

—e— Free siHER2
0.2

-

Remaining
SiRNA

0.0 e, 1 1 1 ]
0 10 20 30 40 50

Time (hours)

Fraction of intact siRNA w

Figure 3. SiRNA protection from serum degradation. A) Residual siRNA against HER2 (siHER2) band after contact with 50% human serum after
specified periods of time; conducted with free siHER2, or siHER2 loaded on two nanoparticle platforms with crosslinked 1.8-kDa (T-siHER2-NP'-¢)
and crosslinked 10-kDa PEI (T-siHER2-NP'%%), all at 37 °C with shaking, and B) the corresponding siHER2 quantification using Image] software.
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Figure 4. Cellular uptake of siRNA-nanoparticles. Percentage of A) BT474 (HER2*), B) SKBR3 (HER2*) breast cancer cells, and C) MCF7 (HER2")
breast cancer cells, that were internalized with fluorescent dye-tagged scrambled siRNA (siSCR)-nanoparticles having either crosslinked 1.8-kDa
(NP8 or crosslinked 10-kDa PEI (NP'%%), and conjugated with either trastuzumab (T) or rituximab (R), D) western blot confirming HER2 content of
these three cell lines, and E-G) the corresponding intensity (per cell) of dye-tagged siSCR—nanoparticles internalized into the cells. Data were presented
as mean + SEM. All were performed with 1 x 10° cells and 100 pg of nanoparticles in 0.3 mL of cell culture media and exposure time of 0.5 or 2 h. Also

see histogram in Figure S5, Supporting Information.

cells due to their positive charge, which is not specific to tar-
geted cells only. Next, we assessed the specificity with which
trastuzumab-targeted siRNAs were taken up by cells that
overexpress the HER2 protein by measuring the uptake of
nanoparticles carrying a scrambled siRNA and coupled with
trastuzumab (designated hereafter as T-siSCR-NP'#C and T-
siSCR-NP'%¢) and with rituximab targeting CD20 (designated
as R-siSCR-NP'8¢ and R-siSCR-NP!¢), We measured cel-
lular uptake of T-siSCR-NP%C and T-siSCR-NP!#C in HER2*
breast cancer cells, BT474 and SKBR3, and the HER2"™ cell line
MCEF-7 at 0.5 or 2.0 h post exposure to the nanoparticles. The
siSCR was tagged with the fluorescent reporter, Alexa 488,
for these experiments to enable quantitative analysis of siSCR
uptake. R-siSCR-NP!%¢ and R-siSCR-NP'#C nanoparticles
served as a negative control since BT474, SKBR3, and MCF-7
cells weakly express CD20. We measured the amount of Alexa
488-tagged siSCR in the interior of individual cells using flow
cytometry after quenching fluorescence from Alexa 488-tagged
siSCR on the external cell membrane using Trypan blue.
Figure 4A-C shows that T-siSCR-NP!°C were taken up effec-
tively (>90%) into HER2* cells (BT474 and SKBR3), but not
HER2™ cells (MCF7) and that uptake increased by extending
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the exposure time from 0.5 to 2 h. Furthermore, uptake of T—
siSCR-NP!%C was greater than T-siSCR-NP!8C, In addition,
R-siSCR-NP!%¢ and R-siSCR-NP'8¢ nanoparticles were not
taken up efficiently by any of the cell lines. Figure 4D illustrates
HER2 protein expression in the three cell lines being evaluated.
Figure 4E-G shows the average intensity of Alexa 488-tagged
siSCR signal per cell and the same trend can be observed. Fluo-
rescence distributions of Alexa 488-siSCR uptake are reported
in Figure S5, Supporting Information. This confirms that nano-
particles enter cells primarily by a HER2-receptor-mediated
endocytosis mechanism and not by adsorptive endocytosis of
positively charged particles as reported for PEI-MSNP.3%]

2.6. HER2 Knockdown Efficacy and Therapeutic Effects

We assessed the efficiency of T-siHER2-NP'C and T-siHER2—
NP!8€ in inhibiting HER2 mRNA levels and HER2 protein
expression in the HER2" breast cancer cell lines, BT474,
SKBR3, and HCC1954. We used quantitative immunofluores-
cent imaging (IF) to assess HER2 protein levels (Figure 5A),
the Quantigene RNA assay for HER2 mRNA level (Figure 5B),
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Figure 5. HER2 knockdown by siHER2—-nanoparticles and therapeutic responses. A) HER2 expression of three HER2* breast cancer cells at 72 h post-

treatment with siHER2 or siSCR (60 x 107 M) on T-NP'%C. B) HER2 mRNA level (48 h),

C) apoptotic activity (four days), and D) cell viability (four days)

of BT474 cells treated the same way as (A). E) Cell viability after treatment with T-siHER2-NP'%C for four days in various cell lines. All cells exposed to
siRNA-nanoparticles overnight and media changed. Inset of (E) shows HER2 levels of all cells tested.

cleaved Caspase 3 and 7 assay for apoptotic markers (Figure 5C),
and cellular ATP level assay for cell viability (Figure 5D,E).
Figure 5A shows that T-siHER2-NP'*¢ reduced HER2 levels
by 81%-93% compared to T-siSCR-NP'C. Figure S6A, Sup-
porting Information, shows that the T-siHER2-NP!C were
more effective than T-siHER2-NP!4€ at equivalent siRNA dose.
Also, Figure S6B, Supporting Information, shows that doubling
the dose of T-siHER2-NP!#C did reduce HER2 protein levels by
79%-83% in SKBR3 and HCC1954 but even that was not effec-
tive in BT474 cells. Overall, T-siHER2-NP!C demonstrated
better anti-HER2 efficacy than T-siHER2-NP!#C. Encouragingly,
the T-siHER2-NP'%¢ outperformed siHER2 with DharmaFECT
in all cell lines as shown in Figure S6C, Supporting Information.

Quantitative interpretation of these results is complicated
by the fact that treatment with T—siSCR-NP'¢ also reduced

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

HER2 levels and killed HER2" breast cancer cells (Figure S6D,
Supporting Information). We attribute this to the high levels
of trastuzumab on the nanoparticles (3% by weight) since tras-
tuzumab by itself is known to impact HER2 expression and
cell viability independent of the siHER2.*l Figure S6D, Sup-
porting Information, for example, shows that HER2 levels in
BT474 were reduced by 41% with T-siSCR-NP'%C and by 87%
with the T-siHER2-NP!°C compared to untreated controls.
Likewise, Figure 5D shows that cell viability was reduced 59%
by T-siSCR-NP'C and 86% by T—siHER2-NP'%C, Hence, to
evaluate the effect of siRNA, we compared results to the siSCR
control instead of the untreated control. We also assessed
T-siHER2-NP'%C induced changes in HER2 mRNA levels in
BT474 at 48 h post-treatment. Figure 5B shows a 44% reduction
in HER2 mRNA relative to siSCR control. This compares with
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a 58% reduction using DharmaFECT (positive control). These
results may be affected by the high cell death induced by the
T-siHER2-NP%C since cells that are most strongly affected will
be preferentially lost. We gained some insight into this by com-
paring knockdown efficiency in cells that are more resistant
to trastuzumab, such as JIMT1 and HCC1954. In Figure S7,
Supporting Information, for example, we found that the mRNA
reduction induced by T-siHER2-NP'%¢ and DharmaFECT were
more comparable; 69% versus 72% in JIMT1 cells and 57%
versus 63% in HCC1954 cells.

Figure 5C shows that apoptotic activity was threefold greater
after treatment with T-siHER2-NP'C than with T-siSCR-
NP'¢, consistent with the reduced cell viability in Figure 5D.
We also measured cell viability after treatment with T-siHER2—
NP!C in a panel of HER2" cells and HER2™ cells. Figure 5E
shows that treatment with T-siHER2-NP!°¢ reduced viability
more strongly in HER2* breast cancer cells (BT474, SKBR3,
HCC1954, and JIMT-1) than in HER2™ breast cancer cells
(MCEF-7, MDA-MB-231, MDA-MB-468), HER2™ breast epithelial
cells (MCF-10a), HER2™ human liver carcinoma cells (HepG2),
and HER2™ human embryonic kidney cells (HEK-293). The
HER2 expression levels of these cells are included as an inset
of Figure 5E.

2.7. Impact of T-siHER2-NP'°C on Trastuzumab-Resistant Cells

We assessed the efficacy of T-siHER2-NP1¢ in the intrinsically
trastuzumab-resistant HER2* cell lines, HCC1954 and JIMT1
(Figure S2B, Supporting Information), in the HER2" cell line,
BT474, that responds to trastuzumab and lapatinib, and in
BT474-R, a derivative cell line that was made lapatinib-resistant
by long-term treatment with 1 X 10° m lapatinib. Figure 6A

www.afm-journal.de

shows that the BT474-R cells were also less responsive to trastu-
zumab compared to parental BT474. However, Figure 6B shows
that both cell lines were responsive to T-siHER2-NP%¢ com-
pared to the T-siSCR-NP!%C control. This suggests a similar
response to siRNA treatment in both cell lines. Meanwhile,
Figure 6C shows that T-siHER2-NPC reduced the viability of
BT474 and BT474-R to 26.9% and 38.3% of the untreated con-
trol, respectively. We attribute the reduced efficacy (in terms of
cell death compared to the untreated control) in BT474-R to the
fact that trastuzumab on the nanoparticles does not elicit any
therapeutic effect on BT474-R.

2.8. Blood Compatibility

It is important that nanoparticle constructs intended for use
systemically in vivo do not cause hemolysis, thrombogen-
esis, and platelet aggregation. We assessed these endpoints
for T-siHER2-NP'%¢ and T-siHER2-NP'%C, and compared
the results to those for the FDA-approved nanoparticle prod-
ucts: Abraxane (Paclitaxel-albumin nanoparticles) and Fera-
heme (iron oxide nanoparticles used as a MRI contrast agent).
Nanoparticles were tested at 1x and 5x of the intended human
blood level. Figure S8A, Supporting Information, shows that
T-siHER2-NP'#¢ and T-siHER2-NP'C did not cause hemol-
ysis of red blood cells at either dose, while complete blood
lysis was achieved with Triton-X (0.025%), the positive control.
Figure S8B, Supporting Information, shows that these nano-
particles also did not affect the coagulation time of platelet poor
plasma since all took about 37 s, while Feraheme prolonged
the coagulation time, in agreement with its known side effects
related to abnormal clotting.*!l Figure S8C, Supporting Infor-
mation, shows that our nanoparticles and Abraxane did not
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Figure 6. In vitro evaluation of siHER2-nanoparticles on HER2 silencing and ability to overcome trastuzumab resistance. A) Trastuzumab dose
response (as five-day cell viability) of BT474 and BT474-R (trastuzumab and lapatinib-resistant cell line derived from prolonged treatment of BT474
cells with lapatinib (1 x 107 m)). B,C) BT474 and BT474-R were treated with one dose of T-NP'%C loaded with siHER2 or siSCR (60 x 107 m siRNA)
and cell viability was monitored at five days post-treatment and reported as a percentage of B) siSCR control or C) untreated control.
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trigger platelet aggregation while a collagen-related peptide
used as a positive control triggered aggregation immediately.

2.9. Immune Response

Induction of an adverse immune response is one of the major
causes of failure of drug candidates during preclinical and clin-
ical studies. Nanoparticles may elicit an inflammatory response
in immune cells via tolllike receptor activation. We evalu-
ated the effect of T-siHER2-NP!3¢ and T-siHER2-NP'°C on
immune response by treating peripheral blood mononuclear
cells (PBMCs) isolated from human blood with these nanoparti-
cles. We measured induction of the cytokines IL-18, IL-6, IFN-¢,
and TNF-o because their production is associated with Toll-like
receptor activation on the surface of the cell membrane and on
the endosomes.?l PBMCs have been reported to respond to
siRNA transfection with a sequence-specific TLR 7/8 dependent
induction of IFN-¢ and TNF-o.1*3l We used the TLR7/8 agonist
(R848) as a direct positive control since TLR7 and TLR8 are
located within the endosomes!* where nanoparticles and siRNA
are expected to reside. We compared results for our nanoparti-
cles to those obtained for the FDA-approved nanoparticle-based

drugs, Abraxane and Feraheme. Figure 7 shows that neither
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T-siHER2-NP!8¢ nor T-siHER2-NP'’® increased the levels of
IL-6 and TNF-o at either the 1x or 5% level, while Abraxane signif-
icantly increased both cytokines at the 5x level. Both nanoparticles
increased the levels of IFN-a and IL-1f3 somewhat, but not to the
extent observed for Abraxane for IL-1f3 and Feraheme for IFN-q.
The immune response was not significantly different for nano-
particles with or without siRNA, suggesting that the response was
not siRNA specific. Finally, the PBMC immunological response
to T-siHER2-NP'°C was not worse than T-siHER2-NPC, This
may be because the higher PEG content of T-siHER2-NP0¢
(Table 2) compensates for its higher charge of higher-molecular-
weight PEI. We tested our nanoparticles for lipopolysaccharides
or LPS, produced by gram-negative bacterial contamination since
this might also trigger an adverse immune response. About 35%
of clinically relevant nanoparticles have been found to carry this
contaminant.*’! Figure S9, Supporting Information, shows that
T-siHER2-NP!#¢ and T-siHER2-NP'°C were not contaminated.

2.10. In Vivo HER2 Silencing Efficacy and Tumor Growth
Inhibition in an Orthotopic Mouse Tumor Model

We chose the T-siHER2-NP!¢ (with S-47 MSNP core) over
T-siHER2-NP#C because it yielded higher siHER2 protection,
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Figure 7. Cytokine induction in PBMCs. 24-h exposure with various nanoparticles, T—siHER2-NP'#C, T-NP'%C (no-siRNA), T-siHER2-NP'%¢, Abraxane,
and Feraheme. 1x = estimated human blood levels of the materials (i.e., 94 ug mL™" for Abraxane, 102 ug mL™' for Feraheme, and 70 pg mL™" for the
two nanoparticles), 5x = fivefold of such levels, Vehicle = PBS, R848 = TLR7/8 agonist (10 x 107° wm).
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Figure 8. In vivo HER2 reduction and growth inhibition of orthotopic HCC1954 tumors. A) Representative immunofluorescent images of tumor tis-
sues collected from mice (n = 4/group) at four days post i.v. injection with one dose of T-NP'% loaded with siHER2 or siSCR (1.25 mg siRNA kg,
NP/siRNA of 50) or PBS control. B) Quantitative HER2 levels of the tissues (means £ SD). Images were analyzed by CellProfiler; red = HER2 protein;
green = CD31 endothelial marker; blue = DAPI staining cell nuclei. C) Tumor growth in mice bearing orthotopic HCC1954 tumor xenografts (n =5/
group) receiving the same treatments as (A) but multiple doses (days of injection are indicated by arrows). Tumor volumes are presented as means +

SEM. Specified p-values are against the saline control.

better cellular uptake, and higher gene knockdown and cell
killing efficacy, without greater toxicity. Accordingly, we evalu-
ated T-siHER2-NP!€ for in vivo gene knockdown efficacy in
HCC1954 xenografts grown orthotopically in mammary fat
pads. Tumors were allowed to grow to 250 mm? before treat-
ment (n = 4 per group). We administered T-siHER2-NP!¢ and
T-siSCR-NP!C as a single intravenous tail vein injection in
order to deliver 1.25 mg siRNA kg™! body weight. Tumors were
harvested at four days post-injection and analyzed. Figure 8A,B
shows the HER2 protein levels in the HCC1954 tumors were
reduced by 58.6% compared to saline control (p < 0.0013) and
by 46.5% compared to treatment with the T-siSCR-NP!C
control (p < 0.015). It should be noted that 22.7% (p = 0.27 vs

Adv. Funct. Mater. 2015, 25, 2646-2659

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

saline control) of the HER2 reduction in the siSCR control is
likely due to trastuzumab on the nanoparticles. Similar results
were obtained with orthotopic JIMT-1 tumor model as shown
in Figure S10, Supporting Information, but to a lesser extent
(e.g., 38.2% HER2 reduction versus saline control (p < 0.0012)).
This is perhaps due to lower level of HER2 expression in JIMT1
compared to HCC1954, resulting in reduced nanoparticle
delivery and correspondingly reduced knockdown efficacy.

We assessed the ability of T-siHER2-NP1¢ (with S-47 MSNP
core) to inhibit tumor growth in the same HCC1954 mouse
model. Tumors were allowed to grow to =100-150 mm? in size
prior to group randomization (n =S5 per group). Figure 8C shows
that five intravenous tail vein injections of 1.25 mg siRNA kg™!
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Figure 9. Drug resistance in HCC1954 in vivo. Tumor growth in mice bearing orthotopic HCC1954 tumor xenografts. A) Mice (n = 7/group) were
injected intraperitonially with trastuzumab (10 mg kg™") or saline. B) Mice (n = 5/group) were injected via tail vein with trastuzumab (5 mg kg™).
C) Mice (n=9/group) were injected via tail vein with trastuzumab (5 mg kg™') and paclitaxel (3.1 mg kg™'). Arrows indicate days of injection. Tumor

volumes are presented as means £ SEM.

over a period of three weeks significantly inhibited tumor
growth, while T-siSCR-NP!¢ produced little effect. This
response is noteworthy since HCC1954 has been established
as resistant to cisplatin,*?! trastuzumab,*’! and pertuzumab!*®!
in vitro and/or in mice. We confirmed its resistance in vivo
to trastuzumab (Figure 9A,B) and trastuzumab and paclitaxel
combination (Figure 9C). We also found that T-siRNA-NP'?
(with O-87 core) inhibited ectopic HCC1954 xenograft growth
(Figure S11A, Supporting Information), while the siSCR
control did not. In orthotopic tumors, however, T-siHER2—
NP (with S-47 MSNP core) showed better efficacy than the
larger particles, even at half the dose of siRNA (i.e., 1.25 mg
siRNA kg! in Figure 8C vs 2.5 mg siRNA kg! in Figure S11B,
Supporting Information).

2.11. Reproducibility of Nanoparticle Synthesis

It is often difficult to achieve high batch-to-batch reproducibility
during nanoparticle synthesis. We achieved manufacturing con-
trol of particle size and surface modification by combining inor-
ganic and polymeric materials. Our sol-gel chemistry affords
high batch-to-batch reproducibility of the MSNP core with 2.4%
relative standard deviation (RSD) of particle sizes from six
batches (Figure S12A,B, Supporting Information). The layer-by-
layer surface modification was also reproducible as shown in
Figure S12A,C, Supporting Information. Washing after each of
the loading steps facilitates impurity removal. This is difficult
to accomplish with one-pot synthesis methods. Based on these
results, we anticipate that it will be straightforward to scale the
sol-gel chemistry and the layer-by-layer modification manufac-
turing processes to the level needed for clinical studies.

3. Conclusion

We have produced a new generation siRNA in vivo delivery con-
struct comprised of a MSNP core coated with PEI polymer to
enhance delivery, a PEG layer to protect the siRNA and attached
to an antibody for targeted delivery. We have demonstrated that
our most effective construct, T-siHER2-NP%C (with S-47 core)
was effectively taken up by HER2" cells in a specific manner
via antibody-receptor interaction and effectively silenced
HER2 expression in vitro and in vivo. It did not appear to elicit

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

unacceptable immune responses. This construct also produced
excellent HER2 knockdown and growth inhibition of drug-
resistant HER2* tumor xenografts grown orthotopically. Manu-
facturing of the construct is straightforward, reproducible, and
can be scaled to the level needed for clinical use.

HER2 oncogene/protein was chosen as the initial therapeutic
target for siRNA (siHER2). Our data show that cancer resistant
to current HER2 targeted therapies (e.g., trastuzumab and lapa-
tinib) still responds well to siHER2 treatment. In addition to
serving as a homing target, HER2 Ab (trastuzumab) also dis-
plays therapeutic effect, when conjugated on our nanoparticles.
This provides a strong motivation to have both HER2 Ab and
siHER2 on the same nanoparticle. With regard to the potential
self-defeating issue that HER2 proteins might be decreased in
the treated cells, rendering the targeting by HER2 AD ineffec-
tive, we have two hypotheses: (1) not all cells within the tumors
will receive T-siHER2-NP at once and hence some cells still
overexpress HER2 for HER2 Ab-assisted delivery in subsequent
doses, and (2) cells that receive sufficient T-siHER2-NP will
undergo apoptosis (hence no longer needing T-siHER2-NP
delivery) and the surviving cells will replenish HER2 proteins
for HER2 Ab-assisted delivery in subsequent doses. We found
that cells that survived long-term continuous treatment with
siHER2, due to either not receiving sufficient siHER2 or not
having siHER2 delivery at all, could replenish their HER2 level
once relieved of siHER2 treatment to the same level with naive
cells. This indicates that they can still be the target for delivery
by HER2 Ab. Our data also showed that long-term siHER2
treated cells remained sensitive to siHER2 treatment (same
percent cell death as the parental or naive cells). These findings
will be reported in due course.

To move this technology forward to clinics, in addition to
HER?2, we are also actively working on finding other gene tar-
gets amenable to HER2* breast cancer and other cancer types.
We expect that this construct can be adapted to silence any
gene deemed important in cancer growth. The siRNA-nano-
particle has the potential to impart both delivery specificity
and therapeutic specificity via the RNAi mechanism, poten-
tially providing a greater therapeutic index than conventional
chemotherapeutics or small molecule inhibitors. In our plat-
form, siRNA loading was accomplished last using a simple and
quick mixing method. The loading employs electrostatic inter-
action, relying on negatively charged phosphodiester siRNA
backbone. Therefore, the loading efficiency is independent of

Adv. Funct. Mater. 2015, 25, 2646-2659
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siRNA sequences. Our platform thus affords loading of dif-
ferent siRNAs or a cocktail of siRNAs without difficulty. In
addition, since siRNA is loaded outside, our platform permits
loading of drugs or imaging agents inside the pores, if needed.
Co-delivery of drugs or imaging agents with siRNA has been
investigated in our lab, but is outside the scope of this paper.

4. Experimental Section

Materials, siRNA, and Cell Lines: Detailed information on reagents and
siRNA used is provided in the Supporting Information. Human breast
cancer cell lines (BT474, JIMT1, SKBR3, HCC1954, MCF7, MDAMB231,
and MDAMB468), breast epithelial cells (MCF-10a), human liver
carcinoma (HepG2), and human embryonic kidney cells (HEK-293) were
obtained from American Type Culture Collection. MDAMB231-H2N-luc
was obtained as a gift from Prof. Robert Kerbel (University of Toronto,
Canada). Cell media recipe for each cell line and siRNA sequence
description are provided in the Supporting Information.

Synthesis and Characterization of Nanoparticles: The sol-gel synthesis
of MSNPs was modified from previous reports.* For 47-nm NP
(S-47), CTAC (0.15 m) and TEA (350 pL) were mixed in water (125 mL)
at 95 °C. Then, TEOS (3 mL) was added and the mixture was stirred
for 1 h. Afterward, the pellets were recovered from suspension by
centrifugation, washed with a copious amount of ethanol, and dried
overnight. The particles were then resuspended and refluxed in acidic
methanol (0.6 m HCl in methanol) overnight to remove CTAC and TEA.
Bare MSNPs were then washed with ethanol and dried in a desiccator.
TEA was also varied from 200 to 450 pL to achieve the MSNP sizes of
60 and 30 nm, respectively. MSNP (dry) size was measured with TEM
(Phillips/FEI CM120/Biotwin TEM, Hillsboro, OR) and hydrodynamic
size with Zetasizer (ZS-90/Malvern, Westborough, MA). Nonuniform
MSNPs (O-87) were synthesized by base-catalyzed synthesis. CTAB
(6 x 107% m) was dissolved in aqueous solution of pH 11.0 (240 mL,
adjusted by 2 v NaOH). When the temperature stabilized at 80 °C,
TEOS (2.5 mL) was added. The reaction continued for 2 h and particles
were processed for surfactant removal in the same fashion as explained
above. Coating of PEl on the exterior of MSNP was carried out in ethanol
by shaking MSNP (10 mg) and PEl (2.5 mg) in ethanol solution for
3 h at room temperature (RT). Next, PEI-MSNP was crosslinked with
DSP crosslinker (0.2 mg) for 40 min. The particles were pelleted down,
washed, and resuspended in PBS (pH 7.2). For PEG loading, mal-PEG-5
kDa-NHS (50 mg) was conjugated to the primary amine of MSNP-
PEI (10 mg) in the PBS buffer under shaking (20 h, RT, 300 rpm). The
PEI and PEG loading were analyzed by TGA (Q50/ TA Instruments,
New Castle, DE). Antibody conjugation of MSNP—PEI-PEG utilized a
thiol-maleimide reaction modified from literature.”% First, antibody
(trastuzumab (T) or rituximab (R)) was thiolated with Traut’s reagent in
PBS (pH 8.0) by 50-fold molar excess of Traut's reagent for 2 h and then
purified by Zeba spin column — MW-40 000 (Thermo Fisher Scientific,
Waltham, MA). Thiolated antibody was mixed with MSNP—PEI-PEG at
varied mass ratio from 0:1 to 1:1. The reaction was completed overnight
at 4 °C under shaking conditions (300 rpm). The material was pelleted
down, resuspended in PBS, and washed with copious amount of PBS.
Pierce BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA)
was used to quantify the antibody loading of the nanoparticles. Finally,
the loading of siRNA was achieved by mixing MSNP-PEI-PEG-T
(designated as T-NP) and siRNA (at nanoparticle/siRNA mass ratio of
25 or 50) in PBS solution (1 h, room temperature, 200 rpm shaking).
The loading of siRNA was monitored by the fluorescent dyes tagged on
siRNA.

Luciferase Knockdown Efficacy: The MDAMB231-H2N-luc cell line
(overexpressing luciferase and HER2) was used for initial gene silencing
efficacy assessment of the nanoparticles loaded with siRNA against
luciferase (siLUC). Cells were plated at 3000 cells/well in a 96-well plate,
maintained in corresponding cell media, as reported in the Supporting
Information. One day after seeding, cells were treated with siRNA-
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nanoparticles. The nanoparticles were loaded with siRNA at NP/siRNA
ratio of 25 or 50 by mass. They were applied to each well at a fixed dose
of 30 x 10° m siRNA. The commercially available transfection agent,
DharmaFECT (GE Dharmacon, Lafayette, CO), with the same siRNA
dose (following manufacturer’'s recommended protocol) served as a
positive control. After overnight incubation (=20 h), cells were washed
once and replenished with complete media. At 48 h post-treatment, cells
were lysed and analyzed for luciferase activity by Luciferase Glow Assay
Kit (Thermo Fisher Scientific, Waltham, MA) and protein concentration
by BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA),
following manufacturer’s protocols. Luciferase activity of the lysate
was normalized with the corresponding protein concentration in the
same well and reported as a percentage of the untreated control. All
treatments were performed in quadruplicate.

Buffering Capacity Measurement: Nanoparticles were suspended at
0.2 mg mL™" in NaCl (150 x 107 m, pH 9—pH adjusted with 0.05 m
NaOH). Upon stabilization at pH 9.0, HCI (5 pL, 0.05 m) was added and
solution was continuously stirred. When reaching steady state, the pH
was recorded and the acid was added again. The process was repeated
until the pH plateaued at around 3.0. The solution pH was then reported
as a function of the amount of acid added.

Serum  Enzymatic  Protection Assay: SiRNA-nanoparticles were
incubated with human serum in PBS (50 v/v%) for a specified period of
time (0, 0.5, 1, 2, 4, &, 24, and 48 h) at 37 °C under continuous shaking.
At the end of each time point, the sample was mixed with proteinase
K (200 pg mL™") and frozen at —80 °C to stop the enzymatic reaction.
For the analysis, samples were thawed and mixed with SDS (1.0 wt%)
in order to release siRNA from the nanoparticles. The sample was then
mixed with an equal amount of 2x loading buffer and loaded into 15%
TBE-urea gel (BioRad, Hercules, CA). The gel ran at 100 V for the first
20 min, and 150 V for another hour. The gel was then stained with SyBR
Gold (Life Technologies, Eugene, OR) following manufacturer’s protocol,
and viewed under the UV chamber. The band intensity was analyzed by
Image) software (NIH, Bethesda, MD). The fraction of intact siRNA was
reported as a function of time that the siRNA-nanoparticles were in 50%
serum.

Cellular Uptake Analysis by Flow Cytometry: We conducted the
cell uptake studies in cell suspension where cells were exposed to
nanoparticles in three dimensions. We also used short exposure time of
0.5 and 2 h (rather than overnight exposure time as in routine transfection
studies) since shorter time may better mimic in vivo exposure.
However, the ratio of nanoparticle per cell was in the same par as in the
routine transfection studies. Cells were harvested and resuspended in
1 % 106 cells per 150 pL per tube. Each tube was mixed with 150 pL of
siSCR (tagged with Alexa-488)—nanoparticles in PBS (containing 100 pg
nanoparticles). Upon siSCR—nanoparticle addition, cells were placed on
a rocker in the cell incubator (37 °C, 5% CO,) for 0.5 or 2.0 h. After
the specified incubation time, cells were washed (centrifuge at 115 g,
5 min) with FACS buffer (1 mL, 1x phosphate buffered saline (Ca/Mg++
free) + 1x107 m EDTA + 25x107% m HEPES pH 7.0 + 1% fetal bovine
serum (heat-inactivated)) three times. Cells were then resuspended in
FACS buffer (550 pL) and transferred to 5-mL BD FACS tube. Cells were
kept on ice until analysis. For cells stained with free antibody (for gating
purpose), antibody labeling was performed on ice and under rocking
conditions. Cells were stained with primary antibody (trastuzumab
or rituximab: 2 pg per tube) for an hour, washed (centrifuge at 115 g,
5 min) with PBS one time, stained with secondary antibody (Anti-
human Alexa 488: 2 pg per tube) for 45 min, then washed two times
with PBS, and resuspended in FACS buffer (550 pL) before analysis.
All tubes were counter-stained for cellular DNA with DRAQ5 (2 pL,
5 x 1073 m) (Cell Signaling, Danvers, MA) for 15 min on ice. Then all
tubes (except antibody-labeled cells for gating purpose) were incubated
with Trypan Blue (500 pL, 0.4% in PBS) to quench fluorescence outside
of the cells, and subjected to flow cytometry analysis. 10 000 events
(cells) were analyzed for each sample. The intensity was processed with
FlowJo software (FlowJo LLC, Ashland, OR).

In Vitro Efficacy: HER2 Protein Knockdown and Cell Viability: BT474,
SKBR3, and HCC1954 were seeded in a 96-well plate for 24 h prior to
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treatment. Nanoparticles were loaded with siHER2 or siSCR at NP/
siRNA 50. siRNA dose was fixed at 60 x 10~° m. Media were switched to
complete media after overnight incubation. Three days after treatment
with siRNA-nanoparticles, cells were fixed and analyzed for HER2
protein expression by immunofluorescence method (see details in the
Supporting Information). HER2 mRNA and f-actin mRNA levels were
analyzed at 48 h post-treatment using Quantigene 2.0 Reagent System
(Affymetrix Panomics, Santa Clara, CA) following the manufacturer’s
protocol. The HER2 mRNA level was then normalized with -actin
mRNA (housekeeping gene) and reported as the percentage of the
untreated control. Cell viability and apoptosis were analyzed four days
post-treatment using CellTiter-Glo Luminescent Assay (Promega,
Madison, WI) and Caspase-Glo 3/7 Assay Systems (Promega, Madison,
W1), respectively. Caspase activity was normalized with the cell viability.
Both were reported as a percentage of the untreated control.

Blood Compatibility—Hemolysis, Coagulation, and Platelet Aggregation:
Studies of blood compatibility were performed following or with minor
modification from the Nanotechnology Characterization Laboratory
(NCL)’s published protocols. The detailed protocols can be found in the
Supporting Information.

Immune Response——Peripheral Blood Mononuclear Cells (PBMCs)
Cytokine Release Assay: A PBMC cytokine release assay was conducted
according to the recommendations and method by the NCL of NCI
for immunological studies of nanoparticles. The in vitro cell based
assay evaluated cytokine production by PBMCs (200 000 cells/well)
following a 24-h exposure to the test materials. Test materials included
nanoparticles with and without siHER2 to investigate the potential
impact of siRNA-mediated immune response. Following incubation,
cell culture supernatants were collected and analyzed for IL-18, IL-6,
IFN-o, and TNF-a by a cytometry bead array (Milliplex Magnetic Bead/
Millipore, Billerica, MA) following manufacturer’s protocol. Abraxane
(Celgene, NJ) and Feraheme (AMAG Pharmaceuticals, MA) were used
as FDA approved nanoparticle-based drug benchmarks since there is no
siRNA-based nanoparticle drug in the market.

Animal Studies—Mouse Tumor Models and In Vivo Efficacy Studies:
All animals were selected and used under an approved protocol of
the Institutional Animal Care and Use Committee (IACUC) of Oregon
Health and Science University. All animal experiments were carried out
under the auspices of the OHSU Department of Comparative Medicine.
In vivo gene silencing studies were performed in orthotopic mouse
tumor models; HCC1954 cells (4 x 10%) or JIMT-1 cells (1 x 10%) unless
otherwise specified were implanted into the mammary fat pads of
five-week-old SCID mice (Charles River, Wilmington, MA) and allowed
to grow to an average size of =250 and =150 mm?3, respectively. Mice
were then grouped and proceeded to receive a single injection (tail vein)
of the nanoparticles (T-siHER2-NP'%¢ or T-siSCR-NP'C, S-47 core,
1.25 mg siRNA kg™, or the PBS control. The tumors were harvested
four days after treatment and analyzed for HER2 protein expression by
immunofluorescence (Supporting Information). Subsequent study on
tumor growth reduction study was also performed with the orthotopic
HCC1954 tumor model. Tumors were allowed to grow to 150 mm?
prior to treatments (by tail vein injections) with siHER2 or siSCR
(1.25 mg siRNA kg™' body weight) delivered with T-NP'%C (S-47 core)
over a period of three weeks. Separate tumor growth studies were
performed with free trastuzumab treatments as follows: (A) Mice
(n = 7/group) were injected intraperitonially with trastuzumab
(10 mg kg™") or saline. (B) Mice (n = 5/group) were injected via tail
vein with trastuzumab (5 mg kg™') or saline. (C) Mice (n = 9/group)
were injected via tail vein with trastuzumab (5 mg kg™') + paclitaxel
(3.1 mg kg™") or saline. Days of injection and doses were specified in
Figure 9.

Statistical Analysis: Pairwise statistical comparisons were performed
using unpaired, two-tailed Student’s t test. Tumor growth curve was
analyzed with two-way ANOVA with post hoc Dunnett’'s multiple
comparison test against the saline group. Statistical significance
was established at p < 0.05. Graphpad Prism 6.0 software (GraphPad
software, Inc., San Diego, CA) was utilized for statistical analyses.
Unless otherwise specified, all data are presented as mean % SD.
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Supporting Information is available from the Wiley Online Library or
from the author.
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