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Abstract

A unique pH/redox dual-sensitive cationic unimolecular nanoparticle (NP) enabling excellent
endosomal/lysosomal escape and efficient sSiRNA decomplexation inside the target cells was
developed for tumor-targeted delivery of sSiRNA. siRNA was complexed into the cationic core of
the unimolecular NP through electrostatic interactions. The cationic core used for complexing
siRNA contained reducible disulfide bonds that underwent intracellular reduction owing to the
presence of high concentrations of reduced glutathione (GSH) inside the cells, thereby facilitating
the decomplexation of siRNA from the unimolecular NPs. The cationic polymers were conjugated
onto the hyperbranched core (H40) via a pH-sensitive bond, which further facilitated the
decomplexation of siRNA from the NPs. In vitro studies on the siRNA release behaviors showed
that dual stimuli (pH = 5.3, 10 mM GSH) induced the quickest release of SiRNA from the NPs. In
addition, the imidazole groups attached to the cationic polymer segments enhanced the endosomal/
lysosomal escape of NPs via the proton sponge effect. Intracellular tracking studies revealed that
SiRNA delivered by unimolecular NPs was efficiently released to the cytosol. Moreover, the GE11
peptide, an anti-EGFR peptide, enhanced the cellular uptake of NPs in MDA-MB-468, an EFGR-
overexpressing triple negative breast cancer (TNBC) cell line. The GE11-conjugated, GFP-siRNA-
complexed NPs exhibited excellent GFP gene silencing efficiency in GFP-MDA-MB-468 TNBC
cells without any significant cytotoxicity. Therefore, these studies suggest that this smart
unimolecular NP could be a promising nanoplatform for targeted siRNA delivery to EFGR-
overexpressing cancer cells.
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1. Introduction

Specific silencing of target genes using short interfering RNA (siRNA) is of significant
interest to the treatment of cancers and other diseases [1,2]. sSiRNA molecules are double-
stranded short chain oligonucleotides that post-transcriptionally regulate protein synthesis by
sequence-specific matching with mRNA molecules and thus cause specific gene silencing
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[3,4]. Currently, several dozen potential siRNA therapies are undergoing clinical trials
(https://clinicaltrials.gov/ct2/results?term=sirna&no_unk=Y &pg=1). However, due to their
highly negatively charged nature, insufficient chemical stability, short plasma half-time, and
off-target effects, naked siRNAs show poor therapeutic efficacy [5-7]. Various viral and
non-viral delivery systems have been developed to improve the efficacy of siRNA therapy
[8-10]. Although viral vectors can provide high transfection efficiency, concerns associated
with insertional mutagenesis, immunogenicity, and high toxicity have limited their use
[11,12]. Non-viral delivery systems offer a safer alternative to viral vectors [13,14].

Nanoparticles (NPs) have been actively investigated as non-viral siRNA delivery systems.
NPs can greatly enhance the stability and cellular uptake of the sSiRNA molecules [15,16].
Furthermore, NPs are attractive for targeted cancer therapy due to their passive (attributed to
the enhanced permeability and retention (EPR) effect) and active (via specific ligand
conjugation) tumor-targeting abilities [17,18]. However, in order to achieve high gene
silencing efficiency, once the NPs are taken up by the target cancer cells, efficient sSiRNA
escape from the acidic endosome/lysosome compartments and efficient SiRNA
decomplexation from its carrier in the cytosol are essential [6,19-22]. siRNA-complexed
NPs are taken up by the cells via endocytosis typically involving the endolysosomal
pathways. Without efficient endosomal/lysosomal escape of the siRNA-complexed NPs,
degradation of siRNA can occur in these compartments and thus hinder the siRNA from
functioning in the cytosol [20-22]. Besides endosomal/lysosomal escape, decomplexation of
siRNA from the NPs inside of the cytosol is yet another determining factor [6,19]. siRNA
molecules are commonly complexed onto the NPs via electrostatic interactions. Strong
electrostatic interactions can enhance the stability of sSiRNA-complexed NPs, but they can
also result in poor siRNA release, thus leading to limited gene silencing efficacy [19,23,24].
Hence, efficient decomplexation of siRNA from the cationic NPs is also of vital importance
to enhance gene silencing efficiency.

In this study, in order to overcome the limiting factors associated with endosomal/lysosomal
escape and decomplexation of siRNA inside of the target cell, a unique pH/redox dual-
sensitive cationic unimolecular NP containing imidazole residues was developed for sSiRNA
delivery (Fig. 1). The unimolecular NP was formed by a multi-arm star H40-poly[(A*-(2-
((2-aminoethyl)disulfanyl)ethyl)aspartamide)-7-( A*-(2-((2-(1 H-imidazole-5-
carboxamido)ethyl) disulfanyl)ethyl)aspartamide)]-&-poly(ethylene glycol) (also referred to
as H40-poly(aspartic acid-(2-aminoethyl disulfide)-(4-imidazolecarboxylic acid))-
poly(ethylene glycol, and abbreviated as H40-P(Asp-AED-ICA)-PEG) block copolymer in
an aqueous solution. Because of its covalent nature, the unimolecular NP has excellent
stability in vitro and in vivo [25-30]. The cationic core formed by P(Asp-AED-ICA) blocks
was used for siRNA complexation through electrostatic interactions, while the PEG shell
was used to provide good water solubility and reduced opsonization of NPs during blood
circulation. NPs are taken up by cells through endocytosis [31]. The imidazole groups in the
cationic segment have a pK, of ~6.0 and can thus absorb protons in the acidic endocytic
compartments (endosomes/lysosomes), leading to osmotic swelling and endosome/
lysosome-membrane disruption (i.e., the proton sponge effect), thereby facilitating the
endosomal/lysosomal escape of the siRNA-complexed NPs [21,32,33]. Moreover, siRNA
molecules were complexed within the NPs by electrostatic interactions with the cationic

J Control Release. Author manuscript; available in PMC 2017 August 10.


https://clinicaltrials.gov/ct2/results?term=sirna&no_unk=Y&pg=1

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 3

P(Asp-AED-ICA) segments containing cleavable disulfide bonds. Furthermore, the cationic
segments were conjugated onto the hyperbranched polymer (H40) via a pH-sensitive
aromatic imine bond, which can be hydrolyzed in the endosome/lysosome, but stays
relatively stable at physiological conditions (pH 7.4) [34,35]. Once inside the cells, it was
expected that the pendant mercaptoethylamine group (SH—CH,—CH»>—NH>) would be
cleaved from the P(Asp-AED-ICA) block by highly concentrated GSH (2-10 mM) in the
cytosol [36—39]. The GSH concentration in the cytosol is 100-1000 times higher than that in
bodily fluids, including blood and extracellular milieu (2-20 uM GSH) where the disulfide
bonds are stable [38]. It should be noted that the enzyme, gamma-interferon-inducible
lysosomal thiol reductase (GILT in the endosomes/lysosomes), in combination with
cysteines, can also potentially trigger the cleavage of disulfide bonds [38,40,41]. Hence, we
expect this pH/redox dual-sensitive characteristic of the NPs to facilitate the release of
siRNA from the NPs. The NPs were also functionalized with GE11 peptide, which can
efficiently bind to the epidermal growth factor receptor (EGFR) to achieve active tumor
targeting [42—44]. EGFR is one of the most common receptors overexpressed in many types
of cancer cells, including triple negative breast cancers (TNBCs), ovarian cancers, and
pancreatic cancers [45-48]. Our studies showed that these pH/redox dual-sensitive
unimolecular NPs, with excellent endosomal/lysosomal escape and siRNA decomplexation
abilities, can be promising nanocarriers for the targeted delivery of sSiRNA.

2. Methods

2.1. Materials

Boltron® H40 (a hyperbranched polyester with 64 hydroxyl terminal groups; M,: 2833 Da)
was kindly provided by Perstorp Polyols Inc., USA, and purified by fractional precipitation
in acetone and tetrahydrofuran (THF). B-Benzyl L-aspartate A-carboxyanhydride (BLA-
NCA) was prepared as previously reported by our lab [49]. The heterobifunctional
poly(ethylene glycol) (PEG) derivatives, methoxy—PEG-NH, (CH30-PEG-NH,, M, =5
kDa) and maleimide—-PEG-NH, (Mal-PEG-NH,, M, = 5 kDa), were purchased from
JenKem Technology (Allen, TX, USA). Cy5 dye was obtained from Lumiprobe Corporation
(Hallandale Beach, FL, USA). GE11 peptide (YHWYGYTPQNVIGGGGC) was
synthesized by Tufts University Core Facility (Boston, MA, USA). GFP-siRNA-Cy5.5,
GFP-siRNA, dimethyl sulfoxide (DMSO), 2-carboxybenzylaldehyde, 2-aminoethyl
disulfide, 4-imidazolecarboxylic acid, and stannous (I1) octoate (Sn(Oct),) were purchased
from Sigma—Aldrich (St. Louis, MO, USA). 4-Dimethylamino pyridine (DMAP) and 1,3-
dicyclohexylcarbodiimide (DCC) were purchased from ACROS and used without further
purification. Other reagents, including RNAIMAX, were purchased from Thermo Fisher
Scientific (Fitchburg, WI, USA) and used as received unless otherwise stated.

2.2. Synthesis of H40-poly[(N4-(2-((2-aminoethyl)disulfanyl)ethyl)aspartamide)-r-(N*-(2-((2-
(1H-imidazole-5-carboxamido)ethyl)disulfanyl)ethyl)aspartamide)]-b-poly(ethylene glycol)-
methoxy/Cy5/GE11 (i.e., H40-poly(aspartic acid-(2-aminoethyl di-sulfide)-(4-
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imidazolecarboxylic acid))-poly(ethylene glycol)-OCH3/Cy5/GE11, abbreviated as H40-
P(Asp-AED-ICA)-PEG-OCH3/Cy5/GE11)

2.2.1. Synthesis of poly(p-benzyl L-aspartate)-poly(ethylene glycol)-Mal (i.e.,
PBLA-PEG-Mal)—PBLA-PEG-Mal was prepared by ring-opening polymerization of
BLA-NCA using NH»-PEG-Mal as the macro-initiator. Briefly, BLA-NCA (53 mg), and
NH»-PEG-Mal (25 mg) were dissolved in DMF (5 mL). The reaction was carried out at

55 °C under argon for 48 h. The resulting mixture was then added dropwise into a 10-fold
volume of cold diethyl ether. The precipitate was collected by filtration using a Blichner
funnel, washed with diethyl ether, and dried under vacuum. The poly(B-benzyl L-aspartate)-
poly(ethylene glycol)-methoxy (PBLA-PEG-OCHj3) was synthesized following a similar
method using OCH3-PEG-NH, instead. The chemical structure was confirmed by 1H NMR
(400 MHz, DMSO-djp). PBLA-PEG-OCH3: 8.23 (20H, s, C(O)NAHCH,), 7.28-7.40 (100H,
m, Ar-H), 5.15 (40H, s, CH»-Ar), 4.55-4.68 (20H, m, COC HCHy), 3.35-3.53 (450H, m,
CH,CH,0 from PEG), and 2.60-2.80 (41H, m, COCHCH,) ppm. PBLA-PEG-Mal: 8.23
(20H, s, C(O)NHCHy,), 7.28-7.40 (100H, m, Ar-H), 6.95 (2H, s, Mal), 5.15 (40H, s, CH,-
Ar), 4.55-4.68 (20H, m, COCHCHy), 3.35-3.53 (450H, m, CH,CH,0 from PEG), and
2.60-2.80 (41H, m, COCHCH,) ppm.

2.2.2. Synthesis of H40-carboxybenzaldehyde (i.e., H40-CHO)—H40-OH (10 mg),
2-carboxybenzylaldehyde (82 mg), DCC (135 mg), and DMAP (8.3 mg) were dissolved in
anhydrous DMF (3 mL). The solution was stirred at room temperature under argon for 48 h.
Thereafter, the dicyclohexylurea was removed by filtration using a Buchner funnel. The
solution was collected and poured into a 10-fold volume of cold diethyl ether. The
precipitate was collected by filtration using a Biichner funnel, washed with diethyl ether, and
dried under vacuum. The chemical structure was confirmed by *H NMR (400 MHz, DMSO-
dg). H40-CHO: 8.23 (20H, s, C(O)NAHCHy), 7.60-7.80 (100H, m, Ar-H), 3.8-4.1(88H, m,
OCH,C(CH3)(CH,)CO(0O)), and 0.97-1.2 (66H, m, OCH,C(CH3) (CH,)CO(O)) ppm.

2.2.3. Synthesis of H40-poly(B-benzyl L-aspartate)-poly(ethylene glycol)-
methoxy/Mal (i.e., H40-PBLA-PEG-OCH3/Mal)—H40-CHO (0.5 mg), PBLA-PEG-
OCHj3 (25 mg), and PBLA-PEG-Mal (8 mg) were dissolved in DMSO. The reaction was
conducted at room temperature for 24 h. Thereafter, the resulting solution was dialyzed
(molecular weight cut-off: 15 kDa) against DMSO for the first 24 h and DI water for another
24 h. The product was obtained after lyophilization. The H40-PBLA-PEG-OCH3 was
synthesized following a similar method. The chemical structure was confirmed by 1H NMR
(400 MHz, DMSO-dp). H40-PBLA-PEG-OCH3/Mal: 8.23 (20H, s, C(O)NAHCH,), 7.28-
7.40 (106H, m, Ar-H), 6.95 (2H, s, Mal), 5.15 (40H, s, CH,-Ar), 4.55-4.68 (20H, m,
COCHCHy), 3.8-4.1(21H, m, OCH,C(CH3z)(CH,)CO(0)), 3.35-3.53 (450H, m, CH,CH,0
from PEG), 2.60-2.80 (41H, m, COCHCH,), and 0.97-1.2 (23H, m, OCH,C(CH>)
(CH2)CO(O)) ppm.

2.2.4. Synthesis of H40-poly[N4-(2-((2-
aminoethyl)disulfanyl)ethyl)aspartamide]-b-poly(ethylene glycol)-methoxy/Mal
(i.e., H40-poly(aspartic acid-(2-aminoethyl disulfide))-poly(ethylene glycol)-
OCHs3/Mal, abbreviated as H40-P(Asp-AED)-PEG-OCH3/Mal)—2-Aminoethyl
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disulfide (13.1 mg) and H40-PBLA-PEG-OCHa3/Mal (20 mg) were dissolved in DMSO (10
mL). The reaction was carried out at room temperature for 24 h. Thereafter, the resulting
solution was dialyzed (molecular weight cut-off: 15 kDa) against DI water for 48 h. The
product was obtained after lyophilization. The H40-P(Asp-AED)-PEG-OCH3 was
synthesized following a similar method. The chemical structure was confirmed by IH NMR
(400 MHz, CDCI3). H40-P(Asp-AED)-PEG-OCHsg/Mal: 8.23 (20H, s, C(O)NAHCHy), 7.28-
7.40 (4H, m, Ar-H), 6.70 (2H, s, Mal), 4.55-4.68 (20H, m, COCHCHy,), 3.8-4.1(21H, m,
OCH,C(CH3)(CH,)CO(0)), 3.35-3.53 (450H, m, CH,CH,0 from PEG), 3.15-3.22 (63H,
m, NH,CHCH,SSCH,CH,NHCO), 2.60-2.80 (79H, m, COCHCH,), and 0.97-1.2 (23H,
m, OCH,C(CH3) (CH5)CO(O)) ppm.

2.2.5. Synthesis of H40-poly[(N*-(2-((2-
aminoethyl)disulfanyl)ethyl)aspartamide)-r-(N*-(2-((2-(1H-imidazole-5-
carboxamido)ethyl)disulfanyl)ethyl)aspartamide)]-b-poly(ethylene glycol)-
methoxy/Mal (i.e., H40-poly(aspartic acid-(2-aminoethyl disulfide)-(4-
imidazolecarboxylic acid))-poly(ethylene glycol)-OCHs/Mal, abbreviated as
H40-P(Asp-AED-ICA)-PEG-OCHas/Mal)—4-Imidazolecarboxylic acid (2.2 mg), H40-
P(Asp-AED)-PEG-OCH3/Mal (20 mg), DCC (4.4 mg), and A-hydroxysuccinimide (2.9 mg)
were dissolved in DMSO (5 mL). The reaction was carried out at room temperature for 24 h.
Thereafter, the resulting solution was dialyzed (molecular weight cut-off: 15 kDa) against DI
water for 48 h. The product was obtained after lyophilization. The H40-(Asp-AED-ICA)-
PEG-OCH3 was synthesized following a similar method. The chemical structure was
confirmed by 1H NMR (400 MHz, DMSO-dl). H40-P(Asp-AED-ICA)-PEG-OCH3/Mal:
8.23 (20H, s, C(O)NHCHy), 7.91 (1H, s, C(=)CAHNH), 7.28-7.40 (4H, m, Ar-H), 7.23 (1H,
s, N(=)CHNH), 6.70 (2H, s, Mal), 4.55-4.68 (20H, m, COCHCH,), 3.8-4.1(22H, m,
OCH,C(CH3)(CH,)CO(0)), 3.35-3.53 (450H, m, CH,CH,0 from PEG), 3.15-3.22 (61H,
m, NH,C H,CH,SSC H,CH,NHCO), 2.60-2.80 (81H, m, COCHCH,), and 0.97-1.2 (22H,
m, OCH,C(CH3) (CH5)CO(O)) ppm.

2.2.6. Synthesis of H40-poly[(N*-(2-((2-
aminoethyl)disulfanyl)ethyl)aspartamide)-r-(N4-(2-((2-(1H-imidazole-5-
carboxamido)ethyl)disulfanyl)ethyl)aspartamide)]-b-poly(ethylene glycol)-
methoxy/Cy5/GE11 (i.e., H40-poly(aspartic acid-(2-aminoethyl disulfide)-(4-
imidazolecarboxylic acid))-poly(ethylene glycol)-OCH3/Cy5/GE11, abbreviated
as H40-(PAsp-AED-ICA)-PEG-OCH3/Cy5/GE11)—Cy5-SH was first prepared by a
reaction between Cy5-NH, and Traut’s reagent. Briefly, Cy5-NH, (0.3 mg) and Traut’s
reagent (0.51 mg) were dissolved in DMSO. The solution was stirred at room temperature in
complete darkness for 4 h. H40-P(Asp-AED-ICA)-PEG-OCHs/Mal (20 mg) and GE11 (1.3
mg) were added into the above solution. After 24 h, the reaction solution was dialyzed
(molecular weight cut-off: 15 kDa) against DI water for 48 h. The product was obtained
after lyophilization. The H40-P(Asp-AED-ICA)-PEG-OCH3/Cy5 and H40-P(Asp-AED-
ICA)-PEG-OCHS3/GE11 were synthesized following a similar method. Polymers H40-
P(Asp-AED-ICA)-PEG-OCH3/Cy5 and H40-P(Asp-AED-ICA)-PEG-OCH3/Cy5/GE11
were only used for the cellular uptake studies. For all other experiments, H40-P(Asp-AED-
ICA)-PEG-OCH3 and H40-P(Asp-AED-ICA)-PEG-OCH3/GE11 were used. The chemical
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structure was confirmed by 1H NMR (400 MHz, DMSO-d). H40-P(Asp-AED-ICA)-PEG-
OCH3/Cy5/GE11: 8.23 (20H, s, C(O)NAHCH>), 7.91 (1H, s, C(=)CAHNH), 7.20-7.80 (25H,
m, GE11 and Cy5), 6.70 (2H, s, Mal), 4.55-4.68 (20H, m, COCHCH,), 3.8-4.1(22H, m,
OCH,C(CH3)(CH,)CO(0O)), 3.35-3.53 (450H, m, CH,CH,O from PEG), 3.15-3.22 (61H,
m, NH,C FC H,SSC H,CH,NHCO), 2.60-2.80 (81H, m, COCHCH,), and 0.97-1.2 (22H,
m, OCH,C(CH3) (CH5)CO(O)) ppm.

2.3. Preparation of siRNA-complexed unimolecular NPs (i.e., siRNA-complexed NPs) and
gel retardation assay

To prepare siRNA-complexed NPs, siRNA and H40-P(Asp-AED-ICA)-PEG were dissolved
in PBS and the solution was mixed for 30 min under gentle shaking. The binding ability of
SiRNA to NPs was studied by agarose gel electrophoresis. The siRNA-complexed NPs were
prepared at different N/P ratios (molar ratio of nitrogen in polymers to phosphorus in
SiRNA: 2, 5, 7, 10, and 15). Electrophoresis was carried out on 1% agarose gel in a TAE
(Tris-acetate-EDTA) buffer solution with a current of 100 V for 35 min. The final sSiRNA
concentration was 1 ug per well. The retardation of the complexes was visualized on a UV
illuminator (Bio-Rad Baloratories, Inc., Hercules, CA, USA) to show the position of the
complexed siRNA band relative to that of naked siRNA.

2.4. Characterization

1H NMR spectra of all intermediate and final polymer products were recorded on a Varian
Mercury Plus 300 spectrometer in DMSO-adjz; or CDCl3 at 25 °C. Molecular weights (Mp,
and M) and polydispersity indices (PDI) of the polymers were determined by a gel
permeation chromatography (GPC) system equipped with a refractive index detector, a
viscometer detector, and a light scattering detector (Viscotek, USA). Fourier transform
infrared (FT-IR) spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer. The
morphologies of the siRNA-complexed NPs were studied by dynamic light scattering (DLS;
ZetaSizer Nano ZS90, Malvern Instruments, USA; 0.5 mg/mL) and transmission electron
microscopy (TEM, FEI Tecnai G2 F30 TWIN 300 KV, E.A. Fischione Instruments, Inc.
USA).

2.5. In vitro siRNA release behavior

The release profiles of siRNA from siRNA-complexed NPs were studied in a glass apparatus
at 37 °C in a release medium at four conditions: (1) pH 7.4, (2) pH 5.3, (3) pH 7.4 + 10 mM
GSH, and (4) pH 5.3 + 10 mM GSH. siRNA-complexed NP solutions (5 mL; 100 pug/mL)
were enclosed in a dialysis bag. The dialysis bag was immersed in 50 mL of the release
medium and kept at 37 °C under a horizontal laboratory shaker (Thermo Scientific MaxQ
Shaker, USA) at 100 rpm. At specific time points, 3 mL of release media were collected and
replaced by the same volume of fresh media. GFP-siRNA-Cy5.5 was used in this
experiment. The amount of released siRNA was analyzed based on the UV-vis intensity of
Cy5.5 at 649 nm.
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2.6. Cellular uptake analyses

The cellular uptake behaviors of the NPs in MDA-MB-468 TNBC cell lines were analyzed
using a fluorescence microscope based on the Cy5 dye conjugated on the NPs. Cells were
seeded (1 x 10° cells/mL) onto 8-well high-optical-quality plates and grown overnight. Cells
were treated with either non-targeted NPs, targeted NPs, or targeted NPs with free GE11
peptide (2 uM; blocking assay) at an NP concentration of 100 ug/mL. After 2 h incubation,
cells were washed with PBS twice, fixed with 4% PFA, and stained with DAPI for 4 h. Then
the cells were mounted with Prolong Gold anti-fade reagent. The cellular uptake was
observed using a fluorescence microscope (Nikon, Melville, NY). Digital monochromatic
images were acquired using NIS-Elements BR Software.

2.7. Endosomal/lysosomal escape studies

To study the endosomal/lysosomal escape behaviors of the NPs, MDA-MB-468 cells were
incubated with siRNA-complexed NPs for 2 h at 37 °C. Cells treated with pure medium or
free siRNA were used as negative controls. The siRNA labeled with Cy5.5 was used for
intracellular tracking. The cells were washed three times with PBS, followed by staining
with LysoTracker Green DND-26 (100 nM) for endosomes/lysosomes and Hoechst (5
ng/mL) for the nuclei, for 20 min at 37 °C. Cells were then washed three times with PBS.
The cellular localization of siRNA was visualized with a fluorescence microscope (Nikon,
Japan) or a confocal laser scanning microscope (CLSM, Nikon Eclipse Ti inverted
microscope equipped with Nikon A1R confocal diode lasers, Japan).

2.8. In vitro siRNA transfection studies

Cellular transfection in GFP-expressing MDA-MB-468 TNBC cells was investigated using
flow cytometry and fluorescence microscopy. For the flow cytometry assay, cells were
seeded at a density of 50,000 cells/well on a 24-well plate and incubated overnight. Cells
were treated with pure medium (control), sSiRNA-complexed non-targeted NPs (SIRNA-NT),
siRNA-complexed targeted NPs (siRNA-T), and siRNA complexed with RNAIMAX (i.e.,
SiRNA-RNAIMAX; positive control). The concentration of SiRNA was 40 nM. After 24 h
incubation, cells were washed twice with PBS and harvested with 0.25% trypsin. Cells were
collected by centrifugation at 200 g for 5 min, washed twice with PBS, fixed with
paraformaldehyde (PFA) for 15 min, and resuspended in 500 pL PBS for analysis. The
transfection efficiency was examined by quantifying GFP expression levels in the cells using
an AccuriTM C6 flow cytometry system (BD Biosciences, USA). A minimum of 10,000
cells was analyzed from each sample.

For fluorescence microscope imaging, cells were seeded (50,000 cells/well) in an 8-well
chamber slide system. Cells were treated with the same five groups as described above.
After 24 h incubation, cells were washed twice with PBS, fixed with PFA for 15 min, stained
with DAPI for 4 h, and mounted with ProLong Gold Antifade Mountant. Images were
acquired with a fluorescence microscope (Nikon, Melville, NY) to observe the GFP
expression levels in the cells. Digital monochromatic images were acquired using NIS-
Elements BR Software.
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2.9. Cell viability assays

Cell viability tests were conducted using the 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assay. To test the cytotoxicity of the pure (empty) NPs,
MDA-MB-468 cells were seeded in quadruplicate on 96-well plates and incubated
overnight. Cells were treated with NPs at different concentrations (i.e., 10, 20, 50, 100, and
500 pg/mL). Cells treated with pure medium were used as the control group. After 24 h of
incubation, a standard MTT assay was performed by aspirating the treatment media, adding
25 L of the medium containing 0.5 mg/mL MTT agent, and incubating at 37 °C for 4 h.
Thereafter, the medium was aspirated and 75 uL of DMSO was added to each well. The
plates were then measured at 570 nm using a spectrophotometer (Quant, Bio-Tek
Instruments, Winooski, VT), and the average absorbance and percent of cell viability relative
to the control (pure medium) were calculated. The cytotoxicity of siRNA-complexed NP
systems was also studied. Similarly, cells were treated with pure medium (control), SiRNA-
NT, siRNA-T, siRNA-RNAIMAX, and RNAIMAX at the equivalent amount of siRNA (40
nM). After 24 h of incubation, the aforementioned MTT protocol was performed and the cell
viabilities relative to the control (pure medium) were calculated.

3. Results and discussion

3.1. Polymer synthesis and siRNA encapsulation

pH/redox dual-sensitive multi-arm star block copolymer H40-P(Asp-AED-ICA)-PEG-
OCH3/Cy5/GE11 was synthesized as outlined in Scheme 1. PBLA-PEG-OCH3 and PBLA-
PEG-Mal were first synthesized by ring-opening polymerization of BLA-NCA using NHo-
PEG-OCH3 and NH,-PEG-Mal as the macro-initiators, respectively. Their chemical
structures were confirmed by 1H NMR spectra as shown in Fig. 2 (A) and (B). The peaks at
(e) 7.28-7.40 ppm and (d) 5.15 ppm were assigned to the protons in the benzyl and
methylene groups in the PBLA side chains, respectively. The signals labeled as (c) at 2.6—
2.8 ppm were ascribed to the methylene group of the side chain that connects the main chain
in the PBLA segment. The peak located at (a) 3.57 ppm corresponded to the methylene
protons of the oxyethylene repeat units in the PEG segment. The Mal group in the PBLA-
PEG-Mal at 6.7 ppm was also observed. The number of BLA-NCA repeat units in the
polymers was calculated to be 20 based on the relative intensity ratio of the methylene
proton (a) of the PEG chain and the methylene proton (d) near the benzyl group of the
PBLA chain. The molecular weights of the NH»,-PEG-OCH3 and NH,-PEG-Mal polymers
as measured by GPC (Table 1) were 9040 and 9105 g/mol, respectively, which was
consistent with that determined by the 1TH NMR analyses.

The benzylaldehyde-functionalized H40 (H40-CHO) was prepared by an esterification
reaction. The chemical structure was also confirmed by IH NMR spectrum (Fig. 2 (C)). The
peaks at 0.97-1.2 ppm and 3.8-4.1 ppm were assigned to the protons in H40. The peaks at
(@) 7.6—7.8 ppm corresponded to the protons in the phenyl group of H40-CHO as labeled.
Thereafter, PBLA-PEG-OCH3 and PBLA-PEG-Mal (molar ratio: 3.1/1) polymers were then
conjugated to H40-CHO through imine bonds to form H40-PBLA-PEG-OCH3/Mal. In

the 1H NMR spectrum shown in Fig. 3 (A), other than the proton peaks assigned to PBLA-
PEG-OCH3 and PBLA-PEG-Mal, proton peaks ascribed to H40 were also observed. The
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GPC analyses further demonstrated the formation of H40-PBLA-PEG-OCH3/Mal and its
molecular weight was measured to be 200,833 Da, which was significantly larger than that
of the linear NH,-PEG-OCH3 or NH,-PEG-Mal polymers. The average number of arms in
the H40-PBLA-PEG-OCH3/Mal was calculated to be 22 based on the molecular weights of
H40-PBLA-PEG-OCH3/Mal, NH,-PEG-OCHj3, and NH,-PEG-Mal. Thereafter, the H40-
PBLA-PEG-OCH=3/Mal polymer underwent aminolysis by using 2-aminoethy! disulfide
(AED) to form water-soluble polymer H40-P(Asp-AED)-PEG-OCH3/Mal. As shown in Fig.
3 (B), the absence of proton peaks at 7.28-7.40 ppm and 5.15 ppm, and the presence of
proton peaks at 2.71 and 3.17 ppm ascribed to the protons in AED, demonstrated the
formation of H40-P(Asp-AED)-PEG-OCH3/Mal.

Imidazole groups were selectively conjugated to H40-P(Asp-AED)-PEG-OCH3s/Mal (molar
ratio: 5/1) through an amidization reaction for enhanced endosomal/lysosomal escape. The
characteristic proton peaks at (j) 7.23 and (k) 7.91 ppm for imidazole groups were observed
in Fig. 3 (C). In the last step, GE11 peptide and Cy5 dye were conjugated to H40-P(Asp-
AED-ICA)-PEG-OCH3s/Mal (molar ratio: 3/2/1) though a Mal-SH reaction. Proton peaks
assigned to the GE11 and Cy5 molecules, as labeled in Fig. 3 (D), were also observed.

The cationic polymer H40-P(Asp-AED-ICA)-PEG, which had good solubility in aqueous
solutions, was able to form the unimolecular NPs. Because of its covalent nature, the
unimolecular NPs had excellent stability in vitro and in vivo. siRNA (GFP-siRNA was used
as a model siRNA) was electrostatically complexed with the cationic P(Asp-AED-ICA)
polymer to form siRNA-complexed NPs. The complexation was evaluated using agarose gel
electrophoresis. As shown in Fig. 4 (A), siRNA-complexed NPs with various N/P ratios
were tested and siRNA completely lost mobility in the electric field when the N/P ratio
reached 10, which was selected for the following tests. The siRNA loading level, defined by
the weight percentage of the siRNA in the siRNA-complexed NP was 16.3 % at N/P ratio of
10, and the loading efficiency is 100%. The average hydrodynamic diameter of the SiRNA-
complexed NPs was 68.3 nm (PDI = 0.14) as measured by DLS. TEM observation showed
that the siRNA-complexed NPs were uniform, with an average size of around 39 nm (Fig. 4
(B)). The stability of the siRNA-complexed NPs was studied in PBS. As shown in Fig. S1,
there was no obvious change in terms of the size distribution of the sSiRNA-complexed NPs
over one week, demonstrating excellent stability.

3.2. pH/redox dual-sensitive siRNA release

The decomplexation of siRNA from cationic nanocarriers is of vital importance to enhance
gene silencing efficiency. Here, NPs with pH/redox dual-sensitive structures were designed
to achieve controlled release of siRNA. To verify the pH/redox dual-sensitive release
behavior, in vitro release studies were conducted by exploring Cy5.5-labeled siRNA. As
shown in Fig. 4 (C), the release rate was very slow at neutral pH (7.4) without adding GSH,
with 7.1% of siRNA released after 48 h. In comparison, the addition of GSH (10 mM) to the
solution resulted in an increased siRNA release rate (50.1% of siRNA released after 48 h).
Meanwhile, 27.2% of siRNA was released at a pH of 5.3 after 48 h, which is much faster
compared to that at a neutral pH. Moreover, dual stimuli (pH 5.3 and 10 mM GSH) led to
the quickest siRNA release (81.4% of siRNA released after 48 h). Taken together, these
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observations suggest that sSiRNA can be efficiently decomplexed from siRNA-complexed
NPs inside of cells.

3.3. Enhanced endosomal/lysosomal escape capability of NPs

Another big challenge of nanocarriers for siRNA delivery is their poor endosomal/lysosomal
escape capabilities. siRNA needs to be released into the cytoplasm for efficient gene
silencing. Therefore, it is of great importance to functionalize the siRNA nanocarriers with
good endosomal/lysosomal escape capabilities. As mentioned above, the imidazole groups
in the cationic segment promote endosomal/lysosomal escape through the proton-sponge
effect, thereby facilitating the release of siRNA to the cytosol. To verify endosomal/
lysosomal escape, fluorescence microscopy was used to study the intracellular localizations
of siRNA. The cells (MDA-MB-468 TNBC cell line) were treated with pure medium
(control) or media containing free siRNA or siRNA-complexed nanoparticles. sSiRNA was
labeled with Cy5.5 (red) for detection. After 2 h incubation, the nucleus and endosomes/
lysosomes of cells were stained with Hoechst (blue) and Lysotracker (green), respectively.
As shown in Fig. 5, siRNA complexed with NPs were taken up efficiently as signified by the
strong red signal. More importantly, the red signals barely overlapped with the green ones
(endosomes/lysosomes), and they were distributed relatively uniformly in the cytosol,
demonstrating that the majority of the siRNA escaped from the endosomes/lysosomes. The
z-stack images shown in Fig. 6 also confirmed the excellent endososomal/lysosomal escape
capabilities of the sSiRNA-complexed NPs, which, thereby would lead to efficient gene
silencing.

3.4. In vitro cellular uptake studies

EGFR is overexpressed in many common types of cancer. In this study, an EGFR targeting
peptide, GE11, was used as an active-tumor-targeting ligand to enhance cellular uptake.
MDA-MB-468, a TNBC cell line that overexpresses EGFR, was used as the model cell line.
Cells were incubated with either non-targeted (i.e., NPs without GE11 conjugation) or
targeted (i.e., GE11 conjugated) NPs for 2 h. Cells without any treatment were used as a
negative control. Cy5 was conjugated onto the NPs for the studies. Fluorescence imaging
analysis was performed to compare cellular uptake. As shown in Fig. 7, the targeted NPs
showed a markedly higher Cy5 fluorescence intensity than non-targeted ones. In the
blocking experiment (co-incubated cells with free GE11 and targeted NPs), after the EGFR
was saturated with free GE11, the cellular uptake of the targeted NPs returned to the level of
the non-targeted ones, thereby demonstrating the targeting ability of GE11. Taken together,
the targeted NPs increased the cellular uptake of NPs through EGFR-mediated endocytosis.

3.5. In vitro gene silencing efficiency and cell viability studies

To determine the potential of NPs to deliver siRNA, gene silencing was assessed in vitro.
The gene silencing capacity of GFP-siRNA toward MDA-MB-468 cells stably expressing
green fluorescent protein was evaluated for siRNA-complexed non-targeted and targeted
NPs. Pure medium was used as the negative control. RNAIMAX, a commercially available
transfection agent, was used as the positive control. As shown in Fig. 8 (A) and (B), both
targeted and non-targeted groups induced GFP reduction compared to the negative control.
As expected based on the cellular uptake studies, the extent of knockdown was dependent on
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GE11 functionalization. Relative to the negative control group, the siRNA-complexed non-
targeted NPs produced a 47% GFP down-regulation. In contrast, the targeted NPs induced a
79% GFR reduction, which is comparable to that of RNAIMAX treatment (81%). However,
the assessment of cell viability on these treatments revealed that siRNA-complexed
RNAIMAX exhibited significant cytotoxicity, inducing >25% cell death (Fig. 8 (C)), which
is consistent with the previous report [50]. However, no apparent cytotoxicity associated
with NPs was observed. In fact, no significant cytotoxicity was observed for NPs alone up to
500 pg/mL (Fig. S2 in the Supporting Information). Taken together, these findings reveal
that GE11-conjugated NPs are suitable nanocarriers for SiRNA delivery targeted at TNBC
cells and, potentially, other EGFR-overexpressing cells.

4. Conclusion

We have developed a smart unimolecular NP for tumor-targeted delivery of siRNA. The
unimolecular NPs demonstrated excellent endosomal/lysosomal escape capabilities via a
proton sponge effect owing to the imidazole groups. Moreover, the pH/redox dual-sensitive
characteristics of the unimolecular NPs facilitated the release of siRNA from the NPs inside
the cells. GE11-targeting ligand enhanced the cellular uptake of NPs in EGFR-
overexpressing TNBC cells. Furthermore, GE11-conjugated GFP-siRNA-complexed NPs
exhibited excellent GFP down-regulation capabilities that were comparable to RNAIMAX, a
commercially available agent. Meanwhile, RNAIMAX induced significantly higher
cytotoxicity compared to the unimolecular NPs. Thus, GE11-conjugated unimolecular NPs
could be a promising nanoplatform for targeted siRNA delivery in EFGR-overexpressing
cancers.
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Fig. 1.

pH/redox dual-sensitive unimolecular NPs with excellent endosomal/lysosomal escape
capabilities for efficient targeted delivery of siRNA. A schematic diagram of the cellular
uptake of siRNA-complexed NPs and the subcellular release of siRNA into the cytosol.
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IH NMR spectra of (A) PBLA-PEG-OCHjs, (B) PBLA-PEG-Mal, and (C) H40-CHO.
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Fig. 3.

1H NMR spectra of (A) H40-PBLA-PEG-OCHg/Mal, (B) H40-P(Asp-AED)-PEG-OCHa/
Mal, (C) H40-P(Asp-AED-ICA)-PEG-OCHgz/Mal, and (D) H40-P(Asp-AED-ICA)-PEG-

OCHa/Cy5/GE11.
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(A) Gel retardation assays of sSiIRNA/NPs with various N/P ratios. (B) TEM images of the
siRNA-complexed NPs (N/P = 10). (C) In vitro siRNA release from siRNA-complexed NPs
in different buffers at 37 °C. Data represent mean + SD (n = 3).
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Fig. 5.

Assessment of the endosomal/lysosomal escape of siRNA-complexed NPs in MDA-MB-468
cells after 2 h incubation. Endosomes/lysosomes were stained with Lysotracker (green).
siRNA was labeled with Cy5.5 (red). The nuclei were stained with Hoechst (blue). Scale
bar: 20 um. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Z-stack CLSM images for the assessment of the endosomal/lysosomal escape of SiRNA-
complexed NPs in MDA-MB-468 cells. Scale bar: 2 pm.
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Fig. 7.

In vitro cellular uptake studies. Fluorescence images of MDA-MB-468 TNBC cells
incubated with pure medium (control), Cy5-labeled non-targeted (without GE11
conjugation) NPs, targeted (GE11-conjugated) NPs with a blocking dose (2 uM) of GE11
(i.e., blocking), and targeted NPs at 37 °C for 2 h (NP concentration: 100 pg/mL). Targeted
NPs significantly enhanced the cellular uptake in EGFR-overexpressing TNBC cells. Scale
bar: 50 pm.
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Fig. 8.

Ingvitro assessment of gene silencing efficiency using (A) fluorescence microscope and (B)
flow cytometry. GFP-expressing MDA-MA-468 cells treated with pure medium (control),
siRNA-complexed non-targeted NPs (sSiRNA-NT), siRNA-complexed targeted NPs (SiRNA-
T), and siRNA-complexed RNAIMAX (siRNA-RNAIMAX) for 24 h (40 nM of GFP-
SiRNA). (C) Cell viability studies. MDA-MA-468 cells treated with pure medium (control),
SIRNA-NT, siRNA-T, siRNA-RNAIMAX, and pure RNAIMAX for 24 h (40 nM of GFP-
SiRNA). All values are presented as a mean £ SD (n =5); **: p < 0.01; NS: not significant.
Scale bar: 100 pm.
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Scheme 1.
A synthetic scheme of multi-arm star block copolymer H40-P(Asp-AED-ICA)-PEG-

OCH3/Cy5/GE1L.
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GPC analyses of polymers.

Polymers Mp (g/mol)  PDI
PBLA-PEG-OCH3 9040 1.4
PBLA-PEG-Mal 9105 1.3
H40-PBLA-PEG-OCHs/Mal 200,833 1.6
H40-P(Asp-AED)-PEG-OCHg/Mal 186,406 17
H40-P(Asp-AED-ICA)-PEG-OCHz/Mal 187,130 1.6
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