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ABSTRACT

Cancer stem-like cells (CSCs) treatment is a plausible strategy for enhanced cancer therapy.
Here we report a glucose-installed sub-50-nm nanocarrier for the targeted delivery of small
interfering RNA (siRNA) to CSCs through selective recognition of the glucose ligand to the
glucose transporter 1 (GLUT1) overexpressed on the CSC surface. The siRNA nanocarrier was
constructed via a two-step assembling process. First, a glucose-installed poly(ethylene
glycol)-block-poly(L-lysine) modified with lipoic acid (LA) at the w-end (Glu-PEG-PLL-LA)
was associated with a single siRNA to form a unimer polyion complex (uPIC). Second, a 20 nm
gold nanoparticle (AuNP) was decorated with ~65 uPICs through Au-S bonding. The
glucose-installed targeted nanoparticles (Glu-NPs) exhibited higher cellular uptake of siRNA
payloads in a spheroid breast cancer (MBA-MB-231) cell culture compared with
glucose-unconjugated control nanoparticles (MeO-NPs). Notably, the Glu-NPs became more
efficiently internalized into the CSC fraction, which was defined by aldehyde dehydrogenase
(ALDH) activity assay, than the other fractions, probably due to the higher GLUT1 expression
level on the CSCs. The Glu-NPs elicited significantly enhanced gene silencing in a CSC-rich
orthotopic MDA-MB-231 tumor tissue following systemic administration to tumor-bearing
mice. Ultimately, the repeated administrations of polo-like kinase 1 (PLK1) siRNA-loaded
Glu-NPs significantly suppressed the growth of orthotopic MDA-MB-231 tumors. These results
demonstrate that Glu-NP is a promising nanocarrier design for CSC-targeted cancer treatment.

Keywords: Glucose, Cancer stem-like cell, sSiRNA delivery, Polyion complex, Gold nanoparticle

1. Introduction

Breast cancer is one of the most common cancers in women [1]. Breast cancer patients are
at a high risk of tumor recurrence and metastasis despite a high survival rate after treatments.
Recent studies have shown that cancer stem-like cells (CSCs) are highly involved in drug
resistance, metastasis, and the relapse of breast cancers due to their self-renewal ability and
multilineage differentiation capacity [2]. CSC-targeted treatment is, therefore, a promising
strategy for improving the efficacy of breast cancer therapy [3, 4]. Different approaches have
been reported for the selective treatment of CSCs, by either inhibiting the CSC signal pathways
[5], suppressing the protein kinases in CSCs [6, 7], modulating the CSC-niches [8],
reprogramming the metabolism of CSCs [9], or differentiating the CSCs [10]. The targeting of
CSC biomarkers, such as CD44, has attracted much attention in CSC-specific drug delivery [11].
Biomacromolecules, such as antibodies, aptamers, and peptides, have been equipped on the
surface of nanomedicines as a CSC-targeting ligand [12-14], yet there still be issues on cost,
stability, and efficacy [15, 16]. Efficient, facile, and stable ligands are, therefore, highly
desirable for active CSC targeting. It has long been recognized that glucose transporter (GLUT)
is overexpressed on various types of cancer cells due to the Warburg effect, an insufficient



glycolysis pathway to generate adenosine triphosphate (ATP) [17]. Recent studies have shown
that glucose metabolism is even more active in CSCs [18], suggesting that the GLUT is a
promising candidate for CSC-targeted treatments using a glucose-installed nanomedicine [19,
20].

RNA interference (RNAI) technology has attracted great interest for cancer therapy, where
small interfering RNA (siRNA) is used in sequence-specific silencing of the messenger RNA
(mRNA) coding cancer-related proteins in mammalian cells [21-23]. While CSCs are inert to
traditional chemotherapeutics due to numerous resistance mechanisms, such as multidrug efflux
transporters, they are sensitive to drugs that impair particular survival signals, and can, therefore,
be selectively targeted by siRNA [24]. This indicates the great potential of RNAI technology in
CSC therapy. Tremendous efforts have been made to develop nanocarriers for systemic delivery
of siRNA, which has solved the problem of the poor bioavailability of naked siRNA due to
RNases degradation, rapid renal clearance in the bloodstream, and inferior cellular
internalization. These nanocarriers have been constructed from lipids, polymers [25-28], and/or
inorganic nanoparticles [29-32]. Several lipid- and polymer-based delivery vehicles have been
enrolled in clinical trials to date [33]. These nano-sized vehicles are able to extravasate through
the leaky tumor vasculature to accumulate in solid tumors [34], with a recent study emphasizing
the advantages of sub-50-nm nanoparticles for efficient permeation in thick fibrotic tumor
models [35, 36]. Furthermore, tumor-targeting ligands have also been installed on the surface of
siRNA-loaded nanocarriers for more efficient binding to the target cells based on
ligand-receptor interactions, which improves the delivery efficacy to tumors with reduced side
effects to normal tissue [37, 38].

Here we present the development of a glucose-installed sub-50-nm unimer polyion
complex-assembled gold nanoparticle (Glu-NP) for systemic delivery of siRNA to a CSC-rich
breast cancer model. This Glu-NP is constructed via a two-step bottom-up self-assembly of
unimer polyion complexes (UPICs) and a gold nanoparticle (AuNP) (Fig. 1). The Glu-NP as
well as MeO-NP should release siRNA payloads in the glutathione-rich environment in the cell
via the exchange reaction in Au-S bonds [39]. Our previous research has demonstrated the
advantages of uPIC-AuNPs, including size tunability, a prolonged blood circulation property,
and ligand-mediated targetability, all of which lead to enhanced siRNA accumulation in
subcutaneous tumor models [39, 40]. Here we installed the glucose to the a-end of
poly(ethylene glycol) (PEG)-block-poly(L-lysine) by an ether linkage at the C6 position.
Particularly, the C6 modification of glucose largely remains its recognition ability to GLUT1
[41], endowing the Glu-NPs with a specific targeting capability toward GLUT1. We
demonstrate that the Glu-NPs more specifically recognize CSCs in MDA-MB-231 breast cancer
spheroid cultures and enhance antitumor efficacy in an orthotopic breast tumor model, therefore
highlighting the potential of Glu-installed nanomedicines for successful breast cancer therapy.
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Fig. 1. Schematic illustration of Glu-NP preparation from Glu-PEG-PLL-LA, siRNA, and AuNP.
The Glu-NP was engineered via a two-step self-assembling approach. First, the uPIC was
formed between a single pair of siRNA and Glu-installed PEG-block-catiomer through
charge-matched neutralization. Second, the monodispersed Glu-NP was obtained from the
decoration of a 20 nm AuNP with uPICs through Au-S coordination. The PEG protection and
sub-50-nm size contribute to a prolonged blood circulation property and efficient tumor
accumulation. The Glu ligand endows the Glu-NPs with targetability toward breast CSCs by
binding to GLUT1.

2. Materials and methods

2.1. Materials
a-Methoxy-w-amino poly(ethylene glycol) (MeO-PEG-NH,; molecular weight (MW):
2200) was purchased from NOF Co., Inc. (Tokyo, Japan).

a-1,2-O-1sopropylidene-3,5-O-benzylidene-D-glucofuranose-w-amino  PEG  (BIG-PEG-NH,;
MW: 2200) was synthesized as described previously [42]. N-Carboxy anhydride of
e-trifluoroacetyl-L-lysine (Lys(TFA)-NCA) was bought from Chuo Kaseihin Co., Inc. (Tokyo,
Japan). N-Hydroxysuccinimidyl ester of lipoic acid (LA-NHS) was synthesized according to the
previous report [43]. N,N-Dimethylformamide (DMF), dimethyl sulfoxide (DMSO, >99%),
trisodium citrate dihydrate (NasCt-2H,O, >99%), N,N-diisopropylethylamine (DIPEA),
chemically synthesized phloretin, and RPMI 1640 medium were purchased from Wako Pure
Chemical Industries, Ltd. (Tokyo, Japan). Gold(l1l) chloride trihydrate (HAuUCI;-3H,0, 99.9%),
D,O (99.9%), tetramethylsilane (TMS, 99.5%), poly(ethylene glycol) methyl ether thiol
(PEG-SH; MW: 800), ethylenediaminetetraacetic acid (EDTA), 5,5'-dithiobis(2-nitrobenzoic
acid) (Ellman’s reagent), and serum-free DMEM-F12 medium were purchased from Sigma
Aldrich (St. Louis, MO, USA). The ultrapure DNase/RNase-free distilled water (Thermo Fisher
Scientific Inc., Waltham, MA, USA), cell counting kit 8 (CCK-8, Dojindo Laboratories,
Kumamoto, Japan), sterile 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
(Amresco, Solon, OH, USA), and fetal bovine serum (FBS) (Dainippon Sumitomo Pharma Co.,
Ltd., Osaka, Japan) were used as received. Citrate-capped AuNPs with a hydrodynamic
diameter of 20 nm were prepared according to the Turkevich method through reduction of
chloroauric acid (HAuCI,) with sodium citrate (NasCt) [44]. All siRNAs used in this work were



synthesized by Hokkaido System Science (Hokkaido, Japan) or Gene Design (Osaka, Japan).
Their sequences were as follows: (1) polo-like kinase 1 (PLK1) siRNA (siPLK1): 5'-AGA uCA
CCC uCC UuA AAuU AUU-3' (sense), 5'-UAU UUA AgG AGG GUG AuC UUU-3’ (antisense),
where uppercase and lowercase letters represent RNA and 2'-O-methylated RNA, respectively;
(2) control siRNA (siCont): 5'-UUC UCC GAA CGU GUC ACG UdTdT-3' (sense), 5-ACG
UGA CAC GUU CGG AGA AdTdT-3' (antisense); (3) Alexa647 dye-labeled SiRNA
(Alexab47-siRNA): 5-CUU ACG CUG AGU ACU UCG AdTdT-3' (sense) with Alexa647 dye
on the 5’-end, 5’-UCG AAG UAC UCA GCG UAA GdTdT-3’ (antisense). NOD/SCID mice and
BALB/c nude mice (female; 6 weeks old) were purchased from Charles River Japan (Kanagawa,
Japan). All the animal experiments were conducted under the Guidelines for the Care and Use of
Laboratory Animals of The University of Tokyo.

2.2. Synthesis of glucose-poly(ethylene glycol)-b-poly(L-lysine) modified with lipoic acid at the
w-terminal (Glu-PEG-PLL-LA)

Glu-PEG-PLL-LA was synthesized according to the synthetic route shown in Fig. 2A.
Briefly, the BIG-PEG-PLL(TFA) was firstly synthesized by ring opening polymerization of
Lys(TFA)-NCA with BIG-PEG-NH; as a macroinitiator. Degree of polymerization of PLL(TFA)
segment (DPp.) was determined to be 40 in *H-NMR spectrum (400 MHz, ECS-400, JEOL,
Tokyo, Japan) and a molecular weight distribution (M,/M,) was determined to be 1.10 in gel
permeation chromatography (GPC) (HLC-8220, Tosoh Corporation, Tokyo, Japan) using DMF
containing 10 mM LiCl as carrier solvent [45]. The obtained BIG-PEG-PLL(TFA) was reacted
with LA-NHS (20 equiv.) and DIPEA (10 equiv.) in DMF at 40 °C for 24 h, followed by
dialysis and lyophilization to obtain the BIG-PEG-PLL(TFA)-LA as white powder. The
conjugation rate of LA in BIG-PEG-PLL(TFA)-LA was determined to be 80% from the peak
intensity ratio of the methylene protons of LA (-COCH,CH,- and -CHCHHCH,SS-, 3H, 6 =2.4
ppm) to the ethylene protons of PEG (-(OCH,CH,)-, 4H, & = 3.6-3.8 ppm) in *H-NMR spectra
(400 MHz, 40 °C, MeOD) (Fig. S1). Finally, Glu-PEG-PLL-LA was obtained as white powder
through deprotection of TFA moieties in the mixture of methanol and 1 N NaOH solution (9:1,
v/v) for 8 h at 35 °C, and deprotection of BIG moieties in 90 % TFA for 20 min at room
temperature. The complete deprotection of TFA and BIG was confirmed by the peak shifting of
methylene protons from 3.3 to 3.0 ppm, and the disappearance of the proton signals of the BIG
moiety at 6.0, 6.1, 7.3, and 7.4 ppm from 'H-NMR spectra, respectively (Fig. 2B). Meanwhile,
the MeO-PEG-PLL-LA with DPp_ of 40 was synthesized as a control.

2.3. Fluorescence correlation spectroscopy (FCS)

FCS measurements were carried out on a ConfoCor3 module-equipped confocal laser
scanning microscope (LSM510, Carl Zeiss, Oberkochen, Germany). The Alexa647-siRNA was
excited by a He-Ne laser (633 nm) with the corresponding band-pass filter to filtrate the
emission. The Alexa647-siRNA/polymer mixtures having different molar ratios
([polymer]/[siRNA] = 0:1, 0.5:1, 0.75:1, 1:1, 1.25:1, 1.5:1, and 2:1) were prepared in 10 mM
HEPES buffer (pH 7.2) containing 150 mM NaCl with the siRNA concentration as 10 nM,
followed by 1 h incubation at room temperature. Then, the resulting mixtures were measured



using an 8-well Lab-Tek chambered cover-glass (Nalge Nunc International, Rochester, NY,
USA) and the diffusion time was averaged from 10 measurements with a sampling time of 10 s.
The diffusion coefficient of each sample was converted from diffusion time using Cy5
maleimide (GE Healthcare, UK) as a reference.

2.4. Analytical ultracentrifuge (AUC)

The mixture of [polymer]/[siRNA] = 1 with siRNA concentration of 600 nM was prepared in
10 mM HEPES buffer (pH 7.2) containing 150 mM NaCl, followed by equilibrium
sedimentation in an AUC equipped with absorbance optics (Beckman Coulter, Brea, CA, USA)
for 3 days. The absorbance at 260 nm was recorded and the MW of uPIC was determined as
previously described using ORIGIN software (Beckman Coulter) [39].

2.5. Preparation of Glu-NPs

The Glu-NPs were prepared using a two-step assembling approach (Fig. 1).
Glu-PEG-PLL-LA and siRNA were separately dissolved at 15 uM in 10 mM HEPES buffer (pH
7.2) containing 5% sucrose, and then mixed at a molar ratio of 1:1 to form uPIC. Then, the uPIC
solution was added to an AuNP solution (0.15 mM) containing 5% sucrose at a molar ratio of
uPIC:AuNP = 500:1, followed by 12 h incubation at 4 °C. Then, NaCl was added to the mixed
solution to improve the uPIC conjugation efficiency (final NaCl concentration: 150 mM). After
24 h incubation with NaCl, the uPIC-coated AuNPs were further treated with 30 uM PEG-SH
(MW: 800) for 24 h at 4 °C, purified by centrifugation (20,400 g, 20 min), and finally
suspended in 10 mM HEPES buffer (pH 7.2) containing 150 mM NaCl and 5% sucrose.
Similarly, the MeO-NPs were prepared as a control using MeO-PEG-PLL-LA, instead of
Glu-PEG-PLL-LA.

2.6. Size, zeta-potential, UV-visible spectroscopy, and grated PEG-SH amount measurements
Sizes and their distribution of nanoparticles were determined by dynamic light scattering
(DLS) using a Zetasizer Nano ZS instrument (Malvern Instrument Ltd., UK) with an incident
light (633 nm) and a detection angle of 173° at 25 °C. The corresponding hydrodynamic
diameter and polydispersity index (PDI) were analyzed using the cumulant method. The same
instrument was employed to test zeta-potentials of nanoparticles using a disposable capillary
cell (DTS1070, Malvern Instrument) at 25 °C. The UV-visible spectroscopy (UV-Vis) was
obtained from a Spark 20M multimode microplate reader (TECAN, Switzerland). All the
samples used for DLS, zeta-potential, and UV-Vis measurements were adjusted to 10 nM
AuNPs. The concentration of nanoparticles in bare AuNP, Glu-NP, or MeO-NP solutions was
determined by surface plasmon resonance absorbance of nanoparticles in UV-Vis spectra (520
nm for bare AuNP and 528 nm for MeO- and Glu-NPs). For quantification of grafted PEG-SH
content per nanoparticle, uPIC-coated AuNPs (20 nM, 40 uL) were incubated with PEG-SH (1.2
mM, 10 pL) at 4 °C for 24 h [40]. The samples were centrifuged at 20,400 g, and the
supernatant (40 puL) was collected. Then, the supernatant (40 puL) was reacted with Ellman’s
reagent (78 pg/mL in 0.1 M sodium phosphate buffer (pH 8.0) containing 1 mM EDTA, 510 uL)
at ambient temperature for 15 min. The UV-Vis absorbance of the reaction solution at 412 nm



was measured using the TECAN microplate reader to determine the amount of non-grafted
PEG-SH. Then, the content of grafted PEG-SH was calculated by subtracting the amount of
non-grafted PEG-SH from the total amount.

2.7. Cell culture

Human breast cancer, MDA-MB-231, cells (European Collection of Authenticated Cell
Cultures, UK) were cultured in RPMI 1640 medium containing 10% (v/v) FBS (RPMI
1640/FBS) with 5% CO, at 37 °C. For spheroid culture, MDA-MB-231 cells in a serum-free
DMEM-F12 medium containing B27 (1%, Thermo Fisher), 20 ng/mL recombinant human
epidermal growth factor (EGF) (BD Life Sciences, NJ, USA), and 20 ng/mL recombinant
human basic fibroblast growth factor (bFGF) (Thermo Fisher) [46] were seeded in 6-well
ultralow attachment plates (Corning, ME, USA) or Cell-able 96-well plates (Toyo Gosei, Japan)
with a cell density of 5 x 10* cells/mL. The cells were incubated for 7-10 days to form spheroids,
then used for further biological experiments.

2.8. Western blot analysis

MDA-MB-231 adherent and spheroid cells were washed with PBS and then lysed with
RIPA buffer (Sigma-Aldrich) containing protease inhibitor cocktail (Sigma-Aldrich) for 30 min
at 4 °C. The lysates were centrifuged at 13,000 g for 20 min and the protein concentration of the
supernatant was determined using Bradford reagent (Wako). The proteins (20 pg) in supernatant
were separated by using an 8% Bis-Tris gel (Invitrogen, Thermo Fisher) and transferred to
PVDF membrane (Bio-Rad, USA). The membrane was incubated in 5% skim milk blocking
buffer for 12 h at 4 °C, followed by 1 h incubation with GLUT1 primary antibodies (#12939,
Cell Signaling Technology, MA, USA) and another 1 h incubation with HRP-conjugated
secondary antibodies (#7074, Cell Signaling Technology). Beta-actin (#4967, Cell Signaling
Technology) was used as an internal control. The protein bands were visualized with ECL Prime
Western Blotting Detection reagent (Amersham, Little Chalfont, UK) and chemiluminescent
imager (LAS-4000, Fujifilm, Tokyo, Japan).

2.9. In vitro cytotoxicity assay

MDA-MB-231 cells were seeded in 96-well plates (5 x 10° cells/well) and incubated in
RPMI 1640/FBS for 24 h. Then, the cells were exposed to fresh medium containing
siCont-loaded MeO- or Glu-NPs at siRNA concentrations of 50, 100, 200, and 400 nM for 48 h,
respectively. The cells were further incubated with fresh RPMI 1640/FBS (100 pL) containing
CCK-8 solution (10 pL) for 1 h, followed by absorbance measurement at 450 nm. To calculate
relative cell viability, the absorbance was normalized to that from non-treated cells.

2.10. Invitro cellular uptake by flow cytometry

MDA-MB-231 adherent (5 x 10* cells/well, 24-well plate) or spheroid (5 x 10* cells) cells
were incubated with Alexa647-siRNA-loaded MeO- or Glu-NPs (siRNA concentration: 100 nM)
for 1 h and 4 h. Then, the adherent or spheroid cells were dispersed using trypsin or Accutase
cell detachment solutions (Innovative Cell Technologies, CA, USA), respectively, followed by



wash with fresh media and suspension in cold PBS. The mean fluorescence intensity of
Alexab47-siRNA in the cells was measured by a flow cytometer, BD LSR Il (BD Biosciences,
San Jose, CA, USA), equipped with 633-nm laser and bandpass filter 660/20. The non-treated
cells were used as background. To inhibit the GLUT activity, the spheroids (5 x 10* cells) were
incubated with phloretin (concentration: 0.2 mM), a well-known GLUT inhibitor, for 30 min
before exposure to the siRNA-loaded nanocarriers. The internalized Alexa647-siRNA within
cells was measured by a flow cytometer.

To investigate cellular uptake in highly aldehyde dehydrogenase (ALDH)-expressing
(ALDH"") cells, an ALDEFLUOR kit (STEMCELL Technology, Vancouver, BC, Canada) was
used to identify the ALDH™®" cells. The spheroids (1 x 10° cells) were incubated with
Alexa647-siRNA-loaded MeO- or Glu-NPs (siRNA concentration: 100 nM) for 1 h and
dispersed into single cells using Accutase cell detachment solutions. The suspended cells were
stained with the ALDEFLUOR kit based on the manufacturer’s instruction and measured by BD
LSR II. The data were analyzed by FlowJo software.

2.11. Invitro confocal laser scanning microscopic (CLSM) observation

MDA-MB-231 spheroids (5 x 10* cells) were incubated with media containing
Alexa647-siRNA-loaded MeO- or Glu-NPs (siRNA concentration: 100 nM) for 4 h. Then, the
spheroids were washed with fresh medium, stained with Hoechst 33342, and imaged with
CLSM using a Zeiss LSM 510 (Carl Zeiss, Germany).

2.12. In vitro gene silencing assay by quantitative real-time PCR (QRT-PCR)

MDA-MB-231 adherent (5 x 10* cells/well, 24-well plate) and spheroid (5 x 10* cells)
cells were incubated with siPLK1 or siCont-loaded MeO- or Glu-NPs (siRNA concentration: 50,
100, and 200 nM) for 48 h. Then, the total RNA was extracted using RNeasy MiNi Kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s instruction. The extracted RNA samples
were diluted to the same concentration (20 ug/ulL), followed by reverse transcription from RNA
to cDNA using ReverTra Ace (Toyobo, Osaka, Japan). The gRT-PCR was carried out using
TagMan gene expression assay protocol with an ABI 7500 fast real-time PCR system (Applied
Biosystems, Foster City, CA, USA). The human beta-actin probe was employed as an
endogenous house-keeping gene to normalize the PLK1 mRNA amount. The mRNA expression
level was calculated based on comparative 2 **°* method and normalized to that obtained from
non-treated cells [47]. Results are expressed as mean and standard deviation (n = 4).

2.13. Orthotopic xenograft tumor model

To establish an MDA-MB-231 orthotopic breast tumor model, 5 x 106 MDA-MB-231 cells
in 100 yL DMEM-F12/Matrigel (1:1, v/v) were inoculated to the mammary fat pad of
NOD/SCID mice or BALB/c nude mice (female, 8 weeks old). The in vivo biodistribution, gene
silencing efficacy, and antitumor activity studies were performed when the tumor volumes
reached to approximately 100, 100, and 50 mm?, respectively.

2.14. In vivo tumor accumulation and biodistribution of Glu-NPs



The tumor accumulations of MeO- and Glu-NPs were studied by the fluorescence of
dye-labeled siRNA. Alexa647-siRNA-loaded MeO- or Glu-NPs were intravenously injected
into the tail vein of the MDA-MB-231 tumor-bearing BALB/c nude mice (5 ug sSiRNA/mouse, n
= 3). The mice were sacrificed at 24 h post injection. The tumor tissues were collected,
homogenized, and incubated in lysis buffer containing 120 mM 2-mercaptoethanol for 12 h at 4
°C. A Spark 20M multimode microplate reader was employed to quantify the relative
accumulation of MeO- and Glu-NPs in tumor tissues by measuring the fluoresce intensity of
Alexa647-siRNA. Results are expressed as mean and standard deviation (n = 3).

An inductively coupled plasma mass spectrometry (ICP-MS) was employed to determine the
biodistribution profiles of MeO-NP and Glu-NP by measuring the content of Au. siCont-loaded
MeO-NP or Glu-NP were intravenously injected into the tail vein of the BALB/c nude mice (5 ug
siRNA/mouse, n = 3). The mice were sacrificed at 1, 4, and 24 h post injection, followed by
collection and homogenization of major organs. The homogenized organs were decomposed with
nitric acid on a hot plate. The dried samples were suspended in aqua regia, diluted in 1% HNO;
solution, and filtered using a 0.45 pum pore size membrane filter before quantification of Au
content using an Agilent 7700 ICP-MS system (Agilent, CA, USA). Results are expressed as
mean and standard deviation (n = 3).

2.15. In vivo gene silencing efficacy of Glu-NPs

The siCont-loaded MeO- and Glu-NPs, and siPLK1-loaded MeO- and Glu-NPs were
intravenously injected into the MDA-MB-231 tumor-bearing BALB/c nude mice from tail vein
(20 pg siRNA/injection/mouse, 4 injections) at 48, 72, 96, and 120 h before collection of tumors
(n = 4). The mice injected with saline (200 uL/injection) using the same injection protocol were
employed as controls. Tumor tissues were excised and homogenized by using an ultrasonic
disruptor (UR-20P, Tomy Seiko, Co., Ltd., Tokyo, Japan). Total mMRNA was extracted by using
RNeasy MiNi Kit. Thereafter, the relative PLK1 mRNA amounts in the tumor tissues were
quantified by gRT-PCR as described above.

2.16. In vivo tumor growth inhibition activity

The MDA-MB-231 tumor-bearing NOD/SCID mice were randomly divided into 4 groups
(n = 5). Then, the tumor-bearing mice were treated with saline, siCont-loaded Glu-NPs, and
siPLK1-loaded MeO- and GIlu-NPs by intravenous injection to the tail vein (20 pg
siRNA/injection) on day 0, 1, 4, 5, 8, 9, 12 and 13. Tumor sizes were monitored by a caliper
every other day, and the tumor volume was calculated based on the following equation: tumor
volume = 0.5 x (major diameter) x (minor diameter)?.

2.17. Analysis of the proportion of CSCs in tumor

At the final day of tumor growth inhibition study, the mice were sacrificed and the tumor
tissues were excised. The excised tumor tissues were immediately transferred to cold
DMEM-F12 medium, cut into small pieces, and suspended in 20 mL cold DMEM-F12 medium,
followed by centrifuge for 5 min at 150 g at 4 °C. The pellet was further digested in 10 mL
Accumax/EDTA tissue dissociation solution (Innovative Cell Technologies) at room



temperature for 30 min on a shaker. The tumor cells were collected by centrifuge and filtration
through a 200-mesh sieve, stained with ALDEFLUOR Kkit, and measured by a flow cytometer.
The data were analyzed by FlowJo software, and the results are expressed as mean and standard
deviation (n = 3).

2. 18. Blood toxicity assays

BALB/c mice (female, 6-week old) were intravenously injected with one or four injection(s)
of either Glu-NP (20 pug siRNA/shot) or saline. Four injections were performed at 24 h intervals.
At 7 days after the first injection, the mice were anesthetized with isoflurane and the blood (180
ML) was collected from posterior vena cava using 23G needles. The numbers of white blood
cells (WBC), red blood cells (RBC), and platelets (PLT) in the collected blood samples were
determined using an automated hematology analyzer (pocH-100iV Diff, Sysmex Corporation,
Hyogo, Japan).

2.19. Statistical analysis

The experimental data were analyzed by a two-tailed Student’s t-test in Microsoft Excel.
The * and ** indicate p < 0.05 and p < 0.01, respectively, and were considered to be statistically
significant.

3. Results and discussion
3.1. Synthesis of Glu-PEG-PLL-LA

To construct Glu-NPs, the glucose-conjugated block copolymer, Glu-PEG-PLL-LA, was
synthesized to contain a glucose moiety on the a-terminal of PEG, a PLL segment with 40 units,
and a LA disulfide moiety on the o-terminal of PLL that was constrained to a narrow molecular
weight distribution (M,/M, = 1.10) (Fig. 2A). Following a previously established ring-opening
polymerization of ethylene oxide initiated by protected glucose [42], the Glu ligand was
quantitatively introduced to the PEG end through ether linkage at the C6 position. In this way,
the OH groups at the C1, C3, and C4 positions remain intact, allowing for the effective
recognition by GLUT1 [41, 48]. Importantly, the DPp, of 40 ensured the formation of uPIC
between a single block copolymer with 40 positive charges (pK, = 9.54) and a single siRNA
with 40 negative charges through charge-matched PIC formation [49]. Furthermore, the LA
disulfide moiety served as a coordinate linkage between the uPICs and AuNP. In the similar way,
the MeO-PEG-PLL-LA without Glu ligand was also synthesized to construct non-targeted
MeO-NPs as a control.
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Fig. 2. (A) Synthetic route of Glu-PEG-PLL-LA. (B) "H-NMR spectrum of Glu-PEG-PLL-LA (400
MHz, polymer concentration: 10 mg/mL, temperature: 25 °C, solvent: D,0).

3.2. Preparation of Glu-NPs

A two-step nanoconstruction was employed for preparing Glu-NPs, which consisted of the
formation of monodispersed uPICs followed by the monolayer conjugation of uPICs onto the
AuNP surface. The formation of uPICs between Glu-PEG-PLL-LA (or MeO-PEG-PLL-LA) and
siRNA was validated by FCS and AUC [49]. The FCS results show that the diffusion coefficient
of block copolymer (or Polymer) and Alexa647-siRNA PICs had the lowest value at a molar
ratio of [Polymer]/[siRNA] = 1, with unchanged values at molar ratios > 1 (Fig. S2), which
indicates that the siRNA and polymer formed a 1:1 PIC solution. Furthermore, the AUC data
demonstrate that the MW of the PIC was comparable to the total MW of a single molecular pair
between the block copolymer and siRNA (Table S1), consistent with the formation of a 1:1
uPIC solution. The approximately similar FCS results between Glu-PEG-PLL-LA and
MeO-PEG-PLL-LA indicate that glucose ligand installation did not affect uPIC formation. The
obtained uPICs were then further conjugated onto the AuNPs through Au-S coordinate bonds in
the presence of sucrose. The conjugation was confirmed using UV-visible spectroscopy
(UV-Vis), with a red shift of the AuNP absorbance observed after the conjugation reaction (Fig.
3A). The DLS and zeta-potential measurements further indicated the successful uPIC-coating of
AUNPs as increases in both the hydrodynamic diameter and zeta-potential of AuNPs were
clearly observed after uPIC conjugation (Fig. 3B and Table 1). It is noted that the addition of
sucrose to buffer was essential to construct the Glu-NPs with a size of less than 50 nm. This was
probably due to the inhibition of hydrogen bonding between glucoses on the AuNP surfaces
(Table S2). The numbers of uPIC on each AuNP were determined to be ca. 65 based on the
fluorescence intensity of Alexa647-siRNA. Meanwhile, the backfilled PEG-SH (M,, = 800)
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amount was measured to be ca. 2800 based on the absorbance derived from Ellman’s reagent,
which provided more neutral zeta-potential of uPIC-AuNPs [40] (Table 1). The unique Glu-NP
structure has several advantages: (1) Glu-mediated targetability to GLUT1, (2) PEG-derived
stealthiness, and (3) a uniform sub-50-nm size.
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Fig. 3. (A) UV-Vis spectra of bare AuNP, MeO-NP, and GIu-NP. (B) Intensity-based DLS
histograms of bare AUNP, MeO-NP, and Glu-NP.

Table 1. Physicochemical properties of bare AUNP, MeO-NP, and Glu-NP.

Sample Size (hnm)®>  PDI*  Zeta-potential (mV)°  Capped siRNA Grafted

PEG®
Bare AUNP 20 0.04 -30.4+1.0 0 0
MeO-NP 40 0.10 -15.8+0.8 66 +4 2810 + 210
Glu-NP 47 0.15 -16.8 £ 0.7 65+3 2970 + 410

®Hydrodynamic diameter and polydispersity index (PDI) were determined by DLS.
bZeta-potential was measured in 10 mM HEPES buffer (pH 7.2) without NaCl.
‘Grafted amount of PEG-SH (Myy: 800) was determined using Ellman’s reagent.

3.3. In vitro Glu-NP cellular uptake against MDA-MB-231 spheroid cell cultures
MDA-MB-231 cells were reported to overexpress mainly GLUT1 on their surface due to
the Warburg effect [50-54] compared to other breast cancer cells, e.g., MCF-7 and
MDA-MB-435 [51], suggesting that they are potential targets of glucose-conjugated
nanoparticles. MDA-MB-231 cells express an extremely high level of GLUT1 with negligible
levels of GLUT2, GLUT3, GLUT4, and GLUT5 [51, 55]. Thus, Glu-NP was more likely
uptaken by MDA-MB-231 cells through binding to GLUT1 rather than the other GLUT
isoforms. This fact motivated us to examine the cellular uptake of Glu-NPs in cultured
MDA-MB-231 cells. First, the cellular uptake profiles in adherent cells were compared between
Glu-NPs and MeO-NPs incorporating Alexa647-siRNA (Fig. S3). The cells treated with
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Glu-NPs displayed significantly higher fluorescence intensities compared with those treated
with MeO-NPs, indicating that the Glu ligands enhanced the cellular uptake of uPIC-AuNPs.
Note that the modest cellular uptake of Alexa647-siRNA was observed for MeO-NPs without
Glu ligands, probably due to the nonspecific adsorptive endocytosis. This relies on the stable
conjugation of uPICs with AuNP, making MeO-NPs tolerable upon the adsorption process on
the cellular surface coated with anionic glycocalyx [39].

The cellular uptake of Glu-NPs was then investigated in a spheroid culture of
MDA-MB-231 cells since the spheroid culture is more relevant to an in vivo 3D cancer cell
condition in terms of the gene expression pattern as well as the accessibility of nanoparticles
[56]. Furthermore, the spheroid culture is regarded as a convenient method to evaluate CSC
functions because a hypoxic condition within the spheroid is more favorable for CSC growth
[57]. A higher expression of ALDH, which is a CSC marker, was observed for the spheroid
culture of MDA-MB-231 cells, compared with their adherent culture (Fig. S4). In parallel, the
GLUT1 expression level was also increased in the spheroid culture (Fig. S5), probably due to
enhanced glycolytic CSC activity [20, 58, 59]. Of note, a positive correlation between GLUT1
expression and ALDH activity was observed in MDA-MB-231 cells, particularly in the spheroid
culture (Fig. S6). We, therefore, assumed that Glu-NPs should more effectively bind to the
spheroid cancer cells, especially to CSCs, due to their higher GLUT1 expression. The cellular
uptake efficiency of Glu-NPs was compared with MeO-NPs in both the presence and absence of
phloretin as a GLUT inhibitor (Fig. 4A). The Glu-NPs exhibited higher cellular uptake
efficiency than the MeO-NPs in the absence of phloretin, as higher fluorescence intensity was
observed for the cells treated with Glu-NPs. This enhanced cellular uptake efficiency was
eliminated when the spheroids were treated with phloretin, indicating that the enhanced cellular
uptake of Glu-NPs was attributed to the specific interaction between Glu ligands and GLUT1.
The increasing cellular uptake of Glu-NPs was also confirmed by CLSM observations (Fig. 4B).
The ALDEFLUOR kit was employed to further clarify the targetability of Glu-NPs to CSCs and
identify the cellular internalizations of ALDH"®" cells and ALDH™™ cells in the spheroids (Fig.
4C). While the cellular uptake of Glu-NPs was higher in both ALDH"" cells and ALDH™™
cells compared with that of MeO-NPs, larger enhancements in the cellular uptake of Glu-NPs
were discovered in the ALDH"" cells (1.7-fold enhancement for MeO-NPs) compared with that
in the ALDH™™ cells (1.4-fold enhancement for MeO-NPs). These results indicate that the
Glu-NPs enabled GLUT1-mediated active targeting of the breast cancer MDA-MB-231 cells,
particularly the CSC (or ALDH"" cell) fraction. Of note, the higher cellular uptake of MeO-NP
was also observed in ALDH"®" cells, compared with ALDH™™ cells, although the level of the
uptake was significantly lower than the case observed for Glu-NP. It is reported that CSCs
undergo metabolic alterations and exhibit higher glycolytic activity than normal cancer cells [9,
18]. Presumably, the elevated metabolism of CSCs (ALDH™" cells) might also activate the
non-specific cellular uptake of MeO-NP.
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Fig. 4. (A) Degree of MeO- and Glu-NP cellular uptake in MDA-MB-231 cell spheroids,
determined by flow cytometry. The spheroids were incubated with Alexa647-siRNA-loaded
MeO-NPs (blue line), Glu-NPs (red line), and a mixture of Glu-NPs and phloretin (0.2 mM) (green
line) for 1 h (siRNA concentration: 100 nM). (B) CLSM images of the MDA-MB-231 cell spheroids
treated with Alexa647-siRNA-loaded MeO- and Glu-NPs (siRNA concentration: 100 nM) for 4 h.
(C) In vitro cellular uptake of MeO- and Glu-NPs in ALDH"" and ALDH™™ cells (SiRNA
concentration: 100 nM). The cells treated with N,N-diethylaminobenzaldehyde (DEAB), an ALDH
inhibitor, were employed to determine the ALDH™®"
and standard deviation (n = 3, *p < 0.05).

cell fraction. Results are expressed as mean

3.4. In vitro gene silencing activity of GIu-NPs

The silencing ability of Glu-NPs for PLK1 gene was studied in both adherent and spheroid
cultures of MDA-MB-231 cells by gRT-PCR. The inhibition of PLK1 expression is proven to be
a potential strategy to suppress the proliferation of cancer cells because PLK1 plays an
important role in the cell cycle of cancer cells [60]. The siPLK1-loaded Glu-NPs exhibited
significantly higher gene silencing efficiencies in both adherent cells and spheroids in a
sequence-specific manner (Fig. 5), demonstrating that the Glu ligands enhanced the gene
silencing activity of uPIC-AuNPs by facilitating cellular uptake. It should be noted that the
Glu-NP gene silencing efficiency was higher in spheroid cells compared with that in adherent
cells, with 77% knockdown in the spheroids compared with 52% knockdown in the adherent
cells at 200 nM siRNA. The enhanced Glu-NP gene silencing efficiency in the spheroid culture
may result from the higher GLUT1 expression level, which allows enhanced cellular uptake of
Glu-NPs, since the gene silencing efficiency of MeO-NPs was not altered between the adherent
and spheroid cultures. Furthermore, Glu-NPs progressively (or linearly) increased the gene
silencing efficiency up to 77% knockdown with an increase in siRNA concentration, whereas
the gene silencing efficiency of MeO-NPs was apparently saturated at around 25% knockdown
(Fig. S7). This result suggests that the GLUT1-mediated endocytosis might have larger capacity
for nanoparticle internalization compared with nonspecific adsorptive endocytosis. It should
also be noted that both Glu-NPs and MeO-NPs showed minimal cytotoxicity in MDA-MB-231
cells for siRNA concentration up to 400 nM (Fig. S8).
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Fig. 5. In vitro PLK1 gene silencing efficiencies of MeO- and Glu-NPs in (A) MDA-MB-231
adherent cells and (B) spheroid cells. The adherent or spheroid cells were incubated with
siPLK1-loaded MeO- and Glu-NPs for 48 h (siRNA concentration: 50, 100, and 200 nM),
followed by gRT-PCR. All results are expressed as mean and standard deviation (n = 4, *p < 0.05
and **p < 0.01).

3.5. In vivo performances of Glu-NPs

To clarify in vivo behaviors of Glu-NPs, the tumor accumulation and gene silencing
efficiencies of Glu-NPs were examined in an orthotopic MDA-MB-231 tumor-bearing mouse
model. The tumor accumulation of Alexa647-siRNA delivered by Glu-NPs was significantly
higher than that by MeO-NPs at 24 h post injection (Fig. 6A), which demonstrates the enhanced
tumor-targetability of Glu-NPs. Note that remarkable differences were not observed between
MeO-NP and Glu-NP in their biodistribution profiles in major healthy organs (Fig. S9). The
similar profiles between MeO-NP and Glu-NP are apparently consistent with those reported in the
previous studies developing GLUT1-targeted NPs [41, 61]. This might be due to relatively lower
density of GLUT1 (or GLUT family) on the luminal plasma membrane in healthy organs,
compared with MDA-MB-231 cells. The lower density of GLUT1 is more difficult to generate
the significant multivalent binding to Glu-NP, which may be required for the GLUT1 targeting by
Glu to compensate their relatively low Michaelis constant (i.e., Ky: 3 mmol/L) [54]. In this regard,
the brain capillary endothelial cells (BCECs) are reported to express a high degree of GLUT1 [62].
The considerably low level of brain accumulation of Glu-NPs, as well as MeO-NPs, might be
explained by two possible mechanisms; i) the effective transcytosis of Glu-NP into the brain
tissue might not occur; and ii) the GLUT1 density on the luminal plasma membrane of BCECs
might not be sufficiently high in the normal glycemic condition because it is significantly affected
by the plasma glucose level [62]. Furthermore, the siPLK1-loaded Glu-NPs displayed
significantly higher gene silencing efficiency in the tumor tissues compared with the
siPLK1-loaded MeO-NPs in a sequence-specific manner (Fig. 6B). The antitumor efficacy of
siPLK1-loaded Glu-NPs was also evaluated for the same tumor model. The tumor-bearing mice
were randomly divided into four groups (n = 5), with each group receiving intravenous
administration of either a saline, siCont-loaded Glu-NPs, siPLK1-loaded MeO-NPs, or
siPLK1-loaded Glu-NPs multi-dose treatment at 20 ug siRNA/injection/mouse. The tumor
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growth profiles indicated that the mice treated with siPLK1-loaded Glu-NPs exhibited the
slowest tumor growth rate among the tested formulations (Fig. 6C). The relative tumor volume
in the mice treated with siPLK1-loaded Glu-NPs (6.9 * 1.3) was significantly smaller than those
treated with siPLK1-loaded MeO-NPs (10.8 + 2.1) 28 days after the first injection, which
demonstrates the enhanced antitumor efficacy of Glu-NPs. However, there were no significant
alterations in mouse body weight during the treatment, indicating negligible systemic toxicity of
both the MeO- and Glu-NPs (Fig. 6D). Then, the change in the CSC (or ALDH"®" cell)
proportion in tumors was examined (Fig. 6E). Note that the ALDH™®" population in
saline-treated tumors as control was similarly determined to be those reported in the previous
studies [6, 63, 64]. The CSC (or ALDH"" cell) proportion in the tumors treated with
siPLK1-loaded Glu-NPs was significantly lower than that treated with saline, siCont-loaded
Glu-NPs, and siPLK1-loaded MeO-NPs, probably due to the preferential accumulation of
Glu-NPs in the CSCs and their RNAi-driven anticancer effect. In addition, there were no
significant differences in the levels of WBC, RBC, and PLT between Glu-NP-treated mice and
saline-treated mice even after 4 doses (Fig. S10), indicating negligible hematological toxicity of
Glu-NP under the tested condition
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Fig. 6. In vivo Glu-NP performances in MDA-MB-231 orthotopic tumor model. (A) Relative tumor
accumulation of Alexa647-siRNA-loaded MeO- and GIu-NPs at 24 h post intravenous
administration (5 pyg siRNA/mouse, n = 3). (B) PLK1 mRNA levels in the MDA-MB-231 tumor
tissues after treatment with MeO- and Glu-NPs (n = 4). The siRNA-loaded samples (20 pg
siRNA/injection/mouse, 4 injections) were intravenously injected into the mouse tail vein at 48,
72, 96, and 120 h before tumor excision. (C) Tumor growth profiles of the tumor-bearing mice
treated with saline, siCont-loaded Glu-NPs, siPLK1-loaded MeO-NPs, and siPLK1-loaded
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Glu-NPs (20 pg siRNA/injection/mouse, 8 injections) (n = 5). (D) Relative body weights of the
mice during the tumor growth inhibition study. (E) The proportion of ALDH""
tissues at day 28 in the tumor growth inhibition study (n = 3). The arrows in (C) and (D) indicate
the days when intravenous administration of samples occurred. All results are expressed as
mean and standard deviation (*p < 0.05 and **p < 0.01).

cells in the tumor

4. Conclusions

The present study demonstrates that Glu-NP is an efficient nanocarrier for delivering
therapeutic siRNA to the CSC-rich orthotopic breast cancer model via a systemic route. The
Glu-NPs facilitated the cellular uptake of siRNA payloads into GLUT1-overexpressing
MDA-MB-231 cell spheroids due to the specific interaction between the Glu ligands and
GLUTL1. The GIlu-NPs displayed enhanced gene silencing activity and improved antitumor
efficacy in the MDA-MB-231 orthotopic tumor via intravenous administration compared with
the control MeO-NPs. It is particularly noted that the Glu-NPs were able to efficiently reduce
the CSC (ALDH"®" cell) proportion in the orthotopic tumors. It is, therefore, expected that the
Glu-NPs that can largely remove the CSCs would achieve high efficacy for cancer ablation with
the assistance of cytotoxic anticancer agents to eliminate the differentiated cancer cells. This
work demonstrates the potential of employing Glu-installed nanomedicines for efficient tumor
treatment by targeting CSCs in tumors, therefore providing a promising platform technology for
targeted siRNA delivery to achieve successful RNAi-based cancer therapy.
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*Glucose-installed nanoparticle (Glu-NP) was made for cancer stem cell-targeted siRNA
delivery.

*Glu-NP was made by conjugating unimer polyion complexes on Au nanoparticle.

*Enhanced cellular uptake of Glu-NP was observed in cancer stem cells in spheroid culture.
*Glu-NP loaded with PLK1 siRNA suppressed growth of orthotopic breast tumor model.
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