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Abstract: Efficient delivery of nucleic acids into target cells is crucial for nucleic acid-based
therapies. Various nucleic acid delivery systems have been developed, each with its own advan-
tages and limitations. We previously developed a nanoparticle-based delivery system for small
chemical drugs using pH-responsive PEG,-PDPA | -PEG, polymer micelles as carriers. In this
study, we extend the application of these pH-responsive micelle-like nanoparticles (MNPs) to
deliver oligonucleotides. We demonstrate that the MNPs efficiently encapsulate and deliver
oligonucleotides of different lengths (20—-100 nt) into cells. The cargo oligonucleotides are
rapidly released at pH 5.0. We prepared MNPs carrying a Texas red-fluorescently labeled anti-
human epidermal growth factor receptor 2 (HER2) aptamer (HApt). Compared to free HApt, the
HApt-MNPs resulted in significantly better cellular uptake, reduced cell viability, and increased
apoptosis in SKBR3 breast cancer cells, which overexpress HER2. Moreover, HApt-MNPs were
significantly less cytotoxic to MCF7 breast cancer cells, which express low levels of HER2.
After cellular uptake, HApt-MNPs mainly accumulated in lysosomes; inhibition of lysosomal
activity using bafilomycin A1l and LysoTracker Red staining confirmed that lysosomal activity
and low pH were required for HApt-MNP accumulation and release. Furthermore, HER2 protein
expression declined significantly following treatment with HApt-MNPs in SKBR3 cells, indi-
cating that HApt-induced translocation of HER2 to lysosomes exerted a potent cytotoxic effect
by altering signaling downstream of HER2. In conclusion, this pH-responsive and lysosome-
targeting nanoparticle system can efficiently deliver oligonucleotides to specific target cells and
has significant potential for nucleic acid-based cancer therapies.

Keywords: pH-responsive micelle-like nanoparticles, nucleic acid delivery, HER2-targeted
therapy

Introduction

In recent decades, nucleic acid-based therapeutic agents have been developed and used
in the clinic to treat multiple diseases, including cancer,'* diabetes,*® cardiovascular
diseases,”® and infectious diseases.”!! However, the large size, high anionic charge
density, and hydrophilic properties of DNA and RNA molecules significantly limit
their cellular uptake.'>”'s Hence, a plethora of nucleic acid carriers have been developed
in an attempt to overcome these barriers.

In general, nucleic acid delivery systems can be classified into two major groups: viral
and nonviral.'*"° Viral vectors, such as retrovirus or adenovirus-based systems, have
high transduction efficiencies. However, their application is limited by high production
costs and biosafety and immunogenicity concerns.!®2%?! Nonviral systems, such as lipid-
or polymer-based approaches, have gained much attention due to their low cytotoxicity,
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weak or lack of immunogenicity, and ease of production.?>
Among the nonviral delivery systems, polymeric nanopar-
ticles are an attractive option for gene therapy due to their
unique properties including self-assembly behavior, ability
to condense and protect nucleic acids, cell association, effi-
cient cell transfection, and low cytotoxicity.>*28 Recently,
the addition of stimuli-sensitive functions has enabled poly-
meric nanoparticles to specifically respond to pathological or
externally applied “triggers” (eg, temperature, pH, enzymatic
catalysis, and light or magnetic fields) and further extended
their potential applications.?*? For example, pH-responsive
polymeric nanoparticles capable of protecting nucleic acids
in the blood circulation and actively releasing their cargo in
the tumor microenvironment and/or inside the target tumor
cells have received overwhelming interest in the context of
cancer therapy.

We previously developed a novel pH-responsive
delivery system for small chemical anticancer drugs from
amphiphilic triblock copolymers composed of poly[2-
(diisopropylamino)ethyl methacrylate] (PDPA) and
methoxy-poly(ethyleneglycol) segments (PEG,-PDPAn-
PEG,; n=30, 50, or 100).>** The PEG shell of the micelle-like
nanoparticles (MNPs) prolongs the circulation of MNPs in
the blood by reducing nonspecific associations with plasma
proteins and tissues.*** The PDPA core serves as a pH
sensor, which is hydrophobic at physiological pH (pH >7.4)
and becomes hydrophilic at acidic conditions due to pro-
tonation of di-isopropylamin.’**” Thus, the pH-responsive
MNPs are stable at pH 7.4 but swell and disaggregate at a
pH <6.0. MNPs composed of PEG,-PDPA, -PEG, have
been proven to possess a range of desirable properties, such
as low cytotoxicity, superior efficiency to deliver small
chemical drugs, and considerable lysosomal accumulation
after cellular uptake.”

Human epidermal growth factor receptor 2 (HER2),
a member of the epidermal growth factor-related protein
(ErbB) family of receptor tyrosine kinases, is overexpressed
on the plasma membranes of tumor cells in a variety of
cancers compared to normal cells. Overexpression of HER2
is associated with the development and progression of a
multitude of malignancies and is a major therapeutic target
in several cancers.’® Downregulation of HER-2 expression
attenuates HER2 signaling and promotes cell cycle arrest
and apoptosis by altering a number of downstream signaling
pathways.*“>% Recently, a 42 nucleotide (nt) trimeric anti-
HER?2 aptamer (HApt) derived from degradation of HER2
in lysosomes was reported to kill HER2-overexpressing
N87 gastric cancer cells and SKBR3 breast cancer cells.**!

The anti-HApt exerts a cytotoxic effect by inducing cross-
linking of HER2 on the cell surface, which results in the trans-
location of HER2 from the plasma membrane to cytoplasmic
vesicles (mainly in lysosomes), where HER?2 is thought to
be degraded by proteases.”!

In this study, we extended the application of our PEG,-
PDPA -PEG, MNPs to the delivery of oligonucleotides. The
MNPs could efficiently package oligonucleotides of varied
lengths (20—100 nt) and release them in a pH-dependent
manner. We prepared MNPs encapsulating fluorescently
labeled HApt and demonstrated that, compared to the free
HApt, HApt encapsulated within MNPs was more efficiently
taken-up and exerted more potent cytotoxic effects in SKBR3
breast cancer cells, which overexpress HER2.

Materials and methods

Synthesis of oligonucleotides

HApt (42 nt) is a trimeric concatenation of the 14 nt HApt
(5’-GCAGCGGTGTGGGG-3"). HER2-negative control
aptamer (NCApt) is a trimeric concatenation of a negative con-
trol oligonucleotide (5-AGATTGCACTTACTATCT-3").404!
high performance liquid chromatography-purified HApt,
NCApt, and other oligonucleotides (between 20 and 100 nt)
(Table 1) were commercially synthesized (Sangon Biotech Co.,
Ltd., Shanghai, People’s Republic of China). The dye Texas
red was conjugated to the 5-end of each oligonucleotide to
enable fluorescent detection.

Synthesis of PEG,-PDPA  -PEG, triblock
copolymers

PEG,-PDPA  -PEG, triblock copolymers were synthe-
sized according to the method described previously.?* The
pH sensitivity of PEG,-PDPA
dynamic light scattering (DLS; Zetasizer Nano ZS; Malvern

-PEG, was assessed using

Instruments, Malvern, UK) and UV—-vis spectroscopy
(UV-2450; Shimadzu, Kyoto, Japan).

Preparation of polymeric PEG,-PDPA -
PEG, MNPs

MNPs without oligonucleotides (unloaded MNPs) were
prepared using a solvent evaporation method, as described
previously.? Briefly, 3 mg of copolymer was dissolved in
1 mL of tetrahydrofuran (THF). Phosphate-buffered saline
(PBS, 1 mM, pH 7.4) was added dropwise under high-speed
stirring, and polymeric micelles were obtained after complete
evaporation of THF. The final concentration of copolymer
was adjusted to 0.3 mg/mL. Oligonucleotide-loaded MNPs
(oligo-MNPs) were prepared by adding oligonucleotides
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Number
of hairpins

aptamer-positive
Hela cells (%)

Uptake rate,

53.4
57.6
529
66.3
61.2
60.8
30.7
28.0
27.8

G+C

(%)
50

50

50

762
762
40.5
35.0
35.0
35.0

TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAA
ACTTAGTTATACGGCCACATAGCGCGTTTAATCATTAGTGTAATTTAATACAATTACGGGGCAAGTTCTCATATATATGG
GCCCAATTACTCGGCGCGTTACATATAATAGGGGGTCATTATAGTAATCATTAGTTCATAATATGGAGTTCACTTATTAA
TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAA

AGATTGCACTTACTATCTAGATTGCACTTACTATCTAGATTGCACTTACTATCT
ATGGCCCGCCTGGCTGGCTG

GCAGCGGTGTGGGGGCAGCGGTGTGGGGGCAGCGGTGTGGGG
ATTGCACTTACTATATTGCACTTACTATATTGCACTTACTAT

Oligonucleotide sequence (5'-3")
CCGAGATAGGGTTAGGTGTT
TTGTGATAGGTAGCCGTGGA
GATTGTGGTAGCCGTGGATA

Table | Lengths, sequences, number of hairpins, and other characteristics of the synthetic oligonucleotides

Oligonucleotide
length (nt)

20 nt Random-1
20 nt Random-2
20 nt Random-3
42 nt-HApt

42 nt-NCApt
54 nt-NCApt
80 nt Random-|
80 nt Random-2
80 nt Random-3

20.1

44.0

100 nt Random-1

16.5

44.0

TTACATAACCATGGAGCGCCTGGCTGGCTGTAGGTAATCGGGGTCATTAGTTCATAGCCCATATTTCCGCGCTTACGG

TAAATGGTTATTAATAAATTAC

100 nt Random-2

16.5

44.0

TATACATACGCGTACTGTTATAATGGCCTGGGTAGTAATCAATTCTACGGTAACAGTTCATAGCCCATACCGCTGTA

ATATGGGGGTCATTGAGTTCCTG

Abbreviations: HApt, human epidermal growth factor receptor 2 aptamer; NCApt, negative control aptamer; nt, nucleotide.

100 nt Random-3

dissolved in PBS in a dropwise manner to polymeric
PEG,-PDPA  -PEG, THF solution under high-speed stirring.
The final concentration of oligonucleotides was adjusted to
500 nmol/L. The oligo-MNPs were transferred into dialysis
tubing (molecular weight cutoff, 50,000 g/mol) and dialyzed
against PBS to remove free oligonucleotides. The size and
morphology of the MNPs were examined by DLS and
transmission electron microscopy (TEM; JEM-1400; JEOL,
Tokyo, Japan).

Circular dichroism analysis

Free and MNP-encapsulated HApt (1 uM) in PBS were ana-
lyzed using a Chirascan spectrometer (Chirascan; Applied
Photophysics Ltd, Surrey, UK). Circular dichroism (CD)
spectra were obtained from 300 to 200 nm using a 2 mm
quartz cuvette at 25°C. The background CD spectrum of
unloaded MNPs was obtained and subtracted from the CD
spectrum of the HApt-MNPs.

Rates of pH-dependent release of HApt

from micelles
The release profile of HApt from HApt-MNPs was studied
at various pH values using a fluorescence spectrophotometer
(F-4500; Hitachi, Tokyo, Japan) at 610 nm. Briefly, 2 mL of
Texas red-labeled HApt-loaded micelles was sealed in a dialy-
sis tube (molecular weight cutoff, 50,000 g/mol), placed in a
beaker containing 50 mL of PBS (10 mmol/L, pH =5.0, 6.5,
or 7.4) at 37°C, and the concentration of fluorescent HApt in
the PBS solution was measured after different time points.
Accumulative HApt release rate (%) was calculated
using A1/42x100, where A1 is the absorption intensity of
Texas red-labeled HApt at different time points and 42 is
the intensity of the total amount of Texas red-labeled HApt
(including free and encapsulated HApt).

Quantification of MNP uptake by

Hela cells

Human cervical carcinoma Hela cells were plated in 24-well
plates (10° cells/well) and incubated for 24 h at 37°C ina 5%
CO, atmosphere. MNPs containing Texas red-labeled oligo-
nucleotides (500 nM) were added to each well and incubated
for 8 h, and then, cells were washed twice with ice cold PBS
to remove excess MNPs, harvested, and resuspended in PBS.
Flow cytometry was performed on a fluorescence activated
cell sorting (FACS) Calibur flow cytometer (BD Biosciences,
San Jose, CA, USA), and data were analyzed using FlowJo
7.6.1. Uptake of fluorescent oligonucleotides by HeLa cells
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was also observed using fluorescence microscopy (AMG
EVOS, Mill Creek, WA, USA).

Cell viability assays

Human breast cancer cell lines MCF7 and SKBR3 and human
cervical carcinoma cell line Hela were obtained from American
Type Culture Collection (Manassas, VA, USA). SKBR3 cells
were maintained in McCoy’s SA medium (Thermo Fisher
Scientific, Waltham, MA, USA), and HeLa cells and MCF7
cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM,; Thermo Fisher Scientific); both media were supple-
mented with 100 U/mL penicillin G/streptomycin sulfate and
15% (v/v) fetal bovine serum (FBS) (Thermo Fisher Scientific),
and cells were cultured at 37°C in a 5% CO, atmosphere.

Cells were seeded into collagen-coated 96-well plates
(10* cells/well), incubated for 24 h, and then incubated
with different concentrations of unloaded MNPs for 8 h,
followed fresh complete media for 16 h. Cell viability was
measured using the Cell Counting Kit-8 (CCK-8; Dojindo,
Kumamoto, Japan).

To assess aptamer-mediated killing of breast cancer cells,
SKBR3 or MCF7 cells were incubated in 24-well plates with
free HApt or HApt-MNPs at an aptamer concentration of 100,
125, or 150 nmol/L containing McCoy’s SA or DMEM without
FBS for 8 h. Next, cells were cultured in fresh complete media
for 16 h and then stained with 2 UM calcein acetoxy-methylester
and 4 uM propidium iodide (PI) (Beyotime Biotechnology Co.,
Ltd., Nantong, People’s Republic of China) for 30 min. Cells
were observed under a fluorescence microscope; live cells were
stained green, and dead cells were stained red.

Apoptosis assays

An Annexin V-PI apoptosis detection kit (Signalway Anti-
body Co., Ltd., College Park, MD, USA) was used to assess
apoptosis. SKBR3 cells cultured in 12-well plates were
treated with free HApt, MNP-encapsulated HApt, or NCApt
(125 nmol/L HApt or NCApt) for 8 h and then incubated in
fresh complete media for 16 h. Cell apoptosis was analyzed
using the FACSCalibur flow cytometry.

Confocal imaging of HApt-MNPs in

SKBR3 cells

SKBR3 cells were incubated with Texas red-labeled HApt-
MNPs for 8 h (HApt concentration of 125 nM), followed by
fresh complete media for 16 h. Cells were washed three times
with PBS, fixed in 3.7% paraformaldehyde in PBS for 15 min
at room temperature, washed, permeabilized with 0.5% Triton
X-1001in PBS, washed, and then incubated in 1% bovine serum
albumin in PBST for 30 min at room temperature. Nuclei

were counterstained with 4,6-diamidino-2-phenylindole
(Sigma-Aldrich Co., St Louis, MO, USA) or Hoechst 33342
(Sigma-Aldrich Co.) for 10 min at room temperature. HApt
fluorescence was examined by confocal microscopy (TCS
SP8; Leica Microsystems, Wetzlar, Germany). Texas red fluo-
rescence intensity was measured by calculating the corrected
total cell fluorescence (CTCF) using Image]J .4

CTCEF = Integrated density — (area of selected cell x
mean fluorescence of background readings)

HER2 immunoblotting

SKBR3 or MCF7 cells were cultured in six-well plates
(10° cells/well) in complete media for 24 h. Free HApt or
HApt-MNPs were added (HApt concentration of 125 nM) and
incubated for 24 h, and then, cells were collected, transferred
to microcentrifuge tubes, and lysed in RIPA buffer (Pierce,
Appleton, WI, USA) for 30 min on ice; protein concentrations
were estimated using the bicinchoninic acid (BCA) assay
(Bio-Rad Laboratories Inc., Hercules, CA, USA). An equal
volume of sample buffer (125 mM Tris, pH 6.8, 4% sodium
dodecyl sulfate (SDS), 10% glycerol, 0.006% bromophenol
blue, and 1.8% B-mercaptoethanol) was added to each sample
and boiled for 35 min. Samples (15 pg total protein) were
loaded onto protein precast gels (Bio-Rad Laboratories Inc.)
and electrophoresed at 120 V for 90 min, and proteins were
transferred to polyvinylidene fluoride (PVDF) membranes at
300 mA for 115 min in transfer buffer. The membrane was
immediately placed into blocking buffer (5% nonfat dry milk,
10 mM Tris, pH 7.5, 100 mM NacCl, 0.1% Tween 20) for 1 h at
room temperature and then incubated with primary anti-HER2
(rabbit; 1:10,000) or anti- actin (rabbit; 1:5,000) antibodies
(Abcam, Cambridge, UK) overnight at 4°C. The membrane
was washed twice in washing buffer (10 mM Tris, pH 7.5,
100 mM NaCl, 0.1% Tween 20) and then incubated with
alkaline phosphatase-conjugated antirabbit [gG secondary
antibody (1:3,000; Abcam) diluted in 5% nonfat dry milk solu-
tion at room temperature. The membrane was washed three
times, and protein signals were developed using enhanced
chemifluorescence substrate (EMD Millipore, Billerica, MA,
USA) and visualized using a Tanon 5500 (Tanon Science &
Technology Co., Ltd., Shanghai, People’s Republic of China).
The relative amounts of each protein were determined by
quantification of the band density values using ImageJ.

Statistical analysis
The Student’s t-test was used to compare data; P-values <0.05
were considered statistically significant.
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Results
Physicochemical properties and

encapsulation efficiency of oligo-MNPs

The physicochemical properties of the oligo-MNPs are
summarized in Table 2. The diameter of the oligo-MNPs
decreased as the length of encapsulated oligonucleotide
increased. Encapsulation efficiency increased as oligonucle-
otide length increased from 20 to 80 nt. The polydispersity
index values obtained using DLS revealed the size unifor-
mity of the oligo-MNPs. At pH 7.4, the oligo-MNPs were
negatively charged and their zeta potentials exhibited small
fluctuations between —32.1 and —40.1 mV, suggesting that the
oligo-MNPs are electrically stabilized by forming colloidal
dispersions at pH 7.4 in PBS. In acidic solution (pH <6.0),
the PEG,-PDPA  -PEG, copolymers were positively charged
due to protonation of the tertiary amine groups on the PDPA
residues. However, the zeta potentials became negative when
the pH was changed from acidic to alkaline (starting at pH
~6.5) due to deprotonation of the PDPA residues.” Since
both the empty MNPs and oligo-MNPs were prepared in PBS
at pH 7.4, they were expected to display a negative surface
charge and the MNPs exhibited a more negative charge after
oligonucleotide encapsulation. We were unable to determine
exactly how the MNPs encapsulate oligonucleotides, though
the hydrophobic interactions between nucleic acids and
PDPA may play a major role.

MNP-encapsulated HApt is structurally
similar to free HApt

The diameter and charge of HApt-MNPs in pH 7.4 PBS
were 156.8+9 nm and —35.9 mV, compared to 184.8+16 nm
and —10.6 mV for unloaded MNPs (Table 2). TEM showed

that the HApt-MNPs had a regular round shape and were
uniformly dispersed (Figure 1A).

We used CD spectroscopy to investigate the structural
integrity of HApt in HApt-MNPs; structural integrity is
thought to be required for HApt to bind to HER2 expressed
on the cell membrane.* CD spectra of free HApt and HApt-
MNPs (both at 1 uM HApt) were obtained from 300 to
200 nm. The CD spectrum of empty MNPs was subtracted
from the CD spectrum of HApt-MNPs. Both free HApt and
MNP-encapsulated HApt exhibited positive peaks at 265 and
210 nm and a negative peak at 245 nm (Figure 1B). The
similarity of the CD spectra for free HApt and HApt-MNPs
suggests that the conformation of HApt was preserved after
encapsulation. Furthermore, the peak values were much
larger for HApt-MNPs than free HApt. Since the same
concentrations of HApt were analyzed for free HApt and
HApt-MNPs, the larger peak values for HApt-MNPs may
be caused by condensation of HApt within the MNPs.#4
The CD spectra of the free and MNP-encapsulated NCApt
were similar (Figure S1).

The rate of oligo-MNPs uptake

is influenced by the length of
oligonucleotide encapsulated

To assess the cellular uptake of oligo-MNPs, we incubated
HeLa cells with Texas red-labeled oligo-MNPs (0.15 mg/mL
MNPs, equivalent to 125 nM oligonucleotide). After the
encapsulation reaction, the oligo-MNPs were purified to
remove free oligonucleotides. Cellular uptake of the fluo-
rescently labeled oligonucleotides was determined by flow
cytometry. Oligonucleotides of the same length with differ-
ent sequences exhibited comparable cellular uptake rates

Table 2 Properties of MNPs containing oligonucleotides of different lengths

Sample Micelle concentration Diameter PDI (£0.012) Zeta (£1.7 mV) Encapsulation
(mg/mL) (nm) efficiency (£6%)

Unloaded MNP 0.3 184.8+16 0.08 -10.6 -

Free-20 - 0.7088 0.759 —24.1 -

MNP-20 0.3 168+10 0.120 -32.1 38.11%

Free-42 (HApt) - 0.7001 0.665 —20.3 -

MNP-42 (HApt) 0.3 156.8+9 0.13 -35.9 51.88%

Free-54 (NCApt) - 0.7168 0.751 -21.9 -

MNP-54 (NCApt) 0.3 154.9+13 0.141 =327 73.09%

Free-80 - 0.6962 0.618 —-185 -

MNP-80 0.3 135.3%15 0.118 -32.3 73.16%
Free-100 - 0.8903 0.423 —26.2 -

MNP-100 0.3 137.9£13 0.1'3 —40.1 51.85%

Abbreviations: HApt, human epidermal growth factor receptor 2 aptamer; MNPs, micelle-like nanoparticles; NCApt, negative control aptamer; PDI, polydispersity index.
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Circular dichroism (mdeg)

~~— PEG,-PDPA,-PEG, HApt

Figure | Characterization of the structure of HApt-MNPs.

— Free HApt
— HApt-MNPs
4 -
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Wavelength (nm)

Notes: (A) Representative TEM image of HApt-MNPs. (B) CD spectra of free HApt and HApt-MNPs (both equivalent to | tM HApt) were obtained from 300 to 200 nm,
respectively. The CD spectrum of empty MNPs was subtracted from the CD spectrum of HApt-MNPs.
Abbreviations: HApt, human epidermal growth factor receptor 2 aptamer; MNPs, micelle-like nanoparticles; TEM, transmission electron microscopy.

(Table 1), suggesting that oligonucleotide sequence does not
have a major impact on the cellular uptake of oligo-MNPs.
However, as shown in Table 1, the uptake rate declined as
the oligonucleotide length increased >80 nt, suggesting
that longer oligonucleotides (>80 nt) negatively affect the
uptake of oligo-MNPs. The fluorescent signals were mainly
localized inside the cells (Figure S2). We suspect that larger
portions of longer oligonucleotides will be exposed to the
outside of the micelles, which may prevent oligonucleotide
condensation and limit cellular uptake.

HApt is rapidly released from HApt-
MNPs at pH values under pH 5.0

The cumulative levels of Texas red-labeled oligonucleotide
were measured in vitro under different pH conditions at 37°C
to examine pH-responsive release of oligonucleotides from
oligo-MNPs. Under mildly alkaline conditions (pH 7.4),
HApt was released slowly from HApt-MNPs, which reached
9.7%%5.0% after 47 h. Under weakly acidic conditions
(pH 6.5), the release rate increased to 27%4.0% after 47 h.
However, at pH 5.0, HApt was rapidly released from as early
as 12 h incubation and the level of fluorescence was nearly
60% after 26 h (Figure 2). These results confirm that HApt is
released from HApt-MNPs in a pH-responsive manner. HApt
was not fully released at pH 5.0, consistent with our previous
study.?” The hydrophobic PDPA core may become gradually
protonated and became swollen but not collapse under acid
conditions, trapping some HApt with the core. At the same
time, small amounts of HApt release may also partly explain
the absorption of HApt on the dialysis tubing.

HApt-MNPs are more efficiently taken up
by SKBR3 cells than free HApt

We used SKBR3 breast cancer cells as a cellular model of
HER?2 overexpression and MCF7 cells as a model of normal/
low HER?2 expression.* HER2 mRNA and protein levels
were examined using quantitative real-time polymerase chain
reaction and Western blotting, respectively. HER2 mRNA
expression was 11.3-fold higher in SKBR3 cells than in
MCFT7 cells (Figure S3A). Accordingly, HER2 protein was
abundantly expressed in SKBR3 cells but barely detectable
in MCF7 cells (Figure S3B).

100 -

g —e— pH 7.4
=== pH 6.5
3 80 4 p
] =i pDH 5.0
2 |
oy ¥
= 60 A ) - i
O
2
©
S5 40
£
3
w 201
Q
<
I
0 1 T T T T ]
0 10 20 30 40 50
Time (h)

Figure 2 Release of HApt from HApt-MNPs under neutral (pH 7.4) and acidic
(pH 6.5 and 5.0) conditions at 37°C.

Notes: The MNP concentration was 0.15 mg/mL, equivalent to 125 nM HApt.
The pH-dependent release rates of HApt from the micelles were quantified using
fluorescence spectrophotometer. Data are mean * SD (n=3).

Abbreviations: HApt, human epidermal growth factor receptor 2 aptamer; MNPs,
micelle-like nanoparticles.
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SKBR3 cells were incubated with the same aptamer con-
centration (125 nM) of free HApt or HApt-MNPs. Confocal
fluorescence microscopy showed the Texas red signals were
much stronger in SKBR3 cells incubated with HApt-MNPs
than free HApt at 8 h (Figure 3). Moreover, after 16 h incuba-
tion, fluorescent signals were observed in distinct clusters in
SKBR3 cells incubated with HApt-MNPs compared to the
weaker, diffuse signals in cells incubated with free HApt.
This clustering pattern suggests that the HApt-MNPs were
taken up into vesicular compartments after binding to HER2
on the cell membrane.?*#!

The intensity of the cellular fluorescent signals was 1.72-
fold higher in SKBR3 cells incubated with HApt-MNPs
(CTCF =1,497,627.0) than cells incubated with control
NCApt-MNPs (CTCF =871,819.2) at the same aptamer
concentration (125 nM), suggesting that cellular uptake of
the HApt-MNPs partially depends on HER2-mediated endo-
cytosis. As nanoparticles up to several hundred nanometers
can enter cells via endocytosis in membrane-bound vesicles,
a certain amount of HApt-MNPs and NCApt-MNPs must also
have been taken up by SKBR3 cells via HER2-independent
endocytosis (Figure 3).

The importance of the HApt-HER2 interaction on the
uptake of HApt-MNPs was also supported by flow cytometry

Texas red DAPI

Merge

Free HApt HApt-MNP

NCApt-MNP

Free NCApt

analysis of SKBR3 and MCF7 cells. After incubation with
HApt-MNPs, a lower percentage of MCF7 cells, which
express low levels of HER2, was fluorescent (29.1%)
compared to HER2-overexpressing SKBR3 cells (56.8%;
Figure S4).

Moreover, we performed competitive assays of HApt-
MNP uptake and cell viability. After 24 h preincubation of
SKBR3 cells with free HApt (0.5 or 1.0 uM), the media were
refreshed and the cells were incubated with HApt-MNPs
(containing 100 nM HApt) for 24 h. Pretreatment with free
HApt significantly decreased the efficiency of HApt-MNP
uptake (Figure S5A) as well as the mortality of the cell com-
pared to cells treated with only HApt-MNPs (Figure S5B).
Preincubation with the control NCApt had no apparent effect
on HApt-MNP uptake or cell viability (Figure S5A and B).
These results indicate that the uptake of HApt-MNPs and the
resulting cell death are, at least to some extent, dependent on
the HApt-HER2 interaction.

Unloaded MNPs exhibit low cytotoxicity
toward breast cancer cell lines

To evaluate the cytotoxicity of the unloaded MNPs toward
breast cancer cells, HER2-overexpressing SKBR3 cells and
HER2-underexpressing MCF7 cells were incubated with

Bright

2,000,000 ~
1,500,000 4

1,000,000 4

CTCF

500,000 1

Figure 3 Confocal fluorescence microscopy images of SKBR3 cells incubated with Texas red-labeled free or MNP-encapsulated HApt or NCApt.

Notes: SKBR3 cells were incubated with free or MNP-encapsulated HApt or NCApt (125 nmol/L HApt or NCApt) for 8 h and then incubated in fresh complete media for 16 h.
Confocal fluorescence microscopy images from three independent experiments (n=3) are shown. Fluorescently labeled aptamers are shown in red; nuclei are stained with 4, 6-diamidino-
2-phenylindole (blue). All scale bars are 50 um. CTCF was measured using Image]) in 10 fields of view for each condition. *P<<0.01 is considered statistically significant.
Abbreviations: CTCF, corrected total cell fluorescence; HApt, human epidermal growth factor receptor 2 aptamer; MNPs, micelle-like nanoparticles; NCApt, negative
control aptamer.
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different concentrations (10200 pg/mL) of unloaded MNPs
for 8 h, followed by fresh complete media for 16 h. The
CCK-8 assay showed that both cell lines remained highly
viable. The percentages of viable SKBR3 and MCF7 cells
were ~75 and >85%, respectively, even when incubated with
the highest concentration of unloaded MNPs (200 pg/mL;
Figure 4A and B).

HApt-MNPs exert a potent cytotoxic
effect in HER2-overexpressing
SKBR3 cells

Next, we evaluated the cytotoxicity of HApt-MNPs in
SKBR3 and MCF7 cells. In the CCK-8 assay, no significant
cytotoxicity was observed in either SKBR3 or MCF7 cells
treated with MNPs carrying the control NCApt (Figure SA
and B) or unloaded MNPs (Figure 4A and B). In contrast,
when the aptamer concentration was =125 nM, at least
60% of HER2-overexpressing SKBR3 cells were killed by
HApt-MNPs, whereas only 10% of MCF7 cells were killed
(Figure 5A and B). This suggested that the cytotoxicity of
HApt-MNPs depends on the expression of HER2 in the target
cells and was confirmed by live-dead cell staining of SKBR3
cells treated with free HApt or HApt-MNPs (Figure 5C)
and apoptosis assays of SKBR3 cells incubated with free
or MNP-encapsulated HApt or NCApt (Figure 5D). The
LD, of HApt-MNPs in SKBR3 cells was 115 nM, while
the LD, of free HApt was >5 UM (Figure S6). These data
indicate that the interaction between HER2 and HApt enables
HApt-MNPs to exert a specific cytotoxic effect in HER2-
overexpressing cells.
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HApt-MNPs accumulate in lysosomes
and induce degradation of HER2

To demonstrate the HApt-MNPs primarily accumulate
in lysosomes after cellular uptake, a lysosome tracker
(LysoTracker Green) was used to stain SKBR3 cells. The
cells were cultured with Texas red-labeled HApt-MNPs or
free HApt for 8 h at the same HApt concentration (125 nM),
followed by fresh complete media for 16 h, and then stained.
The cellular Texas red signals were much stronger for HApt-
MNPs (Figure 6A, top panel) than free HApt (Figure 6A,
bottom panel). HApt-MNPs appeared to be distributed in a
clustered pattern within SKBR3 cells, suggesting that the
nanoparticles were located in the vesicular compartments
after uptake. Merging the Texas red and LysoTracker
signals indicated that the nanoparticles were colocalized to
lysosomes. Furthermore, stronger lysosomal signals were
observed in cells incubated with HApt-MNPs, suggesting
more lysosomes accumulated after cellular uptake of HApt-
MNPs. These results demonstrate that HApt-MNPs were
more efficiently delivered to lysosomes than free HApt.

HER?2 protein expression was quantified by Western blot-
ting in cells treated for 24 h with HApt-MNPs or free HApt
(Figure 6B). HER2 protein expression significantly decreased
in cells treated with HApt-MNPs (24,454.43+1,632.02) com-
pared to cells treated with free HApt (79,276.08+2,162.13),
suggesting HApt-MNPs efficiently direct HER2 to lysosomes
for degradation in HER2-overexpressing SKBR3 cells.

To determine whether the increased HER2 degradation
and cytotoxic effects observed in SKBR3 cells treated with
HApt-MNPs can be attributed to altered lysosomal activity,
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Figure 4 Cell viability of SKBR3 (A) and MCF7 (B) cells after incubation with different concentrations of unloaded MNPs.
Notes: Cells were incubated with different concentrations of unloaded MNPs (10-200 pg/mL) for 8 h, followed by fresh complete media for 16 h. Cell viability was measured
using the CCK-8. Data are mean + SD (n=5). Both cell lines remained highly viable after incubation with unloaded MNPs.

Abbreviations: CCK-8, Cell Counting Kit-8; MNPs, micelle-like nanoparticles.
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Figure 5 Cell viability of SKBR3 and MCF7 cells treated with different concentrations of free HApt, free NCApt, MNP-encapsulated HApt, or MNP-encapsulated NCApt.
Notes: Cells were incubated with different concentrations of free HApt, free NCApt, MNP-encapsulated HApt, or MNP-encapsulated NCApt (HApt or NCApt concentration
ranged from 12.5 to 200 nmol/L) for 8 h, followed by fresh complete media for 16 h. SKBR3 (A) and MCF7 (B) cell viability was measured using the CCK-8 assay. Data are
mean £ SD (n=5). (C) Fluorescence imaging of SKBR3 cells incubated with different concentrations of free HApt or HApt-MNPs. Green (calcein-AM) and red (Pl) staining
indicate live and dead cells, respectively. All scale bars are 200 pum. Cell viability was determined by counting the numbers of live (green) and dead (red) cells in five fields of
view per condition. Data are mean + SD of three independent experiments. (D) Flow cytometric analysis of apoptosis in SKBR3 cells treated with free HApt, free NCApt,
MNP-encapsulated HApt, or MNP-encapsulated NCApt. HApt-MNP led to a significantly higher apoptotic rate than the same concentrations of free HApt, free NCApt, or
NCApt MNP. Data are mean + SD of three separate determinations. *P<<0.05 relative to untreated cells; ***P<0.00| compared to untreated cells.

Abbreviations: calcein-AM, calcein acetoxy-methylester; CCK-8, Cell Counting Kit-8; HApt, human epidermal growth factor receptor 2 aptamer; MNPs, micelle-like
nanoparticles; NCApt, negative control aptamer; Pl, propidium iodide.
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Figure 6 Lysosomal function is required for the cytotoxic effect of HApt-MNPs.

Notes: (A and B) SKBR3 cells were treated with HApt-MNPs or free HApt for 8 h at the same HApt concentration (125 nM), followed by fresh complete media for
16 h, then stained with lysosome tracker (green fluorescence) and Hoechst 33342 (blue fluorescence). (A) Confocal fluorescence microscopy images. Cellular signals
were much stronger for HApt-MNPs (red, top panel) than free-HApt (red, bottom panel). Scale bars =10 pm. (B) Western blot of HER2 protein expression. B-Actin
was used as a protein loading control. Mean (+SD) HER2 band intensity was 24,454.43 (£1,632.02) for HApt-MNPs and 79,276.08 (+2,162.13) for free HApt (n=3).
(C and D) SKBR-3 cells were treated with HApt-MNPs (125 nM) and bafilomycin Al (Baf) for 24 h. (C) Cell viability was assessed using the CCK-8 assay. Values
are mean (£SD) of five independent experiments. (D) Western blot of HER2 protein expression. B-Actin was used as a protein loading control. Mean (+SD) HER2
band intensity was 22,714.28 (£1,326.53) for cells treated with HApt-MNPs and bafilomycin Al and 16,424.66 (£924.12) for cells treated with HApt-MNPs without

bafilomycin Al (n=3).

Abbreviations: CCK-8, Cell Counting Kit-8; HApt, human epidermal growth factor receptor 2 aptamer; MNPs, micelle-like nanoparticles.

we examined whether cell viability and HER2 protein
expression were affected when lysosomal function was
compromised using bafilomycin A1, a macrolide antibiotic
that passively permeates into lysosomes and increases lyso-
somal pH, which disrupts lysosomal activity.>>! Figure 6C
indicates that pretreatment with bafilomycin Al followed
by co-incubation with HApt-MNPs increased cell viability
(by ~25%) and upregulated HER2 (by ~38%) compared to
cells treated with the same concentration of HApt-MNPs
without bafilomycin Al to block lysosomal function
(Figure 6D). The increase in pH inside cells treated with
bafilomycin A1 was confirmed by LysoTracker Red staining
(Figure S7). Together, these results confirm that HApt-MNPs
were released inside lysosomes at low pH.

Discussion

HER2, a member of the epidermal growth factor-related pro-
tein (ErbB) family, is commonly overexpressed on the plasma
membrane in a variety of tumors, including gastric and breast
cancers, mainly due to amplification of the erbB2 gene.

Overexpression of HER2 on the cell surface promotes tumor
progression and metastasis. Monoclonal antibodies targeting
HER2 (eg, Herceptin/Trastuzumab) are clinically used to
treat HER2-overexpressing metastatic gastric and breast
cancers. Stimulation of the immune system (eg, ADCC) is
critical for the cytotoxic of monoclonal antibodies. How-
ever, the resulting immune reactions also lead to several
side effects.*

The trimeric version of the HApt used in this study was
initially developed by Mahlknecht et al,*' who demonstrated
that HApt promoted translocation of HER2 from the cell
surface to the cytoplasm in HER2-overexpressing N87
gastric cancer cells, which was associated with lysosome-
dependent clearance of HER2 protein. Lee et al*® reported
that HApt exerted a cytotoxic effect in HER2-overexpressing
SKBR3 breast cancer cells. HApt has been shown to induce
cross-linking of HER2 on the cell surface, resulting in the
translocation of HER2 to cytoplasmic vesicles for lysosomal
degradation. Furthermore, HApt-mediated HER2 degrada-
tion triggered GO/G1 phase cell cycle arrest and cell death in
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SKBR3 cells.**#! Therefore, HApt does not exert a cytotoxic
effect by directly stimulating the immune system.

Based on these previous reports, we hypothesized that
our previously reported pH-responsive nanocarrier” would
be ideally suited to deliver HApt to HER2-overexpressing
cells. The MNPs are pH-responsive nanocarriers that encap-
sulate nucleic acids, which could facilitate cross-linking
and thus internalization of HER2, and disassemble under
acidic conditions, which may increase targeted degrada-
tion of HER2 in lysosomes. In this study, we confirmed
that compared to free HApt, HApt-carrying nanoparticles
(HApt-MNPs) increased HApt uptake and lysosomal
transport in HER2-overexpressing SKBR3 cells (Figures 3
and 6A). Endogenous HER2 protein expression decreased
significantly in cells treated with HApt-MNPs compared to
cells treated with free HApt (Figure 6B). When lysosome
activity was blocked, cell viability and HER2 protein expres-
sion increased in cells treated with HApt-MNPs compared
to cells treated with the same concentration of HApt-MNPs
alone (Figure 6C and D). Cell viability and apoptosis assays
showed that HApt-MNPs exerted a more potent cytotoxic
effect in SKBR3 cells than free HApt (Figure 5A, C, and
D). Collectively, these data demonstrate that HApt-MNPs
exert a specific cytotoxic effect in HER2-overexpressing
SKBR3 cells.

Several factors may contribute to the more potent
cytotoxic effects of HApt-MNPs than free HApt. First,
the MNP nanoparticles increased the delivery of HApt
into HER2-overexpressing cells compared to free HApt.
Second, the pH-responsive release property of HApt-MNPs
ensured that the encapsulated HApt cargo was released in
endosomes/lysosomes. Third, the MNPs increase the local
concentration of HApt: aggregation of HApt on MNPs
would increase the ability of HApt to cross-link to HER2
on the cell surface.

The ability of MNPs to remain stable at normal physi-
ological pH is beneficial, as it prolongs their retention time in
the blood circulation and thereby greatly reduces the adverse
effects of the drug cargo in normal tissues.’”** Moreover,
pH-sensitive release of HApt from MNPs in the endosomal
or lysosomal compartments (pH 4.0—6.5) would result in
rapid intracellular release of HApt in the target cells.>>*
Our lysosome activity inhibition experiments confirmed
that the release of HApt inside the cell was dependent on
low lysosomal pH. Furthermore, HApt must maintain the
correct structure during loading and unloading within MNPs
to retain its cytotoxic activity. We used CD spectroscopy to
show that the conformation of HApt is likely to be preserved

after encapsulation within MNPs. Together these properties
indicate that MNPs are a promising candidate for effective
delivery of HApt to HER2-overexpressing cancer cells.
Further studies are needed to evaluate the cytotoxic effect
of HApt-MNPs in vivo.

These findings also indicate that MNPs could be used
for the delivery of a range of oligonucleotides. Oligo-
nucleotides ranging in length from 20 to 100 nt were
efficiently encapsulated, with optimal encapsulation at
50 to 80 nt. The size of the MNPs declined as the length
of encapsulated oligonucleotide increased. This indicates
large single-stranded nucleic acids coil back on themselves
due to complementary base pairing (hairpin structure) to
form highly compacted supercoiled molecules.’>¢ Further
studies are necessary to determine whether supercoiling
of long oligonucleotides suppresses the cellular uptake of
oligo-MNPs.

Conclusion

Our pH-responsive and lysosome-targeting nanoparticle
system can efficiently deliver a therapeutic oligonucleotide
in vitro. The HApt-MNPs were translocated to lysosomes,
where HApt was rapidly released at low pH. Therefore,
MNPs may have the potential to improve the delivery and
efficacy of nucleic acid-based cancer therapies.
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Figure S1 Circular dichroism spectra of free and MNP-encapsulated HER2-NCApt.

Notes: The concentration of NCApt is | uM. Both free and MNP-encapsulated NCApt exhibited positive peaks at 190 and 280 nm and negative peaks at 210 and 250 nm.
The stronger peak signals associated with MNP-encapsulated NCApt suggest that NCApt was successfully encapsulated and condensed, while remaining conformationally
unchanged.

Abbreviations: MNP, micelle-like nanoparticles; NCApt, negative control aptamer.

Unload 20 nt 42 nt
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Figure S2 Representative fluorescent microscopy images of the uptake of Texas red-labeled oligonucleotide-MNPs by Hela cells.
Notes: Texas red signals were mainly localized inside the cells. All scale bars are 100 pum.
Abbreviations: HApt, human epidermal growth factor receptor 2 aptamer; MNPs, micelle-like nanoparticles; NCApt, negative control aptamer; nt, nucleotide.
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Figure S3 HER2 mRNA and protein expressions in SKBR3 and MCF7 breast cancer cell lines.

Notes: (A) HER2 mRNA expression was quantified by quantitative reverse transcription polymerase chain reaction. Total RNA was extracted using TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA), reverse transcribed using PrimeScript RT reagent Kit (TaKaRa, Dalian, People’s Republic of China) according to the
manufacturer’s instructions, and amplified using SYBRPremix Ex Taq (TaKaRa). PCRs were performed in triplicate with the following conditions: 95°C/30 s, 40 cycles of
95°C/5's, 60°C/15 s, and 72°C/10 s on a Stratagene MXP3000 cycler (Stratagene, La Jolla, CA, USA) and repeated at least three times. Relative mRNA levels were calculated
using the —AACt method using B-actin as a control and expressed as 272, The primer pairs were as follows: B-actin-f/B-actin-r: CTGGGACGACATGGAGAAAA/
AAGGAAGGCTGGAAGAGTGC; HER2-f/HER2-r: GCAGCTTCATGTCTGTGCC/ACAGAGACTCAGACCCTGGC. Mean + SD values for three independent experiments
are presented. Significant differences were determined using the Student’s t-test, ***P<0.001. (B) HER2 protein expression was analyzed by Western blotting. B-Actin was

used as a protein loading control.

SKBR3 MCF7

56.8% 29.1%

Cell counts

Fluorescence intensity

=== Unloaded MNPs === Texas red-labeled HApt-MNPs

Figure S4 FACS analysis of the uptake of Texas red-labeled HApt-MNPs by SKBR3 and MCF7 cells.

Notes: Cells were incubated with HApt-MNPs (HApt concentration of 125 nM) for 8 h, followed fresh complete media for 16 h. The cellular uptake of HApt-MNPs was
assessed by FACS. The percentage of fluorescent cells was much lower for MCF7 cells (which express no/low levels of HER2 as the HER2 gene is not amplified) compared
to HER2-overexpressing SKBR3 cells (56.8%).

Abbreviations: FACS, fluorescence activated cell sorting; HApt, human epidermal growth factor receptor 2 aptamer; MNPs, micelle-like nanoparticles.
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Figure S5 Competition binding, uptake and cell viability assays.

Notes: After a 24 h preincubation with free HApt (0.5 or 1.0 uM), the media were refreshed and SKBR3 cells were incubated with HApt-MNPs (100 nM HApt) for 24 h.
Uptake was assessed by determining percentage of fluorescent cells using flow cytometry. (A) Pretreatment with 1.0 uM free HApt decreased the efficiency of HApt-MNP
uptake (Texas red-labeled, TA-HApt-MNPs) by 36.1% (from 78.5 to 42.4%) compared to cells treated with only HApt-MNPs. (B) Pretreatment with 1.0 uM free HApt
increased the number of viable cells (10.6%) compared to cells treated with only HApt-MNPs (40.2%). Mean + SD values for three independent experiments are presented.

Preincubation with the control NCApt had no significant effects on HApt-MNP uptake or cell viability.
Abbreviations: HApt, human epidermal growth factor receptor 2 aptamer; MNPs, micelle-like nanoparticles; NCApt, negative control aptamer; TA, Texas red.
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Figure S6 Viability of SKBR3 cells after treatment with different concentrations of free HApt or NCApt.

Notes: Cells were incubated with 0.2-5 uM of free HApt or free NCApt for 8 h, followed fresh complete media for 16 h. Then, cell viability was assessed using the CCK-8
assay. Mean * SD values for three independent experiments are presented. Approximately 55.1% of SKBR3 cells treated with 5 uM free HApt were nonviable, compared
to only 13.9% of cells treated with 5 M free NCApt.

Abbreviations: CCK-8, Cell Counting Kit-8; HApt, human epidermal growth factor receptor 2 aptamer; NCApt, negative control aptamer.

Control 50 nM Baf

Figure S7 LysoTracker Red staining of bafilomycin Al-treated cells.

Notes: SKBR3 cells cultured in a 24-well plate were incubated with McCoy’s 5A media containing 50 nM bafilomycin Al (Baf) (TOCRIS, Bristol, UK) dissolved in DMSO
for | h at 37°C, followed by 50 nM LysoTracker Red (YEASEN Biotech Co., Ltd., Shanghai, People’s Republic of China) for 30 min, washed three times with PBS, and then
examined by fluorescence microscopy (AMG EVOS, Mill Creek, WA, USA). For control experiments, |% DMSO was added to the medium. In the control group, the intensity
of red-fluorescence was rather strong but faded sharply after the addition of bafilomycin Al, indicating an increase in lysosomal pH. Scale bars are 200 um.
Abbreviations: DMSO, dimethyl sulfoxide; PBS, phosphate-buffered saline.
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