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Abstract

Introduction—MicroRNAs (miRNAs) are short noncoding
RNAs whose ability to regulate the expression of multiple
genes makes them potentially exciting tools to treat disease.
Unfortunately, miRNAs cannot passively enter cells due to
their hydrophilicity and negative charge. Here, we report the
development of layer-by-layer assembled nanoshells (LbL-
NS) as vehicles for efficient intracellular miRNA delivery.
Specifically, we developed LbL-NS to deliver the tumor
suppressor miR-34a into triple-negative breast cancer
(TNBC) cells, and demonstrate that these constructs can
safely and effectively regulate the expression of SIRT1 and
Bcl-2, two known targets of miR-34a, to decrease cell
proliferation.

Methods—ILbL-NS were made by coating negatively charged
nanoshells with alternating layers of positive poly-L-lysine
(PLL) and negative miRNA, with the outer layer consisting
of PLL to facilitate cellular entry and protect the miRNA.
Electron microscopy, spectrophotometry, dynamic light
scattering, and miRNA release studies were used to charac-
terize LbL-NS. The particles’ ability to enter MDA-MB-231
TNBC cells, inhibit SIRT1 and Bcl-2 expression, and thereby
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reduce cell proliferation was examined by confocal micro-
scopy, Western blotting, and EdU assays, respectively.
Results—Each successive coating reversed the nanoparticles’
charge and increased their hydrodynamic diameter, resulting
in a final diameter of 208 + 4 nm and a zeta potential of
53 £ 5mV. The LbL-NS released ~ 30% of their miR-34a
cargo over 5 days in 1x PBS. Excitingly, LbL-NS carrying
miR-34a suppressed SIRT1 and Bcl-2 by 46 +£3 and
35 + 3%, respectively, and decreased cell proliferation by
33%. LbL-NS carrying scrambled miRNA did not yield
these effects.

Conclusion—LbL-NS can efficiently deliver miR-34a to
TNBC cells to suppress cancer cell growth, warranting their
further investigation as tools for miRNA replacement
therapy.

Keywords—MicroRNA, Nanoparticles, RNA interference,
Gene regulation, Poly-L-lysine, Trafficking, Release, SIRTI,
Bcl-2, Triple-negative breast cancer.

cancer therapy. She has received numerous grants to support her
work, including a W.M. Keck Foundation Grant, an NIH/NIGMS
R35 Outstanding Investigator Award, and an NSF CAREER.

This article is part of the 2018 CMBE Young Innovators special
issue.

© 2018 Biomedical Engineering Society


http://orcid.org/0000-0002-8707-826X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12195-018-0535-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12195-018-0535-x&amp;domain=pdf

GoYAL et al.

ABBREVIATIONS
DEPC Diethyl pyrocarbonate
DLS Dynamic light scattering
DMEM  Dulbecco’s Modified Eagle Medium
DMF Dimethylformamide
DNA Deoxyribonucleic acid
EdU 5-Ethynyl-2’-deoxyuridine
FBS Fetal bovine serum
LAMP-1 Lysosomal-associated membrane protein 1
LbL Layer-by-layer
LbL-NS Layer-by-layer assembled nanoshells
MCC Mander’s colocalization coefficient
mRNA  Messenger RNA
miRNA  microRNA
MUA 11-Mercaptoundecanoic acid

NacCl Sodium chloride

NaOH Sodium hydroxide

NS Nanoshells

OD Optical density

PLL Poly-L-lysine

RIPA Radioimmunoprecipitation assay

RNA Ribonucleic acid

RNAIi RNA interference

RPM Rotations per minute

SEM Scanning electron microscopy

SNAr Nucleophilic aromatic substitution reac-
tion

TNBC Triple-negative breast cancer

TNBS 2,4,6-Trinitrobenzenesulfonic acid

TNP Trinitrophenyl
TRITC  Tetramethylrhodamine isothiocyanate
UV-Vis  Ultra violet—visible spectrophotometry

INTRODUCTION

MicroRNA (miRNA) molecules are small, evolu-
tionary conserved, noncoding ribonucleic acids that
account for 1-5% of the total human genome.”® Al-
though the specific biological functions of miRNAs are
not fully understood, miRNAs are known to regulate
gene expression to control cellular and metabolic
pathways, and miRNAs have been reported to regulate
at least 30% of protein-coding genes.*”?* miRNAs
regulate gene expression by binding targeted messenger
RNA (mRNA) molecules with either perfect or
imperfect complementarity to trigger mRNA degra-
dation or translational repression.'® The ability of
miRNAs to regulate the expression of multiple genes
through RNA interference (RNA1) has created intense
interest in their use as tools to halt disease progression,
particularly in diseases where endogenous expression
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of an inhibitory miRNA is low. For example, among
over 700 identified miRNAs in human cells, miRNA-
34a (miR-34a) has become one of the most well studied
tumor suppressors.’**3* Research has shown that
miR-34a inhibits several mRNAs associated with
tumor growth, including SIRT1 and Bcl-2 (which are
known to inhibit apoptosis and repress cell cycle ar-
rest), and its loss of expression is common in many
cancers and associated with a poor prognosis.>*2%-33:40
Accordingly, miR-34a is an attractive molecule for
miRNA replacement therapy. However, its intracellu-
lar delivery remains a challenge. In this study, we
aimed to develop a new nanocarrier platform to
facilitate miR-34a delivery into triple-negative breast
cancer (TNBC) cells.

Triple-negative breast cancer (TNBC) accounts for
15-25% of breast cancers, and has earlier relapse and
higher mortality rates than other breast cancer subtypes
because of its aggressive behavior.?>?° The expression of
miR-34a is lost in TNBC, and this loss-of-expression
leads to more aggressive tumor cell behavior.*>* It has
been shown that restoring miR-34a expression in TNBC
cells can inhibit cell proliferation and invasion, activate
senescence, and promote drug sensitivity.>®?1*
Unfortunately, like other miRNAs, the successful
delivery of miR-34a into TNBC cells remains a chal-
lenge to its clinical translation. Naked miRNA mole-
cules cannot passively cross negatively charged cell
membranes because of their large size and negative
charge.® To overcome this issue, researchers have em-
ployed polycationic materials as agents to condense and
protect nucleic acids and shuttle them into cells.®*
Among the various polycationic materials investigated
for nucleic acid delivery, poly-L-lysine (PLL) has shown
promise as it binds well with the negative backbone of
nucleic acids, and it provides enough buffering capacity
to release nucleic acid cargo from endocytic vesicles
inside cells.*” However, PLL is inherently toxic due to
the presence of primary amines on its backbone,* and
simple PLL-nucleic acid polyplexes do not allow fine
control over parameters that are critical for miRNA
delivery, such as the relative ratio of polycation to
miRNA or the overall size of the construct. Layer-by-
layer (LbL) nanoparticles that are made by sequential
deposition of oppositely charged polymers around a
spherical nanoparticle core offer an exciting strategy to
fine-tune nanoscale architecture and improve miRNA
delivery.”!'®3! Here, we employ the LbL deposition
approach to coat silica core/gold shell nanoshells (NS)
with alternating layers of PLL and miR-34a. NS possess
several advantages as a core carrier platform, including
ease of synthesis that results in a narrow size distribu-
tion, simple surface modification, and validated safety
in human clinical trials.*
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In this study, we aimed to deliver miR-34a to MDA-
MB-231 TNBC cells using layer-by-layer assembled
nanoshells (LbL-NS). We hypothesized that the layered
structure would efficiently load miR-34a, and that the
LbL-NS would enter cells by endocytosis due to the
positive charge of the outermost layer of PLL. We also
hypothesized that miR-34a would be released from
LbL-NS in the physiological environment. To test these
hypotheses, we synthesized LbL-NS and characterized
them with dynamic light scattering, scanning electron
microscopy, and spectrophotometry measurements. We
also analyzed RNA loading and release. Further, con-
focal microscopy was used to assess LbL-NS trafficking
in cells, which demonstrated the nanoparticles are taken
up by endocytosis and follow a similar trafficking pat-
tern to PLL-miRNA polyplexes. To confirm the func-
tionality of the delivered miR-34a, we analyzed treated
cells for expression of SIRT1 and Bcl-2 via Western
blotting, and we measured cellular proliferation by EQU
assays. Together, our data show that LbL-NS are potent
and safe vehicles for intracellular miR-34a delivery that
are more effective than PLL-miR-34a polyplexes. The
observation that LbL-NS with precisely defined archi-
tecture are more effective than randomly assembled
PLL-miRNA polyplexes suggests that tailoring the
structure of nanoscale miRINA carriers is critical to their
function. While we investigated the use of LbL-NS for
delivery of miR-34a into TNBC cells in this work, our
findings suggest that LbL-NS may be a great platform
for the delivery of other miRNA molecules to various
cell types. Further studies are warranted to more
broadly explore and optimize these LbL-NS as tools for
application in miRNA replacement therapy.

MATERIALS AND METHODS

Synthesis of Layer-by-Layer Assembled Nanoshells
(LbL-NS)

Nanoshells comprised of 120 nm diameter silica cores
and 15 nm thick gold shells were synthesized using a
previously published protocol.*® Briefly, 2-3 nm col-
loidal gold was prepared by the Duff method'® and
combined with 120 nm diameter 3-aminopropyltri-
ethoxysilane-coated silica nanoparticles (Nanocom-
posix). The mixture rocked at room temperature for
several days, after which any unreacted colloidal gold
was removed by centrifugation (2800 rpm, 25 min) and
removal of the supernatant. Additional gold was then
reduced with formaldehyde onto the gold nucleation
sites present on the silica cores to form complete gold
shells. The resultant nanoshells (NS) were treated with
0.1% diethyl pyrocarbonate (DEPC) for 3 daysat37 °C
to render the solution RNase-free.

To provide a more negative surface charge and to
facilitate electrostatic binding with PLL, the synthe-
sized nanoshells were coated with 11-mercaptounde-
canoic acid (MUA). To do this, the pH of the NS
solution (stored at an optical density (OD) = 1, cor-
responding to 2.7 x 10° NS mL ") was adjusted to 11
using 1 N NaOH, and then MUA (20 mg mL ™' in
ethanol) was added drop wise to a final concentration
of 0. mgmL~". All reagents used in the synthesis
were purchased or treated with DEPC to be RNase-
free prior to use. The MUA-coated nanoshells (NS-
MUA) were shaken at room temperature for 3 days
and then purified twice by centrifuging (1500xg,
7 min) to form a nanoparticle pellet and removing
unbound MUA with the supernatant. After the
supernatant was removed, the NS-MUA were sus-
pended in 10 mM NaClL

To coat the NS-MUA with PLL, the purified NS-
MUA (100 mL, OD = 1) were added drop wise to
PLL (5mL, 1 mgmL™' in water) while stirring
(500 rpm, room temperature). The particles (NS-
MUA-PLL-1) were purified twice by centrifugation
(1500xg, 7 min) and were resuspended in 10 mM
RNase-free NaCl. The amount of unbound PLL in
solution was quantified using a 2.,4,6-trinitrobenzene-
sulfonic acid (TNBS) assay for detection of primary
amines.> The free acid of TNBS has a pK, below 0.
TNBS reacts with primary amines in a nucleophilic
aromatic substitution reaction (SNAr) yielding trini-
trophenyl (TNP)-labeled amino groups, which can be
measured by UV-Vis spectrophotometry (Cary60,
Agilent) at a peak wavelength of 344 nm. Researchers
have used this assay extensively for direct quantifica-
tion of primary amines on polymers.'**’

Next, the particles were coated with miRNA (IDT
DNA) by adding either miR-34a or scrambled miRNA
(miR-co) duplexes to the PLL-coated NS. In initial
characterization studies miRNA was added to OD =

1 PLL-NS at a final concentration of 500 nM, and this
was later reduced to 250 nM miRNA per OD = 4
PLL-NS for in vitro studies. The sequences used were:
(i) miR-34a sense: 5-A CAA CCA GCU AAG ACA
CUG CCA-3% (i) miR-34a antisense: 5-UGG CAG
UGU CUU AGC UGG UUG U-3 (iii) miR-co sense:
5-AAG UGA UCA AGC ACC GAA GAG-3’ (iv)
miR-co antisense: 5-CUC UUC GGU GCU UGA
UCA CUU-3. Note that the miR-34a antisense se-
quence is the mature miR-34a sequence, as opposed to
the entire hairpin structure, as delivery of mature
miRNA is typical for miRNA nanocarrier systems.'”"
After miRNA addition, the particles were shaken at
room temperature for 30 min, then purified twice using
centrifugation (1500xg, 7 min) to remove unbound
miRNA with the supernatant before being suspended
in 10 mM RNase-free NaCl. The amount of miRNA
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bound to the nanoparticles was determined by quan-
tifying the miRNA remaining in solution with a
Quant-IT OliGreen assay (ThermoFisher Scientific).?®
Finally, the second and outer coating of PLL was
added to the nanoparticles in the same manner as the
first coating. The purified LbL-NS were stored in
10 mM RNase-free NaCl at 4 °C until use.

Nanoparticle Characterization

After the addition of each layer (MUA, PLL,
miRNA, and PLL), the purified nanoparticles were
characterized by UV-Vis spectrophotometry (Cary60,
Agilent), scanning electron microscopy (SEM, Hitachi
S4700), and dynamic light scattering (DLS) and/or
zeta potential measurements (Litesizer500, Anton
Paar). For spectrophotometry, the NS were transferred
to a disposable cuvette and scanned on a spectropho-
tometer from 1100 to 400 nm, using a 2400 nm min '
scan speed, after subtracting the baseline with water.
The OD of the NS was determined using /., and NS
concentration was calculated using the peak absor-
bance at Ay, and Lambert—Beer’s law.

To visualize the nanoparticles at each coating step,
SEM stubs (Electron Microscopy Sciences) were
coated with silicon wafers (5 x 7 mm, Ted Pella) and
the NS were directly dried on these wafers after sus-
pending and diluting them in ethanol. Each stub was
sputter coated with platinum (2 nm thick, Leica EM
ACE600). Imaging was performed using a Hitachi
S4700 at three magnifications: 50, 80 and 100 k. The
diameter of the coated NS was measured as the aver-
age of 15-30 particles using ImageJ software.

The hydrodynamic diameters of the NS (suspended
in 10 mM NaCl) were measured by DLS in triplicate
after each coating step using an Anton Paar LiteSizer
500. Data analysis was performed in automatic mode
and measured sizes were presented as the average value
of 20 runs. Zeta potential measurements of the NS
(diluted in 10 mM NaCl) were also carried out after
each coating step using the same LiteSizer 500 instru-
ment with 30 runs in triplicate and the average values
were estimated by using the Smoluchowski approxi-
mation.

Quantifying the Release of miR-34a from LbL-NS
in Phosphate Buffered Saline

To quantify the release of miR-34a from LbL-NS,
1 mL of particles suspended in 1x phosphate buffered
saline (PBS) at OD = 2, synthesized with a 250 nM
starting concentration of miR-34a, was incubated at
37 °C for 2 h. After 2 h, the particles were centrifuged
for 7 min at 1500xg to form a pellet and the super-
natant containing released miR-34a was collected in a
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separate tube for quantification by OliGreen assay.
Fresh 1x PBS was added to replenish the volume and
the particles were probe sonicated for ~ 5s at low
power. Similarly, the particles were further incubated
at 37 °C for 4, 6, 8, 24, 48, 74, 96 and 120 h and
supernatants collected at each time point and stored at
4 °C. At the conclusion of the experiment, the super-
natants were analyzed using OliGreen assay to quan-
tify the amount of miR-34a released in solution. The
amount of miRNA released was divided by the amount
of miRNA initially loaded in order to calculate the
percent cumulative release at each time point. The data
is plotted as the mean of three independent experi-
ments.

To assess the stability of LbL-NS under storage
conditions (4 °C in 10 mM NaCl), we similarly ana-
lyzed miR-34a release by OliGreen assay at 0, 3, 8, 17,
23, 28, 31, 48, 57, and 66 days. To corroborate the
OliGreen data, we measured the hydrodynamic diam-
eter and zeta potential of the nanoparticles at each of
these time points using an Anton Paar LiteSizer 500, as
described above.

Preparation of MDA-MB-231.LAMPI1-mGFP Cells
for Nanoparticle Trafficking Studies

MDA-MB-231 TNBC cells (American Type Culture
Collection) and 293TN lentiviral producer cells (Sys-
tem Biosciences) were cultured in Dulbecco’s modified
eagle medium (DMEM) (VWR) supplemented with
10% FBS (Gemini Bio-Products) and 1% penicillin/
streptomycin (ThermoFisher Scientific). Cells were
maintained in a humidified environment at 37 °C, 5%
CO». To prepare a stably gene expressing cell line that
would enable analysis of nanoparticle trafficking to
lysosomes, MDA-MB-231 cells were stably transduced
with LAMPI-mGFP using standard lentiviral proce-
dures. Briefly, LAMP1-mGFP (Addgene #34831) was
cloned into a lentiviral transfer vector (System Bio-
sciences) by restriction enzyme digest. Lentiviral par-
ticles were produced by triple-transfecting (TransIT-
Lenti transfection reagent; Mirus Bio LLC) 293TN
cells with the LAMP1-mGFP transfer vector and len-
tiviral packaging and envelope plasmids (Addgene
#12260, 12259). Lentivirus was harvested, filtered, and
diluted in cell culture medium to transduce MDA-MB-
231 cells. Then, 1 ug mL~" puromycin (VWR) was
used to select cells stably expressing LAMP1-mGFP
(MDA-MB-231.LAMP1-mGFP).

Analysis of Nanoparticle Trafficking in MDA-M B-
231.LAMP-1-mGFP Cells

Confocal microscopy was used to track the intra-
cellular delivery of LbL-NS and compare their cell
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uptake and localization against PLL polyplexes. PLL
was labeled with tetramethylrhodamine isothiocyanate
(TRITC) using previously reported methods.'* Briefly,
PLL (1.5 mL at 10 mg mL~" in DI water) was reacted
by shaking with TRITC (50 uL at 10 mg mL~"' in
DMF) overnight at room temperature to label 1% of
the total amines. The reaction mixture was lyophilized
and stored at — 20 °C until use. LbL-NS were prepared
as described above by replacing unmodified PLL with
TRITC-PLL and miR-34a with CyS5-labeled RNA
(sense: 5-CCAGGAAUUUGACUCCCAAATAT-3;
antisense: 5-UUGGGAGUCAAAUUCCUGGCAT-
Cy5-3"). Polyplexes of PLL (1 ug) and Cy5 RNA
(250 nM) were prepared the same day of treatment and
incubated for 30 min at room temperature before
adding to cells. MDA-MB-231.LAMPI-mGFP cells
were seeded in 35 mm glass bottom dishes at a density
of 150,000 cells/dish and cultured overnight. Cells were
incubated with labeled PLL-RNA polyplexes (1 ug
PLL; 250 nM RNA) or LbL-NS (containing 250 nM
Cy5 RNA) for 6 h at 37 °C, 5% CO,, washed three
times with PBS to remove non-internalized nanocom-
plexes, and replenished with fresh medium. Cells were
incubated for an additional 18 h prior to imaging. Live
cell confocal microscopy was performed using a Zeiss
LSM880 confocal microscope equipped with an incu-
bated stage to maintain cells, and quantitative colo-
calization analysis was conducted to assess the
intracellular stability and localization of constructs.
Briefly, z-stacks were acquired to analyze construct
distribution throughout the volume of the cell. Image
analysis was performed on regions of interest defined
by manually tracing individual cells. The Cy5-RNA,
LAMP1-mGFP, and TRITC-PLL channels were
median filtered with a 3-by-3-by-3 neighborhood and
top-hat filtered using a 2 um disk element. Manders’
colocalization coefficients (MCCs) were calculated for
each pair of probes in each region of interest.”” The
intracellular localization of LbL-NS carrying Cy5-la-
beled RNA was similarly assessed at 72 h by incubat-
ing MDA.MB.231-LAMPI-mGFP cells with LbL-NS
for 6 h, washing thrice with PBS to remove non-in-
ternalized nanoparticles, then incubating an additional
66 h in fresh medium prior to imaging with a Zeiss
LSM880 confocal microscope.

Analysis of SIRT1 and Bcl-2 by Western Blotting

MDA-MB-231 cells were cultured in 6-well plates in
complete medium at a density of 100,000 cells per well
and treated with miR-34a-LbL-NS, miR-co-LbL-NS,
or no nanoparticles for 72 h. Cells were lysed in
radioimmunoprecipitation assay (RIPA) buffer (Am-
resco) supplemented with Halt Protease Inhibitory
Cocktail (Life Technologies) according to the manu-

facturer’s protocol and the cell lysate was used to as-
sess the expression of SIRT1 and Bcel-2, two genes that
are directly regulated by miR-34a, in order to evaluate
the successful intracellular delivery of miR-34a. Pro-
tein concentration was determined using a DC Protein
Assay (BioRad) and 30 ug of protein was separated on
4-12% Bis—tris gels at 135 V for 60 min. Then, the
protein was transferred to 0.2 um nitrocellulose
membranes for 10 min using the Pierce Power System
(Thermo Scientific). Membranes were blocked for
60 min in 5% milk prepared in tris buffered saline with
0.1% Tween-20 (TBST) and then incubated with rab-
bit SIRT1 and Bcl-2 antibodies (Proteintech) diluted
1:1000 in TBST with 5% milk overnight at 4 °C. After
overnight incubation, membranes were washed thrice
in TBST and incubated with HRP-mouse anti-rabbit
IgG (Santa Cruz) diluted 1:25,000 in TBST with 5%
milk for 1 h at room temperature. Membranes were
washed twice in TBST, followed by once in TBS
(without Tween-20) and protein bands were visualized
using an Amersham enhanced chemiluminescence
detection solution (GE Healthcare). Band intensity
quantification (i.e., densitometry) was performed in
Image] using actin as the housekeeping gene to
quantify the level of protein suppression for each tar-
get as the average and standard deviation across three
independent experiments. The blot shown is represen-
tative of the three independent experiments performed.

Analysis of Cellular Metabolic Activity upon Treatment
with LbL-NS

MDA-MB-231 cells were maintained (37 °C, 5%
CO,) in DMEM with 10% heat inactivated fetal bo-
vine serum and 1% antibiotic cocktail of streptomycin
and penicillin, as described above. Cells were cultured
in 96 well plates at a density of 5000 cells per well. To
reveal the inherent toxicity of PLL, the cells were
treated in triplicate with free PLL (1, 5, 10, 20, 30, 40,
50, 75 or 100 ug mL~") and incubated for 72 h before
using Alamar Blue assays (Thermo Fisher Scientific) to
assess cellular metabolic activity per the manufac-
turer’s protocol. To reveal the cytocompatibility of
LbL-NS and distinguish the impact that miR-34a
delivered with LbL-NS has on cellular metabolic
activity, MDA-MB-231 cells cultured in 96 well plates
at 5000 cells per well were exposed to LbL-NS pre-
pared with miR-co or miR-34a at concentrations
ranging from OD 0.5-4. The LbL-NS used for these
experiments were synthesized by adding 250 nM
miRNA to OD4 PLL-coated NS, as described in the
synthesis section above. After incubating 72 h, cellular
metabolic activity was analyzed by Alamar Blue assay.
In these experiments, untreated cells were analyzed as
100% viable. After incubating each sample with the
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AlamarBlue reagent, its fluorescence was read on a
Biotek Synergy H1 M plate reader. A Student’s ¢ test
was used to determine statistical differences in meta-
bolic activity between samples treated with miR-co-
LbL-NS and miR-34a-LbL-NS at each dose.

To understand the impact of LbL-NS on non-
cancerous cells, we measured the metabolic activity of
MCF10A breast epithelial cells exposed to miR-co-
LbL-NS or miR-34a-LbL-NS. MCFI10A cells were
cultured in a 50:50 DMEM and F12 base medium
supplemented with 5% FBS, 10 ug mL™' insulin,
0.5 uyg mL™" hydrocortisone, 50 ug mL~' bovine
pituitary extract, 20 ng mL ™" epidermal growth factor,
and 100 ng mL~" cholera toxin. Cells were incubated
in culture flasks at 37 °C in a 5% CO, environment.
For analysis of metabolic activity, MCF10A cells were
transferred to 96 well plates at 5000 cells per well and
exposed to LbL-NS prepared with miR-co or miR-34a
at a dose of OD 3 (corresponding to ~ 200 nM miR-
NA). After incubating 72 h, cellular metabolic activity
was analyzed by Alamar Blue assay as described above
with untreated cells analyzed as 100% viable.

Analysis of Cell Proliferation upon Treatment with LbL-
NS

Since miR-34a is known to regulate cell prolifera-
tion, we used EdU proliferation assays to demonstrate
the efficacy of LbL-NS and compare their potency to
PLL-miRNA polyplexes. For this study, cells were
treated with polyplexes made with 250 nM miRNA
and 1 uygmL™" PLL, or with LbL-NS made with
250 nM miRNA per OD4 PLL-coated NS. MDA-MB-
231 cells were seeded in 12-well culture plates at
25,000 cells per well and cultured in DMEM supple-
mented with 10% FBS and 1% penicillin—streptomycin
overnight. The cells then incubated with miR-co-PLL
polyplexes, miR-34a-PLL polyplexes, miR-co-LbL-
NS, or miR-34a-LbL-NS diluted in complete culture
medium for 6 h. Non-internalized constructs were
removed by washing thrice with 500 uL. PBS and the
cells were further incubated for 48 h. A Click-IT EdU
assay kit (ThermoFisher Scientific) was used to mea-
sure cell proliferation according to the manufacturer’s
protocol. Briefly, EAU (0.5 uL per well) was added to
the cells and incubated for 16-20 h at 37 °C, 5% CO..
Cells were trypsinized, fixed, and EdU detected with
AlexaFluor488-azide using copper-catalyzed click
reaction per the manufacturer’s protocol, and sus-
pended in 1x PBS for determination of cellular pro-
liferation by flow cytometry using a NovoCyte flow
cytometer (ACEA Biosciences). AlexaFluor488 was
detected using 488 nm excitation coupled to a 530/
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30 nm detector. Statistical differences between groups
were determined by analysis of variance.

To evaluate the impact of LbL-NS on proliferation
of non-cancerous cells, MCF10A cells were cultured as
described above and exposed to no treatment, miR-co-
PLL polyplexes, miR-34a-PLL polyplexes, miR-co-
LbL-NS, or miR-34-a-LbL-NS diluted in complete
culture medium at a dose corresponding to 250 nM
miRNA for 6 h. Non-internalized constructs were
removed by washing thrice with PBS and the cells
incubated an additional 48 h prior to analysis of pro-
liferation with a Click-IT EdU assay kit as described
above.

RESULTS AND DISCUSSION

Layer-by-Layer Nanoshell (LbL-NS) Synthesis
and Characterization

Nanoshells were synthesized using a previously
published protocol®® and coated step-wise with (i)
MUA, (i1) PLL, (iii) miR-34a or miR-co, and (iv) PLL
(Fig. 1a). At each step, UV-Vis spectrophotometry,
SEM, DLS, and zeta potential measurements were
used to characterize the particles, and the amounts of
PLL and miR-34a loaded onto the nanoparticles were
quantified by TNBS and OliGreen assays, respectively.
The UV-Vis spectrophotometry data showed that
uncoated NS had peak extinction around 800 nm,
which red-shifted by a few nanometers after the addi-
tion of each layer (Fig. 1b). This minor red-shift in the
plasmon peak after each coating suggests that the
particles were successfully coated and maintained their
structure and morphology during the coating proce-
dure (Fig. 1b). DLS showed that the particles’ hydro-
dynamic diameter increased by ~ 5 nm after the
addition of each MUA or PLL layer, and increased
by ~ 25 nm when the miRNA layer was added
(Fig. 1c), such that the final diameter of miR-34a-LbL-
NS was 208 = 4 nm. The observations from spec-
trophotometry and DLS were well supported by zeta
potential measurements (Fig. 1d) and by SEM (Fig. 2),
which showed the nanoparticles had a spherical mor-
phology after each layer was added and their size
increased approximately 5 nm per MUA or PLL layer,
with a larger increase observed following addition of
the miRNA layer (Fig. 2).

With respect to the zeta potential measurements
(Fig. 1d), we determined that the bare NS possess a
negative zeta potential (~ — 24.0 mV), which remained
negative (— 29.3 mV) after coating with MUA due to
the presence of negative carboxylic acid functionalities
at the end. The =zeta potential became positive
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FIGURE 1. (a) Schematic of the synthesis of layer-by-layer assembled nanoshells (LbL-NS) (drawing not to scale). (b) Peak
extinction wavelength of the nanoparticles after each coating. (c) Hydrodynamic diameter and (d) zeta potential of the nanopar-
ticles after the addition of each layer. The data shown are the averages of three independent experiments performed in triplicates.

The legend in part ¢ also applies to part d.

(+ 47.4 mV) after coating with the first layer of PLL
due to the presence of primary amines on the construct
surface after coating. Further coating with miR-34a
reversed the zeta potential to — 2.0 mV, confirming the
presence of miR-34a on the surface, and after coating
with the last layer of PLL the final charge of the LbL-
NS was positive (+ 53 & 5 mV). It was important that
the final zeta potential of the particles be positive to
facilitate their efficient entry into cells across the neg-
ative lipid bilayer.'? Notably, the size and zeta poten-
tial measurements were consistent between LbL-NS
prepared with miR-34a or miR-co (Figs. Ic and 1d). In
addition to directly measuring the size and zeta
potential of the NS after addition of each layer, we also
analyzed the supernatants of the purified nanoparticles
by DLS and zeta potential measurements to qualita-
tively observe unreacted PLL or miRNA in solution
(Table S1). The unreacted PLL and miRNA in the
supernatants were also quantified using TNBS and
OliGreen assays, respectively, so that we could deter-
mine the amount of PLL and miRNA loaded onto the
nanoparticles. The TNBS assay showed 4.7 x 1077 ug
of PLL per NS (i.e., NS at an OD of | contain

13 uygmL™" PLL) and the OliGreen showed 86%
loading of miRNA into LbL-NS.

miR-34a Release from LbL-NS in Phosphate Buffered
Saline

The release of miR-34a from LbL-NS stored in 1x
PBS at 37 °C was observed over a 5-day period. A
negligible amount of miR-34a released before 1 h, as
detected by OliGreen assay (Fig. 3). At 2 h, 4% of the
cargo was released, which increased to 11% in 24 h. At
the end of 120 h, 28% release was observed (Fig. 3a).
This cumulative release was calculated by dividing the
total amount of miRNA released by the initial amount
of miRNA added to the LbL-NS (i.e., LbL-NS re-
leased 70 nM of their initial 250 nM cargo over
5 days). We did not extend the observation of release
beyond 5 days because the nanoparticles were not ex-
posed to cells for longer than this in our in vitro
experiments.

We similarly assessed the release of miR-34a from
LbL-NS under storage conditions (4 °C in 10 mM
NaCl) by OliGreen assay and observed no quantifiable

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



GovAL et al.

Bare NS
159 + 11 nm

NS-MUA-PLL-miR-34a
173 £ 7 nm

2

N NS-MUA

,.-‘&;*1,‘6{: 7 nm

- 4

(\ NS-MUA-PLL-miR-34a-PLL
( ‘> 178 £ 9 nm

»
L)

/"\

FIGURE 2. Scanning electron micrographs of nanoshells after each coating. The images shown are representative of three
independent experiments performed in triplicates, and the data provided are averages and standard deviations of particle diameter
measured in ImageJ software. The 500 nm scale bar applies to each image.

release of miR-34a over 66 days. To corroborate this
finding, we measured the hydrodynamic diameter and
zeta potential of the LbL-NS under storage conditions,
and these metrics were also consistent over the 66-day
period of study (Fig. S1), indicating the particles are
stable under storage conditions.

LbL-NS Enter MDA-MB-231 Cells

To assess the intracellular fate of LbL-NS, live cell
confocal microscopy was used to visualize LbL-NS
that had been dual-labeled with TRITC-PLL and Cy5-
RNA. The intracellular distribution of LbL-NS was
compared to that of PLL-RNA polyplexes. Further,
because nanomaterials typically undergo endocytosis
and ultimately accumulate within lysosomes, lyso-
somes were visualized using a LAMP1-mGFP fusion
protein stably expressed in MDA-MB-231 cells. Fol-
lowing 24 h incubation with cells, both LbL-NS and
PLL-RNA polyplexes are clearly visible within cells
and appear to accumulate in the perinuclear region
(Fig. 4a), characteristic of cargo localized to endocytic
compartments. Nanoparticle stability was assessed by
determining the extent of signal overlap between the
TRITC-PLL and Cy5-RNA. Both constructs appear
relatively stable in the intracellular environment, as all
MCC:s calculated for TRITC-PLL and Cy5-RNA ex-
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FIGURE 3. Percent cumulative release of miR-34a from LbL-
NS at 37 °C in 1x PBS over 120 h.

ceed 0.75 (Fig. 4b, MCC = 0 indicates no colocaliza-
tion, MCC = 1 indicates perfect colocalization). PLL-
RNA polyplexes exhibit a slightly greater tendency to
dissociate within cells relative to LbL-NS, as supported
by a ~ 10% decrease in MCC calculated for both Cy5-
RNA overlapping TRITC-PLL and TRITC-PLL
overlapping Cy5-RNA (Fig. 4b). Further, both LbL-
NS and PLL-RNA polyplexes appear to traffic to
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TRITC-PLL overlapping Cy5-RNA, indicating nanoparticle stability. (c) MCC’s representing the fractional overlap of Cy5-RNA and

TRITC-PLL with LAMP1-mGFP, indicating lysosomal accumulation.

lysosomes, with both particle types appearing highly
colocalized with LAMP1-mGFP (all MCCs ~ 0.87,
Fig. 4c). This finding is consistent with literature
demonstrating that the fraction of nanoparticle-based
nucleic acid carriers that avoid retention within the
endolysosomal system is low.'*?*

We also analyzed the intracellular distribution of
LbL-NS after 72 h incubation, and the results indicate
that the majority of the nanoparticles remain colocal-
ized with LAMP1-mGFP-labeled lysosomes at this
time point (Fig. S2). This agrees with literature
precedent that demonstrates the cytosolic delivery of
RNA carriers occurs from maturing endosomes within
minutes to a few hours of endocytosis, and that any
material in lysosomes after this will remain.'**® We
next aimed to evaluate whether the ~ 13% cytosolic
delivery achieved with LbL-NS is sufficient to suppress

expression of the desired miR-34a target genes, SIRTI
and Bcl-2.

LbL-NS Suppress SIRTI and Bcl-2 Expression

To confirm that the level of cytosolic delivery
achieved by LbL-NS in MDA-MB-231 cells is suffi-
cient for gene regulation, we investigated whether cells
treated with LbL-NS exhibit reduced expression of
Bcl-2 and SIRTI, which are known downstream tar-
gets of miR-34a.>* We transfected MDA-MB-231 cells
with miR-34a-LbL-NS or miR-co-LbL-NS at equiva-
lent doses and then examined Bcl-2 and SIRT1 protein
expression levels using Western blotting. This analysis
revealed that miR-34a-LbL-NS significantly decreased
Bcl-2 (35 £ 3%) and SIRTI (46 £+ 3%) protein levels
in MDA-MB-231 cells when compared to controls
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FIGURE 5. Western blot comparing SIRT1 and Bcl-2
expression in MDA-MB-231 cells 72 h after incubation with
either miR-co-LbL-NS or miR-34a-LbL-NS.

(Fig. 5). These results show that LbL-NS can effi-
ciently deliver miR-34a to TNBC cells to regulate
target gene expression. Next, we aimed to evaluate the
nanoparticles’ safety, as well as the functional effect of
the miR-34a, through analysis of their impact on cel-
lular metabolic activity.

Effect of LbL-NS on MDA-MB-231 Cell Metabolic
Activity

We assessed cellular metabolic activity in the pres-
ence of free PLL, miR-co-LbL-NS, and miR-34a-LbL-
NS in order to reveal the inherent cytocompatibility of
the platform and also to begin to distinguish the effect
that miR-34a delivered via LbL-NS has on cellular
function. Metabolic activity was assessed using Alamar
Blue assay in cells treated in triplicate with free PLL (1
to 100 ug mL™") or with LbL-NS (0.5-4.0 OD). An
increase in OD of NS corresponds to a proportional
increase in concentration of miR-34a or miR-co
delivered to cells, as well as an increase in the con-
centration of PLL delivered to cells. Cells exposed to
no treatment were considered as 100% viable.

The results show that free PLL did not exhibit any
cellular toxicity up to 20 uyg mL™' and the cells
were ~ 100% viable (Fig. 6a). Starting at 40 ug mL ™"
free PLL, the cells were only ~ 20% viable as com-
pared to control. We have previously shown that NS
coated with PEG are non-toxic in MDA-MB-231 cells
up to an optical density of 10.> Here, we found that
MDA-MB-231 cells exhibit > 90% viability when
treated with LbL-NS at an OD of 0.5 (Fig. 6b). When
the OD of miR-co-LbL-NS was increased to 3, the
cells’ metabolic activity decreased to ~ 70%, and it
was ~ 65% at OD 4. An OD of 3 corresponds to ~
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40 ug mL~"' PLL delivered with LbL-NS and an OD
of 4 corresponds to ~ 50 ug mL~' PLL delivered with
LbL-NS. This shows that the LbL-NS are more cyto-
compatible than free PLL, as cells exposed to
40 ug mL™" free PLL are only 21% viable compared
to 70% for LbL-NS, and cells exposed to 50 ug mL ™'
PLL are only 18% viable compared to 65% for LbL-
NS (Fig. S3a). This finding suggests that the nanoscale
presentation of PLL to cells is an important feature
that dictates its safety.

Notably, by comparing the metabolic activity of
cells treated with miR-34a-LbL-NS with that of cells
treated with miR-co-LbL-NS, we could begin to probe
the functional effects of the delivered miR-34a. At an
OD of 3, MDA-MB-231 cells exposed to miR-co-LbL-
NS displayed 70% metabolic activity, compared to
50% for miR-34a-LbL-NS, meaning the delivered
miR-34a reduced metabolic activity by 29%
(p < 0.05) (Fig. 6b). Consistently, MDA-MB-231 cells
treated with OD4 miR-34a-LbL-NS were 40% viable,
which means the delivered miR-34a reduced metabolic
activity by 38% relative to miR-co delivered with LbL-
NS (p < 0.05) (Fig. 6b). The LbL-NS used in this
study were made by adding 250 nM miRNA to OD4
PLL-coated NS; the corresponding amount of miRNA
for each OD of particles tested are provided for ref-
erence in Fig. 6b. Importantly, the metabolic activity
of non-cancerous MCF10A cells was unaltered upon
treatment with miR-co-LbL-NS or miR-34a-LbL-NS
at a dose of OD3 (corresponding to an miRNA dose
of ~ 200 nM) (Fig. S3b). These data suggest that LbL-
NS can deliver functional miR-34a sufficient to reduce
metabolic activity into MDA-MB-231 cells, while
minimizing effects on non-cancerous cells. To more
directly probe the functionality of the delivered miR-
34a in MDA-MB-231 cells, and confirm the safety of
LbL-NS in non-cancerous MCFI10A cells, we next
investigated the impact of LbL-NS and polyplexes on
proliferation of each of these cell types, as miR-34a is
known to directly regulate proliferation.

LbL-NS Delivering miR-34a Inhibit TNBC Cell
Proliferation

The proliferation of MDA-MB-231 cells exposed to
LbL-NS or polyplexes prepared with 250 nM of either
miR-34a or miR-co was measured with an EdU-based
cell proliferation assay at 48 h, where the total incu-
bation time with the various agents was 6 h (Fig. 7).
Untreated cells were 89 £+ 4% proliferative at the time
point studied, and the cells in all of the control groups
(miR-34a or miR-co polyplexes; miR-co-LbL-NS)
displayed similar values of 83-87% proliferation
(Fig. 7). In contrast, MDA-MB-231 cells treated with
miR-34a-LbL-NS showed a significant reduction in



Layer-by-Layer Assembled Gold Nanoshells

120 To g
£

<]
o
1

Cell metabolic activity % @
H
o
1@

1 1 3 3
T T T T

20 40 60 80 100
Amount of PLL (pg/mL)

o
o

(

120 1

100 EmiR-34a-LbL-NS ' miR-co-LbL-NS

80 T

60 T I
40 T
20 T
0

ODof NS: 0.5
nM miRNA:31.25 625 93.75 125 1875 250

Cell metabolic activity % T

FIGURE 6. Metabolic activity of MDA-MB-231 cells treated
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proliferation. These cells were 67 £ 4% proliferating,
which is 20% lower than cells exposed to miR-co-LbL-
NS (p < 0.05) and 21% lower than cells exposed to
miR-34a-PLL polyplexes (p < 0.05). This data sup-
ports the ability of LbL-NS to deliver miR-34a into
TNBC cells at levels suitable for altering cellular
behavior. Further, it shows that nanoscale architecture
plays a critical role in gene regulation potency, as
polyplexes that lack controlled architecture did not
inhibit cell proliferation, whereas LbL-NS with well-
defined architecture had a substantial impact on cell
proliferation. Importantly, LbL-NS carrying miR-34a
did not reduce the proliferation of non-cancerous
MCF10A cells (Fig. S4; these samples were 84% pro-
liferative, as compared to 81-89% for MCF10A cells
treated with miR-co-LbL-NS, miR-co-polyplexes, or
miR-34a-polyplexes). This demonstrates that miR-34a-
LbL-NS can reduce proliferation of TNBC cells while
minimizing impact to healthy breast cells.

DISCUSSION

This work demonstrates that layer-by-layer assem-
bled nanoparticles consisting of nanoshells coated with

alternating layers of PLL, miR-34a, and PLL can
facilitate the intracellular delivery of miR-34a with
more potency and less toxicity than randomly assem-
bled mir-34a-PLL polyplexes. This finding provides
critical insight to design considerations for engineering
miRNA nanocarriers, and suggests that researchers
may be able to capitalize on and manipulate nanoscale
architecture to improve miRNA delivery.

To date, various types of nanocarriers have been
explored for intracellular miRNA delivery, but only a
single agent has progressed into clinical trials. It con-
sisted of a liposomal formulation of miR-34a, but the
clinical trial was ended after several patients experi-
enced adverse events.’ It could not be concluded
whether the adverse events were due to the miR-34a or
the liposomal carrier, and this demonstrates the need
for additional studies to develop new nanocarriers and
elucidate structure/function relationships that will
maximize success of miRNA replacement therapies.
Among the various materials available as miRNA
delivery vehicles, polycationic agents such as PLL are
of great interest because they can complex with nega-
tively charged nucleic acids and promote their entry
into cells. However, PLL alone is inherently toxic due
to the presence of primary amines in its backbone.
Here, we hypothesized that changing the presentation
of PLL to target cells may enhance miRNA delivery
while minimizing cytotoxicity, and we synthesized
LbL-NS with controlled PLL and miRNA architecture
to evaluate this hypothesis.

To test if nanocarrier architecture can impact
polycation-mediated miRNA delivery, we investigated
the cellular uptake, cytocompatibility, and gene regu-
lation potency of LbL-NS vs. PLL-miRNA polyplexes.
We found that LbL-NS display similar uptake and
intracellular localization to PLL-miRNA polyplexes,
with ~ 13% of the nanoparticles escaping lysosomes at
24 h post-delivery. We did not observe any noticeable
increase in cytosolic delivery at 72 h, which is consis-
tent with literature reports that demonstrate cytosolic
delivery of RNA carriers occurs from maturing endo-
somes within minutes to a few hours of endocyto-
sis.'*** We believe the achieved 13% cytosolic delivery
is biologically impactful given that studies have shown
endosome escape is an inefficient process, with just 1—
2% of nucleic acid cargo typically reaching the
cytosol.'? Importantly, less than a few thousand copies
of RNA are required in the cytosol to achieve gene
silencing,®® and the amount of miRNA delivered to the
cytosol with LbL-NS is above this threshold.

We also demonstrated that LbL-NS are more
cytocompatible than free PLL, and that they are more
potent at inhibiting TNBC cell proliferation than
randomly assembled PLL-miR-34a polyplexes. We
attribute this improved cytocompatibility and potency
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FIGURE 7. Flow cytometry analysis of MDA-MB-231 cell proliferation 72 h after treatment with polyplexes or LbL-NS carrying
miR-34a or miR-co. The data in (a) are representative of three independent experiments run in triplicate, and the data in (b) are the
average and standard deviation of the triplicate experiments. *p < 0.05 compared to all other groups by ANOVA.

to the altered presentation of PLL and miR-34a in the
LbL-NS system. While LbL-NS contain a core nano-
shell particle that polyplexes do not contain, we do not
believe the core influences the cellular interactions of
the platform because layer-by-layer assembled
nanoparticles based on other core materials (such as
poly(lactic-co-glycolic acid) (PLGA), polystyrene,
quantum dots, liposomes, and solid gold) have also
been shown to be effective for gene regulation without
inducing toxicity.”!'!:16-3!

Finally, we also found that LbL-NS can function-
ally impair TNBC cells without negatively impacting
non-cancerous MCF10A breast epithelial cells. We
attribute this specificity to the fact that MCF10A cells
have substantially higher inherent expression of miR-
34a than MDA-MB-231 cells.> Since miR-34a is al-
ready maximally expressed in MCFI10A cells, the
introduction of more miR-34a via LbL-NS has no
impact on these cells. Conversely, since MDA-MB-231
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cells have almost complete loss of miR-34a expres-
sion,? its reintroduction via LbL-NS has a profound
impact on their viability and proliferation.

Overall, our findings lead us to conclude that the
nanoscale presentation of PLL and miRNA to cells is
important in dictating both safety and therapeutic
efficacy. Layer-by-layer assembled nanoparticles with
well-defined architecture offer substantial improve-
ments compared to polyplexes that lack controlled
architecture, and our findings warrant continued
investigation into structure/function relationships of
miRNA nanocarriers.

CONCLUSIONS

We have successfully demonstrated the LbL
assembly of the oppositely charged polyelectrolytes
miR-34a and PLL on the surface of NS and shown



Layer-by-Layer Assembled Gold Nanoshells

that the resultant LbL-NS are effective vehicles for
intracellular miRNA delivery. The use of layer-by-
layer synthesis offers a unique strategy to fabricate well
defined and homogenously distributed miRNA
nanocarriers, which we demonstrate are more effective
than polyplexes with uncontrolled architecture. In-
deed, cellular trafficking experiments revealed that
LbL-NS are internalized by endocytosis, and display
similar intracellular localization to polyplexes. The
downregulation of SIRTI1 and Bcl-2, two known tar-
gets of miR-34a, in MDA-MB-231 cells by LbL-NS
suggests that the particles can sufficiently deliver
miRNA into these cells. This is supported by the fact
that cells treated with miR-34a-LbL-NS display re-
duced metabolic activity and proliferation relative to
cells exposed to controls. Together, these findings
warrant further study of LbL-NS as miRNA delivery
vehicles for RNAIi therapy of various diseases. The
information engendered by these studies would be
useful to unravel the path towards designing new
nanomaterials for miRNA replacement therapy.
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