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ABSTRACT: There is an outstanding need for targeted therapies
for triple-negative breast cancer (TNBC), an aggressive breast
cancer subtype. Since TNBC’s rapid growth and metastasis are
driven by hyperactive Wnt signaling, suppressing the key-pathway
mediator f-catenin through RNA interference may improve patient
outcomes. However, small interfering ribonucleic acid (siRNA)
molecules require a carrier to elicit targeted gene silencing. Here,
we show that 4T1 cancer cell membrane wrapped poly(lactic-co-
glycolic acid) (PLGA) nanoparticles (NPs) can deliver siRNA into
TNBC cells, silence f-catenin expression, and reduce the cells’
tumorigenic qualities. Compared to unwrapped and nontargeted
NPs, the cancer cell membrane wrapped nanoparticles (CCNPs)
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exhibit dramatically improved uptake by TNBC cells versus breast epithelial cells and greater gene silencing at mRNA and protein
levels. Congruently, f-catenin siRNA-loaded CCNPs significantly activate senescence in 2D cultured TNBC cells and reduce
proliferation in 3D spheroids. This work advances the development of nucleic acid carriers for targeted RNA interference therapy.
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T riple-negative breast cancer (TNBC) accounts for 10—
15% of all breast cancers and is unsusceptible to
traditional hormonal- or molecular-oriented therapies because
it lacks expression of the receptors that these therapies attack."
Consequently, patient treatment options are limited to
cytotoxic chemotherapy, debilitating radiation, and invasive
surgery.”~* Chemotherapy suffers from off-target toxicity and
development of cellular resistance,”” and surgery and radiation
can eliminate primary tumors but not metastatic lesions.”°
New treatment strategies are needed to improve TNBC patient
prognosis, and targeted gene regulation is a promising
approach with immense potential for profound impact.

The Wnt/f-catenin signaling pathway is a desirable target
for RNA interference (RNAi) due to its hyperactive behavior
in TNBC (Scheme 1).”~'% In healthy cells, Wnt signaling is a
highly controlled process wherein a destruction complex
continuously regulates f-catenin expression (Scheme 1A). 10
In contrast, TNBC cells overexpress transmembrane frizzled
(FZD) receptors and LRPS/6 coreceptors (low-density
lipoprotein receptor-related proteins S and 6), which are
activated by extracellular Wnt ligands. Upon ligand/receptor
binding, the intracellular protein dishevelled inhibits the f-
catenin destruction complex, preventing fB-catenin degradation
(Scheme 1B).”'°""* Stabilized f-catenin translocates to the
nucleus where it activates transcription of genes that trigger
cancer cell proliferation, apoptosis evasion, dysrefgulated
metabolism, and increased metastatic potential.s’11
critical role of f-catenin as a key mediator of TNBC growth,
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treatment resistance, and metastasis makes it a highly desirable
target for therapeutic intervention.”'"'* Unfortunately, p-
catenin is challenging to target with conventional small
molecule drugs or monoclonal antibodies.”'*"> Consequently,
there are no clinically approved therapies to target f-catenin
directly.”'>"® Delivering synthetic small interfering RNA
(siRNA) into diseased cells to facilitate the RNAi-mediated
degradation of f-catenin messenger RNA (mRNA) is an
attractive alternative strategy to silence f-catenin expression
and limit disease progression. Because naked siRNA has a poor
pharmacokinetic profile and limited cellular uptake,'®™'% it
requires a stable delivery vehicle that can target desired cells to
fulfill its therapeutic potential. We introduce one such carrier
to silence f-catenin in TNBC cells.

Our carrier utilizes biomimetic nanotechnology, which is an
innovative and effective approach to deliver therapeutic
cargoes into diseased tissues/cells.'”*’ Prior work has shown
that nanoparticles (NPs) comprised of poly(lactic-co-glycolic
acid) (PLGA), an FDA-approved, biocompatible, and
biodegradable polymer with tunable physicochemical proper-
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Scheme 1. Wnt Signaling Pathway in a Healthy Cell versus TNBC Cell”
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?(A) In healthy cells, f-catenin molecules are continuously degraded by a destruction complex which controls Wnt target gene levels. (B) In TNBC
cells, extracellular Wnt proteins bind overexpressed Frizzled7 and LRP5/6 coreceptors to inhibit the f-catenin destruction complex. Stabilized f-
catenin accumulates in the cytoplasm, enters the nucleus, and binds transcription factors to activate Wnt target genes that drive disease progression.

Created with BioRender.com.
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Figure 1. Synthesis and characterization of CCNPs. (A) siRNA-loaded PLGA NPs are synthesized and extruded with membrane vesicles extracted
from 4T1 mammary breast cancer cells to form CCNPs. Created with BioRender.com. (B) Diameter and zeta potential of Bare NPs (n = 60),
membranes (n = 42), and CCNPs (n = 45). (C) Transmission electron micrographs of all three components, with images corresponding to the
scheme directly above in A. (D) SDS-PAGE gel showing (I) the known protein ladder and proteins lysed from (II) 4T1 whole cell lysate, (III)
isolated 4T1 cell membrane vesicles, (IV) siRNA-loaded CCNPs, and (V) bare siRNA NPs. (E) Quantification of siRNA loading in bare PLGA
NPs or CCNPs based on fluorescent analysis of CyS-siRNA (n = 5 per group). (F) siRNA release from Bare NPs or CCNPs over 24 h in serum

conditions (10% FBS, 37 °C, 100 rpm) or intracellular conditions (pH 5.5 PBS, 37 °C, 100 rpm; n = 3 per time point).

ties,”' > can be cloaked with cell membranes to form delivery
vehicles with immune evasion and cellular targeting ing.”***

present on cell membranes to achieve effective biointerfac-

Cancer cell membranes in particular can reduce the

capabilities. Cell membrane coatings harness the complex
composition of surface receptors, proteins, and phospholipids
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https://doi.org/10.1021/acsbiomaterials.4c00160
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00160?fig=sch1&ref=pdf
http://BioRender.com
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00160?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00160?fig=fig1&ref=pdf
http://BioRender.com
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00160?fig=fig1&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

the body by exploiting cell adhesion processes that are
naturally used for metastasis.”* >® These capabilities are
facilitated by “marker of self” and “self-recognition” molecules
in the cell membrane, such as CD47 and Tf-antigen.””*
Previous studies have shown PLGA NPs loaded with siRNA
can be coated with human cervical cancer cell membranes to
treat cervical cancer, megakaryocytic cell membranes to target
the hematopoietic stem and progenitor cell rich bone marrow
of hematological diseases, mesenchymal stem cell membranes
to treat osteosarcoma, and transformed M2 macrophage
membranes to inhibit inflammation and prevent tendon
adhesions.”™*'™** siRNA has also been delivered in biomi-
metic nanoplatforms based on other core materials (including
iron oxide and zeolitic imidazolate framework-8 (ZIF-8)-based
NPs) to target prostate cancer, HER2+ breast cancer cells, or
glioblastoma.?’s_?’7 To date, biomimetic siRNA nanocarriers
have not been applied to treat TNBC. TNBC is an ideal
candidate for a cancer cell membrane wrapped, siRNA-loaded
PLGA NP therapy, as it lacks effective targeted therapies and
P-catenin offers a known molecular target for RNAi. To test
this approach, we developed PLGA NPs loaded with siRNA
targeting f-catenin (sificat) and coated with TNBC mem-
branes. We hypothesized that these cancer cell membrane-
wrapped, siRNA-loaded PLGA NPs (CCNPs) would outper-
form unwrapped NPs and conventional siRNA-loaded poly-
(ethylene glycol)-PLGA (PEG—PLGA) copolymer NPs by
increasing preferential uptake by targeted TNBC cells,
resulting in greater inhibition of f-catenin mRNA and protein
expression and effective inhibition of TNBC cellular function
in vitro. This work advances the field by demonstrating that
siRNA-loaded CCNPs can regulate the expression of an
“undruggable” protein in TNBC, resulting in altered cellular
senescence and spheroid forming capacity.

To make CCNPs, membranes were extracted from 4T1
cells, a murine breast cancer mimic of TNBC, using methods
detailed in the Supporting Information (Figure 1A).** 4T1
cells were lifted from adherent culture, washed with phosphate
buffered saline (PBS), and suspended in hypotonic lysis buffer
on ice. The lysed cells were mechanically homogenized and
subjected to differential centrifugation to remove the intra-
cellular components. The final cell component solution was
ultracentrifuged to isolate a pellet of membrane vesicles that
was suspended in water. To make siRNA-loaded PLGA NPs
(which were left uncoated or wrapped in cell membranes), ~5
nmol of siRNA diluted in 100 uL of 1% poly(vinyl)-alcohol
(PVA) in RNase-free water was added dropwise to PLGA
dissolved in acetone at 4 mg/mL while stirring (Figure 1A).
This mixture stirred for ~3 min and was then added dropwise
while stirring to 0.1% PVA. After stirring overnight, the
produced NPs were isolated by centrifugal filtration. Nano-
particle tracking analysis (NTA) was used to measure the NPs’
and membranes’ mean diameter and concentration (particles/
mL), and dynamic light scattering was used to measure zeta
potential. The siRNA PLGA NPs had a mean diameter of
123.1 + 20.3 nm and a mean charge of —35.6 &+ 6.8 mV, while
4T1 membranes had a mean diameter of 161.7 + 27.1 nm and
a mean charge of —25.6 + 7.9 mV (Figure 1B). To wrap the
siRNA PLGA NPs with membranes, they were mixed in a 1:1
membrane/NP ratio (based on NTA concentration measure-
ments) prior to mechanical extrusion through a 400 nm
polycarbonate membrane (Figure 1A). The siRNA CCNPs’
mean diameter and charge were 135.3 + 17.9 nm and —23.7 +
7.2 mV, respectively (Figure 1B). The ~12 nm diameter

increase and ~11 mV zeta potential increase from Bare NPs to
CCNPs indicate that the membrane coating was successfully
formed. Transmission electron microscopy (TEM) confirmed
the core—shell structure of the CCNPs (Figure 1C).

Protein content of the extracted membranes was assessed
using SDS-PAGE and Western blots. Lysed proteins isolated
from 4T1 whole cell lysate, extracted membranes, sificat
CCNPs, and sificat Bare NPs at equal protein concentrations
were visualized by performing SDS-PAGE and staining the gel
with Simply Blue Safe Stain. The extracted membranes and
sificat CCNPs shared nearly identical protein profiles without
several lower molecular weight proteins that were present in
the whole cell lysate (Figure 1D). Western blot revealed that
4T1 whole cell lysate had abundant histone H3 (~17 kDa), a
nuclear protein, while extracted membranes and CCNPs did
not have histone H3 present (Figure S1). Bare NPs had no
proteins in their composition (Figure 1D). These results
indicate that nuclear proteins can be successfully removed
from whole cell lysate and that CCNPs share the same protein
content as extracted membranes.

The sifcat sequence was designed based on the Mus
musculus CTNNB1 mRNA sequence. Scrambled siRNA
(siScr) was also designed and confirmed to not target any
related mRNA via the NCBI database. Sequences are given in
Table SI. In preliminary studies, the sifficat and siScr sequences
were delivered to 4T1 cells via the commercial agent
Dharmafect at 50 nM for 48 h to confirm by real-time reverse
transcription quantitative polymerase chain reaction (RT-
qPCR) that sificat caused the desired f-catenin knockdown
and siScr did not cause unwanted gene inhibition. These
validated cargoes were loaded into PLGA NPs as described
above. The siRNA loading per polymer mass (nmol/mg) was
determined by loading fluorescent CyS-tagged siRNA (ie.,
CyS-sificat) into PLGA NPs or CCNPs and then breaking
down the NPs to separate aqueous fractions containing siRNA
from oil phases containing polymer. The Cy5-sificat signal in
the aqueous fraction was measured using a plate reader and
compared against a standard curve of CyS-sifficat. Bare NPs
and CCNPs encapsulated 0.35 + 0.1 or 0.32 + 0.1 nmol
siRNA per milligram of polymer, indicating minimal cargo loss
during the mechanical extrusion process used to form CCNPs
(Figure 1E). This corresponds to an encapsulation efficiency of
approximately 56% for the Bare NPs.

As an additional control, sifficatloaded PEG—PLGA NPs
(sifcat PEG NPs) were synthesized as described in the
Supporting Information to reveal any advantages sificat
CCNPs possess over a nontargeting but passivated NP design.
These PEG NPs had a mean diameter of 138.4 + 24.4 nm and
a mean zeta potential of —28.7 + 4.9 mV (Table S2). Their
siRNA loading was 0.35 + 0.2 nmol siRNA/mg polymer
(Table S2; corresponding to ~49% encapsulation efficiency),
nearly equivalent to that of Bare NPs and CCNPs. This
ensures reasonable comparability when evaluating each
formulation’s impact on TNBC cells.

The NPs’ ability to maintain their size and release Cy5-
siRNA was measured in storage conditions (water, 4 °C),
serum conditions (10% fetal bovine serum (FBS), 37 °C, 100
rpm), and intracellular conditions (pH 5.5 PBS, 37 °C, 100
rpm) as described in the Supporting Information (Figure 1F,
Figure S2). In storage conditions, CCNPs released less siRNA
over 24 h than Bare NPs and PEG NPs (Figure S2A). In
serum, the membrane coating on CCNPs also slowed cargo
release to ~55% over 24 h compared to ~78% release by Bare
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Figure 2. Cellular uptake of CCNPs and control NPs by targeted and nontargeted cells. (A) Confocal microscopy images of 4T1 cells after 24 h of
incubation with CyS-siRNA-loaded Bare NPs, PEG NPs, or CCNPs. Cell nuclei are blue (DAPI), actin is fuchsia (phalloidin), NP cargo is red
(CyS-siRNA), cell membranes on CCNPs are green (PKH26), and colocalized NP cargo and CCNP membranes are yellow. Scale bars: 10 ym. (B)
(Left) Representative flow cytometry histogram and (right) median fluorescence intensity (MFI, n = 3) of 4T1 cells after 4 or 24 h incubation with
CyS-siRNA-loaded Bare NPs, PEG NPs, CCNPs, or saline (NT). * indicates p < 0.05 at 24 h by one-way ANOVA with post hoc Tukey. (C, left)
Representative flow cytometry histogram and (right) MFI (n = 3) of EpH4-Ev epithelial or 4T1 cancer cells after 4 or 24 h of incubation with CyS-
tagged siRNA-loaded CCNPs compared to saline controls (NT). * indicates p < 0.0S at 4 h and ** indicates p < 0.01 at 24 h by Student’s ¢ test.

(D, left) Schematic of endocytosis inhibitor assay in 4T1 cells pretreated
BioRender.com. (Right) MFI of CyS-siRNA in pretreated 4T1 cells after 4

with media (no inhibitors), DMA, MCD, or Dynasore. Created with
h of incubation with CyS-siRNA-loaded CCNPs (n = 3). * indicates p <

0.05 at 4 h by one-way ANOVA with post hoc Tukey. Error bars represent standard deviation.

NPs (Figure 1F) and ~81% release by PEG NPs (Figure S2B).
This is important because nanocarriers must shield siRNA
during blood circulation before it is delivered into tumor cells.
Under acidic intracellular conditions, CCNPs also exhibited
slower siRNA release than Bare NPs (Figure 1F). Regarding
size stability, CCNPs and Bare NPs exhibited similar stability
in storage (Figure S2C) and serum (Figure S2D) conditions
over 72 and 48 h, respectively. Under acidic intracellular
conditions, both CCNPs and Bare NPs decreased in size over

48 h, indicative of NP breakdown (Figure S2E). Hence, the
membrane coating slows down but does not prevent siRNA
release from the NPs, making them promising nanocarriers for
RNAi.

To visualize the uptake of CCNPs, Bare NPs, or PEG NPs
by 4T1 murine TNBC cells, CyS-siRNA was used as a
fluorescent cargo in each particle type, and the CCNP
membranes were stained with PKH26 lipophilic membrane
dye. Cells were treated with NPs for 24 h, then confocal
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microscopy was performed to identify CyS-siRNA (red),
PKH26-labeled membranes (green), nuclei (stained with
DAPI, blue), and actin (stained with Phalloidin, fuchsia;
Figure 2A). CCNPs accumulated in the cytosol of 4T1 cells as
evidenced by the presence of both the CyS-siRNA signal and
the PKH26 membrane signal (Figure 2A). While CyS-siRNA
was also identified in cells treated with Bare NPs, a minimal
signal was observed in cells treated with PEG NPs. To
quantitatively assess differences in uptake, 4T1 cells were
treated for 4 or 24 h with Bare NPs, PEG NPs, or CCNPs
loaded with Cy5-siffcat, and then flow cytometry was
performed to measure CyS signal in the cells (Figure 2B).
After 4 h, CCNPs had 2.6- and 2.2-times greater CyS signal in
4T1s compared to PEG NPs or Bare NPs, respectively (Figure
2B). After 24 h, CCNPs showed 4.2- and 2.8-times greater
uptake than PEG NPs or Bare NPs, respectively (Figure 2B).
This increased uptake is attributed to ligands on CCNP
membranes that mediate binding to homotypic 4T1 cells. To
investigate if CCNPs are preferentially internalized by 4T1
cells versus nontargeted cells, EpH4-Ev murine mammary
gland epithelial cells were used as a control to mimic cells
found in breast tissue surrounding tumor regions in the patient
setting (representative histogram in Figure 2C). After 4 and 24
h of treatment, 4T1 cells had ~6 and ~5 times greater uptake
of CCNPs, respectively, than EpH4-Ev cells, which was a
statistically significant increase (Figure 2C). These results
demonstrate the cancer membrane coating significantly
enhances CCNP entry into targeted cells while minimizing
uptake by nontargeted breast epithelial cells.

To elucidate the mechanisms CCNPs employ to enter
cancer cells, we performed endocytosis inhibition assays that
utilized 5-(N,N-dimethyl)-amiloride (hydrochloride) (DMA),
methyl-f-cyclodextrin (MSCD), or Dynasore to block macro-
pinocytosis, lipid raft-mediated/caveolae-mediated endocyto-
sis, or dynamin dependent endocytosis, respectively. 4T1 cells
were pretreated with each inhibitor for 1 h, dosed with CyS-
sipcat CCNPs for 24 h, then analyzed with flow cytometry
(Figure 2D). Compared to cells treated with media, 4T1 cells
exhibited reduced uptake of CCNPs after treatment with
MpCD (~6.3X less), Dynasore (~2.9X less), and DMA (1.5X
less; Figure 2D). As MBCD caused the most drastic reduction
in CCNP uptake, this indicates CCNPs primarily utilize lipid-
raft/caveolae-dependent mechanisms to enter 4T1 cells,
though dynamin-dependent endocytosis also plays a statisti-
cally significant role.

We next evaluated CCNPs’ ability to reduce [-catenin
expression in 4T1 cells. The cells were treated for 48 h with
500 nM siRNA (either siScr or sificat) delivered via Bare NPs,
CCNPs, or PEG NPs. Based on the siRNA (nmol) delivered
per polymer (mg), in each well of a six-well plate for a 500 nM
dose of NPs, 1.43 mg of bare or PEG NPs, and 1.56 mg of
CCNPs were delivered per treatment. The treatment of 500
nM siRNA delivered via NPs for 48 h was decided after dose
escalation studies that tested 100, 200, or 500 nM treatments
for 48 or 72 h. The lower concentrations and longer time point
did not cause sufficient gene regulation, so 500 nM and 48 h
were selected for subsequent experiments. A real-time reverse
transcription quantitative polymerase chain reaction (RT-
gPCR) revealed that, under these conditions, CCNPs
significantly reduced pf-catenin mRNA expression by 60%
when compared to siScr Bare NPs and by 72% versus siScr
CCNPs (Figure 3A). This indicates the reduced f-catenin
mRNA expression is due to the delivered sificat cargo and not
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Figure 3. f-catenin mRNA and protein expression in TNBC cells
treated with siRNA-loaded CCNPs and controls. (A) RT-qPCR
analysis of fS-catenin mRNA expression in 4T1 cancer cells treated
with 500 nM sificat loaded in Bare NPs, PEG NPs, or CCNPs or a
control siScr loaded in Bare NPs or CCNPs for 48 h (n = 3). Relative
mRNA expression in NP treated groups is normalized to house-
keeping gene GAPDH and then normalized to cells treated with bare
siScr NPs. * indicates p < 0.0S versus bare siScr NPs by Student’s ¢
test. # indicates p < 0.05 versus siScr CCNPs by Student’s ¢ test. (B)
Representative Western blot showing f-catenin and f-actin protein
levels in 4T1 cells treated with S00 nM sificat loaded in Bare NPs,
PEG NPs, or CCNPs or siScr loaded in Bare NPs or CCNPs for 48 h.
Quasi-quantitative analysis of f-catenin protein expression from
Western blots (n = 3). Expression in NP-treated cells was normalized
to that in bare siScr NPs. In both A and B, colored bars indicate the
group mean and open circles show individual data points. Error bars
represent the standard error.

due to the siScr sequence, PLGA NP carrier, or cancer
membrane exterior on CCNPs. sifcat CCNPs had similar
effects on f-catenin mRNA expression as sificat-loaded Bare
NPs, which shows that the membrane coating does not inhibit
intracellular siRNA activity. When 4T1 cells were treated for
48 h with 500 nM of siRNA-loaded NPs, Western blot analyses
showed that sifficat CCNPs reduced f-catenin protein
expression by ~40%, while sifcat Bare NPs and siffcat PEG
NPs reduced protein expression by ~12% and ~18%,
respectively (Figure 3B). The improved protein-level effects
of sificat CCNPs may be due to their slower siRNA release
kinetics or increased cellular uptake compared with unwrapped
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Figure 4. Effect of CCNPs loaded with sifficat on TNBC cell senescence. (A) Schematic of the senescence-associated f-galactosidase assay created
with BioRender.com. Representative bright-field microscopy images of stained 4T1 cells after 48 h treatment with (B) media only (no treatment;
NT), (C) sificat Bare NPs, (D) sificat PEG NPs, (E) siScr Bare NPs, (F) siScr CCNPs, (G) 1% DMSO (positive control), or (H) sifficat CCNPs.
Teal indicates positive SASGal staining. Scales = 100 ym. (I) Quantification of the average positive senescent cell percentage (positively stained
cells/total cells in image X 100) via Image] analysis of microscopy images (n = 3). * indicates p < 0.01 versus NT, sificat Bare NPs, sifficat PEG
NPs, siScr Bare NPs, and siScr CCNPs by one-way ANOVA with post hoc Tukey. Error bars represent standard deviation.

controls. Overall, these results indicate that CCNPs have
promise as siRNA delivery vehicles to provide targeted gene
regulation of S-catenin in TNBC cells.

To understand the functional impact of CCNP-mediated /-
catenin inhibition on TNBC cells, we investigated cellular
senescence. Senescence is a state of stable cell cycle arrest that
can make cancer cells resistant to growth-promoting stimuli
and that prevents the replication of cells with damaged DNA
therefore halting the progression of tumorigenesis and
metastasis.”” To ensure that only senescence caused by NP
treatments was being measured, younger passages (<30) of
cells were used to avoid unwanted replicative senescence
(Hayflick limit).*” 4T1 cells were treated with 500 nM siffcat
or siScr delivered via Bare NPs, CCNPs, or PEG NPs for 48 h.

A positive control of 1% DMSO was added to cells for 1 h and
then removed prior to performing a senescence-associated f-
galactosidase staining assay. The expression of pH-dependent
P-galactosidase activity is a characteristic of senescent cells.”
After the 48 h NP treatment, cells were washed with PBS,
fixed, and stained at pH 6.0 prior to being sealed with parafilm
and incubated overnight in a dry incubator (Figure 4A). After
24 h, samples were imaged using bright-field microscopy, and
the average of stained positive senescent cells was quantified
using thresholding in Image] (Figure 4B—H). Both the cells
treated with sifcat CCNPs and 1% DMSO had significantly
greater senescent fractions than all other controls. sificat
CCNPs yielded 61.2% senescence, which was 1.7X and 3.4X
more than sificat Bare NPs and sifficat PEG NPs, respectively
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Figure S. NP impact on spheroid formation. (A) Schematic of workflow for the spheroid formation assay. Created with BioRender.com. Brightfield

images of spheroids 48 h post-treatment with (B) media only (NT),

(C) sificat Bare NPs, (D) sificat PEG NPs, (E) siScr Bare NPs, (F) siScr

CCNPs, or (G) sificat CCNPs. Scale bar = 200 ym. Representative images of three biological replicates. (H) Cell count of spheroids using flow
cytometry after 24 or 48 h of treatment with media or 500 nM siRNA loaded in Bare NPs, PEG NPs, or CCNPs (n = 3). Horizontal dashed line at
1000 indicates starting cell count for spheroid plating at 0 h. * indicates p < 0.05 by one-way ANOVA with post hoc Tukey. All individual data
points for respective groups are plotted as open circles over the bar depicting the group mean at each time point. Error bars represent standard

error.

(Figure 4I). The siScr carriers had minimal effect on
senescence and were not significantly different from untreated
cells (Figures 41 and S3). CCNPs’ ability to significantly
increase senescence in 4T1 cells further proves their potential
as functional therapeutic vehicles for the RNAi of TNBC.

We also investigated CCNPs’ ability to reduce tumorigenesis
using a spheroid formation assay, which indicates the self-
renewal potential of cancer cells (Figure SA). We seeded 1000
4T1 cancer cells and allowed them to form spheroids overnight
before treating with 500 nM siRNA delivered via Bare NPs,
CCNPs, or PEG NPs. In the 96 well U-bottom plates used for
spheroid formation, a 500 nM siRNA dosage was equal to
about 0.286 mg of bare or PEG NPs and 0.313 mg of CCNPs
per well. Spheroids were imaged using brightfield microscopy
before NP treatment and at 24 and 48 h after NP treatment.
Spheroids became densely packed by 48 h after treatment
(Figure SB—F), but the sificat CCNPs reduced spheroid
growth and the compacting of cells into the spheroid center,
resulting in a less opaque appearance (Figure SG) or a looser
cluster of cells (Figure S4). We confirmed these qualitative
assessments by lifting the spheroids and creating cell
suspensions to count cells with flow cytometry (Figure SH).
At both 24 and 48 h post-treatment, sifficat CCNPs reduced
the cell count compared to the controls, with the reduction
being statistically significant versus sificat Bare NPs at 48 h.
These results indicate that sifficat CCNPs can release
therapeutic amounts of siRNA into and throughout a
spheroid’s volume to reduce cell proliferation and spheroid
condensation.

This work demonstrates that siRNA can be loaded within
4T1 membrane-wrapped PLGA NPs to enhance delivery to
targeted TNBC cells, resulting in promising suppression of -
catenin mRNA and protein expression, leading to an onset of
senescence and reduced cell proliferation to lessen spheroid

formation. The improved gene silencing and therapeutic effects
of CCNPs may be attributed to both their slower siRNA
release kinetics in serum and intracellular conditions (Figure
1F, S2) and their substantially improved uptake by 4T1 cells
(Figure 2A—C). Importantly, CCNPs exhibited minimal
uptake by nontargeted breast epithelial cells (Figure 2C),
indicating the membrane coating imparts specificity that
reduces the risk of off-target gene silencing. Endocytosis
inhibition assays indicate the CCNPs chiefly utilize lipid-raft-
mediated and/or caveolae dependent mechanisms to enter
TNBC cells (Figure 2D). Upon cellular uptake, CCNPs loaded
with sificat suppressed p-catenin mRNA and protein
expression by 60% and 40%, respectively, outperforming
both unwrapped and PEG NP controls (Figure 3A). Bare
NPs or CCNPs loaded with siScr did not decrease mRNA or
protein expression, indicating the carrier itself did not alter f-
catenin expression (Figure 3A). Excitingly, the level of f-
catenin mRNA and protein knockdown caused by siffat
CCNPs was sufficient to significantly increase cellular
senescence to 61.2% in a 2D culture (Figure 4I) and decrease
cell proliferation in 3D breast cancer spheroids (Figure SH).
Cumulatively, these results demonstrate CCNPs can serve as
successful and superior siRNA nanocarriers to enable targeted
RNAi of TNBC.

These results are encouraging given the challenges
associated with therapeutic manipulation of f-catenin, which
is historically considered “undruggable”.”” Wnt/f-catenin
signaling plays a critical role in numerous cancers, so the
ability to suppress f-catenin in a targeted manner with CCNPs
holds great promise as a therapeutic strategy.”*' Previously,
CCNPs have been developed from materials including PLGA,
iron oxide, metal—organic frameworks, and lipoic acid to
facilitate targeted siRNA delivery, but none of these systems
have targeted f-catenin or TNBC." Likewise, nonbiomimetic
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platforms carrying siRNA against f-catenin have been
fabricated from diverse materials to treat liver, colon, cervical,
oral, or hepatocellular cancers”~* but not TNBC. Our
demonstration that siRNA-loaded CCNPs can inhibit f-
catenin and suppress TNBC cell function while avoiding
uptake by nontargeted, healthy cells is a significant advance
warranting further development of CCNPs as RNAI
therapeutics for TNBC and other cancers driven by hyper-
active Wnt signaling.
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