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ABSTRACT: Doxorubicin (DOX) is a chemotherapy agent commonly
used to treat triple-negative breast cancer (TNBC), but it has insufficient
efficacy against the disease and considerable toxicity due to its off-target
delivery. To improve the specificity of DOX for TNBC, we encapsulated
it in poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) coated
with antibodies against Frizzled7 (FZD7), a receptor that is overexpressed
on TNBC cells and which is a key activator of the Wnt signaling pathway.
In vitro studies show that DOX encapsulation does not hinder its ability
to localize to the nucleus in human TNBC cell cultures and that DOX
delivered via NPs induces apoptosis and DNA damage via H2AX
phosphorylation to the same degree as freely delivered DOX. FZD7-
targeted NPs delivering DOX caused significantly greater inhibition of
metabolic activity and led to a smaller cell population following treatment
when compared to freely delivered DOX or DOX-loaded NPs coated only with poly(ethylene glycol) (PEG). The FZD7 antibodies
additionally provided significant levels of Wnt pathway inhibition, as demonstrated by an increase in f-catenin phosphorylation,
indicative of f-catenin destruction and downregulation. These results show that FZD7-targeted platforms have great promise for
improving the therapeutic window of otherwise toxic chemotherapies like DOX in TNBC and other cancers that display the
overexpression of FZD7 receptors.
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B INTRODUCTION delivery, often causes off-target side effects detrimental to the
patient such as nausea, vomiting, diarrhea, cardiotoxicity, and

Approximately 1 in 8 women in the United States will develop e
bone marrow and subsequent immune suppression.

some form of breast cancer throughout their lifetime." Triple-

negative breast cancer (TNBC) accounts for 15—20% of these Cardiotoxicity in particular is one of the main concerns ‘;Vltlh
diagnoses and is associated with a more aggressive disease state the delivery of DOX that restricts its clinical application.'*"*
and a worse prognosis with a 77% five-year survival rate Due to these dose-limiting side effects that prevent DOX from
compared to 93% for non-TNBC breast cancer patients.2’3 reaching its full antitumor potential, new delivery mechanisms
This S year survival rate drops to less than 20% in patients with are being investigated to more adequately and specifically
metastatic TNBC." Due to its aggressive nature, TNBC deliver DOX to its intended target. One of the most promising
exhibits higher rates of recurrence and metastasis to distant methods to do so is to encapsulate DOX within nanocarriers
organs than other breast cancer subtypes, making complete such as polymer nanoparticles (NPs) or liposomes, as
eradication of the tumor cells a high priority to prevent further demonstrated with the FDA-approved therapeutic Doxil.">~"”
disease progression.s‘6 Due to the lack of expression of human Here, we aimed to use antibody-modified polymer NPs to
epidermal growth factor receptor 2 (HER2), estrogen specifically deliver DOX to TNBC cells and potentiate its
receptors, and progesterone receptors, TNBC is unsusceptible chemotherapeutic effects through the antibody-mediated
to available targeted therapies that leverage these receptors to inhibition of a signaling pathway involved in drug resistance.

treat other breast cancer subtypes. The current standard of care
for treating TNBC uses nonspecific chemotherapy, debilitating
radiation, or invasive surgery, each of which can lead to severe
off-target effects and/or insuflicient results.”® New treatments
are desperately needed to more specifically treat TNBC and
improve patient prognoses.

Doxorubicin (DOX) is one of the most common chemo-
therapeutics used to treat TNBC and is a potent small
molecule anthracycline drug.”'® Like many other anthracy-
clines, DOX is an untargeted molecule that, upon systemic

Polymer NPs were chosen due to their versatility in both cargo
loading and surface modifications, allowing for tunable
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Scheme 1. Depiction of Wnt Signaling Dysregulation in TNBC Cells When Compared to Healthy, Noncancerous Cells”
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“In healthy noncancerous cells, a destruction complex comprised of APC, Axin, GSK-3f, and CKla degrades f-catenin in the cytoplasm via
ubiquitin-mediated proteolysis. This prevents j-catenin movement to the nucleus, therefore leaving downstream Wnt genes off. In TNBC cells,
extracellular Wnt ligands bind to overexpressed Frizzled7 (FZD7) receptors, which recruits disheveled to the receptor to inhibit the destruction
complex. This allows f-catenin to accumulate in the cytoplasm before translocating to the nucleus to activate the transcription of Wnt target genes
that promote oncogenesis. Adapted from “Wnt Signaling Pathway Activation and Inhibition”, by BioRender.com (2023). Retrieved from https://

app.biorender.com/biorender-templates.

adjustments of targeting and stealthing ligands. Additional
advantages of a polymeric NP include minimal cargo leakage
and maintenance of structural stability over time, while other
NP formulations, including liposome NPs such as Doxil, suffer
from drug loss in storage conditions and instabilities in
aqueous solutions."*"”

In designing our platform, we chose to coat the NPs with
antibodies against Frizzled7 (FZD7), a transmembrane
receptor that is overexpressed in ~70% of TNBC cases and
that plays an important role in the Wnt signaling pathway that
has been implicated in many invasive breast cancers including
TNBC.”***" Wnt signaling is typically upregulated during
embryonic and fetal development to encourage cell prolifer-
ation, migration, and cell fate determination and then
transitions to mostly stem cell maintenance in adults.**”>
Unfortunately, many cancers, including TNBC, have found
ways to upregulate the canonical, f-catenin-dependent Wnt
pathway in order to promote cell proliferation, migration, and
chemoresistance.”*™® In healthy noncancerous cells, a
destruction complex comprised of Axin, APC, GSK-3f, and
CKla continuously degrades cytoplasmic f-catenin to regulate
its activity (Scheme 1).*” In cancer cells that display aberrant
Wnt signaling, extracellular Wnt ligands bind to the overex-
pressed FZD7 receptors, which leads to inhibition of the
destruction complex and allows f-catenin to accumulate in the
cytoplasm.””’! B-catenin then translocates to the nucleus and
binds with TCF/LEF to turn on downstream target genes such
as Axin2, c-Myc, and cyclin D1 (Scheme 1).*>** These genes
promote migration, proliferation, drug resistance, and stem-
ness, thus encouraging further tumor growth and disease
progression.34_36 Despite the importance of Wnt signaling in
oncogenesis and the wide range of potential targets in this

14324

pathway, it has proven challenging to manipulate therapeuti-
cally and there are currently no FDA-approved Wnt-targeted
therapies on the market.””*"

FZD7 is a promising receptor to target for two key reasons.
First, its higher levels of expression in TNBC when compared
to those in other breast cancer subtypes or healthy tissues
make it a useful handle for NP attachment to the cell to
improve the precision of DOX delivery.””** Second, NP
binding to this receptor can block its activation by extracellular
Wnt ligands, thereby suppressing chemoresistance mechanisms
that are driven by Wnt signaling and in turn increasing the
potency of the delivered DOX.””™*" As noted above,
hyperactive Wnt signaling has been implicated in drug
resistance, as it drives the overexpression of drug efflux
receptors such as P-glycoprotein/multidrug resistance protein-
1 (MDR1) as well as the upregulation of other genes that
promote drug resistance including c-Myc and HIF-1a."”" B
coating drug-loaded polymer NPs with anti-FZD7 antibodies,
we aimed to both specifically deliver DOX to TNBC cells and
inhibit the Wnt pathway to potentiate DOX’s effects.
Previously, we showed that FZD7 antibody—NP conjugates
based on gold nanoshell cores could bind TNBC cells with
greater avidity than freely delivered FZD7 antibodies while also
significantly reducing fB-catenin protein expression and down-
stream Axin2 mRNA expression at a much lower antibody
dose.” This enhanced effect of the NP conjugates can likely be
attributed to multivalent binding, wherein antibodies on NPs
are able to bind to and inhibit multiple cell surface receptors
simultaneously, while freely delivered antibodies can only bind
to one receptor at a time."*"** Other antibody-conjugated
nanocarriers have shown similar success in targeting surface
receptors to improve drug delivery and simultaneously
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enhance inhibition of downstream signaling.”’~* Based on
this previous work, we developed chemotherapeutic-loaded
polymer NPs that also take advantage of multivalent binding to
improve the specific targeting and treatment of TNBC.*”*

In this work, we demonstrate the synthesis of anti-FZD7
antibody-modified NPs that encapsulate DOX and evaluate
their effects on MDA-MB-231 human TNBC cells in vitro. We
show that DOX encapsulated in NPs maintains its ability to
enter the nucleus, damage DNA, and induce apoptosis in
TNBC cells and that FZD7-targeted DOX-loaded NPs inhibit
cellular metabolic activity to a greater extent than free DOX at
concentrations of 5 and 10 yM. Additionally, we demonstrate
that FZD7 targeting via antibody-modified NPs successfully
triggers f-catenin phosphorylation, indicative of Wnt signaling
inhibition. Collectively, these results indicate that loading
DOX in FZD7-targeted NPs has promise as a strategy to
enhance its delivery to and potency in TNBC cells.

B EXPERIMENTAL SECTION

Synthesis of DOX-Loaded NPs. Poly(lactic-co-glycolic
acid)—poly(ethylene glycol)—maleimide (PLGA—PEG—
MAL) NPs containing doxorubicin-HCl (DOX) were
synthesized using a double emulsion water-in-oil-in-water
method adapted from the literature.’”*' PLGA—PEG—MAL
(20 kDa 50:50 PLGA, S kDa PEG, Nanosoft Polymers) was
dissolved in dichloromethane (DCM) at 2 mg/mL. Then, 100
ug of DOX (Sigma-Aldrich) dissolved in Milli-Q water was
added to a scintillation vial containing 100 L of 1% poly(vinyl
alcohol) (PVA; Sigma-Aldrich) dissolved in water. The
quantity of 100 ug DOX per 2 mg of NPs was selected
based on the initial analysis of loading capacity and
encapsulation efficiency as a function of the amount of DOX
added during the first emulsion (Supporting Figure S1). After
the DOX was dispersed in 1% PVA, 1 mL of the PLGA—
PEG—MAL/DCM solution was added to the same scintillation
vial and probe-sonicated on ice with a Fisherbrand model 120
Sonic Dismembrator (Fisher Scientific) at an 80% amplitude
for 60 s (10 s on, S s off). Next, 3 mL of 0.25% PVA dissolved
in phosphate-buffered saline (PBS) was added to the DOX/
PLGA—PEG—MAL solution, and the probe was sonicated on
ice at an 80% amplitude for 60 s (10 s on, S s off). The DCM
solvent was allowed to evaporate for 4 h at room temperature
under continuous stirring at 800 rpm. Following solvent
evaporation, the resulting DOX-loaded NPs were subject to
centrifugal filtration to remove excess solvent using Millipore
10 kDa molecular weight cutoff (MWCO) filters (4200g, 30
min, 4 °C), then transferred to 2 mL Eppendorf tubes,
resuspended in 2 mL of Milli-Q water, and centrifuged for 15
min at 20,000 rcf at 4 °C to pellet the NPs. The supernatant
was removed, and the NP pellet was resuspended in 2 mL of
fresh Milli-Q water and washed once more by centrifugation
before being resuspended a final time in Milli-Q water.

Modification of Antibodies and Conjugation to NPs.
To conjugate rabbit antihuman FZD7 antibodies (LS-
383580, LSBio) to the NP surface, the antibodies were first
modified to expose free thiols (which can bind exposed
maleimide groups on the NPs) and then incubated with the
NPs in PBS containing 2 mM ethylenediaminetetraacetic acid
(EDTA) overnight on a rocker at 4 °C. To modify the
antibodies, they were first incubated with 100X molar excess of
tris(2-carboxyethyl) phosphine hydrochloride (TCEP; Sigma-
Aldrich) in PBS containing 2 mM EDTA for Lhat 4°Cona
rocker. Following incubation with TCEP, the antibodies were

twice washed in 100 kDa Corning Spin-X UF (Sigma-Aldrich)
concentrators for 10 min at 12,000 rcf, 4 °C with PBS to
remove excess TCEP. Thereafter, 10 ug of thiol-modified
FZD7 antibodies (FZD7-SH) was added per mg of NP for the
“low” loading condition and 30 ug of FZD7-SH was added per
mg of NP for the “high” loading condition. Following
overnight incubation, methoxy-PEG-SH (mPEG-SH; Laysan
Bio) was added to the NP/FZD7-SH solution and incubated
for 2 h at 4 °C on a rocker. The NP solution was then
centrifuged for 15 min at 20,000 rcf at 4 °C to pellet the NPs
and remove any unconjugated FZD7-SH or mPEG-SH left in
the supernatant. The NP pellet was resuspended in Milli-Q
water and washed twice more. Control NPs coated with only
mPEG-SH (i.e,, PEG-DOX—NPs) were also prepared using
the same steps as above but omitting the antibody addition.

Nanoparticle Characterization. A LiteSizer 500 (Anton-
Paar) dynamic light scattering (DLS) instrument was used to
measure the polydispersity index and {-potential of samples
diluted in Milli-Q water. A NanoSight NS300 (Malvern
Panalytical) nanoparticle tracking analysis system (NTA) was
used to measure the NP sample concentration (particles/mL)
diluted in Milli-Q water. NP samples were prepared for NTA
measurement by diluting a fraction of each sample into 1 mL
of Milli-Q water to give a particle count between 20 and 100
particles per frame when introduced to the system. The camera
level and focus were adjusted for each sample such that 20% of
the visible NPs showed signal saturation, and there were a few
“halos” around the NPs. A syringe pump injected the samples
at an infusion rate of 50—60 A.U. Three 30 s videos recorded
by the NTA were used to calculate NP counts and diameters.
The detection threshold was also adjusted so that the blue
crosshair count was less than five for each frame. Electron
micrographs were obtained using a Zeiss Libra 120 trans-
mission electron microscope (TEM) to visualize the
morphology of the nanoparticles. TEM images were obtained
with support from the Delaware Bioimaging Center. Samples
were prepared in small volumes at equal concentrations on
hydrophilic carbon support films with copper grids at 400
mesh, stained with 2% uranyl acetate, and dried prior to
imaging.

Antibody loading on the NP surface was quantified using a
solution-based enzyme-linked immunosorbent assay (ELISA).
Briefly, FZD7-conjugated NPs or NPs coated with only PEG
were incubated with 10 pg/mL of horseradish peroxidase
(HRP)-conjugated antirabbit IgG (Fisher Scientific) for 1 h at
room temperature. Samples were pelleted by centrifugation
three times (20,000 rcf, 15 min) to remove unbound
secondary antibodies in the supernatant and then suspended
in 3% bovine serum albumin in PBS. Samples were developed
in 3,3/,5,5'-tetramethylbenzidine (TMB, Sigma-Aldrich) core
for 1 min before adding 2 M sulfuric acid to stop the reaction.
Absorbance at 450 nm was measured on a Synergy H1 plate
reader (BioTek) and compared to a standard curve of known
HRP-anti-IgG concentration to calculate the number of FZD7
antibodies per NP. The number of NPs per sample was
obtained by using NTA.

The surface coverage of NPs was calculated by dividing the
total antibody area by the NP surface area. The cross-sectional
area of the antibody was assumed to be ~60 nm® due to the
width of the antibody across the Fab region being ~15 nm and
the width of the Fc region being ~4 nm. The total number of
antibodies loaded on the surface was multiplied by the
antibody cross-sectional area to calculate the total antibody
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surface area, while the bare NP surface area was calculated
using SA = 471,

Quantification of available maleimide binding sites on the
NP surface was performed by using a Colorimetric Maleimide
Assay Kit (Sigma-Aldrich). Briefly, an excess of free thiols in
the form of 1X MEA (2-aminoethanethiol hydrochloride) was
added either to a control buffer solution (provided in the kit)
or to 0.05 mg of bare NPs suspended in the buffer solution.
The remaining free thiols that did not react with the maleimide
were quantified after adding 1X of 4,4'-dithiodipyridine to the
solution by reading the absorbance at 324 nm on a Synergy H1
plate reader. The amount of maleimide was calculated as the
difference between the initial amount of free thiol and the
amount of unreacted thiol following incubation with the
maleimide—NPs.

DOX Encapsulation Efficiency, Loading Capacity, and
Drug Release of NPs. To calculate DOX encapsulation and
loading capacity in the PLGA NPs, 500 uL of dimethyl
sulfoxide (DMSO; VWR) was added to 0.5 mg of NPs in a 1.5
mL Eppendorf tube. The tubes were then vortexed for 1 min.
The NP/DMSO solution was added to a 96-well plate in
triplicate 100 L volumes. A standard curve of known DOX
concentration serially diluted in DMSO was also plated in 100
p#L volumes. The fluorescence of the samples and standard
curve were read at 480 nm excitation/590 nm emission on a
Synergy H1 plate reader. The encapsulation efficiency (EE%)

mass of DOX encapsulated in NPs

100.
mass of DOX added to NP synthesis

The loading capacity (LC, yg DOX/mg PLGA) was calculated
LC = mass of DOX encapsulated in NPs
as - total NP mass ’

Drug release was measured by adding 0.5 mg of NPs to 1
mL of either a storage condition (pH 7.4 Milli-Q water, 4 °C)
or a tumor microenvironment condition (pH 5.5 PBS, 37 °C
shaking at 100 rpm). At each time point (1, 2, 4, 18, 24 h), the
sample was centrifuged for 15 min at 20,000 rcf and the
supernatant was collected. The supernatant was read in 100 yL
volumes on a plate reader and compared to a known standard
curve of DOX suspended under each condition. These
experiments were performed in triplicate.

NP diameter stability in serum was measured by suspending
0.5 mg of NPs in 1 mL of 10% fetal bovine serum (FBS) in pH
74 PBS (Supporting Figure S2). The NP solution was
incubated at 37 °C while shaking at 60 rpm. Samples from the
solution were collected at each time point (24, 48, 72 h), and
the mode diameter was recorded using NTA.

Cell Culture. MDA-MB-231 human TNBC cells (Ameri-
can Type Culture Collection, ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS;
Gemini Bio Products) and 1% penicillin—streptomycin (pen-
strep; VWR). Cells were cultured in T7S cell culture flasks at
37 °Cin a 5% CO, environment. Cells were passaged or plated
when they reached 80—90% confluency and were detached
from the flask using 3 mL of 0.25% trypsin—EDTA
(ThermoFisher). Cells were counted using a hemocytometer.

Imaging of Nuclear Uptake of DOX. To assess DOX
uptake and colocalization with the nucleus, 3 X 10* MDA-MB-
231 cells were seeded per well of an 8-well chamber plate in
DMEM media and incubated overnight. Cells were then
treated with free DOX, PEG—DOX—NPs, low FZD7-DOX—
NPs, or high FZD7—DOX—NPs at S yM. After either 4 or 24
h of treatment, cells were washed twice with PBS to remove

was calculated as EE% =

media and excess/noninternalized DOX. Cells were fixed with
4% formaldehyde for 15 min and then washed twice with PBS.
Following fixation, cells were permeabilized with 0.5% Triton-
X in 5% PBSA for 10 min and then washed twice with PBS.
Once the cells were fixed, the chamber walls were removed and
a glass coverslip was sealed onto the slide using VectaShield
AntiFade Mounting Medium with DAPI (Vector Laborato-
ries). Samples were incubated with DAPI for at least 30 min
before imaging. Images were acquired at 20X magnification on
a Zeiss Axioobserver Z1 inverted fluorescence microscope
(DAPI: 365 nm excitation/465 nm emission; DOX: 470 nm
excitation/552 nm emission).

DOX fluorescence in the images was analyzed using Image]
(see Supporting Figures S3 and S4). Briefly, the DAPI-stained
nuclei were used to outline and define the regions of interest
(ROIs) in each image. Five background values selected
randomly were captured for each image to account for the
background signal. Once the ROIs were defined, the area,
integrated density, and mean gray value for each ROI were
measured, and the corrected total nuclear fluorescence
(CTNF) was calculated using the following formula

CTNF = integrated density — (area of selected cell

X mean fluorescence of background)

Evaluating DNA Damage Induced by Free DOX or
NPs. To examine the mechanism of cell death induced
through DOX delivery, the phosphorylation of H2A.X at serine
139 was quantified using a H2A.X Phosphorylation Assay Flow
Cytometry Kit (Sigma-Aldrich). For this assay, S X 10> MDA-
MB-231 cells were seeded per well of a 12-well plate in DMEM
media and incubated overnight. Cells were then treated with
free DOX, PEG—DOX—NPs, low FZD7—DOX—NPs, or high
FZD7—DOX—NPs at 5 uM for 24 h. Then, cells were washed
with PBS before adding trypsin—EDTA to detach the cells.
The cells were washed with PBS by spinning them down for §
min at 300 rcf and 21 °C. Cells were then fixed, permeabilized,
and incubated for 20 min in the dark with either FITC-
conjugated antiphospho H2A.X or normal mouse IgG
antibodies provided in the kit per the manufacturer’s
instructions. Cell samples were washed twice with Wash
Solution provided by the manufacturer to remove any
unbound antibodies and were resuspended in PBS. Samples
were analyzed immediately using flow cytometry. An Acea
NovoCyte 2060 Flow Cytometer was used to analyze the
FITC channel (488 nm excitation/530 nm emission). Data
analysis was performed with NovoExpress software (ACEA
Biosciences). Density plots showing forward and side scatter
data were used to create a primary gate for cells, excluding
debris. These experiments were performed in triplicate and
analyzed by a one-way analysis of variance (ANOVA).

Assessment of Cellular Metabolic Activity. To evaluate
the effects of freely delivered DOX versus DOX encapsulated
in NPs on cellular metabolic activity, an MTT (3-(4,S-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
(ThermoFisher) was used. MDA-MB-231 cells were plated in
a 96-well plate at 5 X 10° cells per well and incubated
overnight. Cells were then treated with free DOX, PEG—
DOX—NPs, Low FZD7—DOX—NPs, or High FZD7-DOX—
NPs at either 2.5, 5, or 10 uM DOX for 24 h. Free DOX effect
on metabolic activity was assessed from 0.5 to 20 yM to
determine the treatment range for NP experiments (Support-
ing Figure SS). After 24 h, the treatments were removed and
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Figure 1. Characterization of NPs. (A) Abbreviated scheme depicting the synthesis of DOX-loaded, surface-modified NPs. Created with
BioRender.com. (B) NTA mode diameter and {-potential of unmodified (bare) DOX—NPs (n = 6), PEG-DOX—NPs (n = 10), low FZD7—
DOX—NPs (n = 10), and high FZD7—DOX—NPs (n = 10). (C) Transmission electron micrographs of unmodified DOX—NPs, PEG-DOX—NPs,

low FZD7—DOX~—NPs, and high FZD7—DOX~—NPs. Scale bars: 200 nm.

12 mM MTT solution was added to the cells per the
manufacturer’s instructions. After 3 h, the MTT solution was
replaced with DMSO and the absorbance read at 540 nm on a
Synergy H1 plate reader. Samples were plated in triplicate and
normalized to untreated cells. The MTT assay was also
performed using empty NPs at 4, 10, 20, and 40 uM dosages
based on matching the number of empty NPs to the
corresponding number of DOX-loaded NPs (Supporting
Figure SS). These experiments were performed in at least
triplicate and analyzed by one-way ANOVA with post hoc
Tukey.

Quantification of Cell Count. To assess the effects of
freely delivered DOX versus DOX encapsulated in NPs on the
overall cell viability, cells were counted after treatment with 5
uM free DOX, PEG-DOX—NPs, low FZD7-DOX—NPs, or
high FZD7—DOX~—NPs for 18 h and compared to untreated
cells. MDA-MB-231 cells were plated in a 48-well plate and
incubated overnight before the addition of treatments.
Following the 18 h treatment, the media/treatments were
removed, and the cells were washed twice with PBS before the
addition of trypsin—EDTA to detach the cells. The cells were
then washed with PBS by centrifuging for S min at 300 rcf and
21 °C followed by a wash with flow cytometry buffer using the
same settings. The supernatants were discarded, and 150 uL of
flow cytometry buffer (ThermoFisher) was then added before
analyzing samples using flow cytometry. An Acea NovoCyte
2060 Flow Cytometer was used to analyze the samples. Data
analysis was performed with NovoExpress software. Density
plots showing forward and side scatter data were used to create
a primary gate for cells, excluding debris, and final cell counts
within the primary gate were recorded. These experiments
were performed in at least triplicate and analyzed by one-way
ANOVA with post hoc Tukey.

Evaluating Cellular Apoptosis or Necrosis. To assess
the effects of DOX on cell apoptosis, 3 X 10° MDA-MB-231
cells were seeded per well of a 48-well plate in DMEM media

and incubated overnight. Cells were then treated with free
DOX, PEG-DOX-NPs, low FZD7-DOX-NPs, or high
FZD7—-DOX—NPs at 5 uM for 18 h. After 18 h, the cells were
stained with Annexin V (ThermoFisher) and SYTOX
AADvanced Dead Cell Stain (ThermoFisher) per the
manufacturer’s instructions. In short, the media/treatments
were removed, and the cells were washed twice with PBS
before adding trypsin—EDTA to detach the cells. The cells
were then washed with PBS by centrifuging for S min at 300
rcf and 21 °C followed by a wash with 1X binding buffer
(ThermoFisher) using the same settings. The supernatants
were discarded, and the cell pellets were resuspended in 50 uL
of Annexin V FITC/SYTOX AADvanced staining solution
containing 1:500 Annexin V and 1:1600 SYTOX. Samples
were then incubated in the dark for 15 min at room
temperature. An additional 150 pL of 1X binding buffer was
then added before analyzing samples using flow cytometry. An
Acea NovoCyte 2060 Flow Cytometer was used to analyze
samples with FITC (Annexin V), APC (SYTOX AADvanced),
and PE (DOX) channels. Data analysis was performed with
NovoExpress software. Density plots showing forward and side
scatter data were used to create a primary gate for cells,
excluding debris, prior to establishing gates for Annexin V-
positive and SYTOX AADvanced-positive cells. Positively
stained gates were based on unstained cells, and single-stained
controls were used for compensation. These experiments were
performed in at least triplicate and analyzed by one-way
ANOVA with post hoc Tukey.

Live/Dead Stain. To assess the effects of DOX on cell
death, 3 X 10> MDA-MB-231 cells were seeded per well of a
48-well plate in DMEM media and incubated overnight. Cells
were then treated with free DOX, PEG—DOX—NPs, low
FZD7—DOX—NPs, or high FZD7—DOX—NPs at 5 uM for 24
h. After 24 h, the cells were stained using a Live/Dead
Viability/Cytotoxicity kit (ThermoFisher) per the manufac-
turer’s instructions. In short, the media/treatments were
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removed, and the cells were washed twice with PBS before
adding 100 uL of staining solution containing 1:500 ethidium
homodimer-1 and 1:2000 calcein-AM. Samples were incubated
in the dark for 30 min at room temperature. The staining
solution was then removed, and the cells were washed twice
with PBS. Images were acquired at 20X magnification on an
EVOS MS000 microscope using Texas Red (586 nm
excitation/603 nm emission) and GFP (488 nm emission/
510 nm excitation) channels.

Evaluating Phosphorylation of g-Catenin. To assess
antibody effects on downstream Wnt activation, 3 X 10> MDA-
MB-231 cells were seeded per well of a 48-well plate in DMEM
medium and incubated overnight. Cells were then treated with
PEG—NPs, low FZD7—NPs, or high FZD7—NPs containing
no DOX at an equivalent dosage of S yuM DOX based on
matching the number of empty NPs to the corresponding
number of DOX-loaded NPs for 24 h. After 24 h, the media/
treatments were removed, and the wells were washed twice
with PBS before adding trypsin—EDTA to detach the cells.
The cells were washed twice with PBS by centrifuging for 5
min at 300 rcf and 21 °C. Cells were fixed with 4%
formaldehyde for 10 min and then washed twice with 1X
BD Perm/Wash (BD Biosciences). The cells were resuspended
in 100 pL of 1X BD Perm/Wash containing 1:500 phospho -
catenin primary antibody (9561S, Cell Signaling Technolo-
gies) and incubated for 30 min at room temperature. After
incubation, cells were washed twice with 1X BD Perm/Wash.
The cells were then resuspended in 100 xL of 1X BD Perm/
Wash containing 1:1000 goat antirabbit IgG secondary
antibody conjugated with Alexa Fluor 488 (A-11034, Thermo-
Fisher) and incubated for 30 min at room temperature covered
from light. Cell samples were washed twice with PBS to
remove any unbound antibodies and were resuspended in fresh
PBS. Samples were analyzed immediately using flow
cytometry. An Acea NovoCyte 2060 Flow Cytometer was
used to analyze the FITC channel. Data analysis was
performed with NovoExpress software. Density plots showing
forward and side scatter data were used to create a primary
gate for cells, excluding debris. These experiments were
performed in triplicate and analyzed by one-way ANOVA
with post hoc Tukey.

B RESULTS AND DISCUSSION

Characterization of FZD7-Modified, DOX-Loaded
NPs. DOX-loaded PLGA NPs were synthesized and modified
with mPEG-SH alone (PEG—-DOX—NPs) or in combination
with low or high densities of thiolated anti-FZD7 antibodies
(low FZD7—-DOX-NPs and high FZD7-DOX—NPs) as
described in the Experimental Section and depicted in Figure
1A. The antibody loading density was tuned by adjusting the
initial amount of FZD7-SH added to the DOX-loaded PLGA
NPs from 10 ug of FZD7-SH/mg of PLGA for the “low”
condition to 30 ug of FZD7-SH/mg of PLGA for the “high”
condition. The resulting NPs were characterized using NTA,
DLS, and TEM. Prior to surface modification, DOX—NPs had
a diameter of 138.8 + 15.1 nm and a {-potential of —9.5 + 0.5
mV (Figure 1B). Following surface modification, PEG—DOX—
NPs had a diameter of 144.5 + 13.9 nm and a {-potential of
—15.4 + 5.0 mV, while the low FZD7—DOX—NPs and the
high FZD7—-DOX~—NPs had diameters of 144.7 + 14.3 and
146.6 + 14.9 nm, respectively, and {-potentials of —18.8 + 5.9
and —18.9 + 7.8 mV, respectively. TEM images indicate that
the NPs are spherical and relatively uniform in size (Figure

1C). Additionally, each NP group maintained a stable diameter
when suspended in 10% FBS over a 72 h time frame (Figure
S2).

DOX encapsulation efficiency (EE%) and loading content
(ug DOX/mg PLGA) were quantified by breaking down the
DOX—NPs in DMSO and measuring the fluorescence at 480
nm excitation/590 nm emission compared to a standard curve
of known DOX concentration in DMSO (Figure 2A). Bare
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Figure 2. NP cargo loading and drug release kinetics. (A) Loading of
DOX in unmodified (bare) DOX—NPs (n = 13), PEG—DOX—NPs
(n=9), low FZD7-DOX—NPs (n = 6), and high FZD7—DOX—NPs
(n = 6). Loading of FZD7 as quantified using ELISA on low FZD7—
DOX—NPs and high FZD7—-DOX—NPs (n = 3). (B) Release of
DOX over 24 h from unmodified (bare) DOX—NPs, PEG-DOX—
NPs, low FZD7—DOX—NPs, and high FZD7—DOX—NPs in either a
storage condition (pH 7.4 water, 4 °C) or a tumor lysosomal
condition (pH $.5 PBS, 37 °C, 100 rpm) (n = 3).

DOX—-NPs encapsulated ~27% of DOX added during
synthesis, yielding ~14 ug of DOX/mg PLGA. Following
surface modification, the PEG—DOX-—NPs, low FZD7-
DOX~—NPs, and high FZD7—-DOX—NPs all had loading of
~10 ug of DOX/mg PLGA. Approximately 30% of the DOX
cargo was lost postsurface modification, which can likely be
attributed to the agitated incubation during the conjugation
step as well as the additional wash steps, which may have
removed surface-adsorbed DOX. ELISA quantification of
FZD?7 antibodies on the DOX—NP surface showed ~30 and
~90% surface coverages for the “low” and “high” loading
conditions, assuming an antibody cross-sectional area of ~60
nm? indicating tunable antibody loading. This surface
coverage corresponds to approximately 348 antibodies per
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NP and 995 antibodies per NP for the low and high loading
conditions, respectively (Figure 2A). To put this in context,
theoretical loading was analyzed through quantification of the
available maleimide binding sites on the NP surface. This
analysis yielded ~30,000 maleimide groups/NP, which
correlates to maleimide to protein ratios of 25:1 and 8:1 for
the low and high loading conditions, respectively. The
maleimide to protein ratio often ranges from 2:1 up to 25:1
for optimal maleimide—thiol conjugation, confirming that the
achieved loading is within a reasonable range based on
theoretical calculations.”

DOX release from the NPs was assessed by incubating the
NPs in either representative storage (pH 7.4 water at 4 °C) or
tumor lysosomal (pH 5.5 PBS on a 37 °C shaker) conditions
(Figure 2B). The more acidic condition at pH 5.5 is
representative of the tumor cell lysosome environment where
the NPs should start to break down and release their DOX
cargo.””*! The release curves indicate minimal (<15%) DOX
release from all NPs in the storage condition over 24 h, with a
<5% release from the antibody-modified NPs and a faster
release from all NPs in the tumor condition. The faster release
in the acidic tumor condition is to be expected due to the more
rapid degradation of PLGA at lower pH. In the tumor
condition, DOX released fastest during the first 4 h of
incubation and then released more slowly before plateauing at
an ~80% DOX cargo release at 24 h. Each of the surface-
modified NPs exhibited slower DOX release than unmodified
NPs in both storage and tumor conditions, indicating that
surface modification may provide additional stability to the
NPs to prolong breakdown of the polymer.

DOX Delivered via NPs Maintains Its Ability to
Localize to the Nucleus and Induce DNA Double Strand
Breaks. Since DOX must reach the nucleus to cause DNA
double strand breaks, we quantified nuclear levels of DOX and
DNA damage in MDA-MB-231 cells exposed to DOX freely or
encapsulated in NPs. DOX in the nucleus was analyzed via
fluorescence microscopy and quantified using Image]. MDA-
MB-231 TNBC cells were treated with S yM freely delivered
DOX, PEG-DOX-NPs, low FZD7-DOX-NPs, or high
FZD7—DOX—NPs for 4 or 24 h. Quantification of nuclear
DOX indicated slower nuclear localization of DOX when
encapsulated in NPs compared to when it is freely delivered
(Figure 3A). Levels of antibody conjugation do not seem to
affect nuclear DOX delivery. We believe the lack of difference
between the targeted and PEGylated NPs is due to similar
rates of release of DOX from each NP group. The levels of
nuclear DOX observed at 4 h versus 24 h for the NP groups
correspond well with the observed kinetics of drug release seen
in Figure 2, where ~45% of the drug was released at 4 h
compared to ~80% at 24 h. Notably, at 24 h, there is no
significant difference in nuclear DOX fluorescence for the NPs
compared to that in free DOX, indicating that DOX delivered
via NPs maintains its ability to localize to the nucleus.

To confirm the delivered DOX retains its mechanism of
action, DNA double strand breaks were analyzed by staining
for the phosphorylated histone H2A.X at serine 139 using an
FITC-conjugated antiphospho H2A.X antibody and then
quantified using flow cytometry. This analysis of DNA double
strand breaks indicates no significant differences in levels of
DNA damage when comparing the freely delivered drug to the
encapsulated drug (Figure 3B). Each of the DOX-treated
groups had significantly higher levels of DNA double strand
break compared to the no-treatment control group. These
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Figure 3. MDA-MB-231 nuclear DOX colocalization and DNA
damage. (A) Quantification of the corrected total nuclear fluorescence
of DOX from images analyzed in Image] (n = 3). Statistical
differences were calculated by one-way ANOVA with post hoc Tukey.
“n.s.” indicates no significant difference between groups at the 95%
confidence level. (B) Flow cytometric analysis of cells treated for 24 h
with 5 uM DOX and stained with FITC-conjugated phospho-histone
H2A X antibodies (n = 3). Fluorescent labeling is indicative of H2A.X
phosphorylation at serine 139 and its corresponding levels of DNA
damage. * p < 0.05 versus all other groups as calculated by one-way
ANOVA with post hoc Tukey.

results indicate that the encapsulated DOX delivered via PEG-
coated or antibody-coated NPs retains its molecular mecha-
nism of action in the nucleus to the same extent as freely
delivered DOX.

DOX—NPs Inhibit Cell Function to a Greater Extent
than Free DOX. After confirming that DOX delivered via NPs
can reach the nucleus to damage DNA, we next investigated
the overall effects on cell functioning. Metabolic activity was
analyzed in MDA-MB-231 cells using an MTT assay after 24 h
of treatment with either 2.5, 5, or 10 uM doses of either free
DOX or DOX in NPs (Figure 4A). At each dosage, all three
DOX—NPs outperformed the freely delivered DOX with both
FZD7—DOX—NP groups, causing significantly greater levels of
inhibition at the S yM dose. At the S uM dose, there was
~33% inhibition of metabolic activity when cells were treated
with freely delivered DOX compared to ~52 and ~57%
inhibitions for treatment with the low and high FZD7-DOX—
NPs, respectively. PEG-=DOX—NPs demonstrated an ~47%
inhibition at the 5 yM dose. At the 10 uM dose, each NP
treatment caused significantly greater inhibition than the freely
delivered DOX with the high FZD7—DOX~—NP treatment,
showing the most significantly reduced levels of inhibition. The
10 uM dose of freely delivered DOX led to ~40% inhibition of
metabolic activity, while the PEG—=DOX—NPs, low FZD7—
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Figure 4. Functional effects of DOX—NPs on MDA-MB-231 cells.
(A) Relative metabolic activity of MDA-MB-231 cells after 24 h
treatment with either 2.5, S, or 10 uM of DOX delivered freely (n =
10 for all concentrations) or in NPs (n = 4 for 2.5 uM, n = S for 5 and
10 M) when normalized to a no-treatment control as quantified
using an MTT assay. (B) Cell counts of MDA-MB-231 cells after 18 h
treatment with 5 uM of DOX either freely delivered or encapsulated
in NPs (n = 4). Cell counts were quantified by using flow cytometry
after gating to exclude debris. Significance calculated by one-way
ANOVA with post hoc Tukey.

DOX—NPs, and high FZD7-DOX—-NPs demonstrated
inhibition levels of 55, 56, and 58%, respectively. Overall,
DOX when delivered via NPs showed the greatest levels of
metabolic activity inhibition, possibly due to the slower release
kinetics/nuclear localization lending to a more sustained
therapeutic effect.

In addition to metabolic activity, cell counts following
treatment with free DOX or DOX-loaded NPs were
investigated to further quantify the effects on cell viability.
Following treatment for 18 h with a S uM dose of either free
DOX, PEG-DOX~-NPs, low FZD7-DOX-NPs, or high
FZD7—-DOX~—NPs, cells were collected and quantified using
flow cytometry (Figure 4B). After the primary gate was created
to exclude debris from the cell population, overall cell counts
were recorded. Each of the DOX-treated groups, no matter the
DOX delivery mechanism, had a significantly smaller cell
population compared to the no-treatment control. The high
FZD7-DOX—NP treatment group yielded the Ilargest
reduction in cell count with a significantly smaller cell
population compared with the free DOX, PEG-DOX-NP,
and low FZD7—DOX—NP treatments.

To further investigate the effects of each treatment, MDA-
MB-231 cells were analyzed for viability, apoptosis, and
necrosis. Stages of cell death or viability were identified and
quantified through staining with Annexin V and SYTOX
AADvanced Dead Cell stain in which MDA-MB-231 cells were
treated with 5 yM either free DOX or DOX in NPs for 18 h
prior to staining. Samples treated with free DOX showed the
greatest levels of apoptotic cells when compared to the control
and other treatment groups, with most of the cells in early
apoptosis (Figure SA,B). However, the high FZD7—DOX—NP
treatment group had a significantly greater number of cells in
the late apoptotic and necrotic stages, indicating that this cell
population was further along in the death cycle (Figure SA,B).
Live/Dead staining was also performed on MDA-MB-231 cells
that had been treated with 5 yM either free DOX or DOX in
NPs for 24 h prior to staining (Figure 5C). Fluorescence
microscopy was performed, and representative images indicate
cell death in red and live cells in green. All treatment groups
showed greater cell death than control, untreated cells.
Together, these assays demonstrate that DOX delivered via
NPs can reduce cell metabolic activity and number while
triggering apoptosis and death. Additionally, they indicate
promising effects of including FZD7 antibodies in the
formulation, particularly when considering the impact on
metabolic activity and cell viability.

FZD7-Targeted NPs Increase f-Catenin Phosphoryla-
tion. To analyze any effects of the NPs on Wnt signaling due
to the inclusion of anti-FZD7 antibodies in the platform, we
performed immunofluorescent staining for phosphorylated f-
catenin in cells after treatment with empty NPs containing no
DOX. The presence of phosphorylated J-catenin suggests
increased levels of -catenin degradation, which would lead to
downregulation of the Wnt signal pathway and the subsequent
inhibition of Wnt-related oncogenic properties, including drug
resistance. The NPs used for this study were synthesized in the
same manner as the DOX—NPs without including the DOX
cargo in the initial aqueous phase. The mPEG-SH and FZD7-
SH conjugation steps remained the same. Following treatment
for 24 h, the cells were removed from the plate, stained using
an antiphosphorylated f-catenin antibody followed by an
FITC-conjugated secondary antibody, and quantified for FITC
signal using flow cytometry. Quantification of the FITC signal
indicated a higher level of phosphorylated B-catenin in cells
treated with both the low and high FZD7-NPs when
compared to the no-treatment and PEG—NP control groups.
The high FZD7—NPs led to statistically significantly greater
levels of phosphorylated f-catenin with almost double the
fluorescence intensity than the control nontreated and PEG—
NP groups. These higher levels of phosphorylated fB-catenin
indicate inhibition of the Wnt pathway due to the FZD7
targeting, which supports the earlier analyses in Figure 4 that
demonstrated greater effects on cell metabolic activity and
viability when treated with the FZD7-targeted NPs.

B CONCLUSIONS

In this study, we developed FZD7-targeted polymer NPs
capable of delivering chemotherapeutic DOX to MDA-MB-
231 TNBC cells in vitro. DOX-loaded NPs surface-modified
with anti-FZD7 antibodies were successfully synthesized and
demonstrated stable cargo retention in storage conditions and
sustained drug release in acidic conditions imitating tumor cell
lysosomes (Figures 1 and 2). This pH-dependent response is
expected from PLGA-based NPs as the polymer breaks down
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Figure S. Analysis of apoptosis and death in MDA-MB-231 cells following treatment with DOX delivered freely or in NPs. (A) Flow cytometry
analysis of cells 18 h post treatment with S yM freely delivered DOX or DOX in NPs (n = §). ** p < 0.001 versus all other groups as calculated by
one-way ANOVA with post hoc Tukey. (B) Representative scatterplots demonstrating the fraction of cells in early apoptosis (bottom right
quadrant), late apoptosis (top right quadrant), or necrosis (top left quadrant). (C) Representative Live/Dead images of cells after 24 h treatment
with 5§ uM of freely delivered DOX or DOX in NPs. Red fluorescence indicates dead cells, and green fluorescence indicates live cells. Scale bars =

150 pm.

into lactic and glycolic acids.”>** Additionally, water uptake
into the NP leads to the production of acidic oligomers, which
creates an acidic environment inside the NP and accelerates
the degradation.”® This rate of degradation can be adjusted
based on the size and porosity of the NP.***” We showed that
DOX encapsulation in NPs did not hinder its ability to
colocalize with the nucleus to the same degree as freely
delivered DOX over a 24 h period (Figure 3A). Furthermore,
DOX maintained its molecular mechanism of action in the
nucleus, as seen through similar levels of H2A.X phosphor-
ylation, indicative of DNA double strand breakages and its
corresponding DNA damage (Figure 3B). After 24 h of
treatment at three different dosage concentrations, all three
DOX—-NPs outperformed the freely delivered DOX in
inhibiting metabolic activity (Figure 4A). This is in agreement
with previous studies comparing the efficacy of freely delivered
DOX to NP-mediated delivery of DOX."”*® The low and high
FZD7—-DOX~-NPs, respectively, caused ~20 and ~25%
greater inhibitions of metabolic activity at the 5 yM dose
when compared to the freely delivered DOX. In agreement
with these results, DOX-treated cells all had significantly
smaller cell populations than untreated cells, with the high
FZD7—DOX—NP treatment yielding the largest reduction of
cell number (Figure 4B). When the mechanism of cell death

was investigated, the freely delivered DOX led to the highest
levels of overall apoptosis; however, the high FZD7-DOX—
NPs demonstrated the largest population in the late apoptosis
stage (Figure S). Finally, analysis of phosphorylated f-catenin
confirmed that including FZD7 antibodies in the NP design
yielded the suppression of Wnt signaling (Figure 6), which
may explain why the FZD7—DOX—NPs, particularly those
with a high antibody loading, were more potent than PEG—
DOX—NPs in terms of suppressing metabolic activity and cell
count. Overall, these results indicate great potential for an
FZD7-targeted delivery system to improve the potency of
DOX chemotherapy in TNBC and support the continued
investigation of Wnt suppression to enhance TNBC therapies
more generally.

While results from metabolic activity, overall cell population,
and f-catenin phosphorylation assays show some benefit to the
FZD?7 targeting, the improvement was relatively modest. This
may be because in vitro experiments cannot recapitulate the
complex interactions between NPs and biological systems
observed in vivo. Alternatively, it could be that the NP design
requires further optimization to maximize the targeting
potency compared to free DOX or nontargeted PEG—
DOX—NPs. To further investigate how FZD7 targeting
improves therapeutic efficacy of drugs such as DOX, NP
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Figure 6. Effects of FZD7 targeting on f-catenin phosphorylation. (A) Scheme of the experimental procedure to assess the effects of empty FZD7
antibody-conjugated NPs on f-catenin phosphorylation in MDA-MB-231 cells. Created with BioRender.com. (B) Quantification of
phosphorylated f-catenin via an FITC-conjugated secondary antibody using flow cytometry. Background signal due to nonspecific binding of
the secondary antibody was subtracted from the reported values (n = 3). Significance calculated by one-way ANOVA with post hoc Tukey. (C)
Representative flow cytometry histogram of FITC-stained phosphorylated f-catenin signal in each treatment group.

interactions with the cell and more specifically the mechanism
of uptake and internalization could be assessed. This analysis
would provide insight into which pathways lead to higher NP
uptake and retention, which can be taken advantage of when
designing future iterations of this platform. One possible
change would be to adjust the antibody conjugation
mechanism by using a linker; extending the antibodies outward
from the NP surface could improve interactions with cell
membrane receptors, leading to more efficient binding with
target cells. Furthermore, tuning of the NP structure itself such
as changes to the polymer concentration, molecular weight, or
PEG content could adjust properties such as drug release and
NP degradation. This optimization could improve drug
delivery to the cells by allowing adequate time for the NPs
to circulate when the system is introduced to an in vivo
environment.

Future studies to expand on this work could transition to in
vivo experiments to clarify the impact of FZD7 antibody
loading density on the ability of the NPs to target TNBC
tumors at different stages of development, which may exhibit
higher or lower levels of FZD7 expression along with having
different degrees of vascularization. While high FZD7—-DOX—
NPs tended to outperform the low FZD7—DOX—NPs and the
PEG—DOX—NPs in the in vitro studies performed here, the
differences between groups will also need to be evaluated in
vivo. In addition to assessing the impact of each treatment on
primary tumor growth, the effects on recurrence and metastasis
could also be evaluated, as this would provide valuable
information regarding the ability of combined FZD?7 targeting/
‘Wnt inhibition and DOX delivery to limit TNBC progression.
As part of this work, dosing optimization will need to be

performed along with pharmacokinetic analyses to determine
drug clearance over time and drug accumulation in tumors
versus off-target tissues. Finally, since toxicity is a major
concern for DOX that limits its clinical use, future studies
should evaluate the toxicity of each formulation as compared
to free DOX and/or Doxil, as demonstrating reduced toxicity
would be valuable.

In conclusion, the targeting of FZD7 receptors is a
promising approach to more specifically and effectively treat
TNBC. In this study, the DOX-loaded, anti-FZD7 antibody-
modified NPs effectively delivered their cargo to TNBC cells,
triggered Wnt inhibition, as evidenced by increased f-catenin
phosphorylation, and led to greater inhibition of cell
functionality. With further investigation, these NPs or
iterations of this design may lead to a more effective or safer
targeted chemotherapy regimen for TNBC.
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