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Frizzled7 Antibody-Functionalized Nanoshells Enable 
Multivalent Binding for Wnt Signaling Inhibition in  
Triple Negative Breast Cancer Cells

Rachel S. Riley and Emily S. Day*

1. Introduction

Antibodies have emerged as invaluable tools for the study 
and treatment of cancer because they can manipulate sign-
aling pathways that drive cancer progression with high speci-
ficity.[1,2] While antibodies can be designed to either agonize 
or antagonize specific receptors upon binding, they are most 
commonly used to obstruct prooncogenic signaling down-
stream of their targeted receptor by acting in an antago-
nistic manner.[3] Although effective, antibodies are extremely 
expensive and require high dosages that can be cost-pro-
hibitive or can produce adverse side effects, both of which 
limit their therapeutic success.[4,5] To overcome these limita-
tions, antibodies can be conjugated to nanoparticles (NPs) 
to enhance the target binding affinity due to multivalency, in DOI: 10.1002/smll.201700544
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which antibodies on NPs can engage multiple targeted anti-
gens to increase the binding strength between ligand and 
receptor.[6] In fact, multivalency is recognized as a means to 
improve upon targeted therapeutics that have defined biolog-
ical properties.[7] We hypothesized that multivalent binding 
could be exploited to specifically bind targeted cells and thus 
yield enhanced oncogenic cell signaling inhibition relative to 
free antibody delivery, and we tested this hypothesis using in 
vitro culture models of triple negative breast cancer (TNBC).

TNBC accounts for 15%–20% of diagnosed breast cancer 
cases and is associated with earlier relapse, higher mortality 
rates, and significantly decreased progression-free survival 
compared to other subtypes of breast cancer. The cells in 
TNBC tumors lack expression of the estrogen, progesterone, 
and human epidermal growth factor 2 receptors, rendering the 
disease unsusceptible to conventional targeted or hormonal 
therapies.[8,9] Therefore, it is imperative to develop effective 
therapies specifically for this disease. A promising therapeutic 
target that has recently emerged as a driving force behind 
TNBC progression is the Wnt signaling pathway. Wnt sign-
aling is a highly regulated process in healthy cells; normally, 
a destruction complex composed of adenomatous polyposis 
coli (APC), axin, glycogen synthase kinase-3β (GSK-3β), and 
casein kinase 1 (CK1) binds and phosphorylates β-catenin, 
leading to its constitutive degradation (Figure  1A).[10–14] In 
contrast, Wnt signaling is activated in TNBC cells and other 
aggressive cancers when extracellular Wnt proteins, such as 

Wnt3a, bind Frizzled (FZD), and LRP 5/6 receptors that are 
amplified on the cell surface, as shown in Figure 1B–D. This 
recruits Dishevelled to the cell membrane and blocks GSK-
3β activity to stabilize β-catenin and limit its degradation. 
Once stabilized, β-catenin accumulates in the cytoplasm and 
enters the nucleus where it associates with Tcf/Lef proteins 
to activate the transcription of Wnt target genes including 
Axin2, Cyclin D1, and c-Myc. Of these genes, Axin2 is the 
global downstream transcriptional target and main indicator 
of Wnt activity.[15–17] While Wnt hyperactivity in some can-
cers is due to mutations in the genes encoding β-catenin or 
APC,[18] in TNBC it is mainly due to increased expression of 
FZD7 receptors on the cell surface (this can be observed in 
Figure 1C,D, which show relative FZD7 expression in two 
TNBC cell lines and one noncancerous breast cell line). In 
fact, FZD7 is overexpressed in 67% of TNBC tumors and is 
the only member of the ten FZD family receptors that is sig-
nificantly overexpressed.[11,19,20] Accordingly, FZD7 provides 
an excellent biomarker for studying the effects of multivalent 
nanoparticle targeting on signaling cascade interference as 
described here.

Since Wnt ligands bind FZD7 receptors to initiate Wnt 
signaling in TNBC cells, we hypothesized that nanoshells 
(NS) coated with FZD7 antibodies (FZD7-NS) could com-
petitively bind these receptors to block extracellular Wnt 
activation, leading to the destabilization of β-catenin and 
decreased Axin2 expression. Further, we expected that 

small 2017, 1700544

www.advancedsciencenews.com

Figure 1.  Schematic of the Wnt signaling pathway and validation of FZD7 overexpression in TNBC cells. A) In healthy cells, extracellular Wnt proteins 
are minimally available to bind Frizzled and LRP5/6 coreceptors. When Wnt signaling is inactive, a destruction complex composed of Apc, Axin, 
and GSK-3β continuously regulates β-catenin expression by enabling its phosphorylation and subsequent degradation by GSK-3β and CK1. B) In 
many cancers, including TNBC, extracellular Wnt proteins and Frizzled7 receptors are overexpressed, leading to hyperactive Wnt signaling. When Wnt 
proteins bind Frizzled and LRP5/6 coreceptors, Dishevelled is activated to inhibit the β-catenin destruction complex. Stabilized β-catenin accumulates 
in the cytoplasm and enters the nucleus to bind TCF/Lef transcription factors and activates Wnt target genes. C) Immunohistochemical staining and 
D) Western blotting of Frizzled7 expression (red in C) in MDA-MB-231 and BT20 TNBC cells versus noncancerous MCF-10A cells. Scale bars = 50 µm.
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FZD7-NS would have an amplified inhibitory effect on Wnt 
signaling relative to unconjugated FZD7 antibodies due to 
multivalency resulting in increased binding affinity towards 
FZD7 receptors. The potential of using FZD7 as a target for 
Wnt signaling inhibition and management of TNBC is sup-
ported by the fact that short hairpin RNA-mediated knock-
down of FZD7 decreased β-catenin stabilization and nuclear 
localization in TNBC cells.[20] Additionally, FZD7 antibodies 
have been proven effective against Wilms’ tumor as a stan-
dalone therapy.[21] Further, Gurney et al. demonstrated that 
OMP-18R5, an antibody against five of the ten FZD recep-
tors, could inhibit Wnt signaling to decrease tumorigenicity 
and increase chemosensitivity in a variety of cancers.[22] 
Interestingly, OMP-18R5 is currently being evaluated in clin-
ical trials in combination with chemotherapy.[23] However, a 
limiting factor of antibody therapies to treat cancer is that 
the high required treatment dosages may be cost prohibitive 
and lead to adverse side effects. Since inhibiting Wnt sign-
aling has been shown to be effective for cancer treatment, 
and nanoparticle multivalency can enhance antibodies’ target 
affinity, our goal in this work was to demonstrate that FZD7 
antibodies conjugated to NS are more effective than freely 
delivered FZD7 antibodies. By capitalizing on multivalent 
binding effects to reduce the antibody dosage required for 
Wnt signaling inhibition, FZD7-NS could ultimately result in 
cheaper and safer treatment, making them an excellent plat-
form for management of TNBC.

While our studies focus on using FZD7-NS to manipulate 
Wnt signaling in TNBC, from a broader 
perspective they provide important 
insight into the role of multivalency in 
signal cascade manipulation. The ability 
to enhance tumor cell specific binding 
or internalization of NPs with targeting 
agents like antibodies has been thoroughly 
investigated,[24,25] but only recently have 
researchers begun to examine the impact 
of these targeted NPs on downstream sign-
aling events.[26,27] These studies are impor-
tant because cell signaling manipulation 
by targeted nanoparticles is recognized 
as a promising therapeutic technique.[28] 
The rationale for using antibody–nanopar-
ticle conjugates rather than freely deliv-
ered antibodies is supported by the fact 
that improvements in therapeutic efficacy 
have been observed for other molecules 
conjugated to or encapsulated within NPs, 
including peptides,[29] small interfering 
RNAs or microRNAs,[30,31] chemothera-
peutics,[32–34] or a combination of these.[26] 
The advantage of using antibodies to 
manipulate cellular signaling rather than 
small molecule inhibitors, gene regulation 
agents, or peptides, is that they offer high 
specificity and stability, and they do not 
require cellular uptake to be effective. The 
findings we report here contribute to an 
exciting new era of investigation regarding 

the use of antibody-functionalized nanoparticles to block 
interactions between cancer cell receptors and their native 
ligands in the tumor microenvironment.

We used NS composed of 120 nm silica cores and 15 nm 
thick gold shells (Figure 2) as the base platform for this work 
because they enable simple gold–thiol bioconjugation chem-
istry to attach targeting ligands,[24,25,35] have proven safety and 
biocompatibility in clinical trials,[36] can be visualized with 
optical imaging modalities to track their cellular binding,[37,38] 
and their size enables many antibodies to be conjugated 
to their surfaces. Additionally, because NS with this core 
diameter:shell thickness ratio maximally absorb near infrared 
light (≈800 nm), which penetrates tissue more deeply than 
other wavelengths of light, their in vivo distribution could 
be tracked with optical imaging modalities in future in vivo 
studies or they could be exploited for secondary treatment 
strategies such as photothermal therapy.[35,39] We coated 
NS with FZD7 antibodies (FZD7-NS) and polyethylene 
glycol (PEG, for stabilization) and investigated their capa-
bilities for Wnt signaling inhibition in an in vitro model of 
TNBC (Figure 2). Our data demonstrate that FZD7-NS can 
selectively bind cells overexpressing FZD7 to enable highly 
specific Wnt signaling inhibition (Figure 3). In the presence 
of the Wnt ligand Wnt3a, treating TNBC cells with FZD7-
NS decreases β-catenin protein levels, ultimately leading to 
a ≈60% decrease in Axin2 mRNA expression compared to 
cells treated with untargeted NS (Figures 4 and 5). This indi-
cates that FZD7-NS competitively bind FZD7 receptors to 
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Figure 2.  A) Silica core/gold shell nanoshells coated with Frizzled7 antibodies (green) and 
poly(ethylene) glycol (maroon) can bind FZD7 receptors multivalently to block extracellular 
Wnt activation by Wnt ligands (red), leading to the subsequent degradation of β-catenin. 
B) Scanning electron microscopy (SEM) image of bare nanoshells showing homogenous 
structure and complete gold shell. Scale bar = 150 nm. C) Plasmon resonant extinction spectra 
of nanoshells with peak absorbance at 830 nm. D) Dynamic light scattering (hydrodynamic 
diameter) and zeta potential measurements of nanoshell formulations.



full papers

1700544  (4 of 10) www.small-journal.com © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

inhibit Wnt signaling. Interestingly, treating TNBC cells with 
≈50-fold excess of free FZD7 antibodies does not result in 
the same level of Wnt inhibition achieved with FZD7-NS, 
indicating that multivalent binding plays an important role 
in signal cascade manipulation. These results support the 

continued development of antibody-functionalized nano
particles for signal cascade interference in aggressive cancers 
that are driven by aberrant Wnt signaling, such as TNBC. 
Further, our results suggest that other researchers should 
carefully investigate the impact that targeted NPs have on 
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Figure 3.  A) Two-photon microscopy showing binding capacity of FZD7-NS and PEG-NS (blue) to MDA-MB-231 and MCF10A cells, which express 
high and low levels of Frizzled7, respectively. Scale bars = 25 µm. B) Effective dissociation constant of FZD7-NS (left) and free FZD7 antibodies 
(right) to MDA-MB-231 cells. Data was fit to a modified Langmuir isotherm model.

Figure 4.  A) Western blotting showing β-catenin expression following treatment with 0, 100, or 125 ng mL−1 Wnt3a for 4 h. B) Representative 
Western blot and C) immunofluoresence analysis showing β-catenin expression in MBA-MB-231 cells following treatment with free FZD7 antibodies, 
FZD7-NS, PEG-NS, or no NS in the presence of 125 ng mL−1 Wnt3a. Scale bar = 50 µm.
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cell signaling, as they may be able to capitalize on multivalent 
binding effects for both signaling inhibition and additional 
therapies facilitated by the design of the nanocarrier. Ulti-
mately, our results suggest that antibody-NP conjugates may 
be useful alternatives to freely delivered antibodies in both 
fundamental biological studies and treatment strategies that 
require efficient signal cascade interference.

2. Results and Discussion

2.1. Nanoshell Characterization

NS composed of silica cores (≈120 nm) and thin gold shells 
(≈15 nm) were synthesized according to previously published 
methods.[40] Scanning electron microscopy (SEM) images 
indicated the NS had a highly monodisperse size distribu-
tion (Figure 2B). UV–vis spectrophotometry revealed the NS 
had a peak plasmon resonance at 830 nm (Figure 2C), which 
is important for their use as contrast agents for multiphoton 
microscopy to assess cellular binding, as described in detail 
later. Note that Figure 2C displays the extinction of NS from 
a single synthesis batch; the peak wavelength varied by several 
nanometers for each batch. For our studies, we developed three 
types of NS formulations: (1) NS coated with FZD7 antibodies 
and methoxy polyethylene glycol-thiol (mPEG-SH) (FZD7-
NS), (2) NS coated with nonspecific IgG antibodies and 
mPEG-SH (IgG-NS), and (3) NS coated with only mPEG-SH 
(PEG-NS). Antibody and mPEG-SH attachment to NS was 
confirmed by dynamic light scattering (DLS), which showed 
increased hydrodynamic diameter and zeta potential upon 
functionalization compared to bare NS (Figure 2D). Further, 
the peak plasmon resonance shifted ≈20 nm following NS func-
tionalization with antibodies, indicating successful conjugation 
(Figure S1, Supporting Information). We conducted solution-
based enzyme linked immunosorbent assays (ELISAs) to 
quantify antibody loading on NS, and NS with loading of at 
least 40 antibodies per NS were used for experiments.

2.2. Analysis of FZD7 Expression in TNBC Cells

We used MBA-MB-231 and BT20 TNBC cells, as well as 
MCF10A noncancerous breast cells, as models for our studies. 
Both MDA-MB-231 and BT20 cells are known to have over-
active Wnt signaling mediated by FZD7 cell surface recep-
tors.[20] We validated the relative FZD7 expression of these 
cells versus MCF10A cells by immunohistochemical (IHC) 
staining and Western blotting (Figure 1C,D). Consistent with 
literature,[20] we found that both MDA-MB-231 and BT20 
cells express high levels of FZD7 relative to MCF10A cells, 
as indicated by the positive red stain in the IHC samples and 
by the amplified band density in Western blot samples.

2.3. Cell Selectivity and Binding Affinity of FZD7-NS  
and Free FZD7 Antibodies

We evaluated the ability of FZD7-NS and nontargeted NS 
to selectively bind TNBC cells using two-photon microscopy 
(TPM), in which NS act as natural contrast agents by emitting 
light in response to a pulsed near infrared laser tuned to the 
peak NS plasmon resonance wavelength.[41] Following a 4 h 
incubation with FZD7-NS, PEG-NS, or no NS, TPM showed 
specific binding of FZD7-NS to TNBC cells but not to healthy 
cells, as indicated by the blue signal (Figure 3A). As expected, 
PEG-NS did not bind either cell type (Figure 3A).

To probe our hypothesis that FZD7-NS would bind 
TNBC cells with higher affinity than free FZD7 antibodies 
due to their multivalency, we employed a modified Langmuir 
isotherm model as described by Puig et al., which describes 
the binding of a free ligand, in this case FZD7-NS or free 
FZD7 antibodies, to an immobilized antigen, such as cells 
fixed to a plate.[42] Using this model, we found an effective 
dissociation constant of 4.83 × 10−10 m for FZD7-NS, and 
1.38 × 10−8 m for free FZD7 antibodies (Figure 3B). The lower 
effective dissociation constant for FZD7-NS compared to 
free FZD7 antibodies indicates that FZD7-NS have ≈100-fold 
increased binding affinity to FZD7 cell surface receptors rel-
ative to freely delivered FZD7 antibodies. The data shown 
in Figure  3B is representative from three individual experi-
ments for both FZD7-NS and free FZD7 antibodies. The 
averaged dissociation constant among all three experiments 
was 4.9 × 10−10 ± 1.73 × 10−10 m and 1.48 × 10−8 ± 1.48 × 10−9 m 
for FZD7-NS and free FZD7 antibodies, respectively. This 
study was critical since minimal research has investigated 
how increased binding affinity from antibody–nanoparticle 
conjugates correlates with oncogenic cell signaling blockade. 
Next, we investigated how this increased binding affinity cor-
relates to Wnt signaling inhibition.

2.4. Wnt Signaling Inhibition Mediated by FZD7-NS

Since FZD7-NS could specifically bind TNBC cells with 
higher affinity than free FZD7 antibodies, we hypothesized 
that they could also manipulate Wnt signaling more effec-
tively than free antibodies. To investigate this, we co-treated 
TNBC cells with either FZD7-NS, free FZD7 antibodies, 
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Figure 5.  qRT-PCR analysis of Axin2 mRNA expression in MDA-MB-
231 and BT20 cells following treatment with free FZD7 antibodies, 
FZD7-NS, PEG-NS, IgG-NS or no NS for 6 h. Cells were in the presence 
of 125 ng mL−1 Wnt3a for the final 4 h of treatment. By one-way ANOVA 
with posthoc Tukey (#) indicates p < 0.05 compared to cells treated with 
PEG-NS, free FZD7, and no NS, and (*) indicates p < 0.05 compared to 
cells treated with IgG-NS or no NS.
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PEG-NS, IgG-NS, or no NS and the extracellular Wnt ligand 
Wnt3a. Overactive Wnt signaling is often due to extracel-
lular Wnt proteins, particularly Wnt3a, that are available to 
bind overexpressed FZD7 receptors on TNBC cells.[19,20] 
We determined the optimal concentration of Wnt3a to acti-
vate Wnt signaling by analyzing β-catenin expression in cells 
exposed to various concentrations of Wnt3a (Figure 4A) 
and found that β-catenin levels are maximized in MDA-
MB-231 cells treated with at least 125 ng mL−1 Wnt3a. Since 
Wnt3a activates Wnt signaling through FZD7 receptors, we 
hypothesized that FZD7-NS would competitively bind FZD7 
receptors in place of Wnt3a ligands to block Wnt stimula-
tion and ultimately reduce β-catenin and Axin2 expression 
levels. Further, we expected FZD7-NS to be more effective at 
inhibiting Wnt signaling compared to free FZD7 antibodies, 
due to their enhanced binding affinity. As mentioned above, 
we treated MDA-MB-231 cells with FZD7-NS, PEG-NS, 
IgG-NS, free FZD7 antibodies, or no NS for 6 h and added 
125 ng mL−1 Wnt3a for the final 4 h of the incubation to  
competitively bind FZD7 receptors. Importantly, free FZD7 
antibodies were added to cells at 50 µg mL−1, which is 
≈50-fold more antibody than in cells treated with FZD7-NS. 
Western blotting revealed that cells treated with FZD7-NS 
had lower β-catenin protein levels than cells treated with 
free FZD7 antibodies (representative Western blot shown 
in Figure 4B). Comparing band densities from cells treated 
with IgG-NS relative to cells treated with PEG-NS revealed 
that both control NS types do not influence β-catenin levels 
to the same extent as FZD7-NS (Figure S2, Supporting 
Information).

The impact that FZD7-NS have on β-catenin levels was 
confirmed by immunofluoresence staining, which showed 
lower cytoplasmic and nuclear levels in cells treated with 
FZD7-NS compared to free antibody, PEG-NS, or no NS 
(Figure 4C). In this data, β-catenin was stained green with 
Alexa Fluor 488-conjugated secondary antibodies that 
bound to anti-β-catenin primary antibodies and nuclei were 
stained blue with 4′,6-diamidino-2-phenylindole (DAPI). 
The images shown represent the average β-catenin nuclear 
fluorescence intensity in each treatment group from three 
individual experiments as quantified using ImageJ software 
(detailed analysis provided in the Experimental section). In 
these experiments, cells treated with free FZD7 antibodies 
were exposed to 50 µg mL−1 antibody, which is ≈50× excess 
antibody compared to cells treated with FZD7-NS, demon-
strating that multivalency plays a critical role in nanopar-
ticle-mediated signal cascade interference. Interestingly, both 
immunofluorescence staining and Western blotting dem-
onstrate that cells treated with PEG-NS may experience a 
modest effect on β-catenin levels compared to no NS. This 
indicates that NS alone may have an effect on Wnt signaling 
at the concentrations used in these experiments, although not 
to the same extent achieved when the NS are coated with 
FZD7 antibodies. This is not surprising given that NPs can 
inherently influence cell signaling processes.[43,44] Regard-
less, the anti-FZD7 functionalization enables FZD7-NS to 
specifically bind TNBC cells overexpressing FZD7 receptors 
and results in greater knockdown of β-catenin than PEG-NS, 
ensuring that the effect is FZD7/Wnt-specific.

To confirm that FZD7-NS directly inhibit Wnt sign-
aling specifically, we also investigated the effect of treating 
MDA-MB-231 and BT20 cells with FZD7-NS, IgG-NS, 
PEG-NS, or free FZD7 antibodies on the universal down-
stream Wnt target Axin2. The expression of Axin2 is often 
measured to assess activation or depletion of Wnt activity, 
as this avoids common experimental issues when studying 
β-catenin.[45] Accordingly, Axin2 is considered the defini-
tive marker of Wnt signaling activity. In TNBC cells, Axin2 
expression is upregulated compared to healthy cells, par-
ticularly when activated by Wnt3a; in our studies, treatment 
with 125 ng mL−1 Wnt3a resulted in an 8.2-fold increase in 
Axin2 expression (Figure  S3, Supporting Information).[45] 
We found that both TNBC cell lines that were co-treated 
with FZD7-NS and Wnt3a experienced a ≈60% decrease in 
Axin2 mRNA expression compared to untreated cells, indi-
cating significant downstream Wnt inhibition (Figure 5,* and 
# indicate p < 0.05 by ANOVA with posthoc Tukey, n = 3). 
Cells treated with free FZD7 antibodies (at ≈50× excess anti-
bodies), IgG-NS, or PEG-NS experienced minimal effects on 
Axin2 mRNA expression relative to untreated cells.

Lastly, we investigated how inhibited Wnt signaling 
influences cell viability by treating MDA-MB-231 cells 
with FZD7-NS, IgG-NS, PEG-NS, or no NS and Wnt3a. We 
assessed cell viability using an Alamar blue assay, which 
measures the cells’ metabolic activity. Since Wnt signaling is 
critical for TNBC cell proliferation and disease progression, 
we anticipated that FZD7-NS would decrease cell viability 
by blocking Wnt signaling activation. After a 16 h incuba-
tion with each treatment group, we found that FZD7-NS 
decreased cell viability ≈25% relative to controls (Figure 6), 
which is substantial given that 16 h is less than one doubling 
time for the cell lines evaluated. We did not see significant 
decreases in cell viability in any control groups, including 
cells treated with an excess of free FZD7 antibodies, which 
indicates that nanoparticle multivalency is playing a critical 
role for Wnt signaling inhibition and cell growth.

In summary, we developed and evaluated FZD7-NS to 
demonstrate that antibodies conjugated to the surface of 

small 2017, 1700544

www.advancedsciencenews.com

Figure 6.  Cell viability analysis 16 h post-treatment with FZD-NS, IgG-
NS, PEG-NS, free FZD7 antibodies, or no NS. (#) p < 0.05 compared to 
cells treated with IgG-NS, PEG-NS, free FZD7 antibodies, or no NS. (*) 
p < 0.05 compared to cells treated with IgG-NS, PEG-NS, and no NS by 
one way ANOVA with post hoc Tukey.
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NS can exploit the multivalent binding effects afforded by 
nanocarriers relative to free antibodies in order to potently 
manipulate downstream gene expression. The ability to 
inhibit oncogenic signaling cascades, such as Wnt signaling, 
with ligand-targeted NPs is an underexplored area in the 
field of nanomedicine. Our data indicate that using targeted 
NPs to block native ligands from binding their intended 
receptors has substantial promise as a therapeutic strategy. 
Further, we show that using nanocarriers as delivery agents 
leads to enhanced signaling impacts with lower doses com-
pared to free antibody delivery. These findings support fur-
ther development of NPs functionalized with ligands that 
elicit known cell signaling responses to improve upon their 
therapeutic capabilities. The success of many antibody thera-
pies used clinically to treat cancer is limited by high required 
dosages, which make treatment expensive and may lead to 
adverse side effects. As demonstrated here, antibodies con-
jugated to nanoparticles may lead to lower required dosages 
and therefore fewer side effects than freely delivered anti-
bodies. Ultimately, this approach may be applied to a wide 
range of NP cores functionalized with various antagonistic 
antibodies to enhance disease management.

3. Conclusions

NS coated with FZD7 antibodies and mPEG-SH to study the 
effects of nanoparticle multivalency on signal cascade inter-
ference to antagonize the Wnt signaling pathway is demon-
strated. We show that FZD7-NS bind TNBC cells sufficiently 
to reduce β-catenin and Axin2 expression, as evidenced by 
immunofluorescence staining, Western blotting, and qRT-PCR. 
More specifically, cells treated with FZD7-NS in the presence 
of 125 ng mL−1 Wnt3a experienced ≈60% decrease in Axin2 
expression relative to untreated cells, indicating significant 
inhibition of the Wnt signaling pathway. This inhibited Wnt 
signaling resulted in ≈25% decrease in cell viability only 16 h 
post treatment with FZD7-NS. Excitingly, the Wnt inhibitory 
effects of FZD7-NS were much greater than those observed 
when cells were treated with 50-fold more free FZD7 anti-
bodies. We attribute the enhanced Wnt inhibitory effects of 
FZD7-NS relative to free FZD7 antibodies to their multiva-
lency, as we found that FZD7-NS bind TNBC cells with effec-
tive binding affinities two orders of magnitude higher than free 
FZD7 antibodies. Together, these results indicate that binding 
affinity correlates to enhanced signaling inhibition and thera-
peutic effects, and that antibody-NP conjugates may overcome 
the dose limitations of free antibody therapeutics. Future in 
vivo studies will need to be performed to validate the thera-
peutic implications of multivalent binding in a complex bio-
logical system, and additional studies that investigate the role 
of nanoparticle size in the ability to suppress oncogenic sign-
aling with antibody-NP conjugates would provide important 
insight to structure/function relationships of these nanomate-
rials. As our studies demonstrate that antibody-NP conjugates 
offer substantial benefits over freely delivered antibodies, this 
work supports further development of functionalized NPs to 
actively target diseased cells and to control aberrant signaling 
pathways implicated in disease progression.

4. Experimental Section

Nanoshell Synthesis and Antibody Functionalization: 
Nanoshells with 120 nm diameter spherical silica cores and 
≈15 nm thick gold shells were synthesized by the method of 
Oldenburg et al. as previously described.[40] Briefly, colloidal gold 
(≈2–3 nm) prepared according to Duff et al.[46] was combined 
with silica cores coated with 3-aminopropyltriethoxysilane 
(Nanocomposix) and reacted for 3 d at room temperature. Unbound 
colloidal gold was removed by centrifugation (2800 rpm, 25 min) 
and additional gold was reduced with formaldehyde onto the gold 
nucleation sites on the silica cores to form complete gold shells.

To conjugate either rabbit anti-human FZD7 (Pierce) or mouse-
anti-human IgG (Rockland) antibodies to NS, anti-FZD7 or anti-IgG 
were linked to 2 kDa orthopyridyl disulfide-polyethylene glycol-
succinimidyl valerate (OPSS-PEG-SVA, Laysan Bio) in sodium 
bicarbonate. Nine parts OPSS-PEG-SVA were reacted with 1 part 
antibody at a 2:1 PEG-to-antibody molar ratio overnight at 4 °C to 
form OPSS-PEG-FZD7 or OPSS-PEG-IgG. Then, the PEGylated anti-
bodies were purified by dialysis using microdialysis devices with a 
10 kDa molecular weight cutoff (Spectrum Labs). Antibodies were 
purified against 1× phosphate buffered saline (PBS) at 4 °C, and 
the dialysis buffer was changed three times before collecting the 
antibodies from the devices. Finally, OPSS-PEG-FZD7 or OPSS-PEG-
IgG was added to NS suspended in purified water at 1250 mol-
ecules per NS and reacted for 4 h at 4 °C. To enhance NS stability 
and eliminate nonspecific protein adsorption, 5 kDa methoxy 
polyethylene glycol-thiol (mPEG-SH, Laysan Bio) was added to the 
NS solutions to a final concentration of 2.5 × 10−6  m and reacted 
overnight at 4 °C. Control NS were coated only with 5 kDa mPEG-
SH. Lastly, NS were purified via centrifugation (1500 g, 10 min) to 
remove unbound molecules with the supernatant. Purified PEG-NS, 
FZD7-NS, or IgG-NS were stored at 4 °C in purified water until use.

Nanoshell Characterization: Bare NS, PEG-NS, IgG-NS, and 
FZD7-NS were characterized by UV–vis spectrophotometry (Cary60, 
Agilent), scanning electron microscopy (Hitachi S4700), and DLS 
and/or zeta potential measurements (ZetaSizer NanoZS, Malvern). 
For UV–vis spectrophotometry, the authors first determined the 
baseline by scanning water in a disposable cuvette. Then, NS were 
diluted in water in disposable cuvettes, read on the spectropho-
tometer (from 1100 to 400 nm, 2400 nm min−1 scan speed), and 
NS concentration was determined using the peak absorbance as 
determined by spectrophotometry and Beer’s law. Similar sample 
preparations were completed for dynamic light scattering and zeta 
potential measurements. NS samples for SEM were prepared by first 
diluting NS in ethanol and then drying samples directly onto SEM 
sample holders prior to imaging. Conjugation of anti-FZD7 or anti-
IgG to NS was confirmed by a solution-based ELISA as the authors 
previously described.[35] Briefly, FZD7-NS, IgG-NS, or PEG-NS were 
incubated with 10 µg mL−1 horseradish peroxidase (HRP)-conju-
gated anti-rabbit IgG (HRP-AR, KPL) for 1 h at room temperature. 
Samples were pelleted by centrifugation (500 g, 5 min, thrice) to 
remove unbound secondary antibodies in the supernatant and then 
suspended in 3% bovine serum albumin in PBS (PBSA). Samples 
were developed in 3,3′,5,5′-tetramethylbenzidine (TMB, Sigma-
Aldrich) for 15 min and then sulfuric acid was added to stop the 
reaction. Absorbance at 450 nm was measured on a Cary60 spectro-
photometer and compared to a standard curve of known HRP con-
centration to calculate the number of FZD7 or IgG antibodies per NS.
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Cell Culture: MDA-MB-231 and BT20 TNBC cells were pur-
chased from American Type Culture Collection (ATCC) and cultured 
in Dulbecco’s Modified Eagle Medium (DMEM) or Eagle’s Minimum 
Essential Medium (EMEM), respectively, each supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin–streptomycin 
(Life Technologies). Noncancerous MCF-10A breast epithelial cells 
were kindly provided by Dr. Kenneth Van Golen and were cultured 
in a 50:50 DMEM and F12 base medium supplemented with 5% 
FBS, 10 µg mL−1 insulin, 0.5 µg mL−1 hydrocortisone, 50 µg mL−1 
bovine pituitary extract, 20 ng mL−1 epidermal growth factor, and 
100 ng mL−1 cholera toxin. Cells were cultured in T25 or T75 cell 
culture flasks and incubated at 37 °C in a 5% CO2 environment.

Immunohistochemical Staining of FZD7: MDA-MB-231, BT20, 
and MCF-10A cells were detached from cell culture flasks with 
trypsin-ethylenediaminetetraacetic acid (EDTA), plated in 24-well 
plates at 40 000 cells per well, and incubated overnight. Then, cells 
were fixed with 4% formaldehyde and rinsed 3× with PBS. Endog-
enous peroxidases were blocked with 3% hydrogen peroxide for 
10 min and nonspecific protein interactions were blocked with 3% 
PBSA for 60 min. Mouse anti-human FZD7 antibodies (LifeSpan 
Biosciences) diluted in PBSA to 5 µg mL−1 were added to each well 
and samples incubated overnight at 4 °C. Anti-FZD7 antibodies were 
removed, samples were rinsed 3× in PBS, and then HRP-anti-mouse 
IgG (Sigma-Aldrich) diluted to 3 µg mL−1 was added for 60 min at 
room temperature. Samples were rinsed 3× in PBS and 3-amino-
9-ethylcarbazole (Sigma-Aldrich) was added for 20 min to stain 
bound HRP secondary antibodies. To stop the reaction, samples 
were rinsed with PBS. Stained cells were imaged on a Zeiss Axioo-
bserver Z1 inverted fluorescence microscope using bright-field light 
capabilities and a color camera. This same microscope was used 
to image samples for all experiments except where indicated. IHC 
experiments were conducted at least three times, and a minimum of 
three images were acquired per treatment group in each experiment.

Specific Binding of FZD7-NS to TNBC Cells: MDA-MB-231 and 
MCF-10A cells were detached from culture flasks with trypsin-
EDTA, seeded at 100 000 cells per well in 8-well chambered cover-
glass and incubated overnight. Cells were treated with FZD7-NS or 
PEG-NS at 8.2 × 109 NS mL−1 (corresponding to an optical density 
(OD) of 3 at 800 nm), or with no NS, in complete media for 4 h at 
37 °C and then rinsed 3× with PBS to remove unbound NS. Cells 
were then fixed with 4% formaldehyde and imaged with a Zeiss 
LSM 510 NLO multiphoton microscope equipped with a pulsed 
TI:sapphire laser. The laser was tuned to the peak resonance wave-
length of the NS (which was ≈830 nm but varied by experiment 
since different NS batches have different resonance wavelengths), 
and cells were imaged with a 20× objective in combination with a 
long pass dichroic mirror. This experiment was repeated at least 
three times for each combination of cell type and nanoparticle 
type, and the sample wells were imaged in at least three locations.

Binding Affinity of FZD7-NS and Free FZD7: MDA-MB-231 cells 
were seeded at 15 000 cells per well in 96 well plates. Following 
overnight incubation, cells were fixed with 4% formaldehyde and 
rinsed with 1× PBS. Cells were treated with 3% hydrogen peroxide 
for 10 min, followed by 3% PBSA for 2 h. FZD7-NS (0–7.36 × 10−9 × m 
antibody) or free FZD7 solutions (0–133.3 × 10−9 × m) were pre-
pared in ultrapure water and were added to cells and incubated 
at room temperature for 1.5 h. Samples were then washed 3× with 
1% PBSA with 0.01% Tween-20 (PBST) for 10 min each, and 
2.5 µg mL−1 HRP-anti-rabbit secondary antibodies (400× dilution) 

were added for 1 h. After washing 3× with PBST for 15 min each, 
samples were developed in 3,3′,5,5′-TMB (Sigma-Aldrich) and then 
sulfuric acid was added to stop the reaction. Absorbance at 450 nm 
was measured on a Cary60 spectrophotometer and plotted versus 
FZD7 antibody concentration. Data was fit to a modified Langmuir 
isotherm model as described by Puig et al.[42] to find the effective  

dissociation constant using the equation 
K

OD Ab
Ab
conc

D
eff

conc
=

+
. In this 

equation, Abconc is the concentration of antibody added to cells 
and KD

eff is the effective dissociation constant. Further, OD is optical 
density at each antibody concentration normalized according to 

the equation OD
OD OD
OD OD

raw back

high back
= −

− , where ODraw is the initial optical  

density reading prior to any calculations, ODback is the optical den-
sity of background signal (cells treated with no primary antibody 
and treated with secondary antibody), and ODhigh is the optical 
density of the highest (saturated) signal. Binding affinity experi-
ments were conducted with at least two replicates per antibody 
concentration, and the experiments were conducted three times.

Immunofluorescence Staining for β-Catenin Expression: MDA-
MB-231 cells were seeded at 30 000 cells per well in 8-well cham-
bered coverglass, incubated overnight, and serum starved for 
24 h. Then, cells were treated with FZD7-NS or PEG-NS at a den-
sity of 2.7 × 1010 NS mL−1, or 50 µg mL−1 free FZD7 antibodies 
for 6 h in serum free media. Wnt3a (125 ng mL−1) was added for 
the final 4 h of the treatment period. Control samples received 
no NS. Cells were rinsed 3× with PBS to remove unbound nano-
particles, fixed with 4% formaldehyde, and permeabilized with 
0.5% Triton-X in PBSA for 10 min. Next, samples were blocked 
with 10% PBSA for 30 min. Mouse anti-human β-catenin anti-
body (Santa Cruz) diluted to 2 µg mL−1 in PBST was incubated 
with cells overnight at 4 °C. Samples were washed 3× with PBSA 
and incubated with AlexaFluor 488-conjugated goat anti-mouse 
IgG (ThermoFisher Scientific) diluted to 2 µg mL−1 in PBST for 1 h 
at room temperature. Slides were mounted with Vectashield Anti-
fade Mounting Medium with DAPI (VWR) and imaged under fluo-
rescence microscopy on a Zeiss Axioobserver Z1 microscope with 
the EGFP (ex. 488 nm, em. 509 nm) and DAPI filter sets. β-catenin 
nuclear signal intensity was quantified in ImageJ software. First, 
the nuclear and β-catenin channels were split. A threshold was 
applied to the nuclear channel to define individual nuclei as 
regions of interest (ROIs). Then, the average nuclear intensity was 
analyzed in the β-catenin channel using the ROIs defined by the 
nuclear threshold. The images shown represent the mean fluores-
cence intensity across three replicates for each treatment group 
with three or five images acquired in each well. Although the exact 
number of cells in each field of view varied, the authors imaged at 
least 400 cells per treatment group in each experiment.

Western Blot Analysis for β-Catenin or Frizzled7 Expression: 
Cells were lysed in RIPA buffer (Amersco) supplemented with Halt 
Protease Inhibitory Cocktail (Life Technologies) per the manufac-
turer’s instructions. Lysate from untreated MDA-MB-231, BT20, and 
MCF-10A cells was used to assess baseline Frizzled7 expression. 
To assess β-catenin expression, MDA-MB-231 or BT20 cells were 
seeded at 50 000 cells per well in 24 well plates, incubated over-
night, and serum starved for 24 h. Cells were treated in an identical 
manner as described for immunofluorescence staining experiments, 
and at least three experimental replicates were completed. Following 
the 6 h incubation, cells were washed 1× with PBS and lysed in RIPA 
buffer (Amresco) supplemented with Halt Protease Inhibitor Cocktail 
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(Life Technologies) per the manufacturer’s instructions. Protein 
concentration was determined using a DC Protein Assay (BioRad). 
10 µg of protein was separated on 8% Bis–tris gels at 165 V for 
35 min. Then, the protein was transferred to nitrocellulose mem-
branes for 12.5 min using the Pierce Power System (Thermo Scien-
tific). Membranes were blocked for 90 min in tris buffered saline 
with 0.1% Tween-20 (TBST) and 5% BSA and then incubated with 
mouse anti-human β-catenin antibodies (Santa Cruz) diluted to  
0.4 µg mL−1 (1:500) or mouse anti-human Frizzled7 antibodies 
(Santa Cruz) diluted to 0.5 µg mL−1, in TBST with 5% BSA overnight 
at 4 °C. Mouse anti-human β-actin diluted to 0.2 µg mL−1 (1:5000) 
was used as the normalization control. After overnight incubation, 
membranes were washed 3× in TBST and incubated with HRP-anti-
mouse IgG (Santa Cruz) diluted to 0.02 µg mL−1 (1:5000) in TBST 
with 5% BSA for 1 h at room temperature. Membranes were washed 
3× in TBST, followed by 1× in TBS (without Tween-20) and protein 
bands were visualized using an Amersham enhanced chemilu-
minescence detection solution (GE Healthcare). For the Frizzled7 
Western blot, membranes were incubated with stripping buffer 
(Amresco) for 30 min and rinsed 3× with TBST prior to incubation 
with the β-actin antibodies. In these experiments, the band densi-
ties were quantified in ImageJ, and the blot shown represents the 
average band density across experiments.

qRT–PCR Analysis for Axin2 mRNA Expression: MDA-MB-231 
or BT20 cells were treated with free FZD7 antibodies, FZD7-NS, 
PEG-NS, IgG-NS, or no NS in an identical manner to immunofluo-
rescence experiments. Following the 6 h incubation, total RNA was 
extracted using the Isolate II RNA Mini Kit (Bioline) per manufac-
turer instructions. PCR reactions were performed using the Sensi-
FAST SYBR No-ROX One-Step Kit (Bioline). Reactions pre-incubated 
for 20 min at 48 °C and then for 10 min at 95 °C followed by 40 
cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 20 s (Roche 
LightCycler 96). The primer sequences (Life Technologies) used 
for qRT-PCR were: (1) GAPDH Forward: ACAGTCAGCCGCATCTTCTT, 
(2) GAPDH Reverse: ACGACCAAATCCGTTGACTC, (3) Axin2 Forward: 
TTATGCTTTGCACTACGTCCCTCCA, (4) Axin2 Reverse: CGCAACATG-
GTCAACCCTCAGAC. The Delta-Delta Ct method was used to calcu-
late relative Axin2 mRNA expression, and the data shown are the 
means ± standard deviations of triplicate experiments. Data was 
analyzed by ANOVA with posthoc Tukey.

Analysis of Cellular Metabolic Activity: MDA-MB-231 or BT20 
cells were treated with free FZD7 antibodies, FZD7-NS, PEG-NS, 
IgG-NS, or no NS in an identical manner to immunofluorescence 
experiments. After 16 h incubation, the NS and Wnt3a-containing 
media was replaced with AlamarBlue reagent (Thermo Fisher) per 
manufacturer instructions. After 4 h, the samples’ fluorescence 
was read on a Hybrid Synergy H1M plate reader, and data was nor-
malized to untreated controls for each cell line. The data shown are 
the means ± standard deviations of three individual experiments, 
each with three wells that were treated as biological replicates. The 
data was analyzed by one-way ANOVA with posthoc Tukey–Kramer.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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