
Conjugation of Antibodies and siRNA Duplexes to Polymer
Nanoparticles via Maleimide−Thiol Chemistry
Elise C. Hoover, Chitran Roy Chowdhury, Olivia M. Ruggiero, and Emily S. Day*

Cite This: https://doi.org/10.1021/acsomega.4c07025 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Polymeric nanoparticles (NPs) have shown great promise as
highly modifiable platforms that can be applied across many different
disease states. They are advantageous because they can encapsulate a range
of hydrophobic and hydrophilic cargoes while having customizable surface
properties. Depending on the desired biointerfacing capabilities, the surface
of polymeric NPs can be modified with moieties, such as antibodies,
peptides, nucleic acids, and more. The work presented here is intended to
provide mechanistic insight into how different parameters influence the
loading of antibodies, small interfering ribonucleic acids (siRNAs), or both
on the surface of poly(lactic-co-glycolic acid) (PLGA) NPs via maleimide−
thiol chemistry. Some of the conjugation parameters investigated include
the buffer concentration, maleimide to protein ratio, and the addition of an excipient such as Tween-20. Through variation in the
concentration of FZD7 antibodies added to the reaction mixture, we established tunable conjugation and found the upper limit of
their loading density under the conditions tested. We also confirmed antibody conjugation through two different mechanisms: via a
thiol-modified antibody or a thiol-modified poly(ethylene glycol) (PEG) linker. Conjugation of thiolated siRNA duplexes targeting
β-catenin was also investigated through variations in both Tween-20 concentration and CaCl2 buffer concentration. Finally, the
coconjugation of both antibodies and siRNA duplexes was explored. Overall, this work outlines a basis for tunable biomolecule
loading on polymer NPs using maleimide−thiol chemistry and reveals the incredible versatility of polymer NP platforms.

■ INTRODUCTION
Interest in using nanosized conjugates as novel therapeutics
has rapidly grown over the last few decades. Polymeric
nanoparticles (NPs) in particular have shown great promise as
highly modifiable platforms that can be applied across many
different disease states. Polymer NPs loaded with cargos have a
wide variety of advantages over nonencapsulated cargos,
including longer circulation time, tunable size and charge,
and adjustable release kinetics.1−3 Polymeric NPs are also
advantageous because they can encapsulate a range of
hydrophobic4 and hydrophilic5,6 cargos while having highly
customizable surface properties.2,7 Depending on the desired
biointerfacing capabilities, the surface of polymeric NPs can be
modified with moieties, such as antibodies, peptides, nucleic
acids, and more.8−11 Possible cargos to be encapsulated within
the NPs include small molecule drugs, nucleic acids,
fluorescent dyes, and other contrast agents.12−14 There are
many options for polymer materials, including poly(D,L-lactic-
co-glycolic acid) (PLGA), polyethylenimine (PEI), and
polylactic acid (PLA).15,16 This work focuses on PLGA
because it is an FDA-approved, biocompatible, and biodegrad-
able material that has already shown success in clinical
trials.1,15,17

Due to their versatility, polymer NPs can be used to treat a
range of diseases such as arthritis, cancers, neurodegenerative
diseases, and a variety of women’s health issues including

endometriosis, vaginal infections, and pregnancy disor-
ders.18−22 For cancers in particular, NPs comprised of various
materials have shown great promise to provide more efficient
and targeted delivery of both therapeutic and diagnostic
agents.21,23 Many types of cancers such as triple-negative breast
cancer (TNBC), pancreatic cancer, and cervical cancer require
novel targeting approaches because the diseased cells lack
expression of common markers that are exploited by the
current standards of care in the clinic.24−26 Improved targeting
can be achieved through a variety of methods, including
antibodies, cell membrane coatings, peptides, and more.8,27,28

To use moieties such as antibodies or peptides for receptor-
mediated targeting, the molecules need to be conjugated to or
otherwise incorporated into the NP surface in a manner that
will allow for optimum interactions with cell surfaces and
maximal cell binding and uptake. Depending on the desired
target, there may be an optimal surface density of the targeting
ligand to achieve the greatest level of uptake and/or
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therapeutic effect that may not correlate to the maximum
number of moieties attached to the NP surface.9,29 Therefore,
the ability to tune the surface loading of these molecules is vital
when designing targeted NP platforms.

Other surface modifications often used with polymer NPs
include the conjugation of poly(ethylene glycol) (PEG),
oligonucleotides, fluorophores, and more. Oligonucleotides in
particular are one of the most investigated NP cargos due to
the vast promise of gene regulation and the potential for
nanoconjugation/encapsulation of nucleic acids to avoid the
high levels of enzymatic degradation, phagocytic clearance, and
inefficient endosomal escape seen with freely delivered nucleic
acids.6,30 When they are incorporated into an NP structure,
either through encapsulation or conjugation, nucleic acids
exhibit lower clearance levels and more efficient delivery to
disease sites.31,32

The conjugation of these various molecules can be complex,
with a variety of parameters to consider, therefore necessitating
further investigation into the fundamental properties driving
these reactions. These conjugations can occur via multiple
different chemistries, including carbodiimide, click chemistry,
maleimide−thiol, and many more. Maleimide chemistry in
particular is favorable due to its highly reactive nature under
simple conditions such as room temperature and aqueous
buffers, formation of stable bonds, and the wide availability of
thiols on DNA strands, peptides, and proteins (Scheme
1).33−36 While the stability of maleimide−thiol conjugates has
been debated due to the potential for maleimide ring opening
via hydrolysis, it has also shown greater bonding strength and
stability when compared to conjugation via surface adsorption
or carbodiimide reactions.37,38 If desired, the maleimide
conjugation can be further stabilized through the use of an
N-aryl maleimide,39 incorporating a leaving group into the
maleimide scaffold,40 or adjustments of the binding site to
prevent the hydrolysis exchange reaction.41,42

The work outlined here is intended to provide mechanistic
insight into the optimal conditions for conjugating antibodies,
small interfering ribonucleic acids (siRNAs), or both to the
surface of PLGA NPs via maleimide−thiol chemistry. Some of
the conjugation parameters investigated include buffer

concentration, maleimide to protein ratio, and the addition
of an excipient such as Tween-20. CaCl2 is investigated as an
alternative buffer to the conventionally used NaCl solutions
due to previous studies, indicating enhanced levels of
endosomal escape and subsequently more efficient siRNA
delivery when siRNA-NP conjugates are prepared in CaCl2
buffer.43,44 This improved delivery is attributed to greater
association of divalent calcium ions with the nucleic acids on
the NP surface, which are released from the NPs within
endosomes following cellular uptake, thereby inducing a
“proton sponge effect” resulting in endosomal destabilization
and improved siRNA delivery to the cytosol.45,46 Based on
these prior findings, we wanted to investigate if the use of
CaCl2 buffer impacts siRNA or antibody loading efficiency on
polymer NPs.

To investigate the various conjugation parameters outlined
above, we developed an NP platform designed to target and
treat TNBC. As stated earlier, TNBC lacks many of the
common clinical markers used to target other forms of cancer.
Therefore, new alternative targets need to be used to develop
more effective treatments for TNBC. One of these potential
targets is the Frizzled7 (FZD7) receptor, which is a key
receptor in the Wnt developmental signaling pathway. Cancers
that display aberrant Wnt signaling (and overexpressed FZD7)
tend to be more aggressive and metastatic with higher levels of
recurrence.47,48 FZD7 is upregulated in TNBC cell lines when
compared to non-TNBC cells, making it a promising target to
specifically treat TNBC.49,50 Previous studies have also shown
that inhibiting or blocking FZD7 in TNBC cells significantly
inhibits cell growth and reduces cell invasion and migra-
tion.49,51,52 The targeting of FZD7 receptors via an antibody-
conjugated NP therefore has the potential to both improve
specific delivery to TNBC cells as well as inhibit the TNBC
cells’ oncogenic properties.

In addition to FZD7 receptors, the intracellular protein β-
catenin is another appealing target due to its role as one of the
key mediators in the Wnt signaling cascade. β-catenin is
directly involved in progressing tumorigenesis through its
interactions in the nucleus that activate Wnt oncogenes.53,54

Unfortunately, β-catenin is considered to be “undruggable” due

Scheme 1. Polymer NPs Modified with a Maleimide Binding Site Offer a Wide Variety of Options for Potential Cargos to be
Conjugated to the Surface via Maleimide-Thiol Chemistry
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to its lack of binding sites for small molecules and limited
enzymatic activity.55 While this makes it unsusceptible to many
traditional strategies used to target intracellular proteins, it is a
promising target for siRNA.56 Furthermore, because Wnt
signaling enhances drug resistance in cancer cells, its selective
inhibition has the potential to enhance the effects of a
codelivered therapeutic cargo, making this approach highly
desirable as a multifaceted treatment.57,58 In summary, this
work investigates the influence of various reaction conditions
on the loading of anti-FZD7 antibodies, siRNAs targeting β-
catenin (siβcat), or both on PLGA NPs, thereby demonstrat-
ing the highly tunable nature of polymer NP bioconjugates for
biomedical applications.

■ RESULTS AND DISCUSSION
Characterization of Modified Antibodies. The anti-

bodies used for conjugation were modified through either
treatment with 100X tris(2-carboxyethyl) phosphine hydro-
chloride (TCEP) to reduce disulfide groups in the antibody
structure and create free thiols or through the addition of a 5
kDa orthopyridyl disulfide-PEG-succinimidyl valerate (OPSS-
PEG-SVA) linker (Figure S1). Ellman’s assay was used to
validate thiolation following incubation with TCEP of both a
generic IgG antibody (IgG-SH) and the anti-FZD7 antibody
(FZD7-SH). Quantification of free thiols present on the
TCEP-modified antibodies indicated ∼4 free thiols per
antibody for both the control IgG-SH and the target FZD7-
SH, while unmodified antibodies did not indicate any presence
of free thiols (Figure 1a). Further characterization of the
modified antibodies was performed via sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and an
enzyme-linked immunosorbent assay (ELISA). SDS-PAGE
confirmed that the anti-FZD7 antibody modified with the
OPSS-PEG-SVA linker (FZD7-linker) maintained a similar
molecular weight to the unmodified antibody (Figure 1b). By
comparison, the FZD7-SH appears to be slightly lower in
molecular weight than the unmodified antibodies, likely due to
some loss of the light chain, as indicated by the faint band
present around 27 kDa. To confirm the ability of the modified
antibodies to bind to their target cells, an ELISA was used to
quantify binding avidity when compared to unmodified anti-
FZD7 antibodies (Figure 1c). These results indicated a ∼1.5×
higher level of binding to MDA-MB-231 human TNBC cells
for the FZD7-SH antibodies and comparable binding for the
FZD7-linker antibodies with a relative avidity of 0.84.
Synthesis of NPs and Conjugation with Antibodies.

The NPs used for conjugation were synthesized using a single
emulsion oil-in-water protocol (Figure S2a). Briefly, poly-
(lactide-co-glycolic acid)−poly(ethylene glycol)−maleimide
(PLGA−PEG−Mal) dissolved in dichloromethane (DCM)
was added to 0.25% poly(vinyl alcohol) (PVA) in a 1:3
volumetric ratio and probe sonicated on ice. This emulsion was
stirred for 4 h allowing for the organic solvent to evaporate.
Following solvent evaporation, the NPs were purified via
centrifugal filtration. The PVA concentration was chosen based
on analysis of varying concentrations, where the 0.25%
concentration gave the smallest and most consistent NPs
with a diameter of ∼135 nm as measured by nanoparticle
tracking analysis (NTA) (Figure S2b).

Following optimization of the NP synthesis, FZD7-SH or
FZD7-linker antibodies were conjugated to the NP surface
using maleimide−thiol chemistry in either a 2 mM ethyl-
enediaminetetraacetic acid (EDTA) buffer or 100 mM CaCl2

buffer (Figure 2a). The buffer containing 2 mM EDTA was
selected for evaluation because EDTA is often used for
maleimide−thiol reactions due to EDTA’s ability to prevent
oxidation of free thiols by chelating stray divalent metals.59−61

The CaCl2 buffer was also chosen for investigation as an
alternative salt buffer that is more translatable to interactions
with nucleic acids, lending itself to the conjugation of both
antibodies and nucleic acids on the NP surface.43,62 We also
tested two different initial loading conditions (“Low” or
“High”) to determine their influence on the final antibody
loading density. The “High” condition was chosen as a
maximum saturation of the NP surface based on previous
studies using NPs synthesized in the same manner, while the
“Low” condition was chosen to use a 3-fold lower level of
antibodies as an example of tunability.63 The loading
conditions were controlled by changing the number of
antibodies added to the initial conjugation reaction, where
the Low and High loading conditions correspond to an initial
condition of either 1,000 or 3,000 antibodies per NP,
respectively. Based on maleimide content available on the
NP surface, the Low loading condition yields a maleimide:anti-
body ratio of 16:1, while the High loading condition yields a
5:1 ratio. Loading ratios using maleimide−thiol chemistry
typically range from 2:1 to 20:1, depending on solution
conditions.37,61

Figure 1. Characterization of modified antibodies. (a) Quantification
of free thiols present in antibodies treated with TCEP via Ellman’s
assay (n = 3). Data are the mean ± standard deviation. (b) SDS-
PAGE of unmodified anti-FZD7 antibodies, anti-FZD7 antibodies
treated with TCEP (i.e., FZD7-SH), and anti-FZD7 antibodies
conjugated to an OPSS-PEG-SVA linker (i.e., FZD7-linker). (c)
Quantification of antibody binding avidity to MDA-MB-231 cells
using an ELISA. Relative binding was normalized to that of the
unmodified anti-FZD7 antibodies (n = 3). Data are mean ± standard
deviation.
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The number of antibodies conjugated per NP was calculated
using a solution-based ELISA.63,64 Quantification of FZD7-SH
on the NP surface using the 2 mM EDTA buffer demonstrated
315 ± 199 and 1042 ± 198 antibodies/NP for the Low and
High loading conditions, indicating tunable antibody loading
(Table 1). These levels of conjugation correspond to 27% and
88% surface coverage of the NPs for the Low and High loading
conditions, respectively. When an alternate buffer of 100 mM
CaCl2 is used, similar levels of conjugation for the Low loading
condition were observed with approximately 305 ± 47.3
antibodies/NP, corresponding to 26% surface coverage. The
use of the OPSS-PEG-SVA linker showed the least efficient
levels of conjugation with only 192 ± 29.7 antibodies/NP
under the Low loading condition and 399 ± 37.0 antibodies/
NP under the High loading condition. The antibody loading
under the High loading condition using the TCEP thiolation
was significantly different from all other groups after analysis
using an ANOVA with posthoc Tukey (p < 0.001). The most
efficient conjugation was observed with the TCEP-modified
antibodies and the 2 mM EDTA buffer. One possibility for the
lower efficiency of the FZD7-linker conjugation could be the
presence of only one free thiol group on the PEG linker, while
the FZD7-SH antibodies have approximately 4 free thiols per
antibody. This higher presence of free thiols could give the
FZD7-SH antibodies an advantage by creating more potential
interaction sites to react with the maleimide groups on the NP
surface. Another possibility for the lower efficiency could be
that once any initial FZD7-linker binds to the surface, the
physical presence of the linker could create steric hindrance to
limit further interactions with the maleimide groups. Regarding
stability of the conjugates, we observed little to no antibody
loss from the Low FZD7-SH NPs over time, with loading of
348 ± 146 antibodies per NP measured after 1 week of

incubation in water at 4 °C (n = 3). This analysis was not
performed for the other conditions, but we anticipate similar
stability based on the comparable chemistries used to tether
the antibodies to the NPs.

NTA quantification of NP mode diameter pre- and post-
antibody conjugation indicates an ∼0 to 10 nm shift following
conjugation with low or high amounts of FZD7-SH and a shift
of ∼20 to 30 nm following conjugation with FZD7-linker
(Figure 2b). The bare NPs had a hydrodynamic diameter of
135 ± 8.6 nm, while the Low FZD7-SH NPs were 135 ± 8.0
nm and the High FZD7-SH NPs were approximately 142 ± 17
nm. The FZD7-linker NPs had diameters of 165 ± 20 nm and
155 ± 4.4 nm for the Low and High conditions, respectively.
The minimal shift in diameter for the FZD7-SH conjugation
method can likely be attributed to a nondirectional conjugation
of the antibodies to the NP surface. Since free thiols are
scattered across the antibody backbone, the conjugation may
have occurred at any of those sites. Despite the approximate
length of an IgG-based antibody being ∼10−14 nm,65 we do
not observe this same shift in diameter due to the
nondirectional nature of this conjugation method. It is also
possible that the nature of hydrodynamic diameter measure-
ments, including both the NP and ions associated with the NP
may mask some of the size increase due to the antibody
attachment.

The zeta potential shifts from −8.3 mV for bare NPs to −14
mV for the FZD7-SH Low loading condition and to −19 mV
for the FZD7-SH High loading condition, while the FZD7-
linker Low loading condition had a zeta potential of −11 mV
and the FZD7-linker Low loading condition had a zeta
potential of −17 mV. The slightly more negative zeta
potentials of the antibody-conjugated NPs can likely be

Figure 2. Synthesis and characterization of antibody-conjugated NPs. (a) Simplified protocol for conjugation of modified FZD7 antibodies to
PLGA NPs. (b) Mode diameter and mean zeta potential of NPs conjugated with FZD7 antibodies (n = 3). Error bars indicate the standard
deviation.

Table 1. Quantification of the Effects of Initial Antibody Loading Concentration, Conjugation Method, and Buffer on the
Number of Antibodies Conjugated to NPs

Loading Condition Conjugation Method Conjugation Buffer Antibodies Conjugated/NP Loading Efficiency (%) Surface Coverage (%)

Low TCEP thiolation 2 mM EDTA/PBS 315 ± 199 33 ± 21 27 ± 17
Low TCEP thiolation 100 mM CaCl2 305 ± 47.3 32 ± 13 26 ± 10
Low OPSS-PEG-SVA linker 100 mM CaCl2 204 ± 67.0 22 ± 7.1 17 ± 5.7
High TCEP thiolation 2 mM EDTA/PBS 1,042 ± 198 37 ± 7.0 88 ± 17
High OPSS-PEG-SVA linker 100 mM CaCl2 399 ± 37.0 15 ± 1.3 36 ± 3.1
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attributed to any charged thiolates remaining on the
antibodies.66

Conjugation of siRNA to the NP Surface. The core
polymer NPs used for siRNA conjugation were synthesized in
the same manner as that described above. The conjugation was
performed using a reduced disulfide modification on the
antisense strand before being duplexed with the corresponding
sense strand and being added to the NPs in a CaCl2 solution
(Scheme 2).

Different concentrations of CaCl2 were investigated
including 50, 100, and 225 mM as well as different
concentrations of Tween-20 including 0%, 0.05%, 0.1%, and
0.5% (Table 2). Varying the CaCl2 concentration did not have
a significant effect on the siβcat conjugation. However, at the
highest concentration of 225 mM, a slight decrease in loading
efficiency was noted where it dropped from ∼11% for the 50
and 100 mM concentrations to ∼9% for the 225 mM
concentration. The NPs synthesized in the 225 mM
concentration also had the largest diameter of the three
concentrations. Bare NPs that underwent the same incubation
conditions had a diameter of 159.2 ± 5.0 nm, indicating an
average diameter shift of ∼10 nm following siRNA
conjugation. No statistical significance comparing RNA
loading was found between groups using an ANOVA.

The addition of Tween-20 moderately improved the siβcat
conjugation with the highest loading efficiency seen at the

0.1% concentration at almost 19%, corresponding to 2.7 ± 0.7
μg of RNA/mg of PLGA. Concentrations higher than 0.1%
started to decrease the siβcat loading efficiency. The zeta
potentials of the NPs incubated with Tween were slightly more
neutral, which can likely be attributed to Tween’s ability to
suppress surface charge.67−69 Because the zeta potential of the
0.5% condition is similar to the 0.05% condition, we believe
that the Tween has maximized its interactions with the NP
surface at the lower concentration; hence, additional Tween
does not continue to change the zeta potential. We attribute
the more negative zeta potential of the 0.1% Tween condition
to the presence of more siRNA on the NP surface.
Combined Conjugation of Antibodies and siRNA to

the NP Surface. To investigate the potential to load multiple
types of molecules on an NP surface, the PLGA NPs were
incubated with both the FZD7-linker antibodies and the siβcat
siRNAs in 100 mM CaCl2 buffer containing 0.1% Tween-20.
Briefly, the NPs were first incubated with the FZD7-linker
antibodies for 1 h in either the Low or High loading conditions
before adding 1 nmol of siβcat per milligram of NPs (Figure
3a). The linker-modified FZD7 was chosen for this
conjugation to provide more available space near the NP
surface to allow for coloading of siRNA.

When adding the FZD7-linker to the NPs in the Low
condition, similar siβcat loading was seen when compared to
the NPs that lack FZD7 with 2.7 μg of RNA/mg of PLGA

Scheme 2. Simplified Protocol for siRNA Conjugation to Maleimide-Modified Polymer NPs

Table 2. Quantification of the Effects of Tween-20 Concentration and CaCl2 Buffer Concentration on the Amount of siRNA
Conjugated to NPs

Tween-20 Concentration
(%)

CaCl2 Concentration
(mM)

RNA Loading (μg RNA/mg
PLGA)

Loading Efficiency
(%)

Zeta Potential
(mV)

Mode Diameter
(nm)

0 50 1.6 ± 0.5 11.2 ± 3.3 -25.1 ± 3.5 162.6 ± 21
0 100 1.6 ± 0.5 11.1 ± 3.4 -23.3 ± 6.1 172.9 ± 19
0 225 1.5 ± 0.6 9.2 ± 4.9 -11.3 ± 5.4 180.9 ± 11
0.05 100 1.8 ± 0.1 12.1 ± 0.9 -13.5 ± 12 153.1 ± 14.4
0.1 100 2.7 ± 0.7 18.8 ± 5.1 -21.4 ± 8.5 163.4 ± 12.8
0.5 100 1.9 ± 0.9 13.1 ± 6.2 -15.5 ± 8.8 167.2 ± 25.4

Figure 3. Synthesis and characterization of NPs modified with both antibodies and siRNAs. (a) Simplified protocol for coconjugation of FZD7-
linker antibodies and siβcat siRNAs. (b) Mode diameter and zeta potential of NPs conjugated with both FZD7-linker antibodies and siβcat siRNAs
(n = 3). Error bars indicate standard deviation.
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(Table 3). We also found similar antibody loading when
compared to the FZD7-linker NPs that lacked siβcat with a

value of approximately 229 antibodies/NP. When the
antibodies were added in the High loading condition, the
RNA loading decreased to 2.0 μg RNA/mg PLGA while the
antibodies conjugated increased to 358 antibodies/NP. Both
the RNA and antibody loading for the High condition were
significantly different from the Low loading condition using a t
test (p < 0.05). An increase in diameter when compared to the
Bare NPs was also found with values of 166 ± 25.8 and 174 ±
24.9 nm for the Low and High loading conditions, respectively
(Figure 3b). The zeta potential is slightly more neutral under
the High loading condition, yielding a value of −12.3 ± 7.8
mV when compared to −26.2 ± 1.8 mV for the Low loading
condition. This shift is likely due to the slightly lower level of
RNA loading under the High loading condition, so the RNA
charge has less of an effect on the overall zeta potential and
therefore leads to a more positive value.

■ CONCLUSIONS
The findings in this work demonstrate the importance of
investigating protocol parameters to achieve optimal bio-
conjugation to NPs. Through variation in initial loading
content of FZD7 antibodies, we established the tunable nature
of polymer NPs and found the upper limit of their conjugation
under the conditions tested. We also confirmed antibody
conjugation through two different mechanisms: via a thiol-
modified antibody or a thiol-modified PEG-linker. Contrary to
our initial expectation, the thiol modification directly on the
antibodies after incubation with TCEP proved to be more
efficient for conjugation to the NP surface than attachment via
PEG linkers. Conjugation of siβcat siRNA duplexes was also
investigated through variations in both Tween-20 concen-
tration and CaCl2 buffer concentration. Optimal siRNA
loading was found using 0.1% Tween-20 and 100 mM CaCl2
concentration. Finally, the coconjugation of the two different
molecules was explored. After an initial incubation with the
FZD7-linker antibodies, siβcat was also added to create a dual-
loaded NP. With increased loading of the FZD7-linker
antibodies, decreased conjugation of siβcat was seen. Overall,
the work presented here outlines a basis for how conjugation
parameters impact attachment of two different biomolecules to
polymer NPs via maleimide−thiol chemistry and reveals the
high versatility of polymer NP bioconjugates.

■ MATERIALS AND METHODS
Thiolation of Antibodies. Either normal rabbit IgG

(2729S, Cell Signaling Technology) or rabbit anti-human
FZD7 antibodies (LS-C383580, LSBio) were used. To modify
the antibodies, they were first incubated with a 100× molar
excess of TCEP (Sigma-Aldrich) in phosphate buffered saline
(PBS) containing 2 mM EDTA (ThermoFisher) for 1 h at 4
°C on a rocker. Following incubation with TCEP, the

antibodies were washed three times in 10 kDa Corning Spin-
X UF (Sigma-Aldrich) concentrators for 10 min at 12,000 rcf,
4 °C with PBS to remove excess TCEP.
Preparation of FZD7-Linker Antibodies. To attach a

linker to the anti-FZD7 antibodies, a 5 kDa OPSS-PEG-SVA
linker was first reconstituted in 100 mM sodium bicarbonate
before being incubated with 100× molar excess TCEP for 1 h
at 4 °C on a rocker to break the disulfide bond and create a
free thiol (Figure S1). The thiolated linker was then incubated
with the anti-FZD7 antibodies in a 2:1 PEG:antibody molar
ratio overnight on a rocker at 4 °C. Following overnight
incubation, the antibodies were washed thrice in 10 kDa
Corning Spin-X UF concentrators for 10 min at 12,000 rcf, 4
°C with PBS to remove unbound linker.
Characterization of Thiolated Antibodies and Linker

Antibodies. To quantify free thiols in the IgG-SH and FZD7-
SH antibodies, Ellman’s Assay was used (Sigma-Aldrich). Per
the manufacturer’s instructions, antibody samples were
prepared in 50 μL at 0.5 mM before adding 500 μL of a
reaction buffer consisting of 1 mM EDTA in PBS. A standard
curve was prepared using L-cysteine hydrochloride mono-
hydrate (Sigma-Aldrich) ranging from 0 to 1.5 mM in 50 μL
volumes before adding 500 μL of the reaction buffer. The
Ellman’s reagent solution (Sigma-Aldrich), also known as 5,5′-
dithio-bis(2-nitrobenzoic acid) (DTNB), was prepared in PBS
at a 4 mg/mL concentration. The antibody samples and
standards were then incubated with 10 μL of Ellman’s reagent
solution for 15 min at room temperature. The samples were
plated in triplicate 100 μL volumes in a 96-well plate, and the
absorbance was read at 412 nm using a Synergy H1 plate
reader (BioTek). Thiol levels in the antibodies were calculated
based on the standard curve.

To assess antibody structure post modification, sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) was performed on unmodified, thiolated (i.e.,
FZD7-SH), and PEGylated antibodies (i.e., FZD7-linker).
Samples were diluted to 10 μg of antibody in 1× PBS and 2×
Laemmli Concentrate (Sigma-Aldrich) per well in 4−12% Bolt
Bis-Tris Plus gels (ThermoFisher) with one well containing a
prestained 11−250 kDa protein ladder (Cell Signaling
Technology). Running buffer was prepared by making a 1×
stock of 3-(N-morpholino) propanesulfonic acid (MOPS;
ThermoFisher). The gel was loaded into a minigel tank
(ThermoFisher) filled with the 1× MOPS buffer and run at
120 V for 75 min. Any empty wells were filled with a 1×
Laemmli solution of equivalent volume. The gel was then
removed, rinsed with reverse osmosis purified (RO) water, and
stained with SimplyBlue SafeStain (ThermoFisher) for 1 h at
room temperature on a rocker. After the stain incubation, the
solution was discarded and the gel was rinsed in RO water for
30 min while rocking at room temperature. The RO water was
then discarded again, and new RO water was added to wash
the gel overnight while rocking at 4 °C. After the gel was rinsed
overnight, it was placed on transparency paper and imaged for
qualitative analysis.

Binding avidity of the FZD7 antibodies to MDA-MB-231
cells was analyzed using an Enzyme Linked Immunosorbent
Assay (ELISA). MDA-MB-231 cells (cultured as described in
“Cell culture”) were plated at 15,000 cells per well in a 96-well
plate. Following overnight incubation, cells were fixed with 4%
formaldehyde and washed three times with 1× PBS. Cells were
then treated with 3% hydrogen peroxide for 10 min before
blocking with PBS containing 3% bovine serum albumin

Table 3. Quantification of the Combined Antibody and
siRNA Loading on NPs

Antibody
Loading

Condition

RNA Loading
(μg RNA/mg

PLGA)

RNA
Loading

Efficiency
(%)

Antibodies
Conjugated/

NP

Antibody
Loading

Efficiency
(%)

Low 2.7 ± 0.4 19 ± 2.7 229 ± 33.7 24 ± 3.6
High 2.0 ± 0.2 14 ± 1.5 358 ± 77.3 13 ± 2.7
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(PBSA) for 2 h. Samples were next incubated with 50 nM
either unmodified anti-FZD7 antibodies or modified FZD7-SH
or FZD7-linker antibodies and incubated at room temperature
for 1 h on a rocker. Samples were then washed 3× for 10 min
with 1% PBSA (i.e., 1% bovine serum albumin in PBS)
containing 0.01% Tween-20 (PBST). Following wash steps,
samples were treated with 2.5 μg/mL HRP-conjugated
antirabbit secondary antibodies (FisherSci) for 1 h. Samples
were washed three times with PBST before developing the
reaction with 3,3′,5,5′-tetramethylbenzidine (TMB, Bio-Rad).
2 M sulfuric acid was added to stop the reaction. Absorbance
was measured at 450 nm by using a Synergy H1 plate reader.
Samples were normalized to the signal of unmodified anti-
FZD7 antibodies. Samples that were not treated with primary
antibodies displayed negligible levels of the signal. These
experiments were performed in at least triplicate.
Cell Culture. MDA-MB-231 human TNBC cells (Ameri-

can Type Culture Collection, ATCC) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Fisher Scien-
tific) supplemented with 10% fetal bovine serum (FBS; Gemini
Bio Products) and 1% penicillin-streptomycin (pen-strep;
VWR). Cells were cultured in T75 cell culture flasks at 37 °C
in a 5% CO2 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.
Synthesis of NPs. PLGA−PEG−Mal NPs were synthe-

sized using a single emulsion oil-in-water method. PLGA−
PEG−Mal (20 kDa 50:50 PLGA, 5 kDa PEG, Nanosoft
Polymers) was dissolved in dichloromethane (DCM) at a
concentration of 2 mg/mL. 1 mL portion of the PLGA−PEG−
Mal/DCM solution was added to 3 mL of either 0.1%, 0.25%,
or 0.5% PVA dissolved in PBS. This oil-in-water solution was
then probe sonicated on ice with a Fisherbrand model 120
Sonic Dismembrator (Fisher Scientific) at 80% amplitude for
60 s (10 s on, 5 s off). The DCM solvent was allowed to
evaporate for 4 h at room temperature with continuous stirring
at 800 rpm. Following solvent evaporation, the resulting NPs
were purified to remove excess solvent using Millipore 10 kDa
molecular weight cutoff (MWCO) filters (4200 g, 30 min, 4
°C) once 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 before being
resuspended in 200 μL Milli-Q water.
Maleimide Group Quantification. 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
1× 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 1× 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.
Conjugation of Thiolated Antibodies to NPs. To

conjugate antibodies to the NP surface, thiol-modified
antibodies were incubated with the NPs in either PBS

containing 2 mM EDTA or Milli-Q water containing 100
mM calcium chloride (CaCl2, Sigma-Aldrich) overnight on a
rocker at 4 °C. The NP concentration in the solution was 1
mg/mL. Next, 10 μg of either IgG-SH, FZD7-SH, or FZD7-
linker was added per mg of NP for the Low loading condition,
and 30 μg of either IgG-SH, FZD7-SH, or FZD7-linker was
added per mg of NP for the High loading condition. After
overnight incubation while rocking at 4 °C, the NP solution
was centrifuged for 15 min at 20,000 rcf at 4 °C to pellet the
NPs and remove any unconjugated antibody left in the
supernatant. The NP pellet was resuspended in Milli-Q water
and washed twice more.
Nanoparticle Characterization. A LiteSizer 500 (Anton-

Paar) dynamic light scattering (DLS) instrument was used to
measure the polydispersity index and zeta potential of samples
diluted in Milli-Q water. A NanoSight NS300 (Malvern
Panalytical) nanoparticle tracking analysis system (NTA) was
used to measure the diameter and the NP sample
concentration (particles/mL) when 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 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 concentrations and diameters. The
detection threshold was also adjusted so that the blue crosshair
count was less than five for each frame.
Antibody Quantification. Antibody loading on the NP

surface was quantified using a solution-based ELISA.64

Antibody-conjugated NPs were incubated with 10 μg/mL
Alexa Fluor 488-conjugated goat anti-rabbit IgG (Thermo-
Fisher) in PBS containing 3% bovine serum albumin (3%
PBSA) 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
resuspended in 3% PBSA. Absorbance at 488 nm was
measured on a Synergy H1 plate reader and compared to a
standard curve of known Alexa Fluor 488-conjugated goat anti-
rabbit IgG concentration to calculate the number of antibodies
per NP. The number of NPs per sample was obtained using
NTA.

Surface coverage of the 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 nm2 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
surface area, while the bare NP surface area was calculated
using SA = 4πr2.
Preparation of siRNA. β-catenin oligonucleotides were

purchased as separate sense and antisense strands from
Integrated DNA Technologies (IDT). The sense strands had
a 3′ thiol modification to allow for conjugation via maleimide−
thiol chemistry (Figure S3). Upon resuspension of the separate
oligonucleotides in duplex buffer (IDT), the sense strand was
treated with 100× molar excess TCEP for 1 h at 4 °C on a
rocker to break the disulfide bond and create a free thiol group.
After the disulfide reduction, an equimolar amount of the
complementary antisense strand was added, and the solution
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was heated at 95 °C for 5 min in a thermomixer and then
slowly cooled to 37 °C over 1 h to facilitate duplexing. The
final siRNA concentration was measured using a Thermo
Scientific NanoDrop One Microvolume UV−Vis Spectropho-
tometer.
Conjugation of siRNA to NPs. To conjugate siRNA to

the NP surface, thiol-modified β-catenin siRNA (siβcat) was
incubated with the NPs (at a concentration of 1 mg/mL) in
either 50, 100, or 225 mM calcium chloride (CaCl2, Sigma-
Aldrich) containing either 0%, 0.05%, 0.1%, or 0.5% Tween-20
(Sigma-Aldrich) with overnight stirring at 800 rpm and kept at
room temperature. siβcat was added to the NP solution in a
ratio of 1 nmol per mg NP. Following overnight incubation,
the NP solution was transferred to 1.5 mL Eppendorf tubes
and centrifuged for 15 min at 20,000 rcf at 4 °C to pellet the
NPs and remove any unconjugated siRNA left in the
supernatant. The NP pellet was resuspended in Milli-Q
water and washed twice more.
siRNA Quantification. siβcat loading on the NPs was

measured using Quant-iT PicoGreen dsDNA Reagent
(ThermoFisher). siβcat-NPs were diluted to 1 mg NPs/mL
in Milli-Q water containing 10 mM Tris-HCl (ThermoFisher)
and 1 mM EDTA. This solution was plated in triplicate for
each sample, and the PicoGreen dye (diluted per manufacturer
instructions) was added in equal volume. The plate was
analyzed with 480 nm excitation/520 nm emission using a
Synergy H1 Microplate Reader. The fluorescence was
compared to a standard curve of known siβcat concentration.
Combined Conjugation of Antibodies and siRNA to

NPs. To conjugate both antibodies and siβcat to the NP
surface, NPs were first suspended in 0.1% Tween-20, 100 mM
CaCl2 buffer to a concentration of 1 mg/mL. FZD7-linker
antibodies were then added to the solution and allowed to stir
at 800 rpm for 1 h at room temperature before adding 1 nmol
siβcat per mg NP. The solution was left to stir overnight at
room temperature. Following overnight incubation, the NP
solution was transferred to 1.5 mL Eppendorf tubes and
centrifuged for 15 min at 20,000 rcf, 4 °C to pellet the NPs and
remove any unconjugated FZD7-linker or siβcat left in the
supernatant. The NP pellet was resuspended in Milli-Q water
and washed twice more. Antibody and siRNA loading densities
were quantified by ELISA and PicoGreen assay, respectively, as
described above for the NPs coated with only a single agent.
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