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Recently, we described the discovery of a novel gold nano-
particle (AuNP) catalyzed reaction, which allows one to make
heavily cross-linked polymer shells on the surface of the NP.[1]

With this reaction, the NP acts both as a scaffold and catalyst
to facilitate the cross-linking of linear polymers with prop-
argyl ether side chains. Specifically, it has been postulated that
hydroxy groups, formed from the hydrolysis of the propargyl
ethers, add to the alkynes adsorbed on the gold surface,
leading to cross-linking of the polymer.[2] Importantly, the NP
core can be subsequently removed to form hollow polymer
nanopods. These structures, which are highly adaptable
through choice of polymer and AuNP template, show promise
for many applications, spanning molecular diagnostics,[3] drug
delivery,[4] materials synthesis, and colloidal crystal design.[5]

However, before they can be fully utilized, methods for
functionalizing them with bioactive structures must be
developed. In this regard, we have devised methods for
making nanopods from oligonucleotides with modified bases
to generate polyvalent oligonucleotide nanostructures, which
now constitute an entire class of single-entity intracellular
gene regulation agents.[6] Herein, we address the challenge of
creating nanopods functionalized with antibodies (Abs) by
creating a class of materials, termed immunopods (IPs),
structures that can be made from Abs and the appropriate
linear polymers with propragyl ether side chains in a one-pot
fashion, and then explore their ability to selectively target
cells. IPs are important entries in the class of structures that
can be made by gold-particle surface-templated and catalyzed
approaches since they can enable a wide variety of pharma-
ceutical studies and potential applications.

Given the broad utility of Ab–NP conjugates, many
strategies to attach an Ab to surfaces have been developed.
These strategies largely fall into two categories: specific and
nonspecific.[7] In nonspecific attachment methods, van der
Waals or electrostatic interactions are typically utilized.
However, successful in vivo application often requires struc-

tures that do not nonspecifically bind to cells, making surfaces
composed of nonsticking materials such as polyethylene
glycol (PEG) or poly-N-vinylpyrrolidone (PVP) highly desir-
able. Therefore, nonspecific adhesion of antibodies to these
materials is often ineffective. To functionalize NPs by using
specific interactions, both covalent and noncovalent forces
have been exploited. For example, biotinylated Abs have
been routinely used to modify streptavidin (SA) coated
surfaces.[8] Caruso and co-workers have recently shown by
using click chemistry that monoclonal Abs can be conjugated
through a PEG tether to nonfouling PVP nanocapsules.[9]

Meier and co-workers demonstrated efficient and selective
functionalization of 4-formylbenzoate-functionalized poly-
mersomes with antibodies containing 6-hydrazinonicotinate
acetone hydrazine moieties.[10] Other common approaches
include carbodiimide coupling, aldehyde/amine coupling, and
thiol/maleimide coupling.[7b] However, many useful conjuga-
tion strategies require Ab modification, before surface
functionalization, which not only increases the complexity,
but also the cost of preparation. Herein, we show how IPs can
be rapidly made by using the aforementioned catalytic-
templating approach by sequentially coadsorbing the anti-
body and polymer during the nanopod synthesis. We postu-
lated that amine-rich antibodies could act as the nucleophiles
that are essential in the cross-linking step (normally hydroxy
groups), thereby incorporating native Abs into the polymer
shell in a one-pot fashion (Figure 1).

To test this hypothesis, we designed a two-protein-based
model system that one can use to evaluate the successful
incorporation of the proteins in a bioactive form within the
polymer shell. The model system uses SA as a surface-
anchoring moiety and horseradish peroxidase (HRP) as a
reporter moiety (Figure 2A). If the two proteins are success-

Figure 1. Synthesis of protein-conjugated hollow polymer nanopods
(R = Br or -NHCH2CH2NHCOCH2CH2OCH2CCH).
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fully incorporated into the nanopods, incubation on a biotin-
coated surface would lead to their immobilization, and the
HRP can then catalyze the oxidation of tetramethylbenzidine
(TMB) by H2O2, producing an intense blue color which can be
visually examined. Failure of either protein to be incorpo-
rated into the nanopod shell or the loss of protein function
would result in a negative (colorless) readout.

The synthesis begins by allowing the proteins to adsorb
onto 10 nm AuNPs, prepared by literature methods.[11]

Dynamic light scattering (DLS) studies confirmed the
adsorption by showing an increase in the particle size from
(10.2� 1.8) nm (citrate-stabilized AuNP) to (18.6� 3.1) nm,
as expected from the respective sizes of the AuNP, SA
(52.8 kDa, ca. 4 nm), and HRP (44.2 kDa, ca. 4 nm). Addition
of polymer 1 to the protein–gold conjugates does not result in
a significant change in the size ((18.9� 4.1) nm) which
suggests that the proteins remain on the surface of the
AuNP, as opposed to being displaced by the polymer (a
polymer-coated AuNP has a diameter of (12.2� 0.5) nm).
After overnight stirring at room temperature, excess protein
and polymer was removed by iterative centrifugation and
subsequent resuspension of the AuNPs. The AuNP cores were
then removed by oxidative dissolution in the presence of
KCN and O2. The resulting solution contains structures that
have an average hydrodynamic diameter of (21.9� 1.3) nm,
which is consistent with the conclusion that the protein–
nanopod conjugates had formed. The slight size expansion
post-dissolution of the gold is also consistent with our
previous findings involving DNA-modified structures.[6]

Throughout the dissolution process, the solution remained
red in color, indicating that a protective layer is formed
around the AuNPs. Control samples lacking the polymer turn
purple instantly upon addition of KCN (1 mm final concen-
tration), as a result of NP destabilization and aggregation.[12]

To prove that the proteins were incorporated into the
polymer shell, a colorimetric assay was performed that

requires the function of both proteins. The SA–HRP nano-
pods and controls were incubated over a biotin-functionalized
surface, followed by washing under sonication using 1x
phosphate-buffered saline with 0.05 % Tween-20. The surface
was then treated with a TMB/H2O2 developing solution.
Indeed, SA–HRP nanopods gave a positive readout (blue
color), indicating the successful formation of the desired
structures (Figure 2B). Conversely, control samples lacking
either SA or polymer 1 did not show the blue color, ruling out
the possibility of nonspecific HRP binding to the surface.
Another series of controls involve particles containing the
AuNP cores. Again, a lack of SA in the polymer particle leads
to a colorless solution. However, in the absence of polymer 1,
the solution still turns blue since the AuNP can act as a
support for the proteins. These results are also consistent with
the conclusion that the SA- and HRP-cross-linked nanopods
have successfully formed. In addition, the synthesis allows
one to conveniently control the size of the conjugate. For
example, we synthesized relatively monodisperse (44.6�
3.3) nm SA–HRP nanopods from (28.2� 0.5) nm AuNP
templates (see the Supporting Information). Tang and co-
workers have recently developed a novel protein nanocapsule
by interfacial polymerization, which forms a polymer
“cocoon” around the protein that serves to protect it from
proteolysis.[13] The method described herein yields nanopod
structures that are distinct from such protein-encapsulated
entities; indeed, the proteins in the nanopods are incorpo-
rated in their walls and still capable of interacting with
antigens.

With these results demonstrating that the entrapped
proteins remain active, we designed and synthesized proto-
typical IPs. We chose the human epidermal growth factor
receptor 2 (HER2), a member of the ErbB protein family, as
the target antigen. This cell membrane surface-bound recep-
tor tyrosine kinase is involved in signal transduction pathways
leading to cell growth and differentiation.[14] Overexpression
occurs in approximately 30% of breast cancers,[15] as well as
other cancers such as ovarian cancer, stomach cancer, and
biologically aggressive forms of uterine cancer. Consequently,
HER2 is of significant diagnostic and therapeutic importance.

To enable direct, optical observation of the polymer
component of the IPs, polymer 1 was tagged with fluores-
cein 488-azide by using CuI-catalyzed click chemistry at a 1:1
polymer/dye molar stoichiometry. The formation of anti-
HER2 IPs was monitored and confirmed by DLS (Figure S1
in the Supporting Information). After polymer and antibody
adsorption, cross-linking, and subsequent core removal, the
resulting IPs are (22.8� 2.2) nm (10 nm template) and (41.0�
2.9) nm (30 nm template). TEM images of the anti-HER2 IPs
confirms the removal of the gold cores and show a spherical
morphology (Figure 3A and S2 in the Supporting Informa-
tion). Using fluorophore-labeled Abs and polymer, we
determined the average number of Abs and polymer chains
per particle type. For the 10 nm AuNP-templated IPs, each
particle contains on average 3 Abs and 18 polymer chains,
while the larger 30 nm AuNP-templated IPs have 22 Abs and
104 polymer chains per particle.

To determine if the Abs were stably incorporated within
the walls of the IPs, we subjected the IPs to native

Figure 2. A) A two-protein reporter assay designed to evaluate the
successful formation of protein-nanopod conjugates. B) The blue color
indicates that HRP-modified particles are immobilized on the biotiny-
lated surface after extensive washing (except bottom row). Lanes 1–3:
samples containing SA, HRP, and polymer 1; lanes 4 and 5: control
samples lacking either SA or polymer 1. Top row: AuNP–protein
conjugates; middle row: protein–nanopod conjugates; bottom row:
protein–nanopod conjugates directly combined with 3,3’,5,5’-tetrame-
thylbenzidine (TMB)/H2O2 developing solution as a control to deter-
mine if HRP remains active after dissolution of the gold core. This
assay indicates that protein–nanopod conjugates containing both HRP
and SA are successfully formed.
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polyacrylamide gel electrophoresis (PAGE) and sodium
dodecyl sulfate PAGE (SDS-PAGE), using free Abs and
Ab/polymer mixtures as controls. The Abs and IPs can be
visualized by Coomassie blue staining and fluorophore
excitation, respectively. If van der Waals interactions are
responsible for maintaining the structural integrity of the IPs,
high surfactant concentrations (10% w/v SDS) are expected
to free the Abs from the IPs. Without heat-denaturation, free
Ab displays a single band (Figure 3B a). The control mixture
containing free Abs and polymer shows two respective bands,
one for the Abs under white light and one for the polymer
under fluorescent light, under identical conditions, indicating
that they have little interaction in solution, or that their
interaction can be eliminated by SDS. Importantly, the IPs
show only one band of much higher molecular weight,
consistent with covalent cross-linking of the Abs within the
walls of the nanopod. A small amount (< 6 % by band density
analysis) of free Abs is also observed. To test if the IPs remain
a single entity under even harsher conditions, we attempted to
denature the samples at 95 8C for 5 min, where the light chain
and heavy chain of the Ab are known to separate in the
presence of SDS.[16] Remarkably, the majority of the dena-
tured Ab chains (ca. 78 %) remain attached to the polymer
nanopod, while a small amount dissociate, as shown by faint
bands in the gel electrophoresis analysis (Figure 3B b, left
panel lane 3). These results are consistent with our hypothesis
that the proteins are involved in covalent cross-linking within
the polymer nanopods, likely through the hydroamination,
hydroalkyoxylation, or hydrothiolation of the polymer
alkynes by the respective nucleophilic side residues of the
antibody (lysine, serine, or cysteine).[2a,17]

Having demonstrated that the IPs are stable in solution,
we investigated if the IPs are capable of binding to target
molecules. We designed and performed a competitive binding
assay to quantitatively measure the relative binding affinity of
the IPs. In this assay, free, biotin-functionalized Abs and IPs

were mixed at various ratios, and allowed to compete for
surface-immobilized HER2. Thereafter, a SA–HRP conju-
gate was used to detect the biotin-Ab. Apparent dissociation
constants ((Kd)app) can be derived from the binding isotherms
(Figure S3 in the Supporting Information). We found that the
(Kd)app value for IPs is 6.7 times that of the biotin-Ab, likely
because of the higher steric hindrance on the surface of the
IPs. In contrast, bovine serum albumin (BSA) and anti-His
IPs (off-target IPs) show ca. 4000-fold higher (Kd)app values, as
a result of nonspecific binding. Therefore, the IPs can still be
considered as good binders.

To test cancer cells targeting in vitro, we incubated MCF-7
cells expressing HER2 (human breast adenocarcinoma cell
line) for 30 min at 4 8C with IPs at a concentration of 10 nm,
followed by staining with a Northern Light 637 (NL637)
labeled secondary antibody. A free Ab/polymer mixture (1:6
molar ratio, identical concentration as IP) was used as a
negative control. We tracked the Abs and the fluorescein-
labeled polymer nanopods independently by confocal fluo-
rescence microscopy. Strikingly, while both control samples
and the IPs exhibit fluorescence from the secondary antibody,
only the IPs show significant fluorescence emitting from the

Figure 3. A) TEM images of a) ca. 10 nm AuNPs and b) IPs synthe-
sized from ca. 10 nm AuNPs (negatively stained using uranyl acetate).
B) SDS-PAGE of IPs and controls under a) native and b) denaturing
conditions. The antibody and the IP can be observed by white light
while the polymer component alone cannot be observed. By fluores-
cence in this experiment, the polymer and IP can be observed but not
the antibody, which was not labeled.

Figure 4. A) Confocal microscopy images of MCF-7 cells treated with
10 nm anti-HER2 IPs (top row) and a control mixture containing
equivalent concentrations (10 nm) of free antibody and polymer
(bottom row). While antibody binding is observed for both IPs and the
control mixture, polymer association with cells is only significant when
the IPs are used. B) Flow cytometry analysis of IP binding. Left:
antibody (NL637) channel. Right: polymer nanopod (fluorescein)
channel.
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polymer nanopods; the fluorescence of the polymer also
colocalizes with the antibody fluorescence (Figure 4A).
Minimal polymer fluorescence was observed for the control
sample. In contrast, anti-His IPs gave no fluorescent signals in
both channels.

These observations are further confirmed by flow cytom-
etry. Cells treated with IPs show 18.5 times more Ab
fluorescence and 3.8 times more polymer fluorescence than
free-polymer-treated cells, while cells treated with free anti-
body/polymer control mixture only exhibit Ab fluorescence
(Figure 4B). An interesting observation is that the IP-treated
cells show 2.8 times more Ab fluorescence than those treated
with the control mixture, which contained free Abs. This
observation is likely because the IPs contain multiple copies
of Abs. Because the total number of HER2 proteins
presented on the surface of the cell is limited, binding to the
IPs results in greater fluorescence since more Abs are
immobilized as compared to the free Ab case (there are
three Abs per IP).

In conclusion, we have developed a convenient, one-pot
method to create IPs, polymer nanopods cross-linked with
native Abs, which remain biologically active. These structures
can be made with tight control over their size and dispersity
by virtue of the AuNP templates. Importantly, this strategy, in
principle, can be expanded to other alkyne-bearing polymers,
proteins, or other biomolecules to create a very diverse and
potentially useful new class of bioconjugates.
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Materials and Methods 

Experimental Details 

All materials were purchased from Sigma-Aldrich Co., MO, USA, and used without 

further purification unless otherwise indicated.  Gold nanoparticles were purchased from 

Ted Pella Inc., CA, USA. Human ErbB2 antibody, NL637-labeled secondary IgG, and 

Duoset human ErbB2 Enzyme-Linked Immunosorbent Assay (ELISA) system were 

supplied by R&D Systems, MN, USA.  Streptavidin, horseradish peroxidase, biotin-

coated clear 8-well strip plates, and TMB developing solutions were purchased from 

Pierce Biotechnology, IL, USA. TEM characterization was conducted on a Hitachi 

H8100 electron microscope (Hitachi High-Tech Co., Japan).  NMR experiments were 

performed using a Bruker Avance III 500 MHz coupled with a DCH CryoProbe (Bruker 

BioSpin Co., MA, USA).  DLS data were acquired from a MALVERN Zetasizer, Nano-

ZS (Malvern Instruments, UK).  Fluorescence measurements were carried out with a 

Fluorolog-3 system (HORIBA Jobin Yvon Inc., NJ, USA).  UV-Vis data were obtained 

on a Cary 5000 UV-Vis spectrophotometer (Varian Inc., CA, USA). 

 

Synthesis of poly(N-(2-(3-(prop-2-ynyloxy)propanamido)ethyl)acrylamide) 1: 

Polymer 1 was prepared following literature methods with minor modifications.[1-3] 

Briefly, poly(acrylic acid)120 (synthesized via atom transfer radical polymerization of t-

butyl acrylate and subsequent deprotection by trimethylsilyl iodide) was activated by O-

benzotriazole-N,N,N’,N’-tetramethyluronium hexafluorophosphate/hydroxybenzotriazole 

in DMF, followed by amidation using N-Boc ethylene diamine to afford poly(N-Boc 

acrylamidoethylamine)120.  Excess aqueous HCl (2.0 M) was used to remove the Boc 

protecting group (4 h at room temperature).  The solution was then neutralized with 

excess sodium bicarbonate, and dialyzed against NanopureTM water (>18.0 MΩ•cm) for 3 

days, yielding polyacrylamidoethyamine120 (PAEA120).  PAEA120 (110.0 mg, 10.0 μmol) 

was dissolved in anhydrous DMSO (2 mL) and stirred for 3 h, before 1 mL of a DMSO 

solution containing propargyl-dPEG1-NHS ester (405 mg, 1.8 mmol, Quanta Biodesign 

Ltd., OH, USA) and diisopropylethylamine (DIPEA, 488 μL 2.8 mmol) was added to the 



 

S2 
 

mixture. The reaction mixture was allowed to stir overnight. After the reaction, the 

solution was diluted by the addition of DMSO (10 mL), transferred to dialysis tubing 

(MWCO = 3.5 kDa), and dialyzed against NanopureTM water (>18.0 MΩ•cm) for 3 days.  

The polymer was then lyophilized and dissolved in NanopureTM water to give a final 

concentration of 3.5 mg/mL.  No residual amine groups were detected by a ninhydrin 

test.[4] Calculated molecular weight: 21.5 kDa. 

 

Functionalization of polymer 1 with Alexa Fluor 488: 

Alexa Fluor 488-azide (Invitrogen, OR, USA, 0.50 mg dissolved in 1.5 mL of H2O) was 

added to 3.0 mL of a 3.5 mg/mL aqueous solution of polymer 1. Tris-

(hydroxypropyltriazolylmethyl)amine (THPTA, synthesized following literature reported 

method)[5] and CuSO4 were pre-mixed at a 5:1 molar ratio in water (THPTA: 50 mM, 

CuSO4: 10 mM), and added to the reaction mixture to give a final copper ion 

concentration of 0.1 mM. Then, sodium ascorbate (4.5 mg) was dissolved in this mixture 

to give a concentration of 5.0 mM.  The reaction mixture was stirred at room temperature 

(21 ˚C) for 4 h.  After the reaction, the solution was dialyzed against NanopureTM water 

(>18.0 MΩ•cm) using pre-soaked dialysis tubing (MWCO = 3.5 kDa) for 3 days to 

remove copper ions and unreacted Alexa Fluor 488-azide.  The purified polymer was 

lyophilized and resuspended in NanopureTM water to give a final concentration of 2.37 

mg/mL. 

 

Formation of streptavidin (SA)-horseradish peroxidase (HRP) nanopods: 

HRP (5 mg/mL) was added to 1 mL solutions of AuNPs (10 nM), to generate solutions 

containing 15, 25, or 50 nM of HRP, respectively.  After 10 min, TWEEN 20 was added 

(final concentration: 0.05%) and vigorously mixed, before SA was added (final 

concentration: 25 nM).  After 30 min, 10 μL of a 3.5 mg/mL polymer 1 solution was 

added.  This sequence of addition is important since TWEEN 20 inhibits HRP adsorption 

onto AuNPs, and it is necessary to prevent SA from causing the AuNPs to aggregate and 
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precipitate from solution.  The mixture was then allowed to shake overnight before being 

centrifuged using an Eppendorf 5424 centrifuge at 15,000 rpm for 30 min.  The 

supernatant was removed by careful pipetting, and the AuNPs were resuspended in 1 mL 

of 1x PBS buffer containing 0.05% TWEEN 20 (PBST).  This process was repeated two 

more times to ensure complete removal of excess proteins and polymers.  After the final 

centrifugation, a 50 μL aliquot of each sample was treated with 0.5 μL of 0.1 M KCN 

solution to dissolve the AuNP cores (5 h required for complete dissolution).  The low 

concentration of KCN is necessary to preserve HRP activity.  Finally, the mixture was 

dialyzed using dialysis cups equipped with 10 kDa MWCO membrane (Pierce 

Biotechnology, IL, USA.) against PBST for 1 day to remove residues. 

 

Formation of ImmunoPods (IPs): 

AuNP solutions (6.7 mL, 10 nm, 10 nM and 6.7 mL, 30 nm, 1 nM) were each mixed with 

6.7 μL of 5% TWEEN 20.  Then, ErbB2 Ab (12 equiv. to 10 nm AuNP, 108 equiv. to 30 

nm AuNP) was added, and the solutions were allowed to shake for 10 min.  Then, 

solutions of polymer 1 (67 μL, 3.5 mg/mL) were added to each mixture. The mixtures 

were allowed to shake for 4 h, before being centrifuged using an Eppendorf 5417R 

centrifuge at 9,000 rpm for 40 min at 2 ˚C.  The supernatant was removed by careful 

pipetting, and the particles were resuspended in 1 mL of PBST.  The process was 

repeated two more times to ensure complete removal of excess antibody and polymer.  

After the final centrifugation, the particles were concentrated to 500 μL of PBST, and 

were subjected to KCN treatment (5 μM) for 30 min in air while shaking.  The mixtures 

were dialyzed using 10 kDa MWCO dialysis membrane against PBST for 1 day to 

remove residual KCN and dissolved gold ion. 

 

General procedure for the quantification of AuNP surface-bound polymers: 

AuNP solutions (10 nm: 10.0 nM; 30 nm: 1 nM) were separated into 16×100 μL aliquots. 

Then, solutions containing AF488-labeled polymer 1 (8.7 μM, 0-20 μL) were added to 
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each of the AuNP solutions, and were allowed to react overnight. After the reaction, the 

mixtures were diluted to 1.0 mL, and their fluorescence was measured (excitation: 488 

nm; emission: 520 nm).  Fluorescence intensities were plotted against polymer 

concentration.  In general, fluorescence increased as a function of polymer concentration.  

This occurred at a lower rate prior to complete modification of the AuNP surface, and at 

a higher rate thereafter.  There is an inflection point once this happens, allowing one to 

determine the point of full coverage. The number of polymer strands per AuNP can be 

calculated by: 

Number of polymers per AuNP = [polymer]inflection point/[AuNP] 

 

General procedure for the quantification of AuNP surface-bound antibodies: 

AuNPs (10 nm: 10.0 nM, 30 nm: 1 nM) containing 0.005% TWEEN 20 were separated 

into 10×100 μL aliquots. To each of the aliquots,  a 0.1-40.0 μL solution of Alexa Fluor 

488 (AF488)-labeled human ErbB2 Ab (1.0 μM) was added (antibody labeled using 

AF488 protein labeling kit, Invitrogen, OR, USA, following manufacturer’s protocols).  

The mixtures were allowed to shake for 10 min.  Then, 1 μL of a 3.5 mg/mL polymer 1 

solution was added and the mixture was allowed to shake for 4 h, before being diluted to 

1.0 mL in PBST, and subjected to centrifugation-resuspension steps for purification (vide 

supra). The concentration of AuNPs after purification was determined using their 

extinction coefficients (9.55×107 M-1cm-1 and 3.585×109 M-1cm-1 for 10 and 30 nm 

AuNPs, respectively). These values were obtained from 

http://www.tedpella.com/gold_html/gold-tec.htm. The gold cores in each sample were 

then dissolved using 5 μM KCN, followed by dialysis. Antibody concentration was 

determined by measuring fluorescence intensities at 520 nm following excitation at 488 

nm, and comparing to a standard curve of known concentrations of AF488-Ab. 

 

Polyacrylamide gel electrophoresis of IPs: 

All gel experiments were performed in a 4-20% linear gradient polyacrylamide gel in 1x 

http://www.tedpella.com/gold_html/gold-tec.htm
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TBE (Tris-borate-EDTA) buffer. Gels were run at 100 V for 45 min using a Biorad 

PowerPac. Images were taken using a Fluorochem Q imager (Cell Biosciences). 

 

Competitive ELISA of IPs 

The 96-well ELISA plate was coated with capture antibody (human HER2 affinity 

purified polyclonal Ab, mouse IgG) by addition of 100 μL PBS solution containing 0.4 

μg antibody into each well at 25 ˚C for 12 h. Nonspecific binding sites were blocked 

using a blocking buffer containing 2% BSA in PBS. Thereafter, 400 pg recombinant 

HER2 was applied to the plate in 100 μL PBS solution (with 1% BSA) for 2 h. Each of 

the above steps was followed by thorough washing using PBST (3x). To quantify the 

relative binding affinity of IPs, biotin-conjugated anti-HER2 goat IgG were mixed with 

anti-HER2 IPs at various ratios (IP : IgG from 0 to 10), and applied to the 96-well plate 

(100 μL/well, RT for 2 h). Negative controls include IPs carrying an off-target antibody 

(anti-His mouse IgG) and BSA. Free anti-HER2 goat IgG was used to serve as a positive 

control. SA-HRP conjugates were then added to the wells (1:200 dilution, 100 μL/well, 

RT for 20 min). After washing and addition of the HRP substrate mixture (supplied with 

kit), the optical density of each well was determined by a microplate reader set to 450 nm.  

 

Cell culture: 

MCF-7 cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco®) 

with 10% heat-inactivated fetal bovine serum and maintained at 37˚C in 5% CO2.   

 

Confocal microscopy of IPs: 

To visualize the cell binding of IPs, MCF-7 cells were grown on a Lab-Tek®II Chamber 

#1.5 German Coverglass System (Nalge Nunc International) overnight and incubated 

with 10 nM AF488-labeled IPs or a mixture containing Abs and AF488-labeled polymers 

of separately equal amounts for 1 h at 4 ˚C. The cells were then rinsed three times with 
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PBS buffer and incubated with NL-637 secondary antibodies for 30 min at 4 ˚C in the 

dark. Then, the cells were washed three times and placed in fresh growth medium for 

imaging experiments. All images were obtained with a Zeiss 510 LSM at 40x 

magnification using a MaiTai 3308 laser (Spectra-Physics).  Fluorescence emission was 

collected at 520 – 550 nm and 650-710 nm, with excitation at 488 and 633 nm 

respectively.  In all experiments, the pinhole and gain settings were held constant 

throughout the experiment. 

 

Flow cytometry of IPs: 

Cells were seeded and grown in a 6-well plate overnight and incubated with 10 nM 

AF488-labeled IPs for 1 h at 4 ˚C. After treatment, cells were trypsinized, and washed 

three times with PBS buffer by centrifugation at 250 × g for 5 min. The pellets were then 

resuspended in PBS and incubated with NL-637 secondary antibodies for 30 min at 4˚C 

in the dark, followed by another three washes. Flow cytometry was performed using a 

BD LSR II System, with excitation at 488 and 633 nm respectively. All flow cytometry 

experiments were performed in triplicate and averaged, and each measurement counted 

10,000 events. 

 

Cytotoxicity  

The cytotoxicity of polymer nanopods was evaluated with a Vybrant® MTT Cell 

Proliferation Kit (Molecular Probes). Briefly, cells were seeded on a 96 well plate in 100 

μL of media and incubated for 24 h. The cells were then treated with nanopods at varying 

concentrations (5-100 nM). After 24 h, the medium was removed, and cells were washed 

with PBS three times. The cells were then incubated with 100 μL of fresh culture medium, 

in addition to 10 μL of a freshly-made 12 mM MTT solution at 37°C in 5% CO2 for 4 h. 

Thereafter, lysis buffer (1 g of SDS in 10 mL of 0.01 M HCl, 100 μL per well) was added. 

Cells were further incubated overnight, and the absorbance was measured at 570 nm 

using a Multiskan® Spectrum plate reader (Thermo Scientific). Each experiment was 

repeated in triplicate. 
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Figure S1. Hydrodynamic diameters (number-average) of AuNPs, AuNP-Ab conjugates, 

polymer-coated AuNP-Ab conjugates, and IPs. 

 
 

 
 

Figure S2. TEM images of IPs prepared using 10 nm templates A) before, and B) after 

dissolution of the gold.  TEM images of IPs synthesized from 30 nm templates C) before, 

and D) after dissolution of the gold. Images C) and D) are negatively stained with uranyl 

acetate. 
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Figure S3. Competitive binding isotherms of anti-HER2 IPs. Negative controls include 

off-target IPs (anti-His IPs) and bovine serum albumin (BSA). Positive control is 

unmodified anti-HER2 goat IgG. 

 

 

Figure S4. Cytotoxicity of polymer nanopods measured by the MTT assay, showing 

relatively low toxicity of the polymer component of the IP (> 70% viable at 100 nM). 
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