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E
ngineering targeted drug delivery sys-
tems that can accumulate at specific
types of cells or tissues to enhance

drug efficacy is of widespread interest.1�4

Discoveries in the biomedical science area
have led to the development of a spectrum
of targeting molecules including folic acid,5

transferrin,6 aptamers,7 peptides,8 and a
series of specific monoclonal antibodies
(mAbs).9 Consequently, using targeting
molecules to functionalize drug carriers
to improve their specificity has become
a widely used strategy. For example, anti-
CD105 monoclonal antibodies were con-
jugated to micelles using thiol�maleimide
coupling reactions.10 An enhanced micelle
uptake by human umbilical vein endothelial

cells expressing CD105 in vitro and a higher
tumor accumulation when compared with
the nontargeted micelles in vivo were
observed.10 Another example is the anti-
intercellular adhesion molecule 1 (ICAM-1)
antibody (Ab) conjugated to I-125-radio-
labeled gold nanorods through 1-ethyl-
3-(3-(dimethylamino)propyl)carbodiimide
hydrochloride and N-hydroxysulfosuccini-
mide (EDC/NHS) chemistry.11 The resulting
gold nanorods successfully targeted the in-
flamed ankle joints in an arthritic rat model
where higher levels of ICAM-1 were ob-
served.11 Furthermore, antiepidermal growth
factor receptor (EGFR) Ab has been conju-
gated to quantum dots through a copper-
free “click” reaction.12 The “click”-conjugated
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ABSTRACT Engineered particles adsorb biomolecules (e.g., proteins)

when introduced in a biological medium to form a layer called a

“corona”. Coronas, in particular the protein corona, play an important

role in determining the surface properties of particles and their targeting

abilities. This study examines the influence of protein coronas on the

targeting ability of layer-by-layer (LbL)-assembled polymer capsules

and core�shell particles functionalized with monoclonal antibodies.

Upon exposure of humanized A33 monoclonal antibody (huA33 mAb)-

functionalized poly(methacrylic acid) (PMA) capsules or huA33 mAb-PMA

particles to human serum, a total of 83 or 65 proteins were identified in

the protein coronas, respectively. Human serum of varying concentra-

tions altered the composition of the protein corona. The antibody-driven specific cell membrane binding was qualitatively and quantitatively assessed by

flow cytometry and fluorescence microscopy in both the absence and presence of a protein corona. The findings show that although different protein

coronas formed in human serum (at different concentrations), the targeting ability of both the huA33 mAb-functionalized PMA capsules and particles

toward human colon cancer cells was retained, demonstrating no significant difference compared with capsules and particles in the absence of protein

coronas:∼70% and∼90% A33-expressing cells were targeted by the huA33 mAb-PMA capsules and particles, respectively, in a mixed cell population. This

result demonstrates that the formation of protein coronas did not significantly influence the targeting ability of antibody-functionalized LbL-polymer

carriers, indicating that the surface functionality of engineered particles in the presence of protein coronas can be preserved.

KEYWORDS: protein corona . targeted drug delivery . monoclonal antibody . polymer particles . layer-by-layer assembly .
human serum
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Ab�quantum dots demonstrated a higher binding
affinity to EGFR-positive BxPc-3 and MDA-MB-231
cancer cells when compared with Ab�quantum dots
prepared using traditional strategies, which is consis-
tent with the observed internalization characteristics
of the respective cell lines.12

Although efficient surface functionalization of parti-
cles with targeting molecules can be readily achieved
by various coupling chemistries, the adsorption of bio-
molecules (e.g., proteins) onto particles in biological
media causes further surface modification.13 Many
particulate systems adsorb proteins when introduced
into biological fluids (e.g., interstitial fluid, plasma, and
lymph), forming a “protein corona”.13,14 It is widely
acknowledged that the protein corona significantly
alters the properties of particles, thereby determining
the biological identity of the particles.13�15 For exam-
ple, the formation of a protein corona around citrate-
functionalized silver nanoparticles can stabilize the
particles by changing their agglomeration kinetics.16

Furthermore, the protein corona derived from human
plasma on silica and polystyrene nanoparticles
can prevent hemolysis of bare nanoparticles and
inhibit activation of thrombocytes.17 In the context of
targeted interactions, the deposition of proteins on
bicyclononyne-functionalized silica nanoparticles
shielded alkyne groups toward coupling with azide
groups on a planar silicon substrate.18 Additionally,
the formation of protein coronas in cell culture media
containing serum results in significant losses in the
specificity of transferrin-functionalized silica nano-
particles.19 Similarly, a considerable reduction in the tar-
geting ability of single-domain Ab (sdAb)-functionalized
silica nanoparticles in serum-containing media was
observed.20 These studies highlight the important
roles of protein coronas in controlling the surface
properties of nanoparticles. Because the formation of
protein coronas is a complex process influenced by
many factors, including the physicochemical properties
of particles, it is likely that protein coronas influence
the particle surface functionality to varying degrees in
different particle systems.
In recent years, polymer particles assembled via the

layer-by-layer (LbL) technique have emerged as a class
of particulate systems that have potential application
in advanced drug delivery.21�23 Owing to its ability
to precisely control key physicochemical properties of
particles (e.g., size, composition, and surface chemistry)
and to load and release cargo on demand, the LbL
technique is a powerful tool for designing tailor-made
drugdelivery systems.24�26 Furthermore, several generic
approaches to functionalize LbL particle surfaces with
various macromolecules have been reported, providing
a means of enhancing the specificity of particles toward
their biological targets.27�29 As exemplified, humanized
A33 (huA33) mAb has been used to functionalize the
surface of LbL-assembled poly(N-vinylpyrrolidone)

(PVPON) capsules through “click” chemistry. These
capsules displayed high specific targeting to human A33
positive colon cancer cells, even in the presence of
less than 0.1% positive cells in a mixed cell population
and a capsule-to-total cell ratio of 0.1:1 in phosphate-
buffered saline (PBS) solution.27 While the huA33 mAb-
functionalized capsules have been shown to specifically
recognize the cell membrane of A33-expressing cells,
the internalization of these huA33 mAb-functionalized
capsules is largely via macropinocytosis.30 However, the
above-mentioned studies27�30 have not addressed the
effect of protein coronas on the targeting specificity.
Additionally, studies have shown that protein adsorption
is strongly dependent on the concentration and nature
of the biological environment.31 This finding suggests
that the targeting specificity in PBS may bear limited
relation to that inmorephysiologically relevantbiological
fluids (e.g., blood) owing to the formation of different
protein coronas. Therefore, systematic studies on the
targeting ability of LbL particles in the presence of protein
coronas are required.
Herein, we investigate the targeting ability of huA33

mAb-functionalized PMA capsules and core�shell par-
ticles (referred to as particles in this study) coated with
protein coronas derived from human serum at varying
concentrations (Scheme 1). The findings show that
different concentrations of human serum resulted in
different protein compositions in the protein coronas.
Incubation with 100% human serum (corresponding
to a total protein concentration of approximately

Scheme 1. Schematic representation of the assembly of
monoclonal antibody-functionalized polymer particles, the
formation of protein coronas under biological conditions,
and targeting of cancer cells using capsules or particleswith
a “hard” protein corona formed on their surface.
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70 mg mL�1) yielded the highest amount of protein
adsorbed onto both planar and capsule or particle
surfaces. More specifically, 42 proteins (out of 102
proteins) were present in all protein coronas, as
determined by mass spectrometry. Despite the forma-
tion of different protein coronas, both huA33 mAb-
functionalized capsules and particles retained their
targeting capability toward A33-antigen-expressing
human colon cancer cells in vitro. This study highlights
that the surface functionality of engineeredparticles can
be retained in the presence of protein coronas.

RESULTS AND DISCUSSION

HuA33 mAb-functionalized PMA capsules and par-
ticles with diameters of approximately 2 μm were
prepared via LbL assembly and functionalized through
“click” chemistry, as described previously.25,27 To con-
firm the conjugation of the antibodies to the polymer
shell of the capsules or particles, huA33 mAbs
and PMA were labeled with Alexa Fluor (AF) 488
and 633, respectively. AF488-huA33 mAbs and
AF633-PMA were observed by fluorescence micro-
scopy (Figure 1A and C). Transmission electron micro-
scopy (TEM) images showed that the capsules featured
many folds and creases and were slightly larger than
the particles (Figure 1B and D). By measuring the
fluorescence intensity of the AF488-huA33 mAb solu-
tion before and after Ab conjugation using fluorescence
spectrophotometry, the amount of huA33 mAbs con-
jugated to 1.6 � 108 capsules or particles was deter-
mined (Figure S2). Accordingly, the calculated surface
coverage values were (7.5( 0.7)� 104 Abs per capsule
and (3.2 ( 0.5) � 104 Abs per particle (Figure S2).
Based on the dimensions of immunoglobulin G (IgG)
determined from X-ray crystallography,32,33 the theore-
tically calculated close packing coverage value of Abs
ranges from 9.0 � 104 to 1.8 � 105 Abs per particle,
depending on their orientation (a hard-sphere model
was employed for both capsule and particle systems
with diameters of ∼2 μm). This finding suggests that
the surfaces of both the capsules and particles were
not fully saturated by the Abs. The calculated surface
coverage values of Abs on the PMA polymer layers was
(6.0 ( 0.6) � 103 Abs mm�2 for the PMA capsules and
(2.6 ( 0.4) � 103 Abs mm�2 for the PMA particles,
assuming that the polymer layers on the capsules and
particles featured the same porosity. The calculated
surface coverage values are considerably lower than
that obtained for huA33 mAb-functionalized PVPON
capsules (approximately (3.5 ( 2) � 104 Abs mm�2)
using excess antibodies via the “click” coupling
approach.27 The lower coverage observed for the
huA33 mAb-PMA capsules was unexpected because
the degree of alkyne modification of PMA (∼11%) was
higher than that of PVPON (∼1%). Because the linker and
Ab used in both types of capsules were the same, the
discrepancy in the surface coverage values suggests that

the accessibility of the alkyne groups on the PMA and
PVPONcapsule surfaces is different, possibly owing to the
different local configurations of the polymers.
To induce the formation of protein coronas, the

huA33mAb-functionalized capsules and particles were
incubated in human serum of varying concentra-
tions (0, 10, 50, and 100% (v/v)) in Roswell Park
Memorial Institute (RPMI) 1640 medium. The physio-
chemical properties of the resulting capsules and
particles were characterized by dynamic light scatter-
ing (DLS). The formation of protein coronas resulted in
a slight decrease in the ζ-potential of both the capsules
and particles. Specifically, the ζ-potential of the huA33
mAb-functionalized capsules changed from �34 ( 2
(in the absence of a protein corona) to �29 ( 1 (10%
serum),�25( 4 (50% serum), and�24( 2 mV (100%
serum). Similarly, a change in the ζ-potential of the
huA33 mAb-functionalized particles was observed,
i.e., from �39 ( 4 (in the absence of a protein corona)
to �33 ( 2 (10% serum), �28 ( 2 (50% serum), and
�27 ( 1 mV (100% serum). The results are consistent
with the findings of previous studies, which reported
that the formation of protein coronas results in neutrali-
zation of the surface charge for both positively
charged34,35 and negatively charged nanoparticles.15,36

Furthermore, atomic force microscopy (AFM) was
employed to examine the surface morphology of the
capsules in the presence and absence of a protein
corona. Upon formation of a protein corona, the surface
of the capsules was smoother, reflecting the adsorption
of proteins onto the surface (Figure 2).
To analyze protein adsorption onto the capsules and

particles, equivalent numbers of capsules and particles

Figure 1. Fluorescence microscopy images (A, C: scale bars
are 5 μm) and transmission electron microscopy (TEM)
images (B, D: scale bars are 1 μm) of AF633-labeled (red)
PMA capsules (A, B) and particles (C, D) functionalized with
AF488-labeled huA33 mAbs (green).
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functionalized with huA33 mAb or human IgG (huIgG)
were exposed to cell media containing human serum
at different concentrations. Then, the capsules and
particles were extensively washed with PBS buffer to
obtain “hard” protein coronas (a relatively stable layer
of proteins coated on the capsule or particle surface).
This procedure was used as a standard to obtain

protein corona-coated polymer capsules and particles
in this study. Subsequently, these proteins were eluted
and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (Figure 3). As observed,
proteins, in particular those with molecular weights
above 25 kDa, adsorbed onto all capsule and particle
surfaces. On thebasis of the density of the bands in each

Figure 2. Atomic forcemicroscopy (AFM) imagesof huA33mAb-functionalized PMAcapsules in the absence (A) andpresence
(B, C, and D) of a protein corona. Protein coronas were formed in RPMI1640medium containing 10% (B), 50% (C), or 100% (D)
human serum followed by extensive washing with PBS buffer and ultrapure water. The AFM images were taken on air-dried
capsules. The associated height profiles of the cross-section of each image are also shown. Scale bars are 1 μm.
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lane, higher serum concentrations led to increased total
protein adsorption (Figure 3). Quartz crystal microba-
lance with dissipation (QCM-D) analysis also showed
that the amount of serum-derived proteins adsorbed
onto huA33 mAb-functionalized PMA films increased
with higher concentrations of serum (Figure S3). Likewise,
polystyrene nanoparticles demonstrated an increase in
the amount of proteins adsorbed with increasing plasma
concentrations.31 In contrast, lower amounts of proteins
adsorbedonto silicananoparticleswereobserved inhighly
concentrated plasma.31 This finding suggests that protein
adsorption is influenced by other factors such as particle
properties (e.g., surface charge, hydrophobicity) besides
protein concentration.
To quantitatively analyze the protein composition,

mass spectrometry was employed. This method allows
direct comparison of the protein compositions in dif-
ferent coronas. Following removal of excess unbound
proteins by extensive washing with PBS, the “hard”
corona proteins were eluted, reduced, and labeled
with formaldehyde containing various isotopes. A total
of 83 proteins were identified in the capsule corona
derived from 100%human serum, 73 proteins of which
were also found in the capsule corona derived from
10% serum. A total of 65 proteins were identified in
the particle corona derived from 100% human serum,
60 proteins of which were present in the particle
corona derived from 10% serum (Tables S1 and S2).
For both particle and capsule coronas, most of the
proteins were more abundant in the 100% human
serum-derived coronas when compared with those in
the 10% human serum-derived coronas. Conversely,
the concentration of complement C1q protein

subunits was higher in the 10% human serum-derived
coronas when compared with that in the 100% human
serum-derived coronas for both the capsules and
particles. This result indicates that the composition of
the protein corona is different for the coronas derived
from 10% and 100% human serum.
To verify if the targeting properties of the function-

alized capsules and particles was maintained in the
presence of a protein corona, the specific binding of
the Ab-functionalized capsules and particles to the
targeted cells was evaluated using a mixed cell popu-
lation comprising LIM2405þ and LIM2405� cells at a
ratio of 1:1. LIM2405þ cells were derived from a clone
that was stably transfected to express A33 on the cell
surface membrane. LIM2405� cells, which correspond
to a clone that was stably transfected with a control
vector, were used as a control; hence, they remain as
A33-negative cells. Equivalent numbers of protein
corona-coated capsules and particles were incubated
with LIM2405þ/� cell mixtures in a serum-free medi-
um at 4 �C to prevent cell internalization. Flow cytom-
etry was used to quantitatively measure the bind-
ing degree of the capsules and particles to each cell
type in the cell mixtures (Figure 4). In the absence
of protein coronas, a significantly higher percentage
of LIM2405þ cells bound to the Ab-functionalized cap-
sules (66.8%) and particles (90.5%) when compared
with the LIM2405� cells (1.5% and 4.6% for the cap-
sules and particles, respectively). These results suggest
a high degree of cell recognition driven by antibody-
specific interactions (Figure 4). The Ab-functionalized
capsules and particles with different protein coronas
formed in human serum at varying concentrations were

Figure 3. Sodiumdodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) images of separated corona proteins of the
huA33 mAb- or huIgG-functionalized PMA capsules (A) or particles (B) following incubation for 1 h at 4 �C in RPMI1640
medium containing human serum at varying concentrations (0, 10, 50, 100% (v/v)). Reference bands associated with
particular molecular weights are displayed in each image (as indicated by an arrow).

A
RTIC

LE



DAI ET AL . VOL. 9 ’ NO. 3 ’ 2876–2885 ’ 2015

www.acsnano.org

2881

separately incubatedwith the LIM2405þ/� cellmixtures.
The different corona-coated capsules and particles all
exhibited unchanged targeting capacity for LIM2405þ
cells in the mixed cell population. Specifically, in the
presence of 10% serum-derived coronas, 70.3% and
91.9% of LIM2405þ cells bound to the capsules and
particles, respectively. In the presence of 50% serum-
derived coronas, 65.1% and 91.0% of LIM2405þ cells
were targeted by the capsules and particles, respectively.
Furthermore, in the presence of coronas derived from
100% serum, 68.3% and 91.1% of LIM2405þ cells asso-
ciated with the capsules and particles, respectively
(Figure 4). Also, it is noted that the formation of protein
coronas did not significantly alter the nonspecific bind-
ing to the control LIM2405� cells; the corona-coated
capsules and particles obtained in different human
serum concentrations displayed cell membrane binding
capacities of 4.4% and 5.8% (10% serum), 3.1% and 3.2%
(50% serum), 2.3% and 4.3% (100% serum), respectively
(Figure 4). These results suggest that the huA33 mAb
molecules on the capsules and particles are accessible to
the A33 protein on the cell membrane in the presence
of the protein coronas. Deconvolution microscopy was
employed to confirm the targeting ability of the capsules
and particles in the presence of protein coronas. The
capsules and particles coated with protein coronas de-
rived from 100% human serum both showed enhanced
affinity to targeted LIM2405þ cells (blue) comparedwith
the control LIM2405� cells (green) (Figure 5B andD). The
observed enhanced affinity to the targeted LIM2405þ
cells was similar to the selectivity of the capsules and
particles obtained in the LIM2405þ/� cellmixtures in the
absence of a protein corona (Figure 5A and C).
To further confirm that the unchanged targeting

ability is not specific to one cell line, another A33-
positive human colon cancer cell line, LIM1899, was
used to investigate the cell membrane binding. HuIgG-
functionalized capsules and particles were used as a

negative control to show nonspecific cell binding
background of the functionalized capsules and parti-
cles. “Hard” protein corona-coated capsules and parti-
cles functionalized with either huA33 mAb or huIgG
were obtained using the same process mentioned
earlier. LIM1899 cells were incubated in the presence
of the protein corona-coated capsules or particles in a

Figure 4. Cell membrane binding of the AF633-labeled PMA capsules and particles to LIM2405þ/� cell mixtures (positive-to-
negative cell ratio of 1:1) in the presence of protein coronas. Mixed cells were incubated with capsules (A) or particles (B) at
4 �C for 1 h at a capsule- or particle-to-positive cell ratio of 100:1 in a serum-freemedium. The percentage of cells bound to the
capsules or particles was determined by flow cytometry. Data are shown as the mean ( standard error of at least three
independent experiments, with at least 10 000 cells analyzed in each experiment.

Figure 5. Deconvolution microscopy images of LIM2405þ
cells and LIM2405� cells incubated with the huA33 mAb-
functionalized PMA capsules (A, B) or particles (C, D) in
the absence (A, C) or presence (B, D) of a protein corona. The
protein corona was derived from 100% human serum.
Mixed cells were incubated with the capsules or particles
at 4 �C for 1 h at a capsule- or particle-to-positive cell ratio
of 100:1 in a serum-free medium. Cells were imaged using
deconvolution microscopy in DPBS. LIM2405þ cells were
stained with DiI and pseudocolored blue. LIM2405� cells
were stained with CellTracker Green CMFDA, colored green.
The particles were labeledwith both AF488 (labeled to huA33
mAbs) and AF633 (labeled to PMA). Scale bars are 10 μm.
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serum-free medium at 4 �C to prevent cell internaliza-
tion. Flow cytometry was used to quantitatively mea-
sure the binding degree of the capsules and particles
(Figure 6). The targeting effect was evaluated by com-
paring the amounts of cells that bound to the huA33
mAb- and huIgG-functionalized capsules or particles.
The data showed that in both the absence andpresence
of protein coronas the huA33 mAb-functionalized
capsules or particles consistently exhibited enhanced
cell membrane binding relative to the control huIgG-
functionalized capsules or particles (Figure 6). Specifi-
cally, the increased cell binding values (calculated as
the difference between the percentage of cells bound
to the huA33 mAb-functionalized capsules or particles
and the percentage of cells bound to the huIgG-
functionalized carriers) obtained for the functionalized
capsules and particles were respectively 43% and 63%
(0% serum), 50% and 58% (10% serum), 44% and 57%
(50% serum), and 38% and 56% (100% serum) (Figure 6).
The comparable cell binding values obtained in the
presence of different protein coronas and absence of a
protein corona suggest that the targeting ability of such
huA33 mAb-functionalized capsules and particles was
unchanged in the presence of a protein corona.
Cell membrane targeting experiments using LIM1899

and LIM2405 cell lines both exhibited the same result:
the targeting ability of the huA33 mAb-functionalized
PMAcapsules andparticleswas retained in the presence
of a “hard” protein corona layer formed on the capsules'
and particles' surfaces. This indicates that, despite the
surface coating on the polymer capsules or particles,
the layer of a “hard” protein corona does not reduce the
ability of huA33 mAbs to recognize A33 proteins on the
cell surface. Previous studies have shown that transfer-
rin- or sdAb-functionalized silica nanoparticles com-
pletely or partially lose their targeting specificity in the
presence of protein coronas.19,20 The discrepancy ob-
served in the effect of protein coronas on targeting

could possibly be explained as follows. First, different
binding affinities to the corresponding receptors or anti-
gens on the cell membrane may exist across different
carriers. In general, the equilibrium dissociation constant
(KD) for monoclonal antibodies and antigens is on the
order of pM and nM�pM for sdAbs and antigens and nM
for transferrin and transferrin receptors. However, the
affinity of these targeting molecules on different parti-
cles remains unclear considering that affinity can be
enhanced viamultivalency on theparticle surface,which
is likely to be dependent on the ligand density. With a
higher affinity, antibodies tend to be less affected than
other proteins in achieving their targeting ability in
biological environments. Second, the molecular sizes
of the targeting moieties employed in these studies
were different. Generally, an Ab (∼150 kDa) is larger
than a transferrin (∼80 kDa) or a sdAb (∼15 kDa). The
larger size of Ab may prevent complete shielding of the
molecules on the particle surface, thereby favoring
preservation of the capsule or particle targeting ability.

CONCLUSION

The present study examined the formation of
protein coronas on huA33 mAb-functionalized LbL-
assembled PMA capsules and core�shell particles and
the effects of protein coronas on the surface function-
ality of such carriers. The findings showed that the
composition of the protein coronas differed between
the capsules and particles and was additionally influ-
enced by the concentration of serum in biological
media. Consistent with other studies, the formation
of protein coronas led to changes in the ζ-potential
and roughness of the capsules. To examine the effects
of protein coronas on the targeting ability of the
capsules and particles, two stably transfected cell lines
were employed (LIM2405þ cells expressing A33 and
LIM2405� cells lacking A33 expression). As observed,
huA33 mAb functionalization enhanced the cell

Figure 6. Cellmembrane binding of theAF633-labeledPMA capsules andparticles to LIM1899 cells in the presence of protein
coronas. Mixed cells were incubated with capsules (A) or particles (B) at 4 �C for 1 h at a capsule- or particle-to-cell ratio of
100:1 in a serum-freemedium. The percentage of cells bound to the capsules or particles was determined by flow cytometry.
Data are shown as themean( standard error of at least three independent experiments, with at least 10 000 cells analyzed in
each experiment.
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membrane binding of the capsules and particles to-
ward LIM2405þ cells; this enhanced affinity remained
unaltered in the presence of the protein coronas
formed. Moreover, comparison of the cell membrane
binding of the huA33 mAb- and huIgG-functionalized
capsules and particles toward the A33-expressing
cells confirmed that the specific binding driven by
huA33 mAb-A33 interactions remained the same in
either the absence or presence of the protein coronas.

In summary, our data demonstrate that the adsorption
of a “hard” protein corona layer onto the surface of
soft polymeric capsules or particles is not detri-
mental to the ability of huA33 mAbs to recognize
A33 proteins on the cell membrane. Owing to the
importance of protein coronas in directing the surface
properties of particles, this study indicates that anti-
body specificity can be retained in the presence of
protein coronas.

METHODS

Materials. Poly(methacrylic acid) (PMA, Mw 15 kDa) was pur-
chased from Polysciences (Warrington, PA, USA). SiO2 particles
were purchased from Micro Particles GmbH (Berlin, Germany).
Hydrofluoric acid (HF), ammonium fluoride (NH4F), sodium
acetate (NaOAc), sodium bicarbonate, poly(N-vinylpyrrolidone)
(PVPON; Mw ∼10 kDa), sodium ascorbate, copper sulfate,
phosphate-buffered saline (PBS) tablets, polyethylenimine
(PEI), 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC),
dimethyl sulfoxide (DMSO), propargylamine hydrochloride,
deuterium oxide, and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholin-4-ium (DMTMM)werepurchased fromSigma�
Aldrich (Sydney, Australia) and used as received. Alexa Fluor
633 hydrazide and Alexa Fluor 488 succinimidyl ester reactive
dyes, RPMI1640 medium containing L-glutamine (300 mg L�1),
fetal bovine serum (FBS), Dulbecco phosphate-buffered saline
(DPBS), NuPAGE Bis-Tris precast gel 4�12%, NuPAGE MES SDS
running buffer, NuPAGE LDS sample buffer, NuPAGE sample
reducing agent, human immunoglobulin (huIgG), CellTracker
Green CMFDA (5-chloromethyl fluorescein diacetate), and G418
sulfate (50 mg mL�1) used for LIM2405 cell culture were pur-
chased from Life Technologies (Mulgrave, Victoria, Australia).
Succinimidyl ester and azide-bifunctionalized poly(ethylene
glycol) (NHS-PEG-Az) was purchased from JenKem Technologies
(USA). Ultrapure water with a resistance greater than 18 MΩ cm
was obtained from an inline Millipore RiOs/Origin system
(Millipore Corporation, USA). HuA33 mAbs and LIM1899 and
LIM2405 cell lines were provided by Prof. Andrew Scott at the
Ludwig Institute for Cancer Research, AustinHospital,Melbourne,
Australia.

Layer-by-Layer Polymer Particle Preparation. The synthesis of
alkyne-functionalized poly(methacrylic acid) (PMA-Alk; alkyne
functionalization degree ∼11%) is described in the Support-
ing Information. The synthesis of the disulfide reducible cross-
linker N,N0-(dithiodiethane-2,1-diyl)bis(1-azido tetraethylene
glycol acetamide) and subsequent LbL assembly of the degrad-
able capsules and particles were outlined previously.25,27

A standard washing procedure was employed as follows: a
200 μL SiO2 particle suspension (50mgmL�1; diameter 1.16μm)
was centrifuged at 1000g for 60 s. The supernatant was re-
moved, and the particles were dispersed in 1000 μL of NaOAc
buffer (pH 4, 50 mM). Three centrifugation/redispersion cycles
were conducted. Following washing, 1000 μL of PVPON
(1 mg mL�1) in NaOAc buffer (pH 4, 50 mM) was added to the
particles for adsorption onto the silica surface for 15 min with
constant shaking. The resulting particles werewashed using the
standard washing procedure described above. Then, to adsorb
a PMA-Alk layer onto the PVPON layer, 1000 μL of PMA-Alk
(1 mg mL�1) prepared in NaOAc buffer (pH 4, 50 mM) was used
with constant shaking for 15 min. The particles were then
washed to create a PVPON/PMA-Alk bilayer. The PVPON/PMA-
Alk bilayer adsorption process was repeated four more times.
The multilayer shell was covalently cross-linked by incubating
the particles with a 1500 μL solution containing the “click” cross-
linker (1 mg mL�1), sodium ascorbate (4.4 mg mL�1), and
copper sulfate (1.8 mg mL�1) at a v/v/v ratio of 3:1:1 in NaOAc
buffer (pH 4, 50 mM) for 12 h with constant shaking. The cross-
linked particles were then washed three times with NaOAc
buffer (pH 4, 50 mM).

The capsules were formed by dissolving the silica templates
using NH4F (13.3 M)-buffered HF (5 M) at pH 4. (Caution! HF is
highly toxic and great care must be taken during handling).
The capsules were centrifuged (3800g, 8 min) and washed
three times using NaOAc buffer (pH 4, 50 mM). To remove the
hydrogen-bonded PVPON from the cross-linkedmultilayers, the
capsules or particles were incubated in PBS buffer at pH 7.4 for
approximately 12 h.

Fluorescent Labeling of Capsules and Particles. First, 500 μL of EDC
(10 mg mL�1) prepared in PBS buffer at pH 7.4 was mixed with
500 μL of five-layered capsule or particle suspensions in PBS.
Subsequently, 5 μL of AF633-hydrazide (1 mg mL�1) in dry
DMSO was added to the mixture. Samples were incubated in
the dark with constant shaking for 16 h at∼22 �C. After labeling,
the capsules and particles were washed three times in PBS and
counted using flow cytometry (Apogee Flow) to determine their
concentration.

Ab-Conjugation to Capsules and Particles. First, 5 μg of Ab�Azwas
added to 1.6� 108 PMA capsules or particles in PBS containing
10μLof sodiumascorbate (4.4mgmL�1), 10μLof copper(II) sulfate
(1.8 mgmL�1), and 10 μL of chelator (tris[(4-carboxyl-1-benzyl-1H-
1,2,3-triazol-4-yl)methyl]amine, TCBTMA; 4.89 mgmL�1). The sam-
ples were incubated with constant shaking for 1 h at 4 �C. After
functionalization, the capsules or particles were washed twice in
PBS buffer and counted using flow cytometry (Apogee Flow) to
determine their concentration.

Formation of Protein Corona-Coated Capsules and Particles. huIgG-
or huA33 mAb-functionalized capsules or particles (1 � 108)
were incubated in 1 mL of human serum at varying concentra-
tions in RPMI1640 media (0, 10, 50, and 100% (v/v)) for 1 h at
4 �C. The capsules or particles were then washed three times
with PBS buffer to obtain the “hard” protein corona-coated
capsules or particles. These “hard” protein corona-coated
capsules and particles were used directly for cell-binding and
proteomic experiments or further washed with different buffers
or ultrapure water for characterization.

Characterization of Polymer Particles. After formation of protein
coronas, the capsules and particles were isolated and charac-
terized by the following methods. Differential interference
contrast (DIC) and fluorescence microscopy images were taken
with an inverted Olympus IX71 microscope. Atomic force
microscopy experiments were conducted on an Asylum Re-
search AFM. Typical scans were conducted in tapping mode
using MikroMasch silicon cantilevers (NSC/CSC). The film thick-
ness and roughness of the polymer capsules were analyzed
using an SPM data visualization and analysis tool, Gwyddion
version 2.34. Transmission electron microscopy images were
acquired on a FEI Tecnai TF20 instrument, operating at 200 kV.
Prior to TEM analysis, the samples (1 μL) were dropped onto
Formvar-coated copper grids and allowed to air-dry. Microelec-
trophoresis (ZetaSizer 2000,Malvern Instruments)was employed
to measure the ζ-potential of huA33 mAb-functionalized PMA
capsules and particles in phosphate buffer (pH 7.2, 5 mM).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis. For the
analysis, 1� 108 huIgG- or huA33 mAb-functionalized capsules
or particles were incubated in 1 mL of human serum at varying
concentrations in RPMI1640media (0, 10, 50, and 100% (v/v)) for
1 h at 4 �C. The capsules or particles were then washed three
times with DPBS buffer to obtain the protein corona-coated
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capsules or particles. The adsorbed proteins were stripped from
the capsules or particles by adding NuPAGE LDS sample loading
buffer and heated at 70 �C for 10 min. The eluted proteins
were transferred to a new tube. The disulfide bonds in proteins
were cleaved using a reducing agent (50mMdithiothreitol) and
heated at 70 �C for 10min. The sampleswere then loaded on the
gel and run for∼50min at 200 V. Each gel included one lane of a
standard molecular weight ladder.

Cell Culture. Human colorectal cancer cell lines LIM1899,
LIM2405þ, and LIM2405� were cultured in RPMI1640 medium
containing 10% FBS, 0.6 mgmL�1 G418 sulfate (for LIM2405 cell
lines only), and other supplements (10.8 μgmL�1 R-thioglycerol,
0.025 U mL�1 insulin, and 1 μg mL�1 hydrocortisone) at 37 �C
in a 5% CO2-humidified atmosphere and subcultured prior to
confluence.

Flow Cytometry Involving the LIM1899 Cell Line. First, 1� 107 huIgG-
or huA33 mAb-functionalized capsules or particles coated with
protein coronas were added to 1 � 105 LIM1899 cells (the
particle-to-LIM1899 cell ratio was 100:1) in 500 μL of serum-free
RPMI1640medium. The cellswere incubatedwith the capsules or
particles for 1 h at 4 �C followed by three washes with cold DPBS
buffer. The cell pelletswere resuspended in300μL ofDPBSbuffer
and analyzed by flow cytometry (Apogee Flow). Analysis was
performed using FlowJo vX.0.6. Cells that displayed 638-Red
(AF633) signals above 100 were identified as those associated
with the capsules or particles.

Flow Cytometry Involving the LIM2405 Cell Line (A33-Antigen Positive
and Negative Cell Mixture). LIM2405� cells were stained with 2 μM
CellTracker Green CMFDA for the flow cytometry measure-
ments. A 50:50 mixture of LIM2405� and LIM2405þ (total of
2� 105 cells) was prepared, to which the huIgG- or huA33mAb-
functionalized capsules or particles coatedwith protein coronas
were added (particle-to-LIM2405þ cell ratio was 100:1). The
cells were incubated with the capsules or particles in 500 μL
of serum-free RPMI1640 medium for 1 h at 4 �C followed by
three washes with cold DPBS buffer. The cell pellets were
resuspended in 300 μL of DPBS buffer and analyzed by flow
cytometry (Apogee Flow). Analysis was performed using FlowJo
vX.0.6. The LIM2405þ and LIM2405� cells were identified
according to their cell tracker staining. Cells that displayed
638-Red (AF633) signals above 100 were identified as those
associated with the capsules or particles.

Deconvolution Fluorescence Microscopy. For the deconvolution
microscopy analysis, the LIM2405� cells were stained with
3 μM CellTracker Green CMFDA and the LIM2405þ cells were
stained with 1,10-dioctadecyl-3,3,30 ,30-tetramethylindocarbo-
cyanine perchlorate (DiI, 4 μM). The capsules and particles
coated with protein coronas were prepared following the proto-
cols mentioned above. Cell membrane binding experiments
were performed following the same protocolsmentioned above.
Deconvolution fluorescence microscopy was performed on a
DeltaVision (Applied Precision) microscope with a 60� 1.516 NA
oil objective and a standard FITC/TRITC/CY5 filter set. Images
were processed with Imaris (Bitplane) using the maximum
intensity projection unless otherwise noted.
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