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P
olymer capsules formed by the layer-
by-layer (LbL) technique are promis-
ing carriers for the delivery of

therapeutics.1–3 These capsules are typi-
cally formed by the sequential deposition
of interacting polymers on a spherical core
or template (forming a core–shell particle)
and subsequent dissolution of the core.4,5

The versatility of this technique allows for
the production of capsules of a predeter-
mined size by simply varying the size of the
template, as well as the preparation of cap-
sules composed of various polymers, which
may interact electrostatically, through hy-
drogen bonding, or by other chemistries, in-
cluding disulfide linkages6 and click chemis-
try.7 The loading of such capsules with
various materials such as proteins,8–10

drugs,11 and nucleic acid12 has been re-
ported. The surface of the particles can also
be manipulated by applying various coat-
ings such as poly(ethylene glycol) (PEG) to
render the particles nonfouling13,14 or by
biofunctionalization for targeted delivery
applications.15,16 Recently, we reported the
biofunctionalization of LbL core–shell par-
ticles and capsules with the humanized A33
monoclonal antibody (huA33 mAb), which
binds specifically to A33 antigen-expressing
colorectal cancer cells.16 A 4-fold increase
in binding was achieved with huA33 mAb-
coated particles compared with nonfunc-
tionalized particles. Specific binding of par-
ticles to target cells would potentially allow
a high concentration of therapeutic to be
delivered in targeted areas of the body.17 By

preferentially killing the desired cells and
limiting the potentially harmful side effects
of the drug in healthy cells, targeted deliv-
ery is expected to increase the therapeutic
index of the drug.17

Particle binding to cells can occur either
specifically, by attaching to specific moi-
eties or receptors on the cell surface, or
nonspecifically, by general interaction with
one or more components of the cellular
membrane. In both cases, binding is ex-
pected to be governed by the nature of the
particle, including its size, composition,
and surface properties. Size is an important
parameter, as it ultimately dictates the
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ABSTRACT There has been increased interest in the use of polymer capsules formed by the layer-by-layer

(LbL) technique as therapeutic carriers to cancer cells due to their versatility and ease of surface modification.

We have investigated the influence of size, surface properties, cell line, and kinetic parameters such as dosage

(particle concentration) and incubation time on the specific binding of humanized A33 monoclonal antibody

(huA33 mAb)-coated LbL particles and capsules to colorectal cancer cells. HuA33 mAb binds to the A33 antigen

present on almost all colorectal cancer cells and has demonstrated great promise in clinical trials as an

immunotherapeutic agent for cancer therapy. Flow cytometry experiments showed the cell binding specificity of

huA33 mAb-coated particles to be size-dependent, with the optimal size for enhanced selectivity at �500 nm. The

specific binding was improved by increasing the dosage of particles incubated with the cells. The level of specific

versus nonspecific binding was compared for particles terminated with various polyelectrolytes to examine the

surface dependency of antibody attachment and subsequent cell binding ability. The specific binding of huA33

mAb-coated particles is also reported for two colorectal cancer cell lines, with an enhanced binding ratio between

4 and 10 obtained for the huA33 mAb-functionalized particles. This investigation aims to improve the level of

specific targeting of LbL particles, which is important in targeted drug and gene delivery applications.
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method of internalization of the particle as well as its
ability to permeate through tissues and be targeted to
the required area.18–20 Studies have reported cellular in-
ternalization of various sized particles from several na-
nometers to 3 �m.21–23 The type of cell also adds a level
of complexity, as particle binding and uptake can vary
depending on cell type, cell line, and cell surface prop-
erties, including surface charge, which is integral to
their interaction with particles.24,25 In general, the outer
surface of cells has a net negative charge due to ion-
ized groups on macromolecules exposed to the extra-
cellular environment.26 Cells can also have both posi-
tive and negative domains on the surface, as reported
for pharyngeal epithelial cells.27 The net surface charge
of the particle, as well as its hydrophobicity, will there-
fore have an influence on particle binding to
cells.18–20,28 In addition to particle size and cell type,
particle internalization is also known to depend on par-
ticle composition and surface chemistry.18–20,28,29

Almost all (95%) primary human colorectal tumors
express the A33 antigen on the cell surface.30,31 HuA33
mAb binds to the A33 antigen and, upon so, activates
a cellular internalization mechanism that may be used
for the internalization of therapeutic-loaded particles.32

In recent years, radiolabeled huA33 mAb has been
used in several clinical trials conducted in patients with
colorectal cancer, with promising results.33–35 The com-
bination of the drug-loading ability of polymer cap-
sules and the clinical significance of huA33 mAb as the
binding ligand provides new opportunities for deliver-
ing therapeutics to colorectal tumor cells. In our recent
study, we reported the selective and antigen-mediated
binding of huA33 mAb-coated particles to LIM1215, a
colorectal cancer-derived cell line expressing the A33
antigen.16 In this work, the effects of various parameters
such as core–shell particles vs capsules, dosage (par-
ticle concentration), and surface composition on the
binding of huA33 mAb-coated particles to LIM1215
cells are examined. The binding of huA33 mAb-coated
particles to another A33 antigen-expressing, colorectal
cancer-derived cell line is also reported. Studying the ef-
fect of these parameters on the interaction of the
huA33 mAb-coated particles with cells provides valu-
able information on the conditions for the efficient
binding, and hence targeting, of huA33 mAb-
functionalized particles to colorectal cancer cells. This
study complements previous work on the use of LbL-
engineered materials for bioapplications, where bio-
functionalized LbL films on planar substrates have been
used for biosensing,36 DNA transfection,37 and tissue
engineering.38–40

RESULTS AND DISCUSSION
Effect of Size. To determine the optimal particle size

for cellular binding, poly(sodium-4-styrenesulfonate)
(PSS)-terminated core–shell particles of diameter ap-
proximately 300 nm, 500 nm, and 1 �m were biofunc-

tionalized with huA33 mAb, and their binding to

LIM1215 cells was investigated using flow cytometry.

The huA33 mAb-coated particles have an antibody sur-

face coverage of approximately 10 mg per square meter

of PSS surface.16 The binding of 500 nm and 1 �m

huA33 mAb-coated core–shell particles to LIM1215

cells is shown in Figure 1. Figure 1a indicates lower non-

specific binding with 500 nm particles, showing close

to a 4-fold increase in binding of huA33 mAb-coated

particles compared to controls.16 The larger particles (1

�m) showed higher nonspecific binding, which could

be due to the larger surface area of contact with the cell

membrane. Also investigated were 300 nm particles,

which exhibited similar binding to LIM1215 cells as the

1 �m particles (data not shown). This was attributed to

the agglomeration of 300 nm particles to aggregates

close to 1 �m in size, as evident under the fluorescence

microscope. This suggests that the available surface

area of contact with the cell may play a role in the non-

specific binding of the particles. The higher nonspe-

cific binding observed with larger particles is also seen

with the negative control cells, SW480, which do not ex-

press the A33 antigen (Figure 1b).

The data suggest that, out of the three sizes investi-

gated, the most favorable particle size for cell binding

Figure 1. Effect of particle size on the selective binding of
particles to cells. Binding of fluorescently labeled huA33
mAb-coated, noncoated, and mouse IgG-coated core–shell
particles (500 nm and 1 �m) to (a) A33 antigen-expressing
LIM1215 cells and (b) SW480 cells, which do not express the
A33 antigen. The y axis shows the percentage of live cells
with bound particles after 1 h of incubation at 4 °C, as ana-
lyzed by flow cytometry. Results represent the means of trip-
licate samples � standard deviation.
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is 500 nm. At this size, particles composed of PSS and

poly(allylamine hydrochloride) (PAH) do not aggregate,

and they exhibit low, nonspecific binding to cells. Core–

shell particles and capsules of this size are within the

size range that allows accessibility to tumor cells. It is

well known that blood vessels supplying tumor cells are

often “leaky”, with most tumors exhibiting pores rang-

ing from 380 to 780 nm.41 The particles may therefore

permeate through pores and be directed to the tar-

geted cancer cells, where internalization of drug-loaded

particles may take place. We have shown previously

that binding of huA33 mAb-coated 500 nm particles

to LIM1215 cells leads to their internalization.16 Larger

particles (1 �m) are also internalized by LIM1215 cells

(see Figure 2), although internalization of these larger

particles appears to be nonspecific, since high levels of

internalization of mouse IgG-functionalized and non-

functionalized particles were also observed. This is in ac-

cord with the binding data observed for 1 �m par-

ticles (Figure 1a). The data also suggest that initial

binding to the cell, whether antigen-mediated or non-

specific, is a prerequisite for the subsequent internaliza-

tion of a particle by the cell. It is therefore speculated

that, although particle binding is specific, particle inter-

nalization occurs via a nonspecific endocytotic or

phagocytotic mechanism. De Smedt and co-workers,

in a study using LbL microcapsules composed of dex-

tran sulfate and poly(arginine), have reported lipid raft-

mediated uptake as a potential mechanism for LbL cap-

sules internalization by VERO-1 cells.42

Effect of PSS–PEG on Cell Binding. The high, nonspecific

binding observed for the 1 �m particles was investi-

gated further using a polymer with nonfouling proper-

ties. A block copolymer of PSS and poly(ethylene glycol)

(PSS–PEG) was deposited as the terminal layer of the

core–shell particles prior to biofunctionalization with

the antibody. PEG is a well-known nonfouling or

protein-resistant polymer that is often used to coat sur-

faces to limit their interaction with biological

interfaces.14,44,45 PEG deposited on particles has been

shown to decrease particle uptake by macrophages and

increase the circulation of the particles.13,45 As a block

copolymer, PSS–PEG is expected to bind to positively

charged surfaces due to its PSS component and exhibit

a degree of nonfouling due to the PEG component. Fig-

ure 3a shows quartz crystal microgravimetry with dissi-

pation capability (QCM-D) data confirming the binding

of PSS–PEG to a PAH-terminated film on a planar sur-

Figure 2. Binding and internalization of huA33 mAb-coated 1 �m core–shell particles by LIM1215 cells. Representative merged confocal laser
scanning microscopy images of (a,d) huA33 mAb-coated, (b,e) noncoated, and (c,f) mouse IgG-coated, fluorescein-labeled particles (yellow) in-
cubated with LIM1215 cells at 37 °C in a 5% CO2 humidified atmosphere for 6 h to allow cellular uptake of particles. Cell membranes were
counter-stained with a mouse mAb to the EGF receptor (mAb 528)43 and detected with a TRITC-conjugated anti-mouse IgG secondary anti-
body (red). Scale bars, 10 �m.
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face. The binding of PSS–PEG to PAH-terminated par-
ticles was characterized by microelectrophoresis, which
showed a reversal of zeta-potential upon PSS–PEG
binding to PAH (see Supporting Information). The char-
acterization of binding of huA33 mAb to PSS–PEG com-
pared to PSS by QCM-D is also shown in Figure 3a.
Whereas the surface coverage of huA33 mAb on a PSS
surface is approximately 10 mg m�2,16 the surface cov-
erage of huA33 mAb on a PSS–PEG surface is reduced
to 0.9 mg m�2, which is lower than the theoretically cal-
culated surface coverage for a close-packed IgG mono-
layer (in the desired end-on orientation) of 3.7 mg
m�2.46 Although a reduction in antibody adsorption
to PSS–PEG compared to PSS was observed, as consis-
tent with numerous studies on protein adsorption on
PEG-modified surfaces, the huA33 mAb is still present
and able to physically adsorb to the PSS–PEG surface
(most likely via electrostatic bonding to the PSS compo-
nent). This is confirmed by the adsorption of
fluorescein-labeled huA33 mAb, with the resulting PSS–
PEG particles showing an obvious decrease in green
fluorescence compared with fluorescein-labeled huA33
mAb on PSS-terminated particles (Figure 3b). Figure 4
shows the binding of 1 �m huA33 mAb-coated, goat
IgG-coated, and noncoated PSS- and PSS–PEG-
terminated particles to LIM1215 cells. Particles 1 �m in
size were investigated due to the high, nonspecific
binding they exhibit, as shown above. A decrease in
nonspecific binding (binding of control particles) is ob-

served with PSS–PEG-terminated particles, while the

binding of huA33 mAb-coated particles is slightly im-

proved. In general, for 1 �m core–shell particles, close

to a 5-fold increase in specific binding was observed

with huA33 mAb-coated PSS–PEG particles (ratio of

specific to nonspecific binding of 4.9 � 0.4) compared

with huA33 mAb-coated PSS particles (1.2 � 0.2). This

shows that PSS–PEG or polymers consisting partly of

PEG can alleviate the nonspecific binding of particles

to cells while maintaining a higher level of specific

binding.

Effect of Particle Concentration or Dosage. The percentage

of LIM1215 cells that bound 500 nm huA33 mAb-coated

particles was typically in the range of 30 – 40% when in-

cubated with a 0.004 wt % particle solution, or approxi-

mately 400 particles/cell.16 With the aim of increasing

specific binding, the effect of particle concentration on

the degree of specific binding was investigated. The

particle concentration of �400 particles/cell, which rep-

resents coverage of a preset cell surface area of 100

�m2, was normalized to 1. The binding of huA33 mAb-

coated particles, compared with mouse IgG-coated par-

ticles, at the normalized ratios of 0.5 (�200 particles/

cell), 1 (�400 particles/cell), 2 (�800 particles/cell), and

4 (�1600 particles/cell) is shown in Figure 5. The re-

sults show an increase in binding of 500 nm huA33

mAb-coated particles as particle number increases, with

a dosage of 4 times the normalized particle concentra-

tion resulting in 50% of cells having particles bound on

the surface. However, concurrent with this is the in-

crease in the degree of nonspecific binding, as shown

by the binding of mouse IgG-coated particles. These re-

sults show that there is scope in increasing the percent-

age of cells with bound particles by increasing the par-

ticle dosage, but the specificity of binding may be

compromised. Nonspecific binding or passive delivery

would be undesirable, as healthy cells would have a

higher chance of taking up therapeutic-loaded par-

ticles. It would therefore be favorable to decrease non-

specific binding to improve the desired therapeutic ef-

Figure 3. Characterization of huA33 mAb adsorption to PSS-
and PSS–PEG-terminated surfaces. (a) HuA33 mAb binding
to PSS [(PEI/PSS)(PAH/PSS)4] and PSS–PEG [(PEI/PSS)(PAH/
PSS)3(PAH/PSS–PEG)] surfaces by QCM-D. (b) Fluorescence
images of core–shell particles terminating with PSS (left) and
PSS–PEG (right) after coating with fluorescein-labeled huA33
mAb and after three cycles of buffer washing. Scale bars, 2
�m.

Figure 4. Comparison of the binding of PSS- and PSS–PEG-
terminated particles to LIM1215 cells. Binding of 1 �m fluo-
rescent PSS- and PSS–PEG-terminated core–shell particles
coated with huA33 mAb-coated, goat IgG-coated, or non-
coated to LIM1215 cells after 1 h of incubation at 4 °C, as
analyzed by flow cytometry.
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fects of the drug. A compromise must be sought to
arrive at a particle ratio that increases the specific bind-
ing of huA33 mAb-coated particles yet maintains non-
specific binding to a low level. From the result in Figure
5, it appears that increasing the dosage to 2X or 800
particles/cell does not significantly increase the nonspe-
cific binding of mouse IgG-coated particles to cells. In
a separate study, the effect of the incubation time of the
particles with the cells was explored. Increasing incuba-
tion time from 1 to 5 h did not lead to any further in-
crease in cell binding (see Supporting Information).

Surface Effects. The influence of the outer surface prior
to biofunctionalization47 on the binding of the particles
to cells was investigated. After the fourth PAH layer
(layer 7), one of the following polymers was adsorbed:
PSS, poly(acrylic acid) (PAA), poly(styrene sulfonate-co-
maleic acid) (PSS–MA), poly(methacrylic acid) (PMA), or
thiolated poly(methacrylic acid) (PMASH).6,48,49 The
physical adsorption of huA33 mAb to the various sur-
faces was characterized by QCM-D on a planar support
and by microelectrophoresis for the particles. The prop-
erties of the 500 nm particles are shown in Table 1.

The difference in the zeta-potentials, as measured by
microelectrophoresis, of the noncoated and huA33
mAb-coated particles in 20 mM HEPES, pH 7.2, sug-
gests that the antibody is tethered to the particle sur-
face. This finding is confirmed by QCM-D studies, which
were also used to estimate the relative surface cover-
age of huA33 mAb on the various surfaces (see Table 1).

The ratio of the binding of the 500 nm huA33 mAb-
coated particles to the binding of the control particles
(noncoated) is also shown in Table 1. In all cases except
for the PAH outer surface, the presence of the huA33
mAb on the surface of the particles leads to an increase
in binding by approximately 2–5-fold. Although the
particles with the PSS outer layer showed the highest
specific/nonspecific binding ratio of 4.5, the polyanions
PSS–MA and PMASH also show promise as potential
outer surfaces to which huA33 mAb can be deposited.
Particles with a terminal PSS–MA layer have the added
feature of carboxyl groups from the maleic acid compo-
nent of PSS–MA, to which biomolecules can be co-
valently attached via amide linkages.48 More impor-
tantly, capsules composed primarily of PMASH, which
are stabilized solely through disulfide linkages, have the
desirable characteristic of intracellular biodeconstructi-
bility due to the reducing environment inside the
cell.6,12 The biofunctionalization of such capsules with
an internalized protein like huA33 mAb would provide
a mechanism with which PMASH capsules may be
specifically internalized and subsequently decon-
structed to release encapsulated materials. The thiol
functionality of PMASH appears to contribute to improv-
ing the specificity of binding, as observed by compar-
ing the binding ratios of PMA- and PMASH-terminated
particles. While particles terminated with a polyanion
prior to biofunctionalization showed some degree of
specificity, particles terminating with PAH, a polycation,
showed a high degree of nonspecific binding.28 This
was expected, as positively charged particles tend to
bind nonspecifically to cells due to the overall nega-
tive charge on the cell surface, which is commonly ex-
ploited by commercially available polycationic cell
transfection agents such as poly-L-lysine and cationic
lipids.50,51 The binding with PAH-coated particles has
been found to be as high as 95% with LIM1215 cells, ir-
respective of the presence of a targeting ligand on the
surface (data not shown). PAH-coated or polycation-
coated particles and capsules would therefore be of use
in applications where nonspecific delivery of material
inside or in the local environment of cells is required,
such as in vitro transfection.

Core–Shell Particles vs Capsules. For drug delivery pur-
poses, capsules comprising a polymer shell and a liquid-
filled interior will be more applicable in contrast to
core–shell particles with a solid core. We compared
the cellular binding of core–shell particles to the bind-
ing of capsules, both biofunctionalized with huA33
mAb or with mouse IgG or uncoated as controls, to

Figure 5. Effect of dosage on cellular binding. Flow cyto-
metric analysis of the binding of increasing concentrations
of 500 nm fluorescent PSS-terminated core–shell particles
coated with huA33 mAb or mouse IgG to LIM1215 cells. The
y axis shows the percentage of live cells with bound par-
ticles after 1 h of incubation at 4 °C. The values below the
solid line represent the ratio of specific to nonspecific bind-
ing at each particle concentration. The values above the dot-
ted line represent the normalized particle number, with 1�
corresponding to �400 particles/cell.

TABLE 1. Properties of 500 nm Multilayered (Core–Shell)
Particles with Different Outer Surfaces and Binding Ratios
for the LIM1215 Cells

polymer
outer
layer

zeta-
potential

(mV)a

zeta-potential
(huA33 mAb-

functionalized)
(mV)a

huA33 mAb
surface coverage

(mg/m2)b

binding ratio
(huA33 mAb/

control)c

PSS �70 � 1 �10 � 3 8.3 � 0.6 4.5 � 1.4
PAH 13 � 2 25 � 1 3.2 � 0.9 1.0 � 0.2
PAA �64 � 1 �5 � 5 10.9 � 3.2 2.4 � 0.8
PSS–MA �68 � 2 �7 � 3 9.2 � 0.3 3.3 � 0.8
PMA �69 � 4 �6 � 1 8.6 � 1.0 1.7 � 0.2
PMASH �58 � 8 �4 � 1 10.7 � 1.1 3.0 � 0.9

aDispersant: 20 mM HEPES, pH 7.2. bDetermined using QCM-D. cCalculated from
triplicate experiments. All results are means � standard error.
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LIM1215 cells. Figure 6 shows that the binding of 500

nm and 1 �m capsules is similar to that of core–shell

particles. This was expected since the cores used in the

core–shell particles are polystyrene spheres, which

have a density similar to that of water. The main differ-

ence between the core–shell particles and capsules is,

therefore, not in their masses but in their rigidity or flex-

ibility. Compared to the more rigid structure of a core–

shell particle, the capsule would have the flexibility to

bend and contort, which may facilitate its way through

gaps (e.g., blood vessel pores or intercellular junctions)

much smaller than its actual diameter.52 Its ability to

contort would hence reduce the effective surface area

of contact with the cell interface. This may explain the

lower nonspecific binding observed with the 1 �m cap-

sules compared with the 1 �m core–shell particles,

with the ratio of specific (huA33 mAb-coated) to non-

specific (noncoated) binding being 3.4 � 0.3 and 1.8 �

0.1 for 1 �m capsules and core–shell particles,

respectively.

Our previous study showed that core–shell particles

biofunctionalized with huA33 mAb lead to selective up-

take by the A33 antigen-expressing colorectal cancer

cell line, LIM1215. It was found that capsules are also in-

ternalized by LIM1215 cells (see Supporting Informa-

tion) with a degree of specificity consistent with the

binding data obtained from flow cytometry. The exact

mechanism of internalization is yet to be established,
but our previous studies suggest that it is a conse-
quence of A33 antigen-mediated binding.16

Binding to LIM2405 and LIM2405 A33� Cells. The selective
binding of huA33 mAb-coated particles was also tested
on another set of colorectal cancer cell lines, LIM2405
and LIM2405 A33�, the latter being a clonal derivative
of LIM2405 that expresses recombinant A33 antigen.
Initial binding with fluorescein-labeled huA33 mAb
confirmed the presence or lack of the A33 antigen on
the surface of LIM2405 A33� and LIM2405 cells, respec-
tively (see Supporting Information). Flow cytometry
data showing the binding of fluorescent core–shell par-
ticles coated with huA33 mAb, coated with mouse IgG,
and noncoated to LIM2405 and LIM2405 A33� cells are
presented in Figure 7. The high binding (a 10-fold in-
crease) of huA33 mAb-coated particles compared to
the control particles shows their specific binding to
LIM2405 A33� cells. The specificity of the binding is in-
dicated by the decrease in binding of the particles to
LIM2405 A33� cells that have been preblocked with
free excess huA33 mAb. In addition, the nonspecific
level of binding of huA33 mAb-coated particles to
LIM2405 cells confirms that the binding of the par-
ticles is antigen-mediated. These results from two col-
orectal cancer-derived cell lines, which differ only in the
expression of the A33 antigen, show that specific bind-
ing may also be achieved in other A33 antigen-
expressing cells besides LIM1215 cells.

In conclusion, the influence of size, surface proper-
ties, cell line, and kinetic parameters such as dosage
and incubation time on the binding specificity of huA33
mAb-coated LbL particles and capsules to colorectal
cancer cells was investigated. The results showed vari-
ous strategies in which the degree of specific binding
can be improved. First, particles should be small
enough to permeate through tumor blood vessels that
have leaky pores up to about 800 nm in diameter and

Figure 6. Comparison of the binding of core–shell particles
versus capsules to LIM1215 cells. Flow cytometric data de-
picting the binding of (a) 500 nm and (b) 1 �m huA33 mAb-
coated, noncoated, and mouse IgG-coated capsules com-
pared with core–shell particles. The y axis shows the
percentage of live cells with bound core–shell particles or
capsules after 1 h of incubation at 4 °C.

Figure 7. Binding of huA33-coated core–shell particles (di-
ameter 500 nm) to other colorectal cancer cell lines: LIM2405
and LIM2405 A33� (LIM2405 cells expressing recombinant
A33 antigen). Representative data depicting the flow cyto-
metric analysis of particle binding to live cells after 1 h of in-
cubation with huA33-coated, noncoated, and mouse IgG-
coated fluorescent particles at 4 °C. HuA33 mAb-coated
particles were also added to preblocked cells (striped bars)
to show specificity of binding to the A33 antigen.
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can, at the same time, be prepared without significant
aggregation. The particles with a negatively charged
outer surface prior to biofunctionalization reduce non-
specific interaction with the negatively charged cells.
Similarly, particles with an outer PSS-PEG surface also
reduce nonspecific binding. The polyanions PSS, PSS–
MA, and PMASH showed the most promising results,
with the latter two allowing the possibility of covalent
attachment of the targeting ligand. The results also
show that the particles in the form of thin polymer hol-
low capsules will also exhibit specific binding similar to
or better than that of core–shell particles and that sim-

ply increasing the dosage of the particles can improve
the amount of binding to the cells. The huA33 mAb-
functionalized particles showed significant enhance-
ments in binding for both the LIM1215 and LIM2405
A33� cells. The high and specific binding of huA33
mAb-coated particles and capsules to the A33 antigen,
which is expressed by almost all primary colorectal can-
cer cells as well as colorectal cancer cell lines such as
LIM1215 and LIM2405 A33� cells, paves the way for fur-
ther in vitro and in vivo studies of therapeutic drug load-
ing and release from LbL capsules to colorectal cancer
cells.

METHODS
Materials. Polystyrene particles (277 nm, 488 nm, and 0.98

�m in diameter) were purchased from MicroParticles GmbH, Ger-
many. Poly(allylamine hydrochloride) (PAH; Mw 70 000 g mol�1),
poly(ethylenimine) (PEI; Mw 25 000 g mol�1), poly(sodium
4-styrenesulfonate) (PSS; Mw 70 000 g mol�1), poly(acrylic acid)
(PAA; Mw 30 000 g mol�1), and poly(4-styrenesulfonic acid-co-
maleic acid (1:1 SS:MA, PSS–MA; Mw 20 000 g mol�1) were pur-
chased from Sigma-Aldrich and were used as received. Poly-
(methacrylic acid) (PMA; Mw 15 000 g mol�1) was purchased
from Polysciences, Inc. and was used as received. Thiolated PMA
(PMASH) was a gift from Dr. A. Zelikin.6 Poly(4-styrenesulfonate-
co-ethylene glycol) (PSS–PEG; PSS Mw 52 000 g mol�1 (GPC); PEG
Mw 26 000 g mol�1 (NMR)) was a gift from Prof. T. P. Davis, Uni-
versity of New South Wales, Australia.

The huA33 mAb and an antibody to the EGF receptor (mAb
528)43 were produced in the Biological Production Facility at
the Ludwig Institute for Cancer Research, Melbourne, Australia.
The antibodies were dissolved in phosphate-buffered saline
(PBS) containing 0.15 mM sodium azide (Sigma-Aldrich). Mouse
IgG, goat IgG, and anti-human IgG (Fab specific; Sigma-Aldrich)
were dissolved in PBS. The washing or blocking buffer consisted
of 10 mM ethylenediaminetetraacetic acid (EDTA), 1 wt % bo-
vine serum albumin (BSA; Sigma-Aldrich), and 5% fetal calf se-
rum (FCS; Thermotrace) in PBS, unless stated otherwise. 4-(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was
obtained from Sigma-Aldrich and was used at 20 mM, pH 7.2, un-
less stated otherwise.

Quartz crystal microgravimetry with dissipation (QCM-D) sen-
sor electrodes (frequency � 5 mHz, AT-cut) were purchased from
Q-Sense Corp. (Q-Sense AB, Göteberg, Sweden). The electrodes
were cleaned three times with Piranha solution (concentrated
sulfuric acid:hydrogen peroxide (30%), 7:3 (v/v)) and rinsed with
copious amounts of Milli-Q water. (Caution! Extreme care should
be taken when handling Piranha solution as it is highly corrosive. It
should only be prepared in small quantities.) Tetrahydrofuran (THF)
was from Lab-Scan Ltd., Ireland.

LIM1215, SW480, LIM2405, and LIM2405 A33� (LIM2405
cells expressing recombinant A33 antigen) cell lines were all de-
rived from human colorectal carcinoma. Cells were grown to
subconfluency in RPMI 1640 medium supplemented with ADDS
(10.8 �g mL�1 �-thioglycerol, 0.025 U mL�1 insulin, 1 �g mL�1

hydrocortisone, 60 �g mL�1 penicillin, and 12.6 �g mL�1 strep-
tomycin) and 10% heat-inactivated FCS at 37 °C in a 5% CO2 hu-
midified atmosphere. The water used in all experiments was pu-
rified with a Millipore Rios/Synergy 2-stage purification system
and had a resistivity greater than 18 M� cm.

Particle Size Effects. Core–shell particles of diameter approxi-
mately 300 nm, 500 nm, and 1 �m were prepared by the LbL
deposition of PSS and PAH on 277 nm, 488 nm, and 0.98 �m
polystyrene (PS) particles, respectively. Briefly, 500 �L of PAH was
added to 200 �L of a 0.5 wt % PS particle suspension in water.
Adsorption was carried out for 20 min, followed by centrifuga-
tion (10000g for 20 min, 12 min, and 6 min for 300 nm, 500 nm,
and 1 �m particles, respectively). The supernatant was removed,

and the particles were washed by redispersion in 500 �L of
water, followed by centrifugation. The washing step was re-
peated a further two times before the particles were redispersed
in 500 �L of water. An equal volume of PSS was then allowed
to adsorb for 20 min and washed as described above. The pro-
cess was repeated, with alternating layers of PAH or PAH-
fluorescein and PSS, until eight layers of polyelectrolyte were de-
posited, with the outermost layer being PSS [(PAH/PSS)2/(PAH-
FITC/PSS)/(PAH/PSS)].

The PSS-terminated core–shell particles were coated with
huA33 mAb (or mouse IgG) via physical adsorption. Each 1 mL
of reaction mixture in HEPES buffer contained 0.14 mg mL�1 of
huA33 mAb (or mouse IgG) and 50 �L of particles (or 100 �L for
1 �m particles). The mixture was incubated for 30 min at room
temperature, with continuous mixing, followed by centrifugation
at 4 °C. The supernatant was then replaced with 500 �L of HEPES.
Washing by centrifugation and redispersion in HEPES were per-
formed three times to remove unbound protein, and the washed
particles were redispersed in 100 �L of HEPES and stored at
4 °C.

LIM1215 cells were used for the size-dependency study. For
the particle binding investigation, the cells were washed with
PBS before being detached from the surface with 10 mM EDTA
in PBS at 37 °C in a 5% CO2 humidified atmosphere for 10 min.
Cells were aspirated gently to produce a single cell suspension,
centrifuged at 400g for 3 min, and resuspended in washing
buffer. For all remaining procedures, cells were kept on ice to
prevent internalization of antigen-bound particles. HuA33 mAb-
coated, mouse IgG-coated, and noncoated fluorescein-labeled
particles were added to 1 mL of 106 cells (1 �m particles, 50 �L
of 0.2 wt %; 500 nm particles, 40 �L of 0.1 wt %; 300 nm particles,
20 �L of 0.1 wt %). Incubation was carried out for 1 h on ice
with occasional gentle shaking. Cells with bound particles were
then pelleted by centrifugation at 340g for 4 min and resus-
pended in 0.5 mL of washing buffer containing 5 �g mL�1 pro-
pidium iodide (PI, Sigma-Aldrich) for flow cytometry using a Bec-
ton Dickinson FACScalibur. Forty thousand events were counted.
Flow cytometry data analysis was performed with Summit v3.1
(Cytomation, Inc., Fort Collins, CO), taking into account live cells
only (PI negative). The background was set at 1% during flow cy-
tometry data analysis unless otherwise stated.

For the particle internalization investigation, LIM1215 cells
were seeded onto 25 mm diameter glass cover slips in six-well
tissue culture plates at a density of 106 cells/well and left to grow
overnight. Cells adhered to cover slips were washed three times
in serum-free RPMI 1640 medium supplemented with ADDS and
returned to 37 °C in a 5% CO2 humidified atmosphere for 30
min prior to incubation with particles. HuA33 mAb-coated,
mouse IgG-coated, and noncoated, fluorescein-labeled 1 �m
particles in RPMI 1640 medium supplemented with ADDS were
added to LIM1215 cells (100 particles/cell) and incubated at 37 °C
in a 5% CO2 humidified atmosphere for 6 h to allow cellular up-
take of particles. Following incubation, cells were washed three
times in ice-cold RPMI 1640 medium supplemented with ADDS
and 1% BSA to remove unbound particles. Cell membranes were
counterstained at 4 °C with a monoclonal antibody to the EGF re-
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ceptor (mAb 528) and detected with TRITC-conjugated anti-
mouse IgG secondary antibody. Cells were fixed with 4%
paraformaldehyde. Confocal microscopy images were obtained
using a Leica laser-scanning confocal unit (TCS SP2; Leica, Ger-
many).

Dosage Effects. HuA33 mAb- and mouse IgG-coated
fluorescein-labeled core–shell particles (�500 nm) were incu-
bated with 106 cells at various final concentrations: 0.002 (0.5	),
0.004 (1	), 0.008 (2	), and 0.016 wt % (4	) particles/cell. A
final concentration of 0.004 wt %, or �400 particles/cell, which
represents coverage of a preset cell surface area of 100 �m2, was
denoted as 1	. Excess (unbound) particles were removed by
centrifugation prior to analysis by flow cytometry, as described
above.

Effect of PEG on Specific Binding. Core–shell particles consisting
of eight layers and terminating with PSS–PEG were prepared
[(PAH/PSS)2/(PAH-FITC/PSS)/(PAH/PSS–PEG)] using 0.98 �m PS
cores. PSS–PEG was deposited at 1 mg mL�1 containing 0.5 M
NaCl. After three washing cycles in water, the particles were
coated with huA33 mAb and goat IgG, as described above.
LIM1215 cells were incubated with coated particles (100 par-
ticles/cell), and particle binding was analyzed by flow cytome-
try, as described above. Characterization of huA33 mAb adsorp-
tion to PSS–PEG was carried out using fluorescence microscopy
and QCM-D (see below).

Surface Chemistry. Core–shell particles (�500 nm diameter)
consisting of seven layers of PAH and PSS on a PS core were pre-
pared [(PAH/PSS)2/(PAH-FITC/PSS)/PAH]. The surface of the par-
ticles was varied by adsorbing various polyanions (PSS, PSS–MA,
PMA, PMASH, and PAA) to PAH-terminated particles. All polyan-
ions were deposited at 1 mg mL�1 containing 0.5 M NaCl. After
three washing cycles in water, the various particles (including
PAH-terminated particles) were coated with huA33 mAb and
mouse IgG, as described above. Characterization of huA33 mAb
adsorption to the various surfaces was carried out by microelec-
trophoresis on the particles and QCM-D on planar surfaces. Par-
ticle incubation with LIM1215 cells and subsequent analysis by
flow cytometry were carried out as described earlier.

Influence of Core–Shell Particles vs Capsules on Cell Binding. Capsules
of �500 nm and 1 �m diameter were prepared by dissolving
the PS core with THF. To dissolve the core, THF (2 mL) was added
to the core–shell particles (pelleted) and incubated overnight
with continuous mixing. The partially dissolved particles were
centrifuged (1000g, 15 and 20 min for 1 �m and 500 nm cap-
sules, respectively), redispersed in 2 mL of THF, and incubated
further (overnight). The capsule dispersion was then centrifuged,
washed three times with water (500 �L), and resuspended in
500 �L of water. Biofunctionalization of the capsules with huA33
mAb or mouse IgG and subsequent cell binding analysis by
flow cytometry were performed as described for the core–shell
particles.

Zeta-Potential. Microelectrophoresis (ZetaSizer 2000, Malvern
Instruments) was employed to measure the zeta-potential of
the particles before and after huA33 mAb adsorption. The aver-
age of five successive measurements in 20 mM HEPES, pH 7.2,
was taken (�standard deviation).

Fluorescence Microscopy. To confirm the binding of huA33 mAb
to the particles, fluorescein-labeled huA33 mAb (FITC-huA33
mAb) was used. Briefly, 3 �L of 4 mg mL�1 FITC in dimethylsul-
foxide (DMSO) was added to 1 mL of 1 mg mL�1 huA33 mAb in
0.05 M sodium bicarbonate buffer, pH 9.3. The mixture was incu-
bated overnight at 4 °C and dialyzed against PBS, pH 7.2, over
72 h (with buffer replacement every 24 h) at 4 °C. FITC-huA33
mAb was adsorbed onto particles as described earlier. Fluores-
cence microscopy images of the particles were obtained with an
Olympus 1X71 inverted microscope using a blue excitation filter.

QCM-D Investigation of HuA33 mAb Binding to Various Surfaces. The for-
mation of multilayer thin films consisting of PAH and PSS and ter-
minating with various polyanions, and the subsequent biofunc-
tionalization of the various films by physical adsorption of huA33
mAb, were followed by QCM-D. PEI (1 mg mL�1, 0.5 M NaCl)
was deposited on the electrode as the first layer (15 min incuba-
tion). Sequential deposition of PSS (1 mg mL�1, 0.5 M NaCl)
and PAH (1 mg mL�1, 0.5 M NaCl) (15 min adsorption, 5 min
washing, or until no further change in frequency was recorded)

was repeated until eight layers of PSS and PAH were adsorbed.
PSS, PSS–PEG, PSS–MA, PMA, PMASH, or PAA was then deposited
as the outer layer. The film was rinsed with HEPES buffer for 10
min before the introduction of huA33 mAb (200 �g mL�1) in the
measurement chamber. Physical adsorption of the antibody
was measured for 30 min, after which the surface was rinsed
with HEPES buffer (5 min) to remove unbound antibody. Follow-
ing blocking with washing buffer containing BSA and FCS (30
min adsorption and then a 5 min rinse with HEPES), subsequent
interaction with anti-human IgG (Fab specific) was investigated
by introducing the antibody (200 �g mL�1, 3 h adsorption, 5 min
rinse) to the blocked huA33 mAb-coated film. QCM-D data were
collected from the fifth overtone of the resonant frequency.
The sample chamber was maintained at a constant tempera-
ture of 23.5 � 0.1 °C for all measurements.

Binding to LIM2405 and LIM2405 A33� Cells. The binding of huA33
mAb-coated particles (500 nm) to A33 antigen negative LIM2405
cells and LIM2405 into which human A33 antigen cDNA had
been installed (LIM2405 A33�) was investigated to confirm
binding specificity. LIM2405 and LIM2405 A33� cells were
grown to subconfluency at 37 °C in a 5% CO2 humidified atmo-
sphere. Cells were washed with prewarmed PBS before being de-
tached from the surface with 2 mM EDTA in PBS at 37 °C in a
5% CO2 humidified atmosphere for 10 min. Cells were aspirated
gently to produce a single cell suspension, centrifuged at 400g
for 3 min, and resuspended in washing buffer. For all remaining
procedures, cells were kept on ice to prevent internalization of
antigen-bound particles. Core–shell particles (500 nm) were in-
cubated with the cells, and the binding was analyzed by flow cy-
tometry as described earlier. As a further test for specificity,
cells were preblocked by incubating with huA33 mAb to a final
concentration of 70 �g mL�1 for 30 min on ice before addition of
huA33 mAb-coated particles, as described above. A33 antigen
expression was determined by incubation of 106 cells with 20 �g
mL�1 fluorescein-labeled huA33 mAb. Background was set at
0.01% during flow cytometry data analysis.
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