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Cysteine cathepsins, an important group of lysosomal

proteolytic enzymes [1,2], have been implicated in a

number of steps in tumor progression, including pro-

cesses of cell transformation and differentiation, motil-

ity, adhesion, invasion, angiogenesis and metastasis

[3,4]. In particular, high activity of cathepsin B has

been identified as an important tumor promoting fac-

tor capable of degrading proteins of the basement

membrane and extracellular matrix (ECM) and

enhancing progression of malignant disease. It has

been demonstrated that, besides the extracellular

cathepsin B, its intracellular fraction is involved in

degrading the ECM, which is internalized by tumor

cells and exposed to lysosomes [5,6].

We and others have demonstrated that inhibitors

that are able to enter cells, and thus inactivate lyso-

somal cathepsin B, effectively reduce ECM degrada-

tion and consequently cell invasiveness [6]. However,

the uptake by aggressive tumor cells of cathepsin B

inhibitors, either small molecules, protein inhibitors or

neutralizing monoclonal antibodies, is a rather slow

process with very limited final efficacy. A strategy to

speed up the uptake and to target the inhibitors to the

lysosomes would be most desirable. Cathepsin B, how-

ever, possesses several functions with respect to physio-

logical processes of normal cells, such as intracellular

protein catabolism, pro-hormone processing and regu-

lation of cytotoxic immunity [7–9], which should not
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Breast cancer cells exhibit excessive proteolysis, which is responsible for

extensive extracellular matrix degradation, invasion and metastasis. Besides

other proteases, lysosomal cysteine protease cathepsin B has been impli-

cated in these processes and the impairment of its intracellular activity was

suggested to reduce harmful proteolysis and hence diminish progression of

breast tumors. Here, we present an effective system composed of poly(d,l-

lactide-coglycolide) nanoparticles, a specific anti-cytokeratin monoclonal

IgG and cystatin, a potent protease inhibitor, that can neutralize the exces-

sive intracellular proteolytic activity as well as invasive potential of breast

tumor cells. The delivery system distinguishes between breast and other

cells due to the monoclonal antibody specifically recognizing cytokeratines

on the membrane of breast tumor cells. Bound nanoparticles are rapidly

internalized by means of endocytosis releasing the inhibitor cargo within

the lysosomes. This enables intracellular cathepsin B proteolytic activity to

be inhibited, reducing the invasive and metastatic potential of tumor cells

without affecting proteolytic functions in normal cells and processes. This

approach may be applied for treatment of breast and other tumors in

which intracellular proteolytic activity is a part of the process of malignant

progression.
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ECM, extracellular matrix; EDC, 1-ethyl-3-(3-dimethylaminopopyl)carbodiimide hydrocloride; FITC, fluorescein isothiocyanate; PLGA,

poly(D,L-lactide-coglycolide); TAA, tumor-associated antigen.
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be affected during the treatment with the inhibitor. To

direct the inhibitor therapy to the desired lysosomal-

associated fraction of cathepsin B in tumor cells, a

delivery system able to recognize and enter tumor cells,

accumulating in the lysosomes, is necessary.

Polymeric nanoparticles comprise promising systems

for delivering antitumor agents known for their rapid

internalization into highly metabolizing cells by means

of endocytosis. Moreover, they can protect the drug

from premature degradation and control its release at

the site of action, enhancing therapeutic efficacy and

reducing undesirable side-effects [10]. Accumulation of

nanoparticles in tumors is also a consequence of the

enhanced permeation and retention effect resulting from

the leakiness of tumor vasculature, poor blood flow,

impaired lymphatic drainage and interstitial tumor pres-

sure [11]. Another important application of polymeric

nanoparticles as a carrier system is their ability to bind

specific recognition molecules, which enables nanoparti-

cles to be targeted specifically [12]. These ligands are

usually mAbs that recognize tumor associated antigens

(TAAs) that are expressed uniquely on the plasma

membrane of targeted tumor cells. TAAs can be recep-

tors, enzymes, glycoproteins, structural proteins, or

other molecules localized predominantly on the tumor

cell surface. In breast cancer, several candidates have

been proposed as TAAs, such as EGFR ⁄HER-2 [13],

p53 and VEGF [14], which play important roles during

the progression of the disease. However, these antigens

are not completely specific to breast tumor cells and are

also expressed in other human tissues.

In the present study, we loaded poly(d,l-lactide-

coglycolide) (PLGA) nanoparticles with potent cysteine

protease inhibitor cystatin and labeled the delivery sys-

tem with the mAb recognizing specific profile of cyto-

keratins overexpressed in breast tumor cells. Selective

cellular uptake of the delivery system was tested in

cocultures of invasive breast cells (MCF-10A neoT)

with enterocytes (Caco-2) and monocytes ⁄macrophages

(U-937). Additionally, we evaluated the effect of

loaded cystatin to impair lysosomal proteolytic activity

and invasive potential in targeted cells.

Results

Antibody characteristics and preparation

of antibody-coated nanoparticles

Antigen specificity was determined on the cell lysates

of MCF-7 and MCF-10A neoT cells using indirect

ELISA. Anti-cytokeratin monoclonal IgG showed con-

centration dependent binding to both cell lysates.

Greater affinity was observed against MCF-7 cells

than to MCF-10A neoT cells (data not shown). The

antibody recognizes a specific cytokeratin profile

(cytokeratines 1, 2, 8, 10, 18) as determined by 2D

electrophoresis, immunoblot and mass spectroscopy

(unpublished results).

Immunocytochemical analysis of MCF-10A neoT

cells showed the localization of mAb antigen on the

plasma membrane. The incubation of nonpermeabi-

lized MCF-10A neoT cells with anti-cytokeratin mono-

clonal IgG allowed a staining of the antigen as a rim

at the plasma membrane (Fig. 1A–C). However, when

cells were permeabilized with Triton X-100, a cytoplas-

mic antigen was stained organized into a thin, 3D net-

work within the entire cells (data not shown).

Nanoparticles produced exhibited a mean diameter of

320–360 nm with a polydispersity index of 0.34. The

mean zeta potential of nanoparticles was )25 mV.

Nanoparticles were coated with anti-cytokeratin mono-

clonal IgG using the adsorbtion method, preserving bio-

logical activity of bound mAb [15]. Coating efficiency

was proven either by the use of Alexa 546 labeled anti-

cytokeratin monoclonal IgG or Alexa 546 labeled sec-

ondary antibody (Fig. 1D). As observed from Fig. 1D,

fluorescein isothiocyanate (FITC)-loaded nanoparticles

were efficiently labeled with anti-cytokeratin monoclo-

nal IgG. The result was confirmed by measurement of

the intensities of Alexa 546 fluorescence relative to

FITC fluorescence using the fluorescence microtiter

plate reader. The intensity of Alexa 546 fluorescence

was shown to be dependent on the ratio between nano-

particles and the labeling antibody [15].

Surface plasmon resonance

To confirm the binding of anti-cytokeratin monoclonal

IgG to the nanoparticles, the nanoparticles were tested

for their interaction with protein A, immobilized onto

the surface of an SA sensor chip. In case of anti-cyto-

keratin monoclonal IgG-coated nanoparticles, a strong

interaction was observed, due to interaction between

the Fc region of anti-cytokeratin monoclonal IgG

adsorbed onto the nanoparticles and protein A bound

on the chip. (Fig. 2A). The noncoated nanoparticles,

however, did not provide any significant signal

(Fig. 2B). As a control, the antibody solution was

tested for interaction with protein A and, as expected,

showed an interaction with protein A (Fig. 2C).

Internalization of nanoparticles

The uptake of nanoparticles, loaded with FITC and

coated with anti-cytokeratin monoclonal IgG, into

MCF-10A neoT cells, in comparison to noncoated
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nanoparticles, was monitored by fluorescence micros-

copy. The uptake for nanoparticles coated with the

anti-cytokeratin monoclonal IgG was comparable to

that the noncoated nanoparticles (Fig. 3). After the

internalization of coated nanoparticles, green FITC

fluorescence could be observed in the perinuclear

region, corresponding to lysosomal vesicles, similarly

to internalized noncoated nanoparticles.

Internalization process was also observed in a cocul-

ture of MCF-10A neoT and Caco-2 cells. Nanoparti-

cles coated with anti-cytokeratin monoclonal IgG

entered solely MCF-10A NeoT cells and not Caco-2

cells, showing specific localization in the targeted cells

(Fig. 4). Noncoated nanoparticles, however, did enter

both Caco-2 and MCF-10A neoT cells, revealing their

nonselective uptake (Fig. 4).

Fig. 2. Surface plasmon resonance analysis of the interaction of anti-cytokeratin monoclonal IgG-coated nanoparticles with immobilized

protein A on an SA sensor chip. (A) Anti-cytokeratin monoclonal IgG-coated nanoparticles, strongly interacting with protein A. (B) Noncoated

nanoparticles without significant binding. (C) Anti-cytokeratin monoclonal IgG.

A

D

B C

Fig. 1. Localization of anti-cytokeratin monoclonal IgG antigens and antibody-coated nanoparticles. (A–C) Localization of cytokeratines on cell

membrane of MCF-10A neoT cells with anti-cytokeratin monoclonal IgG. MCF-10A neoT cells were grown on coverslips for 24 h and fixed

with paraformaldehide. Before labeling, nonspecific staining was blocked with 3% BSA. (A) MCF-10A neoT cells stained with Alexa 546

labeled anti-cytokeratin monoclonal IgG. (B) Differential interference contrast of MCF-10A neoT cells. (C) Superimposed image of (A) and (B).

(D) PLGA micro- and nanoparticles with incorporated FITC (green fluorescence) and coated with anti-cytokeratin monoclonal IgG (red fluores-

cence). Due to visualization, larger particles in diameter up to 1–2 lm were selected. To determine the coating efficiency, the antibody was

detected with Alexa 546-labeled secondary anti-mouse IgG.
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Flow cytometry

Internalization of nanoparticles into MCF-10A neoT

cells at different time points was followed by flow

cytometry. Under our experimental conditions, non-

coated nanoparticles and anti-cytokeratin-coated nano-

particles entered 58.58% and 64.72% of cells within

1 h, respectively, whereas the percentage increased to

77.40% and 80.93% within 8 h of incubation, respec-

tively. After 24 h, more than 90% of cells internalized

noncoated as well as anti-cytokeratin monoclonal IgG-

coated nanoparticles (Fig. 5).

In a coculture of MCF-10A neoT and Caco-2

cells, MCF-10A neoT cells internalized nanoparticles

(Fig. 6A), observed as a shift in green fluorescence

intensity due to internalization of FITC-loaded nano-

particles. Caco-2 cells, however, in a coculture with

MCF-10A neoT cells, did not internalize anti-cytokera-

tin monoclonal IgG labeled nanoparticles (Fig. 6B).

Fig. 4. Internalization of antibody-coated nanoparticles (left) and

uncoated nanoparticles (right) into MCF-10A neoT cells and Caco-2

cells, the latter labeled with Orange Cell Tracker. Green fluores-

cence corresponds to FITC, incorporated into nanoparticles.

Uncoated nanoparticles did enter Caco-2 cells (black arrows) as

well as MCF-10A neoT cells (white arrows), exhibiting nonspecific

uptake by both cell lines (right). Antibody-coated nanoparticles

entered solely MCF-10A neoT cells (white arrows) (left).

Fig. 3. Internalization of antibody-coated nanoparticles into MCF-

10A neoT cells. The cells were exposed to the nanoparticles for up

to 8 h. Arrows show the intracellular localization of nanoparticles in

the vesicles in the perinuclear area. Green fluorescence corres-

ponds to the incorporated FITC.

Fig. 5. Flow cytometry of MCF-10A neoT cells. The cells were incu-

bated with anti-cytokeratin monoclonal IgG-coated or noncoated

nanoparticles loaded with cystatin for 1, 4 and 24 h, prior the analy-

sis. Internalization of mAb-coated nanoparticles into MCF-10A neoT

can be seen as a shift in fluorescence intensity (thick red line) in

comparison to internalization of noncoated nanoparticles (thick

black line). As a control, MCF-10A neoT cells were grown in the

absence of nanoparticles (thin black line). The percentages indicate

the proportion of MCF-10A neoT cells that have internalized non-

coated and mAb-coated nanoparticles, respectively.
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This result confirms the specific uptake of anti-cytoker-

atin monoclonal IgG-coated nanoparticles by MCF-

10A neoT cells, whereas Caco-2 cells did not show any

shift in fluorescence, indicating an absence of nanopar-

ticle uptake. In a monoculture, however, both Caco-2

and MCF-10A neoT cells internalized anti-cytokeratin

monoclonal IgG-coated nanoparticles to a similar

extent (Fig. 6C).

Proteolysis assay

The capability of cystatin-loaded, antibody-coated

nanoparticles to inhibit intracellular proteolytic activity

in living MCF-10A neoT cells was tested by using spe-

cific cathepsin B fluorogenic substrate Z-Arg-Arg cre-

syl violet. Since cathepsin B is highly concentrated in

lysosomes in MCF-10A neoT cells, a strong red fluo-

rescence of the degraded substrate appeared in the ves-

icles in the perinuclear region immediately after

treatment with the substrate (Fig. 7). The fluorescence

matched the intracellular localization of cathepsin B

well, confirming that a large part of the lysosomal

cathepsin B was present in its active form [16].

Preincubation of cells with cystatin-loaded, anti-

cytokeratin monoclonal IgG-coated nanoparticles

almost completely abolished the substrate fluorescence,

showing that cathepsin B activity was strongly

inhibited. The amount of cystatin released from the

nanoparticels during the preincubation period was
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Fig. 6. Flow cytometry of a coculture of MCF-10A neoT cells and Caco-2 cells. The cells were incubated with anti-cytokeratin monoclonal

IgG-coated nanoparticles loaded with cystatin for 1 h prior the analysis. Internalization of nanoparticles into MCF-10A neoT can be seen as

a shift in fluorescence intensity (thick line) in comparison to MCF-10A neoT cells grown in the absence of nanoparticles (thin line) (A).

Caco-2 cells, however, did not internalize antibody-coated nanoparticles and, consequently, there is no shift in a fluorescence intensity

between Caco-2 cells grown in the presence (thick line) or the absence (thin line) of nanoparticles (B). In a monoculture, however, both

MCF-10A neoT cells and Caco-2 cells internalized anti-cytokeratin monoclonal IgG-coated nanoparticles (C).

A

B

Fig. 7. Inhibition of cathepsin B activity with antibody-coated nano-

particles loaded with cystatin as determined by Z-Arg-Arg cresyl

violet degradation. MCF-10A neoT cells were incubated with the

nanoparticles for 2 h in serum free medium (left row), either in a

monoculture (A) or in a coculture with differentiated U-937 cells

(B). Prior to the assay, cells were washed and Z-Arg-Arg substrate

was added (10 lM). Red fluorescence of the degradation product

was observed after 15 min. The controls were preincubated with

serum free medium in the absence of nanoparticles (right row).

The cathepsin B activity was significantly reduced in MCF-

10A neoT cells preincubated with the cystatin-loaded nanoparticles

compared to controls (A). In a coculture, the activity of cathepsin B

was reduced only in MCF-10A neoT cells (white arrows) and not in

U-937 cells (black arrows) (B), suggesting that the nanoparticles

were internalized to MCF-10A neoT cells due to the specific target-

ing of anti-cytokeratin monoclonal IgG.
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negligible, as determined from the loading capacity

and a release profile. As shown in our previous study

[16], the free cystatin added to the MCF-10A neoT

cells was not effective against intracellular cathepsin B.

Furthermore, nanoparticles and cystatin did not exhi-

bit any cytotoxic effect within concentration range

used in experiments. The instrument settings, such as

intensity of excitation light, magnification and expo-

sure time on digital camera, were kept constant follow-

ing the inhibition of cathepsin B activity.

In a coculture system of MCF-10A neoT and differ-

entiated U-937 cells, cathepsin B activity was signifi-

cantly reduced only in MCF-10A neoT cells and not

in differentiated macrophages when cystatin-loaded

anti-cytokeratin nanoparticles were applied (Fig. 7).

Like MCF-10A neoT cells, differentiated U-937 cells

also express high levels of active cathepsin B. The red

fluorescence in MCF-10A neoT cells was restored after

a prolonged time of incubation with cathepsin B spe-

cific substrate, showing that the integrity of cells was

preserved. As shown in our previous study [16], the

nanoparticles do not effect the cells viability after

internalization, but merely deliver the inhibitor to the

lysosomal targets.

Invasion assay

The effect of cystatin incorporated into nanoparticles

on the Matrigel invasion of MCF-10A neoT cells was

tested after a 24 h incubation period. Free cystatin

decreased the invasion of MCF-10A neoT cells to

87.65% compared to the control with the absence of

inhibitor (P ¼ 0.02). Cystatin incorporated in nano-

particles was, however, more efficient and reduced the

invasiveness to 71.8% of the control (P ¼ 0.002)

(Fig. 8). The efficacy of the invasion in the control

experiment was 29.65%. This result shows that effec-

tive inhibition of intracellular proteolytic activity addi-

tionally reduces invasive potential of MCF-10A neoT

cells and emphasizes one of the adventages of the new

delivery system (i.e. its rapid internalization).

Discussion

In our previous study [16], a nanoparticulate carrier

system was used to deliver the potential antitumor

drug cystatin to transformed breast epithelial MCF-

10A neoT cells. Using such a delivery system, we

showed that the uptake of the drug by targeted cells

was significantly increased. Moreover, PLGA bio-

degradable polymers also protected cystatin against

proteolytic degradation and aggregation and enabled

its sustained release inside the cells. Although PLGA

nanoparticles can be concentrated in tumor tissue due

to the enhanced permeation and retention effect and

enhanced internalization by endocytosis, their uptake

cannot be excluded for other cells and, thus, the deliv-

ery of antitumor drug is not specific.

To improve the specificity of the carrier system

towards the breast tumor cells, nanoparticles were

coated with a specific monoclonal antibody [17,18]

directed against TAAs (Fig. 9). As noted above, there

are several candidates for TAAs in breast cancer, how-

ever, none of them is specific only for breast tumor

cells, and is expressed as well in other tumors or nor-

mal human tissues. Thus, the antibodies, developed

against these antigens and used in cell targeting are

only as specific as the expression of the antigen itself.

The other approach to raising antibodies, specific to

tumor cells is to apply tumor cell extract for immuni-

zation of animals [19,20]. The mAb used for specific

targeting in the present study was raised against solu-

ble membrane proteins of MCF-7 cells obtained from

human invasive ductal breast carcinoma. Immunohis-

tochemical analysis showed specific staining for breast

tumors: positive staining was detected mostly in pri-

mary breast carcinomas and in lymph node metastasis

[21]. No immunostaining was detected in other tumor

types, other than melanoma. Tumor cell lines show a

similar pattern of reactivity: positive immunostaining

was detected only with breast carcinoma cells and mela-

noma cells [21]. As shown in our recent study, the

antibody recognizes a specific membrane cytokeratin

profile (cytokeratins 1, 2, 8, 10 and 18) expressed by

MCF-7 and other invasive breast cells, including our

test cell line MCF-10A neoT (B. Dolsak, N. Oberhaser

& J. Kos, unpublished results). Besides the mouse

monoclonal antibody used in the present study its

Fig. 8. Effect of chicken cystatin on Matrigel invasion by MCF-

10A neoT cells. Cells were incubated for 24 h in the presence of

chicken cystatin, either incorporated in nanoparticles (50 lg nano-

particlesÆmL)1) or free (2 lM) in the serum medium depleted of pro-

tease inhibitors. The efficacy of the invasion in the absence of

inhibitors was 29.6%. Data are represented as the means ± SD of

two independent determinations performed in triplicate.
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humanized analogue has been prepared, enabling

potential in vivo application [22].

Cytokeratins are being used extensively for tumor

diagnosis in various types of malignancy [23]. Cytoker-

atins expressed by primary tumor cells [24] also remain

present in invasive and metastatic cells, which addi-

tionally makes them good markers for local invasions

and distant metastases [25]. Moreover, aggressive

tumors with the poorest clinical outcome, such as

basal-like breast carcinomas [26], express a typical

cytokeratin profile, distinct from that in less aggressive

ones. Therefore, the differential expression of individ-

ual cytokeratins in various types of carcinomas makes

these proteins useful targets [27] for specific drug deliv-

ery in cancer patients.

We bound anti-cytokeratin monoclonal IgG to the

surface of PLGA nanoparticles either by adsorption

and covalently, using 1-ethyl-3-(3-dimethylaminopo-

pyl)carbodiimide hydrocloride (EDC) as the bifunc-

tional reagent. The antibody adsorbed effectively to

the surface of the nanoparticles, as shown by fluores-

cence labeling, surface plasmon resonance and flow

cytometry. The biological activity of the adsorbed anti-

body was fully preserved, as shown by its binding

capacity to MCF-7 and MCF-10A neoT cell lysates.

By contrast, when bound covalently to the nanoparti-

cles using EDC as a bifunctional reagent, the antibody

was completely inactive [15].

Successful internalization and lysosome targeting

should be an important advantage of our new delivery

system. Our strategy relies on the ability of targeting

agent to bind to the tumor cell surface and to trigger

receptor-dependent endocytosis resulting in the deliv-

ery of the therapeutic agent to the endosomes and

lysosomes. Polymeric nanoparticles themselves are

internalized by clathrin-mediated endocytosis [28],

which is significantly enhanced in highly proliferating

tumor cells [29]. Our nanoparticulate delivery system,

coated with the antibody showed a similar internaliza-

tion profile compared to noncoated nanoparticles, as

shown by confocal microscopy and flow cytometry.

Since the final destination of the antibody-coated

nanoparticles was endosomes and lysosomes, as seen

from vesicular fluorescence in the perinuclear region,

we may speculate that the antibody-coated nanoparti-

cles explored the same receptor-dependent endocytosis

pathway. The presence of predominantly uncoated

nanoparticles inside the cells, as shown by fluorescence

microscopy (data not shown) support this pathway.

Thus, our results reveal that anti-cytokeratin-coated

Fig. 9. Mechanism of nanoparticle cellular

uptake and impairment of lysosomal proteo-

lytic activity of cysteine protease cathep-

sin B in targeted cells. An important feature

of the invasive breast cancer cell phenotype

is an excessive intracellular proteolytic activ-

ity of cysteine proteases, resulting in the

degradation of extracellular matrix. Cysteine

protease inhibitors are capable of imparing

the degradation of the ECM, and thereby

reducing the invasive potential of tumor

cells. Chicken cystatin has a high potential

for inactivating cathepsin B, however, free

cystatin is unable to enter the cells and inhi-

bit intracellular proteolytic activity. Incorpora-

tion of cystatin into the biodegradable

nanoparticles enables its internalization,

release and inhibition of cathepsin B activity

in the lysosomes. Furthermore, the labeling

of nanoparticles with anti-cytokeratin mono-

clonal IgG provides specific delivery of nano-

particles to the epithelial breast cancer cells.

Cystatin-loaded immunonanoparticles N. Obermajer et al.
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nanoparticulate delivery system is able to reach lyso-

somal protein targets in MCF-10A neoT cells.

The selectivity of the new delivery system was tested

in a coculture of invasive breast cells (MCF-10A neoT)

and enterocytes (Caco-2) using fluorescence micro-

scopy and flow cytometry. By fluorescence micro-

scopy, we observed that the noncoated nanoparticles

entered both types of cells, indicating nonselective

uptake. However, nanoparticles coated with the anti-

body only entered the MCF-10A neoT cells and not

the Caco-2 cells demonstrating selectivity in their cell

localization. In a monoculture, however, anti-cytoker-

atin monoclonal IgG-coated nanoparticles entered

both Caco-2 and MCF-10A neoT cells. This is in line

with previous studies showing that Caco-2 cells effi-

ciently internalize nanoparticles [30] and demonstrates

that selective uptake of nanoparticles can only be

achieved when they are targeted to antigen expressing

cells.

The final goal of our study was to prove that the

inhibitor cargo (i.e. cystatin) delivered by our system

to endosomes and lysosomes in breast tumor cells is

capable of inactivating the raised intracellular proteo-

lytic activity specifically in breast tumor cells, thereby

reducing the invasive potential of the cells. The

uptake of chicken cystatin, an analogue of human

cystatin C and a potent inhibitor of cathepsin B, was

tested by the inhibition of cathepsin B proteolytic

activity, using the specific cathepsin B fluorogenic

substrate Z-Arg-Arg cresyl violet. Since cathepsin B is

highly concentrated in the lysosomes in MCF-

10A neoT cells, it exhibits a strong red fluorescence

in the vesicles in the perinuclear region after treat-

ment with the substrate. When the cells were pretreat-

ed with the immunonanoparticles, loaded with the

cystatin, red fluorescence diminished demonstrating

effective uptake of cystatin and inhibition of the

intracellular cathepsin B.

The effectiveness of the new delivery system to inhi-

bit intracellular proteolytic activity selectively in breast

MCF-10A neoT cells was evident when they were

cocultured with Caco-2 cells that themselves express

low levels of cysteine proteases. The selectivity of this

system was further emphasized when MCF-10A neoT

cells were cocultured with differentiated mono-

cyte ⁄macrophage U-937 cells, which can internalize

PLGA nanoparticles [31] and which contain large

amounts of cysteine proteases, including cathepsin B.

Although differentiated U-937 cells can internalize

PLGA nanoparticles more efficiently than Caco-2 cells

[30], the activity of cathepsin B in differentiated U-937

cells was not lowered when the cells were preincubated

with antibody-coated, cystatin-loaded nanoparticles.

On the other hand, the activity was markedly reduced

in MCF-10A neoT cells.

The preference of rapid internalization of cysteine

protease inhibitor into MCF-10A neoT cells by the

new delivery system and its ability to inhibit proteo-

lytic activity was further demonstrated in a Matrigel

invasion assay. Cystatin incorporated in nanoparticles

reduced the invasion of MCF-10A neoT cells signifi-

cantly better than the free cystatin. As the free cystatin

is internalized very slowly and is unable to impair

intracellular proteolytic activity [16], the difference in

cell invasiveness can be attributed to efficient impair-

ment of intracellular cysteine proteases by cystatin

released in lysosomes from the nanoparticulate delivery

system.

In summary, a new delivery system is described,

comprising biodegradable PLGA polymeric nanoparti-

cles, potent protease inhibitor cystatin and a specific

anti-cytokeratin monoclonal IgG, which can be inter-

nalized into cells, contributes specific targeting to inva-

sive breast epithelial cells and inactivates intracellular

cathepsin B. This enables the tumor associated proteo-

lytic activity to be inhibited, reducing the invasive and

metastatic potential of tumor cells without affecting

proteolytic functions in normal cells and processes.

This new method of tumor targeting can be applied

using other protease inhibitors and antibodies against

other tumor associated antigens. The method has the

potential to improve the efficacy and decrease the tox-

icity of existing and novel anticancer therapies.

Experimental procedures

Cell culture

MCF-10A neoT cells were provided by BF Sloane (Wayne

State University, Detroit, MI, USA). Their origin was a

human breast epithelial cell line (MCF-10) transformed

with a neomycin resistance gene and c-Ha-ras oncogene.

MCF-7 cells were obtained from ATCC (HTB 22) (Rock-

ville, MD, USA). Cells were cultured in a monolayer to

80% confluence in Dulbecco’s modified Eagle’s medium

(DMEM) ⁄F12 medium supplemented with 12.5 mm Hepes,

2 mm glutamine, Sigma (St Louis, MO, USA), 5% fetal

bovine serum, HyClone (Logan, UT, USA), insulin, hydro-

cortisone, epidermal growth factor and antibiotics, at 37 �C
in a humidified atmosphere containing 5% CO2. Prior to

use in an assay, cells were detached from culture flasks with

0.05% trypsin and 0.02% EDTA in NaCl ⁄Pi, pH 7.4. The

viability of cells in the experiments was at least 90%, as

determined by staining with nigrosin. Caco-2 cells were

cultured in minimal essential medium supplemented with

2 mm glutamine, 1% nonessential amino acids and 10%
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fetal bovine serum. U-937 cells were obtained from ATCC

(CRL 1593) and cultured in advanced RPMI-1640 medium

with 2 mm glutamine, 5% fetal bovine serum and anti-

biotics.

Antibody preparation

The mouse monoclonal antibody, used in this study, was

raised against soluble membrane proteins of MCF-7

human invasive ductal breast carcinoma. Using immuno-

cytochemical analysis, its positive staining was detected

predominantly in primary breast carcinomas and in meta-

static lymph nodes [21]. Hybridoma cells for antibody iso-

lation were cultured in DMEM medium supplemented

with 2 mm glutamine (Sigma), 13% fetal bovine serum

(HyClone) and antibiotics, at 37 �C in a humidified atmo-

sphere containing 5% CO2. The antibody was isolated by

affinity chromatography on protein A sepharose using

standard procedure and labeled with Alexa 546 fluorescent

dye according to the manufacturer’s instructions (Molecu-

lar Probes, Carlsbad, CA, USA). The labeled antibody

was stored at )20 �C.

Immunofluorescence

For immunofluorescence detection, MCF-10A neoT cells

were cultured on glass coverslips to 70% confluence. To

preserve membrane associated components and foreclose

cytoplasmic staining, cells were fixed with 2% paraformal-

dehide at room temperature for 10 min. Nonspecific stain-

ing was blocked with 3% BSA in phosphate buffer saline

(NaCl ⁄Pi), pH 7.4, for 1 h. After 1.5 h of incubation with

Alexa 546-labeled anti-cytokeratin monoclonal IgG, cells

were washed with NaCl ⁄Pi. The Prolong Antifade kit

(Molecular Probes) was used for mounting coverslips on

glass slides. Fluorescence microscopy was performed using

Carl Zeiss LSM 510 confocal microscope (Carl Zeiss,

Oberkochen, Germany). Alexa 546 was excited with an

He ⁄Ne (543 nm) laser and emission was filtered using nar-

row band LP 560 nm filter. Images were analyzed using

Carl Zeiss lsm image software, version 3.0.

Preparation of antibody-coated nanoparticles

loaded with cystatin

Nanoparticles were prepared by the double emulsion sol-

vent diffusion method under mild experimental conditions

as described [16]. Chicken cystatin [32], either labeled with

Alexa 488 dye or unlabeled was dissolved in deionized

water and dispersed in ethyl acetate containing PLGA

(lactic acid ⁄ glycolic acid (50 : 50, w ⁄w) copolymers;

Resomer RG�, Boehringer, Germany). Alternatively,

1.7 mg of FITC solution (4.26 mgÆmL)1) was added to

ethyl acetate containing PLGA copolymers.

The copolymers contained free (RG� 503 H with MW

48 kDa) carboxyl end groups. After emulsification in com-

bination with sonication 5% PVA in aqueous solution

(Mowiol� 4-98; Hoechst, Germany) was added to the

water-in-oil emulsion to form a double emulsion (w ⁄ o ⁄w).
The organic solvent was removed by extraction with 0.1%

PVA in aqueous solution in homogenizer with stirring at

3214 g for 5 min. The resulting nanoparticles were washed

and recovered by centrifugation at 25 283 g for 15 min

(ultracentrifuge Sorvall RC 5C Plus, Norwalk, CT, USA).

The sediment was re-dispersed by bath sonication. Finally,

the aqueous dispersion of purified nanoparticles was filtered

through a membrane, pore size 12–35 lm (Shlei-

cher & Schuell, Dassel, Germany) to remove aggregates

formed during the purification process. If not used for anti-

body coating the same day, the samples were placed in

liquid nitrogen and freeze-dried (Heto FD3, Heto-Holten

A ⁄ S, Allerød, Denmark).

Nanoparticles were coated with anti-cytokeratin mono-

clonal IgG using the adsorbtion method [15]. Dispersed

nanoparticles were incubated overnight with the antibody

(0.85 : 1, w ⁄w), pH 5.0, and 4 �C. In a control experiment,

the nanoparticles were incubated in the absence of antibody

in the same volume of the buffer. The nanoparticles were

then washed twice with NaCl ⁄Pi, pH 5.0 and recovered by

centrifugation at 12 857 g for 15 min (Ultracentrifuge

Sorvall RC 5C Plus). For covalent binding of anti-cytoker-

atin monoclonal IgG, EDC reagent was used [15].

Either Alexa 546 labeled anti-cytokeratin monoclonal

IgG or, alternatively, secondary goat anti-mouse serum

labeled with Alexa 546 was used to determine the coating

efficiency. When Alexa 546 labeled secondary antibody was

used to detect the mAb adsorbed to PLGA nanoparticles,

the system was incubated with the secondary antibody

(1 : 1000) for 2 h at room temperature, washed twice with

NaCl ⁄Pi, pH 5.0 and recovered by centrifugation at

12 857 g for 15 min (Ultracentrifuge Sorvall RC 5C Plus).

In a control experiment, nonderivatized nanoparticles were

incubated with the secondary antibody. Fluorescence

microscopy was performed using Carl Zeiss LSM 510 con-

focal microscope under the conditions described above.

Surface plasmon resonance

The coating efficiency of nanoparticles with anti-cytokeratin

monoclonal IgG was monitored using Biacore X system

(BIAcore, Uppsala, Sweden). Assays were performed on a

SA sensor chip that contains preimmobilized streptavidin

on its surface (BR-1003-98 BIAcore). Biotinilated protein A

was immobilized onto streptavidin at a flow rate 1 lLÆ
min)1 for 10 min (300 RU). The reference cell was blocked

with biotin (10 lm, 10 min). The chip was then washed

with 5 lL of 10 mm glycine buffer (pH 2.2) at a flow rate

of 30 lLÆmin)1. Identical wash cycles were used to regenerate
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the chip between assays. Nanoparticles labeled with anti-

cytokeratin monoclonal IgG or nonlabeled nanoparticles

were prepared in PBST buffer (NaCl ⁄Pi with 0.05%

Tween 20). All steps were performed at 25 �C with a flow

rate of 1 lLÆmin)1 in 1% PBST running buffer; 5 lL of

nanoparticle suspension was injected for each assay. As a

control, anti-cytokeratin monoclonal IgG was injected with a

flow rate of 1 lLÆmin)1 in 1% PBST running buffer.

Internalization assay

MCF-10A neoT cells were placed in LabTek chambered

coverglass system (Nalge Nunc International, Rochester,

NY, USA) at a concentration of 1 · 105ÆmL)1 and allowed

to attach. In a coculture experiment, Caco-2 cells were

grown to 80% confluence in six well plates (Corning

Costar, Cambridge, MA, USA). Prior to labeling, the med-

ium was removed and the cells washed with NaCl ⁄Pi. The

medium with 10 lm Orange Cell Tracker (Molecular

Probes) was added and cells were incubated for 40 min.

The medium was changed and the cells incubated for

another 30 min. The cells were then detached and placed in

the LabTek chambered coverglass system (Nalge Nunc

International) at a concentration of 1 · 105 ⁄mL in a cocul-

ture with MCF-10 A neoT cells and allowed to attach.

Nanoparticles labeled with FITC were added and the cells

were observed for particle internalization. Nanoparticles

incubated in the absence of anti-cytokeratin monoclonal

IgG were used as a control. As the nanoparticles in the

presence or absence of antibodies were prepared, incubated

and washed identically, we can exclude the possibility that

the difference in cell uptake depends on FITC loading of

nanoparticles. The internalization of nanoparticles was con-

firmed also by fluorescence spectrometry [15].

Fluorescence microscopy was performed using a Carl

Zeiss LSM 510 confocal microscope. FITC and Orange

Cell Tracker were excited with an argon or He ⁄Ne laser

and emission was filtered using a narrow band

LP 505–530 nm (green fluorescence) and 560 nm (red

fluorescence) filter, respectively.

Flow cytometry

Internalization of anti-cytokeratin monoclonal IgG-coated

nanoparticles was observed by flow cytometry by a shift in

a fluorescence intensity. MCF-10A neoT cells were placed

into six well plates and allowed to attach. Afterwards,

FITC-loaded nanoparticles labeled with anti-cytokeratin

monoclonal IgG were added and the cells were incubated

for different time periods.

To determine specific uptake, MCF-10A neoT and Caco-

2 cells were plated either in a mono- or coculture. In both

cases, the total cell number in each well was 4 · 105. Prior

to the assay, Caco-2 cells were labeled with Orange Cell

Tracker as described above to facilitate differentiation

between the two cell lines. Next, Alexa 488 labeled-cystatin-

loaded nanoparticles (see proteolysis assay) labeled with

anti-cytokeratin monoclonal IgG were added and the cells

were incubated for 4 h. As a control, cells were grown sepa-

rately in a monoculture in the absence of nanoparticles.

Flow cytometry was performed on a FACS Calibur (Beck-

ton Dickinson, Inc., Franklin Lakes, NJ, USA).

Proteolysis assay

A specific fluorogenic substrate, Z-Arg-Arg cresyl violet,

was used to detect intracellular proteolytic activity of

cathepsin B and the inhibitory effect of cystatin [16]. Clev-

eage by cathepsin B of one or both arginine residues con-

verts the molecule into a red fluorescent product [5]. The

substrate easily penetrates the cell membrane, and intracel-

lular cathepsin B activity is identified after a short incuba-

tion period.

Cells were grown in a chambered coverglass system (Lab-

Tek, Nalge Nunc International) as described above. Before

the assay, culture medium was removed and the cells

washed twice with NaCl ⁄Pi. The cells were then preincubat-

ed for 2 h with antibody-coated nanoparticles loaded with

cystatin in serum free culture medium. Control cells were

incubated in the absence of the nanoparticles. After incuba-

tion, the inhibitor solution was removed from the cells and

substituted by the substrate (10 mm in serum free medium)

and monitored for fluorescent product.

To determine specific delivery of anti-cytokeratin mono-

clonal IgG-labeled nanoparticles and cell-specific inactiva-

tion of cathepsin B activity, MCF-10A neoT cells were

grown in a coculture with differentiated U-937 mono-

cytes ⁄macrophages, that also exhibit a high level of cathep-

sin B activity. 4 · 105 U-937 cellsÆmL)1 were differentiated

with 50 nm 4b-phorbol 12-myristate 13-acetate for 24 h.

Cells were then washed with NaCl ⁄Pi, pH 7.4, detached

with 0.02% EDTA in NaCl ⁄Pi, washed again with NaCl ⁄Pi

and added to the culture of MCF-10A neoT cells in the

chambered coverglass system and allowed to adhere. Next,

proteolysis was assayed as described for the monoculture of

MCF-10A neoT cells. Fluorescence was measured using

Carl Zeiss LSM 510 confocal microscope under the condi-

tions described above, combined with a differential interfer-

ence contrast imaging module.

Cell invasion assay

The effect of cystatin-loaded nanoparticles on invasion was

tested using the modified method as previously described

[33]. Transwells (Corning Costar) with 12-mm polycarbon-

ate filters (12 lm pore size were used. Twenty-five lL of

100 lgÆmL)1 fibronectin (Sigma) was applied on lower side

of the filters and left for 1 h in a laminar hood to dry.

Afterwards, the upper side of the filters was coated with

100 lL of 1 mgÆmL)1 Matrigel (Beckton Dickinson, Inc.)
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and 100 lL of DMEM was added. The Matrigel was dried

overnight at room temperature in a laminar hood and

reconstituted with 200 lL of DMEM at 37 �C for 1 h. The

upper compartments were filled with 500 lL of MCF-

10A neoT cells (4 · 105 cellsÆmL)1), pretreated for 1 h with

2 lm chicken cystatin or 50 lgÆmL)1 cystatin-loaded nano-

particles. The lower compartments were filled with 1.5 mL

of medium. Either 2 lm concentration of chicken cystatin

was added to upper and lower compartments or

50 lgÆmL)1 cystatin-loaded nanoparticles were added to the

upper compartment. The control cells were not pretreated

and were plated in the absence of inhibitor. The plate

were incubated for 24 h at 37 �C and 5% CO2. 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide was

added to a final concentration of 0.5 mgÆmL)1 to the upper

and lower compartments and the plate incubated for an

additional 3 h. Media from both compartments were trans-

ferred separately to Eppendorf tubes and centrifuged at

6446 g for 5 min. Supernatants were discarded and the for-

mazan crystals dissolved in isopropanol. The color intensity

of the dissolved formazan was measured at 570 nm (refer-

ence filter 690 nm). Invasion was recorded as the percent-

age of the cells that penetrated the Matrigel-coated filters

compared to controls. The spss software package (release

13.0; SPSS Inc., Chicago, IL, USA) was used for statistical

analysis. The difference between the groups was evaluated

using the nonparametric Mann–Whitney test. P < 0.05

was considered statistically significant.
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