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a b s t r a c t

The effective targeting of malignant cell surface antigens is essential in cancer therapy. Resistance to
treatment and rapid invasion of cancer cells are the main causes of cancer mortality. Despite intense
research efforts, treatments often have demonstrated insufficient outcomes in clinical applications.

The aim of the present study was to determine whether combined administration of monoclonal anti-
body (Herceptin®, trastuzumab) and anti-HER-2 (clone CB11) with hyaluronic acid (HA) and lipoplex
(containing lipofectamine (LipA) and plasmid DNA) can produce a synergistic reaction to increase the
therapeutic effect of monoclonal antibodies. To assess the treatment response, we cultured a 3-D MCF-7
cell line overexpressing HER-2 and CD44 receptors. The high density 3-D cell aggregation in the hollow
fiber bioreactor (HFB) used for the cell culture was monitored with the use of proton magnetic resonance
imaging (1H MRI). In addition, matrix-assisted laser desorption/ionization mass spectrometry (MALDI-
MS) was used in combination with HPLC (high performance liquid chromatography) to evaluate structural
changes in the proteins contained in treated cells. The study showed that incorporation of antibodies into
targeted lipoplex results in more efficient delivery of the complex to tumor cells. The viability of cells

decreased mostly due to cellular uptake of lipoplex and binding of the antibodies to the cellular surface
receptor. The data also demonstrate that HA could be used to enhance treatment efficacy of trastuzumab
and anti-HER-2 (clone CB11) in breast cancer cell cultures.
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. Introduction

HER-2 positive breast tumor cells have more extensive invasion
ith frequent metastasis than HER-2 negative cells [1]. Moreover,
ER-2 receptors are colocalized and coimmunoprecipitated with
yaluronan receptor CD44 in all mammary carcinoma cell lines [2].

n previous studies it was demonstrated that both receptors are
hysically linked and interact with each other via interchain disul-

de bonds [3]. However simultaneous targeting of HER-2 and CD44
eceptors has not been studied in breast MCF-7 carcinoma.

HER-2 is a transmembrane oncoprotein, belonging to the
pidermal growth factor receptor family, with tyrosine kinase

Abbreviations: MRI, magnetic resonance imaging; MALDI-MS, matrix-assisted
aser desorption/ionization mass spectrometry.
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activity [4]. Overexpression of this protein has an impact on
intracellular signaling and activation of genes involved in cell
growth. This impact is associated with shorter survival, enhanced
aggressiveness and other poor prognostic factors [4]. CD44
is a transmembrane glycoprotein classified as a member of
the hyaladherin-receptor family. Multiple functions and cellular
responses have been attributed to HER-2 and CD44, including
growth promotion, invasion and cell adhesion [5].

Immunotargeting of the HER-2 receptor is essential for study-
ing the viability of cancer cells in majority of human carcinomas.
Immune-based treatments to target HER-2 can consist of adminis-
tering monoclonal or modified polyclonal antibodies. However, in
clinical practice most patients who achieve an initial response to
antibody treatment generally acquire resistance within 1 year [6].
HER-2 transmits information from breast cancer cell surface into

cytoplasm and is crucial in growth inhibition and cellular adhesion
[7]. Breast cancer cells overexpressing HER-2 and CD44 receptors
tend to be much more elastic than normal cells, as they exhibit
a much stiffer extracellular matrix (ECM) [8]. These properties of
cancer cells are responsible for cellular invasion in healthy tissue,

ghts reserved.
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2.5. Treatment of HER-2 and CD44 receptors
D. Bartusik et al. / Journal of Pharmaceuti

hich induces and controls tumor growth. Although breast cancer
urface antigens are studied extensively, there is almost no infor-
ation available regarding the binding of hyaluronic acid (HA) to

D44, both known to be involved in growth inhibition and in a
ariety of tumor growth processes [9].

It has already been shown that Lipofectamine (LipA) used
n vitro transfers the transfected material into the cell through
ipid membrane [10]. This process results in the direct deliv-
ry of the protein to the target without interfering with
ell membrane and influences several cancer cells’ activities,
ncluding growth and adhesion. LipA is composed of the poly-
ationic lipid 2,3-dioleoxy-N-[2(sperminecarboxymido)ethyl]N,N-
imethyl-1-propanaminium trifluoroacetate (DOSPA) and the
eutral lipid dioleolyl phosphatidylethanolamine (DOPE) in mem-
rane filtered water. It is known that LipA is lipophilic and interacts
lectrostatically with negatively charged plasmid DNA or other
roteins and enables passing through the hydrophobic cell mem-
rane [11]. Therefore, we used cationic LipA–plasmid DNA complex
lipoplex) combined with antibodies, directed against cell surface

olecules, to assess their efficiency.
Cellular adhesion is closely associated with tumor invasive-

ess. HA by interactions with cell surface receptors such as CD44
nd receptor for hyaluronic acid (HA) is involved in cell adhesion
rocesses [12]. The effect of HA on healthy cells has been stud-

ed extensively [13], however, little is known about HA’s effect on
alignant cells ex vivo. Therefore, ex vivo matching of cancer cells

o the appropriate drugs would increase the effectiveness of cancer
herapy.

In the present work we targeted CD44 and HER-2 to determine
f HA or antibody binding had any correlation with growth inhibi-
ion and its efficacy. We used proton magnetic resonance imaging
MRI) for non-invasive monitoring of the three-dimensional (3-D)
igh density cell culture. Breast cancer cells within the human body

nteract with neighboring cancer cells and with ECM components
o establish a unique 3-D organization [14]. The 3-D cell cultures
re essential to induce ex vivo formation of multicellular tissue-like
tructures [15]. Therefore the present paper compares the proper-
ies of breast cells together with treatment efficacy and provides
ome insight in the therapeutic use of antibodies in human MCF-7
ell cultures.

. Experimental

.1. Reagents

For targeting HER-2 we used Herceptin® (trastuzumab) (Genen-
ech Inc., San Francisco, CA) and anti-HER-2 (clone CB11) (Abcam,
ambridge, MA) alone and with lipoplex containing Lipofectamine
LipA) and plasmid (Innovita Inc., Geithesburg, MD). All compounds
or the cell culture were supplied by Fisher Scientific (Oakland, ON).
henylhydrazine and 2,5-dihydroxybenzoic acid were obtained
rom Sigma (St. Louis, MO). Trypsin and the enzymatic assay kit
ere from Promega (Madison, WI). Trypan blue was supplied by

igma–Aldrich (Oakville, ON).

.2. Three-dimensional cell culture

Human malignant breast epithelial (MCF-7) cells were obtained
rom the American Type Cells Collection (Manassas, VA). HER-2 and
D44 overexpression of these cell lines was confirmed by cyto-

etric analysis [16,17]. The MCF-7 cultures were maintained in
ulbecco’s Modified Eagle Medium (DMEM) supplemented with
5% fetal bovine serum (FBS), 2 mM l-glutamine, 15 g/l sodium

icarbonate, 10 mM sodium pyruvate and 100 IU penicillin/100 �g
treptomycin and 50 �g/ml gentamycin. For the study we used the
Biomedical Analysis 51 (2010) 192–201 193

Hollow Fiber Bioreactor (HFB, FiberSystem Cell Inc., Frederic, MD)
which contains a specific fiber to allow cells to grow on their sur-
faces. In our study we used one fiber with 0.1 �m diameter pores.
Nourishing elements and waste are delivered in a controlled man-
ner through the fibers’ pores [14]. We used collagen solution to
create an ECM between cells and fiber. The polysulfone fiber was
flushed with 10 ml of solution containing 1 mg collagen per 1 ml
PBS. In this manner MCF-7 cells growing originally in suspension
build up a 3-D solid tumor. During 4 weeks of culturing, the media
were replaced each week. The media flow rate was maintained at
14 ml/min and controlled by a peristaltic pump. Twelve HFBs were
used for the study: 2 for controls (untreated cells), 2 for each tested
drug (5 drugs). Two untreated (controls) HFBs were continuously
exposed to fresh media without any drug.

The number of cells was determined using Trypan blue exclu-
sion method [18]. Briefly, MCF-7 cells were harvested from HFB,
seeded in 6-well microplates and exposed to 0.4% (w/v) Trypan
blue dye solution. Cell numbers were determined manually with a
hemacytometer chamber (Hausser Scientific, Horsham, PA). Cells
were cultured in the HFB to reach 5 × 109 cells/ml densities.

2.3. Treatment of CD44 with hyaluronic acid

MCF-7 cells (109 cells/ml) in two HFBs were incubated with HA
(0.05, 0.5, 5, 10, 50, 100, 200, 500 and 1000 �g/ml) for 72 h at 37 ◦C
in 5% CO2 and 95% air.

2.4. Treatment of HER-2 receptor and transfection

Trastuzumab (0.05, 0.5, 5, 10, 50, 100, 200, 500 and 1000 �g/ml)
and anti-HER-2 (clone CB11) (0.05, 0.5, 5, 10, 50, 100, 200, 500 and
1000 �g/ml) were used for the 72 h treatment of MCF-7 cells cul-
tured in HFB. After 72 h of treatment, the culture media in HFB was
refreshed.

The transfection of MCF-7 cells using cationic LipA–DNA
complex (lipoplex) was also investigated. One day before trans-
fection the human MCF-7 cells were maintained in serum-free
growth media without antibiotics. Each sample was treated
with trastuzumab and anti-HER-2 (clone CB11). The ratio of
LipA/trastuzumab and LipA/anti-HER-2 (clone CB11) was 3/1 (w/w)
[19].

Plasmid DNA containing �-gal was diluted in serum-free
media and added to the LipA/trastuzumab and LipA/anti-HER-
2 (clone CB11) at a DNA/LipA ratio of 1/9 (�g/nmol). Then
the solution was mixed with the medium for 30 min to pro-
duce lipoplexes:trasuzumab–plasmid DNA complex or anti-HER-2
(clone CB11)–plasmid DNA complex. The transfection was per-
formed with a 3 ml volume of complexes of 109 cells/ml. After 48 h,
serum-free media were replaced with serum containing media. The
cells were washed with PBS and the �-gal activity was measured
by enzymatic assay (Promega, E2000) following the manufacturer’s
recommendation. Moreover, viability of MCF-7 cells was measured
after 72 h treatment with LipA alone and plasmid DNA containing
�-gal without antibody. The concentrations of LipA were at ratio of
3/1 (w/w) to previously used antibody concentrations (0.05, 0.5, 5,
10, 50, 100, 200, 500 and 1000 �g/ml), as described above. Plas-
mid DNA containing �-gal was used at ratio of 1/3 to antibody
concentration.
Trastuzumab (0.05, 0.5, 5, 10, 50, 100, 200, 500 and 1000 �g/ml)
and anti-HER-2 (clone CB11) (0.05, 5, 10, 50, 100, 200, 500 and
1000 �g/ml) were mixed with HA in 1/1 ratio. A 5 ml volume was
used to target MCF-7 culture with density 5 × 109 cells/ml.
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ig. 1. An MR image of the MCF-7 cells in the hollow fiber bioreactor at 9.4 T. SE puls
56 × 256) was used. The red solid lines indicate the cells area before treatment (A)

.6. Cell adhesion

After 72 h of exposure to HA, two HFBs were used for the
-h study of cell adhesion. Briefly, 50 ml of media with single
FC-7 cells (2 × 105 cells/ml) were perfused through the HFB with
× 108 cells/ml using a flow from 5 to 14 ml/min for 45 min. Sin-
le cells were obtained using 10 ml of 0.1% trypsin solution. Briefly,
mg of MCF-7 cells was harvested from HFB and resuspended in

rypsin water solution [18]. The temperature in HFB and media
eservoir was 37 ◦C. The number of adhesive cells (NACs) was cal-
ulated according the formula (Eq. (1)).

AC = NAC0 − NAC45 (1)

here NAC is the number of single MCF-7 cells attached to cancer
issue in HFB cartridge; NAC0 is the number of single cells at time
(min) in reservoir media; NAC45 is the number of single cells in

eservoir media at 45 (min) after addition of adhesive media with
ingle cells.

.7. Assessment of serum

The influence of different concentrations of FBS to the cell
rowth/inhibition with trastuzumab was assessed by plating
× 104 cells per 35 mm Petri dish containing growth media.
rastuzumab (0.05, 0.5, 5, 10, 50, 100, 200, 500 and 1000 �g/ml)
as added separately to the medium supplemented with 1%, 5%

nd 10% of FBS.

.8. MRI and aggregation

All MR images were collected with 9.4 T/21 cm magnets (Mag-
ex, UK) and TMX console (NRC-IBD). The HFBs with cell cultures
ere placed in a 10 mm diameter transmit/receive radio fre-

uency (rf) coil within the magnet bore. For imaging, a spin
cho pulse sequence was used with echo time (TE)/repetition
ime (TR) = 12.4 ms/5000 ms. One slice of 1 mm was acquired with

atrix size of 256 × 256 and field of view 3 cm × 3 cm. All imag-
ng parameters were the same for each HFB. Throughout the

RI experiments, the HFBs were maintained under incubator-like

onditions (37 ◦C, 5% CO2 and 95% air). Region of interest (ROI)
as drawn around the region of the tumor cells before treat-
ent. All remaining voxels within this region were counted and
ultiplied by the voxel dimensions to produce an enhancement

olume.
ence (TR/TE = 5000 ms/12.8 ms, FOV = 3 cm × 3 cm, slice thickness 1 mm and matrix
fter 72 h (B) of treatment with trastuzumab/lipoplex. Yellow solid line is the fiber.

2.9. HPLC and MALDI-MS analysis

Prior to analysis, cell samples were digested with trypsin in
25 mM ammonium bicarbonate buffer, pH 7.8, for 20 h at 37 ◦C, at
a substrate-to-enzyme ratio of 50:1. Aliquots of the digests were
fractionated on a System Gold HPLC chromatograph equipped with
a System Gold 166 Ultra violet (UV) detector and 32-Karat soft-
ware (Beckman–Coulter). For reversed phase HPLC, the analytical
column Vydac 218 TP54 Protein & Peptide C18 (Separation Group,
Hesperia, CA) was used. The samples (5 �L injected) were eluted
with 5% acetonitrile (ACN) in water as solvent A and 90% ACN in 0.1%
trifluoroacetic acid as solvent B at a flow rate 0.5 ml/min. An elution
gradient was applied from 5% to 70% ACN over 60 min. UV detection
was performed at 245 nm. All fractions were collected manually
and concentrated in vacuo prior to MS analysis. MALDI-MS and
MS/MS spectra were acquired on the Manitoba/Sciex prototype
quadrupole/TOF (QqTOF) mass spectrometer (commercial model
sold as QSTAR by Applied Biosystems/MDS Sciex, Foster City, CA).
Typically, the samples were spotted onto 2,5-dihydroxybenzoic
acid (matrix) predeposited on the surface of a MALDI target. Pep-
tide mass fingerprinting was performed in positive MS mode and
peptide identifications were achieved with Mascot database search
(www.matrixscience.com). Search inputs in MS/MS included the
measured precursor and fragment ion masses. The error tolerances
used for the monoisotopic ions were 0.2 Da and the query was made
for human and mammals.

2.10. Statistical analysis

Results were expressed as a mean ± SD. Differences between
groups at each time point were identified by one-way ANOVA.
Statistical comparison between two independent variables was
determined by two-way ANOVA with Dunnet’s correction per-
formed post hoc to correct multiple comparisons. The p-values
<0.05 were considered statistically significant. All data reported
here are from sets of six separate experiments. Error bars in all
graphs represent the standard error of the mean. Data were ana-
lyzed using the Sigma Stat Soft (Chicago, IL) software.

3. Results
3.1. Cell growth and treatment of HER-2 and CD44

Fig. 1A and B shows a typical proton MR image of MCF-7 cells
cultured in the HFB after 4 weeks of the continuous culture. The cell
images were used for the visualization of the regions of cells’ har-

http://www.matrixscience.com/
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Table 1
3-D cell cultures characterization.

Time [week] 1 2 3 4

v
F
m
a

F
2
t

Cell number [cell/ml] 5 × 105 5.2 × 106 6.5 × 108 5 × 109

Viability [%] 93 ± 4 91 ± 6 90 ± 3 88 ± 2
Cells volume [mm3] 15 ± 0.5 21 ± 0.5 42 ± 0.6 55 ± 0.9
esting. The cells were able to adhere to the fiber during 5 weeks.
or the continuous cell growth with the appropriate density the
edia flow was maintained at 14 ml/h. Table 1 shows the char-

cterization of the MCF-7 cells in the HFB device. The 3-D cultures

ig. 2. Growth inhibition of the MCF-7 cells using (A) trastuzumab (0.05, 0.5, 5, 10, 50, 1
00, 500 and 1000 �g/ml) and (C) HA (0.05, 0.5, 5, 10, 50, 100, 200, 500 and 1000 �g/ml).
o initial time points are indicated with (#).
Biomedical Analysis 51 (2010) 192–201 195

started with cell densities of 5 × 105 cells/ml and after 4 weeks cells
reached a density of 5 × 109/ml. During the time period between 1
and 4 weeks, the volume of the cells increased from 15 ± 0.5 to
55 ± 0.9 mm3.

We observed that more HER-2 positive cells responded
differently to antibodies than to lipoplex or HA. Moreover,

effects on cell growth inhibition appeared to correlate with an
improved delivery of trastuzumab to targets. Within 72 h the
viability decreased from 94 ± 1% to 53 ± 5% at the trastuzumab
concentration of 0.05–1000 �g/ml (Fig. 2A) and from 96 ± 2%
to 60 ± 2% for 0.05–1000 �g/ml of anti-HER-2 (clone CB11)

00, 200, 500 and 1000 �g/ml), (B) anti-HER-2 clone CB11 (0.05, 0.5, 5, 10, 50, 100,
Statistically significant differences to control are indicated with an asterisk (*) and
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Fig. 3. Viability of the MCF-7 cells after (A) 6 h and (B) 72 h exposure to trastuzumab, trastuzumab/lipoplex and trastuzumab/HA. Statistically significant differences to control
are indicated with an asterisk (*) and trastuzumab alone vs. trastuzumab/lipoplex are indicated with (+).

Fig. 4. Viability of the MCF-7 cells (A) after 6 h and (B) 72 h exposure to anti-HER-2 clone CB11 and anti-HER-2 clone CB11/lipoplex and anti-HER-2 clone CB11/HA. Statistically
significant differences to control are indicated with an asterisk (*) and anti-HER-2 clone CB11alone vs. anti-HER-2 clone CB11/lipoplex (+).
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Fig. 2B) and from 93 ± 1% to 47 ± 5% for 0.05–1000 �g/ml of HA
Fig. 2C).

Treatment of MCF-7 cells with 50, 100, 200, 500 and 1000 �g/ml
f trastuzumab, significantly decreased the growth with respect to
ontrol at 24, 48 and 72 h (Fig. 2A). For these trastuzumab concen-
rations the viability of 3-D MCF-7 cells at 6 and 72 h decreased from
0 ± 3% to 62 ± 2%, from 86 ± 7% to 59 ± 6%, from 84 ± 5% to 55 ± 8%,
rom 82 ± 9% to 56 ± 9% and from 82 ± 3% to 53 ± 5%, respectively.
here were no significant changes in cell growth for trastuzumab
oncentrations lower than 50 �g/ml (Fig. 3A).
The exposure of cells to anti-HER-2 (clone CB11) showed signifi-
ant growth-inhibitory effects for concentrations of 200 �g/ml and
igher. After 72 h, the MCF-7 cells treated with anti-HER-2 (clone
B11) showed viability equal to 89 ± 2%, 84 ± 4%, 80 ± 2%, 77 ± 5%,
3 ± 5%, 73 ± 7%, 64 ± 2%, 62 ± 9% and 60 ± 2% for concentrations

ig. 5. HPLC–UV chromatograms obtained from trypsin digested total MCF-7 cells trea
rastuzumab and (D) trastuzumab/lipoplex.
Biomedical Analysis 51 (2010) 192–201 197

of 0.05, 0.5, 5, 10, 50, 100, 200, 500 and 1000 �g/ml, respectively
(Fig. 3B). We observed that trastuzumab effectiveness was higher
than anti-HER-2 (clone CB11) at each time point.

After 72 h exposure to trastuzumab/lipoplex (3/1) cell viabil-
ity decreased and corresponded to the observation made with
an increased concentration of trastuzumab. MCF-7 cells treated
with trastuzumab/lipoplex (3/1) showed increased transfection
efficiency with fourfold increase of �-gal expression as compared
with non-treated one. We did not observe decreases in the growth
of MCF-7 control cells treated with LipA only. However, viabil-

ity of cells treated with plasmid DNA containing �-gal reached
values higher than cell treated with trastuzumab/lipoplex and
lower than cells treated with trastuzumab, after 72 h. The viabil-
ity of cells treated with plasmid DNA containing �-gal was 83 ± 2%,
80 ± 4%, 78 ± 3%, 75 ± 6%, 73 ± 5%, 70 ± 2% and 69 ± 2%, after 72 h.

ted with: (A) anti-HER-2 (clone CB11), (B) anti-HER-2 (clone CB11)/lipoplex, (C)
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ig. 6. MALDI-MS spectra recorded from the HPLC fractions with elution time 28 mi
B11) only (Fig. 5A) and (B) anti-HER-2 (clone CB11)/lipoplex (Fig. 5B). All ions are

ell treatment with anti-HER-2 (clone CB11)/lipoplex (3/1) caused
ignificant changes in viability for concentrations 200 �g/ml or
igher, as compared to control (Fig. 4A and B).

Exposure of MCF-7 cells to trastuzumab/HA (1/1) showed a
ontinuous decrease in growth which was significant compared
ith that of control experiments for concentrations of 50 �g/ml

nd higher (Fig. 4A and B). After 72 h, trastuzumab/HA (1/1)
howed more than 20% growth-inhibitory effect as compared with
rastuzumab alone and more than 10% as compared with efficacy of
A. On the other hand, anti-HER-2 (clone CB11)/HA decreased the
rowth by 20% and 5% more when compared to anti-HER-2 (clone
B11) and HA treatments, respectively. These results suggest that
A binding to CD44 is more effective when HER-2 was treated with

rastuzumab than with anti-HER-2 (clone CB11). HA combined with

rastuzumab or anti-HER-2 (clone CB11) significantly decreased
ells viability when compared to trastuzumab and anti-HER-2
clone CB11) alone or HA alone. After 72 h, trastuzumab/lipoplex
3/1) showed more than 20% and 10% higher decreases in cell

ig. 7. MALDI-MS spectrum of the HPLC fraction (elution time 20 min), obtained from tr
M+H]+.
. 5), obtained from trypsin digested MCF-7 cells treated with: (A) anti-HER-2 (clone
]+.

growth, as compared with trastuzumab and anti-HER-2 (clone
CB11)/lipoplex, respectively. In general cells were much more sen-
sitive to trastuzumab than to anti-HER-2 (clone CB11) treatments.
The effect of trastuzumab/lipoplex was higher than anti-HER-2
(clones CB11)/lipoplex but it did not differ significantly (p-value
>0.05) even at 50 �g/ml and higher drug concentrations. The tests of
different serum concentrations (1–10%) showed that trastuzumab
induced cell growth inhibition was independent of serum con-
centrations. Therefore cells were treated with Herceptin and
anti-HER-2 (clone CB11) in media with 5% serum. To avoid interfer-
ence of LipA with serum for trastuzumab/lipoplex and anti-HER-2
(clone CB11)/lipoplex treatments, cells were treated in serum-free
media.

Using variable laminar flow from 5 to 14 ml/h in the HFB cham-

ber we also examined the adhesion ability of single MCF-7 cells to
3-D tumor tissue. The single cancer cells showed 30% adhesion to
cancer tissue in the HFB, after 45 min. The adhesion increased about
2% at each 1 ml/h flow increment.

ypsin digested MCF-7 cells treated with trastuzumab/lipoplex. All labeled ions are
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Fig. 8. MALDI-MS spectrum of glycopeptides recorded from a HPLC fraction obtained from trypsin digested MCF-7 cells treated with trastuzumab/lipoplex. (A) At m/z 2796.1,
a S sp
(

3

l
H
o
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p
f
i
H
s
d
t
a
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t
p
o
a
t
s
C
9
p
(
P
t
1
o
w

ll ions are [M+H]+ and (B) tandem mass spectrum of glycopeptide observed in M
GlcNAc); �, fucose (Fuc).

.2. HPLC and MALDI-MS analysis

The changes in targeted cells after treatment at the protein
evel were next studied by HPLC and MALDI-MS analysis. The
PLC–UV chromatograms of trypsin digested samples differed not
nly between those original untreated cells and trastuzumab or
nti-HER-2 (clone CB11) treated cells, but the influence of lipoplex
n transfection of cells was also clearly observed (Fig. 5). To ver-
fy the composition of compounds in individual HPLC separated
eaks, all fractions were examined by MALDI-MS. Numerous peaks
rom all samples corresponded mainly to peptides originated from
mmunoglobulin, T-cell receptors and other common proteins.
owever, HPLC-profiles and intensities of peaks detected in MS

pectra of single fractions indicated variations in products after
igestions. For example, the most abundant peak in the MS spec-
ra (Fig. 6) of HPLC fractions with elution time 28 min (Fig. 5A
nd B) in both samples treated with anti-HER-2 (clone CB11) anti-
ody was detected at m/z 1117.5164 and was not observed in
he spectra of untreated cells. This peak could be assigned to a
eptide originated from antigen T-cell receptor. According to data
btained, the peak at m/z 1499.8047 (Fig. 6A) matched to the amino
cid sequence HDFEVRSGDVVNGR (Mrcalc. 1498.7277) described in
he breast and ovarian cancer susceptibility protein [19]. In the
pectrum of the corresponding fraction from anti-HER-2 (clone
B11)/lipoplex treated sample (Fig. 6B), additional peaks at m/z
74.4629 and 1529.6974 most probably matched to the tryptic
eptides DTVPGDGTGR (Mrcalc. 973.4465) and SCTVIDSRVLGSHR
Mrcalc. 1528.7780) found in the heavy chain immunoglobulin.

eaks detected exclusively in fractions obtained from samples
reated with trastuzumab in the presence LipA observed at m/z
086.5, 1235.5, 1495.6 and 1527.6 corresponded to tryptic peptides
riginating from Fibrillin (Fig. 7). In MCF-7 cell samples treated
ith trastuzumab alone or in combination with lipoplex additional
ectrum. Symbols: ©, mannose (Man); �, galactose (Gal); �, N-acetylglucosamine

peaks appeared at m/z 2634.1, 2796.2 and 2958.2 in comparison
with peaks detected in samples of trypsin digested MCF-7 cells
only. These additional peaks corresponded to glycopeptides, which
were more abundant in samples treated with antibodies in combi-
nation with lipoplex. Other glycopeptides were observed at m/z
2431.1, 2593.2 and 2650.2 and were not detected in other MCF-
7 samples (Fig. 8). MS/MS-fragmentation patterns of these ions
corresponded to glycoforms of a peptide with EEQYNSTYR amino
acid sequence and bearing neutral biantennary fucosylated gly-
cans on the N residue. These glycoforms originated from human
IgG [20,21]. It is important to point out that complete sequencing
of proteins and identification of all proteins were not the primary
intentions of this work and are well beyond this study. However,
MS data of selected compounds in the samples analyzed provided
good evidence that there is an influence by incorporating anti-
bodies into MCF-7 cells under the conditions described in this
paper.

4. Discussion

Breast cancer cells overexpress many receptors and biomarkers,
which can be used as drug targets. There is a clinical evidence that
trastuzumab, a monoclonal antibody targeting the HER-2 receptor,
is an important component of the first-line treatment for patients
with metastatic breast cancer. However, the clinical issue of resis-
tance to HER-2 directed therapy still remains unsolved [22]. As a
result of the resistance, overexpression of HER-2 has been associ-
ated with more aggressive tumor behavior and poorer prognosis.

Therefore, the combined administration of trastuzumab with other
non-toxic and cost-effective agents is required.

Previous studies of breast carcinoma reported that trastuzumab
alone did not inhibit the growth by more than 30–50% in rela-
tion to doses of 10–1000 �g/ml over 72 h [23]. Moreover, when
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rastuzumab was combined with other cytotoxic agents (e.g. cis-
latin) it was difficult to evaluate the combined effect by using
onventional in vitro techniques because cytotoxic agents not only
ffect the viability of cancer cells but also affect trastuzumab
24]. To avoid unwanted toxicity effects, we used biocompatible
nd non-toxic agents, HA and lipoplex combined with anti-
ody. The combined treatments of HER-2 based on trastuzumab
r anti-HER-2 (clone CB11) and lipoplex produced a significant
rowth-inhibitory effect higher than the monoclonal antibody
lone.

The other findings of the present study suggest that HA appears
o be a growth-inhibitory agent in breast carcinoma cells due to
inding to CD44 receptors. HA is used in clinical treatment due to

ts unique viscoelastic and hydrophilic properties along with its bio-
ompatibility and non-immunogenicity [25]. Previous studies [25]
howed that the in vitro administration of more than 320 mg/ml
f HA inhibited proliferation of murine melanoma cells by 50–90%.
n particular, naturally occurring high levels of HA in colon can-
er cells significantly inhibit the tumor growth [26]. However, the
nhibitory effect of HA on cell growth can be masked by the fact
hat the HA is degraded to unknown forms in the cancer cells by
aturally occurring hyaluronidases (HYAL1). It is still controver-
ial whether HYAL1 is a tumor promoter or a suppressor. It was
eported lastly that HYAL1 may provide a new class of anti-cancer
herapeutics without side effects [27]. Binding of HA to a CD44 can
ctivate the HER-2 tyrosine kinase activity and thus speed up the
ate of cancer progression [28].

The results also indicate possible interactions between HER-2
nd CD44 during cancer cell growth. Various responses observed in
CF-7 cells may reflect changes in hydrophobicity of the substrate

r variations in the molecular interactions between drugs and cells.
n general HA and lipoplex showed a good affinity for MCF-7 cells
hat express high levels of the CD44 and HER-2 receptor.

The results presented here showed variability of carcinoma
ells viability when treated with different antibodies. The find-
ngs indicate that the combined use of antibodies and resistance
o treatment can be studied easily and cost-effectively in HFB that

imics in vivo tumor condition. The CD44 receptor, such as the
ER-2 receptor is expressed in a variety of tumors (breast, colon,

ntestinal and brain), as well as melanoma, basal cell carcinoma, and
tem cells [29]. Therefore, simultaneous and combined treatments
ay be extended to several other targets through the proper choice

f biocompatible agents. Moreover the co-expression of HER-2 and
D44 in JIMT-1 breast cancer cells [30] and ovarian tumor cells [28]
as already studied.

MRI based measurement provides an alternative to assess vol-
me of tumor. In this work, we investigated the ability to obtain
umor volume by ROI-based measurements. For the ROI-based

easurement, the tumor area was calculated by the summa-
ion of all tumor pixels in each axial slice and multiplication by
he slice profile. However, another method to calculate tumor
olume is the diameter-based measurements. For the diameter-
ased measurements [31], the three tumor diameters (longitudinal,
nteroposterior and lateral) in each orthogonal measurement plane
ere measured. The tumor volume was computed using the for-
ula for ellipse. The longitudinal diameter along the long axis
as measured on the sagittal images; the anteroposterior diam-

ter (orthogonal to the longitudinal diameter) was measured on
he sagittal images; and the largest lateral diameter was measured
n the axial images.

In spite of the positive outcome of these experiments, the data

ndicate that successful combined delivery of antibodies to HER-
receptor and plasmid DNA to cell nuclei decreases cells viability.
ore specifically LipA plays a direct role in transfection by promot-

ng DNA fusion and membrane destabilization that allows more
fficient surface targeting using antibodies.

[

[
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5. Conclusion

Firstly, our findings showed that it is possible to grow human
MCF-7 breast carcinoma 3-D culture ex vivo suitable for MRI and
MALDI-MS techniques. Secondly, monoclonal antibody may be tar-
geted with MCF-7 cells using a cationic lipid. Thirdly, the observed
decreases in MCF-7 cell growth were more evident when the treat-
ment with HER-2 and CD44 was combined.
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