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Abstract:

The objective of this study was to determine the cytotoxicity, antiproliferative activity, and apoptosis induction activity of two modi-

fied glycosides – digoxin and proscillaridin A – conjugated to a generation 3 polyamidoamine dendrimer (G3 PAMAM-NH�) in hu-

man breast cancer cells. The results suggest that conjugation with the G3 PAMAM-NH� dendrimer enhances the cytotoxicity of

modified digoxin and proscillaridin A both in MCF-7 and in MDA-MB-231 breast cancer cells. Additionally, the conjugate-induced

apoptosis was significantly greater than apoptosis evoked by free modified digoxin and proscillaridin A.
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Abbreviations: DMEM – Dulbecco’s minimal essential me-

dium, EDC – 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride, FBS – fetal bovine serum, FITC – fluorescein iso-

thiocyanate, MTT – 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide, SDS – sodium dodecyl sulfate

Introduction

Cardiotonic steroids have been, and continue to be

used in the treatment of congestive heart failure as

positive inotropic agents [9, 19]. Retrospective epide-

miological studies conducted during the late 20th cen-

tury revealed intriguing results: very few patients main-

tained on cardiotonic steroid treatments for heart prob-

lems died from cancer [22]. Furthermore, a number of

publications emphasized the altered expression of so-

dium pump subunits in different cancer types when

compared with corresponding normal tissues [8, 19].

Over the past 10 years, an interest in developing car-

diotonic steroids as anti-cancer agents has grown pro-

gressively [6, 24]. Structure-function studies have re-

vealed that a lactone at position 17� and a hydroxyl at

position 14 are crucial for the cardiac activity of di-

goxin and proscillaridin A [6, 9, 24]. Therefore, we

synthesized two compounds, Dig and Prosc, deriva-

tives of digoxin and proscillaridin A, each containing

a carboxylic group instead of the lactone moiety at

position 17� (Fig. 1) [26]. Our previous experimental

studies have demonstrated that these compounds pre-

vent growth, and decrease the number of viable cells in

estrogen-dependent MCF-7 and estrogen-independent

MDA-MB-231 human breast cancer cells [26].
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In the present study, the carboxylic acid-containing

drugs (Dig and Prosc) were conjugated to G3 PAMAM

dendrimers (with 32 surface primary amino groups)

via amide linkage, and the effects of PAMAM-Dig

and PAMAM-Prosc (Fig. 1) on the cytotoxicity, anti-

proliferative activity, and the frequency of apoptosis

in MCF-7 and MDA-MB-231 cells were examined.

Dendrimers, due to their controllable size and mono-

dispersity, are excellent carriers for a wide range of

molecules that can either be encapsulated in the inte-

rior of the dendrimer or reacted with the dendrimer

terminal groups [1, 15]. Since dendrimers are synthe-

sized from branched monomer units in a stepwise

manner, it is possible to precisely control the mole-

cule size, shape, dimension, density, polarity, flexibil-

ity, and solubility by choosing different branching

units and surface functional groups [23]. These spe-

cific properties make dendrimers suitable for drug de-

livery systems, and give dendrimers a significant ad-

vantage over traditional linear polymers that are re-

stricted to low density drug loading [15, 23].

Materials and Methods

Materials

An amine-terminated G3 PAMAM dendrimer, di-

goxin, and proscillaridin A were purchased from

Sigma-Aldrich (USA), as were most other chemicals

and buffers used. Apoptest-FITC was a product of

DakoCytomation (Denmark). Stock cultures of hu-

man MCF-7 and MDA-MB-231 breast cancer cells

were purchased from the American Type Culture Col-

lection (USA). Dulbecco‘s minimal essential medium

(DMEM) and fetal bovine serum (FBS) used in a cell

culture were products of Gibco (USA). Glutamine,

penicillin and streptomycin were obtained from Qual-

ity Biologicals Inc. (USA). [3H]-Thymidine (6.7

Ci/mmol) was purchased from NEN (USA) and Scin-

tillation Cocktail “Ultima Gold XR” from Packard

(USA). Sodium dodecyl sulfate (SDS) was purchased

from Bio-Rad Laboratories (USA).

Chemistry

The condensation reaction between Dig and Prosc

(Fig. 1) and the primary amines on the G3 PAMAM den-

drimer was conducted in the presence of water-soluble

carbodiimide (1-ethyl-3-[3-dimethylaminopropyl]carbo-

diimide hydrochloride; EDC) [11]. The structures of

synthesized compounds were confirmed by 1H-NMR

and 13C-NMR spectra recorded on a Brucker AC

200F (Germany) apparatus (1H – 200 MHz and 13C –

50 MHz) in deuterated dimethyl sulfoxide (DMSO-d6).

The chemical shifts are expressed in � values (ppm).

The multiplicity of resonance peaks are indicated as

singlet (s), doublet (d), triplet (t), quarter (q), and mul-

tiplet (m). Infrared spectra were recorded on a Perkin

Elmer Spectrum 100 FT-IR spectrometer (USA) for

KBr pellets (4000–450 cm–1). MALDI mass spectra

of the samples deposited on a 2,5-dihydroxybenzoic

acid (DHB) and �-cyano-4-hydroxycinnamic acid (CCA)

matrix were recorded on a BIFLEX III MALDI TOF

(Bruker, Germany) mass spectrometer equipped with

a nitrogen laser. The compounds Prosc and Dig have

been prepared and described previously [26].

Synthesis of the G3 PAMAM-digoxin

(PAMAM-Dig) conjugate

Dig (0.325 g; 0.407 mmol) was activated with EDC

(0.156 g; 0.814 mmol) in anhydrous DMF (2 ml) for

30 min, added to a solution of G3 PAMAM-NH2

(1.02 ml, 20% solution in methanol, 0.025 mmol) in

DMF (1 ml) and stirred for 72 h under nitrogen, at

room temperature. DMF was evaporated under vac-

uum, and the residue was purified by size exclusion

chromatography (gel filtration) using a Sephadex

G-25 column with methanol-water (5:1, v/v). The re-

sulting product was dissolved in methanol and fil-

tered. The filtrate was concentrated under vacuum and

purified again by size exclusion chromatography. The

final product was obtained as a pale beige powder af-

ter lyophilization (0.385 g, 78% yield). The 1:16 mo-

lar ratio of G3 PAMAM dendrimer to Dig in the con-

jugate was confirmed by calculating the relative in-

tensities of 1H NMR peaks originating from Dig and

Prosc compared to those of the PAMAM dendrimer.
1H-NMR (DMSO-d6, �, ppm): 0.8 (s, 3H, Dig),

0.93 (s, 3H, Dig), 1.25 (d, J = 6.3 Hz, 9H, Dig),

1.28–1.38 (m, 2H, Dig), 1.45–1.60 (m, 3H, Dig),

1.72–1.90 (m, 5H, Dig), 1.95–2.00 (m, 3H, Dig),

2.05–3.44 (m, protons of PAMAM), 3.39 (m, 3H,
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Dig), 4.21 (m, 3H, Dig), 4.27 (m, 3H, Dig), 4.72 (br s,

1H and OH, Dig), 5.00 (dd, J = 18.6, 1.5 Hz, 1H,

Dig), 5.18 (br d, J = 9.5 Hz, Dig), 12.01 (s, 1H, Dig);
13C-NMR (DMSO-d6, �, ppm): 8.90 (CH3, Dig), 18.10

(CH3, Dig), 18.55 (CH3, Dig), 21.50 (CH2, Dig), 23.42

(CH2, Dig), 26.42 (CH2, Dig), 26.55 (CH2, Dig),

27.38 (CH2, Dig), 29.76 (CH2, Dig), 30.10 (CH2,

Dig), 32.42 (CH2, Dig), 33.07 (CH2, Dig), 33.6 (CH2,

Dig), 34.98 (CH, Dig), 36.11 (C, Dig), 37.40 (CH,

Dig), 38.69 (CH, Dig), 38.80 (CH, Dig), 40.2

(CH2CH2, PAMAM), 40.80 (CH2CH2, PAMAM),

41.22 (CH, Dig), 41.80 (CH2CH2, PAMAM), 41.90

(CH2CH2, PAMAM), 45.50 (CH, Dig), 49.92 (CH,

Dig), 52.30 (CH, Dig), 55.53 (C, Dig), 63.61 (CH,

Dig), 68.20 (CH, Dig), 68.38 (CH, Dig), 69.37 (CH,

Dig), 69.44 (CH, Dig), 72.44 (CH, Dig), 73.72 (CH,

Dig), 83.55 (CH, Dig), 84.31 (CH, Dig), 85.77 (C,

Dig), 96.85 (CH, Dig), 100.90 (CH, Dig), 117.45 (C,

Dig), 172.35 (CONH, PAMAM), 173.50 (CONH, PA-

MAM), 173.90 (CONH, PAMAM-Dig); 175.02 (CO,

Dig); IR (KBr, cm–1): 3500–3400 (OH, Dig), 3356

(NH2, PAMAM), 2980 (CH2, Dig), 2936 (CH2, PA-

MAM), 2880 (CH, Dig), 2840 (CH2, PAMAM), 1645

(CONH, PAMAM-Dig), 1635 (CONH, PAMAM-Dig),

1550 (CONH, PAMAM), 1451 (OH, Dig), 1422 (CH2,

Dig), 1399 (CH3, Dig), 1335 (OH, Dig), 1097 (C–O,

Dig), 1059 (C–O, Dig), 1019 (CH3, Dig). MALDI-

TOF (m/z): found [M + H+] 19691.4.

Synthesis of the G3 PAMAM-proscillaridin A

(PAMAM-Prosc) conjugate

Prosc (0.363 g; 0.663 mmol) was activated with EDC

(0.254 g; 1.326 mmol) in anhydrous DMF (2 ml) for

30 min, added to a solution of G3 PAMAM–NH2

(1.66 ml, 20% solution in methanol, 0.0414 mmol) in

DMF (1 ml) and stirred for 72 h under nitrogen, at

room temperature. DMF was evaporated under vac-

uum, and the residue was purified by size exclusion

chromatography (gel filtration) using a Sephadex

G-25 column with methanol-water (5:1, v/v). The re-

sulting product was dissolved in methanol and fil-

tered. The filtrate was concentrated under vacuum and

purified again by size exclusion chromatography. The

solution was purified by gel filtration chromatography

(Sephadex G-25) to remove excess EDC. The final

product was obtained as a yellowish powder after ly-

ophilization (0.54 g, 83% yield). The 1:16 molar ratio

of G3 PAMAM dendrimer to Prosc in the conjugate

was confirmed by calculating the relative intensities

of 1H NMR peaks originating from Dig and Prosc

compared to those of the PAMAM dendrimer.
1H-NMR (DMSO-d6, �, ppm): 0.72 (s, 3H, Prosc),

1.03 (br s, 3H, Prosc), 1.09 (m, 1H, Prosc), 1.27 (d, J

= 6.2 Hz, 1H, Prosc), 1.3 (m, 3H, Prosc), 1.46 (m, 1H,

Prosc), 1.51 (m, 1H, Prosc), 1.64 (m, 1H, Prosc), 1.70

(m, 1H, Prosc), 1.78 (m, 1H, Prosc), 1.98 (m, 1H,

Prosc), 2.02–3.44 (m, protons of PAMAM), 3.74 (m,

2H, Prosc), 3.85 (br s, 2H, Prosc), 3.95 (m, 1H, Prosc),

4.04 (t, J = 7.5 Hz, 1H, Prosc), 4.80 (d, J = 1.5 Hz, 1H,

Prosc), 5.31 (s, 1H, Prosc), 6.26 (d, J = 9.7 Hz, 1H,

Prosc), 7.97 (dd, J = 9.7, 2.6 Hz, 1H, Prosc), 9.8 (d, J

= 1.4 Hz, 1H, Prosc), 12.08 (s, 1H, Prosc); 13C-NMR

(DMSO-d6, �, ppm): 16.24 (CH3, Prosc), 17.28 (CH3,

Prosc), 18.46 (CH3, Prosc), 21.37 (CH2, Prosc), 27.08

(CH2, Prosc), 28.70 (CH2, Prosc), 28.94 (CH2, Prosc),

32.12 (CH2, Prosc), 32.41 (CH2, Prosc), 33.60 (CH2,

Prosc), 35.48 (CH2, Prosc), 37.51 (CH2, Prosc), 37.40

(CH, Prosc), 38.78 (CH, Prosc), 40.57 (CH2CH2, PA-

MAM), 40.82 (CH2CH2, PAMAM), 41.80 (CH2CH2,

PAMAM), 41.90 (CH2CH2, PAMAM), 48.51 (CH,

Prosc), 49.90 (C, Prosc), 50.38 (CH, Prosc), 50.93

(CH, Prosc), 52.30, 67.89 (CH, Prosc), 71.44 (CH,

Prosc), 72.40 (CH, Prosc), 74.04 (CH, Prosc), 75.00

(CH, Prosc), 84.62 (C, Prosc), 99.54 (C, Prosc),

114.26 (CH, Prosc), 120.40 (CH, Prosc), 147.32 (C,

Prosc), 148.13 (C, Prosc), 172.52 (CONH, PAMAM),

173.50 (CONH, PAMAM), 174.30 (CONH, PA-

MAM-Prosc), 203.20 (CHO, Prosc); IR (KBr, cm–1):

3500–3400 (OH, Prosc), 3356 (NH2, PAMAM), 2950

(CH2, Prosc), 2936 (CH2, PAMAM), 2880 (CH,

Prosc), 2842 (CH2, PAMAM), 1635 (CONH, PA-

MAM-Prosc), 1625 (CONH, PAMAM-Prosc), 1550

(CONH, PAMAM), 1422 (CH2, Prosc), 1379 (CH3,

Prosc), 1080 (C-O, Prosc), 1059 (C-O, Prosc), 1022.

MALDI-TOF (m/z): found [M + H+] 15672.2.

Cell viability assay

The assay was performed according to the method of

Carmichael using MTT [4]. Confluent cells, cultured

for 24 h with various concentrations of the studied

compounds in 6-well plates were washed three times

with PBS and then incubated for 4 h in 1 ml of MTT

solution (0.5 mg/ml of PBS) at 37°C in 5% CO2 in an

incubator. The medium was removed, and 1 ml of 0.1 M

HCl in absolute isopropanol was added to the attached

cells. The absorbance of the converted dye in living

cells was measured at a wavelength of 570 nm. Cell

viability of the cells cultured in the presence of
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ligands was calculated as a percent of control cells.

The viable cell number was plotted against the drug

concentration, and IC50 values were calculated from

dose-response curves using Origin 7.5 software (Orig-

inLab, USA).

DNA synthesis assay

To examine the effect of the studied compounds on cells

proliferation, 1.8 ± 0.1 × 105 cells/well were incubated

with varying concentrations of the studied compounds

and 0.5 µCi of [3H]-thymidine for 24 h at 37°C. The

cells were rinsed 3 times with PBS and solubilized

with 1 ml of 0.1 M sodium hydroxide containing 1%

SDS. Scintillation fluid was added to the rinsed cells,

and the amount of radioactivity incorporated into the

DNA was measured in a scintillation counter [3].

Flow cytometry assessment of Annexin V

binding

Apoptosis was determined by assessment of phospha-

tidylserine exposure by Annexin V-FITC binding us-

ing the Annexin V-FITC staining kit (Apoptest-FITC)

according to the manufacturer’s instructions. In brief,

after treatment for 24 h with the analyzed compounds,

the cells were collected, washed twice with cold

phosphate-buffered solution (PBS), suspended in ice-

cold diluted binding buffer (containing propidium io-

dide and Annexin V-FITC) at 1 × 105 cells/ml, and in-

cubated for 15 min at 25°C in the dark. Ungated cells

were analyzed in a flow cytometer (Beckman Coulter,

Fullerton, USA). The flow cytometer is preferably

calibrated such that the mean fluorescence intensity of

the Annexin V negative population is between 1 and

10. Optimal parameter settings were determined using

a positive control (cells incubated with 3% formalde-

hyde in buffer for 30 min on ice). Forward scatter (FS)

and side scatter (SC) signals were detected on a logarith-

mic scale histogram. FITC was detected in the FL1

channel (Voltage: FL1 539; threshold value 52).

Fluorescent microscopy assay

To assess apoptosis, cell viability was estimated 24 h

after the addition of the examined compounds. The

cell suspension (250 µl) was stained with 10 µl of the

dye mixture (10 µM acridine orange and 10 µM ethid-

ium bromide), which was prepared in PBS. Acridine

orange (fluorescent DNA-binding dye) stains DNA

green and RNA red/orange. Ethidium bromide pene-

trates nonviable cells, where its fluorescence over-

whelms that of acridine orange, making the chromatin

of necrotic cells appear orange [5].

Statistical analysis

The results were analyzed by analysis of variance

(ANOVA), and multiple comparisons were done to

check statistical significance. The data were ex-

pressed as the mean values for three independent as-

says ± standard deviations (SD). The statistical sig-

nificance between means was verified by Sheffe’s

comparison test, accepting p < 0.05 as significant.

Results

The results shown in Figure 2 summarize the viability

of MCF-7 and MDA-MB-231 cells treated for 24 h

with different concentrations of PAMAM-Dig and

PAMAM-Prosc. The growth inhibition was concen-

tration-dependent in both analyzed human breast can-

cer cell lines. PAMAM-Prosc in MCF-7 and MDA-

MB-231 cells proved to be more potent than

PAMAM-Dig. The results of this study show that the

analyzed conjugates exert significant inhibitory ef-

fects on the viability of breast cancer cells, with IC50

values after 24 h of incubation in MCF-7 and

MDA-MB-231 cells of 88 ± 2 nM and 105 ± 2 nM for

PAMAM-Dig and 24 ± 3 nM and 43 ± 2 nM for

PAMAM-Prosc conjugates, respectively. In compari-

son, after 24 h of incubation with MCF-7 cells, the

IC50 for free modified digoxin was 143 ± 2 nM and

for free modified proscillaridin A was 65 ± 2 nM [26].

After 24 h of incubation, the IC50 values for the G3

PAMAM-NH2 dendrimer alone in MCF-7 and MDA-

MB-231 cells was each above 100 µM [27].

To further investigate the possible mechanism re-

sponsible for the inhibitory effects on growth, DNA

synthesis in the presence of the analyzed conjugates

was measured. The concentrations of PAMAM-Dig

needed to inhibit [3H]-thymidine incorporation into

DNA by 50% (IC50) were significantly higher than

those needed of the PAMAM-Prosc conjugate (Fig.

3). The IC50 values of PAMAM-Dig and PAMAM-

Prosc for DNA synthesis inhibition in MCF-7 cells af-

ter 24 h were 90 ± 2 nM and 27 ± 2 nM, respectively,
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and in MDA-MB-231 cells after 24 h were 114 ± 2

nM and 50 ± 2 nM, respectively. After 24 h of incuba-

tion in MCF-7 cells, the IC50 of the modified digoxin

(Dig) was 150 ± 2 nM and of the modified proscil-

laridin A (Prosc) 95 ± 2 nM [26]. After 24 h of incu-

bation with the G3 PAMAM-NH2 dendrimer even at 1

µM, [3H]-thymidine incorporation was about 70% of

control levels in both MCF-7 and MDA-MB-231 cells

(data not shown) [27].

To determine the nature of cell death induced by

PAMAM-Dig and PAMAM-Prosc conjugates in hu-

man breast cancer cells, fluorescence was measured

by flow cytometric analysis after annexin V-FITC and

propidium iodide staining. During the early stages of

apoptosis, phosphatidylserine translocates from the

interior to the exterior of the plasma membrane and

becomes exposed at the cell surface, facilitating rec-

ognition by macrophages [5, 17, 25]. Annexin V

binds with high affinity to phosphatidylserine, and

can be used to identify cells in all stages of pro-

grammed cell death. Propidium iodide exclusively

stains cells with a disrupted cell membrane and can be

used to identify late apoptosis and dead cells. The in-

cubation of MCF-7 and MDA-MB-231 breast cancer

cells with 100 nM PAMAM-Dig and PAMAM-Prosc

induced visible phosphatidylserine exposure after 24 h

of treatment (Fig. 4). We observed that the apoptotic

effect of the PAMAM-Prosc conjugate was stronger

than that evoked by the PAMAM-Dig conjugate. The

effect evoked by PAMAM-Dig and PAMAM-Prosc

after 24 h of incubation was definitely stronger than

the effect evoked by free modified digoxin (Dig) and
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proscillaridin A (Prosc). PAMAM-Dig- and PAMAM-

Prosc-triggered apoptosis effects in MCF-7 and MDA-

MB-231 breast cancer cells were also estimated by

a fluorescent microscopy assay after acridine orange

and ethidium bromide staining (Fig. 5). The percent-

age of the early apoptotic cells by microscopy was

similar to the percentage of Annexin V-FITC cells

measured by flow cytometry. These results showed

that the analyzed compounds inhibited the prolifera-

tion of cells in the malignant cell lines mainly by in-

creasing the number of apoptotic cells. The G3

PAMAM-NH2 dendrimer alone at 100 nM after 24 h

of incubation with MCF-7 and MDA-MB-231 breast

cancer cells caused no significant changes in the per-

centage of apoptotic or necrotic cells (Figs. 4 and 5).

Discussion

One specific way to overcome the side effects of can-

cer chemotherapy and to achieve improved therapeu-

tic effects is to develop drug delivery systems that en-

hance tumor cytotoxicity and cellular entry, but re-

duce the adverse effects on normal cells [1]. In this

work, we used an amine-terminated G3 PAMAM den-

drimer for conjugation to modified glycosides – di-

goxin (Dig) and proscillaridin A (Prosc) with the car-

boxylic group instead of the lactone ring. The G3

PAMAM dendrimer used in our study is stable, non-

immunogenic, and contains 32 primary amines on the

surface. It is advantageous to utilize low generation
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PAMAM dendrimers for drug delivery because low

generations (generation 4.0 or below) appear to have

relatively low or negligible toxicity and immunogen-

icity as well as a favorable biodistribution [21, 23].

Dendrimer-drug conjugates generally consist of an

anti-neoplastic agent covalently attached to the pe-

ripheral groups of the dendrimer. This method offers

distinct advantages over drug-encapsulated systems.

Noncovalent complexation of drugs to dendrimers

suffers from potential nonspecific release. Patri et al.

evaluated the release profile of complexed and conju-

gated forms of methotrexate with surface-modified PA-

MAM dendrimers [20]. The dendrimer-methotrexate

complex was stable in water, but the drug was re-

leased rapidly from the complex in buffer. PAMAM-

Dig and PAMAM-Prosc (Fig. 1) were stable and not

hydrolyzed in the extracellular fluid of the cell cul-

tures. PAMAM-Dig and PAMAM-Prosc can achieve

a high local concentration in the cell due to the high

payload of the dendrimers. These dendrimer-drug con-

jugates allow further modification by the attachment of

antibodies and ligands for targeted drug delivery.

The anticancer activities of PAMAM-Dig and

PAMAM-Prosc were studied in human MCF-7 and

MDA-MB-231 breast cancer cells. The cytotoxic and

antiproliferative effects of PAMAM dendrimer-drug

conjugates were significantly higher than the effects

of free drugs. Although the mechanism of cytotoxic-

ity evoked by PAMAM-Dig and PAMAM-Prosc is

not elucidated, it is possibly achieved by membrane

effects. Initial interaction between cationic macro-

molecules and the negatively charged cell membrane

is mediated by electrostatic interactions [12]. The par-

ticipation of the protein kinase casein kinase II (CK

II) has also been discussed, based on observations that

in vitro CK II is markedly activated by polycationic

structures such as polyamine and spermine [16]. In-

teractions with membrane proteins and phospholipids

seem to disturb membrane structure and function. In

PAMAM-Dig and PAMAM-Prosc, only half of the

amine terminal groups (16 of 32) was covalently

bound to the modified digoxin or proscillaridin A.

Furthermore, the conjugation of low-solubility anti-

cancer drugs with high-solubility polymers conveys

an additional advantage of forming a prodrug with en-

hanced aqueous solubility. Such soluble prodrugs fur-

ther increase the bioavailability of a drug and there-

fore have a potential to enhance its cytotoxicity.

Khandare et al. have shown that the conjugation of

paclitaxel to linear PEG polymers and PAMAM den-

drimers substantially influences its cytotoxicity.

While linear PEG-paclitaxel conjugates show a more

than 25-fold lower toxicity (IC50 dose increased), PA-

MAM dendrimer-paclitaxel conjugates show a sig-

nificantly (p < 0.05) higher toxicity (IC50 dose was

more than 10 times lower) when compared with free

drug [14].

Additionally, PAMAM-Dig- and PAMAM-Prosc-

induced apoptosis was higher than apoptosis evoked by

modified digoxin (Dig) and proscillaridin A (Prosc)

[26]. Dendrimers have been shown to act as potential

delivery systems that cross cell barriers at sufficient

rates by both paracellular and transcellular pathways.

Dendrimers conjugated with FITC have been reported

to achieve cellular entries as rapidly as in 5 min [13].

Drugs conjugated to dendrimers through amide link-

age can be selectively released in tumor tissues or

cells due to their elevated levels of proteolytic en-

zymes. Many tumor cells express high levels of cys-

teine proteases, aspartyl proteases, and serine prote-

ases including the plasminogen activators [2, 10, 18].

Another important aspect of the tumor microenviron-

ment is the acidic intracellular pH in many tumor cells

[7]. A decrease in pH facilitates drug release from the

conjugate due to the pH-labile characteristics of the

amide bond. The ability of PAMAM-Dig and

PAMAM-Prosc to show higher cytotoxicity than free

drugs towards the breast cancer cells shows promise

for targeted drug delivery, although a further exami-

nation of targeted release is required. Further biologi-

cal evaluations of these modified drugs are currently

ongoing, and the results from cellular uptake studies

and studies of toxicity to normal cells, including car-

diac muscle cell lines, will be described in due course.
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