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Abstract 

Background:  Polyamidoamine (PAMAM) dendrimer applications have extended from tumor cells to multidrug-resist-
ant tumor cells. However, their transportation in multidrug-resistant tumor cells remains unclear. Herein, we investi-
gated the exocytosis rule and mechanism of PAMAM dendrimers in multidrug-resistant tumor cells.

Results:  Using a multidrug-resistant human breast cancer cell model (MCF-7/ADR), we performed systematic 
analyses of the cellular exocytosis dynamics, pathways and mechanisms of three PAMAM dendrimers with differ-
ent surface charges: positively charged PAMAM-NH2, neutral PAMAM-OH and negatively charged PAMAM-COOH. 
The experimental data indicated that in MCF-7/ADR cells, the exocytosis rate was the highest for PAMAM-NH2 and 
the lowest for PAMAM-OH. Three intracellular transportation processes and P-glycoprotein (P-gp) participated in 
PAMAM-NH2 exocytosis in MCF-7/ADR cells. Two intracellular transportation processes, P-gp and multidrug resistance 
(MDR)-associated protein participated in PAMAM-COOH exocytosis. P-gp and MDR-associated protein participated in 
PAMAM-OH exocytosis. Intracellular transportation processes, rather than P-gp and MDR-associated protein, played 
major roles in PAMAM dendrimer exocytosis. PAMAM-NH2 could enter MCF-7/ADR cells by forming nanoscale mem-
brane holes, but this portion of PAMAM-NH2 was eliminated by P-gp. Compared with PAMAM-OH and PAMAM-COOH, 
positively charged PAMAM-NH2 was preferentially attracted to the mitochondria and cell nuclei. Major vault protein 
(MVP) promoted exocytosis of PAMAM-NH2 from the nucleus but had no effect on the exocytosis of PAMAM-OH or 
PAMAM-COOH.

Conclusions:  Positive charges on the surface of PAMAM dendrimer promote its exocytosis in MCF-7/ADR cells. 
Three intracellular transportation processes, attraction to the mitochondria and cell nucleus, as well as nuclear 
efflux generated by MVP led to the highest exocytosis observed for PAMAM-NH2. Our findings provide theoreti-
cal guidance to design a surface-charged tumor-targeting drug delivery system with highly efficient transfection 
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Background
Polyamidoamine (PAMAM) dendrimers are monodis-
perse, highly branched polymeric macromolecules with 
a uniform size and shape [1, 2]. Their basic structure 
includes three main components: a central core, repeated 
branching units, and terminal groups [1]. Because of 
their distinct structure, PAMAM dendrimers have stead-
ily grown in popularity in the fields of drug delivery and 
gene therapy for antitumor treatment and the reversal of 
multidrug resistance (MDR) [3]. Antitumor drugs and 
targeting agents can be either encapsulated into inter-
nal PAMAM cavities or bound to their surfaces through 
hydrophobic or covalent bonds, which can be applied for 
targeted antitumor treatment [1, 4, 5]. Genes that down-
regulate the expression of MDR genes to restore drug 
sensitivity can be bound to PAMAM surfaces through 
electrostatic interactions, leading to the reversal of MDR 
[3, 6, 7].

The performance of PAMAM dendrimers is dependent 
upon their internal cavities and terminal groups. In par-
ticular, the numerous terminal functional groups of these 
dendrimers can not only deliver drugs and genes but 
also produce a highly localized charge density, namely, 
a positive charge, a negative charge or no charge, which 
can have a significant influence on the interactions of 
the dendrimer with the cell membrane and subsequent 
transportation in cells [2, 8]. Perumal et al. reported that 
the terminal groups influenced the cellular uptake path-
way and distribution of PAMAM dendrimers in A549 
cells [2]. Sadekar et al. reported that PAMAM dendrim-
ers were transported by a combination of paracellular 
and transcellular routes in Caco-2 cells [9]. Other studies 
have reported that terminal amino groups on polyami-
doamine (PAMAM-NH2) dendrimers can interact with 
the cell membrane and enter KB and Rat2 cells by form-
ing nanoscale membrane holes but that other PAMAM 
dendrimers cannot [10, 11]. The influence of surface 
charge on the cellular uptake mechanism and subsequent 
intracellular transport may be dependent on the type of 
cell targeted. However, little information is available on 
the cellular trafficking of PAMAM dendrimers in resist-
ant tumor cells. Our laboratory conducted studies on 
the transportation of the PAMAM-NH2 dendrimer in 
MCF-7/ADR cells [12]. We found that the uptake, intra-
cellular distribution and exocytosis of the PAMAM-NH2 

dendrimer in MCF-7 cells were different from those in 
MCF-7/ADR cells. We speculated that the charges on 
the surface of the PAMAM-NH2 dendrimer contributed 
to these differences. Dendrimer surface charges could 
lead to toxicity [1, 5, 13], and cancer cells could become 
resistant to the cytotoxic effects of various structurally 
and mechanistically unrelated chemotherapeutic agents 
owing to MDR, so resistant tumor cells may show MDR 
against PAMAM dendrimers with different surface 
charges. One of the MDR mechanisms is increasing drug 
influx [14–16], so the exocytosis of PAMAM dendrimers 
with different surface charges may be different in resist-
ant tumor cells.

To investigate the effects of the PAMAM dendrimer 
surface charge on the exocytosis and exocytosis mecha-
nism in multidrug-resistant tumor cells, we used multi-
drug-resistant human breast cancer cells (MCF-7/ADR 
cells) as a cell model. We performed systematic analy-
ses of the cellular exocytosis dynamics, pathways and 
mechanisms, including the effects of ATP binding cas-
sette (ABC) proteins, organelles and major vault protein 
(MVP) on the exocytosis of three PAMAM dendrimers 
with different surface charges, namely, the positively 
charged PAMAM-NH2 dendrimer, the neutral PAMAM-
OH dendrimer, and the negatively charged PAMAM-
COOH dendrimer. Our findings provide theoretical 
guidance for designing nanocarriers with surface charge-
mediated tumor-targeted drug delivery systems in multi-
drug-resistant tumor cells.

Results and discussion
Stabilities of the PAMAM‑FITC dendrimers at different pH 
values
Tumors constantly remain an acidic pH (often in the 
range of 6.5–6.8), while the pH in endosomes/lysosomes 
is 5.0 [17, 18]. Our previous research indicated that a por-
tion of PAMAM dendrimers could be internalized into 
MCF-7/ADR cells through endocytosis and then trapped 
in endosomes/lysosomes [12] and that FITC may dissoci-
ate from the surface of the PAMAM dendrimers during 
this process. Therefore, it was necessary to investigate the 
stabilities of the PAMAM-FITC dendrimers at both pH 
6.8 and pH 5.0. Table 1 shows that the fluorescence inten-
sities of the PAMAM-NH2, PAMAM-OH and PAMAM-
COOH dendrimers decreased after 12 h of dialysis in pH 

in multidrug-resistant tumor cells. Especially, to provide more DNA to the nucleus and enhance DNA transfection 
efficiency in multidrug-resistant tumor cells using PAMAM-NH2, siRNA-MVP or an inhibitor should be codelivered to 
decrease MVP-mediated nuclear efflux.

Keywords:  Surface charge, Exocytosis dynamics, Exocytosis pathways, ATP binding cassette proteins, Organelles, 
Major vault protein



Page 3 of 14Zhang et al. J Nanobiotechnol          (2021) 19:135 	

6.8 and pH 5.0 phosphate-buffered saline (PBS), but the 
change rates remained below 20%. These data indicate 
that the PAMAM-FITC dendrimers were stable at pH 
6.8 and pH 5.0; the green fluorescence observed in this 
study represents the PAMAM dendrimers rather than 
free FITC.

Cytotoxicity of the PAMAM dendrimers
Cell viabilities at different concentrations of PAMAM-
NH2, PAMAM-OH and PAMAM-COOH were used to 
investigate the cytotoxicity of these dendrimers in vitro. 
As shown in Fig. 1, at low concentrations (1–50 µg/mL), 
the viabilities of MCF-7/ADR cells treated with all three 
PAMAM dendrimers after 48 and 72 h were more than 
80%, indicating low cytotoxicity against MCF-7/ADR 
cells. As the concentration increased, the viability of the 
MCF-7/ADR cells decreased sharply after treatment with 
the PAMAM-NH2 dendrimer, while MCF-7/ADR cell 
viability remained above 80% after treatment with the 
PAMAM-OH and PAMAM-COOH dendrimers. After 
treatment with 1000 µg/mL PAMAM-NH2 dendrimer 
for 72 h, the viability of the MCF-7/ADR cells decreased 
to 32.48 ± 7.3%. These results revealed that the PAMAM-
OH and PAMAM-COOH dendrimers were not cytotoxic 
to MCF-7/ADR cells, while the PAMAM-NH2 dendrimer 
showed concentration-dependent toxicity. As reported 

previously, the positively charged amine groups on the 
surface of PAMAM-NH2 can interact with negatively 
charged cell membranes, damaging these cell mem-
branes and causing cell lysis [8]. The results obtained in 
this study were consistent with those of previous reports 
[12, 19]. In this study, the only difference between the 
PAMAM-NH2, PAMAM-OH and PAMAM-COOH 
dendrimers is their surface charge, so the concentration-
dependent toxicity of the PAMAM-NH2 dendrimer is 
due to its cationic surface groups. Notably, the PAMAM 
dendrimers at a concentration of 20 µg/mL were not 
toxic to MCF-7/ADR cells and could therefore be used in 
other studies in this report.

Time dependence of cellular exocytosis
To investigate the exocytosis dynamics, we detected the 
intracellular fluorescence intensity of the PAMAM-NH2, 
PAMAM-OH and PAMAM-COOH dendrimers at dif-
ferent time points (3, 6, 9 and 12 h) after removal of the 
PAMAM-NH2, PAMAM-OH and PAMAM-COOH 
dendrimers. To investigate the cellular exocytosis of 
these dendrimers by MCF-7/ADR cells, we ensured that 
approximately 30% of the amine, hydroxyl radical and 
carboxyl groups on the surfaces of the PAMAM den-
drimers were modified with FITC. As shown in Fig.  2; 
Table  2, from 0 to 9 h, the intracellular PAMAM-NH2 
dendrimer content sharply decreased to 35.45 ± 3.39%. 
In contrast, from 9 to 12 h, the amount of intracellular 
PAMAM-NH2 dendrimer in MCF-7/ADR cells declined 
steadily, from 35.45 ± 3.39% to 33.11 ± 1.6%, which sug-
gested that the exocytosis of the PAMAM-NH2 den-
drimer reached equilibrium after 9 h. The intracellular 
PAMAM-OH dendrimer content declined steadily and 
was maintained at approximately 80% after 6 h, which 
suggested that the exocytosis of the PAMAM-OH 

Table 1  The fluorescence intensity change rates of the PAMAM 
dendrimers at different pH values

pH 6.8 pH 5.0

PAMAM-NH2-FITC 11.74% 12.63%

PAMAM-OH-FITC 10.34% 18.56%

PAMAM-COOH-FITC 10.78% 15.25%

Fig. 1  Evaluation of the cytotoxicity of the PAMAM dendrimers after 48 h (a) and 72 h (b). Mean ± SD, n = 6
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dendrimer reached equilibrium after 6 h. Exocytosis of 
the PAMAM-COOH dendrimer took place after 3 h. 
From 3 h to 9 h, the intracellular content of the PAMAM-
COOH dendrimer sharply decreased, similar to that 
observed for the PAMAM-NH2 dendrimer. Although 
the intracellular content of the PAMAM-COOH den-
drimer increased at 12 h, the amount of intracellular 
PAMAM-COOH dendrimer between 9 and 12 h was not 
significantly different (P > 0.05). Thus, exocytosis of the 
PAMAM-COOH dendrimer reached equilibrium after 
9 h, and the intracellular content of this dendrimer was 
maintained at approximately 60%. It has been reported 
that nonspecific binding would be expected due to ionic 
interactions. The cations on the surface of the PAMAM-
NH2 dendrimer can bind with proteoglycans on the cell 
membrane. Seib et  al. reported that low temperatures 
can block internalization and do not influence external 
binding at the surface. Thus, the cellular uptake at 4 °C 
can represent the amount of external binding [20]. We 
detected the cellular uptake rates of the PAMAM-NH2, 
PAMAM-OH and PAMAM-COOH dendrimers into 
MCF-7/ADR cells at 4 °C (Additional file  1: Fig. S1). 
Additional file 1: Fig. S1 shows that the uptake rates of the 
PAMAM-NH2, PAMAM-OH and PAMAM-COOH den-
drimers remained below 5%, revealing that the extracel-
lular binding of PAMAM dendrimers to the MCF-7/ADR 

cell surface could be removed through the cell sample 
treatment method in this study and that the intracellular 
fluorescence intensity tested represents the intracellular 
content of the PAMAM dendrimers. Overall, the exocy-
tosis rates from MCF-7/ADR cells in decreasing order 
were PAMAM-NH2 > PAMAM-COOH > PAMAM-OH, 
which suggested that a charge on the surface of the car-
rier could increase exocytosis in MCF-7/ADR cells. The 
highest degree of exocytosis from MCF-7/ADR cells 
observed for the PAMAM-NH2 dendrimer should con-
tribute to the following points. First, the MCF-7/ADR 
cells used in this study show significant MDR (as dis-
played in Additional file 1: Table S1 and Fig. S2). Cancer 
cells become resistant to the cytotoxic effects of vari-
ous structurally and mechanistically unrelated chemo-
therapeutic agents owing to MDR [16, 21]. Second, we 
indicated that the PAMAM-NH2 dendrimer showed 
concentration-dependent toxicity against MCF-7/ADR 
cells. Therefore, MCF-7/ADR cells may develop resist-
ance to the PAMAM-NH2 dendrimer. Another major 
mechanism of MDR is increased drug efflux, which leads 
to the highest degree of PAMAM-NH2 exocytosis from 
MCF-7/ADR cells.

Influence of intracellular transport inhibitors on PAMAM 
dendrimer exocytosis
Exocytosis is a common process by which materials are 
exported from a biological cell. In our study, we esti-
mated the remaining fluorescence signals in the cell, 
which included degradation in addition to exocyto-
sis [22]. Bafilomycin A1, an inhibitor of acidification, 
may prevent macromolecules from being transported 
to lysosomes, resulting in the avoidance of degradation. 
Brefeldin A blocks transport from the endoplasmic retic-
ulum (ER) to the Golgi complex. Monensin blocks trans-
port from the Golgi complex to the plasma membrane 
[22–24]. As shown in Fig.  3, the amount of remaining 
PAMAM-NH2 dendrimer in MCF-7/ADR cells signifi-
cantly increased with the addition of bafilomycin A1, 
brefeldin A and monensin, indicating that endosomal 
acidification increased the degradation of PAMAM-NH2 
and that two processes, namely, transportation from the 
ER to the Golgi complex and transportation from the 
Golgi complex to the plasma membrane, participated 

Fig. 2  Intracellular PAMAM dendrimer content at different exocytosis 
times in MCF-7/ADR cells. All values are relative to the amount at 0 h. 
Mean ± SD, n = 3

Table 2  Intracellular PAMAM dendrimer content at different exocytosis times in MCF-7/ADR cells

 All values are relative to the amount at 0 h. Mean ± SD, n = 3

0 h 3 h 6 h 9 h 12 h

PAMAM-NH2 100 ± 5.5% 75.54 ± 1.5% 55.67 ± 4.5% 35.45 ± 3.4% 33.11 ± 1.6%

PAMAM-OH 100 ± 8.5% 94.25 ± 4.1% 81.04 ± 1.1% 81.93 ± 1.6% 80.08 ± 2.9%

PAMAM-COOH 100 ± 4.9% 96.37 ± 5.4% 70.73 ± 9.5% 53.66 ± 6.8% 64.39 ± 8.1%
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in PAMAM-NH2 dendrimer exocytosis from MCF-7/
ADR cells. The remaining PAMAM-OH dendrimer con-
tent did not increase with the addition of bafilomycin 
A1, brefeldin A or monensin, indicating that endosomal 
acidification, the Golgi complex or the ER did not par-
ticipate in PAMAM-OH dendrimer exocytosis. The 
remaining PAMAM-COOH dendrimer content signifi-
cantly increased with the addition of bafilomycin A1 and 
monensin, suggesting that endosomal acidification led to 
an increase in the degradation of the PAMAM-COOH 
dendrimer and that transportation from the Golgi com-
plex to the plasma membrane participated in PAMAM-
COOH dendrimer exocytosis from MCF-7/ADR cells. 
Therefore, we concluded that the three processes, 
namely, endosomal acidification, transportation from 
the ER to the Golgi complex and transportation from the 
Golgi complex to the plasma membrane, participated 
in the exocytosis of the PAMAM-NH2 dendrimer from 
MCF-7/ADR cells. Two processes, namely, endosomal 
acidification and transportation from the Golgi complex 
to the plasma membrane, participated in the exocytosis 
of the PAMAM-COOH dendrimer in MCF-7/ADR cells. 
The PAMAM-OH dendrimer was hardly eliminated from 
MCF-7/ADR cells through the above three processes. 
These results led to different amounts of the PAMAM-
NH2, PAMAM-OH and PAMAM-COOH dendrimers 
being excreted by MCF-7/ADR cells (Fig. 2).

Influence of ABC protein inhibitors on PAMAM dendrimer 
exocytosis
The overexpression of ABC proteins, such as P-glyco-
protein (P-gp), MDR-associated protein and breast 

cancer resistance protein, which can increase drug 
efflux, is one of the MDR mechanisms in multidrug-
resistant cells [3, 25]. To investigate the influence of 
these ABC proteins on the exocytosis of PAMAM den-
drimers, we used VRP, MK571 and FTC as inhibitory 
agents (see Table 3), which can inhibit the expression of 
P-gp, MDR-associated protein and breast cancer resist-
ance protein, respectively [25–27]. As shown in Fig. 4, 
compared with the controls, the remaining PAMAM-
NH2 dendrimer in MCF-7/ADR cells significantly 
increased with the addition of VRP, indicating that the 
PAMAM-NH2 dendrimer could be repulsed by P-gp. 
The remaining PAMAM-OH and PAMAM-COOH 
dendrimers in MCF-7/ADR cells significantly increased 
with the addition of VRP and MK571, indicating that 
the PAMAM-OH and PAMAM-COOH dendrimers 
could be repulsed by both P-gp and MDR-associated 
protein.

The results in Fig. 3 indicate that intracellular trans-
port did not participate in exocytosis of the PAMAM-
OH dendrimer. Therefore, the PAMAM-OH dendrimer 
could be eliminated by only P-gp and MDR-associated 
protein. The results in Fig.  2 show that the amount of 
exocytosis of the PAMAM-OH dendrimer was the low-
est. These results suggest that the degree of exocytosis 
of the PAMAM-OH dendrimer repelled by P-gp and 
MDR-associated protein was low. Moreover, compared 
with the PAMAM-NH2 and PAMAM-COOH den-
drimer groups in Figs. 3 and 4, the amounts of remain-
ing PAMAM-NH2 and PAMAM-COOH dendrimers 
after the addition of the intracellular transportation 
inhibitor were higher than those after the addition 
of P-gp and MDR-associated protein. These results 

Fig. 3  The effects of different intracellular transport inhibitors on 
the exocytosis of PAMAM dendrimers. The control samples were cells 
without inhibitor pretreatment. All values are relative to the control. 
* indicates P < 0.05 vs. the control group, ** indicates P < 0.01 vs. the 
control group; mean ± SD, n = 3

Fig. 4  The effects of different ABC transporter inhibitors on the 
exocytosis of PAMAM dendrimers. The control samples were cells 
without inhibitor pretreatment. All values are relative to the control. 
* indicates P < 0.05 vs. the control group, ** indicates P < 0.01 vs. the 
control group; mean ± SD, n = 3



Page 6 of 14Zhang et al. J Nanobiotechnol          (2021) 19:135 

suggested that intracellular transportation rather 
than P-gp and MDR-associated protein was the major 
PAMAM dendrimer exocytosis pathway.

Earlier reports have suggested that nanocarriers can 
bypass drug efflux by ABC proteins, as nanocarriers are 
internalized via either nonspecific or specific endocytosis 
to overcome MDR [3, 14, 15]. However, the results of the 
current study show that P-gp and MDR-associated pro-
tein could eliminate PAMAM dendrimers, which is con-
trary to previous reports. Additionally, some reports have 
indicated that in addition to endocytosis, dendrimers 
can enter cells through the energy-dependent formation 
of nanoscale membrane holes [10, 11]. It was therefore 
hypothesized that this portion of the PAMAM dendrim-
ers may not bypass ABC proteins.

Lactate dehydrogenase (LDH), propidium iodide (PI) 
and fluorescein diacetate (FDA) assay
To investigate whether the PAMAM dendrimers could 
enter MCF-7/ADR cells through the energy-dependent 
formation of nanoscale membrane holes, we detected 
the cellular leakage of LDH and intracellular fluorescence 
intensity with the addition of PI and FDA. As reported, 
intracellular LDH is released when cell membrane per-
meability increases [10, 28]. PI is readily internalized 

into cells with disrupted membranes but is excluded 
from cells with intact membranes [28, 29]. FDA is a non-
fluorescent compound that readily enters intact cells 
and then undergoes hydrolysis by endogenous esterases, 
resulting in the release of fluorescein into the cytosol. 
Cytosolic fluorescein is not able to transfer through a 
normal cell membrane without holes [28, 29]. Figure  5 
shows that compared with the control, the extracellular 
LDH content significantly increased following treatment 
with the PAMAM-NH2 dendrimer but extracellular LDH 
did not display a significant change following treatment 
with the PAMAM-OH and PAMAM-COOH dendrim-
ers. Figure 6 shows that compared with the controls, the 
content of intracellular PI significantly increased and the 
content of intracellular FDA significantly decreased after 
3 h of treatment with the PAMAM-NH2 dendrimer, while 
the contents of intracellular PI and FDA did not change 
after incubation with the PAMAM-OH and PAMAM-
COOH dendrimers from 1 to 6 h. The results in Figs. 5 
and 6 suggest that only the PAMAM-NH2 dendrimer 
could enhance cell membrane permeability. As previ-
ously reported, cell death leads to an increase in mem-
brane permeability [30–32]. The concentration of the 
PAMAM-NH2 dendrimer used in this study was 20 µg/
mL, and we showed that low concentrations (1–50 µg/

Fig. 5  The released amount of LDH after PAMAM-NH2 (a), PAMAM-OH (b) and PAMAM-COOH (c) dendrimer treatment. The control samples were 
cells without PAMAM dendrimer treatment. All values are relative to the control. ** indicates P < 0.01 vs. the control group; mean ± SD, n = 6
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mL) of this dendrimer showed no cytotoxicity to MCF-7/
ADR cells. Thus, the observed change in cell membrane 
permeability resulted from nanoscale membrane holes 
formed by the uptake of the PAMAM-NH2 dendrimer 
rather than apoptosis. Only the PAMAM-NH2 den-
drimer, not the PAMAM-OH or PAMAM-COOH den-
drimer, could induce nanoscale membrane holes on the 
cytomembrane and enter MCF-7/ADR cells through 
these holes. The surfaces of the PAMAM-NH2, PAMAM-
OH and PAMAM-COOH dendrimers possess positive 
charges, negative charges and no charge, respectively. 
Leroueil et  al. reported that only polycationic nanopar-
ticles could induce the production of nanoscale mem-
brane holes on the membrane and enter cells [11]. Thus, 
only the PAMAM-NH2 dendrimer could enter MCF-7/
ADR cells by forming nanoscale membrane holes on the 
cytomembrane, and this portion of the PAMAM-NH2 
dendrimer could be eliminated by P-gp. Figure  4 shows 
that the PAMAM-OH and PAMAM-COOH dendrim-
ers could also be eliminated by P-gp and MDR-associated 
protein and cannot enter MCF-7/ADR cells by forming 
nanoscale membrane holes on the cytomembrane; thus, 
PAMAM-OH and PAMAM-COOH dendrimers may 
have other interactions with P-gp and MDR-associated 
protein, which we are investigating.

Colocalization with organelles in MCF‑7/ADR cells
The distribution of nanoparticles into organelles is a key 
factor in exocytosis [33]. Additionally, the mitochon-
dria and cell nuclei are major targets of antitumor drugs. 
Therefore, we detected the distributions of the PAMAM-
NH2, PAMAM-OH and PAMAM-COOH dendrimers 
in the mitochondria and cell nuclei by laser scanning 
confocal microscopy (LSCM) and fluorescence spectro-
photometry. As shown in Fig.  7a, the cells were labeled 
with a dye selective for mitochondria (MitoTracker Red, 
red) and a nucleus-selective dye (Hoechst 33,258, blue). 

Bright green fluorescence due to aggregation of the 
PAMAM-NH2 dendrimer was found in the MCF-7/ADR 
cell cytoplasm, which overlapped with the red fluores-
cence in MCF-7/ADR cells, indicating that some of the 
PAMAM-NH2 dendrimers aggregated in the mitochon-
dria of MCF-7/ADR cells. In contrast, the green fluo-
rescence from the PAMAM-OH and PAMAM-COOH 
dendrimers was evenly distributed in the MCF-7/ADR 
cell cytoplasm. These results indicated that the PAMAM-
NH2 dendrimer, but not the PAMAM-OH or PAMAM-
COOH dendrimer, could enter the mitochondria of 
MCF-7/ADR cells. Figure  7a also shows that some of 
the green fluorescence from the PAMAM-NH2 den-
drimer overlapped with the blue fluorescence from the 
nuclei in the MCF-7/ADR cells, but this phenomenon did 
not appear in the PAMAM-OH and PAMAM-COOH 
groups, which indicated that the PAMAM-NH2 den-
drimer could also enter the MCF-7/ADR cell nucleus.

We isolated the mitochondria and nuclei of MCF-7/
ADR cells and detected the fluorescence intensities 
inside them. Figure  7b shows that the ratios of the 
PAMAM-NH2 dendrimer in the mitochondria and 
nuclei were significantly higher than the ratios of the 
PAMAM-OH and PAMAM-COOH dendrimers in the 
mitochondria and nuclei, which further suggested that 
compared with the PAMAM-OH and PAMAM-COOH 
dendrimers, the PAMAM-NH2 dendrimer showed 
greater distribution into the mitochondria and nuclei of 
MCF-7/ADR cells. These results are consistent with the 
results in Fig. 7a. Compared with other organelles, the 
electron transport chain and ATP synthesis via oxida-
tive phosphorylation create a membrane electrochemi-
cal gradient that leads to a high membrane potential 
of 180–200 mV in the mitochondria, which results in 
the preferential attraction of cationic molecules [34, 
35]. Therefore, compared with the PAMAM-OH and 
PAMAM-COOH dendrimers, the positively charged 

Fig. 6  The amount of PI (a) and FDA (b) in MCF-7/ADR cells after PAMAM dendrimer treatment. The control samples were cells without PAMAM 
dendrimer treatment. All values in b are relative to the control. * indicates P < 0.05 vs. the control group; mean ± SD, n = 3
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PAMAM-NH2 dendrimer was preferentially distrib-
uted in the mitochondria of MCF-7/ADR cells. Brun-
ner et al. reported that the diameter of nuclear pores is 
9–10 nm and that molecules less than 10 nm in diame-
ter could be transported into the nucleus through these 
pores [36]. The PAMAM dendrimers used in this study 
are approximately 5 nm in diameter, and the positively 
charged PAMAM-NH2 dendrimer can combine with 
DNA in  vitro and has been widely used as a nonviral 
gene vector. Thus, the positively charged PAMAM-
NH2 dendrimer was preferentially distributed in the 
nucleus of MCF-7/ADR cells compared with the other 
PAMAM dendrimers. Sakhtianchi et  al. reported that 
nanoparticles that are encapsulated by a membrane in 
the cytoplasm are more easily excreted by cells than 
unencapsulated nanoparticles [33]. Thus, the PAMAM-
NH2 dendrimer, which was preferentially distributed 
in the mitochondria and nucleus, was more easily 
excreted. These results also suggested that compared 
with PAMAM-OH and PAMAM-COOH dendrimers, 
the PAMAM-NH2 dendrimer can be used as a highly 
effective mitochondria-targeting agent and gene drug 
carrier for multidrug-resistant tumor therapy.

Influence of MVP on the exocytosis of PAMAM dendrimers
MVP, with a molecular weight (MW) of 110 kDa, is 
abundantly present in the cytoplasm of eukaryotic cells 
and participates in intracellular transport [7, 37]. To 
determine whether MVP participated in the transport 
of PAMAM dendrimers in MCF-7/ADR cells, we used 
siRNA-MVP to downregulate the expression of MVP and 
detected the amount of remaining intracellular PAMAM 
dendrimers after 3 h of exocytosis. As shown in Fig. 8, in 
the absence of siRNA-MVP, the green fluorescence of the 
PAMAM-NH2 dendrimer was located in the cytoplasm 
and did not overlap with the nucleus, which indicated 
that the PAMAM-NH2 dendrimer was eliminated from 
the nucleus after 3 h of exocytosis. After the addition of 
siRNA-MVP, the green fluorescence of the PAMAM-
NH2 dendrimer again overlapped with the blue fluores-
cence of the nucleus, and the green fluorescence intensity 
increased. However, the distribution and intensity of the 
green fluorescence from PAMAM-OH and PAMAM-
COOH dendrimers did not change after the addition 
of siRNA-MVP. These results indicated that MVP par-
ticipated in the nucleo-cytoplasmic transport of the 
PAMAM-NH2 dendrimer and promoted the elimination 

Fig. 7  Cellular uptake confocal images of the distribution of PAMAM dendrimers in MCF-7/ADR cells (a). The ratios of PAMAM dendrimers in 
the mitochondria and nuclei of MCF-7/ADR cells (b). PAMAM dendrimers are green, the nuclei are stained blue using Hoechst 33258, and the 
mitochondria are stained red with MitoTracker Red. The scale bar is 20 μm. * indicates P < 0.05 vs. the PAMAM-NH2 group, ** indicates P < 0.01 vs. the 
PAMAM-NH2 group; mean ± SD, n = 3
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of the PAMAM-NH2 dendrimer from the nucleus of 
MCF-7/ADR cells. The quantitative detection results are 
shown in Fig. 9. Figure 9b shows that after the addition of 
siRNA-MVP, the fluorescence intensity of the PAMAM-
NH2 dendrimer in the nuclei of MCF-7/ADR cells sig-
nificantly increased, while the fluorescence intensities of 
the PAMAM-OH and PAMAM-COOH dendrimers in 
the nuclei of MCF-7/ADR cells did not change, further 
suggesting that MVP could facilitate elimination of the 

PAMAM-NH2 dendrimer, rather than the PAMAM-OH 
and PAMAM-COOH dendrimers, from the MCF-7/
ADR cell nuclei. Figure  9a shows that the intracellular 
fluorescence intensity of the PAMAM-NH2 dendrimer 
significantly increased after the addition of siRNA-MVP, 
which indicated that elimination of the PAMAM-NH2 
dendrimer by MVP could facilitate exocytosis of the 
PAMAM-NH2 dendrimer, but not the PAMAM-OH or 
PAMAM-COOH dendrimer, from MCF-7/ADR cells. 

Fig. 8  Cellular uptake confocal images of the distribution of PAMAM dendrimers in MCF-7/ADR cells. PAMAM dendrimers are green while the nuclei 
are stained blue using Hoechst 33258. The scale bar is 50 μm

Fig. 9  The fluorescence intensity of PAMAM dendrimers in MCF-7/ADR cells (a) and the nuclei in MCF-7/ADR cells (b). ** indicates P < 0.01 vs. the 
PAMAM-NH2-FITC group; mean ± SD, n = 3
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Therefore, elimination of the PAMAM-NH2 dendrimer 
by MVP was another factor contributing to the highest 
extent of exocytosis from MCF-7/ADR cells observed 
for the PAMAM-NH2 dendrimer among the dendrim-
ers tested. It was therefore hypothesized that this phe-
nomenon may contribute to the resistance of MCF-7/
ADR cells. MVP is overexpressed in MCF-7/ADR cells 
and participates in nucleo-cytoplasmic transport, espe-
cially transporting drugs away from their cellular targets, 
e.g., the nucleus, which has been proposed to be related 
to MDR [7]. We have indicated that the PAMAM-NH2 
dendrimer showed cytotoxicity to MCF-7/ADR cells and 
that MCF-7/ADR cells may develop resistance to the 
PAMAM-NH2 dendrimer. Thus, MVP, which is related 
to MDR, influenced the exocytosis of the PAMAM-NH2 
dendrimer but not the PAMAM-OH or PAMAM-COOH 
dendrimer. The above phenomenon suggests that when 
using the PAMAM-NH2 dendrimer to deliver DNA, we 
should co-deliver siRNA-MVP to provide more DNA to 
the nucleus and enhance the DNA transfection efficiency.

Conclusions
In summary, a positive charge on the surface of PAMAM 
dendrimers promotes exocytosis in MCF-7/ADR cells, 
while neutral and negatively charged dendrimers have lit-
tle effect on exocytosis. Positively charged PAMAM-NH2, 
which prefers to distribute into the mitochondria and 
nuclei, is an ideal mitochondria-targeting agent and gene 
drug carrier for multidrug-resistant tumor therapy. The 
three intracellular transportation processes examined 
increased dendrimer distribution in the mitochondria 

and the cell nucleus, as well as the nuclear efflux gener-
ated by MVP led to the highest exocytosis of PAMAM-
NH2. Our findings regarding exocytosis rule and the 
mechanism of PAMAM dendrimers in MCF-7/ADR cells 
(Fig. 10) provide theoretical guidance for designing a sur-
face-charged tumor-targeting drug delivery system with 
highly efficient transfection in multidrug-resistant tumor 
cells. In particular, to deliver greater amounts of DNA 
to the nucleus in multidrug-resistant tumor cells using 
PAMAM-NH2, we suggest the codelivery of siRNA-MVP 
or an inhibitor to decrease the nuclear efflux generated 
by MVP.

Materials and methods
Materials
PAMAM-G4-NH2, PAMAM-G4-OH, PAMAM-G4-
COOH and doxorubicin (DOX) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). RPMI 1640 growth 
medium, fetal bovine serum (FBS) and penicillin-strep-
tomycin were purchased from Gibco BRL (Gaithersburg, 
MD, USA). Methylthiazolyldiphenyl-tetrazolium bro-
mide (MTT), a cell mitochondria isolation kit, Hoechst 
33258, a 4′,6-diamidino-2-phenylindole (DAPI) LDH 
analysis kit and PI were purchased from Beyotime Bio-
technology Co., Ltd. (Nantong, China). A cell nucleus 
isolation kit was purchased from KeyGEN Biotechnol-
ogy Co., Ltd. (Nanjing, China). MitoTracker Red dye 
was purchased from Thermo Fisher Scientific (USA). 
siRNA-MVP was purchased from GenePharm (Shanghai, 
China). FDA was purchased from AAT Bioquest (USA). 

Fig. 10  Schematic diagram showing the exocytosis processes (dotted arrow) of PAMAM-NH2 (red arrow), PAMAM-OH (purple arrow) and 
PAMAM-COOH (yellow arrow) dendrimers from MCF-7/ADR cells
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All other chemicals were commercially available reagents 
of at least analytical grade.

Cell culture
MCF-7/ADR cells obtained from professor Jianqing Gao’s 
laboratory were maintained in 1640 growth medium sup-
plemented with 10% FBS, penicillin (100 U/mL)-strepto-
mycin (100 µg/mL) and DOX (1 µg/mL). The cells were 
incubated at 37 °C in a humidified atmosphere contain-
ing 5% CO2.

Synthesis of FITC‑labeled dendrimers
FITC‑labeled PAMAM‑G4‑NH2 dendrimer
The PAMAM-G4-NH2 dendrimer was labeled with FITC 
as previously described [38]. A solution of FITC solution 
in acetone was added to the dendrimer solution (in cit-
rate-buffered saline (CBS), pH 9.4) and stirred overnight 
in the dark at room temperature. The solution was then 
dialyzed against distilled water using a 3.5 kDa dialysis 
membrane to remove free FITC.

FITC‑labeled PAMAM‑G4‑OH dendrimer
Appropriate quantities of the PAMAM-G4-OH den-
drimer and FITC were dissolved in anhydrous dimethyl 
sulfoxide (DMSO). 1-Ethyl-3-(-3-dimethylaminopro-
pyl) carbodiimide (EDC) and 4-dimethylaminopyridine 
(DMAP) were also dissolved in anhydrous DMSO and 
added to the PAMAM-G4-OH solution. The reaction 
mixture stirred for 3 days at room temperature and was 
then dialyzed against distilled water using a 3.5 kDa dial-
ysis membrane to remove free FITC [2].

FITC‑labeled PAMAM‑G4‑COOH dendrimer
To an aqueous solution of dendrimer, an appropriate 
amount of FITC dissolved in ethanol containing 1 N 
sodium hydroxide was added, followed by the addition of 
EDC. The reaction mixture stirred for 72 h, after which 
the solution was filtered. The solution was then dialyzed 
against distilled water using 3.5 kDa dialysis membranes 
to remove free FITC [2].

The stabilities of the PAMAM‑FITC dendrimers at different 
pH values
The PAMAM-NH2-FITC, PAMAM-OH-FITC, and 
PAMAM-COOH-FITC dendrimers were dialyzed using 
3.5 kDa dialysis membranes against pH 6.8 and pH 5.0 
PBS for 12 h. Then, the fluorescence intensities of the 
solutions inside the dialysis membranes were detected at 
Ex: 495 nm and Em: 519 nm with a fluorescence spectro-
photometer (RF-5301(PC)S, Shimadzu, Japan) before and 
after dialysis.

Cytotoxicity of the PAMAM dendrimers
The cytotoxicity of the PAMAM dendrimers was 
detected as previously described [12]. MCF-7/ADR 
cells were seeded separately in 96-well plates at a den-
sity of 6 × 103 cells per well in a humidified atmosphere 
with 5% CO2 at 37 °C and incubated overnight. Then, 
the medium was replaced with fresh medium contain-
ing different concentrations of PAMAM-NH2, PAMAM-
OH or PAMAM-COOH dendrimers. After incubation 
for 48 or 72 h, 20 µL of MTT was added, and the cells 
were incubated for an additional 4 h. The medium was 
subsequently completely removed, and 150 µL of DMSO 
was added to dissolve the purple formazan crystals. The 
absorbance of each well was measured at 490 nm using a 
microplate reader (Multiskan FC, Thermo Fisher Scien-
tific, USA). Cells without PAMAM dendrimer treatment 
served as the control group, and the results are expressed 
as a viability percentage compared to the control cells.

Time dependence of cellular exocytosis
MCF-7/ADR cells were seeded separately in 6-well cul-
ture plates at a density of 1 × 106 cells/well in a humidi-
fied atmosphere with 5% CO2 for 24 h at 37 °C and then 
incubated with PAMAM-NH2-FITC, PAMAM-OH-
FITC, or PAMAM-COOH-FITC dendrimers (20 µg/mL) 
for 3 h. The cells were rinsed with PBS and immediately 
incubated with fresh dendrimer-free medium for differ-
ent lengths of time. Finally, the cells were washed with 
PBS, resuspended in PBS, and analyzed with a BD FAC-
SCalibur flow cytometer (FACSVerse, BD Biosciences, 
USA).

Influence of intracellular transport inhibitors on PAMAM 
dendrimer exocytosis
MCF-7/ADR cells were seeded separately in 6-well cul-
ture plates at a density of 1 × 106 cells/well in a humidified 
atmosphere with 5% CO2 at 37 °C for 24 h. The cells were 
then incubated with PAMAM-NH2-FITC, PAMAM-OH-
FITC, or PAMAM-COOH-FITC dendrimers (20 µg/mL) 
in fresh serum-free medium for 3 h, rinsed three times 
with cold PBS, and incubated in fresh medium containing 
various inhibitors (the intracellular transport inhibitors 
listed in Table 3) for another 3 h. Finally, the cells were 
washed with PBS, resuspended in PBS, and analyzed with 
a BD FACSCalibur flow cytometer.

Influence of ABC protein inhibitors on PAMAM dendrimer 
exocytosis
MCF-7/ADR cells were seeded separately in 6-well cul-
ture plates at a density of 1 × 106 cells/well in a humidi-
fied atmosphere with 5% CO2 at 37 °C for 24 h. The 
cells were then incubated with PAMAM-NH2-FITC, 
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PAMAM-OH-FITC, or PAMAM-COOH-FITC den-
drimers (20 µg/mL) in fresh serum-free medium for 3 
h, rinsed three times with cold PBS, and incubated in 
fresh medium containing ABC protein inhibitors (the 
ABC protein inhibitors listed in Table  3) for another 3 
h. Finally, the cells were washed with PBS, resuspended 
in PBS, and analyzed with a BD FACSCalibur flow 
cytometer.

LDH assay
MCF-7/ADR cells were seeded separately in 96-well 
plates at a density of 6 × 103 cells per well in a humidi-
fied atmosphere with 5% CO2 at 37 °C and incubated 
overnight. Then, the medium was replaced with fresh 
medium containing different concentrations of PAMAM-
NH2, PAMAM-OH or PAMAM-COOH dendrimers. 
After incubation for 1, 3 or 6 h, the culture supernatant 
was collected and centrifuged. The supernatants were 
processed according to the LDH analysis kit. The absorb-
ance was measured at 490 nm using a microplate reader.

PI assay
MCF-7/ADR cells were seeded separately in 6-well cul-
ture plates at a density of 1 × 106 cells/well in a humidi-
fied atmosphere with 5% CO2 for 24 h at 37 °C and 
then incubated with PAMAM-NH2, PAMAM-OH or 
PAMAM-COOH dendrimers (50 µg/mL) for 1, 3 or 6 h. 
Next, 20 µL of PI solution (1 mmol/L) was added to 2 mL 
of each supernatant and incubated for 15 min. Finally, 
the cells were washed with PBS, resuspended in PBS, and 
analyzed with a BD FACSCalibur flow cytometer.

FDA assay
MCF-7/ADR cells were seeded separately in 6-well cul-
ture plates at a density of 1 × 106 cells/well in a humidi-
fied atmosphere with 5% CO2 for 24 h at 37 °C and 
then incubated with PAMAM-NH2, PAMAM-OH or 
PAMAM-COOH dendrimers (50 µg/mL) for 1, 3 or 6 h. 
Next, the cells were washed with PBS and suspended in 
500 µL of FDA dye working solution (0.5 µmol/L). The 
cells with dye solution were incubated at 37 °C for 15 min 
protected from light. Finally, the dye working solution 

was removed from the cells, and the cells were washed 
with PBS and resuspended in PBS. Finally, the samples 
were analyzed with a BD FACSCalibur flow cytometer.

Organelle colocalization in MCF‑7/ADR cells
MCF-7/ADR cells were seeded separately on cover slips 
in 6-well culture plates (1 × 106 cells/well) in a humidi-
fied atmosphere with 5% CO2 at 37 °C. Once the cells 
reached 60–70% confluence, fresh serum-free medium 
containing PAMAM-NH2-FITC, PAMAM-OH-FITC, 
or PAMAM-COOH-FITC dendrimers (20 µg/mL) was 
added, followed by incubation for 3 h. After that, the cells 
were stained with MitoTracker Red (100 nM) for 45 min, 
washed three times with cold PBS, fixed with 4% formal-
dehyde, and mounted with Hoechst 33258 (10 µM) at 
room temperature. Images of the samples were captured 
by LSCM (FV3000, Olympus, Japan).

Relative amounts of the PAMAM dendrimers 
in the mitochondria and cell nuclei
MCF-7/ADR cells were seeded on culture dishes 100 mm 
in diameter in a humidified atmosphere with 5% CO2 
at 37 °C. Once the cells reached 90% confluence, fresh 
serum-free medium containing PAMAM-NH2-FITC, 
PAMAM-OH-FITC, or PAMAM-COOH-FITC den-
drimers (20 µg/mL) was added, followed by incubation 
for 3 h. Then, the cells were washed three times with PBS 
to remove the PAMAM dendrimers from the cell surface, 
harvested, centrifuged at 1000 rpm for 5 min and resus-
pended in PBS. The cell suspension was divided into two 
parts. The cells in one portion were lysed with lysis buffer 
containing 0.05% Triton X-100. The other portion of the 
cell suspension was treated according to the instructions 
of the cell mitochondria isolation kit or the cell nucleus 
isolation kit to obtain mitochondria or cell nuclei. Then, 
the mitochondria or the cell nuclei were lysed by lysis 
buffer containing 0.05% Triton X-100. Finally, the fluores-
cence intensities in the cells, mitochondria and cell nuclei 
were detected at Ex: 495 nm and Em: 519 nm by fluores-
cence spectrophotometry.

Table 3  Inhibitors used in this study, their functions and concentrations

Inhibitor Function Concentration

Bafilomycin A1 Inhibitor of endosomal acidification 100 nmol/L

Brefeldin A Blocks transport from the endoplasmic reticulum to Golgi complex 25 µg/mL

Monensin Blocks transport from the Golgi complex to plasma membrane 32.5 µg/mL

Verapamil P-glycoprotein inhibitor 10 µmol/L

Fumitremorgin C MDR-associated protein inhibitor 5 µmol/L

MK571 Breast cancer resistance protein inhibitor 50 µmol/L
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Influence of MVP on PAMAM dendrimer exocytosis
LSCM
MCF-7/ADR cells were seeded separately on cover slips 
in 6-well culture plates (1 × 106 cells/well) in a humidi-
fied atmosphere with 5% CO2 at 37 °C for 24 h. Then, the 
medium was replaced with fresh serum-free Opti-MEM 
medium. After incubation for 30 min, medium contain-
ing siRNA-MVP was added, followed by incubation for 
48 h. Then, the cells were washed with PBS and added 
to fresh serum-free medium containing PAMAM-NH2-
FITC, PAMAM-OH-FITC, or PAMAM-COOH-FITC 
dendrimers (20 µg/mL) followed by incubation for 3 h. 
The cells were rinsed with PBS and immediately incu-
bated with fresh PAMAM dendrimer-free medium for 
another 3 h. After that, the cells were washed three times 
with cold PBS, fixed with 4% formaldehyde, and mounted 
with DAPI (0.1 µg/mL) at room temperature. Images of 
the samples were captured by LSCM.

Quantitative determination
MCF-7/ADR cells were seeded on culture dishes 100 mm 
in diameter in a humidified atmosphere with 5% CO2 at 
37 °C for 24 h. Then, the medium was replaced with fresh 
serum-free Opti-MEM medium. After incubation for 30 
min, medium containing siRNA-MVP was added, fol-
lowed by incubation for 48 h. Then, the cells were washed 
with PBS and added to fresh serum-free medium con-
taining PAMAM-NH2-FITC, PAMAM-OH-FITC, or 
PAMAM-COOH-FITC dendrimers (20 µg/mL) followed 
by incubation for 3 h. The cells were rinsed with PBS and 
immediately incubated with fresh PAMAM dendrimer-
free medium for another 3 h. After that, the cells were 
washed three times with PBS to remove the PAMAM 
dendrimers from the cell surface, harvested, centrifuged 
at 1000 rpm for 5 min and resuspended in PBS. The cell 
suspension was divided into two parts. The cells in one 
portion were lysed with lysis buffer containing 0.05% Tri-
ton X-100. The other portion of the cell suspension was 
treated according to the instructions of the cell nucleus 
extraction kit to obtain the cell nucleus, and then the 
nuclei were lysed with lysis buffer containing 0.05% Tri-
ton X-100. Finally, the fluorescence intensities in the cells 
and cell nuclei were detected at Ex: 495 nm and Em: 519 
nm by fluorescence spectrophotometry.

Statistical analysis
All values are reported as the mean ± SD. The data were 
analyzed statistically by one-way analysis of variance and 
Student’s t-test using SPSS 13.0 software. A P value < 0.05 
and a P value < 0.01 indicate statistically significant 
differences.
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