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Abstract

Nanoparticles (NPs) are considered attractive carriers for gene therapy and drug delivery owing to their minor toxic effect and their
ability to associate and internalize into mammalian cells. In this study, we compared the endocytosis into HeLa cells of NPs exposing
either a negative or positive charge on their surface. The exposed charge significantly affected their ability to internalize as well as the
cellular endocytosis mechanism utilized. Negatively charged NPs show an inferior rate of endocytosis and do not utilize the clathrin-med-
iated endocytosis pathway. On the other hand, positively charged NPs internalize rapidly via the clathrin-mediated pathway. When this
pathway is blocked, NPs activate a compensatory endocytosis pathway that results in even higher accumulation of NPs. Overall, the
addition of a positive charge to NPs may improve their potential as nanoparticulate carriers for drug delivery.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Endocytosis; Clathrin; Macropinocytosis; Nanoparticles; HeLa cells

Nanoparticles (NPs) can be prepared from a variety of
polymers using different techniques [1] for the purpose of
drug delivery. The size and surface charge of the NPs are
the most important factors in determining their in vivo
metabolism, distribution and internalization [2]. When
injected into the bloodstream, NPs are rapidly cleared
by the reticulo-endothelial system (RES), resulting in a
marked decrease in pharmacological action [1]. The rapid
RES uptake of NPs can be significantly reduced by anchor-
ing polyethylene glycol (PEG) to the NP surfaces. The
PEG moieties, oriented towards the aqueous solution, con-
fer steric stabilization and prevent NP opsonization and
uptake by the RES. These stealth NPs exhibit a prolonged
half-life in the blood circulation [3,4] which is a prerequisite
for NP targeting to tumors that are often characterized by
badly formed and leaky vasculature due to neovasculariza-
tion [5]. The encapsulation of anti-tumor agents in NPs has
been widely investigated since NPs are a suitable means of
improving the therapeutic index of potent drugs while
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greatly reducing their side effects. Utilization of NPs for
the delivery of anti-tumor agents such as doxorubicin
and paclitaxel has exhibited some promising results [6,7].
While different aspects of NPs and new potential thera-
peutic applications have been reviewed in detail elsewhere
[2,8,9], information about the mechanism of the endocytic
machinery involved, as well as about NP intracellular traf-
ficking, is sparse [2]. Endocytosis of NPs may occur
through various endocytic processes which have not been
fully identified [5-7]. Qaddoumi and colleagues have shown
that in primary cultures of rabbit conjunctival epithelial
cells (RCEC), endocytosis of poly (pL-lactide-co-glycolide)
(PLGA) NPs occurs mainly via clathrin- and caveolin-1-
independent pathways [10]; these authors suggested that
NP uptake occurs by adsorptive endocytosis [11]. Internal-
ization of cationic chitosan NPs appears to occur predom-
inantly by adsorptive endocytosis and in part by a clathrin-
mediated process [5,12-16]. Although current PEG-NPs
are capable of improved accumulation in target tissues
compared to unmodified NPs, there is clearly a therapeutic
need to improve intracellular uptake of PEG-coated NPs.
Understanding the molecular mechanisms that underlie
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the interactions of NPs with the cell, their endocytic path-
way and the mechanism of retention on the plasma mem-
brane (PM) is crucial for the successful development of
these vehicles. In the present investigation, we performed
a comparative study on the mechanism of internalization
of negatively versus positively charged PEGylated NPs. In
contrast to all the cited studies that have made use of met-
abolic inhibitors to evaluate NP uptake, in this study, using
an adenoviral delivery system, we expressed specific domi-
nant negative polypeptides of the endocytic machinery in
HeLa cells and gained mechanistic insight into the endo-
cytic pathway of differently charged PEGylated NPs. We
show that a positive surface charge targets the NPs to the
clathrin-mediated endocytic pathway and results in greater
internalization and accumulation of the NPs in cells.

Materials and methods

Materials. p,L-Lactide (Purasorb) was purchased from Purac (Gorin-
chem, Netherlands). Benzyl alcohol, DMSO, MTT, methoxy-PEG MW
5000, stannous l-ethylhexanoate, and polysorbate 80 (Tween 80) were
acquired from Sigma (St. Louis, MO). Acetone, ethyl acetate, methylene
chloride and water were from J.T. Baker (Deventer, Netherlands). PEG-
15-hydroxystearate (Solutol® HS 15) from BASF (Ludwigshafen, Ger-
many). Coumarin-6 from Polysciences (Warrington, PA). Cell culture
reagents from Biological Industries (Beit Haemek, Israel). T7-tag antibody
obtained from Novagen (San Diego, CA). 12CAS antibody from Covance
(Indianapolis, IN). Secondary antibodies from Jackson Immunolabs (Bar
Harbor, ME).

Cell culture and adenovirus-mediated expression. HeLa tet off cells were
kindly provided by Hermann Bujard (Heidelberg, Germany) [17] and
grown in DMEM supplemented with 10% (v/v) fetal calf serum and
antibiotics.

Recombinant adenoviruses encoding the dominant negative mutant
dynamin-I K44A (HA tag at the N terminus) and dominant negative
clathrin hub (T7 tag at the N terminus) were as previously described
[18,19]. Protein levels were regulated by the amount of virus and length of
incubation time (16-24 h) to prevent high levels of expression and ade-
novirus-related toxic side effects.

Preparation of nanoparticles. The polymers: D,L-polylactide (PLA) and
poly(ethylene glycol-co-lactide) (mPEG-PLA) were synthesized using the
ring-opening polymerization method in the presence of stannous 1-ethyl-
hexanoate as catalyst [20]. The crude polymers were dissolved in methy-
lene chloride and precipitated twice in 4 1 of a cold propyl ether/petroleum
ether mixture (3:2, v/v). Prior to characterization and MW determination,
the polymers were vacuum-dried. Then, the NPs were prepared by the
solvent-displacement method [21]. The polymers PLA MW 100,000 and
mPEG-PLA MW 100,000 (2:1) were dissolved in 50 ml acetone containing
0.2% (w/v) Tween 80, at a concentration of 0.6% (w/v), and acetone
coumarin-6 solution at a concentration of 3 x 10™*% (w/v) was added to
the organic phase. The organic phase was added to 100 ml of an aqueous
solution of 0.25% (w/v) Solutol® HS 15. The suspension was stirred at
900 rpm for 1 h and subsequently concentrated by evaporation to 10 ml.
All formulations were diafiltrated with a 100-ml solution of 0.1% Tween
80 (Vivaspin 300,000 MWCO, Vivascience, Stonehouse, UK) and filtered
through a 1.2-um filter (FP 30/1.2 CA, Schleicher & Schuell, Dassel,
Germany). A typical blank cationic NP formulation consisted (in % w/w)
of PLA 00,000 2, mMPEG-PLA 9 000 2, Solutol® HS 15 2.5, stearylamine 0.2,
Tween 80 1 and doubled-distilled water to 100. The composition of the
negatively charged NP formulation was identical to that of the positively
charged one with the exception of the cationic lipid stearylamine.

Characterization of nanoparticles. Particle-size distribution and mean
diameter measurements were carried out utilizing an ALV Noninvasive

Back-Scattering High Performance Particle Sizer (ALV-NIBS HPPS,
Langen, Germany).

Zeta potential measurements were carried out using the Malvern
Zetasizer (Malvern Instruments, Ltd., Malvern, UK). Three batches of
each NP formulation were prepared and all experiments were performed
in triplicate.

Cytotoxic evaluation of nanoparticles. NP cytotoxicity was assayed
using the MTT method [22]. During the MTT assay, four consecutive
dilutions (100-2000) into HBSS were prepared from each formulation and
five replicates were performed for each dilution point.

Evaluation of nanoparticle cellular uptake by confocal laser scanning
microscopy. HeLa cells were seeded on cover slips for 1 day. Subsequently,
cells were extensively washed. NPs were diluted in serum free media
(1:1000, v/v) and incubated for 0-60 min with HeLa cells. Cells were then
extensively washed with cold PBS, fixed, mounted and examined with an
Olympus 1 x 70 confocal laser scanning microscope (Olympus Co. Ltd.,
Tokyo, Japan). Ten images of each time point containing 25-30 cells, were
analyzed. All images were compiled using Adobe Photoshop and Image J
software. Images are representative of the original data.

Fluorescence-activated cell sorter (FACS) analysis of nanoparticle cel-
lular uptake. Cells were incubated with NPs for the indicated time points
and then washed with cold PBS. Cells were harvested using trypsin and
analyzed for cell-associated NPs by FACS (Cellquest software; Becton—
Dickinson & Co., Franklin Lakes, NJ).

Elucidation of the mechanism of nanoparticle internalization by
expression of dominant negative endocytic polypeptides. Cells were infected
with the indicated adenoviruses and incubated for 16-24h to allow
expression of clathrin hub and dynamin I K44A. Subsequently, the cells
were incubated with NPs for 60 min. NP uptake was examined by confocal
microscopy. Levels of protein expression were assayed by Western
blotting.

Results and discussion
Physicochemical and cytotoxicity properties of nanoparticles

The NPs elicited a positive surface charge following the
incorporation of the cationic fatty amine stearylamine.
Positively and negatively charged NPs exhibited zeta
potential values of +32.8 +8.19 and —26 + 1 mV and
average diameters of §9.8 + 4 and 96.4 4+ 6 nm, respective-
ly (Table 1). There was no marked change in either surface
charge or NP size over 60 days of storage at 4 °C, indicat-
ing that both NPs were stable (Table 1). The manufactured
NPs were in the size range of caveolae or clathrin-coated
endocytic vesicles, suggesting the possible involvement of
these endocytic machineries in NP uptake [10,11,23,24].

Irrespective of their concentration, the NPs did not exhib-
it a significant cytotoxic effect on HeLa cells, as revealed by
the MTT assay shown in Supplementary Fig. 1. A minor
increase in cellular toxicity was triggered by the positively
charged NP formulation, which may be explained by their
increased cellular internalization (Figs. 2 and 3). Therefore,
the difference in surface charge did not significantly affect the
cytotoxicity of either NP formulations.

Positively charged nanoparticles reveal a higher rate of
internalization

To evaluate the putative differences between positively
and negatively charged NPs, we incubated fluorescently
labeled NPs with Hela cells. Both charged NPs
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Table 1

Physical stability of positively and negatively charged NPs stored over 60 days at 4 °C under nitrogen atmosphere

Storage (day) Cationic nanoparticles

Anionic nanoparticles

Droplet diameter (nm + SD)

Zeta potential (mV £+ SD)

Droplet diameter (nm + SD) Zeta potential (mV 4+ SD)

0 89.8+4 328 £8.19
15 ND 39.47 +£10.31
30 91.86 £8 45.46 £ 2
45 ND 349 £+ 7.08
60 732445 37+1.3

96.36 £ 6 —26+1

ND —21.2+8.73
93.52+£5 —22.17+04
ND —29+7.34
91.56 £3 —24.57 +0.67

(mean + SD, N = 3); ND, not determined.

internalized into the cells in a time-dependent manner and
accumulated in perinuclear punctate staining (Fig. 1). Fur-
thermore, NPs were mostly endocytosed and did not local-
ize on the PM. However, positively charged NPs were
observed in cells within 5 min of incubation and accumulat-
ed to a much higher degree than their negatively charged
counterparts (Fig. 1A vs. B). Internalization of positively
charged compared to negatively charged NPs was approxi-
mately doubled, as observed from densitometric analyses of
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the cells (Fig. 1C). FACS analysis quantitation of the NPs
accumulated in the cells supported our previous data
of enhanced internalization of positively charged NPs.
Positively charged NPs exhibited much higher uptake
values than the negatively charged ones at all time points
tested (Fig. 2). It should be noted that cell harvesting
for FACS analyses involved cell trypsinization resulting
in reduced fluorescence of the PM-associated NPs that
had not been internalized into the cells. In addition, the
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Fig. 1. Endocytosis kinetics of charged NPs into HeLa cells. HeLa cells were incubated for the indicated time periods with either negatively (A) or
positively (B) charged NPs. Subsequently, cells were fixed and processed for fluorescence microscopy. (C) Fluorescent intensities of internalized NPs in
(A,B) were quantified and used to calculate the amount of NPs endocytosed. Ten images of each time point, each containing approximately 25-30 cells,
were analyzed by Image J software. NPs appear to accumulate in a perinuclear compartment and positively charged NPs exhibit twice more uptake than

negatively charged NPs. Bar 5 um.
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Fig. 2. Uptake of charged NPs by HeLa cells as revealed by FACs
analysis. HeLa cells were incubated for the indicated time periods with
either negatively (broken line M) or positively (unbroken line 4) charged
NPs diluted 1:500 (v/v) in serum-free media. Subsequently, cells were
trypsinized, extensively washed of unbound NPs and processed for FACs
analysis. Control HeLa cells incubated with serum-free media were used to
calculate time zero. Results show that positively charged NP uptake is
two- to three-fold higher than that of negatively charged NPs. Uptake of
the positively charged NPs reaches a plateau within 45-60 min, indicating
saturated binding sites on HeLa cells. The experiment was repeated three
times and a representative experiment is shown.

rate of positively charged NP uptake at 45 min reached a
plateau, indicating possible NP recycling and or binding
saturation which might result in an inability to internalize
additional NPs.

Mechanism of nanoparticle internalization

The observed differences in NP formulation internaliza-
tion rates may have been due to differential targeting of
positively vs. negatively charged NPs to different endocytic
internalization mechanisms. To clearly identify the mecha-
nism utilized by charged NPs for their internalization into
HeLa cells, we expressed well-established specific dominant
negative polypeptides known to inhibit the clathrin and
caveolin endocytic pathways.

We used the dominant negative mutant of dynamin I
(K44A) which lacks the GTPase activity of dynamin. This
mutation enables dynamin-dependent constriction of clath-
rin-coated pits and caveolar invagination but inhibits the
scission event, leaving the invaginated pits on the PM. This
mutant has been shown by us and others to specifically
inhibit two main endocytosis pathways: clathrin- and cave-
olin-dependent pathways [18,25-27]. HeLa cells expressing
the dynamin I dominant negative mutant exhibited a mod-
erate increase in cellular staining of negatively charged NPs
(Fig. 3). A closer look revealed some punctate staining of
negatively charged NPs on the PM that could be localized
to dynamin-constricted pits on the PM (Fig. 3A, arrows).
On the other hand, expression of an N-terminal-deleted
mutant of clathrin heavy chain, known to moderately
inhibit the clathrin-mediated budding event, had no effect
on the amount of negatively charged NPs taken up. These

results imply that internalization of negatively charged NPs
occurs mainly through pathways other than clathrin and
caveolin.

In contrast, HeLa cells expressing the dynamin I K44A
dominant negative mutant and incubated with positively
charged NPs showed a significant increase in cellular stain-
ing (Fig. 3B). Though most of the NPs were observed in the
intracellular perinuclear compartment, a significant
amount decorated the PM in a punctate fashion (Fig. 3B
and C, arrows). The dots observed at the PM were most
likely NPs localized within clathrin or caveolar pits that
had been banned from entering the cell. Furthermore, cir-
cular organelles whose surfaces were decorated with NPs
were observed at the cell periphery, looking like macropi-
nosomes (Fig. 3D and E, arrowheads). Expression of clath-
rin hub significantly inhibited endocytosis of positively
charged NPs (Fig. 3B). The effects driven by the expression
of both dynamin and clathrin dominant negative mutants
imply that the main portal for positively charged NPs into
the cells is clathrin- and possibly caveolae-mediated
endocytosis.

The increased uptake of both NPs into cells expressing
the dynamin I mutant may be a consequence of the
extensive impact of this mutant on both clathrin- and cave-
olin-mediated endocytic pathways. To maintain cell, and
particularly PM, homeostasis, a compensatory endocytic
pathway is stimulated through which positively and nega-
tively (although to a lesser extent) charged NPs internalize
into HeLa cells [28-31]. Specifically, inhibition of both
clathrin- and caveolae-mediated endocytosis results in stim-
ulation of macropinocytosis. This phenomenon has been
shown in HeLa cells expressing these dominant negative
constructs in a study of adenovirus endocytosis [32]. Similar
to positively charged NPs, the TAT protein transduction
domain exposes a positive charge owing to arginine residues
that are critical for its endocytosis. A study on the mecha-
nism of TAT endocytosis revealed its entry by macropino-
cytosis [33]. We hypothesize that in HelLa cells,
macropinocytosis operates at a low basal rate. The inhibi-
tion of clathrin- and caveolae-mediated endocytic pathways
results in the stimulation of macropinocytosis, which is a
preferred entry mechanism for positively charged NPs.

The endocytic machinery of PLA NPs is of great interest
due to their application in gene therapy and drug delivery.
It has previously been shown that NP uptake occurs
through the endocytic system in a time- and dose-depen-
dent manner. Moreover, in the presence of serum in the
medium, a fraction of the internalized NPs recycle back
to the PM and then exocytose [13,14]. Surface modification
of NPs has been shown to affect their uptake into arterial
tissue, suggesting that NPs may initially associate with
membrane proteins and lipids, subsequently be delivered
to the endocytic machinery, and finally, escape from the
endosomal compartments into the cytoplasm [2].

In our experiments, we attempted to follow the initial
events in NP endocytosis and therefore, we performed
short incubation times of up to 60 min, during which
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Fig. 3. Positively charged NPs are endocytosed through dynamin- and clathrin-dependent endocytic pathways. HeLa cells were either not infected
(control) or infected with adenoviruses to express the dominant negative dynamin I K44A mutant for 18 h or the clathrin hub dominant negative mutant
for 24 h. Subsequently, cells were incubated in the presence of negatively charged (A, anionic NPs) or positively charged (B, cationic NPs) NPs for 60 min.
Consequently, cells were fixed and processed for fluorescence microscopy. (C) Enlargement of a section in (B) showing punctate PM accumulation of NPs.
(D,E) Enlargement of cells expressing either dynamin I K44A (D) or clathrin hub mutant (E), revealing circular organelles, decorated at their surface with
NPs, which resemble macropinosomes (arrowheads). Arrows point to accumulation of NPs at the PM. (A,B) Bar 5 um, (C-E) bar 2 um. Positively charged
NPs rapidly move into the clathrin pit and thus reveal higher rate of internalization. Inhibition of endocytosis by the dynamin dominant negative mutant
results in accumulation of punctate staining at the PM and increased internalization of NPs. Positively charged NPs reveal higher uptake under these
conditions. This compensatory endocytosis is most likely through macropinocytosis.

NPs endocytosed and may also have recycled back to the
extracellular medium. In the 60-min time frame, positively
charged NPs exhibited enhanced intracellular accumula-
tion. NPs accumulated mostly within a perinuclear com-
partment. The lack of elevated PM staining at the short
incubation time points of either positive or negatively
charged NPs indicates that at any time point, the cell
exposes a limited number of NP binding sites and that fol-
lowing association with the membrane, NPs rapidly endo-
cytose. This explanation is supported by the accumulation
of NPs at the PM in cells expressing dynamin K44A, where
endocytosis is severely inhibited. The time-dependent
appearance of new binding sites, followed by uptake, indi-

cates that this process takes place through endocytic
machinery that operates in a constitutive manner. Clath-
rin-mediated endocytosis, which we showed here to be
one of the main entry pathways for positively charged
NPs, operates in Hela cells in a constitutive manner and
is the main port of entry of receptors in nonpolarized cells,
as reported for example, in iron internalization through the
transferrin—transferrin receptor complex [34].
Clathrin-mediated endocytosis of different NPs in vari-
ous cellular models has also been shown by other research-
ers [2,13,16]. For example, uptake of PLGA NP by
vascular smooth muscle cells was significantly reduced after
inhibition of clathrin-mediated pathways, but not of
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caveolae-dependent pathways, using metabolic inhibitors
such as sucrose hypertonic treatment [14]. It is interesting
to note that also fluorescein isothiocyanate-conjugated
mesoporous silica NPs were internalized into mesenchymal
stem cells and 3T3-L1 cells following short-term incubation
via a clathrin-mediated endocytosis pathway [35]. Addi-
tionally, polyethylenimine (PEI)-coated NPs with super-
paramagnetic iron oxide resulted in enhanced uptake into
HeLa, epithelial BEAS-2B and HEP-G?2 cells, apparently
through clathrin- and caveolae-mediated endocytic path-
ways [36]. The high internalization efficiency was most
likely attributable to the cationic nature of the PEI NPs.
This was also confirmed by two other studies investigating
the internalization of cationic NPs. The positive charge
was acquired by the incorporation of chitosan into NPs
and uptake by epithelial Caco-2 cells was through clath-
rin-mediated endocytosis pathways [37]. In contrast, other
authors have shown that internalization of chitosan NPs
occurs predominantly by adsorptive endocytosis initiated
by nonspecific interactions between NPs and cell mem-
branes, and in part by a clathrin-mediated process
[10,12,14,35-38]. It should be emphasized that knockdown
of clathrin heavy chain by transfection with antisense oligo-
nucleotides did not alter PLGA NP endocytosis from the
apical PM of RCEC cells, leading the authors to conclude
that NP cellular uptake is mostly clathrin-independent
[10]. It is important to note that similar NPs have exhibited
different mechanisms of entry into various cells and that this
can be explained by the different mechanisms of endocytosis
utilized by polarized compared to nonpolarized cells.

Our finding that positively charged NPs are targeted pri-
marily to clathrin-mediated pathways as well as to macr-
opinocytosis requires additional study to fully elucidate
the decisive NP factor for the preferred endocytic pathway.
These factors may differ between nonpolarized cells such as
HeLa cells and the polarized epithelial cells lining the lungs
and intestinal system, which are the main drug portals into
the body. This clarification of the endocytic pathway
involved in NP uptake is of crucial importance for
advanced studies aimed at further enhancing total NP
uptake into cells, manipulating their intracellular traffick-
ing and minimizing possible toxic effects [12]. In the com-
parative study described here, we show that the exposed
charge on the NP surface significantly affects the amount
of NPs internalized and the endocytic pathway utilized
for their internalization into nonpolarized HeLa cells.
Whereas negatively charged NPs exhibit a poor rate of
endocytosis, positively charged NPs internalize rapidly
and accumulate to a much higher extent. These latter
NPs utilize mainly the clathrin-mediated endocytosis
pathway, although they may use caveolae-mediated endo-
cytosis as well. Interestingly, when the clathrin-mediated
endocytosis pathway is blocked by expression of either
dynamin or clathrin dominant negative constructs, a frac-
tion accumulates in puncta at the PM in what looks like
clathrin-coated pits that have been banned from entering
the cell. Additionally, positively charged NPs activate a

compensatory endocytosis pathway that results in
enhanced accumulation of NPs. Overall, the addition of
a positive charge to NPs may improve their potential as
nanoparticulate drug-delivery carriers.

Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.bbrc.
2006.11.135.
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