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Electrostatic interactions favor the binding
of positive nanoparticles on cells: A
reductive theory
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Abstract It is acknowledged that physico-chemical features of nanoparticles have a major
impact on their uptake, and especially their surface charge. A widespread observation is that
positively charged nanoparticles are more uptaken by cells than neutral or negatively charged
nanoparticles. The reason commonly evoked is the favorable electrostatic interactions with
negatively charged cell membrane. However, this explanation seems simplistic as it does not
take into account a fundamental element: the nanoparticle protein corona. This adds a new
level of complexity in the interactions with biological systems that cannot be any more limited
to electrostatic binding.
© 2015 Elsevier Ltd. All rights reserved.

The investigation of nanoparticle/cell interactions is a
crucial issue with regard to two fields: nanomedicine and
nanotoxicology. First, nanoparticles can be used as thera-
peutic and/or diagnostic agents for biomedical applications.
These latter usually have intracellular targets, therefore
the nanodevice must be able to enter the cell to reach its
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objective and exert its effects [1]. Second, one major con-
cern with nanoparticles lies in their size, high reactivity and
large surface area that allow them to interact with cell com-
ponents, to interfere with the cell machinery, potentially
triggering side effects and toxicity. Accordingly, under-
standing the underlying mechanism of cellular uptake is an
important step toward understanding the biological fate of
nanoparticles, both the favorable and adverse aspects [1]. It
is commonly admitted that nanoparticles physico-chemical
features are determining factors in nanoparticle/cell
interactions and consequently influence cell behavior. In
addition to parameters such as size and shape, chemical
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functionalities on the surface seem to play a critical
role in binding to cell membrane and subsequent cellular
uptake [2,3]. More specifically, surface charge is a crucial
parameter but as many concepts could be hidden behind
the term of charge depending on the level of observation
(macro- or micro-scale) it requires brief definitions.

A brief definition of nanoparticle charge and cell
membrane charge

Regarding nanoparticles, the term charge is confusing as
it could refer to distinct and complex physical quantities.
The nanoparticle surface charge is initially characterized
by its surface potential, but as soon as the nanoparticle
is exposed to a fluid a double electrical layer appears on
its surface, consisting in two parallel layers of charges sur-
rounding the nanoparticle. The first layer, called the Stern
layer, corresponds to the primary electric surface poten-
tial or Stern potential (caused by protonation/deprotonation
reactions on the surface) and ions from the bulk electrolyte
strongly bound to its surface. The second diffuse outer layer
is composed of free ions attracted to the primary electric
surface potential of the particle. The external potential,
called the zeta potential, is widely used in the literature for
the quantification of the nanoparticle charge. However, it is
rigorously not equal to the electric surface potential nor to
the Stern potential because these are defined at different
locations in the electrical double layer [4].

Regarding cell membrane, surface charge and membrane
potential are often confused and a sharper distinction should
be done between the two as they refer to different concepts.
Membrane potential is due to ion distribution between both
sides of the membrane following the Nernst principle. Sur-
face charge corresponds to the distribution of charges in a
surface: typically, cell surface is covered by a carbohydrate
coat, known as the glycocalyx, bearing negative charges.
This is why cell membrane is generally considered as globally
negatively charged [5].

Cellular uptake of nanoparticles depending on
nanoparticle surface charge

The uptake of nanoparticles by cells can be viewed as a
two-step process: binding to the cell membrane and inter-
nalization. The first one seems to be most affected by the
physico-chemical characteristics of the particles and espe-
cially the surface charge [6,7]. It is commonly acknowledged
that positively charged nanoparticles are more internalized
by cells than neutral or negatively charged nanoparticles
[1,2,6,8—14]. The accepted explanation lies in the fact that
electrostatic interactions are favored with cell membrane
that is negatively charged. This observation seems to be a
general tendency, observed with nanoparticles of various
chemical bulk compositions (silica, gold, iron oxide. . .), in
various cell types and with different types of functionaliza-
tion [8,15,16]. This is why positively charged nanoparticles
are usually chosen as carriers for drug or gene delivery
[1,2,14].

However, there has been evidence of cellular uptake
of negatively charged particles [2,10], suggesting
that electrostatic interactions only partly contribute

to nanoparticle/cell interaction. Consequently, the
widespread theory that the preferential cellular uptake of
positively charged nanoparticles over neutral or negatively
charged nanoparticles is due to favorable electrostatic
interactions with cell membrane seems simplistic and
reductive. Indeed, it only considers the nanoparticle charge
(i.e., the surface potential) whereas many other parameters
are involved in the equation. For instance, it does not take
into account a fundamental element which importance is
increasingly documented: the protein corona.

The key role of the protein corona

Once introduced in a biological milieu nanoparticles are sur-
rounded by a wide variety of biomolecules which rapidly
adsorb at the surface and entirely cover the nanomate-
rial. This so-called protein corona modifies the original
nanoparticle physico-chemical features and generates a new
interface defining the ‘‘biological identity’’ of the nanopar-
ticle. This change adds an additional level of complexity
for the biological responses [3,9,12,17—21]. The formation
of the protein corona is a dynamic process consisting in
the competitive binding of biomolecules at the nanopar-
ticle surface. The most abundant proteins in the medium
first adsorb, but over time they are replaced by proteins of
higher affinity due to a Vroman’s effect [3,18,19,22]. Sim-
ilarly, the protein corona composition varies depending on
the nanoparticle environment (as they can travel through
various compartments) [3,17,18,23]. The formation of the
protein corona depends on the physico-chemical properties
of the nanomaterial (especially surface charge, hydropho-
bicity, size, but also shape, composition, surface functional
groups. . .), on the nature of the physiological environment
(blood, interstitial fluid, cytoplasm, organelles. . .) and on
the duration of exposure [18—20,23].

Although difficult to characterize precisely because of its
complex and dynamic nature, the existence of this protein
corona is beyond doubt and it is recognized that its forma-
tion induces changes in the hydrodynamic diameter and zeta
potential of the nanoparticle [17,19,21,24]. When nanopar-
ticles are incubated with serum such a change can occur
that initially positively charged nanoparticles can turn neg-
ative [19,22,25—29]. Therefore, the presence of a protein
corona can significantly modify the surface properties of a
nanoparticle (and especially their electrical surface poten-
tial) sometimes masking the expected effects of purposely
grafted molecules [20]. The resulting new nanoparticle
interface may play an important role in its interactions with
cell surfaces as it is what cells ‘‘see’’ and can deeply affect
the biological responses, nanoparticle biodistribution and
generally nanoparticle fate [1,7,12,17,18,23,24,30—32].

Although a clear correlation was established between
the nanoparticle corona and cellular uptake, discrepan-
cies are reported in the literature some studies showing
that protein adsorption on nanoparticle decreases their
cellular internalization [20,21,23,31,32], while other tend
to demonstrate the opposite [22,28,29]. An explanation
could be that nanoparticles with more proteins on sur-
face may have a higher possibility to expose ligands which
can recognize the membrane receptors and facilitate the
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