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A
lthough cytotoxicity of colloidal nano-
particles (NPs) is currently under
intensive research, we are not yet

at the point where we understand how
cytotoxic effects are related to key physico-
chemical parameters of the NPs such as col-
loidal stability, size, surface charge, etc.1,2 This
is partly due to the fact that some of these
properties are hard to control and study
individually. In fact, it is challenging to pre-
pare a set of NPs for which only a single
property is varied because they are often
interrelated.1

Charge is a key parameter of NPs known
to influence their cellular uptake as well
as cytotoxicity.3�11 In studies of charge-
dependence, negative or positive net surface
charge is often introduced via surfactants
bearing �COO� or �NH3

þ groups, respec-
tively. However, the protonation state of

these groups and, therefore, the net charge
depend on the surrounding pH. Moreover,
changes in net charge can drastically affect
colloidal stability. pH is a very important
factor because it changes along the inter-
nalization pathway from slightly alkaline in
the cell medium (7.4�7.0) to highly acidic in
intracellular vesicles (5.0�4.6).12 Limitations
in colloidal stability can be partly avoided
byusingproteins or polyethyleneglycol (PEG)
terminated with �COO� or �NH3

þ groups
as ligands.13,14,15 In this work, we introduce
charge by enshrouding the NP with an
amphiphilic diblock-copolymer contain-
ing blocks of monomers with a long, hy-
drophobic alkyl side chain and blocks of
monomers that carry charge (Figure 1).
Phosphonate (�PO(OH)2) and trimethyl-
ammonium (�N(CH3)3) groups provide a
permanent negative and positive charge,
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ABSTRACT To study charge-dependent interactions of nanoparti-

cles (NPs) with biological media and NP uptake by cells, colloidal gold

nanoparticles were modified with amphiphilic polymers to obtain NPs

with identical physical properties except for the sign of the charge

(negative/positive). This strategy enabled us to solely assess the

influence of charge on the interactions of the NPs with proteins and

cells, without interference by other effects such as different size and

colloidal stability. Our study shows that the number of adsorbed human

serum albumin molecules per NP was not influenced by their surface

charge. Positively charged NPs were incorporated by cells to a larger

extent than negatively charged ones, both in serum-free and serum-

containing media. Consequently, with and without protein corona (i.e., in serum-free medium) present, NP internalization depends on the sign of charge.

The uptake rate of NPs by cells was higher for positively than for negatively charged NPs. Furthermore, cytotoxicity assays revealed a higher cytotoxicity for

positively charged NPs, associated with their enhanced uptake.
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A
RTIC

LE



HÜHN ET AL. VOL. 7 ’ NO. 4 ’ 3253–3263 ’ 2013

www.acsnano.org

3254

respectively. The first pKa value of the �PO(OH)2
(pKa1 = 2.4) is low enough to provide a negative charge
under all pH conditions that NPs may experience out-
side and inside cells, cf. Figure 1.16 For negatively as
well as for positively charged NPs, the charged groups
are situated at the same polymer backbone, so that
the surface properties of the NPs are;to a very good
approximation;identical except for the sign of the
charge. The polymer is wrapped around the surface of
dodecanethiol-capped Au NPs.16 The hydrophobic
side chains of the polymer intercalate with the hydro-
phobic dodecyl chains on the Au cores, and the
charged blocks point toward the surrounding solution
so as to provide excellent colloidal stability in an
aqueous environment (Figure 1). The resulting NPs
are very well-defined and enable a detailed analysis
of their physicochemical parameters.
We hypothesized that the different charge on the

NPs may affect cellular uptake and their subsequent
cytotoxicity along two different routes. On the one
hand, charge could directly influence the interaction
with cells. On the other hand, charge could change the
protein corona around the NP surface, which would

indirectly modify cell-NP interactions. To resolve these
issues, we have investigated both, the charge depen-
dence of the protein corona as well as the charge
dependence on NPs uptake under serum-containing
(i.e., in the presence of a protein corona) and under
serum-free conditions (i.e., in the absence of a protein
corona). In addition, the charge-dependence of the
cytotoxicity was studied using a variety of methods.
Notably, due to the high colloidal stability of the NPs,
the effects of charge could be examined without
interference by changes in NP size or colloidal stability.

RESULTS AND DISCUSSION

Physicochemical Characterization. The charge on the as-
synthesized NPs was determined by ζ-potential mea-
surements on NPs without fluorophores in in Milli-Q
water (medium #1) to be�39.8( 10.0 mV andþ9.7(
8.9 mV for the negatively and positively charged NPs
(cf. Table 1 and Figure 1 about their surface chemistry),
respectively. Hydrodynamic diameters of NPs were re-
corded in phosphate-buffered saline (PBS) (medium #2)
with dynamic light scattering (DLS, as determined
from the number distribution) and with fluorescence

Figure 1. Copolymers and fluorophore-functionalized terpolymers for coating the hydrophobic Au NPs. A detailed
description is given in the Supporting Information. (i) Deprotection with trimethylsilyl bromide in dichloromethane;
(ii) quaternization of the amino function with methyliodide in dichloromethane; (iii) click reaction with dye-azide (PDI-N3),
CuI, and N,N,N0,N0,N00-pentamethyldiethylenetriamine in toluene. IIIa and IVa refer to the negatively and positively charged
terpolymers with an alkyne residue. IIIb and IVb refer to the negatively and positively charged fluorescent terpolymers. For
the nonfluorescent copolymers (Ia/Ib = negatively charged; IIa/IIb = positively charged), the alkyne comprisingmonomer has
to be neglected in each case (z = 0). Box: Scheme of the polymer coating procedure. Au NPs were capped with hydrophobic
surfactants (dodecanethiol). An amphiphilic polymer with monomers comprising hydrophobic side-chains, monomers
comprising polar groups, and optionally monomers comprising a fluorophore (F) can be wrapped around the NP driven by
hydrophobic interaction. Upon exposure of the polar groups on the surface, theNPs can be suspended inwater. Negatively or
positively charged NPs are obtained, depending on the polar group of the polymer.
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correlation spectroscopy (FCS). While a fluorescent
polymer shell was required for FCS, fluorescencewould
have interfered with DLS. Thus, DLS measurements
were performed with NPs without fluorophores in the
polymer shell. Hydrodynamic diameters, dh, of nega-
tively and positively charged NPs were determined
as 14.5 ( 1.0 nm (DLS) and 15.8 ( 0.4 nm (FCS), and
10.1 ( 0.6 nm (DLS) and 10.2 ( 0.2 nm (FCS), respec-
tively, cf. Table 2. Within the experimental errors, DLS
and FCS yielded comparable results, however, FCS
results had smaller errors and, in our hands, were better
reproducible. The negatively charged NPs are slightly
bigger than the positively charged ones. This might be
due to a charge effect, so that a higher ζ-potential
results in a further extended Stern double layer.
Consequently, the hydrodynamic diameter correlates
with the magnitude of the ζ-potential.17 As the mag-
nitude of the ζ-potential of negatively charged NPs
was approximately four times higher than that of the
positively charged NPs, the difference in hydrody-
namic diameter is consistent with this interpretation.

It is well-known that counterions can screen the
charge of the NPs and, thereby, cause instability of
colloidal properties.18,19 To examine this effect, colloi-
dal stability was probed using 5 nM NP suspensions in
the following solutions which are relevant as cell
culture media (water as Medium #1 was used as ref-
erence): Medium #2, PBS; Medium #3, Dulbecco's mod-
ified Eagle's medium (DMEM); Medium #4, PBS þ 1%
penicillin/streptomycin (P/S) þ 1% L-glutamine (L-Glu);
Medium #5, DMEM þ 1% P/S þ 1% L-Glu; Medium #6,
PBSþ 800 μM bovine serum albumin (BSA); Medium
#7, DMEM þ 1% P/S þ 1% L-Glu þ 800 μM BSA;
Medium #8, DMEMþ 1% P/Sþ 1% L-Gluþ 10% fetal
bovine serum (FBS). Colloidal stability was first
probed via UV/vis spectroscopy by recording changes
in the normalized absorbance (cf. Figures 2a,b) at the
surface plasmon resonance (SPR) of Au NPs. The idea
was to attribute changes in absorbance to reduced
colloidal stability. Typically, when Au NPs agglomerate,
their plasmon peak broadens and shifts to the red,

which would give rise to a reduced absorbance at the
wavelength of the original plasmon peak.20 For the
incubation experiments in Figure 2, DMEMwithout the
pH indicator phenol red was used. In case phenol red
is present in DMEM (media #3, #5, #7), the absorption of
the dye itself changes over time and thus may lead to
misinterpretation, cf. the Supporting Information.
As second indicator for colloidal stability, changes in
the hydrodynamic diameter dh upon incubation in the dif-
ferent media were recorded with DLS (cf. Figure 2c,d).
However, these measurements were possible only in
the media without proteins (media #2, #3, #4, #5), as
proteins themselves contributed to light scattering
and thus interfered with determination of dh, cf. the
Supporting Information. The results obtained with
UV/vis spectroscopy (cf. Figures 2a,b) indicate that
incubation in media without BSA (media #2, #3, #4,
#5, #8) did not lead to changes in the absorption
profile. Especially noteworthy is the colloidal stability
of Au NPs in medium #8, the most relevant one for
cell culture and uptake experiments. Presence of BSA
as the only protein (media #6, #7), however, led to
changes (increase of the relative absorbance) at the
surface plasmon peak over time for negatively and
positively charged NPs, although the plasmon peak
was still resolved without significant broadening.
Thus, these changesmay not result from the formation
of (large) agglomerates, but from adsorption of BSA
proteins, which changes the absorbance behavior
while maintaining colloidal stability. However, this
effect was the same for both polarities, and therefore,
the effect on the NPs of opposite charge on cells is
comparable. DLS data (Figure 2c,d) indicate a different
situation. No change in dh over time was found for
positively charged NPs in all media without protein
component (media #2, #3, #4, #5), whereas dh was
constant over time only for negatively charged NPs
immersed inmedium#2. In the othermedia (#3, #4, #5),
agglomeration of negatively charged Au NPs was
observed directly after addition of the medium. Inter-
estingly, even the small content of P/S and L-Glu,
whether in PBS (medium #4) or in DMEM (medium #5),
had a pronounced and reproducible effect. These data

TABLE 2. Results of the FCS Dataa

NP charge rh(0) [nm] rh(Nmax) [nm] Δrh [nm] Nmax Kd [μM] n

negative 7.9 ( 0.2 10.4 ( 0.3 2.5 ( 0.2 32 ( 4 1.5 ( 0.8 0.8 ( 0.3
positive 5.1 ( 0.1 9.4 ( 0.4 4.3 ( 0.4 35 ( 3 1.0 ( 0.3 0.8 ( 0.3

a rh(0) is the hydrodynamic radius of bare NPs without protein corona (as deter-
mined at a HSA concentration of 1� 10�4 μM and 2� 10�5 μM for negatively
and positively charged NPs, respectively), rh(Nmax) is the hydrodynamic radius of the
NPs saturated with HSA, Δrh = rh(Nmax) � rh(0) the thickness of the protein
corona, Nmax is the maximum number of adsorbed HSA molecules per NP, Kd is the
apparent binding constant, and n is the Hill coefficient. We noted that the positively
charged NPs started to agglomerate at HSA concentrations above 3 μM, as inferred
from the increasing molecular brightness (see Supporting Information).

TABLE 1. Composition of the Amphiphilic Co- and

Terpolymers

composition of the polymera

polymer

TMAEMA

[mol %]

MAPHOS

[mol %]

LMA

[mol %]

PgMA

[mol %]

Mn
b

[g mol�1] PDIc

Ib - 40 60 - 9000 2.0
IIb 53 - 47 - 16300 1.8
IIIb - 52 42 6 9500 2.1
IVb 48 - 48 4 17800 2.0

a Determined via 1H NMR-spectroscopy. bMolecular weights were determined by
GPC in THF versus PMMA standard after the initial reaction step (polymerization of
the protected/neutral monomers; Ia � IVa). The presented Mn values were
recalculated for the final polymers (Ib � IVb). c PDI: polydispersity index.
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suggest that our negatively charged NPs are col-
loidally less stable than the positively charged ones.
This is further supported by the optical microscopy
data (cf. Figure 4), which qualitatively suggest the
presence of more agglomerates for negatively
charged NPs. We note, however, that FCS data showed
more agglomerates for positively charged NPs
at high protein concentrations (cf. the Supporting
Information).

In summary, our data indicate that colloidal stability
in complex media cannot be trivially assessed, and
different methods show different sensitivity. Changes
in the UV/vis spectra are less sensitive to the formation
of small agglomerates than changes in the hydrody-
namic diameter as detected by DLS. However, as the
size of the present NPs is at the lower detection limit of
the used DLS instrument, those results also have to be
interpreted with care. We conclude that the negatively
charged NPs used in this study show the tendency
to form (small) agglomerates in the media used for cell
culture. Bigger agglomerates would have been visible
in the UV/vis spectra and thus are not predominantly
formed. No effect on the different media on their
colloidal stability has been observed for the positively
charged NPs. Thus, differences in colloidal stability
between the negatively and the positively charged
NPs upon their interaction with cells need to be
considered.

Investigation of Protein Adsorption. NPs in biological
media are coated by a so-called protein corona,21,22

which may influence both the colloidal stability of NPs
and NP uptake by cells.23 To probe the charge depen-
dence of the protein corona, we used serum albumin
as a model protein (bovine: BSA, human: HSA) with
a similar concentration as the FBS proportion of med-
ium #8. Because serum albumin is the most abundant
protein in blood serum, a detailed study was per-
formed with this protein using FCS. Because of com-
patibility reasons with previous studies, HSA was used
instead of BSA.24 The hydrodynamic radius of the Au
NPs increased with increasing HSA concentration due
to adsorption of HSA, and saturated for HSA concen-
trations around 10 μM, cf. Figure 3. Fitting of the results
with the Hill model yielded the hydrodynamic radii of
the NPs without andwith saturated protein corona, the
maximum number of adsorbed HSAmolecules per NP,
the apparent binding constant, and the Hill coefficient,
cf. Table 2.

In summary, the adsorption of HSA showed the
same qualitative behavior on the negatively and posi-
tively chargedNPs. For both, the best fit yields a slightly
anti-cooperative behavior, the adsorbed proteins form
amonolayer on theNP surface, and a similar number of
HSA molecules is adsorbed per NP.25 Compared to the
results with FePt NPs coated with a similar negatively
charged reference polymer,24 the binding affinity is

Figure 2. Stability tests in different media (#2, PBS; #3, DMEM; #4, PBSþ 1% P/Sþ 1% L-Glu; #5, DMEMþ 1% P/Sþ 1% L-Glu;
#6, PBSþ 800 μM BSA; #7, DMEMþ 1% P/Sþ 1% L-Gluþ 800 μM BSA; #8, DMEMþ 1% P/Sþ 1% L-Gluþ 10% FBS). (a and b)
The timedependent evolutionof the absorbanceAmax(t) at the surfaceplasmonpeak normalized to absorbance at the surface
plasmon peak after 1min of incubation, Amax(1min), for positively and negatively charged AuNPswithout fluorophore in the
shell. The spectra and a UV/vis series including DMEMwith pH indicator for Au NPs with and without fluorophore in the shell
are shown in the Supporting Information. Thepuremediumalways servedas blank. (c andd) The timedependent evolutionof
the hydrodynamic diameter dh(t) normalized to the hydrodynamic diameter after 3min of incubation, dh(3min), for positively
and negatively charged Au NPs without fluorophore in the shell as recorded by DLS. The absolute hydrodynamic diameters
are provided in the Supporting Information. For a�d, the typeof themedium is indicated in color, the chargeof theNPs by the
symbol (square, positively charged NPs; circle, negatively charged NPs). The lines are drawn to guide the eye.
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decreased by a factor three for the negatively and by
a factor five for the positively charged NPs. For the
negatively charged NPs, this discrepancy may result
from the fact that the negatively charged polymer used
in this study had a lower charge density than the
negatively charged reference polymer.16 However,
our data are not sensitive to the conformation of the
adsorbed HSA molecules, which may differ in both
cases. We note that our protein adsorption study
utilizes a single, well-defined model protein, HSA.
However, serum contains a huge number of proteins
which all may be involved in protein corona forma-
tion.26 It was shown that HSA may be displaced from

the NP surface by other proteins,27 which resulted in
differences in the protein corona around negatively
and positively charged NPs.11,22 Furthermore, the
amount of adsorbed proteins per NP also depends
on their type and conformational properties.28 Taken
together, although we are not sensitive to conforma-
tional changes of the adsorbed HSA on negatively and
positively charged NPs, our data clearly reveal that the
amount of adsorbed HSA on our NPs is not strongly
affected by the sign of the charge.

Charge-Dependent Uptake of Nanoparticles. 3T3 fibro-
blast cells were incubated in different media with
negatively and positively charged NPs with red fluo-
rophores in the shell. As cell media, we selected buffers
without proteins (medium #5) and buffers supple-
mented with 800 μM BSA (medium #7) or with 10%
FBS (medium #8), to take into account effects of the
protein corona. NPs were incorporated by cells, as
concluded by the accumulation of red fluorescence
inside the cells (cf. Figure 4). Granular distribution
suggests the presence of the NPs in intracellular
vesicles such as endosomes and lysosomes, in accor-
dance with the literature.8,29�33 Fluorescence originat-
ing from internalized NPs was quantified from micro-
scopy images (transmission and red fluorescence channel)
and is plotted in Figure 4 as fluorescence intensity
versus time. The intensitieswere corrected forbackground
and intrinsic differences of the fluorescence behavior

Figure 4. 3T3 fibroblasts were incubated with (a) positively and (c) negatively charged Au NPs in different culturemedia. The
images show the cells at different times (as indicated in each panel) after incubation in medium #8 (dark field overlaid with
fluorescence channel). Brightness differs slightly due to environmental influences (day light); the data were background-
corrected for further analysis (see Supporting Information). The average fluorescence intensity (I) per cell (background
corrected) for (b) positively and (d) negatively charged NPs is plotted versus incubation time for media #5, #7 and #8. The
uptake rate of positively charged Au NPs was significantly higher compared to negatively charged Au NPs. The scale of the
fluorescence intensity axes is arbitrarybut chosen so as to enable aquantitative comparison. Lines are drawn toguide the eye.

Figure 3. HSA concentration dependent increase of the
hydrodynamic radius rh of positively and negatively
charged Au NPs as recorded in PBS (medium #2). Each data
point represents an average from three independent
measurements.
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of negatively and positively charged NPs (a detailed
description of the data correction is part of the Sup-
porting Information). A significant difference between
the uptake rates of negatively and positively charged
NPs was observed; uptake of positively charged NPs
was significantly faster (cf. the slope of fluorescence
intensity). Already 1 h after incubation, attachment of
positively charged NPs to the outer cell membrane
(which is overall negatively charged) canbeobserved. This
difference is likely explained by electrostatic attraction of
the positively charged NPs toward the negatively charged
cell membrane.34�36 After two days, significantly more
positively charged NPs were internalized per cell than
negatively charged NPs (absolute fluorescence inten-
sity). Our data analysis hereby allowed for distinction
between adherent and incorporated NPs (cf. Support-
ing Information). Differences in uptake are in agree-
ment with other studies in which enhanced uptake of
positively charged NPs has been reported.37�40 Our
data also allow for analyzing the dependence of uptake
from the presence of the protein corona. As has been
demonstrated above, both negatively and positively
charged NPs in media #7 and #8 are assumed to be
saturated with proteins on their surface (cf. also
Figure 3), whereas no proteins are present in medium #5.
As can be seen from Figure 4, the presence of
proteins slows the uptake of NPs independent of their
charge.41,42 This behavior is in accordance with other
studies, however, the extent of that difference is not as
pronounced in our study.43

The observed differences in uptake yield clearly
depend on the employed cell media.23 However, be-
cause both, negatively and positively charged NPs
have been incubated with the same media, the charge
dependence of the uptake in the different media can
be analyzed. To further investigate the differences in
uptake levels of the negatively and positively charged
NPs in relation to differences in medium composition
and cell type, the NPs were used to label murine C17.2
neural progenitor cells (NPCs) and human umbilical
vein endothelial cells (HUVECs). Afterward, their fluo-
rescence intensities were recorded by flow cytometry
(cf. Figure 5a,b). Standard fluorescence measurements
by using FACS cannot distinguish well between inter-
nalized NPs and NPs adhering to the outer cell
membrane,44 despite washing. Thus, the FACS data
quantify the overall amount of cell-associated NPs. The
data clearly show higher levels of cell-associated posi-
tively charged NPs for both cell types, at both 2 and
24 h of incubation (cf. Figure 5a,b). This is in accordance
with data obtained using the microscopy analysis in
this study for 3T3 fibroblasts and with literature data.45

Furthermore, uptake levels of negatively charged NPs
were similar for the two cell types, whereas positively
charged NPs were associated much more with the
NPC than with the HUVECs, demonstrating clear cell
type-dependent uptake characteristics that are most

pronounced for the positively charged NPs. The latter
may reflect differences in the media composition used
for the two cell types, where the positively charged NPs
may form agglomerates in the serum-rich media used
for the NPCs, whereas the NPs are more stable in the
serum-low media used for the HUVECs. Alternatively,
differences in the plasma membrane composition of
the cell types and intrinsic differences in the cellular
endocytosis levels and mechanisms of either cell type
may further contribute to these differences.

In summary, cellular uptake experiments clearly
demonstrate enhanced internalization of positively
charged NPs compared to negatively charged ones.
Presence of proteins in the media reduces NP uptake
regardless of the charge of the NPs.

Charge-Dependent Cytotoxicity of Nanoparticles. Mecha-
nistic explanations of enhanced toxicity by positively
charged NPs are still under discussion.46 For this rea-
son, we directly compared NPs with negative and
positive net charge that were otherwise essentially
identical. HUVECs and C17.2 cells were exposed to
various concentrations of the Au NPs to examine
differences in cytotoxic effects of the NPs related to
their surface charge. Multiple parameters typically
associated with the cytotoxic profile of engineered
NPs were tested, including cell viability, induction of
oxidative stress, cell morphology and stem cell func-
tionality.6,47 The data show a clear concentration-
dependent decrease in cell viability for the positively
charged NPs, whereas no effects were observed for the
negatively charged NPs up to a concentration of 50 nM
(cf. Figure 5c). Interestingly, the observed decrease in
cell viability for positively charged NPs correlated well
with increased oxidative stress in both cell types
(cf. Figure 5d), suggesting an important role of oxida-
tive stress in the cytotoxic effects of the positively
charged NPs, which is in line with available literature
data.48,49 To further evaluate possible effects of the NPs
on cell homeostasis, alterations in the morphology of
HUVECs cells at non-cytotoxic NP concentrations were
assessed. The results show, that despite the absence of
cytotoxic effects, both types of NPs display concentration-
dependent decreases in cell spreading and effects on
the actin cytoskeleton (cf. Figure 5e). Such effects of Au
NPs on cellular cytoskeleton architecture have been
described in a few reports.50,51 We also evaluated
the differentiation potential of C17.2 NPC cells upon
exposure to Au NPs at non-cytotoxic concentrations.
Figure 5f shows a clear diminution of cell differentia-
tion for cells exposed to the positively charged Au NPs
at 5 nM or above, in contrast to the negatively charged
NPs, which did not induce any effects at concentrations
up to at least 20 nM.

Upon internalization, NPs subsequently translocate
to different cellular compartments until they reach
their final destination.52 Thus, cytotoxic effects also
need to be seen in the context of the intracellular
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location of the NPs. In particular, it is important to
differentiate between the concentration of NPs that is
externally appliedand theconcentrationof theNPswithin
the cell. Our uptake data demonstrate that, at equivalent
extracellular NP concentration, the concentration of inter-
nalized NPs is greater for positively than for negatively
chargedNPs. Although the precise nature of the cytotoxic
effects observed in our study remains elusive, the data
obtained here indicate that they are related to the
intracellular NP level rather than to the concentration of
NPs to which the cells were exposed, in agreement with
earlier reports on various types of NPs.23,53,54

Taking together all our cytotoxicity data, the concen-
trations above which adverse effects are observable can

be defined as 20 nM for the negatively charged NPs and
5 nM for the positively charged ones, indicating a clear
effect of the NP surface charge on cytotoxicity, mainly
driven by their higher cellular uptake.

CONCLUSIONS

Our data indicate that positively charged NPs are
incorporated faster than negatively charged NPs by
several cell lines, while they also possess higher cyto-
toxic potential. Similar findings have been reported
before, i.e., there have been claims that higher cytotoxic
potential of positively charged NPs is predominantly
related with higher cellular uptake of these NPs. How-
ever, by using highly defined and well characterized

Figure 5. Fluorescence-activated cell sorting (FACS) results (I = fluorescence intensity) for (a) 2 h and (b) 24 h of incubation in
medium similar to medium #8 (cf. Supporting Information). Data are normalized to I at c(Au NPs) = 0 nM. (c) Cell viability (CV)
for C17.2 neural progenitor cells and primary HUVEC cells as assessed by an Alamar blue assay after 24 h incubation. Data are
expressed relative to untreated control cells asmean( standard deviation (SD; n = 4). A value of 1.0 corresponds to 100%. (d)
Levels of oxidative stress (OS) for C17.2 neural progenitor cells and primary HUVEC cells as assessed by H2DCFDA after 24 h
incubation. Data are expressed relative to untreated control cells asmean( SD (n= 3). A value of 1.0 corresponds to 100%. (e)
The average cell areas (A) of HUVEC cells after 24 h incubation. (f) Quantitative analysis of differentiation efficacy expressed as
the number of TuJ-1 positive cells (N) over total cell population (Ntot) for C17.2 cells after 24 h of incubation. Data are
expressed as mean( SD for at least 500 cells per condition (n = 4). The degree of significance between treated samples and
control samples are indicated when appropriate (*p < 0.05; **p < 0.01; ***p < 0.001). In a�f, solid lines correspond to C17.2
neural progenitor cells and dotted lines correspond to primary HUVEC cells. Squares correspond to positively charged NPs
and circles to negatively charged NPs.
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NPs, our study contributes further insights into the
charge-dependent interaction of these NPs with cells.
Our study points to the problem that several physico-
chemical parameters are entangled. Despite sym-
metric surface chemistry of our negatively and
positively charged NPs, the negatively charged NPs
used in this study had a lower colloidal stability than
their positively charged counterparts. This may well
affect cellular uptake, which is known to be size
dependent. The key point of the present study is the
use of NPs with good colloidal stability, thereby keep-
ing the effective size (hydrodynamic diameter) con-
stant and avoiding formation of large agglomerates, so
that the effect of the net surface charge is decoupled
from the effects NP size and agglomeration.
Parallel to the analysis of the colloidal stability and

the formation of the protein corona, the uptake ki-
netics of the NPs by cells were recorded. Many studies
report that uptake of NPs is mainly influenced by the
protein corona. Protein adsorption relies on interac-
tion with charged spots on the proteins.25 If the
charge on the NP is reverted, proteins may adsorb
to the NPs such that the charge on the outside of the

corona will be reverted. In our experiments, the
qualitative formation of the protein corona (as deter-
mined from the amount of adsorbed HSA proteins
upon exposure to HSA) was similar for negatively and
positively charged NPs, though their uptake behavior
by cells differed drastically. It has to be pointed out,
however, that our FCS data are sensitive only to
changes in the size of the adsorbed protein (HSA)
corona, but do not give information about the internal
structure of the proteins. In fact, with or without the
presence of a protein corona, clear differences de-
pending on the surface charge are visible. As differ-
ences in cellular uptake were also observed in media
without proteins, we conclude that the sign of the
charge (and eventually associated changes in colloi-
dal stability) is also a direct parameter which deter-
mines quantitative uptake of NPs. Associated changes
in the structure of the protein corona will play an
additional role compared to the direct charge effect.
There is also a clear correlation between uptake of NPs
and their corresponding toxic effects on cells, which
in both cases are higher for positively than for nega-
tively charged NPs.

MATERIALS AND METHODS
NP Synthesis. Colloidal Au NPs were synthesized in organic

solvents according to standard procedures.55 Transmission
electron microscopy (TEM) analysis indicated an inorganic core
diameter of dc = 4.6 ( 1.1 nm. To transfer the NPs into an
aqueous solution, they were enshrouded by an amphiphilic
polymer shell.56 Negatively and positively charged co- and
terpolymers of type poly((2-(methacryloyloxy)ethyl)phosphonic
acid)x-stat-poly(lauryl methacrylate)y-stat-poly(propargyle metha-
crylate)z (PMAPHOS-stat-PLMA-stat-PgMA) and poly(N,N,N-tri-
methylamonium-2-ethyl methacrylate iodide)x-stat-poly(lauryl
methacrylate)y-stat-poly(propargyle methacrylate)z (PTMAEMA-
stat-PLMA-stat-PgMA) which contained charged monomers
(phosphonate or trimethylammonium groups, respectively)
and monomers with hydrophobic side chains (�C12H25) were
synthesized similar to a previously described protocol,16 cf.
Figure 1 and Table 1. The ratios of charged (x) to hydrophobic
(y) monomers and themolecular weights were x:y = 40:60 (z = 0)
andMn=9000g/mol, and x:y=53:47 (z=0) andMn =16300g/mol
for thenegatively andpositively charged copolymers, respectively.
Both polymers thus had comparable molecular weights and
compositions. Theywere selected on the basis of a prior study in
which optimal conditions for colloidal stability were deter-
mined.16 For the terpolymers, an additional monomer with an
alkyne residue (PgMA) was added. The ratios of charged (x),
hydrophobic (y), and functional (z) units and the molecular
weights were x:y:z = 52:42:6 and Mn = 9500 g/mol, and x:y:z =
48:48:4 andMn = 17 800 g/mol for the negatively and positively
charged terpolymers, respectively. Monomers were assembled
statistically. The red azide-modified fluorophore perylene tetra-
carboxylic diimide (PDI-N3) was attached to the monomers
carrying the alkyne function via the azide group using click
chemistry.57 The quantitative conversion was verified by UV/vis
and 1H NMR spectroscopy (see Supporting Information). The
dye provided the fluorescence contrast employed for cellular
uptake studies. Recent investigations using the same polymer-
coating technique with a different fluorophore demonstrated
that the hydrophobic fluorophores were located inside the
polymer shell rather than pointing toward the solution.58 Con-
sequently, we expect that the fluorophore in the polymer shell

has only minimal, if any, influence on the NP interaction with
cells. Polymers were added to the hydrophobic Au NPs, the
organic solvent (chloroform) was evaporated, and the NPs
became water-soluble upon addition of alkaline sodium borate
buffer (SBB, pH = 12) and 0.1MNaCl solution (pH = 3.3, adjusted
with HCl) for negatively and positively charged polymers,
respectively, following standard procedures.16,56 The NPs were
extensively purified by size exclusion chromatography and/or
gel electrophoresis (the latter worked only for negatively
charged NPs), leading to pure NP suspensions.16 The effective
quantum yields (Φs) of the negatively and positively charged
NPs (with fluorophore in their polymer shell) in water were
Φs(�) = 0.053 ( 0.003 andΦs(þ) = 0.057 ( 0.004, respectively
(see Supporting Information). These “effective” quantum yields
(= number of emitted photons emitted by PDI per number of
incident photons reaching the Au-PDI hybrid particle) are
significantly smaller than the quantum yield of PDI in solution
because a significant fraction of incident light is absorbed by
the Au NPs and not by PDI. A detailed description and all raw
data are given in the Supporting Information.

Physicochemical Characterization. Extinction spectra of nega-
tively and positively charged NPs with and without fluorophore
were measured in different media (#2 to #8). In each case, the
pure medium served as a blank. After addition of NPs at a
concentration of 5 nM, an extinction spectrum was taken at
different time points within 1 h. The added volume of NP
solution was 2 orders of magnitude lower compared to the
present volume of medium to maintain the physical conditions
of the medium. The maximum absorbance between 500 and
600 nm comprising the surface plasmon peak and the dye
absorbance (in case a fluorophore was present) was plotted
against the time after addition of the NP solution.

Investigation of Protein Adsorption in Different Media. FCS mea-
surements were performed on a homemade confocal micro-
scope with single-molecule sensitivity similar to those reported
previously.59,60 The setup is based on an inverted microscope
frame (Axiovert 135 TV, Zeiss, Oberkochen, Germany) and
equipped with a home-made acousto-optical beam spli-
tter (AOBS). A 532-nm laser excitation (power 6 μW) was
focused onto the sample by a water immersion objective
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(UPLAPO 60x/1.2w, Olympus, Hamburg, Germany). The emitted
lightwascollectedby thesameobjectiveand focusedontoa50μm-
diameter pinhole, passed through a 532 nm notch filter and
50/50 beam splitter cube and was detected by two avalanche
photo diodes (SPCM-AQR 14, Perkin-Elmer, Boston, MA). Cross-
correlation functions from the two detector outputs were
calculated by a digital correlator (ALV 5000/E, ALV, Langen,
Germany). All measurements were performed at 23 �C. NP
suspensions were diluted to 4 nM with PBS buffer; HSA was
diluted to the desired concentrations with PBS (medium #2) at
room temperature (23 �C) and mixed in equal volumes with the
dilute NP solution. Samples were incubated for 10 min just prior
to themeasurements. The autocorrelation functions were fitted
with a model function for free diffusion with a three-dimen-
sional Gaussian volume to obtain diffusional correlation times,61

which can be converted into diffusion coefficients. Rhodamine
6G was used as a reference sample (diffusion coefficient
D = 4.14 ( 0.05 cm2/s)62 to calculate the hydrodynamic radii
of the Au NPs. Diffusion coefficients were converted into
hydrodynamic radii by the Stokes�Einstein equation. The
change in hydrodynamic radius by concentration dependent
adsorption of proteins on surfaces was fitted with a simple
binding model24,42 using

rh ¼ rh(0) 1þ VHSA
4
3
πrh(0)

3
Nmax

1
1þ (Kd=c(HSA))

n

0
BB@

1
CCA

1=3

(1)

Here, rh and rh(0) are the hydrodynamic radii of the protein-
coated and bare NPs, respectively, VHSA and c(HSA) represent
the molecular volume and concentration of HSA, respectively.
Protein binding to the Au NPs is governed by three parameters,
the maximum number of proteins bound per NP, Nmax, the
`apparent' binding coefficient, Kd, and the Hill coefficient, n.62

Charge-Dependent Uptake of Nanoparticles. 3T3 cells were incu-
bated with negatively and positively charged Au NPs (with PDI-N3

in their polymer shell) in different media (#5, #7 and #8). The
experiments were carried out in different culture media in
micro-8-well plates at 5% CO2 atmosphere and 37 �C. The
samples were analyzed with an Axiovert 200 M widefield
microscope (Zeiss, Germany) with attached incubator stage
at different time points of incubation. The obtained images
(dark field þ red fluorescence of fluorophore in NP shell) were
analyzed with ImageJ. The mean intensity of a number of
regions of interest (ROIs) inside the cell body and cell mem-
brane excluding the nucleuswas determined for around 30 cells
per specimen. In all experiments, the background intensity
was subtracted, and datawere corrected for intrinsic differences
in the fluorescence emission of Au NPs (see Supporting
Information).

Charge-Dependent Cytotoxicity of Nanoparticles. The cytotoxic
effects of the nanoparticles was investigated on primary human
umbilical vein endothelial cells (HUVECs) and murine neural
progenitor cells (C17.2). Essentially, these experiments were
performed in serum-containing media, similar to medium #8.
Cell viability was measured in both cell types for a range of
nanoparticles concentrations (1�50 nM) after 24 h by anAlamar
Blue assay (Molecular Probes, Invitrogen, Merelbeke, Belgium)
according to the manufacturer's protocol. For the same con-
centration range, cell viability was qualitatively examined by
means of Calcein AM/Ethidium homodimer co-incubation as
described previously.63 Oxidative stress was evaluated by
means of the 5-(and-6)-chloromethyl-20 ,70-dichlorodihydro-
fluorescein diacetate, acetyl ester (CM-H2DCFDA; Molecular
Probes, Invitrogen, Merelbeke, Belgium) assay as described
previously.8 The effects of the nanoparticles on HUVEC mor-
phology and C17.2 cell functionality were assessed as described
elsewhere.6,53 A detailed description can also be found in the
Supporting Information.
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