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ABSTRACT: Nanoparticles functionalized with mixed
self-assembled monolayers (m-SAMs) comprising pos-
itively and negatively charged thiols are stable at both low
and high pH but precipitate sharply at the pH where the
charges on the particle are balanced (pHP*°). By adjusting
the proportion of the positively and negatively charged
ligands in the m-SAM or changing particle size, pHP"" can
be varied flexibly between ~4 and ~7. In addition, changes
in the SAMs’ composition and particles’ net charge
translate into different degrees of cellular uptake.
Remarkably, the presence of the positively charged thiols
allows for the uptake of particles having net negative

charge.

anoparticles (NPs) functionalized with charged organic
ligands exhibit a range of unique properties both in
solution and in the solid state. In solution, such “nanoionic”
particlesl_3 precipitate upon temperature increase,* have pPK,
values that depend on the particle size/curvature,” and can
crystallize into open-lattice crystals.®” In the solid state, their
thin films can trap electrons in polaronic states, giving rise to
phenomena such as inverse photoconductance.® While we have
previously studied rather exhaustively the properties of NPs
covered with one type of charged functionality,"~'® much less is
known''™"® about the properties of NPs covered with mixed
self-assembled monolayers (m-SAMs) comprising both pos-
itively and negatively charged ligands (Figure 1a). As we show
here, such mixed-charge (MC) NPs combine three unique
properties: (1) They are soluble at both low and high pH and
precipitate only around the pH value corresponding to the
neutralization of the surface charge (pH!™). (2) The value of
pHP™ can be varied flexibly over several pH units'* by
adjusting the m-SAM composition and/or NP size. In this way,
our MC NPs can be made compatible with physiological pHs
and buffer solutions. (3) Remarkably, varying the net charge on
the NPs changes their propensity to penetrate into mammalian
cells. In particular, the presence of the positively charged thiols
on the NPs allows for the uptake of particles having net
negative charge, which is typically difficult to achieve, especially
for NPs with diameters of a few nanometers.'>'®
Precursor gold NPs (AuNPs) stabilized with dodecylamine
(DDA) and having sizes of 4.2 + 0.5, 5.2 + 0.5, 8.0 +£ 0.5, 9.5 +
0.8, and 11.5 + 0.8 nm were prepared as described previously”
[see section 1 in the Supporting Information (SI)]. These NPs
were then functionalized with m-SAMs comprising neutral 11-
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Figure 1. Preparation and stability of mixed-charge AuNPs. (a)
Scheme of a place-exchange reaction between DDA-functionalized
AuNPs and a mixture of MUA and TMA thiols. (b) Representative
TEM image of 8.0 = 0.5 nm MC AuNPs. (c) Corresponding size
distribution based on TEM statistics for >200 NPs (see Figure S2).
(d) Images of vials containing 8.0 nm MC NPs (covered with an m-
SAM with @y, = 2.5) at various pH. The particles are stable in
solution except around pHP" = 6.6. The schemes below the images
illustrate the charge on the m-SAMs'” (blue = negative/deprotonated
MUA, gray = neutral/protonated MUA, red = positive TMA). pHP™ is
the pH where the charges on the NP are balanced (QP5* + Qs =
0).

mercaptoundecanoic acid (MUA) and positively charged
N,N,N-trimethyl(11-mercaptoundecyl)ammonium ion (TMA)
(Figure 1a). This was done by soaking the DDA AuNPs (0.15
mM in terms of Au atoms) for at least 15 h in toluene/CH,Cl,
mixtures containing MUA and TMACI in various proportions
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(Ao = DA/ cIVA = 2,3, and 9). In all of the experiments, the

total concentration of thiol was kept constant and was in ~40-
fold excess relative to the number of surface sites on the NPs.
After ligand exchange, the unbound thiols were removed by
precipitating the NPs and washing the precipitate multiple
times with copious amounts of CH,Cl,. The purified NPs were
then redissolved in water, and the pH of all solutions was
adjusted to ~11 using tetramethylammonium hydroxide. Under
these conditions, the MUA ligands were fully deprotonated,
resulting in MC NPs. The exact compositions of the two
ligands in the on-particle m—SAMs were determined by 'H
NMR experiments to be Qs = cog"/cin® = 1.6, 2.5, and 7.7
(see the SI).

The stability of the MC NPs (illustrated in Figure 1d) was
studied in a series of titrations (see the SI) monitored by UV—
vis spectroscopy and {-potential measurements (Figure 2). For
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Figure 2. Variation of pHP™ with m-SAM composition and NP size.
(a) Plots of the intensity of the AuNP surface plasmon resonance
(SPR) peak (here, at 520 nm for 8.0 + 0.5 nm MC NPs) as a function
of pH for different m-SAM compositions [@s = 1.6 (blue), 2.5
(black), 7.7 (red)]. At pHP™, the intensity of the SPR band is minimal
because of NP precipitation. (b) Corresponding plots of the ¢
potential; at pHP™, { = 0. (¢, d) Data analogous to those in (a) and
(b) but for NPs with different sizes but the same surface composition
(@t = 1.6). (e) Plot summarizing the values of pHP** for all of the
experiments (for the raw data, see Figures S4 and SS).

all NP sizes and m-SAM compositions, the particles were stable
at both low and high pH. At low pH, the MUA ligands were
protonated, and the NPs had net positive charge (¢ potential >
0) due to the TMA groups; such like- charged partlcles were
stabilized in solution by electrostatic repulsions.””* Conversely,
at high pH, where MUA was deprotonated, the negative charge
of these ligands (QWfis) was greater in magnitude than the
positive charge of the TMA ligands (Qry,), affording NPs with
a net negative charge ({ potential < 0) that again were
stabilized in solution by like-charge repulsions. Between these
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two pH regimes, the NPs precipitated when the surface charge
on the NPs was neutralized (i.e,, QP + Qppa = 0) and the ¢
potential was equal to zero. In the absence of electrostatic
repulsions, the NPs aggregated because of the van der Waals
attractions between NP cores'® and hydrogen bonding between
partially protonated MUA ligands. Importantly, the pH value
corresponding to NP precipitation, pHP™, depended on the
composition of the m-SAM and/or on the size of the NPs, as
summarized in Figure 2e (for the raw data, see Figures S4 and
S5 in the SI) and discussed below.

(i) Effect of m-SAM composition. For a given NP size, pHP™
decreases as the proportion of MUA increases (progression
from blue markers for o, = 1.6 through black markers for oy,
= 2.5 to red markers for ay = 7.7; Figure 2ab,e). The
magnitude of the change in pHP* is ~1 pH unit for smaller
NPs and almost 2 pH units for larger particles. pHP™* decreases
with increasing ;s because there are more —COOH groups
present on the NP, so a smaller fraction of these groups needs
to be deprotonated (i.e., a lower pH is needed) to achieve
electroneutrality of the surface-bound ligands (i, Qupret
Qs = 0, where Qpret rot = QYW,). For a discussion of
how the pK, of the MUA ligands changes with the NP surface
composition, see section 2 in the SL

(ii) Effect of NP size. For a given m-SAM composition, pHP™
increases with increasing NP diameter (Figure 2c,d,e). Over the
range of NP sizes studied, the magnitude of this increase is ~2
pH units (e.g, for a,¢ = 1.6, pHP™ = 5.3 for 4.2 nm NPs and
pHP™ = 7.3 for 11.5 nm NPs). Again, this trend can be
explained on the basis of the proximity of the carboxylic
groups:>'® For a given value of a,,; as the NP size increases
(and the NP curvature decreases), the average distance between
the COOH groups of the MUA ligands decreases. Con-
sequently, the deprotonated ligands experience stronger
electrostatic repulsions. The SAM re 5ponds to this energetically
unfavorable situation by “regulating”>'? the ligands™ charges by
shifting the acid—base equilibrium toward the protonated state.
As aresult, at a given solution pH, the fraction of charged MUA
ligands decreases as the NPs become larger. For our MC NPs,
this means that a higher pH is needed to deprotonate enough
MUAs to compensate for the positive charges of the TMA
ligands and cause NP precipitation. As expected, the increase in
pHF™ levels off when the NPs become large and increasingly
“flat” on the scale of the m-SAM thickness. As this happens, the
average distance between head groups, d, tends to the value d,
~ 0.463 nm (correspondmg to the packing of thiolates on a flat
gold surface®®), since d(R) ~ do(R + L)/R, where R is the
radius of the NP metal core and L is the SAM thickness (here
~1.5 nm).® The incremental change in d with changing R then
levels off at large R, as dd/dR ~ 1 /R2.

In the context of their potential biological applications, an
important property is that MC NPs are stable in gels and
biologically relevant buffers such as phosphate-buffered saline
(see section 3 in the SI) as well as cell-culture media. In
particular, this last property enables what is perhaps the most
important result of this study, namely, the ability to control the
degree of uptake of MC NPs into mammalian cells. Figure 3
summarizes the results of experiments in which 5.2 and 9.5 nm
MC NPs with relative net charge (Q™') varying from fully
negative to fully positive were added to the culture of
mammalian cells (here, Rat2 fibroblasts). After incubation for
24 h, the cell viability was assessed by confocal microscopy
using fluorescent dyes (LIVE/DEAD Viability/Cytotoxicity Kit,
Invitrogen). The green color of the cells in Figure 3a shows that
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Figure 3. Cell viability and uptake studies for MC NPs with different
sizes and surface compositions. (a) Confocal images of Rat 2 cells after
incubation for 24 h in the presence of 2.5 mM (in terms of metal
atoms, 13.6 nM in terms of NPs) solution of 5.2 nm MC NPs. Cells
were stained with calcein AM and ethidium homodimer-1. The
observation of only green fluorescence indicates that all of the cells are
alive. Scale bar = 100 ym and is the same for all images. (b) Optical
images of Rat 2 cells illustrating different degrees of MC NP uptake
(indicated by arrows; for higher resolution images, see section S in the
SI). Uptaken NPs (for @y, 2 1.2) are localized in the cytoplasm but
not in the nuclei, in agreement with previous studies” reporting
nuclear uptake for 2.2 nm NPs but not 4 nm NPs. Scale bar = 25 pm.
(c) ICP data quantifying the degree of cellular uptake as a function of
relative net charge (Q™) on the MC NPs. Q"' is related to the surface
composition by the equation Q™" = (yryma — Ymua)-100%, where the
x’s are the mole fractions of the thiols on the NP (assuming that all
MUA groups are deprotonated in experimental conditions). Error bars
correspond to standard deviations based on at least three ICP
experiments for each set of conditions.

none of the MC NPs were cytotoxic at the low concentrations
used in these studies.”

At the same time, the NPs were uptaken by the cells, and the
degree of their internalization varied with the NP charge. This
was quantified by the inductively coupled plasma (ICP)
method (see section 1 in the SI for experimental details), as
shown in Figure 3c. Two general trends were observed: (i) at
the same concentration, large NPs are internalized more readily
than small ones; and (ii) for NPs of a given size, cellular uptake
increases with NP concentration. These observations agree with
previous studies™ also in terms of the degree of uptake (2—20
X 10° MC NPs per cell here vs 1—15 X 10° NPs per cell for
DNA-coated NPs at comparable concentrations of 5—15 nM in
ref 23).

The new feature of our MC NPs is that the degree of uptake
depends on the net particle charge. Although the highest uptake
for the 5.2 nm NPs was observed for particles fully coated with
TMA, the uptake remained appreciable even for MC NPs
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having small but negative net charge (yyua & 0.55, Qg = 1.2).
For the 9.5 nm NPs, the maximal uptake was observed for yya
~ 021 (@ = 0.27). Also in this case, NPs having a small
negative net charge were uptaken.

It is instructive to put these findings in the context of a
canonical view of cellular uptake®*>* of NPs. It is generally
accepted that the initial step of this process is mediated by
electrostatic interactions between the negatively charged
phospholipids in the cell membrane and the ligands on the
NP. Only upon binding of the NPs to the cell’s surface
receptors does the local decrease in Gibbs free energy”” enable
the membrane to wrap around the NP and internalize it into an
endosome (note that endosomes localize in the cytoplasm or,
depending on the NP size, shape, and surface functionalization,
in different organelles; see ref 21). In line with this picture,
numerous previous studies have shown that positively charsged
NPs are internalized more easily than neutral particles.'>'® At
the other extreme, negatively charged NPs are typically not
uptaken unless their SAM “corona” is modified with
extracellular serum proteins,”>*** as in Mirkin’s antisense-
oligonucleotide-functionalized NPs (ASNPs).>®

In our system, the positively charged thiols “mask” the
electrostatic repulsion between the membrane and the m-
SAM’s negatively charged component. This enables uptake of
NPs with charges ranging from highly positive through almost
neutral to slightly negative. This ability to achieve cellular
uptake over a wide range of charge is significant in light of in
vivo studies showing that although highly positive NPs are
uptaken most readily, they also have several untoward effects,
including hemolysis and platelet aggregation.”* The fact that
charge effects are similar for NPs of different sizes is also
important, since by varying both the NP size and the surface
composition one can aim for an optimal balance between
cellular uptake rates and circulation times,** which depend on
the degree of opsonization and recognition by the mononuclear
phagocyte system.

In summary, immobilization of oppositely charged MUA and
TMA ligands onto NPs gives rise to a class of nanoions' ™’
that exhibit unique stability at low and high pH, sharp
precipitation at a pH corresponding to the neutralization of the
surface charge, and a degree of cellular uptake controlled by the
net charge. While the controllable cellular uptake is probably
the most immediately relevant application, we envision one
more intriguing avenue for future research: the ability to adjust
the precipitation point of the MC NPs could be used for pH-
specific biological targeting, especially of tumors, whose
extracellular pH (pH,) of ~6.5 is lower by about one unit
than the pH of the surrounding healthy tissue (under
physiological conditions, pH, ~ 7.4).>' =%
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"H NMR spectra of MUA and TMA ligands (@, = 1.6) in
DMSO-dy after etching of the AuNP cores, TEM images and
size distributions of MC NPs, experiments on the stability of
MC NPs, high-resolution images of MC NP uptake, and
detailed descriptions of experimental procedures. This material
is available free of charge via the Internet at http://pubs.acs.org.
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