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I
n the field of bionanotechnology for
biomedical applications (e.g., diagnosis
and therapy),1,2 the type of biological

structures that can be targeted by NPs,3

i.e., in reaching the cytoplasm, crossing the
nuclear membrane, or addressing particular
cellular receptors, are primarily determined
by their size,4 shape, and surface func-
tionalization.5,6 In particular, the surface
charge of NP-conjugates plays a critical role
in determining themolecular interactions of
NPs with their target cells. These interac-
tions could, in turn, determine intracellular
uptake and localization of the NPs, as well as
their biological functions.7 Although in prin-
ciple the negative membrane potential
of cells likely interacts more efficiently
with cationic particles due to electrostatic
interactions,8,9 the formation of a protein
corona and the evolution of theNP�protein
complex must also be taken into account.10

Cationic Au NPs have therefore attracted
great interest in recent years for transfect-
ing molecules into cells11�15 and for drug
delivery applications.16,17Unfortunately, there
are few studies that conjugated positively
charged ligand molecules as effectively as
their anionic counterparts do to Au NPs.18

Among the cationic ligands, a few reports
can be found of lipids,12,19 synthetic poly-
mers such as poly(ethyleneimine)20 or poly-
(allylamine),7 aminoalkanethiols,13,21�23 and
quaternary ammonium salts24,25 decorating
the surface of Au NPs.
The most direct approach for the synthe-

sis and cationic functionalization of Au NPs
is the one performed in aqueous solution
upon NaBH4 reduction in the presence of
cationic ligands.12,13,19,21 This method is
limited to a certain number of ligands, since
others undergo reduction or decomposi-
tion by the strong reductive environment.
Alternatively, the Brust�Schiffrin two-phase

methodologymakes use of a phase-transfer
process to prepare small Au NPs coated
with alkanethiolate monolayers by simply
varying the thiol�gold stoichiometry.26 The
particles can be repeatedly isolated from
and redissolved in common organic sol-
vents without irreversible agglomeration
or decomposition. Subsequent studies have
shown that a wide range of alkanethiolate
ligands can be employed in this same
protocol27,28 and also that the initial mono-
layer-protected clusters can be readily
modified through ligand place-exchange
reactions.29,30 However, this method is re-
stricted to very small particle sizes (from 1.5
to 6 nm). This strategy has largely been
used by Rotello and co-workers in order to
conjugate cationic aminoalkanethiols,17,22
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ABSTRACT The present work faces the rising

demand of cationic particles of different sizes for

biological applications, especially in gene therapies

and nanotoxicology studies. A simple phase-transfer

methodology has been developed for the functiona-

lization of gold nanoparticles (Au NPs) with a variety

of ligands, both cationic and anionic in aqueous

solution, employing different nanocrystal sizes with

narrow size distributions. Successful functionalization

has been demonstrated by UV�vis spectroscopy, DLS,

ζ-potential, and FTIR spectroscopy characterization of

the particles before and after the phase transfer. The intracellular uptake of the differently

charged Au NPs functionalized with peptidic biomolecules was investigated with human

fibroblasts (1BR3G) by ICP-MS analysis of the digested cells and confocal fluorescence

microscopy, which showed increased internalization of the cationic bioconjugates. Nuclear

targeting could be observed by TEM, suggesting that the cationic peptidic biomolecule is acting

as a nuclear localization signal.
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tetraalkylammonium salts,16,25 and amino acids11 to
Au NPs, which were then examined in a variety of
therapeutic uses. A third possibility involves citrate-
synthesized aqueous Au NPs, which presents the
advantage of simple surface functionalization and
permits the control of the core size from 8 to 150 nm
by adjusting the citrate-to-gold ratio.31 However, in this
case the direct negative citrate displacement by posi-
tively charged molecules causes multiple electrostatic
bridging, leading to irreversible agglomeration of the
conjugates.32�35 Therefore, only a few studies have
successfully prepared cationic particles upon surface
ligand exchange on citrate-synthesized Au NPs, which
involved a previous removal step of sodium citrate
either by displacement with thioctic acid23 or by
centrifugation.9 Such approaches led to either mixed-
ligand Au NP surfaces or unavoidable minor agglom-
eration effects, respectively.
When rethinking ways to obtain cationic NPs in

biological environments, it is worth mentioning that,
in contrast to aqueous protocols, organic synthetic
methods usually produce higher quality nanocrystals
with narrower dispersions and at high concentrations
due to the highly efficient steric stabilization. In this
work, we have successfully prepared high concentra-
tions (i.e., up to 3�4mM of 13 nmNPs) of both cationic
and anionic Au NPs in aqueous solution by means of a
phase-transfer methodology employing a variety of
nanocrystal sizes (4, 9, and 13 nm) with narrow size
distributions (Figure 1). The key was to use intermedi-
ate transfer agents and solvents in a precise sequence.
We first employed 11-amino-1-undecanethiol as a case
model ligand to optimize the synthetic procedure,

which was then successfully applied for the conjuga-
tion of two identical peptidic biomolecules terminat-
ing in either positive (NH3

þ) or negative (COO�)
charged groups. Our size of choice was 13 nm Au
NPs, as this is the typical size of particles normally used
for delivery and cellular uptake,36�38 probably based
on the fact that large NPs can easily accommodate an
increased and combined biological load while still
being able to penetrate and cross cell membranes.
The effect of the surface charge of these Au NP-
bioconjugates was finally investigated in the cellular
uptake and intracellular localization on human fibro-
blasts (1BR3G).

RESULTS AND DISCUSSION

Preparation and Characterization of NPs. A range of
different sizes of Au NPs (4, 9, and 13 nm) were initially
synthesized in toluene as solvent in the presence of
alkylamine surfactants. The choice of these particle
sizes was based on size-dependence studies reported
in the literature,39 where phase transfer was 100%
successful for ∼4 nm Au NPs, but ∼13 nm Au NPs
did not transfer at all. In the case of Au NPs of 4 nm, the
synthesis was carried out following the Brust�Schiffrin
protocol by NaBH4 reduction in the presence of
dodecylamine,26 while 9 and 13 nm Au NPs were
prepared using oleylamine as both the reducer and
surfactant simultaneously.40 Alternatively, Au NPs
of 4 nm were also first synthesized in the aqueous
phase upon NaBH4 reduction in the presence of
sodium citrate and then transferred into toluene using
an amphiphilic ligand such as tetraoctylammo-
nium bromide (TOAB). All the syntheses resulted in

Figure 1. (A) Schematic representation of the phase-transfermechanism for the preparation of cationic Au NPs (not drawn to
scale). (B) View of highly concentrated Au NPs (∼13 nm) suspended in chloroform (left) and after phase transfer into an
aqueous solution using 11-amino-1-undecanethiol (AUT) (right). (C) TEM image of the Au NPs after phase transfer with AUT.
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monodispersed and good-quality starting materials as
observed by TEM, UV�vis spectroscopy, and dynamic
light scattering (DLS) (Table 1 and Supporting Informa-
tion, Figures S1, S2, and S3). After a proper elimination
of excess reagents remaining from the syntheses by
centrifugation, and subsequent redispersion of the
particles into more polar solvents such as chloroform,
surface functionalization was performed by a ligand-
exchange procedure. Procedures that allow the trans-
fer of Au NPs from organic to aqueous solvents have
recently attracted much attention,41,42 which typically
involve the synthesis and stabilization of the nano-
crystals in the presence of an alkanethiol. As an alter-
native to this, the current study deals in the first step
with the use of an alkylamine as both a weaker reducer

for Au3þ-precursor and a weak binding surfactant, so
that NPs are produced under mild conditions. The
subsequent replacement at the interphase of alkyla-
mine surfactants by aqueous-soluble thiol-containing
ligands that render hydrophilicity to the final NP-con-
jugate facilitates the transfer into the aqueous phase.
This methodology overcomes the difficulties encoun-
tered in place-exchange reactions with alkanethiolate
monolayers (R1S vs R2S), in which the rate and equilib-
rium stoichiometry are controlled by the mole ratio of
R2SH to R1S units, their relative steric bulk, and R1 vs R2
chain lengths.30

Functionalization with AUT. Initial studies were carried
out with 11-amino-1-undecanethiol (AUT), an ami-
nealkanethiol with a positive charge at neutral pH. As

TABLE 1. UV�Vis Wavelength of Absorption Maximum, Number Size by DLS, and ζ-Potential Values of Au NPs

Transferred from Chloroform (before) into Aqueous Phase (after) with AUT and Peptidic Biomolecules CIPGNVG-

PEG-NH2 and CIPGNVG-PEG-COOH

λmax (nm) hydrodynamic diameter in nm (PDI) ζ-potential in mV (std dev in mV)

sample ligand before after before after after

Au NP (4 nm)

AUT

521.0 521.0 9.2 (0.2) 7.6 (0.5) þ43.0 (10.0)
Au NP (4 nm) aqueous 525.5 522.0 14.5 (0.5) 10.9 (0.5) þ23.6 (13.0)
Au NP (9 nm) 523.0 520.0 9.8 (0.2) 11.9 (0.8) þ45.6 (8.4)

Au NP (13 nm)

AUT

523.0

519.0

11.1 (0.2)

14.1 (0.5) þ24.3 (8.4)
CIPGNVG-PEG-NH2 520.0 14.5 (0.3) þ10.0 (8.4)
CIPGNVG-PEG-COOH 520.0 16.1 (0.3) �41.5 (5.6)

Figure 2. Normalized UV�vis absorption spectra of Au NPs before (dashed black line) and after phase transfer with AUT
ligand (red line) employing different types of as-synthesized Au NPs: (A) dodecylamine-capped Au NPs (4.6 ( 1.1 nm) in
toluene, (B) TOAB-AuNPs (4.9( 1.7 nm) in toluene after phase transfer from aqueous solvent, and oleylamine-cappedAuNPs
of (C) 8.9 ( 1.7 nm and (D) 13.4 ( 1.6 nm, both in toluene.
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shown in Figure 1B, Au NPs of ∼13 nm in diameter
could be successfully transferred from chloroform into
water using AUT at neutral pH, which led to 15-fold
concentrated samples. TEM analysis of the cationic
AUT-functionalized Au NPs of different sizes in water
showed similarity in particle size and size distribution
in comparison to as-synthesized NPs (data not shown),
together with no sign of agglomeration. Surface func-
tionalization of the Au NPs with AUT could be followed
by variations of the surface plasmon resonance (SPR)
peak in the UV�vis spectra (Figure 2 and Table 1),
whose absence of broadening further confirmed the
stability of NPs after the phase-transfer process. Inmost
of the cases, a blue-shift of about ∼3 nm of the SPR
peak was observed after phase transfer, which is
indicative of amodification of the surface environment
of the NP, probably as a consequence of a replacement
of capping ligands. Only in the case of 4 nm Au NPs
synthesized in toluene could no significant variation of
the SPR absorption peak be observed. Hydrodynamic
diameter measurements by DLS indicated a slight
variation of ∼2�4 nm in diameter in all cases, which
due to the different nature of the solvents and the
subsequent double layer formed was unable to corro-
borate the exchange of ligands. However, the positive
surface charge of the conjugates (between þ23.6 and
þ45.6 mV) confirmed the new cationic coating of the
particles. The efficiency of the phase transfer was
evaluated by employing different concentrations of
AUT both under a 0.5 molar defect over the estimated
NPs' complete coverage and also under 1-, 5-, and 10-
fold molar excess of AUT (Figure 3A). In all cases the Au
NPs transferred well, but a defect in the ligand made
the NPs immediately agglomerate in the aqueous
phase, as observed in the UV�vis absorbance spectra,
probably due to the poor stabilization of theNP surface
caused by the incomplete coating of the surface. A
successful phase transfer to the aqueous layer was also
obtained from Au NPs (∼13 nm) dispersed in a set of
different organic solvents (toluene, DCM, and THF)
(Figure 3B).

Functionalization with Peptidic Biomolecules. Peptides
were chosen as archetypical ligands because of their
chemical properties analogous to those of proteins,
their versatile chemistry, which provides the functional
groups found in the 20 natural amino acids, and their
ability to form self-assembled monolayers at the sur-
face of nanomaterials.43 In our previous studies, bio-
molecules based on the peptide sequence (CIPGNVG)
with two different C-terminal PEG moieties, ending in
either amine (�NH2) or acidic (�COOH) functional
groups, were tested.34 The choice of these types of
biomolecules was based on their interest in cosmetics
to stimulate collagen production. We decided to
employ the same ligands as a proof-of-concept of
the phase-transfer methodology developed in the
present work and to provide robust and scalable

methodologies for preparing cationic Au NPs. The
design of the peptide sequence took into account
the need to have a strong affinity for Au surfaces via
Cys residues, the ability to self-assemble into a dense
layer that excludes water due to the hydrophobic
residues, and a hydrophilic PEG terminus to ensure
high solubility in water. Under the same reaction
conditions as with the AUT ligand, oleylamine-
stabilizedAuNPs (∼13nm indiameter) couldbe transfer-
red from chloroform into water using a 50-fold molar
excess of peptidic biomolecules CIPGNVG-PEG-NH2

or CIPGNVG-PEG-COOH. As in the case of AUT, the
UV�vis spectrum of Au NPs after phase transfer and
surface functionalization showed a blue-shift of the
SPR peak (3 nm) for both negative and positive
peptidic bioconjugates (Table 1). Hydrodynamic dia-
meter measurements by DLS indicated an increase
of ∼3�5 nm in diameter in both cases, with respect
to the volume size of oleylamine-stabilized Au NPs.
ζ-Potential measurements at neutral pH = 7.5 confirmed
either the cationic or the anionic nature of bioconju-
gates Au NP-CIPGNVG-PEG-NH3

þ (þ10.0 mV) and Au
NP-CIPGNVG-PEG-COO� (�41.5 mV), respectively,

Figure 3. (A) Normalized UV�vis absorption spectra of Au
NPs (∼13 nm) after phase transfer from chloroform into
water and surface functionalization using a 0.5-, 1-, 5-, and
10-fold molar excess of AUT. (Inset) Images showing the
phase-transferred NPs. (B) Normalized UV�vis absorption
spectra of Au NPs (∼13 nm) after phase transfer from a
variety of solvents and surface functionalization using 50-
foldmolar excess of AUT. (Inset) Images showing the phase-
transferred NPs.
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whose absolute values indicated a dense packing of
the ligands on the surface of the particles.

The successful refunctionalization of Au NPs after
the phase-transfer process was confirmed by FTIR
spectroscopy (Figure 4B). After the ligand-exchange
reaction, the band at 2912 cm�1 corresponding to the
C�H stretching mode next to the double bond of
oleylamine capping molecules is clearly eliminated. In
the meantime, the band at 1740 cm�1 corresponding
to the amide groups of the peptidic sequences is
detectable after the exchange reaction. Furthermore,
the spectral change in the 1450�1680 cm�1 region
seems to support the presence of bands correspond-
ing to the symmetric and asymmetric stretching
modes in the carboxylate group of the peptidic bio-
molecule CIPGNVG-PEG-COOH. It should be noted that
the peptidic-capped Au NPs could be lyophilized and
stored as a powder for further utilization, and when
redissolved in water, they display exactly the same
UV�vis absorption spectrum as before freeze-drying.
This is important since only a few nanobioconju-
gate preparations can be stored in the dry state
and then redispersed in water without irreversible
agglomeration.33 Analysis by TEM showed the forma-
tion of self-assembled monolayers of Au NPs, which is
indicative of the high solubility and mobility of the
particles in solution (Figure 4C, D).44 The ordered
arrangements of Au NPs have an interparticle spacing
of approximately 2�3 nm, which is slightly below the
limit of what would be expected for 2 times the size of
these biomolecules (∼3.2 nm in a stretched form,
Figure 4A). Such an observation could be an effect of

the drying process of the samples on TEMgrids and the
subsequent packing of the biomolecules.

Internalization Studies of Peptidic Bioconjugates. To study
the effect of the surface charge of Au NPs on the
interaction with biological systems, the two peptidic
biomolecules CIPGNVG-PEG-NH2 and CIPGNVG-PEG-
COOH, with identical core structures but differing only
in the functional end groups that give the net surface
charge at neutral pH, were chosen. The interaction of
NPs with the extracellular matrix results in the forma-
tion of a bioshell also known as a protein corona, which
accompanies the NP, confers biological identity, and
hardens with time (from transient to permanent).10,45

The stability of the bioconjugates was tested first after
incubation in borate buffer solution (2 mM, pH 8.5)
containing 10% FBS followed by dilution in cell culture
medium (CCM). No formation of agglomerates could
beobservedafter 24h (Supporting Information, FigureS4).
The CCM used contained 10% FBS, which is a
multicomponent fluid containing up to 1.8 mg/mL of
glucose and 70 mg/mL of proteins, among which
albumin is the most abundant (∼51% of total protein
content) followed by globulins (∼24% of total protein
content) and hemoglobin (<0.3% of total protein
content). UV�vis absorption spectroscopy allowed
easy monitoring of the interaction of both bioconju-
gates AuNP-CIPGNVG-PEG-NH3

þ andAuNP-CIPGNVG-
PEG-COO�with serum proteins, since the SPR is highly
sensitive to the NP environment and agglomeration
(Supporting Information, Figure S5 and Table S1). In the
case of anionic Au NP-bioconjugates, identical peaks
are observed in the CCM. Note that proteins are

Figure 4. (A) Minimum energy structure geometry of peptidic biomolecule CIPGNVG-PEG-NH2 calculated using ChemBio-
Draw 3D. (B) FTIR spectra of oleylamine-capped Au NPs before (black) and after the ligand-exchange reaction with CIPGNVG-
PEG-COOH (red) and CIPGNVG-PEG-NH2 biomolecules (blue). Representative TEM images of Au NPs (∼13 nm) functionalized
with peptidic biomolecules CIPGNVG-PEG-NH2 (C) and CIPGNVG-PEG-COOH (D) after the phase transfer from chloroform into
the aqueous phase.
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normally anionic, like these NPs, so the interaction is
weak. For the cationic bioconjugates, a peak shift is
observed, indicating a stronger NP�protein interac-
tion. In CCM one can observe a certain broadening of
the peak, which can be attributed to the purification
step when many cationic NPs share few anionic pro-
teins from the rest of the serum during the rinsing
phases, thus resulting in a certain degree of agglom-
eration. Regarding surface charge, starting from differ-
ent points, an evolution toward the surface charge of
the medium as time passes is observed for both
cationic and anionic bioconjugates. In these experi-
ments, the NPs are purified after a certain incubation
time, and the remaining protein irreversibly associated
with the particle surface is correlated with the size and
surface state of the NP�protein complex.10,45 Finally,
both incubated bioconjugates with only DMEM lead to
agglomeration after 5 h, which is due to the screening
of the electrostatic repulsion between the charged
terminus of the peptidic chains and is in agreement
with our previous studies of bioconjugate stability as a
function of the ionic strength.34 This result confirms the
presence of loosely bound proteins in the case of
anionic Au NP-bioconjugates, which are responsible
for the observed stability in CCM.

The intracellular uptake of the bioconjugates was
then tested in vitrowith human fibroblasts. 1BR3G cells
were incubated for 30 min, 1 h, and 3 h with two
different concentrations (0.5 and 5 nM NPs, correspond-
ing to approximately 5 and 50 μg of Au, respectively) of
either Au NP-CIPGNVG-PEG-NH3

þ or Au NP-CIPGNVG-
PEG-COO� in serum-containing medium. After centrifu-
gation the Au content of both the medium of the cells
after a certain incubation time and the pellets from the
trypsinized cells was determined by ICP-MS. As antici-
pated from the higher affinity of cationic molecules for
cell membranes, significantly all the cases showed a
higher uptake of the cationic bioconjugates when
compared with their anionic counterparts (Figure 5A).
The highest uptake (44.5%) could be observed for 5 nM
cationic Au NP-bioconjugates after 3 h, and a 10-fold
dilution of the particles resulted in 31.5% of uptake

during the same incubation time. This contrasts with
the maximum 5% of uptake observed in the best case
of internalization with anionic Au NP-bioconjugates
(incubation of 3 h at 5 nM NP concentration). We
assume that this technique may not distinguish be-
tween the internalized Au NPs and those attached on
the outside of cell membranes. However, Au NPs have
been recurrently seen to be endocytosed after inter-
acting with the membrane of cells in a process of a few
hours.36,46 Under this assumption the estimated number
of internalized/adsorbed cationic Au NP-bioconjugates
was 9.1� 107 per cell,47 which is much higher than other
reported values (approximately 2.0� 105 NPs per cell for
15.5 nm Au NPs) using similar methods.48

Cell viability on human fibroblast 1BR3G cells was
evaluated using the well-established XTT assay, which
measures the respiratory activity of the cells
(Figure 5B). Importantly, after 24 h of incubation with
both positive and negative Au NP-bioconjugates none
of the particles showed a significant toxicity at con-
centrations of 0.5 and 5 nM of NPs. This result is
significant given the high extent of cellular uptake in
the case of cationic Au NP-bioconjugates. Further
toxicity assessment was also performed by a standard
Trypan blue exclusion assay carried out after both 3
and 24 h of incubation with positive and negative Au
NP-bioconjugates at 5 nM NPs (Figure 6). Comparative
optical microscope images indicated that cells were
alive, as indicated by the absence of blue color. In
addition, optical microscope images after incubation
of Au NP-bioconjugates showed no sign of toxicity, as
the morphology of the cells was maintained and no
major detachment occurred (Supporting Information,
Figure S6). Overall, there was no indication of any
effects the particles might have on cell metabolism
or proliferation in the fibroblast 1BR3G cells tested.
However, we are well aware that the cell type can have
quite a significant role in the definition of suitable
pathways for detoxification of NPs, which has deep
implications for biomedical applications.49,50

Confocal fluorescence microscopy was used to
confirm and assess the enhanced uptake of NPs in

Figure 5. (A) Intracellular Au concentration as determined by ICP-MS as a function of time and (B) XTT cell viability test after 24 h,
both upon incubation of Au NP-CIPGNVG-PEG-NH3

þ and Au NP-CIPGNVG-PEG-COO� bioconjugates in human fibroblast (1BR3G)
cells. Data represent the average of three replicate wells with standard deviation.
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living cells. This technique is normally used to track
fluorescently labeled molecules, but here the Au NPs
were visualized by the light reflected when irradiated
with a laser at 488 nm. While fibroblast cells incubated
with AuNP-CIPGNVG-PEG-COO� (Figure 7B) presented
low-reflection signals, those incubated with Au NP-
CIPGNVG-PEG-NH3

þ (Figure 7A) showed increased re-
flected light both interacting with the cell membrane
and accumulated in the cytoplasm. After optical sec-
tioning (slides of 0.25 μm) and spatial reconstruction of
cells, confocal microscopy allowed the observation of
cationic Au NP-bioconjugates homogeneously distrib-
uted throughout the cytoplasm (Supporting Informa-
tion, movies 1 and 2). However, from the recon-
structions it was difficult to confirm nuclear localization

of the bioconjugates. In all the experiments, contrast
phase and bright field were used to assess normal cell
morphology and nuclei were labeled with DAPI. These
results confirm that cationic Au NP-bioconjugates bind
more efficiently to cell membranes and induce higher
levels of cellular uptake.

TEMwas used as themain tool for the localization of
the Au NPs inside the cells. Diffraction contrast
(Supporting Information, Figure S7) was employed to
unequivocally discriminate between Au NPs and the
other features of the cell, according to the high elec-
tronic density and crystallinity of gold. Cationic Au NP-
bioconjugates were incubated with fibroblast cells
for 3 h and were then found to be confined to the
endocytic vesicles as shown in Figure 8. This suggests
that the predominant route of cellular uptake is en-
docytosis and that the cationic NPs maintain some of
their cationic character and surface characteristics after
interaction with the extracellular matrix, at least during
the first hours of the in vitro experiment. It can be

Figure 7. Confocal images of human fibroblast (1BR3G)
cells incubated with Au NP-CIPGNVG-PEG-NH3

þ (A) and
Au NP-CIPGNVG-PEG-COO� (B) bioconjugates at 5 nM NP
concentrations for 3 h. Nuclei were stained with DAPI,
showing blue fluorescence. The scattering from Au NPs is
false-colored in red. Slides of 0.25 μm of the confocal
fluorescence, reflectance, and differential interference con-
trast transmission images were obtained independently
and then overlaid in a maximal projection mode. The scale
bars are ∼20 μm.

Figure 8. TEM images of human fibroblast (1BR3G) cells
incubated with Au NP-CIPGNVG-PEG-COO� (A, B) and Au
NP-CIPGNVG-PEG-NH3

þ (C�J) bioconjugates at 5 nM NP
concentrations for 3 h. (A, B) Cells incubated with Au NP-
CIPGNVG-PEG-COO� showing no NP uptake, (C�F) cells
incubated with Au NP-CIPGNVG-PEG-NH3

þ showing NPs
confined to endocytic vesicles, and (G�J) cells incubated
with Au NP-CIPGNVG-PEG-NH3

þ showing the presence of
NPs in the nucleus.

Figure 6. Toxicity of Au NP-CIPGNVG-PEG-NH3
þ and Au NP-

CIPGNVG-PEG-COO� bioconjugates at 5 nM NPs in human
fibroblast (1BR3G) cells as determined by the Trypan blue
test and analyzed by comparative optical microscope
images. Blue color represents dead cells.
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argued that with time, during the interaction of the
bioconjugates with the physiological medium, interac-
tion with serum proteins, and a progressive hardening
of the protein corona, agglomeration or chemical
modification of the functional groups may deactivate
these vectors. In our case, the positive surface charge of
the Au NPs may be responsible for an increased
interaction with the cell membrane, probably being
attracted and attaching to it due to the intrinsic
negative charge of the phospholipid bilayers. From
there, it appears that NPs do not penetrate and cross
the membrane but accumulate until the membrane is
recycled andNPs are internalized inside endosomes, as
TEM indicates. Notably, the cationic Au NP-bioconju-
gates within the endosomes show little stability
against agglomeration, which could be either due to
ligand-exchange reactions within the cell51 or the
result of the digestion of the ligand shell by proteases
inside the endosome. However, a large proportion of
the particles seem tomigrate toward the vicinity of the
nucleus, and indeed, nuclear localization of the Au NP-
bioconjugates could also be observed, which sug-
gested that the biomolecules were acting as nuclear
localization signals guided by their positive charge.
Apparently, inside the endosome the cationic biocon-
jugates are still active and may become even more
positively charged in the acidic environment of the late
endosomes/endolysosomes, resulting in membrane
perturbation as in the case of proton sponges,52 which
would justify the break of the endosome near the

nucleus and the consequent penetration of the catio-
nic Au NPs. Experiments to determine how the parti-
cles escape from the endosomes and enter the nucleus
are the subject of an ongoing study. Finally, in agree-
ment with ICP-MS and confocal studies, no significant
uptake was observed for anionic Au NP-bioconjugates.

CONCLUSIONS

In this work, the great potential and feasibility of the
phase-transfer methodology has been demonstrated
for different types of ligands (i.e., AUT, peptidic
biomolecules) to yield both anionic and cationic func-
tionalized AuNPs. In particular, thismethodovercomes
the agglomeration difficulties observed for conjuga-
tion of positively charged ligands in the presence of
negatively charged stabilizers such as citrate. Large
amounts of highly monodisperse and highly concen-
trated samples of cationic Au NPs have been obtained.
The enhanced affinity for cell membranes and up-
take of cationic bioconjugates over negative ones
has been demonstrated in the case of two ligands
with identical chemical core structure but just differ-
ing in the surface charge. The nuclear localization
observed for the cationic Au NP-bioconjugates up-
holds promising applications in gene delivery, where
oligonucleotides are loaded onto the particles and
are carried into the cells with potentially higher
efficiency than unbound DNA. Ongoing work fo-
cuses on elucidating the mechanism of endosomal
escape and nuclear entry.

EXPERIMENTAL SECTION

Materials. Sodium citrate, tetraoctylammonium bromide
(98%), dodecylamine (98%), oleylamine (70%), 11-amino-1-un-
decanethiol hydrochloride (99%), methanol anhydrous (99.9%),
ethanol (90%), toluene (99.8%), chloroform (99%), dichloro-
methane (DCM, 99.8%), and tetrahydrofuran (THF, 99.9%) were
purchased from Sigma-Aldrich and used as received without
further purification. Peptidic biomolecules CIPGNVG-PEG-
COOH and CIPGNVG-PEG-NH2 (PEG = polyethyleneglycol of
MW = 220) were synthesized following an Fmoc strategy and
solid-phase synthesis (bioNova Científica S.L., Spain). Stock
solutions (10 mM) of AUT and peptides were prepared upon
dilution in either Milli-Q H2O or in a (85:15) mixture of ethanol/
Milli-Q H2O, respectively, and the resulting solutions were
filtered using 0.2 μm filters and used immediately under sterile
conditions.

Characterization. UV�vis absorption spectra were recorded
with a Shimadzu UV-2401PC spectrophotometer at room tem-
perature. The samples were left to settle for 30 min before
measurements. Au NPs were visualized using a transmission
electronmicroscope, TEM (JEOL 1010, Japan), at an accelerating
voltage of 80 kV. The sample (10 μL) was drop-casted onto
ultrathin Formvar-coated 200-mesh copper grids (Tedpella Inc.)
and left to dry in air. For each sample, the size of 200 particles
was measured to obtain the average and the size distribution.
Digital images were analyzed with ImageJ software and a
custom macro performing smoothing (3 � 3 or 5 � 5 median
filter), manual global threshold, and automatic particle analysis
provided by ImageJ. The macro can be downloaded from
http://code.google.com/p/psa-macro. DLS and ζ-potential

measurements were obtained using a Zetasizer Nano ZS
(Malvern Instruments). Standard purification by dialysis, unless
otherwise stated, was performed using 16 mm membranes
(MWCO = 15 kDa) against distilled H2O (5000 mL). FTIR spectra
were recorded on a Tensor27 Bruker spectrometer equipped
with ATR (attenuated total reflection) from MKII Golden Gate,
Specac. The samples were liophilized for FTIR measurements.
Au content of the cell samples was determined by an Agilent
inductively coupled plasma mass spectrometry (ICP-MS) instru-
ment (model: 7500cx) with a detection limit of 0.02386 ppb.
Both the supernatant and the pellet samples were digested in
aqua regia at 100 �C before ICP-MS analysis. Ga was used as the
internal standard, and the integration time/point and time/
mass were 0.1 and 0.3 s, respectively, with a 3� repetition. The
confocal images were acquired using a Leica TCS SP5 epifluor-
escence/reflectance laser scanning confocal microscope with a
63� oil immersion objective. The excitation was provided by an
Ar multiline laser. Consistent laser intensity or camera exposure
levels for each fluorescent marker in each experiment were
used. Reflectance images were obtained with 488 nm laser
excitation. Images were treated using Leica Microsystems LAS
AF lite analysis software. Optical microscope images were
acquired using an inverted Nikon TS100F optical microscope
with an integrated Nikon DS-Fi2/U3 digital camera.

Synthesis of Au NPs (4 nm) in Toluene. Au NPs of ∼4 nm in
diameter were prepared in toluene by a modification of the
Brust�Schiffrin two-phase approach.26 Briefly, a solution of
30 mM HAuCl4 3 3H2O was first transferred from an aqueous
(30 mL) to a toluene (80 mL) solution containing TOAB (2.2 g,
50 mM), which was followed by reduction with a freshly
prepared aqueous solution of NaBH4 (25 mL, 0.4 M) in the

A
RTIC

LE



OJEA-JIMÉNEZ ET AL . VOL. 6 ’ NO. 9 ’ 7692–7702 ’ 2012

www.acsnano.org

7700

presence of dodecylamine (155.7 mg, 0.84 mmol). Particle size
was determined by DLS and TEM (Supporting Information, S1A).

Synthesis of Au NPs (4 nm) in Water and Phase Transfer to Toluene. Au
NPs of ∼4 nm were prepared in aqueous phase by the method
reported by Jana et al.53 Briefly, 0.6 mL of an ice-cold and freshly
prepared aqueous solution of 0.1 MNaBH4 was added dropwise
to 20 mL of an aqueous solution containing HAuCl4 3 3H2O (2.0
mg, 0.25 mM) and trisodium citrate (1.5 mg, 0.25 mM) under
vigorous stirring. The as-synthesized Au NPs were then trans-
ferred into toluene following reported procedures,39 by using
TOAB (0.7 g, 0.13 M) as the phase-transfer reagent at a H2O/
toluene volume ratio of 1:1. Particle size was determined by DLS
and TEM (Supporting Information, S1B).

Synthesis of Au NPs (9 and 13 nm) in Toluene. Au NPs of ∼9 and
∼13 nm in diameter were prepared in toluene in a one-pot
synthesis by a reported method.40 Briefly, a solution of
HAuCl4 3 3H2O (393 mg, 1 mmol) in toluene (50 mL) was mixed
with oleylamine (4.6 mL, 10 mmol), which acts as both the
reducing agent and surfactant of the resulting Au NPs. The
reaction mixture was kept under N2 protection and heated to
either 65 �C for 6 h or 115 �C for 3 h to obtain∼9 and∼13 nmAu
NPs, respectively. Particle size was determined by DLS and TEM
(Supporting Information, S1C and S1D).

Phase Transfer and Surface Functionalization of Au NPs. Methanol
(3 mL) was added to a solution of as-synthesized Au NPs in
toluene (5 mL), the cloudy mixture was centrifuged (3000 rcf, 5
min) to precipitate the particles, and the supernatant was
discarded. The resulting pellet was resuspended in toluene
(5 mL), and the complete cleaning process was repeated. The
particles were finally dispersed in chloroform (5 mL). In order to
ensure complete coating of the Au NPs, the phase-transfer
process was carried out in the presence of an excess of ligand
(calculated by the number of Au atoms at the surface of the NP
and assuming that each thiolated molecule occupies 21.4 Å2 of
the Au NP surface).54,55 A solution of the desired ligand in a 50-
fold molar excess, either AUT diluted in water or the biomole-
cule CIPGNVG-PEG-NH2 or CIPGNVG-PEG-COOHdiluted in etha-
nol (500 μL), was added dropwise to a solution of Au NPs in
chloroform (1 mL). In the case of AUT, immediate transfer was
observed after gentle vortexing. However, for the peptidic
biomolecules a few drops (approximately 300 μL) of 0.1 M of
either HCl or NaOH were required to form the respective
charged compounds, followed by some additional mixing.
The biphasic mixture was left to stand on the bench for about
10�30 min, during which it could be observed how the red
color of the organic solution was transferred into the aqueous
layer. The resulting bioconjugates in the aqueous layer were
exhaustively purified by dialysis against Milli-Q water with two
cycles of 24 h each in order to eliminate the excess nonconju-
gating molecules. NP functionalization and stability of the
bioconjugates were determined by UV�vis absorbance spec-
troscopy, DLS, and TEM. Similarly, experiments with different
ligand molar ratios were performed under the same reaction
conditions using Au NPs (∼13 nm) in chloroform and a 0.5-, 1-,
5-, and 10-foldmolar excess of AUT. A variety of organic solvents
of different polarity (toluene, DCM, and THF) were also em-
ployed besides chloroform in the same phase-transfer protocol
using Au NPs (∼13 nm) and a 50-fold molar excess of AUT.

Cell Culture and Particle Incubation. Human fibroblasts (1BR3G,
ECACC/Sigma-Aldrich) were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) under a humidified 10% CO2 atmosphere at 37 �C.
For Au NP uptake studies cells were seeded at a density of 105

cells per well in six-well plates. After 48 h cells werewashedwith
PBS, and fresh culturemedium (1mL) was added containing the
functionalized Au NP-bioconjugates. Previously to the incuba-
tion with cells, both conjugates Au NP-CIPGNVG-PEG-NH2 and
Au NP-CIPGNVG-PEG-COOH at a concentration of 50 nM of NPs
were irradiated with UV light for 1�2 h, incubated overnight
(1:2 dilution) in borate buffer solution (2 mM, pH 8.5) containing
10% FBS, and diluted in DMEM 10% FBS medium up to final
concentrations of 0.5 and 5 nM of NPs. All samples were
centrifuged (8000 rcf, 10 min) and resuspended in Milli-Q H2O
before UV�vis, DLS, and ζ-potential measurements were per-
formed to test the stability of the conjugates. After a certain

incubation time (30 min, 1 h, and 3 h), the medium of the cells
was collected for ICP-MS analysis, and the cells were washed
three times with PBS (1 mL), trypsinized (Trypsin-EDTA, 1 mL),
and centrifuged (400 rcf, 10min). The resulting pellets were also
collected for ICP-MS analysis. The percentage of cell-associated
particles was calculated relative to the total number of particles
used in the incubation medium and compared well with the
decrease of particles observed in the incubation medium after
cell exposure in all the cases.

For confocal studies cells were seeded at a density of 5� 10 4

cells per well on glass coverslips placed in six-well plates and
cultured at 37 �C and 10% CO2 in an incubator. After 48 h, cells
were washed with PBS, and fresh medium was added contain-
ing 5 nM of the functionalized Au NP-bioconjugates. After 3 h of
incubation, cells were washed three times with PBS (1 mL) and
fixed in ice-coldmethanol (1mL) for 15min at�20 �C. Methanol
was then allowed to evaporate before cells were washed three
times with PBS/0.005% Tween 20 (1 mL), and the nuclei were
stained with DAPI for 15min. Glass coverslips were mounted on
a slide with Fluoprep mounting medium (Biomerieux).

For toxicity determination 5 � 103 cells per well were
seeded in 96-well plates and incubated overnight to allow for
cell attachment. After overnight incubation, cells were washed
with PBS and fresh culturemedium (100 μL) was added contain-
ing the Au NP-bioconjugates at the desired concentration and
incubated for 24 h. Although the duplication time for the 1BR3G
cells is approximately 20 h, the cells did not reach confluency at
the end of the assay. The concurrent cell viability assay was
performed using the XTT assay (Biomedica) in 96-well plates
according to the manufacturer's instructions. In brief, XTT
reagent (20 μL) was added to the cell culture and incubated
for 2 h. After incubation the absorbancewas recorded at 450 nm
(reference wavelength 620 nm) in a microplate reader (Victor 3,
PerkinElmer). All conditions were performed in quadruplicate.
Cell viability was additionally determined by a Trypan blue dye
exclusion assay. After 24 h exposure to Au NP-bioconjugates,
the cells were rinsed with fresh medium in order to eliminate
excess Au NPs and 0.4% Trypan blue solution was added and
left for 3 min. The cells were then rinsed thoroughly with PBS
buffer and inspected under a phase contrast microscope.

For resin inclusion for TEM, cells were thoroughly washed
with PBS buffer after incubation and fixed in a 0.1 M PB solution
containing 2.5% glutaraldehyde at 4 �C for 1 h. The cells were
then rinsed three times with PBS and carefully collected in a
tube with a cell scraper. The cellular pellet was postfixed in 1%
osmium tetroxide solution for 1 h, rinsed with PBS and distilled
water, and dehydrated in a graded series of ethanol (30, 60, 70,
80, and 100%). Finally warm epoxy resinwasmixedwith ethanol
(1:1) for infiltration, and only resin was used for cell embedding
(60 �C, 48 h). Ultrathin sections (50 nm) were cut with a Leica
Ultracut UCT Ultramicrotome and stained with 5% uranyl
acetate in 50% ethanol and 2% aqueous lead citrate solution.
The sections obtained were imaged using a TEM (JEOL 1010,
Japan) at an accelerating voltage of 80 kV.
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