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Synthesis, Characterization, and Direct Intracellular
Imaging of Ultrasmall and Uniform Glutathione-Coated
Gold Nanoparticles

Alioscka A. Sousa,* Jeffrey T. Morgan, Patrick H. Brown, April Adams,
M. P. Suresh Jayasekara, Guofeng Zhang, Christopher J. Ackerson,
Michael J. Kruhlak, and Richard D. Leapman*

Gold nanoparticles (AulNPs) with core sizes below 2 nm and compact ligand shells
constitute versatile platforms for the development of novel reagents in nanomedicine.
Due to their ultrasmall size, these AuNPs are especially attractive in applications
requiring delivery to crowded intracellular spaces in the cytosol and nucleus. For
eventual use in vivo, ultrasmall AuNPs should ideally be monodisperse, since small
variations in size may affect how they interact with cells and how they behave in the
body. Here we report the synthesis of ultrasmall, uniform 144-atom AuNPs protected
by p-mercaptobenzoic acid followed by ligand exchange with glutathione (GSH).
Quantitative scanning transmission electron microscopy (STEM) reveals that the
resulting GSH-coated nanoparticles (Au(GSH)) have a uniform mass distribution
with cores that contain 134 gold atoms on average. Particle size dispersity is
analyzed by analytical ultracentrifugation, giving a narrow distribution of apparent
hydrodynamic diameter of 4.0 £ 0.6 nm. To evaluate the nanoparticles’ intracellular
fate, the cell-penetrating peptide TAT is attached noncovalently to Au(GSH), which is
confirmed by fluorescence quenching and isothermal titration calorimetry. HeLa cells
are then incubated with both Au(GSH) and the Au(GSH)-TAT complex, and imaged
without silver enhancement of the AuNPs in unstained thin sections by STEM.
This imaging approach enables unbiased detection and quantification of individual
ultrasmall nanoparticles and aggregates in the cytoplasm and nucleus of the cells.
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1. Introduction

Monolayer-protected gold nanoparticles (AuNPs) consti-
tute a versatile platform onto which small molecules such as
drugs and peptides can be attached, and as such they have
been intensely investigated for nanomedicine applications in
therapy and diagnostics.['°! For use in these types of applica-
tions, functional AuNPs must be generally capable of entering
cells efficiently.l”*] Previous studies have indicated that the
degree of AuNP accumulation inside cells depends on nano-
particle surface charge, nature of the ligand coating, as well as
nanoparticle size and shape.'™!5] Usually, AuNPs are inter-
nalized by endocytosis, and thus remain confined to endo-
somes and lysosomes with no general access to the cytosol or
nucleus.[®! In this scenario, the internalized AuNPs may be
unable to produce the desired biological response.

Among the many different classes of AuNPs varying in
both size and shape, ultrasmall nanoparticles (here defined to
have a gold core of less than 2 nm in diameter) have been
shown to be promising as drug delivery vehicles, intracellular
imaging probes, and in vivo imaging contrast agents.['20] Ag
drug delivery vehicles, it is expected that ultrasmall AuNPs
will show an increased probability of escaping from endo-
somes and diffusing in the cell cytosol and nucleus without
the hindrance of the crowded cellular environment.['72!] Con-
versely, larger nanoparticles may have a lower probability of
escaping from endosomes, reaching specific intracellular sites,
or entering the cell nucleus through the narrow channels of
nuclear pore complexes.

Several different protocols inspired by the Brust—Schiffrin
method??! have been employed to synthesize ultrasmall
organothiolate protected AuNPs. While it is now recognized
that these syntheses can produce magic number(?*] molecular
formulae that are especially stable, for instance Au,s(SR);g,
Auy(SR),, and Auyu(SR)e,2*?7 typical syntheses also
simultaneously produce kinetically trapped and less stable
(and usually less abundant) products with a wide range of
molecular formulae.?®! Thus, size uniformity is not always
easy to control in these preparations,*” yet highly uniform
or even molecularly pure AuNPs would be ultimately ideal
for biomedical and nanomedicine applications. For example,
relatively small differences in size can affect the behavior of
the AuNPs in the body (e.g., kidney versus liver clearance,
degree of extravasation and accumulation in tumors) as well
as how they interact with cells (e.g., mode and extent of cel-
lular uptake, intracellular distribution). Size is also an essen-
tial variable controlling the physiological properties of other
types of nanoparticles, such as quantum dots.!3%-3!]

In this work, we synthesize ultrasmall and uniform
AuNPs stabilized by p-mercaptobenzoic acid (pMBA) lig-
ands (Au(pMBA)). This nanoparticle has a presumed chem-
ical formula of Au,(pMBA), and a core diameter of 2 nm,
and is related to the 102-atom cluster Au,y,(pMBA),, whose
crystal structure has been recently determine by X-ray crys-
tallography.?>2032] In addition to being ultrasmall and uni-
form, both the 102- and 144-atom AuNPs can be synthesized
in relatively high yields and are amenable to being deriva-
tized for potential applications in biology.?*3*34 Synthesis
of Au(pMBA) is followed in this work by ligand exchangel’]
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with the natural tripeptide glutathione (GSH) to make the
nanoparticles more biocompatible and stable (Au(GSH)).

To characterize the size and degree of uniformity of
Au(pMBA) and Au(GSH) nanoparticles, we use high-angle
annular dark-field (HAADF) scanning transmission elec-
tron microscopy (STEM) and analytical ultracentrifugation
(AUC), two powerful techniques that have been somewhat
underutilized in the characterization of ultrasmall nanoparti-
cles for applications in nanomedicine. In the HAADF STEM
technique, image contrast scales approximately with the
square of the atomic number Z,°38] and thus AuNPs (Z =
79) adsorbed onto a thin carbon (Z = 6) support film appear
with high contrast as bright dots on a dark background. For
a nanoparticle of a particular element the integrated pixel
intensity is proportional to the mass. Thus, because STEM
images can be analyzed quantitatively,?’*! information
on a nanoparticle’s mass distribution can be obtained from
a histogram of net nanoparticle intensities, which provides
for a much more robust metric of particle uniformity than
does the particle’s diameter. In comparison, the common
approach of measuring nanoparticle size from traditional
bright-field TEM images can be imprecise and lead to under-
estimated measurements of size uniformity. When imaged in
bright-field TEM, ultrasmall AuNPs give rise to intrinsically
low contrast, which falls with decreasing nanoparticle size.
Moreover, the limited number of pixels contained within
individual AuNPs makes it difficult to define their boundary
and thus to determine their diameters accurately. To measure
hydrodynamic size distributions of the ultrasmall AuNPs, we
use analytical ultracentrifugation, which is a technique that
has become increasingly important in the characterization of
nanoparticles for biological applications.?*>* One partic-
ular advantage of AUC over other methods such as dynamic
light scattering is that high-resolution size-distributions can
be obtained resulting from hydrodynamic separation of spe-
cies by centrifugal force. This separation is achieved through
differences in sedimentation rates due to heterogeneity in
particle size and shape.

Following the synthesis and characterization of the ultra-
small AuNPs, we show next that the TAT cell-penetrating
peptidel®! (CPP) can be attached to Au(GSH) via noncova-
lent interactions. We then incubate HeLa cells with Au(GSH)
and the Au(GSH)-TAT complex and track the intracellular
fate of the nanoparticles using STEM. Images are acquired
from samples that have not undergone heavy-metal staining
or silver enhancement of the AuNPs, thus providing a route
for unbiased detection and quantification of individual ultra-
small nanoparticles and small aggregates inside the cells.

2. Results and Discussion

2.1. Synthesis and Characterization of Au(pMBA)

Au(pMBA) nanoparticles were first characterized by UV-vis
spectroscopy. The UV-vis spectrum displayed in Figure 1A
is characteristic of AuNPs having a core diameter of about
2 nm, since there is no surface plasmon absorption peak at
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Figure 1. A) UV-vis spectra of Au(pMBA), pMBA ligands, and Au(GSH)
before (dashed line) and after (solid line) purification. B) *H NMR
spectrum of Au(GSH) shows peaks at chemical shifts in the range from
3.5 to 5 ppm, corresponding to GSH ligands attached to the surface of
the nanoparticle. This same spectrum does not show any peaks around
8 ppm, consistent with complete exchange of pMBA for GSH during
ligand exchange. The intense peak at about 4.8 ppm (which has been
truncated) is due to D,0.

around 500 nm but only a weak shoulder near this wave-
length.[*] The spectrum also shows a peak around 280 nm
originating from the pMBA ligands.

HAADF STEM imaging confirmed that synthesis of
Au(pMBA) led to a very uniform population of nanoparticles

® ()

Figure 2. HAADF STEM images for A) Au(pMBA) and B) Au(GSH) AuNPs. The intensity scale is

the same in both images. Scale bar, 20 nm.
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with a core diameter of 2.0 £ 0.2 nm (Figure 2A). To better
assess quantitatively the uniformity of core sizes, however, we
plotted a histogram of integrated intensities for 2000 AuNPs
and fitted the histogram to a Gaussian distribution centered
at 144 atoms (Figure 3A). We have verified independently the
approximate core mass of Au(pMBA) by comparing intensi-
ties with the ~67-Au atom AuNP (Nanogold®).[*7#8] Assuming
that Au(pMBA) nanoparticles have an average diameter
of 2.0 nm and constant density, the full width at half max-
imum (FWHM) of the histogram translates to an extremely
small range of core sizes from 1.9 to 2.1 nm (Figure 3A).
The variation in core mass as given by the FWHM is prob-
ably lower since shot noise in the STEM dark-field signal and
background estimation of the image intensity both contribute
to the measured spread in AuNP intensity.

The ligand shell in addition to the gold core defines the
hydrodynamic size of AuNPs in solution. The hydrodynamic
diameter of Au(pMBA) clusters in phosphate buffered solu-
tion (PBS) was measured by dynamic light scattering (DLS),
yielding an approximate value of 4.5 £ 0.5 nm (n = 6; where n
refers to number of measurements). DLS, however, does not
have sufficient resolution to yield detailed information on
hydrodynamic size dispersity.

Thus, the hydrodynamic size uniformity of the nanopar-
ticles was assessed by AUC. Figure 4A shows the raw sedi-
mentation velocity profiles acquired for Au(pMBA) particles.
The data are well-described by a continuous distribution of
non-interacting particles (higher panel), with a root-mean-
square difference (rmsd) of 0.00519 absorbance units (lower
panel). The resulting sedimentation coefficient distribution
exhibits a main peak with a weight-average sedimentation
coefficient s, of 18.7 S (distribution not shown). Figure 4B
shows the apparent-size distribution obtained by conversion
of the sedimentation coefficient distribution. Accurate esti-
mation of a hydrodynamic radius requires knowledge of the
particle density, and in this experiment we have used a value
(4.51 g/em?®) recently published for particles of a similar size
and composition.[*] While this value may lead to errors in
the absolute value of the hydrodynamic radius, it would not
affect the ability to draw conclusions regarding the overall
homogeneity of the distribution of particle sizes. A narrow
distribution of apparent particle diameters
is observed, namely D, =3.6 = 0.2 nm with
the error representing the FWHM of the
main peak.

2.2. Ligand Exchange with Glutathione

Taken together, the above data show that
Au(pMBA) is small and extremely uni-
form, thus constituting an interesting plat-
form for applications in nanomedicine.
However, to ensure the biocompatibility
of the nanoparticles, we attempted to sub-
stitute the pMBA ligand for GSH through
a ligand exchange reaction. It was not
clear a priori if most or all pMBA could
be substituted for GSH, while maintaining
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spectrum for the analogous 102-atom gold
cluster shows a completely smooth decay
near 500 nm,3 it is thus reasonable to
assume that the Au(GSH) AuNP contains
between 102 and 144 gold atoms.
Although UV-vis demonstrated suc-
cessful ligand exchange of pMBA for GSH,
the sensitivity of the technique is not high
enough to establish whether the exchange
was complete. We therefore utilized NMR
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Figure 3. Histograms of integrated intensities represented in terms of number of gold atoms
for A) Au(pMBA) and B) Au(GSH) AuNPs. Fitted Gaussian functions are centered at 144 and

134 atoms in (A) and (B), respectively. Size of histogram bin is 10 atoms.

Number of Au atoms

to verify with high accuracy the degree
of ligand exchange of pMBA for GSH
(Figure 1B). First, 'H NMR of Au(GSH)
showed peaks at chemical shifts in the
range from 3.5 to 5 ppm, corresponding
to GSH ligands attached on the surface
of the nanoparticles.[’2l Moreover, the 'H

NMR spectrum of Au(GSH) showed no
peaks near 8 ppm that could be attribut-
able to the aromatic protons of pMBA lig-
ands, indicating therefore that the ligand
exchange reaction reached completion.
STEM imaging showed no obvious
difference between the Au(GSH) and
Au(pMBA) nanoparticles (Figure 2).
However, a quantitative analysis of the
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Figure 4. Analytical ultracentrifugation analysis of nanoparticles. A) Sedimentation velocity
profiles for Au(pMBA) (higher panel). The best-fit Lamm equation solutions are shown in
overlay (solid lines). The residuals with an rmsd = 0.00519 OD (lower panel). B) Apparent
hydrodynamic radius distribution for Au(pMBA) (solid trace) and Au(GSH) (dashed trace)
nanoparticles obtained by transformation of the sedimentation coefficient distribution,
assuming a particle density of 4.51 g/cm>. Dy, = 3.6£0.2 nm for Au(pMBA) and 4.0 £ 0.6 nm

for Au(GSH).

the original core size and excellent degree of uniformity of
Au(pMBA). In the ligand exchange of up to ~50% of the
ligands on Au(pMBA), ligand exchange is a straightforward
1:1 stoichiometric reaction, proceeding through an associa-
tive mechanism.’”! In more aggressive ligand exchange con-
ditions, oxidative etching of the inorganic core producing
(RS-Au-), oligomers can become a competing reaction.l!]
While the exact details of the interplay between etching and
exchange are unclear, our 10:1 incoming ligand feed ratio
and 2 h time course are consistent with conditions that might
give complete ligand exchange accompanied by some AuNP
etching.

A UV-vis spectrum obtained after ligand exchange
with GSH but before purification shows that the peak due
to pMBA is shifted to 300 nm, which now coincides with
the peak position from a solution of free pMBA molecules
(Figure 1A). After washing extensively by centrifuge filtration,
the peak at 300 nm disappears revealing the spectrum of pure
Au(GSH) in solution. Interestingly, the shoulder near 500 nm
for Au(GSH) is less prominent than that for Au(pMBA), sug-
gesting that the parent 144-atom gold core might have been
slightly etched during ligand exchange. Because a UV-vis

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

' 5 STEM images for Au(GSH) revealed

smaller integrated intensities compared
to Au(pMBA). Two thousand Au(GSH)
nanoparticles were analyzed from a total
of 15 images collected over three different
days. Using the 144-atom Au(pMBA) as a
calibration standard, the Gaussian func-
tion fitted to the Au(GSH) histogram was
then found to be centered at 134 atoms
(Figure 3B). The difference between 144
and 134 gold atoms for Au(pMBA) and
Au(GSH) is relatively small (7%) but statistically significant
(p < 0.001). This difference in numbers of atoms is also con-
sistent with the UV-vis results discussed above. The histo-
grams in Figure 3A,B also indicate that the distribution of
integrated intensities is slightly broader for Au(GSH) than
for Au(pMBA). Assuming a constant core density, an analysis
of the Gaussian FWHM for Au(GSH) translates into an esti-
mated range of core sizes of 1.8-2.1 nm.

DLS was utilized to measure the hydrodynamic diameter
of Au(GSH), yielding a value of 4.5 £ 0.8 nm (n = 4). The
apparent hydrodynamic radius distribution determined by
AUC is shown in Figure 4B. It was obtained by conversion of
the sedimentation coefficient distribution assuming the parti-
cles to have the same density as the Au(pMBA) particles. The
weight-average diameter of the distribution is 4.0 nm with a
FWHM of 0.6 nm. It is conceivable that the apparent differ-
ence in size between Au(pMBA) and Au(GSH) (3.6 versus
4 nm) is less pronounced, since the transformation does not
take into account any potential differences in particle density.
Contributions to this difference may come about by the rela-
tive amount of stabilizing ligand attached to the gold surface
or from differences in hydration. Figure 4B also shows that

small 2012, 8, No. 14, 2277-2286
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the width of the distribution is slightly larger for Au(GSH)
compared to Au(pMBA) (0.6 versus 0.2 nm), indicating
ligand exchange introduced a small degree of heterogeneity
to the resulting Au(GSH) nanoparticles.

We also measured the Zeta potential of the AuNPs at pH
7.2 before and after ligand exchange, obtaining —18.4 + 1.1 and
-159£1.2 mV for Au(pMBA) and Au(GSH), respectively.

Overall, the above results indicate that ligand exchange
of Au(pMBA) with GSH can be successfully performed, since
the reaction seems to reach completion and the Au(GSH)
product maintains its size relative to the Au(pMBA) starting
material. Although the size uniformity of Au(GSH) is slightly
lower compared to Au(pMBA) as a result of ligand exchange,
4.0 £ 0.6 nm still constitutes a very tight size distribution for
potential applications of Au(GSH) in biology. In future, it will
be interesting to test whether Au(pMBA) can also undergo
successful ligand exchange reactions with other suitable mol-
ecules (e.g., thiolated oligoethylene glycol) while maintaining
the original core size and monodispersity.

2.3. Electrostatic Binding of TAT to Au(GSH)

The attachment of CPPs to nanoparticles and other types of
cargo can enhance cellular uptake by endocytosis with poten-
tial intracellular delivery to the cytosol and nucleus.*!-53-7]
Because the Au(GSH) were negatively charged, we tested
whether the polycationic TAT CPP could be attached to
the nanoparticles via electrostatic interactions. To measure
the degree of association between TAT and Au(GSH) con-
veniently through fluorescence, we used a TAT peptide
with a carboxyfluorescein fluorescent dye (FAM) attached
to its N-terminus. With this setup, a strong fluorescence
quenching®8%% of FAM in the presence of the nanoparticles
would indicate close proximity between TAT and Au(GSH),
thus implying association by electrostatic binding.

Figure S5A shows that the fluorescence intensity from a
1 um TAT solution decreased dramatically upon addition of
0.5 um Au(GSH). Because these are relatively small concen-
trations, collisional quenching cannot exclusively account for
the high degree of quenching (~ 90%) observed in Figure SA.
Instead, the fluorescence quenching must be due to close
binding between TAT and Au(GSH). Moreover, most of

small

the quenched fluorescence emission could be recovered
by adding NaCl (Figure 5B), adding further evidence that
TAT binds to Au(GSH) electrostatically. For comparison,
Figure 5C reveals that FAM in the presence of Au(GSH)
underwent a much less significant degree of fluorescence
quenching. Because FAM and Au(GSH) are not expected to
bind to one another, the small decline in FAM fluorescence
as a function of AuNP concentration can be now explained
by collisional quenching between FAM and Au(GSH).[l To
see this more clearly, a characteristic Stern—Volmer (S-V)
plot was generated from the data in Figure 5C. As expected,
the computed S-V plot is linear with an intercept of unity
(Figure 5C, inset). The slope of the curve, defined as the S-V
collisional quenching constant (Kgy), was found to be 5.5 x
10° M~ This measured Kgy is in good agreement with previ-
ously determined Ky, values for the collisional quenching of
different fluorophores by a similarly sized gold nanoparticle
having 140 Au atoms.[*]

The binding between TAT and Au(GSH) was also con-
firmed by isothermal titration calorimetry (ITC), which
showed decreasing heats of injection as TAT was titrated into
a solution of Au(GSH) (Figure 6A). Integration of the heats
and normalization to the molar ratio of TAT to Au(GSH) in
the reaction cell resulted in the binding isotherm displayed in
Figure 6B, which we used to derive a binding stoichiometry
of 2.35 £ 0.02 TAT molecules per Au(GSH). We also found
that the binding of TAT to Au(GSH) had a dissociation con-
stant, Ky, of 56 = 14 nm.

2.4. Intracellular Imaging of Au(GSH) Nanoparticles

Here we investigate the intracellular distribution of Au(GSH)
with and without the presence of TAT bound to the nanopar-
ticle surface. Cell uptake experiments using Au(GSH)-TAT
were carried out at a solution concentration of 2 um and at
a 1:1 molar ratio Au(GSH):TAT. These solutions were stable
over many days without the formation of visible nanoparticle
aggregates. However, we observed that the addition of TAT
at higher molar ratios (approximately >4) could induce aggre-
gation of the AuNPs. Using a Trypan Blue exclusion assay,
we also determined that the Au(GSH) nanoparticles were
not acutely cytotoxic in the concentration range of 1-10 uM.
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Figure 5. Binding of TAT to Au(GSH) assessed by fluorescence quenching. A) Fluorescence emission spectra from a 1 um solution of FAM-labeled
TAT in the absence (dashed curve) and presence of 0.5 um Au(GSH). B) Fluorescence spectra from a 1 um solution of Au(GSH)-TAT in the presence
of 0, 0.25 and 1 m NaCl (from bottom to top). Dashed curve corresponds to a 1 um control solution of FAM-labeled TAT. C) Fluorescence emission
spectra from a 1 um solution of FAM in the presence of increasing amounts of Au(GSH) (from top to bottom: 0.02, 0.04, 0.1, 0.2, 0.3, 0.4, 0.5 um).
Dashed curve corresponds to a 1 um control solution of FAM. Inset is a Stern—Volmer plot obtained using the fluorescence data in (C).
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Figure 6. Binding of TAT to Au(GSH) assessed by isothermal titration
calorimetry. A) Heat flow with subsequent injections of TAT into a
Au(GSH) solution. B) Binding isotherm obtained by integration of the
thermogram. The curve indicates rapid binding of TAT to Au(GSH) with a
saturation of binding sites. The data are well described by a single site
model, with a TAT to Au(GSH) molar ratio of 2.35 + 0.02 and binding
constant of 56 = 14 nw.

Cell viability was around 90 + 3% for all concentrations, and
the same as that of control experiments where the cells were
incubated in PBS only (data not shown).

HeLa cells were incubated with Au(GSH)-TAT for
1 h and processed for electron microscopy imaging. Impor-
tantly, during sample processing, we did not employ osmium
tetroxide or any other heavy metal compound. The lack of
heavy-metal contrast agents allows ultrasmall Au(GSH)
nanoparticles to be visualized by STEM in thin plastic-
embedded cell sections without silver enhancement, thus
providing a route for entirely unbiased detection of the
AuNPs inside the cells. Silver enhancement, on the other
hand, can produce false positives by auto-nucleation of
silver particlesl®l and/or cause coalescence of nearby
Au(GSH) AuNPs into larger particles. The lack of heavy-
metal contrast agents also rules out the possibility of mis-
taking ultrasmall nanoparticles to electron dense nanosized
artifacts.[3-02-64]
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Figure 7 shows a few representative STEM images of
Au(GSH) nanoparticles inside HeLa cells. Despite the lack of
heavy-metal contrast agents, dark-field STEM images allow a
clear delineation of the cytoplasm and nucleus (Figure 7A,
left panel). Moreover, the dispersed areas with bright con-
trast in the nucleus correspond to regions of condensed chro-
matin, and the large round bright area also in the nucleus
corresponds to the nucleolus (Figure 7A). In Figure 7B,C,
nanoparticles outside the nucleus appear clustered together
and confined to small areas, strongly suggesting that they
are inside endosomes (see arrows). In Figure 7B, two larger
aggregates (arrowheads) are seen within only 5-10 nm of the
nuclear membrane, strongly suggesting that these particles
may be free in the cytosol. In Figure 7A and B, Au(GSH)
nanoparticles are visible inside the nucleus in the form of
small aggregates ranging in size from about 4 to 18 nm.

Surprisingly, the intracellular distribution of Au(GSH)
without TAT was remarkably similar to that as described
above for Au(GSH)-TAT (data not shown). Importantly,
Au(GSH) nanoparticles could also be observed in the nucleus
of HeLa cells. One explanation for this result is that Au(GSH)
has an intrinsic ability to escape from endosomes and access
the cytosol and nucleus. Another possibility would involve
direct crossing of the plasma membrane by the nanoparticles
according to an energy-independent mechanism. In fact, a
few recent studies have offered strong evidence that, given
the right conditions of capping layer composition and organi-
zation, small gold nanoparticles as well as quantum dots are
able to cross the plasma membrane of living cells.[!1-15:65.60]
However, in studies involving nanoparticle localization by
electron microscopy, we cannot discount the fact that chem-
ical fixation could potentially lead to the intracellular redis-
tribution of nanoparticles. This issue needs to be investigated
further in future studies.

The ability afforded by STEM to visualize ultrasmall
AuNPs without silver enhancement in suitable speci-
mensl®~7% is unique in that it enables counting the number
of individual Au(GSH) AuNPs contained in larger aggregates
in the cytosol and nucleus. We show in Figure 8 nanoparti-
cles of different sizes for which we measured their number of
gold atoms using Au(GSH) as a calibration standard. Some
nanoparticles were found to contain 133-174 gold atoms,
consistent with single Au(GSH) AuNPs, whereas other nano-
particles contained 265-295 atoms, which presumably were
aggregates comprising two individual 134-atom Au(GSH)
AuNPs. Much larger aggregates were also found with as many
as 1500 gold atoms.

It is interesting to consider the primary cellular site where
nanoparticle aggregates such as those observed in the nucleus
(e.g., see rightmost panels in Figure 7A,B) are formed. First,
however, we note that the possibility of Au(GSH)-TAT coa-
lescing into small aggregates prior to being added to the cells
can be ruled out by an AUC analysis of Au(GSH)-TAT solu-
tions. Specifically, based on the rotor speed and particle den-
sity, it is expected that Au(GSH)-TAT particle aggregates as
large as 29 nm would have been detected in solution by AUC
if present at concentrations within the linear range of the
optical system. By contrast, only a single size distribution curve
centered at D}, =3.8 £ 0.3 nm was detected for Au(GSH)-TAT

small 2012, 8, No. 14, 2277-2286
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Figure 7. Intracellular imaging of Au(GSH) nanoparticles. A) i) Dark-field STEM imaging allows a clear delineation of the cytoplasm and nucleus in
plastic-embedded Hela cells prepared with no heavy-metal contrast agents. ii) Higher magnification image of the region marked with an asterisk
in (i). iii) Expanded views of the regions marked with asterisks in (ii). In (iii), small Au(GSH) nanoparticle aggregates are visible inside the nucleus.
B) i) Au(GSH) nanoparticles both in and outside the nucleus. Nanoparticles outside the nucleus appear mostly clustered together and are likely
to be inside endosomes (arrow). Nanoparticles marked with arrowheads appear isolated and are within 5-10 nm of the nuclear membrane,
suggesting they are free in the cytosol. i) Expanded view of the region in the nucleus marked with an asterisk in (i). C) Au(GSH) nanoparticles

nucleolus; Cy, cytoplasm. The dashed lines mark the boundary between the nucleus and cytoplasm.

(data not shown), implying that small Au(GSH) aggregates
must form necessarily in the presence of the cells. Thus, it
is possible that Au(GSH) aggregates observed inside the
nucleus were produced by the coalescence of single ultra-
small AuNPs in the cytosol or nucleus after they escaped
from endosomes. Alternatively, nanoparticle aggregates
might have first formed inside endosomes and then escaped
prior to nuclear entry. Still a third possibility would entail

small 2012, 8, No. 14, 2277-2286
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the formation of small aggregates at the plasma membrane
outside the cell, followed by their uptake via endocytosis and
endosomal escape. Differentiating among these possibilities
is important, since this would have implications for the role
of nanoparticle size in influencing endosomal escape and
nuclear entry. We are currently trying to address these and
similar questions related to the cellular uptake and intracel-
lular fate of ultrasmall AuNPs. The ability not only to image
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Figure 8. Quantification of Au(GSH) aggregates inside cells. A) Image shows nanoparticles of different sizes for which their number of gold
atoms was measured using Au(GSH) as a calibration standard. The dashed line marks the boundary between the nucleus (Nu) and cytoplasm.
B) Expanded views of the regions marked with asterisks in (A). Values annotated in the images indicate the number of gold atoms for the adjacent
nanoparticle. Nanoparticles with 133-174 gold atoms correspond to a single Au(GSH) AuNP, whereas those with 265-295 atoms are consistent
with two Au(GSH) AuNPs. Other nanoparticles had higher numbers of gold atoms up to 1500.

ultrasmall AuNPs with high contrast in the STEM but also to
analyze the images quantitatively as discussed above should
play a significant role in these studies.

3. Conclusion

We have synthesized an ultrasmall, 144-atom gold nanopar-
ticle ligand-stabilized with pMBA. These Au(pMBA) AuNPs
have a core size of about 2 nm and are extremely uniform,
which are both desirable features in potential biomedical and
nanomedicine applications of AuNPs. Specifically, nanoparti-
cles of a sufficiently small size are advantageous for delivery
to crowded intracellular spaces in the cytosol and nucleus,
and uniformity is essential for achieving consistent biological
responses during nanoparticle—cell interactions both in vitro
and in vivo.

The synthesis of Au(pMBA) nanoparticles was followed
by a ligand exchange reaction with GSH. We analyzed the
resulting Au(GSH) AuNPs using two powerful techniques
that have been somewhat underutilized in the characteriza-
tion of ultrasmall nanoparticles for applications in nanomedi-
cine. Quantitative STEM imaging revealed that Au(GSH) was
highly uniform and had almost the same number of core gold
atoms (134) as the parent 144-atom Au(pMBA) nanoparticle.
Analytical ultracentrifugation showed that Au(GSH) had
a narrow hydrodynamic apparent size distribution of 4.0 +
0.6 nm. Next, Au(GSH) as well as Au(GSH)-TAT complexes
were incubated with HeLa cells to evaluate the intracellular
fate of the nanoparticles. STEM revealed that both Au(GSH)
and Au(GSH)-TAT were effectively internalized by the cells
and delivered to the nucleus. A quantitative analysis of the
images further indicated that Au(GSH) were present in the
cell interior as single AuNPs as well as in the form of small
aggregates containing from 2 to 10 individual nanoparticles.

It will be interesting to explore next whether Au(pMBA)
can be exchanged with other types of ligands to create new

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

monolayer-protected nanoparticles showing exceptional size
uniformity for applications in biology. In addition, it will be
important to understand more about the intracellular fate of
these and other ultrasmall AuNPs, especially the potential
role of nanoparticle size and ligand composition in mediating
efficient access to the cytosol and nucleus.

4. Experimental Section

Synthesis of Au(pMBA) and Au(GSH) Nanoparticles: Au(pMBA)
was synthesized according to a previously published procedure.3%
Briefly, HAuCl, (2 mmol) (Sigma-Aldrich) was first dissolved in
methanol (100 mL), and this solution added to an aqueous solu-
tion (80 mL) containing pMBA (TClI America) (6.8 mmol, pH > 13).
This step produces a Au(l)-pMBA compound. After stirring for two
days, Au(l)-pMBA (50 mL) was added to a water/methanol solu-
tion (1 L, 27%). To this mixture, NaBH,, (Sigma-Aldrich) freshly dis-
solved in water was added to Au (I) (1.5 times molar excess). The
Au())-pMBA-NaBH, mixture was then stirred for 18 h at room tem-
perature, and the product precipitated by adding methanol (about
1) followed by dialysis in water to remove impurities. The dialyzed
product was then lyophilized, redispersed in PBS (1x) and kept at
4 °C. We note that the optimum 1.5-fold molar excess of NaBH,,
which yielded the most uniform nanoparticles of the correct size,
was found empirically by trying a few different molar excesses in
the range from 0.5 to 5.

Ligand exchange of Au(pMBA) with GSH (Sigma-Aldrich)
was carried out by mixing these two components together (10:1
GSH:pMBA molar ratio) for 2 h at room temperature. The solution
was purified by centrifuge filtration using an Amicon Ultra-4 filter
(Millipore) (3 kDa).

UV-Vis Absorbance, Spectrofluorometry, DLS, Zeta Potential:
UV-vis spectra and fluorescence emission spectra were recorded
using a GENESYS 10S UV-vis spectrophotometer (Thermo Sci-
entific) and F-7000 Fluorescence Spectrophotometer (Hitachi).
Dynamic light scattering measurements were carried out in a
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DynaPro NanoStar (Wyatt Technology), and zeta potential per-
formed in a Zetasizer Nano S (Malvern).

STEM Imaging: HAADF STEM images of Au(pMBA) and Au(GSH)
were recorded by means of a 300 kV Tecnai TF30 transmission
electron microscope (FEI Company) equipped with a Schottky
field emission gun and a model-3000 high-angle annular dark-
field STEM detector (Fischione Instruments). The nanoparticles
were deposited onto ultrathin carbon support films and imaged
with a 0.31 nm pixel size and a probe diameter of approximately
0.5 nm. The microscope was operated with a small camera length
of 130 mm to increase the inner collection semi-angle of the
HAADF detector, leading to incoherent imaging conditions suitable
for quantitative STEM image analysis of Au(pMBA) and Au(GSH).
The large detector inner semi-angle also ensures that the contribu-
tion of the low-atomic number pMBA and GSH ligands to the STEM
signal is negligible. Thus, integrated image intensities from indi-
vidual AuNPs are exclusively proportional to their number of core
gold atoms.

Analytical Ultracentrifugation: AUC sedimentation velocity
experiments were performed using a Proteomelab XL-I analytical
ultracentrifuge (Beckman Coulter) following the protocols outlined
in the literature.’! Briefly, dilute nanoparticle solutions (400 pL)
prepared in PBS were loaded into double-sector charcoal-filled
epon centerpieces with sapphire windows. After a temperature
equilibration period, the samples were centrifuged at 25 000 rpm
at 20 °C. The evolution of the resulting concentration gradient was
monitored using the integrated absorbance scanner at a wave-
length of 250 nm with a radial step size of 0.003 cm. The buffer
density (1.00534 g/mL) and viscosity (1.0189 cP) at 20 °C were
predicted using the software Sednterp (kindly provided by Dr. John
Philo). The sedimentation profiles were modeled with numerical
solutions to the Lamm equation using the continuous c(s) dis-
tribution model, as implemented in SEDFIT (versus 12.5).7? The
sedimentation profiles were analyzed with maximum entropy regu-
larization72! and algebraic elimination of systematic noise para-
meters, and refinement by nonlinear regression of the parameters
for weight-average frictional ratio (f/f,),, and meniscus position.
Hydrodynamic radius distributions were obtained by transforma-
tion of the sedimentation coefficient distribution using the fol-
lowing relationship:[4%73]

ons;
2(pp—ps)

r =

where 1 represents the solvent viscosity, p, and p, the density of
the gold particle and solvent, respectively. Particle density used
was assumed to be 4.51 g/cm? as determined previously for a sim-
ilarly stabilized gold nanocluster Au, ,,(SR)¢o (R = —=CH,CH,PH).[4%

Isothermal Titration Calorimetry: ITC was used to characterize
the interaction between TAT(47-57) (Anaspec) and Au(GSH). ITC
was conducted on a Microcal VP-ITC instrument (Northampton, MA)
at 20.0 °C. A TAT (100 um) solution prepared in PBS was injected
into the calorimeter cell containing Au(GSH) (6 um) in PBS, using
19 successive injections at 15 pL each following an initial injec-
tion of 5 uL. Data analysis was conducted using the manufacturer
software. A single site model was used with floating parameters
(n, K,, AH) optimized by nonlinear regression using the Marquadt—
Levenburg and Simplex algorithms.

NMR Spectroscopy: 'H NMR spectra were obtained with a
Varian Mercury 400 spectrometer using D,0 as a solvent. The
chemical shifts were expressed relative to HOD (4.80 ppm). NMR
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samples were prepared by dissolving Au(GSH) (1.2 mg) or pure
PMBA or GSH in D,0 (300 puL) and transferring to Shigemi NMR
microtubes.

Cellular Uptake of Au(GSH)-TAT: Hela cells were seeded into
35 mm culture dishes and grown in Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum at 37 °C
and in a 5% CO, atmosphere. After 24 h, the cells were washed
three times with PBS and incubated for 1 h with either Au(GSH)
or Au(GSH)-TAT (1 mL, 2 um). Following incubation of the cells
with the AuNPs, they were washed five times with PBS and
fixed with 2.5% glutaraldehyde (Electron Microscopy Sciences)
for 30 min. After fixation, the cells were dehydrated in a graded
series of water/ethanol and embedded in Epon-Aradite resin (Ted
Pella). Following polymerization of the resin at 60 °C for 2 days,
50-nm-thick sections were cut using a Leica EM UC6 Ultramicro-
tome. No heavy-metal contrast agents were added to the prepara-
tion at any time.

In vitro Cytotoxicity: The cytotoxicity of the nanoparticles against
Hela cells was assessed by a Trypan Blue exclusion assay. Cells
grown in 6-well plates for 24 h were treated with different AuUNP
concentrations (0 to 10 um) for 1 and 5 h, after which they were
washed with PBS and incubated back in media. After 24 h, the
cells were detached from the well plates with trypsin, centrifuged,
and the supernatant discarded. The cells were then resuspended
back in PBS and mixed with a 0.4% Trypan Blue stock solution at a
1:1 (v/v) ratio. After incubation for 2 min, 20 uL of the solution was
loaded into a haemocytometer, and cell viability was calculated as
the ratio of cells without blue staining to the total number of cells
(approximately 2.3 x 10° cells for each well).
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