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ABSTRACT: Functional nanostructures with high biocompat-
ibility and stability, low toxicity, and specificity of targeting to
desired organs or cells are of great interest in nanobiology and
medicine. However, the challenge is to integrate all of these
desired features into a single nanobiostructure, which can be
applied to biomedical applications and eventually in clinical
settings. In this context, we designed a strategy to assemble two
gold nanoclusters at the ferroxidase active sites of ferritin heavy
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chain. Our studies showed that the resulting nanostructures (Au—Ft) retain not only the intrinsic fluorescence properties of noble
metal, but gain enhanced intensity, show a red-shift, and exhibit tunable emissions due to the coupling interaction between the
paired Au clusters. Furthermore, Au—Ft possessed the well-defined nanostructure of native ferritin, showed organ-specific targeting
ability, high biocompatibility, and low cytotoxicity. The current study demonstrates that an integrated multimodal assembly strategy
is able to generate stable and effective biomolecule—noble metal complexes of controllable size and with desirable fluorescence
emission characteristics. Such agents are ideal for targeted in vitro and in vivo imaging. These results thus open new opportunities for
biomolecule-guided nanostructure assembly with great potential for biomedical applications.

B INTRODUCTION

Various nanostructures have shown great promise in biomedical
imaging, biosensing, drug delivery, and disease diagnostics.' > Gold
clusters (Au clusters) below 2 nm in diameter have attracted great
attention due to their unique physiochemical properties, such as
intrinsic photoluminescence®* and selective catalytic activities.®” In
addition, Au clusters are stable, even under extremely acidic or basic
conditions, and maintain their specific topological structures. There-
fore, Au clusters hold great promise for biomedical imaging™® and
diagnosis.>” However, traditional routes (chemical and physical
methods) of Au clusters synthesis are complicated and difficult to
control. For the chemical methods, Au ions are first heated in
organic solutions with high speed stirring, followed by the addition
of reductants and stabilizers to allow the rapid formation of small Au
clusters. This chemical reduction reaction requires multiple steps
and high energy consumption and leads to the formation of complex
products that may require further purification.’ "> The physical
method involves laser vaporization, which generates a range of
byproduct and necessitates further purification to obtain pure Au
clusters."* Because of the small size of Au clusters, they are not
readily applicable to specific tissue or cell targeting in biomedical
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applications. Furthermore, the quantum yield of Au clusters synthe-
sized with the traditional methods is low (less than 6%),"® which
means that their fluorescence intensity is not strong enough for
biomedical imaging.

Proteins are native nanoscale structures with unique, defined
three-dimensional structures and biological functions. The in-
tegration of noble metal clusters and proteins may create novel
nanostructures with great potential for biomedical applications.
Ferritins are composed of 24 subunits of two types, the heavy
chain (H-ferritin) and light chain (L-ferritin), arranged in a cubic
symmetry to produce a hollow nanocage 12 nm in diameter with an
8 nm cavity (Figure 1a).'® Physiologically, ferritins are ubiquitous
cellular iron storage and detoxification proteins. Within the ferritin
nanocage, ferrous iron ion is oxidized by the ferroxidase center of
H-ferritin, and the resulting mineral form is stored inside the protein
shell. The ferroxidase center is composed of six amino acid residues,
one histidine (His), one aspartic acid (Asp), one glutamine (Gln),
and three glutamic acids (Glu). In the current study, we chose
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Figure 1. Schematic illustration of the synthesis route and optical properties of Au—Ft. (a) Schematic illustration of the synthesis of Au—Ft. The His
residues at the ferroxidase centers play an important role in the in situ Au cluster assembly. The emission spectra are for green (b), orange (c), and far-red
(d) Au—Ft, respectively. The insets were the images of various Au—Ft samples under UV- hght excitation. (e) XANES spectra showing the Au chemical
composition and possible binding with His residues. Au nanoparticles (Au®) and HAuCL, (Au®") were adopted as model samples. Mixtures of Glu, Gln,
and His with HAuCl, and Au—Ft double far-red clusters were chosen to study Au speciation. (f) Au 4f electron region of the X-ray photoelectron
spectrum (XPS) of far-red Au—Ft. Approximately 5.3% of the Au is on the surface of the Au-cluster as Au'". Black line, Au 4f,, spectrum; red line,

binding energy of 84.0 eV; blue line, binding energy of 86 eV.

ferritin isolated from horse spleen, which, on average, is composed
of 22 L-ferritin and 2 H-ferritin subunits. i617 Because of the strong
binding of Au®* to the imidazole ring of the His residues at the
ferroxidase center of H-ferritin, we utilized the hisdines as “points of
control”®**! to grow Au cores.”* Because each ferritin nanocage
has two ferroxidase centers, a pair of Au clusters can be assembled in
each complex. The spatial limitation of the local microenvironment
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of the ferroxidase centers controls the size and shape of the Au
clusters. To further precisely control the process of Au clusters
assembly, a weak reductant must be used to allow the assembly
reaction to be processed slowly and in a controlled manner. More
importantly, the pair of Au clusters within a ferritin shell may interact
with each other, and the coupling between the Au clusters may
enhance the fluorescence properties of the Au clusters. For example,
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the coupling between two close quantum dots achieves strong
fluorescent intensity, and a red shift in the emission has been
reported.”* *® The enhanced fluorescence intensity and far-red or
near-infrared emission are ideal for biological imaging applications.
They are especially suitable for whole body imaging applications
where low background autofluorescence and enhanced tissue
penetration are desirable characteristics.”” In this study, we designed
a synthesis strategy termed “points of control”, in which the apofer-
ritin (apoFt) protein cage was used as a nanoreactor to facilitate
controllable Au cluster formation at the ferroxidase enzymatic center
of the heavy chain of ferritin. The resulting Au cluster—ferritin
nanostructure has been used successfully for both in vitro and in vivo
molecular targeting and imaging.

B EXPERIMENTAL SECTION

Preparation of Au—Ft. HAuCl, (150 u«L; 5 mM) was added to
150 uL of horse spleen apoFt (49 mg/mL) (Sigma-Aldrich). After the
mixture was shaken and mixed for 2 min, 10 uL of 1 M NaOH was added
to the solution, followed by incubation for 6, 12, or 36 h at 37 °C. After
the green, orange, and far-red Au-Ft were formed, the reaction solution
was ultrafiltered with a centrifugal filter device (Amicon Ultra-15; 30 000
molecular weight cutoff) and washed three times with 3 mL of double
distilled water. The concentration of apoFt protein was measured by the
bicinchoninic acid method (BCA).

The Quantum Yield of Au—Ft. The quantum yield (QY) of
Au—Ft was determined by measuring the integrated fluorescence
intensities of the Au—Ft and the reference compound (rhodamine 6G
in basic ethanol, QY = 95%) under 470 nm excitation with LSSS
fluorescence spectrometry.*®

Cryo-electron Microscopy. An aliquot of 3.5 uL of diluted
sample (~7.2 mg/mL protein, distilled with distilled water) was applied
to a 300 mesh glow-discharged Quantifoil 2/4 grid, blotted inside an FEI
Vitrobot at room temperature, and plunged into liquid ethane. The
specimen was examined at liquid nitrogen temperature in an FEI Titan
Krios cryo-electron microscope operated at 300 kV using a nominal
magnification of 59 000X. Images were recorded on an FEI Eagle 4k X
4k CCD camera under low-dose conditions with a dose of ~20 ¢~ /A*
and had a pixel size of ~1.5 A on the object scale.

High-Resolution Transmission Electron Microscopy (HRTEM)
and High-Angle Annular Dark Field Scanning Transmission
Electron Microscopy (HAADF-STEM). An aliquot of 4 uL of far-red
Au-Ft (360 nM) was applied to a glow-discharged grid coated with a layer of
amorphous carbon film, and excess fluid was gently blotted off with filter
paper. The HAADF-STEM and HRTEM images were recorded on an FEI
Tecnai F20 U-TWIN electron microscope.

X-ray Photoelectron Spectroscopy (XPS). The oxidation state
of the Au clusters was determined by XPS. Narrow-scan XPS spectra of Au
4f,,, were deconvoluted by the XPSPEAK software (Version 4.1) using
adventitious carbon to calibrate the binding energy of Cls (284.8 eV).

Chemical Speciation Analysis with XANES. XANES of gold
was measured at the Shanghai Synchrotron Radiation Facility (SSRF),
China. XANES spectra of the gold LIII edge were recorded at BL14W1
and were normalized with Win XAS 3.1.

Cell Viability and Cytotoxicity Assays. For viability assays,
Caco-2 and HepG2 cells (American Type Culture Collection (ATCC),
Manassas, VA) were seeded at a density of 6 x 10* cells/well in 24-well
plates for 12 h. The medium was replaced with 400 #L of medium
containing a series of concentrations of either apoFt or far-red Au-Ft.
After 12 h incubation, the numbers of viable and total cells were
quantified using a Vi-CELL XR Cell Viability Analyzer (Beckman
Coulter, Brea, CA).

Cell Imaging of Far-Red Au—Ft. The intrinsic fluorescence of
Au—Ft was used to monitor its cellular uptake. Caco-2 and HepG2 cells

were incubated with far-red Au—Ft for 12 h. The cells were imaged on a
Nikon Ti-e microscope with an UltraVIEW Vox confocal attachment
(Perkin-Elmer). The excitation/emission wavelengths were 488 nm/
615 nm for Au—Ft.

In Vivo and ex Vivo Imaging with Far-Red Au—Ft. Nu/nu
female mice (8 weeks, 20 & 2 g) obtained from Beijing Vital River
Laboratories were injected via the tail vein with the Au-Ft probe
(0.8 nmol/g body weight) diluted in 0.9% NaCl solution. In vivo
fluorescence images of the mice were obtained with a Maestro in vivo
spectrum imaging system (Cambridge Research & Instrumentation,
Woburn, MA). The excitation filter was set as 576—621 nm; the
emission filter was a 635 nm long-pass filter. The liquid crystal tunable
emission filter (LCTF, with a bandwidth of 20 nm and a scanning
wavelength range of S00—950 nm) was automatically stepped in 10 nm
increments from 630 to 800 nm, while the CCD captured images at each
wavelength with constant exposure. At the special time points of 0, 1, 2,
4, and 7 h after injection, the mice were sacrificed, and the organs were
removed for ex vivo fluorescence imaging on the same spectrum imaging
system. All animal experiments were approved by the Animal Ethics
Committee of the Medical School, Beijing University. The tissue slides
were examined via an inverted fluorescence microscope (MD2500-3HF-
FL, Leica Microsystems, Wetzlar, Germany) equipped with a Nuance
multispectral imaging system (CRi, Woburn, MA). To obtain the
Au—Ft signal, excitation and emission filters were set at 535 & 25 nm
and S90LP, respectively; for DAPI signal, the excitation and emission
filters were set at 350 &= 25 nm and 420LP, respectively.

ICP-MS. Far-red Au—Ft tissue distribution was assessed by measur-
ing Au levels by ICP-MS (Elemental X7, Thermo Electron). Tissues
were removed, washed, and weighed. For each sample, 30—50 mg of
tissue was digested in nitric acid and heated at 120 °C for several hours.
Hydrogen peroxide solution was used to drive off the vapor of nitrogen
oxides until the solution was colorless and clear. After the solution
volume was adjusted to 2 mL using 2% nitric acid and 1% hydrochloride
acid, the Au content was analyzed using ICP-MS. Indium (20 ng/mL)
was used as an internal standard.

B RESULTS AND DISCUSSION

It is crucial to find an appropriate weak reductant to fine-tune
the assembly of Au pairs within the ferritin shell. It is well-known
that elemental Au can be dissolved in aqua regia to generate
Au®". We speculate that we may use the reverse reaction to form
Au clusters from Au®" by changing the reaction pH to basic.
Through calculating the standard oxidation—reduction poten-
tials of Au ions, elemental Au, and OH ™, we have determined
that 12 M OH~ could reduce 4 M Au®" and release 2.799 E°/V
of energy.””*® The reactions shown in standard electrode
potentials among Au®*, Au'", and Au’ can be simplified as
follows (electrode process, E°/V):

(1) Oy + 2H,0 4+ 4e~ — 40H,0.401

(2) AuCl, + 3¢~ — Au+4Cl~, 1.002
Reactions (1) and (2) lead to:

(3) 4AuCl,” 4+ 120H™ — 30, + 6H,0
+4Au + 16Cl7, 2.799

As shown in reaction (3), at basic pH, the tendency of Au’" to
be reduced to Au’ or Au' " is significantly increased (the higher is
the reduction potential, the easier is the reduction).

To avoid apoFt subunit dissociation under acidic conditions,
the reaction substrate (HAuCl,) was first adjusted to pH 7 before
mixing with various molar ratios of apoFt. The molar ratio of Au
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ions to apoFt determines the size of the resulting Au clusters. We
chose three different molar ratios of apoFt/HAuCl, (1:16, 1:26,
and 1:50). The mixtures were kept at 37 °C for 15 min to allow
Auions to adsorb onto the nucleation points (His residues). The
His residues may partially reduce Au®", which in turn may
enhance the binding affinity of Au ions. The reaction mixture
was then adjusted to pH 12 and kept for 5, 12, or 24 h. The pH of
each reaction mixture was approximately 9 at the end of the
reactions. A schematic illustration of the whole assembly reaction
is shown in Figure la. The tunable fluorescent emissions of the
Au ferritin clusters (Au—Ft) are shown in Figure 1b—d. With
increasing Au/apoFt ratio, the size of the Au clusters increased as
demonstrated by the red shift in the fluorescent emissions (from
green to orange to near-red emission) following UV excitation
(Figure 1b—d and the insets). The analysis of the fluorescent
excitation and emission spectra indicated that the maximal
emission peaks of Au—Ft pairs were 454, 516, and 665 nm,
corresponding to excitations at 385, 455, and 470 nm, respec-
tively. The excitation and absorption spectra of the three types of
Au clusters were shown in Figure S1.

To confirm the pivotal roles of His residues of H-ferritin in the
“points of control” synthesis of Au—Ft, we examined the inter-
actions of His, Glu, and Gln with Au>". When His, Glu, and Gln
were mixed in a 1:1 molar ratio with Au®" for 2 days, only His
induced Au’" to form purple aggregates, which indicated the
reduction of Au®>" to Au, while no interreactions with Glu or Gln
were observed. The oxidation state of Au was further characterized
by synchrotron radiation-based X-ray absorption near edge struc-
ture spectroscopy (XANES) (Figure le). The Au atom in HAuCl,
represents Au’', and its characteristic peak appeared predomi-
nantly at 11 920 eV. Mixtures of Glu and Gln with HAuCl, showed
spectra similar to that of Au®", indicating that both Glu and Gln
did not reduce Au*" under the current experimental conditions. In
contrast, Au nanoparticles (3 nm in diameter, capped with 2-[2-
(2-mercaptoethoxy)ethoxy]ethanol) showed peaks characteristic
of elemental Au (Au’) with maximum intensities at 11 944 and
11965 eV (Figure le). A mixture of His and HAuCl, showed an
XANES (X-ray absorption near edge structure) spectrum, almost
identical to that of Au nanoparticles. This similarity sug-
gests that His could reduce Au®" to Au’. Interestingly, chemical
speciation analysis showed that the spectrum of far-red Au—Ft was
very similar to that of the His and HAuCl, mixture, with a slightly
weaker peak at 11944 eV. Taken together, these results suggest
that the oxidation state of Au in the apoFt nanoreactor is mainly as
Au®, mixed with a small percentage of Au ions, most likely Au't,
but not Au** (Figure le). The oxidation state of the Au in the
Au—Ft clusters was further quantitatively determined by X-ray
photoelectron spectroscopy (XPS). The Au 4f,/, spectrum
(Figure 1f, black line) could be deconvoluted into two distinct
components centered at binding energies of 84.0 (red line) and
86 eV (blue line),>" which could be readily assigned to Au’ and
Au'", respectively. By comparing the area under each of the
component lines, approximately 5.3% of Au'" was present on the
surface of the Au cluster (Figure 1f). The interaction between the
Au'" and Au’ core might be weak, as the sharp decrease of the
absorption spectra actually suggests that the contribution of Au'*
to the optical properties of the Au—Ft complex is minimal. The Au
ion may play a role in binding the His in the ferritin interior cage.

The use of apoFt with two H subunits enabled the assembly of
two Au clusters within the same protein nanoreactors, and this
conferred some important and desirable characteristics on the
complex. Coupling of excitations may occur between the pairs of
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Figure 2. Characterization of far-red Au—Ft. (a) Cryo-electron micro-
scopy (Cryo-EM) image. Paired Au clusters were observed within the
ferritin nanoreactor (indicated by arrows). (b) HAADF-STEM image of
far-red Au—Ft. There are about 40 paired Au clusters (indicated by
ovals) within every 8 nm zone. (c) EDS of far-red Au—Ft showing the
presence of elemental Au, but not iron in the nanostructure.
(d) HRTEM image showing Au clusters at higher resolution. The
crystal lattice spacing is about 0.22 nm (inset), and the 111 face of Au
is evident. (¢) TEM image of far-red Au—Ft showing that Au clusters
exist as pairs, indicated by ovals.

Au clusters through two different mechanisms (electron exchange
transfer or Forster resonance energy transfer, FRET), and this is
dependent on the distance between the two clusters.”®”>>** The
interaction between the paired Au clusters in close proximity
improves the optical properties of the Au cluster and makes them
suitable for whole body fluorescence imaging. To confirm that we
have synthesized a pair of Au clusters within a single ferritin
nanoreactor, we dissociated the Au—Ft complex to single subunits
by reducing the pH to 2 as previously described.® As expected, two
of the 24 subunits contained a single Au clusters. By comparing the
optical properties between the single and paired Au clusters, we

8620 dx.doi.org/10.1021/ja200746p |J. Am. Chem. Soc. 2011, 133, 8617-8624



Journal of the American Chemical Society

could directly observe the resonance energy transfer and quantita-
tively measure interactions between pairs of Au clusters by measur-
ing the shift in maximal emission peaks and changes of fluorescence
intensities. When excitation was carried out at 385 nm, for green
Au—Ft, we observed a 2 nm red shift in the maximal emission peaks,
from the single (452 nm) to the paired Au clusters (454 nm), and
there was a weak increase in fluorescence intensity for the paired
clusters (Figure 1b). When excitation was carried out at 455 nm for
the orange Au—Ft, we observed a 3 nm red shift of maximal emis-
sion peaks from the single to the paired Au clusters and a 25%
increase in fluorescence intensity for the paired clusters (Figure 1c).
Interestingly, when 470 nm was chosen to excite the far-red Au—Ft,
we observed a 20 nm red shift of maximal emission peaks from
single to the paired Au clusters and 100% increase in fluorescence
intensity for the paired clusters with a maximal emission at 665 nm
(Figure 1d). The interior diameter of ferritin is about 8 nm. As the
Au clusters increase in size, the distance between the two clusters is
reduced. When a critical distance is reached, as in the far-red Au
clusters (about 6 nm, Figure 2b), a FRET effect may occur and lead
to the enhanced fluorescence emission and a red-shift of maximal
emission (Figure 1d). Hence, we speculated that FRET effect may
be a possible mechanism to explain the interactions between the
paired Au clusters, although a significant decrease in the pH of the
single Au cluster solution may interfere with fluorescence intensity.

Increased fluorescence intensity and the far-red to infrared
fluorescence window are the two most desirable features for
whole body imaging applications." At the same time, the interior
microenvironment of ferritin allows only certain sized Au clusters
to form, and clusters cannot grow larger than ~1 nm in diameter
(Figure 2) under the current experimental conditions. The photo-
luminescence quantum yield of the far-red Au—Ft was about 8.2%
(calibrated with rhodamine 6G using a 470 nm laser), which is
higher than the yield reported in the literature."

To characterize the Au nanostructures, we used far-red Au—Ft
as an example due to its desirable fluorescence emission proper-
ties. Various electron microscopic techniques were used to
characterize the complexes, including cryo-electron microscopy
(Cryo-EM), high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), and high-resolution
TEM (HRTEM). Cryo-EM was used to directly observe the
size and distribution of Au clusters and the ferritin proteins.
Although image contrast was low due to the low-dose imaging
conditions, cryo-EM images showed the structural integrity of
the ferritin nanoreactors, as indicated by the correct shape and
dimension of ferritin particles (Figure 2a). More importantly,
pairs of Au clusters were found to localize inside ferritin
nanoreactors in many cases (Figure 2a). HAADF-STEM was
used to confirm these observations and to obtain a precise
distance measurement between the pairs of Au clusters in the
protein nanoreactors. Pairs of Au clusters were consistently
observed in close proximity (Figure 2b, indicated by ovals), with
a maximal X—Y plane projection distance of 6 nm in most cases
(Figure 2b). The average distance between the paired Au clusters
is about 3.5 nm (shown in Figure S2a). These observations
clearly indicate that Au clusters exist as pairs in ferritin nanor-
eactors. Additional energy-dispersive-X-ray spectroscopy (EDX)
experiments confirmed the presence of elemental Au, but not
iron in the Au—Ft samples (Figure 2c). Using HRTEM, paired
Au clusters within several nanometers of each other were again
observed (Figure 2d), and a typical gold crystalline lattice
(spacing 0.22 nm, (111) face) was confirmed (Figure 2d, inset).
The average size of the Au clusters is about 1.2 nm (shown in

Figure S2b). Finally, the grid used in HAADF-STEM imaging
was also observed on an FEI Tecnai F20 TWIN electron
microscope equipped with a Gatan 4k X 4k CCD camera at a
nominal magnification of 62 000X, and once more paired Au
clusters in close proximity were observed (Figure 2e).

We next examined the feasibility of using far-red Au—Ft as a
fluorescent probe for both in vitro and in vivo imaging, with the
ability of ferritin to target certain cells and tissues. At the cellular
level, we chose a human colorectal carcinoma cell line, Caco-2, to
assess the efficacy of Au—Ft as a fluorescent probe for cellular
imaging as these cells express a ferritin receptor on their plasma
membrane.** A human hepatoma cell line HepG2 does not
express a ferritin receptor expression and was used as a negative
control. The Caco-2 cells were incubated with 500 nM Au—Ft
fluorescent probe for 12 h, and significant uptake of the complex
was observed. The probe localized mainly to the plasma mem-
brane, but a few stained membrane vesicles were also observed
(Figure 3a). In contrast, no obvious fluorescence signal was
detectable in ferritin receptor negative HepG2 cells (Figure 3b)
under the same experimental conditions. These experiments
confirm that Au—Ft clusters are able to be used as fluorescent
probes at the cellular levels and suggest the cellular uptake is
mediated mainly by specific ferritin receptors. Thus, Au—Ft
nanostructures have the potential to target specific cell types that
express ferritin receptors.

Cytotoxicity studies of far-red Au—Ft indicated that neither
apoFt nor Au—Ft had adverse effects on Caco-2 (Figure 3c) or
HepG2 cell viability (Figure 3d) up to a concentration of 10 M
concentration. These results showed that Au—Ft has no or very
low cytotoxicity, an important characteristic for an agent with a
potential application in live animal imaging.

To evaluate far-red Au—Ft as an agent for in vivo imaging, we
carried out whole-body fluorescent imaging studies in nu/nu
(nude) female mice. Animals were injected via a lateral tail vein
with 0.8 nmol/g body weight Au—Ft. Dorsal fluorescence
signals were recorded at different time points with a Maestro
in vivo optical imaging system. Spectral unmixing using the pure
autofluorescence and Au—Ft spectra yielded a superimposed
image. The fluorescence intensity of the unmixed Au—Ft was
analyzed, and 30 min after injection, a kidney-like shape was
observed on each side of the spine as indicated by the arrows in
Figure 4a. The fluorescent signals reached the highest intensity
3—Shafter injection and could be observed for up to at least 7 h.
According to studies exploring the size-dependent biodistribu-
tion of nanoparticles for kidney accumulation, nanoparticles
with a diameter less than 20 nm indeed could be found in
kidney.*> ™7 However, very few studies showed significant
nanoparticle accumulation in kidney.>” Meanwhile, a cutoff size
for efficient kidney excretion of nanoparticles is approximately
5.5 nm.*® In the current study, our nanostructures with approxi-
mately 12 nm in diameter have shown significant fluorescence
localized in both kidneys. This observation suggests that a
specific uptake mechanism needs to be involved for the kidney
targeting of Au—Ft. It has been reported that certain cell types in
the kidneys are able to bind ferritin, implying that ferritin
receptors are present and involved in the kidney uptake of
ferritin. For examlple, proximal tubule cells have been shown to
bind ferritin,*®*~*' and a receptor for L-subunit ferritin, Scara$,
has been identified in the kidney during the nephrogenesis.**
The clear kidney targeting of Au—Ft is consistent with the
expression of ferritin receptors in this organ. In addition to the
likely kidney fluorescence, strong signals were also observed in the
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Figure 3. In vitro imaging of the paired far-red Au—Ft and cytotoxicity assays. (a) Receptor-mediated cellular binding and uptake of far-red Au—Ft in
Caco-2 cells. Cells were cultured in Au—Ft containing medium (500 nM) on 35 mm glass coverslips for 12 h and subsequently examined using confocal
microscopy. Differential interference contrast (DIC) images of cell morphology are shown in the first row. Confocal images of cells treated with Au—Ft
fluorescent probe showing distribution of Au—Ft are in the second row. The bottom row is an overlay of the first two rows. Scale bar = 20 um. (b) No
apparent cellular uptake of far-red Au—Ft was observed in HepG2 cells. Experimental details were as described in (a). No obvious effects of Au—Ft on
cell viability in either Caco-2 (c) or HepG2 cells (d) were observed. Cell viability (the number of viable cells expressed as a percentage of the total cell
number) was measured using a Vi-CELL XR Cell Viability Analyzer. These experiments were performed in triplicate. Results are representative of three

independent experiments. Error bars represent standard deviations.

central dorsal region, possibly emanating from the liver and spleen.
However, due to the expression of ferritin binding proteins
identified in liver,” it is possible that receptor-mediated uptake
of Au—Ft partially accounts for the strong emission of the
fluorescent dye. Therefore, these signals are likely due to the
combined effects of accumulation in liver area, that is, the clearance
of Au—Ft from the body through the reticuloendothelial
system®*** and the receptor-mediated uptake.

To confirm the in vivo imaging results, various organs were excised
for ex vivo imaging (Figure 4b and c). Under the same fluorescent
excitation conditions as those used for whole animals, the strongest
signals were associated with the liver and kidney as compared to the
control organs from animals injected with saline (Figure 4b). To
investigate the dynamic changes of the Au—Ft signal over time, various
organs were excised, and their fluorescence signals were recorded at
different time intervals after Au—Ft injection. Again, as shown in
Figure 4c, kidney and liver showed the strongest fluorescence signals,
and the specific signals last for at least 6—7 h. Other organs such as the
spleen also showed moderate signal; however, the signal disappeared
from the organ very quickly (within 2 h) (Figure 4c).

To confirm the kidney-specific targeting of Au-Ft, the unmix-
ing fluorescence spectra of kidney and lung were also recorded
with a Nuance optical system (CRi, Woburn, USA) at the tissue
levels. As shown in Figure 4d, specific red fluorescence signals
could be seen in the kidney tissue section, mostly localized
around proximal tubule cells. This is similar to the distribution
patterns shown by the L-ferritin receptor Scaras.*” In contrast,
no specific fluorescence signal could be seen in the lung tissue. To
further analyze the distribution of the far-red Au—Ft probe in the
kidney, the nuclei were stained with DAPI (green). As shown in
Figure 4e, strong Au—Ft (red) fluorescence existed in both renal
cortex (marked by the glomerulus) and renal medulla (marked
by the renal tubular), and Au—Ft could be found in the plasma of
kidney cells in both sections. In contrary, no specific Au—Ft
fluorescence signal could be seen in the kidney tissue slides from
the mice without Au—Ft administration.

To quantify the tissue distribution of the far-red Au—Ft complexes,
inductively coupled plasma mass spectrometry (ICP-MS) was used
to measure elemental Au levels in various organs of mice injected with
the same amount of Ft—Au as in the imaging experiments. As shown
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Figure 4. Invivo and ex vivo imaging of far-red Au—Ft with female nude mice and ICP-MS analysis showing the distribution of Au in various tissues. (a)
Whole body dorsal fluorescence images of nu/nu female mice at different time points after far-red Au—Ft injection into the tail vein. The final
concentration of Au—Ft was 0.8 nmol/g body weight. For each panel, the Au—Ft injected mouse is shown on the right and a saline injected control is
shown on the left. Ex vivo imaging of Au—Ft in mouse organs (b and c). (b) Fluorescence images of nu/nu female mouse organs 6 h after Au—Ft
injection. Control mice were injected with physiological saline, and organs from these animals are shown on the left. (c) Fluorescence images of nu/nu
female mouse organs at different time points after Au—Ft tail vein injection. The final concentration of far-red Au—Ft was 0.8 nmol/g body weight.
Tissue distribution of far-red Au—Ft in both kidney and lung in Au—Ft injected mice or the control mice (d and e). (d) Organ distribution of far-red
Au—Ftin both kidney and lung of Au—Ft injected mice or the control mice. (e) The detailed tissue distribution in kidney of Au—Ft injected and control
mice. The first row showed the tissue background fluorescence (autofluorescence), which indicated the kidney tissue structure. The distribution of
Au—Ft fluorescent probe in different kidney regions was shown in the second row. The DAPI staining in the third row indicated the nuclei of kidney
tissue. The bottom row was an overlay of the second and third rows. The white arrow showed the glomerulus, and the yellow arrow showed the renal
tubular. Scale bar =200 ym. (f) ICP-MS analysis showing the distribution of Au and specific tissue accumulation in various tissues at 2 h after injection of
Au—Ft. Kidney and liver are the major sites of Au accumulation.

in Figure 4f, consistent with the fluorescent imaging results, liver,
kidney, and spleen were the major target tissues of Au—Ft 2 h
postinjection. Lung and heart had very low levels of Au. Together, the
in vivo imaging and Au elemental distribution studies demonstrate
that Au—Ft can be used as a fluorescent probe for live animal imaging,
particularly for targeting the kidney and liver. These studies also
indicate feasibility of living animal imaging with the enhanced paired
Au clusters in protein nanoreactors. The biocompatible far-red
fluorescence probe provides very good tissue penetration, an essential
characteristic for live animal imaging studies.

B CONCLUSIONS

The far-red and near-infrared photoluminescence intrinsic to
noble metal clusters (such as gold, Au and silver, Ag) is ideal for
biological imaging due to its deep tissue penetration, high bio-
compatibility, and low cytotoxicity. Ferritins are native nanoscale
structures with unique, defined three-dimensional structures and
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biological functions. In our current study, we used horse spleen
ferritin, which contains mainly L-ferritin subunits, as a nanoreactor
to direct the synthesis of a biocompatible nanostructure. The
integration of noble metal clusters and proteins enables the
generation of novel nanostructures with great po-
tential for biomedical applications. We have successfully synthe-
sized various paired Au clusters with tunable fluorescent emissions,
from green to far-red, under the “points of control” strategy. The
resulting Au—Ft complex showed significantly enhanced fluores-
cence intensity and a red shift in the maximal emission wavelength
as compared to single Au clusters. These observations directly
support the proposal that FRET effects indeed occurred between
clusters. We also identified the critical distance (6 nm) between
the pairs of Au clusters to allow FRET to occur. Furthermore, both
in vitro and in vivo, we achieved ferritin receptor-mediated
targeting and biomedical imaging with far-red Au—Ft. Our study
demonstrates that Au—Ft can be an excellent fluorescent probe for
whole body imaging with particular targeting to the kidney. In
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summary, the “points of control” strategy may provide a general
route for the controlled of clusters of noble metal atoms of very
small size (less than 1 nm) within low toxicity and bioactive
nanostructures. The combination of the properties of biomole-
cules and inorganic materials paves the way for the synthesis of
various novel nanobiostructures for biomedical applications.

B ASSOCIATED CONTENT

© Ssupporting Information. Figures S1 and S2. This ma-
terial is available free of charge via the Internet at http://pubs.acs.
org.
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