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ABSTRACT: When stabilized and functionalized by biomole-
cules, noble metal (such as gold and silver) cluster-based hybrid
nanocomposites have shown great promise for biomedical
applications, due to their unique physiochemical properties
originating from the inorganic elements and specific functionality
and biocompatibility from their biological components.
Although certain promise for bioimaging, biosensing, and
biomimetic catalysis has been demonstrated, it is still a great
challenge to integrate the defined functionality of the
biomolecules with enhanced or novel physiochemical properties
of the metal clusters, under control at the molecular level. Herein, based on molecular dynamics simulation of a gold (Au) cluster
assembly, we designed near-infrared (NIR) fluorescent hybrid nanocomposites with multiple Au clusters within an apo H-ferritin
(HFt) nanocage. The fluorescence quantum yield of near-infrared (NIR) Au-HFt is about 63.4% and the emission peak is 810
nm. The NIR Au-HFt is one of the first native protein-guided Au cluster-based nanomaterials for in vivo biowindow imaging. In
vivo fluorescent imaging and quantification of Au element confirmed that Au-HFt not only retained the kidney targeting
properties of HFt well (about 10 times higher Au concentration in kidney than in liver and spleen, the most common organs for
nanoparticle accumulation), but also gained strong NIR imaging capability for live animals. The NIR Au-HFt showed powerful
tissue penetrating ability, strong fluorescent efficiency, and excellent kidney targeting specificity. These results thus open new
opportunities for kidney disease imaging and theranostic applications.

Bioinorganic hybrid nanomaterials have attracted wide
attention for a variety of biomedical applications, such as

bioimaging,1−3 biosensing,4−6 drug delivery,7,8 and biomimetic
catalysis,9−11 due to their integrated properties from both the
biomolecules for specific functionality and biocompatibility and
the inorganic components for desired physiochemical proper-
ties, such as optimized optical properties.1−3 Gold (Au)
clusters, which possess certain molecular and atomic properties,
have shown great promise for biomedical applications, due to
their size-dependent intrinsic photoluminescence, specific
catalytic activities, high stability, and low cytotoxicity.1,3,4,12−15

The integration of Au clusters with biomolecules, especially
proteins, has created many novel nanocomposites in recent
years, and the superior catalytic and photonic properties of Au
clusters have been demonstrated.1,3,4,12,15 By controlling the
specific binding of Au ion to scaffold proteins, and the growth
of Au clusters within scaffold proteins, these clusters have been
assembled into various protein structures, such as bovine serum
albumin (BSA), ferritin, and trypsin, to form novel biomimetic
molecules with various desired photoluminescent properties for

bioimaging applications.1,3,4,16,17 However, due to the weak
tissue penetration of the fluorescent probes within the UV−vis
range, low fluorescence quantum yields, relatively weak
fluorescence intensity, and lack of targeting specificity,18,19

their applications in live animal imaging and theranostic
applications are largely limited. As a result, development of
next-generation near-infrared (NIR) nanoprobes with high
tissue specificity, fluorescence quantum yield and penetration,
as well as defined cellular binding and uptake specificity, is
urgently needed. In this context, we first carried out molecular
dynamics (MD) simulation to study the formation and growth
of Au clusters within a ferritin nanocage. We then developed a
straightforward method to integrate multiple NIR fluorescent
Au clusters within an apo H-ferritin (HFt) nanocage for in vivo
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fluorescent imaging and receptor-mediated kidney-specific
targeting.
Ferritins, composed of 24 subunits of different ratios of H-

and L-ferritin subunits (HFt and LFt), are a type of symmetric
protein nanocage20,21 that have been investigated extensively.
HFt, but not LFt, has a ferroxidase enzymatic center
responsible for incorporation of metal iron under physiological
conditions.20,21 Specific binding proteins for both HFt and LFt
have been reported and characterized in animal and human
cells.22,23 In our previous work, we have successfully
synthesized Au-Ft from horse spleen ferritin (22 LFt and 2
HFt), which contained a pair of Au clusters formed in the
ferritin nanocage.1 We showed the potential of this type of Au-
Ft in far-red fluorescent imaging of kidney in live animals, due
to the specific L-ferritin binding protein Scara 5 expressed in
kidney cells.1,22 To further elucidate the Au cluster nucleation
and growth mechanism, enhance the imaging capability, and
optimize fluorescent emission to the infrared range for better
tissue penetration via controlling the growth and interaction of
Au clusters, we chose to work with recombinant human HFt
(composed of 24 HFt subunits). In principle, ferritin nanocages
made of solely HFt would contain more ferroxidase centers and
allow growth of even more Au clusters within the nanocage. In
addition, HFt also has a specific high affinity receptor Tim-2,
which is expressed in renal tubule cells,23,24 and thus could
retain its high specificity to kidney.23,24 Recombinant human
HFt also adopts a rhombic dodecahedral structure with two
subunits (dimer) on each rhombic face. Each HFt subunit has a
ferroxidase center and a nucleation center for iron ion and both
sites are on the inner surface of an HFt subunit and close to
each other. Importantly, there are three histidine (His) residues
distributed in these sites20,21 (His65 in ferroxidase center and
His57, His60 in nucleation center; Supporting Information
Figure S1). It has been well demonstrated that Au atoms can be
attracted to His residues because of their interaction with
imidazole rings of His residues.25,26 In addition, His residues of
two adjacent HFt subunits on the same rhombic face are close
to each other, especially His57 and His60 in the nucleation
centers of the two subunits (Supporting Information Figure
S1). Taken together, there is a putative Au deposition region in
each dimer, and each region is composed of around six His
residues.
We then investigated the growth of Au clusters on the

putative Au deposition region of subunit dimers and performed
an in silica analysis (Figure 1). Specifically, a fragment of HFt
nanocage, which is composed of six HFt subunits (three
dimers), was subjected to MD simulation to study the
formation and growth of Au clusters therein (Supporting
Information Figure S2).27,28 As shown in Figure 1a, Au atoms
were preferentially adsorbed on the putative Au deposition
region composed of His residues of two HFt subunits. After
320 ns simulation, Au clusters formed on the inner surface of all
three dimers. Hence, there could be up to 12 Au clusters in a
complete Au-HFt (Figure 1b). For clarification, Figure 1c
shows Au clusters on subunit octadecamer after removing the
hexamer in the upper part of HFt, and the number of Au atoms
in a single cluster can be up to 87 (Figure 1a) under saturated
Au ion concentration. The distance between adjacent Au
clusters is around 33 Å (Figure 1d).
The results of MD simulation confirmed our hypothesis that

more Au clusters with larger size and more red-shifted
fluorescence emission properties can be realized when
introducing 24mers of HFt (up to 12 clusters, each with

around 87 Au atoms). Then, we tried to optimize the assembly
process of the Au-HFt in vitro and analyzed its optical
properties. Figure 2a showed that its excitation peak is about
722 nm and the emission peak can move to about 810 nm
under saturated Au concentration and optimized growth
condition. The fluorescence quantum yield of NIR Au-HFt is
63.4%, much higher than that of all the Au cluster related
nanomaterials before.1,3,4,29 Since NIR has good tissue

Figure 1.Model of multiple Au cluster-containing HFt. (a) Au clusters
adsorbed on the internal surface of subunit dimer (t = 320 ns); (b) Au
clusters within a complete HFt nanocage; (c) Au clusters on subunit
octadecamer (removing the hexamer in the upper part of HFt); (d) Au
clusters on the dodecamer distributed at the equator of HFt. The
subunits in the upper part and lower part of HFt are in light and dark
gray, respectively, and the subunits at the equator of HFt are colored
purple and navy alternatively.

Figure 2. Characteristics of Au-HFt with multiple Au clusters. (a) NIR
fluorescent excitation and emission spectra of Au-HFt. (b) Cryo-EM
image of the Au-HFt particles in native state. Three pairs of Au clusters
were observed within the HFt nanocage, and MD stimulation suggests
six Au clusters on the dodecamer, which distribute at the equator of
ferritin (indicated by square and arrow in the inset). (c) HRTEM
imaging of air-dried Au-HFt showing Au clusters at higher resolution.
The crystal lattice spacing is about 0.22 nm (inset) and the 111 face of
Au is evident. (d) EDS of NIR Au-HFt showing the presence of
elemental Au.
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penetrating ability,16,17 and high quantum yield of NIR Au-HFt,
the NIR Au-HFt should be well suited for in vivo biomedical
imaging with intact samples.
To confirm the MD simulation-based prediction of the

number of Au clusters within a single Au-HFt, we used cryo-
electron microscopy (cryo-EM) to measure Au clusters in HFt.
In Figure 2b and Supporting Information Figure S3, we
observed about 6 Au clusters distributed in the edge region of
HFt. The edge region observed in cryo-EM images corresponds
to the equatorial plane of HFt. According to its dodecahedral
structure, around six dimers distribute in the equatorial plane,
and the other six dimers distributed in the remaining part of
hemispheres (Figure 2b). The result of cryo-EM imaging
suggests there is one Au cluster in each dimer, in agreement
with the prediction of the MD simulation. In Figure 2c, high
resolution transmission electron microscopy (HRTEM)
imaging also shows that the crystal lattice spacing is about
0.22 nm (inset) and the 111 face of Au is evident. Additional,
energy-dispersive-X-ray spectroscopy (EDX) experiments con-
firmed the presence of elemental Au, but not iron, in the Au-
HFt samples (Figure 2d).
After characterizing the NIR property of Au-HFt, we applied

this hybrid material for live animal imaging in nude mice. As
shown in Figure 3a, strong NIR fluorescent spectra of kidney-

like structures (red color) can be detected in the dorsal view 0.5
h after injection of Au-HFt, but not in other organs of the nude
mice. In contrast, there are no NIR fluorescent signals in the
kidneys of the nude mice injected with saline. Consistently, in
the ex vivo imaging of organs from the experimental and
control mice, strong NIR fluorescent spectra are only detected
in the kidneys (red color) of Au-HFt injected mice, but not
other organs. To confirm these results, we used inductively
coupled plasma mass spectrometry (ICP-MS) to quantitatively

show Au distribution and tissue specific accumulation in various
tissues at 1 h after injection of Au-HFt and saline. The results of
ICP-MS are highly consistent with the live fluorescent imaging.
More than ten times higher concentration of Au element
accumulated in the kidney than the other common major
organs (such as liver and spleen, the most common organs for
nanoparticle accumulation) were observed. Therefore, both the
fluorescent imaging and ICP-MS results demonstrate that NIR
Au-HFt has a strong fluorescent penetrating ability and a sole
kidney targeting specificity.
In this work, we designed apo H-ferritin to incubate multiple

NIR fluorescent Au clusters in the cavity of human HFt and
demonstrated its exceptional kidney targeting and whole body
imaging abilities. To our knowledge, this is the first study of
NIR fluorescent Au clusters within native proteins. This hybrid
material has two advantages. First, its emission fluorescent
spectrum is NIR and it has high fluorescence quantum yield,
which enables a better fluorescent penetrating property than
common/conventional Au clusters. Second, it has solo-kidney
targeting ability, which is, according to the best of our
knowledge, one of the highest kidney-specific hybrid nano-
composites among all engineered nanoparticles. In summary,
we provide a general route for the controlled assembly of noble
metal clusters within low toxicity and bioactive nanostructures.
In addition, Au-HFt with high stability in physiological
conditions provides a basis for future large-scale practical
application. The combination of these desired properties might
pave the way for synthesis of various novel bionanostructures
for biomedical applications.
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