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Abstract: Metal complex catalysis within biological systems is
largely limited to cell and bacterial systems. In this work,
a glycoalbumin–AuIII complex was designed and developed
that enables organ-specific, localized propargyl ester amida-
tion with nearby proteins within live mice. The targeted
reactivity can be imaged through the use of Cy7.5- and
TAMRA-linked propargyl ester based fluorescent probes. This
targeting system could enable the exploitation of other metal
catalysis strategies for biomedical and clinical applications.

The use of metal complex catalysts within living biological
systems is an area of research that has recently gained
significant attention.[1] Viewed as alternative chemical tools
complementary to traditional bioorthogonal reactions, metal-
mediated reactions have potential utility for biological
sensing, imaging, and caging applications. However, the
implementation of metal complex catalysis is crucially
dependent on achieving the right balance: minimizing reac-
tivity towards water, air, and cellular components that are
present at high concentrations while also maximizing reac-
tivity towards low cellular concentrations of desired sub-
strates.

Current examples of metal-catalyzed reactions in biolog-
ical settings (Table 1) include ruthenium-mediated uncaging
of allyl carbamates[2] and protein labeling,[3] iron-mediated

uncaging of azide groups,[4] palladium-mediated uncaging of
allenyl,[5] propargyloxycarbonyl,[6] and allyl carbamate
groups,[7] as well as palladium-mediated N-dealkylation,[6e]

Suzuki–Miyaura,[6c,7b,8] and Sonogashira[9] cross-couplings,
and gold-mediated hydroarylative cyclizations.[10] In addition,
in vivo cell-based examples of copper-catalyzed azide–alkyne
cycloaddition[11] and palladium-mediated carbon monoxide
triggered carbonylation also exist.[12]

Although pioneering studies have been reported in this
field, it has been largely limited to either cell or bacterial
systems, the only exception being two studies where metal
resins were directly injected into the embryo yolks of
zebrafish.[6e,11] In order for metal complex catalysts to
become therapeutically applicable, one major obstacle that
has to be addressed is how to localize metal complexes to
specific diseased organs or tumors before they are metabo-
lized and excreted. None of the aforementioned methods
sufficiently addresses noninvasive targeting, and no examples
have been reported with fully developed organisms.

Herein, we describe a metal-mediated reaction performed
within a fully developed living animal. To achieve organ-
specific localized reactivity, a glycoalbumin targeting system
was employed; structure and multivalency effects of attached
asparagine-linked glycans (N-glycans) help facilitate rapid
translocation to target organs. Albumin-linked cyclometa-
lated AuIII complexes were shown to catalyze amide bond
formation between fluorescent propargyl ester probes and
nearby surface-protein amines (e.g., lysine side chains),
enabling local visualization of targeted organs.

Previously, our laboratory developed an innovative tar-
geting method based on N-glycoalbumins (Figure 1A), which
were readily synthesized by immobilizing ten N-glycan
molecules onto albumin through the “RIKEN click” reac-
tion.[13] Changing the attached N-glycan structure had a direct
impact on the trafficking pathways, leading to organ-selective
accumulation (e.g., in the liver, intestine, spleen, and even
tumors).[13a–d] One advantage of this approach is that trans-
localization of the metal complexes to target organs proceeds
rapidly (within less than a few hours), thus limiting unwanted
internalization or metabolization. For example, we have
observed that within 30 min, a(2-6)-disialoglycoalbumins are
retained within the liver for eventual urinary excretion while
galactose-terminated glycoalbumins are rapidly trafficked to
the intestines. In contrast, the use of antibodies as a targeting
system may take as much as 24 h to develop significant levels
of accumulation for biological applications.[14]

To introduce therapeutic applicability, this work explores
the adaptation and usage of organ-targeting glycoalbumins as
biologically compatible metal carriers (Figure 1B). To pro-
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duce metal complex bound glycoalbumins, the well-known
high binding affinity of hydrophobic coumarin and its
derivatives to the subdomain IB binding pocket of albumin
(amino acid residues 107–196) was exploited.[15] In the
synthesis of the coumarin–Au conjugate (see the Supporting
Information), 7-diethylaminocoumarin was linked to a water-
compatible cyclometalated AuIII complex via a short poly-
ethylene (PEG) linker (Figure 1B).[16] Subsequent incubation
with various N-glycoalbumins produced the Glyco–Au com-
plexes used in this work, namely a(2-6)-disialoglycoalbumin
for Glyco-Au (Sia) and galactosylglycoalbumin for Glyco-
Au (Gal).

To study the organ-selective,
metal-catalyzed reactivity within
live mice (Figure 1 C), the Glyco-
Au (Sia) and Glyco-Au (Gal) com-
plexes, which are stable in vivo,
were first intravenously introduced
into live nude mice. After a short
time interval to allow for Glyco-Au
accumulation in the target organs,
fluorescently labeled propargyl
ester probes were next injected.
For our study, the imaging probes
TAMRA-OProp and Cy7.5-OProp
were used, where the fluorophores
are carboxytetramethylrhodamine
and the Cy7.5 dye, respectively
(for their structures, see the Sup-
porting Information, Figure S1 A).
Based upon literature examples of
the reactivity and water compatibil-
ity of propargyl-coordinated AuIII

complexes,[16, 17] as well as our own
preliminary data (see the Support-
ing Information), AuIII-catalyzed
amide bond formation was
expected to occur between the
propargyl ester probes and nearby
protein-surface amines. Owing to
the organ-selective accumulation of
the Glyco-Au complexes, localized
labeling of surface proteins near
targeted tissues was achieved,
namely in the liver with Glyco-
Au (Sia) and in the intestine when
Glyco-Au (Gal) was used.

Initial studies focused on
exploring the unique properties of
the Glyco-Au (Sia) and Glyco-
Au (Gal) complexes. As the fluo-
rescence of coumarin derivatives is
known to increase when bound to
albumin,[15] the fluorescence of
Glyco-Au (Gal) was monitored
and compared to that of the native
albumin–metal complex Glyco-
Au (native), as well as a control
coumarin–gold conjugate (Fig-

ure 2A). As expected, we observed a substantial increase in
fluorescence for both Glyco-Au (Gal) and Glyco-Au (native)
compared to the coumarin–Au conjugate. In addition, as
there is little difference between the fluorescence levels of the
Glyco-Au (Gal) and Glyco-Au (native) complexes, it can be
concluded that
N-glycan conjugation of albumin does not distort the hydro-
phobic binding pocket or impact the high-affinity binding
interactions with coumarin derivatives.

Another aspect that was investigated was the catalytic
efficiency of the Glyco-Au complexes. In this experiment,
Glyco-Au (Gal) was used to catalyze the amidation reaction

Table 1: Metal complex catalysis within biological systems.

Transformation Catalysts Biological system Ref.

[Cp*Ru(cod)Cl],
[Cp*Ru(h6-pyrene)]PF6,
organoruthenium

HeLa (cells) [2a–c]

[Cp*Ru(cod)Cl] CEF (cells) [2d]

(bpy)2(5-NCS-phen)Ru(PF6)2
HEK293T, MCF-7,
U2OS (cells)

[3]

[Fe(TPP)]Cl HeLa (cells) [4]

allyl2Pd2Cl2,
Pd(dba)2

HEK293T (cells) [5]

allyl2Pd2Cl2,
Pd0 nanoparticles

HeLa, CHO, K20 (cells) [6a–d]

Pd0 resins zebrafish embryos (fish) [6e]

Pd0 microspheres,
Pd0 nanoparticles,
Pd0 resins

HeLa (cells) [7a–b]

HCT116, BxPC-3 (cells) [6e]

HeLa (cells) [7b]

Pd(OAc)2·(ADHP)2 E. coli (bacteria) [8]

Pd(OAc)2, Pd(NO3)2 E. coli, S. flexneri (bacteria) [9]

AuIII

HaCaT, HeLa (cells) [10a,c]

Hela (cells) [10b]

HaCaT (cells) [10d]

This work

Glyco-AuIII mouse (animal)
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between free amines on the glycoalbumin protein surface
(e.g., lysine side chains) and a fluorescent propargyl ester
probe, such as TAMRA-OProp (Figure 2B and Figure S2 A)
or Cy7.5-OProp (Figure S2 B). TAMRA-OProp was incu-
bated with either the glycoalbumin–metal complex (Glyco-
Au (Gal)) or just the glycoalbumin protein alone (Glycoal-
bumin (Gal)) in a ratio of 1:10 (for the equimolar reaction,
see Figure S2 A) as shown in Figure 2 B. A time-dependent
increase in fluorescence was observed following Glyco-
Au (Gal) addition to TAMRA-OProp, which strongly sug-
gests that gold-mediated amidation between TAMRA-OProp
and free amines on the Glyco-Au (Gal) protein surface has
occurred. The background fluorescence observed after
extended periods of time (e.g., 20 h) was attributed to
nonspecific binding of the TAMRA dye to hydrophobic
binding pockets of albumin (Figure S2C). In addition,
MALDI-TOF mass-spectrometric analysis of the TAMRA-
linked Glyco-Au product gave a protein mass that corre-
sponds to the conjugation of about six TAMRA molecules
after 20 h (Figure S3).

To evaluate Glyco-Au catalyzed fluorescent labeling at
targeted organs, whole-body fluorescence imaging was
employed followed by microscopic analysis of dissected
tissues. A protocol with optimized reagent concentrations
(other concentrations shown in Figure S4) was developed
where the a(2-6)-disialo- and galactose-terminated glycoal-

Figure 1. A) Organ-selective accumulation within live mice directed by disialo- and galactosyl-linked glycoalbumins. B) Preparation of glycoalbu-
mins as “transition-metal carriers” to produce Glyco-Au complexes. Glyco-Au (Sia) and Glyco-Au (Gal) were synthesized with a(2-6)-
disialoglycoalbumin and galactosylglycoalbumin, respectively (see Figure S1B for the glycan structures). C) General scheme for liver- and
intestine-selective in vivo fluorescence labeling by AuIII-catalyzed amide bond formation between propargyl ester based imaging probes and
surface amino groups of targeted tissues.

Figure 2. A) Changes in the relative fluorescence intensity of the
coumarin–Au conjugate upon incorporation into the Glyco-Au (native)
and Glyco-Au (Gal) complexes. Equimolar amounts (1 mm) were
incubated in H2O/DMSO (4:1) at 37 8C for 1 h before fluorescence
measurement (lex = 438 nm, lem = 479 nm). B) Time-dependent reac-
tivity between TAMRA-OProp and free amines on the protein surfaces
in the presence of Glyco-Au (Gal) or the coumarin–Au conjugate
lacking glycoalbumin (Gal). The two reactants were incubated in
a ratio of 1:10 in H2O/DMSO (4:1) at 37 8C for the specified time
intervals before fluorescence measurement (lex = 560 nm,
lem = 585 nm).
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bumins complexed with the coumarin–Au conjugate, Glyco-
Au (Sia) and Glyco-Au (Gal), were first injected into BALB/
cAJcl-nu/nu mice via the tail vein. After 30 min for glycan-
directed organ accumulation, the propargyl ester imaging
probe Cy7.5-OProp was then introduced. This imaging probe
serves as a near-infrared fluorophore for whole-body imaging.
Noninvasive fluorescence imaging was then performed over
2 hours using an IVIS� imaging system under anesthesia
(Figure 3A–C and Figures S5 and S6). As a control, mice
were also treated with the gold-deficient glycoalbumin (Sia)
complex and Cy7.5-OProp, where the probe was immediately
distributed over the whole body through the capillary vessels
on the skin before gradual excretion (Figure 3A). These
in vivo kinetics are typical for small molecules. In contrast,
when Glyco-Au (Sia) or Glyco-Au (Gal) were administered,
fluorescence signals from the abdominal region clearly
revealed targeted organ labeling dependent on the type of
N-glycan linked onto the albumin protein; a(2-6)-disialogly-
cans led to liver localization while galactose-terminated
glycans gave intestine localization (Figure 3B,C). Our
claims were further substantiated by the fluorescence ratios
of liver and intestine based on the region of interest (ROI)
within a whole body 2 hours after Cy7.5-OProp administra-
tion. These data clearly show higher fluorescence intensities
for the liver or intestine when Glyco-Au (Sia) or Glyco-
Au (Gal), respectively, were used (Figure 3D).

Based on previous in vivo imaging experiments with
N-glycoalbumins, both a(2-6)-disialo- and galactose-termi-
nated glycoalbumins are known to be initially captured by the
asialoglycoprotein receptor on liver parenchymal cells.[18]

However, their trafficking pathways differ in that Glyco-
Au (Sia) is subject to prolonged retention within the liver
(before eventual metabolization and urinary excretion), while
stronger interactions between Glyco-Au (Gal) and the asia-
loglycoprotein receptor cause immediate internalization
through endocytosis, leading to transportation through the
gall bladder to the intestines. With this knowledge on the
trafficking pathways, we propose that the observed fluores-
cence signals for the glycoalbumin-targeted organs are due to
AuIII-catalyzed amide bond formation with the imaging
probes. As further evidence, sliced liver tissues obtained
from mice administered with Glyco-Au (Sia) and TAMRA-
OProp were analyzed by fluorescence microscopy (Fig-
ure 3E–G). For microscopy analysis, TAMRA provides
clearer signaling and contrast. The fluorescence intensities
(Figure 3G) were clearly higher for tissues obtained from
mice injected with Glyco-Au (Sia)/TAMRA-OProp than for
the control group (TAMRA-OProp injection only). Further-
more, the fluorescence was observed to be concentrated at the
central vein (Figure 3F) where the asialoglycoprotein recep-
tor (target of a(2-6)-disialoglycoalbumins) is known to be
expressed. Additional validation for organ-localized reactiv-
ity was obtained by an experiment where liver tissues were
homogenized and run on an SDS-PAGE gel (Figure S7). In
this experiment, fluorescence smearing indicates that numer-
ous proteins have undergone conjugation. With regard to the
intestinal tissues, although slices could not be prepared owing
to technical limitations, noninvasive fluorescence imaging and
the liver slice data should be enough to directly support our

Figure 3. Time-course imaging of liver- and intestine-selective fluores-
cence labeling of BALB/c nude mice (abdominal view) treated with
A) glycoalbumin (Sia) followed by Cy7.5-OProp, B) Glyco-Au (Sia) fol-
lowed by Cy7.5-OProp, and C) Glyco-Au (Gal) followed by Cy7.5-OProp.
The Glyco-Au complexes (3.4 nmol) or glycoalbumin as a control were
injected into eight to ten week old BALB/cAJcl-nu/nu mice via the tail
vein (N = 6). After 30 min, Cy7.5-OProp or TAMRA-OProp (5.0 nmol)
was subsequently injected. The mice were then anesthetized with
pentobarbital or isoflurane and placed in a fluorescence imager, where
images were taken at 30 min intervals. After 2 h of observation, the
mice were sacrificed and perfused with 4% paraformaldehyde solution,
and the fluorescence intensity in the liver was measured. D) Fluores-
cence ratios for the liver and intestine within a whole body 2 h after
administration of Cy7.5-OProp. The fluorescence was calculated within
an arbitrarily defined region of interest (ROI). Fluorescence microscopy
analysis of dissected liver tissue of mice treated with E) only TAMRA-
OProp or F) Glyco-Au (Sia) followed by TAMRA-OProp. G) Comparison
of the fluorescence intensities between tissue samples of (E) and (F).
Mean values with standard errors normalized to the control are given.
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claims of the first example of organ-selective, metal-catalyzed
reactions in living animals.

In summary, we have reported the first example of
transition-metal-catalyzed bond formation selectively at tar-
geted organs within a live animal. The success of this
transformation was dependent on both the usage of albumin
as a metal complex carrier (owing to the strong affinity of
coumarin derivatives to the hydrophobic binding pocket) and
as a targeting vessel (as in our previous strategy with
N-glycocluster linkages). The AuIII complexes were rapidly
immobilized at glycan-targeted organs (within 30 min to the
liver and intestine) without leaching or deactivation of the
metal catalysts. Finally, target-selective labeling was shown by
gold-catalyzed amide bond formation between fluorescent
propargyl ester probes and amines on surface proteins of
target organ tissues.

The significance of these results to the growing field of
biologically active metal complex catalysts is that it presents
a possible platform for metal complexes to be utilized in
higher-level organisms. If successful, novel biomedical appli-
cations could be developed based upon transition-metal-
catalyzed transformations. Exemplary therapies may include
the uncaging of active, cancer therapeutic enzymes selectively
at tumor sites or bioorthogonal cross-coupling reactions to
produce active drug molecules at targeted organs. Currently,
different N-glycan structures are being explored, with the
hope that a larger selection of targeted organs, and possibly
tumor tissues, can soon be fully encompassed with our
method.
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T. Tahara, S. Nozaki, H. Onoe, Y. Nakao,
R. Sibgatullina, A. Kurbangalieva,
Y. Watanabe, K. Tanaka* &&&&—&&&&

In Vivo Gold Complex Catalysis within
Live Mice

The first metal-catalyzed reaction that
proceeds within live mice is based on
a targeting approach with glycans. Gly-
coalbumin–AuIII complexes can be accu-
mulated in specific organs where they
catalyze amide bond formation between
a propargyl ester probe and amine groups
on nearby proteins. The selective target-
ing was confirmed by whole body fluo-
rescence imaging and analysis of dis-
sected tissues.
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