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Abstract Biodistribution and in vivo kinetics analysis of chem-
ically prepared neoglycoproteins are reviewed. Various mono-
and oligosaccharides were conjugated onto the protein surface
by use of chemical methods. Their kinetic and organ-specific
accumulation have extensively been studied after intravenous
injection and analyzed by conventional dissection studies, as
well as noninvasive methods, such as SPECT, PET, or fluores-
cence imaging. These studies clearly show the glycan-structure
dependency on protein kinetics, which will provide promising
possibilities for pharmacological and diagnostic applications.
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Introduction

It has long been known that the glycans are involved in a variety
of important physiological events, including cell-cell recogni-
tion, adhesion, signal transduction, and quality control [1]. For
instance, the asparagine-linked glycans (N-glycans) containing
sialic acid residues on soluble proteins or peptides enhance
circulatory residence [2]. For examples, N-glycan-engineered
erythropoietin (EPO) [3] or insulin [4] exhibits a remarkably
higher stability in serum, which effects the prolonged bioactiv-
ity. Antibody-dependent cellular cytotoxicity (ADCC) and/or

complement-dependent cytotoxicity (CDC) has also been pro-
posed to be modulated by the sialic acids of N-glycans in
immunoglobulin (IgG) through Siglec interactions by glycosyl-
ating or removing the sialic acids [5]. Recently, interest has
shifted to the kinetics of these glycans in live animal. While
dissection-based biodistribution experiments following intrave-
nous injection of the labeled glycoconjugates into small animal
models is the conventional method of choice, molecular imag-
ing is the most promising tool to visualize the “on-time” N-
glycan kinetics in vivo. In addition to fluorescence imaging,
which could be conveniently performed at the small animal
levels, magnetic resonance (MR) and the positron emission
tomography (PET) imaging, which have technologically im-
proved sensitivity, are well-suited for diagnostic applications
[6]. Nevertheless, the challenge in efficient glycan imaging
and biodistribution studies in living animals is to obtain the
structurally pure oligosaccharides either from nature or by syn-
thetic methods. In addition, the bioactivity of oligosaccharides
might be derived from the multivalency and/or heterogeneous
environment, i.e., on cell surfaces that are composed of oligo-
saccharide clusters along with other biomolecules. Therefore,
efficiently mimicking a glycan-involved bio-environment, e.g.,
by conjugating the glycans to the proteins, to the cluster tem-
plates, or even to the surface of the cells, may provide informa-
tion on the in vivo kinetics of glycans; a single molecule of the
glycan, either obtained from a natural or synthetic source, is
readily excreted from the body [7, 8]. The recent successful non-
invasive imaging, biodistribution, and targeting study of glycans
and/or glycoconjugates dealt with natural- and neo-
glycoproteins, liposomes, dendrimers, and nanoparticles [9].

In this mini-review, we would like to review the recent
studies on glycan-based in vivo kinetics and tumor targeting
using the neoglycoprotein probes, which were prepared by
chemically modifying the protein templates by glycan struc-
tures. These biodistribution and imaging studies clearly visu-
alize the remarkable dependence of the glycan structures on
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in vivo kinetics and organ-specific accumulation. For most of
the biodistribution studies cited in this mini-review, the stabil-
ity and the degradation analysis of the neo-glycoproteins was
not performed. We therefore used the term “serum stability”,
when either the labeled neo-glycoproteins and/or their metab-
olites (which should be large enough for not being excreted
through the biofiltration in the kidney) are stably circulated in
the bloodstream. On the other hand, when the neo-
glycoproteins, for instance, were trapped by scavenger cells
in the serum and digested by proteases, the smaller peptide
fragments could smoothly be excreted through the urinary
bladder (and not taken up by the specific organs); we defined
this phenomenon here as “serum clearance”. We also used the
term “organ accumulation”, which defined here as the uptake
of either the labeled neo-glycoproteins and/or their metabo-
lites by the specific organs.

Neoglycoproteins modified by monosaccharides

Neoglycoproteins modified with simple monosaccharides
have extensively been studied for decades, e.g., for improving
the pharmacokinetics of the proteins [10]. Glycan conjugation
chemistry is generally performed by reacting with activated
pyranoside donors [11], or frequently by reductive amination
at the reducing end of the saccharides [12]. The general trend
of protein modification bymonosaccharides were provided by
Gabius and co-workers: they have prepared the bovine serum
albumin (BSA) modified by various monosaccharides, and
their biodistribution and in vivo kinetics were throughly in-
vestigated in mice by labeling with 125I [13]. They pointed out
the importance of sugar density on protein serum stability; the
high sugar loading on the protein led to decreased serum
stability. The following section deals with the notable effects
of proteinmodification by galactose, mannose, and fucose, the
three important monosaccharides.

Dissection-based kinetics and biodistribution studies: effects
of protein modification by galactose, mannose, and fucose

Galac tose-modi f ied prote ins are recognized by
asialoglycoprotein receptors on the liver parenchymal cells,
and subsequently taken up by endocytosis [14]. The
biodistribution of the galactose-modified 111In-proteins in
mice was evaluated by Hashida and co-workers [15, 16].
The protein size, galactose loading (density), and the injection
dose were important factors for protein kinetics and organ-
selective accumulation. While the glycoconjugates of small
proteins, such as lysozymes, were rapidly accumulated in the
liver, those of relatively large proteins, e.g., γ-globulins,
stayed longer in plasma [15]. Higher galactose density on
protein surfaces on the other hand led to enhanced recognition
by the asialoglycoprotein receptor, and hence the higher

accumulation in the liver. This effect, however, became ob-
scure when the neoglycoproteins were injected at higher dose
due to the saturation of the receptor [16]. Overexpression of
the asialoglycoprotein receptor on some tumor cells provides
the promising opportunity to use the galactose-modified pro-
teins as the tumor-targeting tracers. Kobayashi and co-
workers recently examined the tumor accumulation of the
galactosamine- or galactose-modified BSA (labeled by rho-
damine green) in human adenocarcinoma bearing mice
[17–19]; visualizing the submillimeter-sized tumor even after
the dissection. 99mTc-Galactose-modified human serum albu-
min (HSA) has also been applied for clinical use in Japan and
Europe to estimate hepatocyte mass and functions [20].

Conjugation with mannose, on the other hand, appends the
neoglycoprotein’s affinity to non-parenchymal cells, e.g.,
Kupffer (the sinusoidal macrophage) or the endothelial cells
that express the C-type lectins (mannose receptors) [21], as
first described by Shen and co-workers using the 125I-labeled
human placental β-glucocerebrosidase [22]. 99mTc-labeled
mannosylated HSAwere developed by Arano [23] and Jeong
groups [24], and they were very effective in detecting the
sentinel lymph node. Mannose/protein conjugation approach
is especially useful for the therapeutic applications of the
enzymes. For instances, the trafficking pattern of 111In-labeled
catalase, as reported by Hashida and co-workers, were notably
altered from parenchymal to non-parenchymal cells, thus
preventing the injury caused by reactive oxygen species in a
hepatic ischemia/reperfusion model [25]. They also achieved
the targeting of mannosylated catalase to the liver, which could
significantly reduce the damage by hydrogen peroxide [26].

Alternatively, the fucose-modified neoglycoprotein labeled
by 111In was reported to accumulate in the liver, especially in
the Kupffer cells [27]. Das and co-workers also examined in
detail the distribution of the fucose-conjugated HSA at the
subcellular level; they clarified that most of the neoglycoprotein
are localized in the lysosome-rich fractions [28].

Noninvasive imaging of in vivo kinetics and organ-specific
accumulation of the proteins modified by monosaccharides

Besides the conventional dissection-based biodistribution
studies discussed above, the recent efforts are devoted to the
noninvasive imaging of the glycoconjugates. These methods
can visualize the time-dependent kinetics and/or the organ-
specific accumulation in a whole animal level based on radio-
activity (single photon emission computed tomography
(SPECT) and PET) or near-infrared fluorescence detection.
Jeong and co-workers have successfully imaged the 99mTc-
labeled monosaccharide/protein conjugates inmice by gamma
camera [24, 29]. They found that the mannose-modified pro-
teins were catabolized in non-parenchymal cells and excreted
into the urine, whereas the galactose congeners were captured
by the hepatocytes (intestinal excretion pathway) [29]. They
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also succeeded in visualizing the monosaccharide conjugates
trafficking to the lymph node, the liver, and the spleen by PET
[30].

Kobayashi and co-workers compared the effects of the
monsaccharide structures on protein kinetics by noninvasive
fluorescence imaging; they have imaged the HSA conjugates
with glucose, galactose, mannose, and fucose in nude mice
based on the near-infrared fluorescence detection, IR800 [31].
They reported that glucose- and galactose-modified albumins
were captured by the hepatocyte, while the mannose- and
fucose-conjugates were catabolized in the macrophage (ex-
creted into the urine), which well agreed with the Jeong’s
observation [24]. Kobayashi and co-workers further improved
their fluorescence-based imaging strategy by applying a green
light-activatable near-infrared fluorescence as the label [32].

Neoglycoproteins modified by oligosaccharides

Although the preparation and chemical conjugation of the
larger and more complex oligosaccharide structures, e.g.,
natural N-glycans, are in fact not trivial, the elucidation of
their in vivo kinetics and organ-specific accumulation is one of
the recent topics in the chemical glycobiology field. These
investigations could come close to answering the “meaning of
glycan structure complexity” in natural glycoproteins. They
also lead to the general strategies in developing the
neoglycoproteins for pharmacological applications. Namely,
the protein kinetics and biodistribution could be precisely
controlled when the suitable glycan structures are introduced.

Following the preliminary research dealings with the di-
saccharide conjugates [13, 33], Gabius and Unverzagt have
extensively studied the structure-dependent biodistribution of
the complex-type N-glycans [34–40]. In order to prepare the
various N-glycan structures, a chemoenzymatic method was
elegantly applied; namely, the chemically prepared
biantennary heptasaccharide was further elongated by using
a set of glycosyltransferases. The various N-glycan structures
were subsequently attached to BSA through the isothiocya-
nate linkage (a few glycans loaded per BSA) before labeling
with 125I. The synthesized glycan structures and their
biodistribution & serum stability properties in mice (after
dissection) are summarized in Fig. 1. Notably, the substitution
at the non-reducing end of galactose by NAc-neuraminic acid
increased serum stability [34], and the α(2–3)-sialylated
neoglycoprotein especially exhibited higher stability than the
corresponding α(2–6)-congener. Core-fucosylation at the re-
ducing end of glucosamine, which would affect the confor-
mation of the α(1–6)-arm structure based on the computation-
al analysis, generally accelerated serum clearance, also de-
pending on the sialoside linkage at the non-reducing end
(α(2–6)-sialoside is cleared faster than the α(2–3)-sialoside)
[35]. The introduction of the β(1–4)-bisecting glucosamine at

the branching mannose resulted in increased accumulation in
the liver and the spleen [36]. On the other hand, another
bisecting substitution, i.e., the β(1–2)-lactosamination of the
branching mannose, enhanced the serum clearance [37]. It is
noted that the complex-type N-glycans with triantennary
structures had interesting effects; the elongation of mannose
branching at the α(1–6)-arm direction accelerated the serum
clearance, but branching at the α(1–3)-arm direction contrib-
uted to the accumulation in the liver, spleen, heart, and lung
[38]. The accumulation in the heart and the lung could be in
part mediated by the glycan receptors, but the original papers
did not deal with the detailed mechanisms. Furthermore, the
simultaneous substitution by the core fucose and the β(1–4)-
bisecting glucosamine residues resulted in the accumulation in
the liver, kidney, and spleen [39]. Although Gabius and
Unverzagt have not examined which cells and/or glycan re-
ceptors are responsible for the glycan-dependent in vivo ki-
netics summarized in Fig. 1, the serum stabilization effects by
the presence of the sialic acid residues are consistent with the
well-known asialoglycoprotein receptor-mediated excretion
mechanism of the glycoproteins in the liver [2–4]. Further-
more, the rapid serum clearance by the β(1–2)-
lactosamination of the branching mannose could be proposed
by considering the interaction with the C-type lectin on the
parenchymal cells. TheseN-glycoconjugates were investigated
extensively in tumor-bearing mice, but significant tumor accu-
mulation was not observed. Nevertheless, these studies consti-
tute a pioneering research field of glycoconjugate kinetics, in
that they clearly show that the biodistribution and serum sta-
bility of the neoglycoprotein are precisely regulated by N-
glycan structures.

Miscellaneous

Thanks to the recent advances in the bioconjugate chemistry,
the various complex glycan structures could efficiently be
introduced at the specific sites of the proteins and even those
on the cell surface under mild conditions. In this section, the
chemical mimicry of the glycan post-translational modification
and the chemical glycan engineering of the lymphocyte surface,
which efficiently recognizes the inflammation or the tumors in
live animals, will be discussed as the representative examples.

Chemistry-based site-selective modification of proteins
by oligosaccharides (chemical post-translational mimicry
(PTM)) for inflammation targeting

Davis and co-workers recently succeeded in mimicking the
glycan-post translational modifications (PTMs) of proteins by
chemical methods, which was used in targeting the mouse and
rat brain inflammation and disease [41]. They genetically
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engineered a target protein in E-coli by exchanging methio-
nine to artificial amino acids containing the azide and/or the
acetylene moieties, and subsequently, the Cu(I)-mediated
Huisgen cycloaddition reaction (Sharpless/Meldal click reac-
tion) was performed to introduce glycans and/or other small

functional molecules on the specific sites of the protein. Thus,
by using SSβG with LacZ-type galactosidase activity as a
protein template, the sialyl Lewis X and the acidic p-
toluenesulfonyl group were doubly introduced to specific sites
of the protein, which were expected by computational model-
ing to interact with the P-selectin. This PTM mimic was then
introduced to the interleukin-1β-induced rat models of cere-
bral inflammation, and after the dissection, the P-selectin
expression in the brain tissues was analyzed by the treatment
with the widely used probe X-Gal. Five-times more sensitive
detection than the conventional antibody-based methods
could be achieved. The overexpressed cerebral P-selectin
could also be detected in a Malaria-infected mouse model
(Plasmodium), by using the same chemistry-based PTMmim-
icry. It is noteworthy that the detection sensitivity of P-selectin
could significantly be decreased by altering and/or removing
the sialyl Lewis X structure or acid. Thus, the results show the
importance of PTMs in acquiring the functional diversifica-
tion by the glycans and/or the other small molecules.

Fig. 1 Complex-type N-glycans synthesized by chemoenzymatic meth-
od and glycan-dependent kinetics and biodistribution of their BSA con-
jugates in mice (Data extracted from the original papers were indepen-
dently summarized by the authors of this mini-review)

Fig. 2 Fluorescence imaging of lymphocytes in mice. Labeled and/or
engineered cells were administrated intravenously (n=3, 100 μL/mouse,
104 cells) and whole body was scanned from the back side by eXplore
Optix, GE Healthcare, Bioscience (excitation at 646 nm, emission
663 nm), 1 h, 2 h, 4 h, 6 h, 48 h, 1 week after injection. Data were

normalized. SP spleen, LN lymph node of epidermal intestinal tract, TM
DLD-1 human colon carcinoma. a Cy5-labeled cells to the nude mice. b
Cy5-labeled cells to the DLD-1 implanted nude mice at dorsal division. c
Both Cy5-labeled and N-glycan-engineered lymphocytes into the tumor
model
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New strategy for tumor targeting by N-sialoglycan engineered
lymphocytes

Tanaka and co-workers on the other hand have succeed in
introducing the various fluorophores and complex-type N-
glycans selectively on the cell surfaces through their 6π-
azaelectrocyclization technique, which treats cells with the
probes at 37 °C for 10 min under the probe concentration of
10−8 M [42–46]. The reaction proceeds selectively on the
lysine and/or phosphatidylethanolamine, being overexpressed
on the surface of the cells. The labeling and/or engineering
probes do not internalize the cells, and therefore, the reaction
does not interfere with cell functions. Based on their method,
the lymphocytes extracted from wild-type mouse, were la-
beled with Cy5 at near-infrared absorbance, and at the same
time, modified by the complex-type sialo-N-glycan [47]. The
artificial lymphocytes were injected intravenously to the
mouse tumor model in which DLD-1 human colon carcinoma
was implanted to the dorsal division, and the noninvasive
imaging was performed (Fig. 2); the artificial cells not only
trafficked to the spleen and the intestinal lymph nodes, but
also accumulated in the tumor region. They have found that
the N-glycan and its clusters [48], as well as the native lym-
phocytes [43] did not target the tumor in vivo, and therefore,
the data shows that both functions of the N-glycan and the
surfaces of the lymphocytes work synergistically to interact
with the tumor cell. As a result of this work, new strategy for
cancer targeting was proposed from the fields of synthetic
organic chemistry & glycobiology. These results show the
potential of the current glycan-modification method to tune
the functions of the living cells very rapidly and conveniently,
if said, in tailor-made fashion, in adjusting to in vivo kinetics
response.

Prospective

The biodistribution and the imaging results cited in this mini-
review give quite the promising possibility in the future for
developing neoglycoprotein-based imaging tracers, which
shows the preferable pharmacokinetics or selective targeting of
specific organs and tumors. As discussed in the “Introduction”,
the natural glycans on proteins and cell surface are often consti-
tuted of several kinds of glycans (termed as glycoform), thus
highly diversifying the glycobioenvironment.We therefore need
to synthesize and mimic such heterogeneous glycoclusters for
the efficient glycan-based imaging in the future. The various
heterogeneous glycocluster environments could be constructed
in a combinatorial fashion, leading to the promising strategy in
developing not only the neoglycoprotein-based diagnostic
tracers, but also vaccine adjuvants or virus-neutralizing pharma-
ceuticals. In order to evaluate in detail the heterogeneity in
natural glycoclusters and then mimic them to develop useful

glycan-based imaging tracers, synthetic chemists should seri-
ously consider how structurally defined heterogeneous
glycoclusters could be prepared efficiently and rapidly, i.e., by
the combinatorial approach. In other words, these issues depend
on how many organic reactions, which are truly orthogonal to
the functional groups, could be developed.
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