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Nanoparticles have emerged as a promising tool in the
biomedical field, in which they serve as delivery carriers of
imaging agents or drugs for nanomedicines.'! After intra-
venous injection, nanoparticles show higher accumulation in
angiogenic disease sites than normal tissues as a result of the
enhanced permeability and retention (EPR) effect.”’) To
further improve their specificity to disease sites, active
targeting strategies have been developed using biological
targeting moieties, such as antibodies, aptamers, or peptides,
which bind proper receptors on the surface of target cells.>*
Efficient binding of nanoparticles to the cell surface can
increase their accumulation at the target site, while unbound
nanoparticles are cleared from the tissue and eliminated from
the body.”! However, saturation of these receptors limits the
capacity of targeted nanoparticles.” In addition, targetable
receptors are rarely unique to the disease, so nanoparticles
can accumulate in other healthy tissues through these
receptors, resulting in reduced therapeutic efficacy and
unintended side effects.”! Furthermore, careful effort is
needed to preserve the binding site and maintain the
bioactivity of these targeting moieties during conjugation to
nanoparticles.!®!

Currently, bioorthogonal chemistry with high specificity is
paving the way for many novel innovations in the biological
field."”! Direct chemical reactions applicable in living systems
with bioorthogonality and biocompatibility have garnered
much attention from both chemists and biologists. For
example, DNA, peptide, and protein can be modified by
bioorthogonal chemistry in an easy and specific manner.['"]
Recently, researchers have developed many chemicals for
biocompatible copper-free click chemistry by focusing on
ring-strained alkyne groups as the counterparts to azide
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groups for increased reactivity."™'! With these chemical
groups, various targeting moieties could be specifically
conjugated to nanoparticles."”” In particular, bioorthogonal
chemistry has shown powerful applications in biological fields
in combination with metabolic glycoengineering." Through
metabolic glycoengineering, unnatural glycans are introduced
onto cells by feeding specific precursors on the basis of their
intrinsic metabolism. Therefore, bioorthogonal chemical
reactions can occur specifically on target living cells with
artificially introduced unnatural glycans containing particular
chemical groups, such as azides. Bertozzi’s group pioneered
this special technique and demonstrated it for various
purposes, such as analysis of cellular glycan, 3D cellular
assembly, exploiting metabolic pathways, and spatiotemporal
imaging of zebrafish development.'"! However, there are only
a few reports on applications to in vivo systems, especially for
the targeted delivery of nanoparticles.”> When applied in
cancer nanomedicine, this bioorthogonal chemistry together
with metabolic glycoengineering can greatly enhance the
tumor-targetability of nanoparticles. This is because meta-
bolic glycoengineering can artificially modulate the dose-
dependent expression of unnatural targetable glycans in
tumor tissue in vivo. Furthermore, we expect that bioorthog-
onal chemistry can be more effectively applied to nano-
particles than single molecules, because the multivalent effect
(which is the enhanced binding by multiple targeting mole-
cules) and the longer circulation time of nanoparticles can
provide more chances and higher probability of binding to
unnatural glycans on target cells in vivo.

Herein, we introduce a new invivo active targeting
strategy for nanoparticles through bioorthogonal copper-
free click chemistry in the living body (Scheme 1). First,
targetable glycans, unnatural sialic acids with azide groups,
are artificially generated in target cancer cells by an intra-
tumoral injection of the precursor, tetraacetylated N-azidoa-
cetyl-pD-mannosamine (Ac,ManNAz).* Second, nano-sized
PEGylated liposomes (PEG =poly(ethylene glycol)) are
modified with dibenzyl cyclootyne (DBCO) to strongly and
specifically bind unnatural sialic acids by copper-free click
chemistry."® Third, DBCO conjugated PEGylated liposomes
(DBCO-lipo) are intravenously injected into tumor-bearing
mice to chemically bind these unnatural sialic acids on the
target cancer cell surface by in vivo bioorthogonal copper-
free click chemistry. This technique is expected to enable
dose-dependent and temporal generation of chemical groups
on the target tumor site just like biological receptors,
controlling the tumor-targetability of nanoparticles.

We selected Ac,ManNAz as the precursor for metabolic
engineering of sialic acids, because Ac,ManNAz easily
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Scheme 1. Schematic illustration of in vivo tumor-targeting strategy for
nanoparticles by bioorthogonal copper-free click chemistry; see text for
details.

produces the unnatural sialic acids on tumor cell surface."”
As expected, Ac;qManNAz-treated A549 human lung cancer
cells successfully produced unnatural and targetable sialic
acids on their surface in a dose-dependent manner. Gener-
ated azide groups on the cell surface were visualized in green
fluorescence after treatment of AS549 tumor cells with
phosphine-FLAG and FLAG-FITC (Figure 1a). Further-
more, coomassie blue staining and western blot analysis of
Ac,ManNAz-treated cells showed the Ac,ManNAz dose-
dependent expression of unnatural targetable sialic acids
(Figure 1b). This dose-dependent expression of unnatural
targetable sialic acids on the target tumor cells is very unique
compared to other natural targeting moieties such as recep-
tors for RGD, folate, or other antibodies.

To target unnatural sialic acids with azide groups, DBCO
was chosen as a bioorthogonal chemical group because of its
high reactivity to azide groups through copper-free click
reactions.'®! PEGylated liposomes, as a conventional nano-
particle delivery system, were modified with DBCO (Fig-
ure 1c¢). Briefly, activated DBCO (sulfo-DBCO-NHS) was
conjugated to amine-functionalized PEG-lipids and incorpo-
rated into liposomes during their fabrication by a traditional
film-casting method, resulting in DBCO-lipo (see Figure S1,
S2, and S3 in the Supporting Information). A 10 mol % of
DBCO-modified PEG-lipids per total lipid composition was
incorporated into DBCO-lipo, while PEGylated liposomes
without DBCO (PEG-lipo) were used as a control. For
in vitro and in vivo near-infrared fluorescence (NIRF) track-
ing of liposomes, 0.5 molar ratio of Cy5-labeled lipids were
incorporated into DBCO-lipo and PEG-lipo. As expected,
the resulting liposomes had a stable spherical shape as shown
in CryoTEM images, and the size of DBCO-lipo was 75.33 +
18.29 nm in aqueous condition as determined by dynamic
light scattering (DLS; Figure 1d and Figure S4 in the
Supporting Information). In addition, after incubation in
10% FBS containing media, the size distribution of DBCO-
lipo slightly increased to 110.79 +21.35 nm. However, these
nanoparticles were still small enough to freely move in blood
flow and showed no further aggregation.
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Figure 1. Introduction of unnatural sialic acids with azide groups on
the cell surface and preparation of DBCO-functionalized liposomes
(DBCO-lipo). a) Visualization of azide groups (green) on the surface of
Ac,ManNAz-treated A549 cells. b) Coomassie staining and western
blot analysis of Ac;ManNAz-treated cells (dose increases from left to
right) showing the amount of total proteins and generated azide
groups, respectively. c) Chemical structures of DBCO-PEG-DSPE and
Cy5-labeled DPPE. d) The morphology (TEM image) and size distribu-
tion of DBCO-lipo (determined by DLS).

In this Ac;ManNAz-treated cell culture system, the
binding of DBCO-lipo to the A549 tumor cells was visualized
by Cy5 fluorescence. The amount of bound DBCO-lipo on
the cell surface increased along with the increasing number of
azide groups, indicating the high reactivity of copper-free
click approach (Figure 2a). This result indicates that the
binding of nanoparticles can be artificially controlled by
changing the concentration of Ac,ManNAz in a dose-depen-
dent manner. As a control, PEG-lipo without DBCO showed
minimal binding to the Ac;ManNAz-treated tumor cells
(Figure 2b). Also, after treatment with tris(2-carboxyethyl)-
phosphine (TCEP) to chemically quench azide groups, the
binding efficiency of DBCO-lipo dramatically decreased
showing the high specificity of DBCO-lipo and azide
groups.™* DBCO conjugated with Cy5 (DBCO-CyS) was
used as a control. Interestingly, the fluorescence intensity of
DBCO-Cy5-treated tumor cells was even lower than that of
DBCO-lipo treated cells. The greatly increased binding of
DBCO-lipo, compared to DBCO-Cy5 at the same molar
concentration of NIRF dye, might be ascribed to the multi-
11837
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Figure 2. Cellular binding and uptake of DBCO-lipo. a) Ac,ManNAz concentration-
dependent binding of DBCO-lipo (red) to A549 cells (blue). b) Binding of DBCO-lipo to
Ac,ManNAz-treated cells and control experiments with other groups, see text for
details. c) Time-lapse images of DBCO-lipo (red) in Ac,ManNAz-treated cells. d) Flow
cytometry data of Ac,ManNAz-treated cells after binding with DBCO-lipo (see text for

6.8-fold higher than the case of PEG-lipo and
TCEP treatment, respectively, indicating the
high specificity of the copper-free click chemis-
try.

For in vivo studies, we prepared xenograft
mice models bearing two tumors in both sides of
the flank by subcutaneous injection of AS549
tumor cells. Then, different concentrations of
Ac,ManNAz were administered to the left
tumors by intratumoral injection for three days
while saline was injected to the right as a control.
The Coomassie blue staining and western blot
analysis of tumor tissues showed that the
amount of unnatural sialic acid with azide
groups increased in a dose-dependent manner
similarly with the cellular conditions (Fig-
ure 3a). Histological staining using phosphine-
FLAG and FLAG-HRP also visualized the
dose-dependent generation of azide groups
only in Ac,ManNAz-treated tumors (Figure 3b
and see Figure S7 and S8 in the Supporting
Information). The opposite tumor tissue of the
same mice showed negligible generation of
azide groups compared to the 50mm
Ac,;ManNAz-treated tumors. These results indi-
cate that metabolic glycoengineering can artifi-
cially modulate the expression of unnatural
targetable sialic acids in a dose-dependent
manner even under in vivo conditions.

details).

valent effect of nanoparticles in accordance with previous
reports on RGDs or folates on the nanoparticle surface.!!
There was a ratio of about one Cy5 dye molecule to 20 DBCO
groups in our DBCO-lipo and the binding efficiency was
dependent on the amount of DBCO (see Figure S5 in the
Supporting Information). Importantly, DBCO-lipo exhibited
the similarly higher tumor-targeting ability in different
Ac,ManNAz-treated-tumor cells (U87MG, MCF-7, and KB
cells, see Figure S6 in the Supporting Information), regardless
of the heterogeneity of different tumor cell lines. This result
suggests that this higher tumor-targeting efficiency of DBCO-
lipo in Ac;ManNAz-treated cell culture system is mainly
caused by the bioorthogonal copper-free click chemistry.

In addition, we investigated the intracellular fate of these
nanoparticles that are chemically bound to the cell surface,
which is important for their further application as drug
carriers. The bound DBCO-lipo was taken up by cells as
shown in time-lapse imaging (Figure 2c). It may be due to the
intrinsic glycan internalization followed by endocytosis of
nanoparticles, which is significant for the intracellular deliv-
ery of drugs."™ In the flow cytometry data, the fluorescence
intensity of 50 um Ac,ManNAz-treated cells was more than
20-fold higher than that of control tumor cells without
Ac,ManNAz treatment (Figure 2d). The 5 um Ac,ManNAz-
treated cells showed about 2.6-fold increased fluorescence
over the control, while the change was negligible in the case of
0.5 um Ac,ManNAz. Furthermore, the intensity of DBCO-
lipo in 50 um Ac;ManNAz-treated cells was about 13.8- and
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Figure 3. In vivo tumor-targeting of DBCO:-lipo in tumor-bearing mice
models. a) Coomassie staining and western blot analysis of
Ac,ManNAz-treated tumor tissues; opp = opposite (control) tumor.
b) Histological staining of Ac,ManNAz-treated tumor tissues using
phosphine-FLAG and FLAG-HRP. c) Whole body biodistribution of
DBCO:-lipo in Ac,ManNAz-treated tumor-bearing mice. (left:
Ac,ManNAz-treated, right: saline-treated).
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When the tumor diameters grew to 10 mm, they were
treated with Ac,ManNAz in the same way for three days, and
10 mgkg ' of DBCO-lipo and PEG-lipo were intravenously
injected to these mice. Also, the control DBCO-Cy5 was
injected into mice with the same NIRF intensity as that of
liposome solutions. Whole body distribution and tumor-
targetabilty of each sample were quantified using a non-
invasive optical imaging system in live animals. As expected,
PEG-lipo showed no difference in fluorescence intensity in
tumors with or without Ac;ManNAz (see Figure S9 in the
Supporting Information). It showed slightly higher accumu-
lation in tumor tissue than normal surrounding tissue only
because of the EPR effect of nano-sized carriers. Also, it
showed the nonspecific binding to normal organs, such as liver
and kidney."”’ However, the amount of accumulated DBCO-
lipo highly increased in the Ac,ManNAz-treated left-side
tumors compared to the saline-treated right-side tumors after
intravenous injection of DBCO-lipo. The increased accumu-
lation of DBCO-lipo was higher in 50 mm Ac,ManNAz-
treated tumors than the case of 5 or 0.5 mm, showing that the
binding of DBCO-lipo was also dependent on the concen-
tration of Ac,ManNAz as tested under in vitro conditions.
This artificial tumor-targeting of nanoparticles in a dose-
dependent manner is the unique advantage of the targeting
strategy based on metabolic glycoengineering and bioorthog-
onal chemistry over other active targeting strategies with
biological targeting moieties. The similar intensities in both
tumors after TCEP treatment strongly suggested that the
increased DBCO-lipo accumulation was based on the copper-
free click chemistry. Interestingly, DBCO-Cy5-treated mice
gave relatively dim images, which may be due to the short
circulation time of DBCO-Cys5 and its lack of the multivalent
effect. The result reveals that this technique is more suitable
for nanoparticles than small molecules.

Finally, exvivo tumor tissue analysis confirmed the
significant tumor-targeting of DBCO-lipo by the bioorthog-
onal copper-free click chemistry in vivo. Five hours post-
injection, tumors and other organs were dissected, and each
sample was analyzed in a Kodak imaging box. NIRF images of
tumor groups also confirmed that the amount of accumulated
DBCO-lipo significantly increased according to the concen-
tration of treated Ac,ManNAz (Figure 4a). This result
showed that the biodistribution of nanoparticles could be
artificially controlled using chemical precursors in a dose-
dependent manner. In the case of 50 mm Ac,;ManNAz-treated
tumors, the amount of DBCO-lipo increased almost twofold
higher than saline-treated tumors on the opposite side of the
mouse (Figure 4b). On the other hand, the accumulation of
control DBCO-CyS5 in tumor tissue was significantly lower
than DBCO-lipo, and the difference between the tumors was
hardly observed owing to their short blood circulation and
fast excretion from the body. The NIRF intensity of DBCO-
Cy5 was only about 5.6% of DBCO-lipo in 50 mMm
Ac,ManNAz-treated tumors. These data support that the
long circulation and the multivalent effect of nanoparticles
are helpful for bioorthogonal copper-free click chemistry
especially under invivo conditions. The brown color in
histological staining and the intense red spots of DBCO-lipo
in Ac;ManNAz-treated tumor tissues indicated the correla-
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Figure 4. Ex vivo tumor tissue analysis of tumor-bearing mice models
after intravenous injection of DBCO-lipo. a) NIRF images of tumor
groups from Ac,ManNAz-treated tumor-bearing mice after intravenous
injection of DBCO-lipo. b) The mean NIRF intensities of samples

in (a). c) Histological staining and fluorescence images of
Ac,ManNAz-treated tumor tissues after intravenous injection of
DBCO:-lipo. Symbols * and ** indicate differences at the p <0.05 and
<0.01 significant levels, respectively (analyzed using one-way
ANOVA).

tion of the generated azide groups and the amount of
accumulated DBCO-lipo (Figure 4c). These results con-
firmed that nanoparticles could be delivered to the target
site by invivo copper-free click chemistry reaction with
bioorthogonal chemical groups in artificially introduced
unnatural sialic acids.

In summary, the overall results successfully demonstrated
the potential of this new in vivo targeting strategy of nano-
particles based on bioorthogonal copper-free click chemistry.
Unnatural sialic acids with azide groups could be artificially
generated on the target site by metabolic glycoengineering.
Then, these groups could effectively enhance the accumu-
lation of nanoparticles in the target site through bioorthog-
onal copper-free click chemistry inside the living body.
Importantly, after binding the cell surface, these nanoparticles
were taken up into the cells over time showing the feasibility
for targeted intracellular drug delivery. The efficiency of this
technique can be improved with the development of new
bioorthogonal chemical groups with higher reactivity. Taken
together, this technique will be highly useful for the targeted
delivery of nanoparticles for imaging and drug delivery.
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