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We developed glycopolyesters (GPs) via azido-sugar initiated ring-opening polymerization of O-carboxyanhydrides (OCAs) and achieved eﬃcient in vivo cancer targeting via GP-nanoparticle (GP-NP) mediated metabolic
cell labeling followed by Click reaction. GP-NP shows controlled release of azido-sugars and can eﬃciently label
LS174T colon cancer cells with azido groups in tumor-bearing mice. The exogenously introduced azido groups
render excellent in vivo cancer targeting and retention of dibenzocyclooctyne-Cy5 (DBCO-Cy5) with an increasing tumor retention enhancement over time (68% at 6 h, 105% at 24 h, and 191% at 48 h) compared to
control mice without azido labeling. The tumor accumulation of DBCO-doxorubicin is also signiﬁcantly enhanced in GP-NP pretreated mice, resulting in improved in vivo anticancer eﬃcacy. This study, for the ﬁrst time,
proposes the use of azido-sugar initiated polymerization of OCAs to form sugar delivery vehicles with high
stability and controlled release, and demonstrates the increasing tumor targeting eﬀect of DBCO-cargo over time
by azido-modiﬁed tumor cells.

1. Introduction
Chemotherapy provides vital cancer treatment but often suﬀers
from undesired pharmacological proﬁles of anticancer agents, such as
poor water solubility, fast renal clearance, large volume of distribution,
and severe side eﬀects [1,2]. Drug loaded nanoparticle (NP) has
emerged as a promising modality to solve these issues [3,4]. To further
reduce side eﬀects and improve anticancer eﬃcacy, NP mediated
cancer targeting has been attempted by modifying NP surface with
targeting ligands (TLs) that can speciﬁcally bind to cancer-associated
protein receptors [5–7]. Although these NP-TLs have improved uptake
by cancer cells, they often show very limited targeting and undesired
immune responses in vivo, the latter of which leads to the fast clearance
of NP-TLs from circulation and their elevated accumulation in liver and
spleen [8–12]. Alternative strategies to direct chemotherapeutic agents
speciﬁcally to cancerous tissues with minimal eﬀect on their distribution to other organs is clearly of great interest and importance for drug
development and clinical oncology [13–16].
Click chemistry has been widely used in bioconjugation, cell labeling, and protein proﬁling because of their favorable features such as
small ligand size, biocompatibility, high reaction rate, and excellent
speciﬁcity [17–22]. The discovery that unnatural sugars (e.g.,

tetraacetyl N-azidoacetylmannosamine (Ac4ManAz)) can metabolically
label cancer cell surface with azido groups has enabled the application
of Click chemistry to cancer targeting [23–29]. Diﬀering from the targeting of the protein receptors by existing TLs which is mediated by
hydrophobic/electrostatic interactions, the targeting of metabolically
expressed azido-sugars is mediated by the formation of covalent bonds
through eﬃcient Click chemistry. Apart from the above-mentioned
features of Click reaction, this sugar/Click chemistry mediated targeting strategy also avoids immune responses and beneﬁts from the
much larger number density of cell-surface sugars compared to proteins
[30]. However, the metabolic labeling process of azido-sugars also occurs in healthy cells [25,31]. To enable the use of metabolic labeling
followed by Click chemistry for cancer targeting, the key challenge is to
either design azido-sugars with cancer-speciﬁc labeling capability or
speciﬁcally deliver the azido-sugar to cancers [31–36].
Here we explore cancer targeting by integrating NP-mediated passive targeting via the Enhanced Permeability and Retention (EPR) eﬀect
[37–39] and azido-sugar mediated cancer cell labeling. We avoid the
use of azido-sugar encapsulated NPs, as premature sugar release and
uncontrolled release kinetics may make it diﬃcult to achieve eﬃcient
cancer labeling [33,40]. An azido-sugar conjugated NP with great
loading stability and controlled sugar release proﬁles can potentially
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Scheme 1. Schematic illustration of the
synthesis and metabolic labeling process of
GP-NP. (a) Synthesis of glycopolyester (GP
(all)) via Ac3ManAzOH-initiated ROP of allOCA, and preparation of GP-NP via nanoprecipitation method. (b) GP-NP mediated
metabolic labeling of cancer cells with azido
groups and subsequent targeting by DBCOcargo via copper-free Click chemistry.

solution was stirred at room temperature for 2 h, at which time point
HPLC showed the complete consumption of DBCO-Cy5. Potentially retained minimal amount of DBCO-Cy5 was removed via ultracentrifugation with a cut-oﬀ molecular weight of 2k. Collected polymers were dried and stored for use. (2) Preparation of Cy5-conjugated
GP-NP: Cy5-labeled GP(all)20 (5 mg) and mPEG5k-P(all)20 (5 mg) were
dissolved, and well mixed in anhydrous DMF (1 mL). The mixture was
then dropwise added to vigorously stirred nanopure water (20 mL).
After addition of polymer solution, the mixture was stirred for another
2 h, and then transferred into a dialysis tube (MWCO 5k). The NPs were
dialyzed against deionized water for 48 h, concentrated via ultracentrifugation, and stored for use. (3) Release study of Cy5-conjugated
GP-NP: GP-NP was dispersed in PBS (10 mg/mL, 2 mL, pH 7.4) and
transferred into a dialysis tube in the presence or absence of esterase
(100 units). The dialysis tube was immersed in 30 mL of PBS (pH 7.4)
and incubated at 37 °C (100 rpm). 1 mL of the medium was taken out
for ﬂuorescence measurement and the same amount of fresh medium
was added at selected time points. Released sugar moieties were
quantiﬁed by the standard curve of ﬂuorescence intensity of Cy5.

enable eﬃcient cancer cell labeling and facilitate the subsequent Click
chemistry-mediated cancer targeting. Speciﬁcally, we designed azidosugar conjugated glycopolyester NP (GP-NP) via azido-sugar initiated
ring-opening polymerization (ROP) of 5-(4-(prop-2-en-1-yloxy)benzyl)1,3-dioxolane-2,4-dione (allyl (all)-OCA) followed by nanoprecipitation
of the resulting GP(all) with PEG-P(all) (Scheme 1a). GP-NP showed
excellent stability under physiological conditions while underwent
controlled release of azido-sugars in the presence of cellular esterase for
metabolic cell labeling (Scheme 1b). GP-NP mediated tumor labeling
signiﬁcantly improved tumor accumulation and retention of dibenzocyclooctyne (DBCO)-Cy5 and DBCO-doxorubicin conjugate.
2. Methods
2.1. General procedures for ring-opening polymerization of allyl-OCA
R-OH (1 molar equivalent) and 4-dimethylaminopyridine (1 molar
equivalent) were dissolved in anhydrous DCM in a glove box, followed
by the addition of allyl-OCA (20, 50, or 100 molar equivalents) in DCM
in one portion. The reaction mixture was stirred at room temperature
for 16 h. One drop of reaction solution was taken out for FTIR analysis
to conﬁrm the complete consumption of allyl-OCA (disappearance of
the peak at around 1810 cm−1). The mixture was then precipitated into
diethyl ether. Collected precipitates were washed with anhydrous diethyl ether twice and dried for use.

2.4. Stability of NPs in 50% human serum
GP-NP or PP-NP in DI water (1 mg/mL, 100 μL) was diluted with
human serum/PBS (1/1, v/v, 3 mL). Size and size distribution of NPs
were monitored via DLS at selected time points.

2.2. Preparation of GP-NP and PP-NP
2.5. In vitro cell labeling experiment
GP(all)20 or PP(all)20 (5 mg) and mPEG5k-P(all)20 (5 mg) were dissolved and well mixed in anhydrous DMF (1 mL). The mixture was then
dropwise added to vigorously stirred nanopure water (20 mL). A turbid
solution was obtained immediately. After addition of polymer solution,
the mixture was stirred for another 2 h, and then transferred into a
dialysis tube (MWCO 5k). The NPs were dialyzed against deionized
water for 48 h, concentrated via ultracentrifugation, and stored for use.

LS174T colon cancer cells were seeded onto coverslips in a 6-well
plate with a cell density of 40 k/well. GP-NP (25 μM in GP equivalent)
or PP-NP (25 μM in PP equivalent) was added and the cells were incubated at 37 °C for 72 h. The medium was removed and washed with
PBS for three times. DBCO-Cy5 (25 μM) in Opti-MEM was added and
the cells were incubated for another 1 h. Then the medium was removed and the cells were washed with PBS for three times. 4% paraformaldehyde (PFA) solution was added to ﬁx the cells for 10 min, followed by staining of cell nucleus with DAPI (2 μg/mL) for 10 min. The
coverslips were mounted on microscope slides with the addition of
ProLong Gold antifade reagent and the prepared samples were stored in
dark for imaging.

2.3. Release kinetic study of GP-NP
(1) Conjugation of DBCO-Cy5 onto GP(all)20: GP(all)20 (5 mg, 1
molar equivalent of azido-sugar) and DBCO-Cy5 (100 μg, 0.1 molar
equivalent) were dissolved in anhydrous methanol (1 mL), and the
2
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Fig. 1. (a) DLS analysis of GP-NP prepared from
nanoprecipitation of GP and PEG-P(all). Inset: TEM
characterization of GP-NP. (b) Release proﬁle of
sugar moieties from GP-NP in presence of esterase.
Data were presented as average ± standard deviation, n = 3. (c) CLSM images of LS174T colon cancer
cells after incubated with Cy5 GP-NP (5 μM) for 2 h.
The cell nucleus was stained with DAPI. The
Lysosomes/late endosomes were stained with
LysoTracker Green DND-26 (Green). Scale bar:
10 μm. (d) CLSM images of LS174T colon cancer cells
after incubated with GP-NP and PP-NP, respectively
for 72 h and subsequently labeled with DBCO-Cy5
for 1 h. The cell nucleus was stained with DAPI. Scale
bar: 10 μm. (e) Western blot analysis of LS174T cells
after treated with GP-NP and PP-NP, respectively for
72 h. Azido-modiﬁed glycoproteins were converted
to biotinylated ones prior to gel running and further
analyses. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to
the Web version of this article.)

for all groups. Then 20 μL of the lysate was incubated with phosphinePEG3-biotin (2 μL, 5 mM in PBS) at 37 °C for 6 h. Loading buﬀer was
added to each sample and samples were loaded onto 10% SDS-PAGE gel
after heating at 95 °C for 5 min. After running the gel at 120 V for
105 min, protein bands were transferred to Hybond P membrane, followed by blocking of the membrane with 5% bovine serum albumin
(BSA) in TBST (50 mM Tris.HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.4)
for 2 h. The membrane was then incubated with streptavidin-HRP (diluted 1:2000 in TBST) overnight at 4 °C, rinsed with TBST for three
times, and developed by ECL Western Blotting Substrate.

2.6. Flow cytometry analysis
LS174T cells were seeded in a 24-well plate at a cell density of 10 k/
well. GP-NP (25 μM in GP equivalent), PP-NP (25 μM in PP equivalent)
or PBS was added and incubated with cells for 72 h. After removal of
the medium and multiple washing steps, DBCO-Cy5 (25 μM) in optiMEM was added and incubated with cells at 37 °C for 1 h. The medium
was removed and cells were washed with PBS for three times. Then
cells were lifted by incubation with trypsin solution (1 mL) at 37 °C for
3 min and transferred to test tubes with the addition of 4% PFA solution
(0.5 mL). Ten thousand cells per sample were analyzed by ﬂow cytometry and data analysis was performed on FCS Express software.

2.8. In vivo and ex vivo ﬂuorescence imaging

2.7. Western blot analysis of cells

LS174T tumor models were established on 6 week-old female 01B74
athymic nude mice by subcutaneous injection of LS174T colon cancer
cells (1.5 million) into both ﬂanks. When the tumors grew to a size of
~6 mm, GP-NP (40 mg/kg in sugar equivalent) or PP-NP (same amount
of NPs) or PBS was administered intravenously (i.v.) once daily for
three days. 24 h after the last injection, DBCO-Cy5 (6 mg/kg) was i.v.
injected. Nude mice were placed on the sample stage equipped with
anesthesia input and output ports, and imaged by the Bruker Xtreme InVivo Fluorescence Imaging System at selected time points. The excitation ﬁlter was set at 630 nm and emission ﬁlter was set at 700 nm.
Collected images were analyzed by the Bruker molecular imaging
software. Major organs and tumors were dissected from mice at 6 h,
24 h or 48 h post injection of DBCO-Cy5. The ex vivo imaging was taken

LS174T cells were seeded onto cell culture ﬂasks with a density of
1 × 106 cells per plate in 5 mL of medium. GP-NP (25 μM in GP
equivalent), PP-NP (25 μM in PP equivalent) or PBS was added and
incubated for three days. The cells were washed with PBS twice and
harvested from the ﬂasks with a cell scraper. Cells were pelleted by
centrifugation at 1500 rpm for 5 min and resuspended in 200 μL of lysis
buﬀer (1% SDS, 100 mM Tris.HCl, pH 7.4) containing one tablet of
protease inhibitor (EDTA-free). The lysate was incubated at 4 °C for
30 min, followed by centrifugation at 3000 rcf for 10 min to remove
insoluble cell debris. The total soluble protein concentration was determined by bicinchoninic acid (BCA) assay and adjusted to 1.5 mg/mL
3
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Fig. 2. In vivo labeling study of GP-NP and PP-NP. (a) Time frame of in vivo labeling study. Athymic nude mice bearing LS174T tumors on both ﬂanks were i.v.
injected with GP-NP (40 mg/kg in sugar equivalent) or PP-NP (same amount of NP) once daily for three days, and subsequently detected by DBCO-Cy5 (6 mg/kg). (b)
In vivo whole body ﬂuorescence imaging of mice pretreated with GP-NP (upper row) or PP-NP (lower row) at 6 and 24 h p.i. of DBCO-Cy5, respectively. Tumors were
shown by yellow arrows. Scale unit: Counts per second. (c) Ex vivo ﬂuorescence imaging of tumors and major organs (1-liver, 2-spleen, 3-lung, 4-heart, 5-kidney, 6kidney, 7, 8-tumors). Scale unit: Counts per second. (d) Quantiﬁcation of Cy5 FI of tumors and major organs from (c). Data were presented as average ± standard
deviation, n = 4. Statistical signiﬁcance analysis was performed by Two-Sample Unpaired Student's t-test; 0.05 < p, 0.01 < *p ≤ 0.05 and **p ≤ 0.01 were
considered statistically non-signiﬁcant, signiﬁcant, and highly signiﬁcant, respectively. (e) CLSM images of tumor sections from mice treated with GP-NP/DBCO-Cy5,
PP-NP/DBCO-Cy5, and PBS, respectively. Cell nucleus was stained with DAPI (blue). Scale bar: 20 μm. The parameters for confocal imaging were kept the same for all
samples. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

2.10. Synthesis of DBCO-hz-Dox

similarly using the Bruker Xtreme In-vivo Imaging System. Ex vivo
images were quantiﬁed by measuring ﬂuorescence intensity at selected
ROIs. All values were expressed as means ± standard deviation.
For pharmacokinetics and biodistribution study of Cy5-labeled GPNP, Cy5-labeled GP-NP was i.v. administered to tumor-bearing mice.
Blood was collected at 1, 2, 4, 8, 12, and 24 h post injection of Cy5labeled GP-NP, placed in a 96-well plate, and quantiﬁed for Cy5
ﬂuorescence intensity using the Bruker Xtreme In-vivo Imaging System.
In another parallel study, at 24 h or 48 h post injection of Cy5-labeled
GP-NP, tumors and major organs were collected, homogenized, and
quantiﬁed for Cy5 ﬂuorescence intensity using the Bruker Xtreme Invivo Imaging System.

DBCO-NHS (40.2 mg, 0.1 mmol) was dissolved in anhydrous acetonitrile (1 mL), followed by addition of hydrazine (16.0 mg, 0.5 mmol).
The mixture was stirred at room temperature for 30 h. The solvent was
removed under reduced pressure and the residue was dissolved in anhydrous DMF (500 μL). Doxorubicin hydrochloride (58.0 mg, 0.1 mmol)
in DMF (500 μL) was added, followed by addition of one drop of concentrated hydrochloric acid. The reaction mixture was stirred at 40 °C
for 48 h. DBCO-hz-Dox was obtained via precipitation of the reaction
mixture into diethyl ether and washed with diethyl ether for twice
(overall yield: 70%). LRMS (ESI) m/z: exact mass calculated for
C46H45N4O12 [M+H]+ 845.3, found 845.6.

2.9. Confocal imaging of tumor tissue

2.11. Release kinetics of DBCO-hz-Dox

After ex vivo imaging, tumors were immediately frozen in O.C.T.
compound. Tumor sections with a thickness of 6 μm were collected by
cryostat (Leica CM3050S). DAPI in PBS (2 μg/mL) was added to the
microscope slides to stain cell nucleus. After 10 min, DAPI solution was
removed and the microscope slides were washed with PBS for three
times. Coverslips were mounted on the microscope slides with the addition of ProLong Gold antifade reagent and the prepared samples were
stored in dark for confocal imaging.

DBCO-hz-Dox (1 mg) was dissolved in 1 mL of PBS (2% DMSO) with
a pH value of 5.0 or 6.5 or 7.4, and incubated at 37 °C with gentle
shaking. At selected time points (15 min, 30 min, 1 h, 2 h, 4 h, 6 h),
10 μL of DBCO-hz-Dox solution was injected into HPLC. Percentage of
released Dox was determined by the standard curve of Dox.
2.12. MTT study of DBCO-hz-Dox and free Dox
In vitro cytotoxicity of DBCO-hz-Dox and free Dox was measured by
4
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Fig. 3. GP-NP treatment improved the tumor retention of DBCO-Cy5. (a) Time axis of in vivo labeling
study. Athymic nude mice bearing LS174T tumors on
both ﬂanks were i.v. injected with GP-NP (40 mg/kg
in sugar equivalent) or PP-NP (same amount of NP)
once daily for three days, and subsequently detected
by DBCO-Cy5 (6 mg/kg). (b) Cy5 retention ratio of
GP-NP treated mice to PP-NP treated mice in tumor
and major organs at 6 h, 24 h, and 48 h p.i., respectively. Cy5 retention ratio of (c) tumor to liver and
(d) tumor to kidney over time (6 h, 24 h, and 48 h
p.i.) in mice treated with GP-NP (black line) and PPNP (red line), respectively. Data were presented as
average ± standard deviation, n = 3. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version of
this article.)

2.14. Statistical analysis

MTT assay. LS174T colon cancer cells were seeded in a 96-well plate at
an initial density of 4k cells/well, allowed to attach for 24 h, and
treated with DBCO-hz-Dox or free Dox at various Dox concentrations at
37 °C for 48 h. Cells without drug treatment were used as control. The
MTT assay was performed by following the standard procedure.

The statistical analysis was performed by one-way analysis of variance (ANOVA) with post hoc Fisher's LSD test (OriginPro 8.5), and Pvalues < 0.05 were considered statistically signiﬁcant. The results
were deemed signiﬁcant at 0.01 < *P ≤ 0.05, highly signiﬁcant at
0.001 < **P ≤ 0.01, and extremely signiﬁcant at ***P ≤ 0.001.

2.13. Antitumor eﬃcacy study
3. Results and discussions
LS174T tumor models were established on 6 week-old female 01B74
athymic nude mice by subcutaneous injection of LS174T colon cancer
cells (1.5 million) into both ﬂanks. When the tumors grew to a size of
~6 mm, mice were randomly divided into ﬁve groups (group 1: GP-NP/
DBCO-hz-Dox; group 2: PP-NP/DBCO-hz-Dox; group 3: DBCO-hz-Dox;
group 4: GP-NP; group 5: PBS; N = 3). For group 1 and group 4 mice,
GP-NP (40 mg/kg in sugar equivalent) was i.v. injected once daily for
three days. For group 2 and 3 mice, PP-NP (same amount of NPs) and
PBS were i.v. injected, respectively once daily for three days. At 24 h
post the last injection, DBCO-hz-Dox (10 mg/kg Dox equivalent) was
i.v. injected into group 1, 2, and 3 mice. Group 4 and 5 mice were
treated with PBS instead. At 48 h post injection of DBCO-hz-Dox, major
organs and tumors were harvested. Tumors were cut into halves.
Organs and half of the tumors were homogenized and lysed in lysis
buﬀer (1% SDS, 100 mM Tris.HCl, pH 7.4). After the addition of acidiﬁed isopropanol, the mixture was vortexed and frozen overnight at
−20 °C. After centrifugation, the supernatant was injected into HPLC
for the quantiﬁcation of retained Dox in tissues. Data were presented as
%I.D./g. The other half of tumors were frozen with O.C.T. compound,
and sectioned on cryostat (Leica CM3050S) with a thickness of 6 μm.
Cell apoptosis in tumors was analyzed via terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay using in situ cell
death detection kit (Roche Diagnostics GmbH, Mannheim, Germany).
TUNEL staining was performed following the manufacture's manual.
The tumor sections were imaged with the confocal laser scanning microscopy (LSM 700, Zeiss) at 20 × magniﬁcation. Cells under apoptosis
were red ﬂuorescent and all the nuclei were blue ﬂuorescent.

Hydroxyl-containing-substrate initiated ROP of O-carboxyanhydrides (OCAs) provides an eﬃcient method to prepare biodegradable
polyesters with controlled molecular weights (MWs), various functionalities, and tunable physicochemical properties [41]. Such substrate-polyester conjugates can be used to make polyester NPs with
controlled release proﬁles [42,43]. As the exposure of the 1-OH of
Ac4ManAz is essential for its metabolic activity [31,32], we envisioned
that using this 1–OH group to initiate ROP of OCAs to yield sugarconjugated polyesters can not only achieve controlled sugar release
proﬁles but also “preserve” cell labeling capability until the azido-sugar
is released from the polymeric structure. Ac3ManAzOH was obtained
via site-speciﬁc deprotection of Ac4ManAz (Scheme 1a, Fig. S1). GP(all)
s with well controlled MWs and narrow polydispersities were prepared
via Ac3ManAzOH initiated ROP of all-OCA using 4-dimethylaminopyridine (DMAP) as the catalyst (Table S1 and Fig. S4a). We selected GP
(all)20, a 20-mer GP, throughout this study due to its highest sugar
contents among all GP(all)s synthesized. Pyrene-P(all)20 (PP) and
PEG5k-P(all)20 (PEG-P(all)) were similarly prepared using 1-pyrenebutanol and methoxy polyethylene glycol (mPEG, MW = 5k Da) as
the initiator, respectively (Table S2, Fig. S6).
We then prepared NPs via nanoprecipitation of GP (or PP) with
PEG-P(all) [10]. The resulting GP-NP had an average diameter of
143 nm and a narrow PDI of 0.07, as determined by dynamic light
scattering (DLS, Fig. 1a). TEM showed a smaller diameter, at around
113 nm (Inset, Fig. 1a). PP-NP with a similar diameter was conﬁrmed
by DLS and TEM analysis (Fig. S7). Both GP- and PP-NP showed remarkable stability in 50% human serum, evidenced by the negligible
size changes over 9 days (Fig. S8). To understand the sugar release
5
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Fig. 4. (a) Structure of pH-responsive DBCO-hz-Dox. (b) Release kinetic proﬁles of DBCO-hz-Dox at pH 5.0 and 7.4, respectively. (c-e) GP-NP (40 mg/kg in sugar
equivalent) or PP-NP was i.v. injected once daily for three days (Day 0–2), followed by i.v. injection of DBCO-hz-Dox (10 mg/kg in Dox equivalent) on Day 3. Mice
were sacriﬁced and analyzed on Day 5. (c) Retained Dox in tumors and major organs from mice treated with GP-NP + DBCO-hz-Dox, PP-NP + DBCO-hz-Dox, and
DBCO-hz-Dox, respectively at 48 h post injection of DBCO-hz-Dox. Dox was extracted from acidiﬁed tissue lysates and quantiﬁed using HPLC. (d) Representative
TUNEL staining sections of harvested LS174T tumors after diﬀerent treatments. Scale bar: 50 μm. (e) Quantiﬁcation of TUNEL stains via ImageJ. The apoptosis index
was determined as the ratio of apoptotic cell number (TUNEL, red) to the total cell number (DAPI, blue). 20 tissue sections were counted per tumor, n = 6. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

kinetics of GP-NP, we conjugated DBCO-Cy5 to GP ﬁrst to yield Cy5labeled GP (Cy5 GP) and then prepared Cy5-labeled GP-NP (Cy5 GPNP) via nanoprecipitation of Cy5 GP with PEG-P(all). We found that
~50% of sugar moieties were released from GP-NP in 24 h in the presence of esterase (Fig. 1b), showing a controlled release rate on the
same order of magnitude as the rate of metabolic labeling process of
unnatural sugars [31,44]. CLSM images of LS174T cells incubated with
Cy5 GP-NP for 2 h showed the overlay of Cy5 signal with LysoTracker
Green signal (Fig. 1c), which conﬁrmed that GP-NP entered late endosomes and might release sugar moities there for subsequent metabolic cell labeling.
We next evaluated GP-NP with covalent attachment of azido-sugars
for cell labeling. LS174T cells were incubated with GP-NP or PP-NP for
72 h and further incubated with DBCO-Cy5 for 1 h. Confocal images of
LS174T cells treated with GP-NP showed clear and uniform Cy5
ﬂuorescence on the cell surface (Fig. 1d, upper panel) in comparison to
the negligible Cy5 ﬂuorescence observed in cells treated with PP-NP
(Fig. 1d, lower panel), indicating the successful labeling of LS174T cells
with azido groups by GP-NP. Flow cytometry analysis also showed the
signiﬁcantly enhanced Cy5 ﬂuorescence intensity (FI) of LS174T cells

treated with GP-NP than cells treated with PP-NP (Fig. S9). To conﬁrm
that the azido groups were expressed in the form of glycoproteins,
Western blot analysis of LS174T cells with GP-NP or PP-NP treatment
was conducted. By incubating with biotin-PEG4-phosphine, azidomodiﬁed glycoproteins were converted to biotinylated ones and thus
could be easily detected. LS174T cells treated with GP-NP showed a
series of protein bands, while cells treated with PP-NP only showed
signiﬁcantly less protein signals (Fig. 1e). This experiment substantiated the successful metabolic incorporation of azido groups into
cell-surface glycoproteins.
After demonstrating in vitro labeling property of GP-NP, we next
investigated its cancer labeling capability in vivo and the resulting Click
reaction-mediated targeting eﬀect. We ﬁrst studied the pharmacokinetics of GP-NP, which showed that the majority of GP-NP was cleared
from bloodstream within 24 h (Fig. S10). GP-NP (or PP-NP) was then
administered intravenously (i.v.) to athymic nude mice bearing subcutaneous LS174T tumors once daily for three days. At 24 h post injection (p.i.), DBCO-Cy5 was i.v. injected and its biodistribution was
monitored via in vivo ﬂuorescence imaging (Fig. 2a). At 6 h and 24 h
p.i., a clear ﬂuorescence contrast between tumors and the rest of the
6
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retention of DBCO-Cy5 and DBCO-drug conjugate, with a much slower
tumor clearance rate over time. Also, GP-NP labeling showed limited
eﬀect on the distribution and retention of drugs in other non-cancerous
tissues. Together, the reduced dose and side eﬀects are anticipated via
the use of this two-step targeted chemotherapy for cancer treatment.
This reported GP-NP, with a typical nanoscale size and surface PEGcoating, coupled with DBCO-drug, may provide a new avenue for
cancer targeting. The administration of biocompatible GP-NP, as the
ﬁrst step, enables manual introduction of chemical tags to tumor cell
membranes. DBCO-drugs can then be targeted to tumor cells via eﬃcient Click chemistry, potentially improving antitumor eﬃcacy while
reducing side eﬀects. Our approach does not rely on endogenous protein receptors for targeting, so it is also applicable to various types of
tumors lacking known targetable receptors, such as triple negative
breast cancers. The biocompatibility and simplicity of GP-NP, and facile
DBCO modiﬁcation of various clinical drugs, can be easily applied to
clinical chemotherapy and radiation therapy. Future work that can
improve the tumor-labeling selectivity of azido-sugar materials will
further facilitate the clinical translation of this two-step cancer targeting strategy.

body was observed in mice pretreated with GP-NP, while tumors in PPNP group showed similar Cy5 retention to the rest of the body, indicating the enhanced tumor retention of DBCO-Cy5 by Click reaction
in mice pretreated with GP-NP (Fig. 2b). Ex vivo imaging of tumors in
GP-NP group showed a 2.05-fold Cy5 FI of the PP-NP group at 24 h p.i.
of DBCO-Cy5 (Fig. 2c and d). Confocal images of tumor sections from
GP-NP group also showed much stronger Cy5 FI than PP-NP group
(Fig. 2e).
To understand the enhanced tumor retention of captured DBCO-Cy5
via Click reaction, we analyzed the biodistribution of DBCO-Cy5 over
time in mice pretreated with GP-NP and PP-NP, respectively. At selected time points (6 h, 24 h, and 48 h p.i. of DBCO-Cy5), tumors and
major organs were harvested for ex vivo imaging (Fig. 3a). GP-NP
group showed much better tumor retention of DBCO-Cy5 over time
compared to PP-NP group, with the Cy5 retention ratio in tumor increased from 1.68 at 6 h p.i. to 2.05 at 24 h p.i. to 2.91 at 48 h p.i..
(Fig. 3b, black line). The increasing tumor retention ratio over time
suggests that DBCO-Cy5 was well retained by the expressed azido
groups in the tumor area of GP-NP pretreated mice. Signiﬁcantly
smaller Cy5 retention ratio of GP-NP group to PP-NP group in liver,
spleen, and heart was observed at 48 h p.i. (Fig. 3b, Fig. S11). The increased tumor-to-liver and tumor-to kidney ratios of Cy5 FI at 24 h and
48 h p.i. also testiﬁed the better tumor retention of DBCO-Cy5 in GP-NP
group than in PP-NP group (Fig. 3c and d). These experiments demonstrated that GP-NP mediated metabolic labeling of tumor cells with
azido groups can result in enhanced tumor retention of DBCO-Cy5 via
Click reaction. While GP-NP also showed accumulation in healthy tissues including liver and spleen (Fig. S12), the sugar metabolism rate of
cancer cells is generally much higher than normal cells [31]. As a
combinatory result of the EPR eﬀect and higher metabolism rate of
cancer cells than normal cells, GP-NP could relatively better label
tumor cells with azido groups, while showing less labeling in other
tissues.
After demonstrating that GP-NP pretreatment could signiﬁcantly
enhance the tumor retention of DBCO-Cy5 via Click reaction, we next
investigated whether GP-NP pretreatment would improve the tumor
accumulation and anticancer eﬃcacy of small molecule DBCO-drug
conjugates. DBCO-doxorubicin conjugate with a pH-responsive hydrazone linker (DBCO-hz-Dox) was ﬁrst synthesized (Fig. 4a). DBCO-hzDox showed good stability at pH 7.4 and slow degradation at pH 6.5
(Fig. S13), while releasing Dox rapidly at pH 5.0 (Fig. 4b and Fig. S14),
suggesting that Dox may be subject to faster release in acidic cellular
organelles, such as endosomes. In vitro anticancer eﬃcacy of DBCO-hzDox against LS174T cells was studied via MTT assay, which showed an
IC50 value of 0.54 μM (Fig. S15). In an acute antitumor eﬃcacy study,
athymic nude mice bearing LS174T tumors were pretreated with GP-NP
or PP-NP once daily for three days, and i.v. injected with DBCO-hz-Dox.
At 48 h p.i., tumors were harvested and analyzed for drug retention and
cell apoptosis. GP-NP pretreatment improved the tumor accumulation
of DBCO-hz-Dox by 40% (Fig. 4c) and resulted in a much higher
apoptosis index (57.4 ± 5.1%) compared to PP-NP pretreatment
(31.8 ± 3.2%) (Fig. 4d and e). Tumors treated with DBCO-hz-Dox
alone showed comparable apoptosis (27.7 ± 2.8%) to tumors treated
with PP-NP + DBCO-hz-Dox (31.8 ± 3.2%) (Fig. 4e), which further
testiﬁed the importance of azido-sugars in tumor labeling. As negative
controls, tumors treated with GP-NP or PBS showed much lower
apoptosis index, with an apoptosis index of 6.3 ± 1.0% and
4.5 ± 0.9%, respectively (Fig. 4e).
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