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ABSTRACT: In this report, we used stepwise orthogonal
click chemistry (SOCC) involving strain-promoted azide−
alkyne cycloaddition (SPAAC) and microwave-assisted Cu(I)-
catalyzed azide−alkyne cycloaddition (CuAAC) to assemble
an anticancer drug (paclitaxel, PTX) and a targeting ligand
(trivalent galactoside, TGal) on a fluorescent silicon oxide
nanoparticle (NP) by using dialkyne linker 8 as a bridge. The
fluorescent NH2@Cy3SiO2NP was fabricated using a
competition method to incorporate Cy3 without loss of the
original surface amine density on the NPs. The concept of SOCC was first investigated in a solution-phase model study that
showed quantitative reaction yield. In the fabrication of TGal-PTX@Cy3SiO2NP, the expensive compound azido-functionalized
PTX 12 used in SPAAC can be easily recovered due to the absence of other reagents in the reaction mixture. High loading of the
sugar ligand on the NP surface serves a targeting function and also overcomes the low water solubility of PTX. Confocal
fluorescence microscopy and cytotoxicity assay showed that TGal-PTX@Cy3SiO2NP was taken up by HepG2 cells and was
affected by the microtubule skeleton in these cells and inhibited the proliferation of these cells in a dose-dependent manner. The
presence of a fluorescent probe, a targeting ligand, and an anticancer drug on the multifunctional TGal-PTX@Cy3SiO2NP
allows for real-time imaging, specific cancer-cell targeting, and the cell-killing effect which is better than free PTX.

■ INTRODUCTION

The use of nanoparticle (NP) based therapeutics in cancer
treatment has experienced rapidly growing interest in the past
years.1−5 NP surfaces can be engineered so that NPs are
effective therapeutic alternatives that overcome previously
encountered drawbacks such as nonspecific delivery of
antitumor agents, inadequate drug concentrations delivered at
the tumor, and multidrug resistance associated with conven-
tional chemotherapeutic agents.1−5 The high surface-area-to-
volume ratio of NPs enables them to be used as multivalent
carriers6−12 to enhance weak ligand−protein interactions and
provide high drug concentrations to cancer cells. Abraxane, an
albumin-bound paclitaxel NP, was approved by the FDA in
2005 and became the first nanotherapeutic used in 41 countries
to treat breast cancer patients for whom combination therapy
has failed.2,3,13 NPs with sizes of 10−100 nm tend to
accumulate at the tumor site because of the enhanced
permeability and retention (EPR) effect.14 However, NPs can
be rapidly cleared from blood circulation by the reticuloendo-
thelial system (RES), dramatically reducing their in vivo
therapeutic efficacy. Many efforts have been made to modify
the NP surface to enhance its water solubility, half-life,
biocompatibility, and target specificity to counteract this
effect.1−3,14

Due to the ease of synthesis and precise size control,15,16 the
dye-doped silicon oxide NPs have been widely used in a variety
of applications17−19 and were thus chosen as our nanocarrier.
The size of silica oxide NP can be controlled by tuning the
amount of ammonia in the synthesis process,20,21 and the size
of NP for receptor-mediated endocytosis is also considered to
get a longer circulation time.22,23 Among various dyes available,
cyanine dyes are reagents for important clinical and diagnostic
applications such as photodynamic therapy, optical recording,
and microarrays. Thus, Cy3 was selected to dope in the
synthesized silica NP because of its high fluorescence quantum
yield and photostability. In this study, to produce a Cy3
fluorescent silicon oxide NP with amino functionality on the
surface, a competition method was developed to incorporate
Cy3 without losing surface amine density compared to a silicon
oxide NP without a fluorescent dye. Besides, the competition
method can avoid the drawback of self-quenching caused by
tight packing of the dye on NPs.8,24

Greater targeting selectivity and better delivery efficiency are
desirable in the development of therapeutic agents to enhance
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the intracellular concentration of drugs in tumor cells while
avoiding toxicity in normal cells. To achieve this goal, antibody-
or ligand-mediated targeting of anticancer therapeutics is
currently being explored. The advantage of ligand-targeted
therapeutics is that, when NPs bind to specific receptors and
enter the cell, they are usually enveloped by endosomes via
receptor-mediated endocytosis, bypassing cellular multidrug
resistance transporters.25 An appropriate ligand-decorated
multifunctional NP loaded with an anticancer drug can be a
precise method for treatment and imaging of cancer due to the
combination of the EPR effect and active targeting to a cellular
receptor. Previously, we found that adjusting the spatial
arrangement of ligands on a magnetic nanoparticle (MNP) to
match the distance between carbohydrate binding sites on an
asialoglycoprotein receptor (ASPG-R) increased cellular uptake
via ASPG-R-mediated endocytosis trigged by multivalent

interaction.8 Furthermore, trivalent galactose was applied on
boron neutron capture therapy (BNCT) by conjugating it with
carborane to increase the water solubility of the resulting
complex and enhance uptake by HepG2.26 Although PTX-
assembled NPs have been reported,27−36 most examples either
are noncovalently linked to PTX or lack targeting ligands on
the NPs and have reduced surface availability for PTX loading
due to the presence of the targeting ligand. As shown in Figure
1, in continuation of our efforts in the development of
nanocarriers for anticancer treatment, we herein report the use
of stepwise orthogonal click chemistry (SOCC) to assemble a
targeting ligand, triantennary galactose (T-Gal), and an
antitumor drug (PTX) on the surface of a fluorescent silicon
oxide nanoparticle.
Both the high surface density of the targeting ligand and the

high loading of anticancer drug are important factors for the

Figure 1. General strategy for stepwise orthogonal click chemistry (SOCC) on fluorescent silicon oxide NPs. The detail chemical structures of 12
and 16 were shown in Scheme 2.

Scheme 1. Synthesis of Di-Alkyne Derivative 8a

aReagents and conditions: (a) EDC, NHS, DCM, rt, 3 h; (b) 2, NMM, DCM, 4 °C, 12 h, 72% for two steps; (c) DBU, MeOH, rt, 3 h; (d) 4, NMM,
DMF, 4 °C, 12 h, 75% for two steps; (e) TFA, H2O, MeOH, rt, 12 h; (f) 6, NMM, DMF, 4 °C, 18 h; (g) NEt3, MeOH, rt, 18 h, 62% for three steps.
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success of a nanocarrier as the anticancer drug. Various research
groups35,37 have designed NPs bearing multifunctional groups
by stepwise amide bond formation or controlling the
concentrations of reagents used to incorporate these groups
on the surface. Apart from conjugation efficiency and precise
characterization, after the first reaction in these methods, the
surface availability for the incorporation of the second target
molecule can be decreased. To achieve highly efficient
conjunction of a ligand onto a NP, a SOCC strategy was
developed based on the exquisite selectivity and reactivity of
alkynes toward azide.38−40 Although Wolfbeis and co-work-
ers39,40 have used a peptide with dialkyne as a bridge to cross-
link an azido nanoparticle and an azido fluorescent dye for
fluorescence resonance energy transfer study, this approach is
not suitable to incorporate both ligand and drug on the same
particle surface. In this report, we developed a trifunctional
linker 8 (Scheme 1) with two alkynes and used SOCC strategy
to assemble targeting ligand and anticancer drug on the
fluorescent silicon oxide NP.
A dialkyne linker 8 (Scheme 1) with two different alkynes

was designed as a prospective precursor to be linked to Cy3-
doped silicon oxide NP. First, strain-promoted [3 + 2] azide−
alkyne cycloaddition (SPAAC)41−43 was applied to conjugates
with azido PXT 12 (Scheme 2a). Due to no additional reagent
being used in this reaction, the expensive azido PXT 12 can be
easily recovered. Subsequently, microwave-assisted CuI-cata-
lyzed [3 + 2] azide−alkyne cycloaddition (CuAAC) was used
to immobilize the T-Gal ligand 16 (Scheme 2b). Our extensive
biological studies demonstrate that the synthesized NP can
serve as a novel platform for cancer diagnosis and therapy. In

addition to serving as the targeting ligand, surface galactose can
also enhance the water solubility of PTX, which usually uses
Cremophor EL (polyoxyethylated castor oil)/ethanol as a
solubilizer; this additive can cause allergic reactions.44,45

■ EXPERIMENTAL PROCEDURES
Materials and Methods. All buffers and solutions were

prepared by using Millipore water. The chemicals for the
synthesis were all obtained from Sigma-Aldrich. 1H and 13C
NMR spectra were recorded on Bruker AV-400 or DMX-600
MHz. Assignment of 1H NMR spectra was achieved using 2D
methods (COSY). Chemical shifts are expressed in ppm using
residual CDCl3 (7.24 ppm) or CD3OD (3.31 ppm) or D2O
(4.67 ppm at 298 k) as internal standard. Low-resolution and
high-resolution mass spectra were recorded under ESI-TOF
mass spectra conditions. Analytical thin-layer chromatography
(TLC) was performed on precoated plates (Silica Gel 60).
Silica gel 60 (E. Merck) was employed for all flash
chromatography. All reactions were carried out in oven-dried
glassware (120 °C) under an atmosphere of argon unless
indicated otherwise. All solvents were dried and distilled by
standard techniques.

{5-(9H-Fluoren-9-ylmethoxycarbonylamino)-5-[6-(4-
prop-2-ynylcarbamoyl-butyrylamino)hexyl carbamoyl]-
pentyl}-carbamic acid tert-butyl ester (3). A solution of
compound 1 (500 mg, 1.07 mmol), EDC (245 mg, 1.28
mmol), and NHS (145 mg, 1.28 mmol) in anhydrous CH2Cl2
(20 mL) was stirred at rt for 3 h under N2. After completion of
the reaction as indicated by TLC, the reaction was washed with
water and brine twice. The organic layer was dried (MgSO4)

Scheme 2. Synthesis of 12 and 16a

aReagents and conditions: (a) 10, py., rt, 6 h, 63%; (b) 11, EDC, HOBt, NEt3, rt, 18 h, 91%; (c) 14, NEt3, DMF, H2O, rt, 16 h, 88%; (d) 15, HATU,
DMF, NEt3, 45 °C, 16 h, 47%.
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and concentrated to give an N-hydroxysuccinimide derivative.
A solution of compound 2 (200 mg, 0.75 mmol) (8 mL), N-
methyl-morpholine (82 μL, 0.75 mmol), and the N-
hydroxysuccinimide derivative in anhydrous DMF was stirred
at 4 °C for 12 h. After completion of the reaction as indicated
by TLC, the solvent was evaporated. The crude mixture was
purified by column chromatography on silica gel (EA/Hexane/
MeOH, 1/1/0 to 10/10/1, and then CH2Cl2/MeOH, 10/1 to
5/1) to give compound 3 (388 mg, 72% yield for two steps). Rf
0.38 (MeOH/CH2Cl2, 1/9);

1H NMR (400 MHz, MeOD and
CDCl3, δ): 1.30 (6H, m), 1.41 (9H, s), 1.46 (6H, m), 1.62 (1H,
m), 1.73 (1H, m), 1.87 (2H, m), 2.18 (4H, td, J = 7.8, 7.8 Hz),
2.44 (1H, t, J = 2.2 Hz), 3.02 (2H, t, J = 6.4 Hz), 3.12 (2H, m),
3.16 (2H, m), 3.92 (2H, d, J = 2.2 Hz), 4.01 (1H, t, 5.4 Hz),
4.19 (1H, t, J = 6.6 Hz), 4.36 (2H, m), 7.29 (2H, t, J = 7.4 Hz),
7.37 (2H, t, J = 7.4 Hz), 7.61 (2H, d, J = 7.4 Hz), 7.75 (2H, d, J
= 7.4 Hz); 13C NMR (100 MHz, MeOD and CDCl3, δ): 21.19,
22.13, 24.38, 25.47, 25.52, 27.18, 27.71, 28.26, 28.53, 31.20,
34.07, 34.38, 38.34, 38.47, 39.13, 46.42, 54.46, 65.99, 70.25,
78.13, 78.61, 119.05, 124.20, 126.24, 126.89, 140.57, 143.06,
156.24, 156.42, 172.54, 172.92, 173.17; HRMS (ESI) calcd for
C40H55N5O7Na [M + Na]+ 740.3999, found 740.3990.
{5-[6-(9H-Fluoren-9-ylmethoxycarbonylamino)-hexa-

noyl amino]-5-[6-(4-prop-2-ynylcarbamoyl-butyrylami-
no)-hexyl-carbamoyl]-pentyl}-carbamic acid tert-butyl
ester (5). A solution of compound 3 (360 mg, 0.50 mmol)
and 8-diazabicyclo[5.4.0]undec-7-ene (150 μL, 1.01 mmol) in
MeOH (20 mL) was stirred at rt for 3 h. After completion of
the reaction as indicated by TLC, the solvent was evaporated
(Rf 0.14, MeOH/CH2Cl2, 1/9). The crude mixture was purified
by column chromatography on silica gel (CH2Cl2/MeOH,
100/8 to 10/3). The above compound was dissolved in
anhydrous DMF (4 mL), and NMM (200 μL, 0.75 mmol) and
N-hydroxysuccinimide-derived compound 446 were added. The
resulting mixture was stirred at 4 °C for 12 h. After completion
of the reaction as indicated by TLC, the solvent was
evaporated. The crude mixture was purified by column
chromatography (CH2Cl2/MeOH, 100/1 to 10/1) on silica
gel to give compound 5 (305 mg, 75% yield for two steps). Rf
0.29 (MeOH/CH2Cl2, 1/9);

1H NMR (400 MHz, MeOD, δ):
1.33 (8H, m), 1.42 (9H, s), 1.48 (8H, m), 1.63 (3H, m), 1.74
(1H, m), 1.88 (2H, dt, J = 7.7, 15.0 Hz), 2.21 (6H, m), 2.58
(1H, t, J = 2.5 Hz), 3.01 (2H, t, J = 6.8 Hz), 3.13 (6H, m), 3.93
(2H, d, J = 2.5 Hz), 4.21 (2H, m), 4.33 (2H, d, J = 6.9 Hz),
7.31 (2H, t, J = 7.4 Hz), 7.39 (2H, t, J = 7.4 Hz), 7.64 (2H, d, J
= 7.4 Hz), 7.79 (2H, d, J = 7.4 Hz); 13C NMR (100 MHz,
MeOD, δ): 23.15, 24.27, 26.56, 27.39, 27.47, 27.54, 28.81,
29.40, 30.26, 30.57, 32.91, 35.93, 36.24, 36.69, 40.23, 41.10,
41.59, 54.80, 67.57, 72.15, 79.86, 80.65, 120.93, 126.18, 128.15,
128.78, 142.62, 145.36, 158.56, 158.90, 174.39, 174.93, 175.22,
176.09; HRMS (ESI) calcd for C46H66N6O8Na [M + Na]+

853.4840, found 853.4845.
Pentanedioic acid (6-{2-(6-amino-hexanoylamino)-6-

[2-(cyclooct-2-ynyloxy)-acetylamino]-hexanoylamino}-
hexyl)-amide prop-2-ynylamide (8). Compound 5 (300
mg, 0.36 mmol) was dissolved in a mixture of trifluoroacetic
acid (1 mL), water (9 mL), and MeOH (3 mL) at room
temperature. After being stirred for 12 h, the solvent was
removed under vacuum and then neutralized with Dowex 550A
(OH−-form) in MeOH (Rf 0.29, MeOH/CH2Cl2, 1/4). After
removal of the solvent, the residue was dissolved in anhydrous
DMF (4 mL) and NMM (200 μL, 0.75 mmol) and then N-
hydroxysuccinimide ester 642 (125 mg, 0.45 mmol) was added.

The resulting mixture was stirred at 4 °C for 18 h. After
completion of the reaction as indicated by TLC, the solvent was
evaporated (Rf 0.39, MeOH/CH2Cl2, 1/9). The crude mixture
was purified by column chromatography on silica gel (CH2Cl2/
MeOH, 100/2 to 10/2). The above compound was dissolved in
a mixture of NEt3 (5 mL) and MeOH (5 mL) at room
temperature. The resulting solution was stirred under N2 for 18
h. After completion of the reaction as indicated by TLC, the
solvent was evaporated. The crude mixture was purified by
column chromatography on reverse-phase silica gel (MeOH/
H2O, 1/3 to 1/1) to yield compound 8 (150 mg, 62% yield for
three steps). Rf 0.08 (MeOH/H2O, 10/1, reverse-phase TLC);
1H NMR (400 MHz, MeOD, δ): 1.35 (9H, m), 1.50 (8H, m),
1.66 (8H, m), 1.88 (4H, m), 2.25 (9H, m), 2.59 (1H, s), 2.93
(2H, t, J = 7.3 Hz), 3.18 (8H, m), 3.85 (1H, d, J = 14.9 Hz),
3.94 (2H, d, J = 2.2 Hz), 3.98 (1H, d, J = 14.9 Hz), 4.23 (1H,
m), 4.29 (1H, m); 13C NMR (100 MHz, MeOD, δ): 21.21,
23.16, 24.29, 26.12, 26.83, 27.47, 27.54, 28.23, 29.39, 30.17,
30.24, 30.31, 30.84, 32.81, 35.42, 35.93, 36.25, 39.59, 40.22,
40.54, 43.15, 54.85, 69.02, 72.16, 74.29, 80.65, 92.40, 102.36,
172.38, 174.42, 174.94, 175.24, 175.82; HRMS (ESI) calcd for
C36H61N6O6 [M + H]+ 673.4653, found 673.4662.

Azidopaclitaxel (12). The synthesis of compound 12 was
achieved by modifying previously published procedures.47

Succinic anhydride 10 (0.82 g, 7.21 mmol) was added to a
solution of paclitaxel 9 (PTX, 200 mg, 0.23 mmol) in pyridine
(3 mL). The resulting mixture was stirred at rt for 6 h. After
completion of the reaction as indicated by TLC, the solvent was
evaporated (Rf 0.22, EA/Hexane/MeOH, 10/10/1). The
residue was suspended in 8 mL of distilled water and stirred
for 30 min, followed by centrifugation. The resulting residue
was redissolved in acetone, and water was added to precipitate a
white solid. The solid was collected by filtration to give the
desired product in a 63% yield. Next, the above product (50
mg, 52 μmol), compound 11,48 EDC (20 mg, 79 μmol),
HOBT(14 mg, 105 μmol), and NEt3 (10 μL, 105 μmol) were
dissolved in anhydrous CH2Cl2 (3 mL) at room temperature.
The reaction mixture was stirred at rt for 18 h. After
completion of the reaction as indicated by TLC, the solvent
was evaporated. The crude mixture was purified by column
chromatography on silica gel (EA/Hexane/MeOH, 1/1/0 to
10/10/0.8) to give 12 (50 mg, 91% yield). Rf 0.41 (EA/
Hexane/MeOH, 10/10/1); 1H NMR (600 MHz, CDCl3, δ):
1.10 (3H, s), 1.19 (3H, s), 1.22 (2H, m), 1.31 (2H, m), 1.41
(2H, dt, J = 7.3, 14.8 Hz), 1.53 (2H, dt, J = 7.0, 14.2 Hz), 1.64
(3H, s), 1.88 (3H, s), 2.06 (2H, m), 2.18 (3H, s), 2.39 (3H, s),
2.41 (2H, m), 2.50 (2H, m), 2.59 (1H, s), 2.71 (2H, t, J = 6.8
Hz), 3.10 (2H, m), 3.21 (2H, t, J = 7.0 Hz), 3.75 (1H, d, J = 7.0
Hz), 4.16 (1H, d, J = 8.5 Hz), 4.27 (1H, d, J = 8.5 Hz), 4.39
(1H, br), 4.93 (1H, d, J = 9.7 Hz), 5.41 (1H, d, J = 4.0 Hz),
5.63 (1H, d, J = 7.0 Hz), 5.71 (1H, t, J = 6.0 Hz), 5.88 (1H, dd,
J = 4.0, 8.8 Hz), 6.15 (1H, t, J = 8.3 Hz), 6.26 (1H, s), 7.28
(1H, m), 7.32 (1H, d, J = 8.8 Hz), 7.36 (6H, m), 7.46 (1H, t, J
= 7.4 Hz), 7.49 (2H, t, J = 7.7 Hz), 7.59 (1H, t, J = 7.4 Hz),
7.77 (2H, d, J = 7.2 Hz), 8.09 (2H, d, J = 7.2 Hz); 13C NMR
(150 MHz, CDCl3, δ): 9.54, 14.69, 20.75, 22.03, 22.57, 26.26,
26.68, 28.60, 29.28, 29.35, 29.61, 30.78, 35.39, 35.49, 39.45,
43.09, 45.53, 51.21, 53.12, 58.37, 71.74, 71.98, 74.30, 75.01,
75.53, 77.20, 78.91, 80.93, 84.36, 126.69, 127.25, 128.43,
128.52, 128.64, 128.97, 129.17, 130.13, 131.85, 132.72, 133.58,
133.61, 137.00, 142.59, 166.86, 167.29, 168.11, 169.80, 170.87,
171.14, 171.83, 203.75; HRMS (ESI) calcd for C57H67N5O16Na
[M + Na]+ 1100.4481, found 1100.4482.
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6-Azidohexyl {5-(bis-{[6-(β-D-galactopyranosyl)-hexyl-
carbamoyl]-methyl}-amino)-5-[6-(β-D-galactopyranosyl)-
hexylcarbamoyl]-pentyl}-carbamate (16). A solution of
compound 13 (N,N-bis[carboxymethyl]-L-lysine,49 300 mg,
1.15 mmol) and compound 1426 (424 mg, 1.37 mmol) in 6 mL
anhydrous DMF/H2O (3/1) was mixed with NEt3 (399 μL,
2.88 mmol) and then was stirred for 16 h under N2. After
completion of the reaction as indicated by TLC, the solvent was
evaporated. The crude mixture was purified by column
chromatography on silica gel (MeOH/DCM, 3/100 to 1/1)
to give the desired product (437 mg, 88.5%). Rf 0.17 (MeOH/
CH2Cl2, 1/2). The above (150 mg, 0.24 mmol) was dissolved
in anhydrous DMF (3 mL), and then compound 158 (265 mg,
0.95 mmol), HATU (360 mg, 0.95 mmol), and NEt3 (131 μL,
0.95 mmol) were added under nitrogen. The reaction was
stirred at 45 °C for 16 h. After completion of the reaction as
indicated by TLC, the solvent was evaporated. The resulting
residue was subjected to P2 gel filtration (eluent: H2O) to
remove salt, and the resulting residue was purified using
reverse-phase silica gel column chromatography (CH3CN/
H2O, 1/30 to1/2) to give 16 (134 mg, 46.4% yield). Rf 0.5
(MeCN/H2O, 1/2, reverse-phase TLC);

1H NMR (400 MHz,
MeOD, δ): 1.37 (18H, m), 1.50 (8H, m), 1.59 (12H, m), 3.04
(2H, m), 3.19 (10H, m), 3.37−3.58 (15H, m), 3.70 (6H, m),
3.80 (3H, m), 3.86 (3H, m), 3.98 (2H, t, J = 6.2 Hz), 4.18 (3H,
d, J = 7.0 Hz); 13C NMR (100 MHz, MeOD, δ): 24.80, 26.50 ×
3, 26.72, 27.42, 27.77 × 3, 29.76, 30.04, 30.30 × 3, 30.66 × 3,
40.11, 40.26, 41.40, 52.31, 57.07, 62.41 × 3, 65.61 × 2, 67.13,
70.21 × 3, 70.61 × 3, 72.52 × 3, 74.97 × 3, 76.49 × 3, 104.89 ×
3, 159.15, 173.74 × 2, 174.57; IR (KBr): 2100 (N3), 1650 (C
O) cm−1; HRMS (ESI) calcd for C53H98N8O23Na [M + Na]+

1237.6643, found 1237.6648.
Synthesis of Compound 17. Compound 7 (10 mg, 11.18

μmol) and compound 12 (12 mg, 11.18 μmol) were dissolved
in 3 mL of DMF. The reaction mixture was stirred at rt for 6 h
and monitored by TLC. Upon completion of the reaction, the
solvent was removed under reduced pressure and the crude
product was purified by column chromatography on silica gel
(CH2Cl2/MeOH, 60/1 to 10/1) to give the desired product
(22 mg, quant). Rf 0.39 (CH2Cl2/MeOH, 9/1); 1H NMR (600
MHz, CDCl3, δ): 1.10−1.70 (31H, m), 1.71−2.50 (43H, m),
2.80−3.40 (12H, m), 3.74 (1H, d, J = 5.8 Hz), 3.97 (2H, m),
4.16 (3H, m), 4.26−4.45 (7H, m), 4.93 (1H, s), 5.28 (1H, s),
5.42 (1H, s), 5.64 (1H, d, J = 6.7 Hz), 5.86 (1H, s), 6.11 (1H,
s), 6.28 (1H, s), 7.25−7.48 (12H, m), 7.50 (3H, m), 7.57 (3H,
m), 7.73 (2H, d, J = 6.7 Hz), 7.82 (2H, m), 8.10 (2H, d, J = 6.2
Hz); HRMS (ESI) calcd for C108H137N11O24Na [M + Na]+

1994.9736, found 1994.9751.
Synthesis of Compound 18. Sodium ascorbate (100 μL

of a 0.3 M solution in H2O) and CuSO4 (200 μL in a 30 mM
solution in H2O) were added to a solution of compound 17
(5.4 mg, 2.74 μmol) and compound 16 (3.7 mg, 3.01 μmol) in
DMF, H2O, and THF (1/1/5, 20 mL) under N2. The mixture
was irradiated at 100 W at 75 °C for 30 min, and the reaction
was monitored by reverse-phase TLC. After completion of the
reaction, the solvent was removed under reduced pressure and
the crude product was purified by reverse-phase silica gel
column chromatography (CH3CN/H2O, gradient from 1/10 to
1/1) to give 18 (8.7 mg, quant). Rf 0.34 (MeCN/H2O, 1/1,
reverse-phase TLC); 1H NMR (600 MHz, MeOD, δ): 1.20−
1.70 (57H, m), 1.71−2.61 (55H, m), 3.13−3.28 (24H, m),
3.42−3.56 (15H, m), 3.69−3.85 (7H, m), 3.86−4.02 (8H, m),
4.10−4.42 (15H, m), 4.98 (1H, d, J = 8.4 Hz), 5.44 (1H, d, J =

6.6 Hz), 5.64 (1H, d, J = 7.2 Hz), 5.79 (1H, d, J = 6.7 Hz), 6.05
(1H, t, J = 9.2 Hz), 6.45 (1H, s), 7.26 (1H, t, J = 7.0 Hz), 7.30
(2H, m), 7.38 (2H, m), 7.46 (4H, m), 7.49 (3H, m), 7.50−7.70
(6H, m), 7.79 (2H, d, J = 7.4 Hz), 7.83 (2H, d, J = 7.9 Hz),
8.11 (2H, d, J = 7.1 Hz); HRMS (MALDI) calcd for
C161H235N19O47Na [M + Na]+ 3213.7515, found 3213.7595.

HO@SiO2NP. HO@SiO2NP was synthesized according to
previous reports.20,21 Particle size can be controlled by the
concentration of ammonia (NH4OH) in the reaction solution;
a lower concentration yields smaller nanoparticles. As shown in
Scheme 4, tetraethylorthosilicate (TEOS, 1 mL) was stirred
with ethanol (10 mL), dd-H2O (1 mL), and NH4OH (0.1 mL)
at room temperature for 12 h. After washing with propanol
(PrOH) three times, 40-nm HO@SiO2NP nanoparticles were
obtained (200 mg). The nanoparticle HO@SiO2NP (50 mg)
surface was transformed to an amino functionality using a sol−
gel process with 3-amino-propyl trimethoxysilane (APS) to give
50 nm NH2@SiO2NP (60 mg).

NH2@Cy3SiO2NP. A chemical competition reaction was
used to fabricate the fluorescent NH2@Cy3SiO2NP nano-
particles. An alkaline PrOH (15.12 mL) solution of HO@
SiO2NP (252 mg) was mixed with Cy3-Si(OMe)3

50 (5.04 mg),
APS (504 mg), dd-H2O (1.51 mL), and NH4OH (2.06 mL).
The resulting solution was stirred at 55 °C for 15 h to yield 50
nm NH2@Cy3SiO2NP which size is similar to NH2@SiO2NP
(260 mg).

Dialkyne@Cy3SiO2NP. NH2@Cy3SiO2NP (10 mg) was
suspended in DMSO (0.5 mL), and suberic acid bis-N-
hydroxysuccinimide ester (DSS, 20 mg, 54.3 μmol), EDC (10
mg, 52.2 μmol), and HOBT (7 mg, 52.2 μmol) were added.
The resulting mixture was sonicated at room temperature for
30 min and stirred at rt for another 3 h to give N-
hydroxysuccinimide (OSu)-activated @Cy3SiO2NP. The
OSu-activated @Cy3SiO2NP was washed with DMSO (1 mL
× 3), centrifuged at 13 400 rpm for 20 min, and incubated with
compound 8 (10 mg, 14.9 μmol, 30 mM), EDC (10 mg, 52.2
μmol), HOBT (7 mg, 52.2 μmol), and NEt3 (10 μL) μmol in
DMSO at rt for 18 h. The resulting Dialkyne@Cy3SiO2NP
was washed with DMSO (1 mL), and the remaining activated
OSu esters on Dialkyne@Cy3SiO2NP were capped with 50
mM amino-triethylene glycol in DMSO (1 mL) at rt for 3 h.
The particles were washed with DMF (1 mL) three times,
followed by centrifugation at 13 400 rpm for 20 min to give 10
mg of Dialkyne@Cy3SiO2NP.

tAlkyne-PTX@Cy3SiO2NP. A solution of Dialkyne@
Cy3SiO2NP (20 mg) in anhydrous DMF (0.5 mL) and
compound 12 (0.5 mL of a 20 mM solution in anhydrous
DMF) were stirred at rt for 24 h. After completion of the
reaction, the tAlkyne-PTX@Cy3SiO2NP was collected by
centrifugation at 13 400 rpm for 20 min, and the nanoparticles
were washed with DMF (1 mL) three times to give tAlkyne-
PTX@Cy3SiO2NP (18 mg).

TGal-PTX@Cy3SiO2NP. Sodium ascorbate (100 μL of a 0.3
M solution in H2O) and CuSO4 (200 μL of a 30 mM solution
in H2O) were added to a solution of tAlkyne-PTX@
Cy3SiO2NP (6 mg) and compound 16 (10 mg, 8.2 μmol) in
a mixture of DMF, H2O, and THF (1/1/5, 20 mL) under N2.
The mixture was irradiated at 100 W at 75 °C for 60 min. The
nanoparticles were washed with DMF (1 mL) three times, 50
mM for EDTA (1 mL) twice, and dd-H2O (1 mL) three times
followed by centrifugation at 13 400 rpm for 20 min to give
TGal-PTX@Cy3SiO2NP (6 mg).
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TGal@Cy3SiO2NP. The OSu-activated@Cy3SiO2NP (10
mg) was incubated with trigalactose ligand, 198 (10 mg, 9.6
μmol), EDC (10 mg, 52.2 μmol), HOBT (7 mg, 52.2 μmol),
and NEt3 (10 μL) in 1 mL DMSO (Scheme 4). The mixture
was sonicated for 30 min and stirred at rt for 18 h. The
resulting TGal@Cy3SiO2NP was isolated by centrifugation,
and the resulting nanoparticles were washed with DMF three
times and dd-H2O three times. The desired nanoparticles were
obtained (10 mg) after centrifugation at 13 400 rpm for 20 min.
Analysis of Galactose Amount on TGal-PTX@Cy3-

SiO2NP and TGal@Cy3SiO2NP. The anthrone method51,52

was used to determine galactose loading on the nanoparticles.
TGal-PTX@Cy3SiO2NP and TGal@Cy3SiO2NP were dis-
persed in deionized water (0.5 mL) in an ice bath. A freshly
prepared 0.5% (w/w) solution of anthrone in sulfuric acid (1
mL) was slowly added to this solution. The resulting solution
was gently mixed and heated to 100 °C for 10 min. The
absorption of the solution was measured at 620 nm and
compared to a standard curve to determine the concentration
of sugar ligand on the nanoparticle surface. Figure S3 is the
standard curve for galactose quantification.
Cell Culture. HepG2 cells were cultured in a 10 cm2-dish

with Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco),
10% heat-inactivated fetal bovine serum (FBS, Gibco), 100 U/
mL penicillin (Gibco), 100 μg/mL streptomycin (Gibco), and
0.25 μg/mL Fungizone (BioSOURCE). The cells were
incubated at 37 °C in an ambient air/5% CO2 atmosphere
and subcultured every 3 days.
Observation of Internalized TGal-PTX@Cy3SiO2NP,

TGal@Cy3SiO2NP, and PTX by Fluorescent Immunocy-
tochemistry. HepG2 cells (2 × 104) were seeded onto sterile
glass coverslips, placed in 24-well plates, and cultured in 1 mL
DMEM medium containing 10% FBS overnight. TGal-PTX@
Cy3SiO2NP and TGal@Cy3SiO2 NP (100 μg/mL in 0.5 mL
serum-free DMEM) were sonicated for 15 min and then added
to the HepG2 cultures. An equivalent concentration (5.3 μM,
0.5 mL) of the tubulin polymerization inhibitor PTX in serum-
free DMEM with 3.3% DMSO was added to the HepG2
culture well, and the results were used as a positive control.
After incubation at 37 °C for 2 days, LysoTracker Green DND-
26 (Molecular Probes) was added to the wells (final
concentration, 120 nM), and the cells were incubated for
another 30 min. The cells were washed with 1 mL of serum-free
DMEM three times and with 1% PEG-400 in PBS three times
to remove the nanoparticles. The cell-seeded coverslips were
fixed by immersion in 1 mL of 4% paraformaldehyde in PBS
(w/v) at room temperature for 15 min. The cells were
permeabilized with 1 mL of 0.1% Triton-X 100 in PBS (v/v)
for 5 min at room temperature (rt) and washed with 1 mL of
PBS. These procedures were repeated three times. The samples
were blocked with 1 mL of 3% BSA (w/v) in PBS for 2 h at rt
to avoid nonspecific binding. The mouse monoclonal tubulin
antibody [DM1A + DM1B] (Abcam) was introduced to the
blocking solution and incubated for another 2 h at rt. The
samples were washed with 1 m L of PBST (0.5% Tween 20 (v/
v) in PBS) three times, and 1 mL of the anti-mouse IgG
DyLight 649 antibody (Jackson ImmunoResearch) diluted with
3% BSA (w/v) in PBS was introduced to the cell sample. The
resulting mixture was incubated at rt for 1 h. After washing with
1 mL of PBST (0.5% Tween 20 (v/v) in PBS) three times, the
samples were treated with 0.5 mL of 5 μg/mL 4,6-diamino-2-
phenylindole (DAPI, Invitrogen) at rt for 15 min. Finally, the
samples were mounted on Prolong antifade mounting medium

(Invitrogen) and examined with a Zeiss LSM 710 confocal
microscope (Carl Zeiss, GmbH).

Cytotoxicity Test of HepG2 Cell. HepG2 cells (1.2 × 104)
were seeded in 100 μL DMEM containing 10% FBS in each
well of a 96-well plate and allowed to attach for 24 h. All of the
NP samples were sonicated for 15 min and then aliquot to the
HepG2 cell culture wells. A series of concentrations (1.6, 3.2,
6.3, 12.5, and 25 μg/mL) of TGal-PTX@Cy3SiO2NP or
TGal@Cy3SiO2NP in 100 μL serum-free DMEM was added
to each well and incubated at 37 °C for 1 h. The wells were
washed with PBS to remove the untaken NPs. The cells were
cultured at 37 °C for 1 day. This process was repeated again
and then the cells were cultured at 37 °C for another 2 days.
Different concentrations of PTX drug (5.3, 2.7, 1.3, and 0.7
μM) in 100 μL serum-free DMEM with 1% DMSO were also
added into cell culture well and the experimental procedures
are almost the same as described in the NP treated experiment
but with treatment of PTX for 3 h. To evaluate the cell
toxicities of drugs, the WST-8 assay was performed. Per the
manufacturer’s instructions, the cells were washed with PBS
and then treated with a WST-8 cell proliferation kit (Enzo Life
Science). After incubation for 2 h, the formazan dye produced
by the viable cells was measured at 450 nm using a SpectraMax
M2e microplate reader (Molecular Devices).

■ RESULTS AND DISCUSSION
We designed dialkyne 8 (Scheme 1) with the following
considerations in mind: the two alkynes provide excellent
selectivity and reactivity with azides as well as orthogonality
toward each other.38,39 Strain-promoted [3 + 2] azide−alkyne
cycloaddition (SPAAC)41−43 was envisioned to conjugate
azido-functionalized PTX 12 (Scheme 2a). Subsequently,
microwave-assisted Cu(I)-catalyzed [3 + 2] azide−alkyne
cycloaddition (CuAAC) was used to immobilize T-Gal ligand
16 (Scheme 2b). Due to the length of the spacer units in
dialkyne 8, the T-Gal ligands are presented on the outside of
the NP (Scheme 4). The presence of Gal at the external of NP
should prevent the uptake of the NPs by macrophages, reduce
the clearance by the RES,14 and enhance the water solubility of
the PTX-functionalized NP. Furthermore, this arrangement can
trigger ligand−receptor interaction between the galactose
molecules and the targeted ASGP-Rs on HepG2 cell surface.
Before proceeding with the synthesis of Cy3-doped silicon

oxide NP loaded with PTX and T-Gal, solution-phase model
studies were performed to investigate the feasibility and
effectiveness of stepwise orthogonal click reaction on dialkyne
7. As shown in Scheme 1, the (L)-lysine derivative 1 was
chosen as a suitable scaffold to incorporate various alkynes for
conjugation with the drug and ligand. Activation of the
carboxylic acid group in 1 by using NHS and EDC was
followed by coupling with monoalkyne 2 (for a detail synthesis
of 2, please see Supporting Information) to afford 3 with a 72%
yield over two steps. After deprotection of Fmoc in 3, the
resulting product was reacted with the activated acid 446 which
is expected to link to the Cy3-silicon oxide NP to give 5.
Introduction of the second alkyne was achieved by depro-
tection of the Boc group of 5 and coupling with an activated
cyclooctyne derivative 642 to yield 7, which was further
deprotected to afford the dialkyne derivative 8 (total yield
32.4% over 7 steps from compound 1 to 8). It is worth to note
that cyclooctyne derivative would be decomposed in the
relative harsh TFA contained conditions. Thus, to proceed
dialkyne compound such as compound 7, the harsh acidic
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conditions should be avoid when the cyclooctyne moiety is
already in the part of structure.
With the required dialkyne in hand, we embarked upon the

synthesis of azide-functionalized PTX and T-Gal to perform the

click reactions. As shown in Scheme 2a, PTX 9 was converted
to a 2′-O-succinyl-paclitaxel derivative using succinic anhydride
10, and it was subsequently coupled with 6-azido hexanamine
1148 to yield the required azide-functionalized paclitaxel 12

Scheme 3. Stepwise Synthesis of Compound 20 in the Solution Model Studya

aReagents and conditions: (a) 14, DMF, rt, 6 h; (b) 18, CuSO4·5H2O, sodium ascorbate, THF/DMF/H2O (5:1:1), 100 W, 0.5 h, quant.

Figure 2. The SEM pictures of different silica oxide nanoparticles. (a) HO@SiO2NP is shown a homosphere in a size around 40 nm. (b) NH2@
SiO2NP, (c) NH2@Cy3SiO2NP, (d) Dialkyne@Cy3SiO2NP, (e) tAlkyne-PTX@Cy3SiO2NP, (f) TGal-PTX@Cy3SiO2NP, and (g) T-Gal@
Cy3SiO2NP are all shown in a size around 50 nm. Scale bar: 100 nm.
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(total yield 57.3% for 2 steps). Conjugation of N,N-
bis[carboxymethyl]-L-lysine 1349 with 4-nitrophenyl carbo-
nate-activated 6-azidohexan-1-ol 1426 in DMF/H2O utilizing
triethylamine gave the azide-functionalized lysine derivative,
which was then coupled with galactosyl compound 158 using
HATU in DMF at 45 °C to furnish the azide-functionalized T-
Gal derivative 16 (Scheme 2b, total yield 41.4% for 2 steps).
Having obtained the azide-functionalized PTX 12 and T-Gal

ligand 16, attention was focused on the ligation of these
derivatives to check the efficiency of SOCC. As shown in
Scheme 3, by taking advantage of the different reactivities of
two alkynes, SPAAC-mediated click chemistry is expected to
take place at cyclooctanyne, while CuAAC occurs at the
terminal alkyne. The click reaction of PTX 12 with cyclo-
octanyne proceeded smoothly in DMF at room temperature for
6 h to give PTX-loaded 17 in quantitative yield. Then,
microwave was applied to facilitate the Cu-mediated click
reaction. Irradiating at 100 W for 30 min gave 18 in quantitative
yield. The reaction can be performed without microwave
assistance, but it requires longer reaction time and provides
lower yield. Figure S1 shows stepwise NMR spectra of the

synthesis of compound 18; the fingerprints for PTX and T-Gal
are clearly visible.
It has been reported that the optimal size for NP-mediated

cellular internalization is 40 to 50 nm,22 and the size of the NP
required to reduce the rate of clearance by macrophages and
provide better circulation time in the body23 is 80 nm. Particles
with longer circulation times are better able to target the site of
interest, and they should be 100 nm or less in diameter with a
hydrophilic surface. Thus, particle size of our designed silicon
oxide nanocarrier is ∼50 nm. As shown in Figure 2 and Scheme
4, unfunctionalized silicon oxide nanocarrier HO@SiO2NP was
first synthesized in a 40 nm size by controlling the ammonia
concentration.20,21 Briefly, the synthesis involves stirring
tetraethylorthosilicate (TEOS), ethanol, dd-water, and
NH4OH solution at room temperature for 12 h.20,21 The
surface of the resulting 40 nm nanoparticle, HO@SiO2NP, was
transformed to give amino functionality via a sol−gel process
using 3-amino-propyl trimethoxysilane (APS) to give 50 nm
NH2@SiO2NP. The SEM images were shown of each step of
synthetic silicon oxide NPs in Figure 2. Fluorescent silica NPs
are known to show less aggregation and little dye leakage when
compared to polymeric NPs which display wide utility in

Scheme 4a

a(a) NH4OH, EtOH, rt, 12 h; (b) APS, dd-H2O/PrOH, NH4OH; (c) APS/Cy3-silane (100/1), dd-H2O/PrOH, NH4OH; (d) DSS, EDC, HOBT,
NEt3, DMSO, rt, 3 h; (e) 8, EDC, HOBT, NEt3, DMSO, rt, 18 h; (f) 50 mM amino-triethylene glycol, DMF, rt, 3 h; (g) 12, DMF, 24 h; (h) 16,
sodium ascorbate, CuSO4, THF/DMF/H2O (5:1:1), 100 W, 75 °C, 1 h; (i) DSS, EDC, HOBT, NEt3, DMSO, rt, 3 h; (j) 19, EDC, HOBT, NEt3,
DMSO, rt, 18 h; (k) 50 mM amino-triethylene glycol, DMF, rt, 3 h.
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bioanalysis and labeling.53 Thus, the Cy3, a cyanine dye, was
selected to be doped into NP due to its high fluorescence
quantum yield and photostability.54 To synthesize the
fluorescent NPs, APS and Cy3-silane50 were used in a 100:1
ratio in a sol−gel process to give NH2@Cy3SiO2NP. We found
that, under these reaction conditions, the surface amine density
and particle size of the NPs showed almost no change
compared with NH2@SiO2NP. The competition method
avoids self-quenching caused by tight packing of the dye on
the NPs.14,24 The amount of accessible amino groups on the
surface of the dye-doped NH2@Cy3SiO2NP and the undoped
NH2@SiO2NP was 236.2 ± 7.9 (∼3.01 ± 0.10 NH2/nm

2) and
250.5 ± 13.9 nmol/mg (∼3.19 ± 0.17 NH2/nm

2), respectively
(Figure S2).
As shown in Scheme 4, the dialkyne compound 8 was

conjugated with NH2@Cy3SiO2NP using suberic acid bis-N-
hydroxysuccinimide ester (DSS) as a cross-linker and amino-
triethylene glycol as a capping reagent to afford Dialkyne@
Cy3SiO2NP. Notably, a small amount of amine (5.3 ± 1.2
nmol/mg) on Dialkyne@Cy3SiO2NP could be detected
following the above procedure (Figure S2), indicating that
the surface amine of Dialkyne@Cy3SiO2NP was transformed
to OSu. Taking advantage of the different reactivities of alkynes
to azide as evidenced in the solution phase study, PTX was first
introduced chemoselectively onto Dialkyne@Cy3SiO2NP
using an SPAAC reaction at the azido-functionalized PTX 12
in DMF. To ensure completion of the reaction, the reaction
time was extended to 24 h. Excess costly PTX 12 was easily
recovered by concentrating the reaction solution after removal
of the NPs because the SPAAC step does not involve other
reagent/catalyst. Then, the T-Gal ligand 16 was coupled with
the PTX-loaded NP (tAlkyne-PTX@Cy3SiO2NP) using
microwave-assisted CuAAC for 1 h to yield TGal-PTX@

Cy3SiO2NP. Similar to the synthesis of the Dialkyne@
Cy3SiO2NP, control TGal@Cy3SiO2NP was synthesized by
reacting the T-Gal ligand 198 with DSS-activated NH2@
Cy3SiO2NP in the presence of EDC, HOBT, and NEt3 in
DMSO. The amount of galactose on TGal-PTX@Cy3SiO2NP
and TGal@Cy3SiO2NP was determined by an Anthrone assay
to be 157.89 ± 7.15 (2.04 ± 0.09 Gal/nm2) and 32.29 ± 0.35
nmol/mg (0.42 ± 0.01 Gal/nm2), respectively. The sugar
amount differed from the silica NPs (obtained by amide bond
formation or double click chemistry) indicate that the
conjugation efficiency of less-polar trifunctional compound 8
with OSu-activated NH2@Cy3SiO2NP is higher than that of
hydrophilic T-Gal ligand 19. Although the conjugation yield
between 8 and OSu-activated NH2@Cy3SiO2NP was only
approximately 20% (estimated based on previous observa-
tions),55 the results show that click chemistry provides better
overall conjugation efficiency. The amount of PTX on TGal-
PTX@Cy3SiO2NP was estimated to be one-third of the
amount of galactose ligand: 52.63 ± 7.15 nmol/mg (0.68 ±
0.09 PTX/nm2).
To evaluate the anticancer activity of the synthesized NPs,

HepG2 cells were seeded onto sterile glass coverslips and
cultured in DMEM medium containing 10% FBS overnight.
TGal-PTX@Cy3SiO2NP and TGal@Cy3SiO2NP (100 μg/
mL in 0.5 mL serum-free DMEM) were sonicated for 15 min
and added to the HepG2 cultures for 2 days. An equivalent
concentration (5.3 μM) of free PTX was used as a positive
control and incubated with HepG2 for 2 days. Confocal
fluorescence microscopy image studies were performed
(Figures 3 and S4−S7) to understand the fate and effect of
NPs in the cell. In Figure 3, each horizontal row of images (a-d)
represents: (a) control without added reagents, (b) PTX with
3.3% DMSO as a positive control, (c) TGal-PTX@

Figure 3. Confocal images of HepG2 cells treated with PTX (5.3 μM in 0.5 mL serum-free DMEM), TGal-PTX@Cy3SiO2NP (100 μg/mL in 0.5
mL serum-free DMEM), or TGal@Cy3SiO2NP (100 μg/mL in 0.5 mL serum-free DMEM) for 2 days. Each horizontal row of images (a-d)
represents: (a) control without added reagents as control, (b) PTX with 3.3% DMSO as a positive control, (c) TGal-PTX@Cy3SiO2NP, and (d)
TGal@Cy3SiO2NP as a negative control. The vertically arranged images (1−5) show: (1) purple color representing tubulin distribution; (2) red
fluorescence arising from Cy3 dye on silicon oxide NP; (3) green fluorescence associated with LysoTracker Green DND-26 found within the
endosomes and/or lysosomes; (4) cell nuclei stained with DAPI, which fluoresces blue; and (5) a merge of the images. The yellow fluorescence
indicates that TGal-PTX@Cy3SiO2NP and TGal@Cy3SiO2NP colocalized with LysoTracker Green DND-26 in late endosomes and/or lysosomes.
Scale bar: 10 μm.
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Cy3SiO2NP, and (d) TGal@Cy3SiO2NP as a negative control.
Tubulin was labeled with mouse monoclonal tubulin antibody
and visualized using an antimouse IgG DyLight 649 antibody to
give the purple color shown in Figure 3 (1). The red
fluorescence in Figure 3 (2) indicates the presence of Cy3 that
has been incorporated into TGal-PTX@Cy3SiO2NP and
TGal@Cy3SiO2NP. To locate TGal-PTX@Cy3SiO2NP and
TGal@Cy3SiO2NP after endocytosis, LysoTracker Green
DND-26 was used to label late endosomes and lysosomes
(indicated as green color in Figure 3 (3)), whereas the nucleus
was labeled with the blue fluorescent dye 4,6-diamino-2-phenyl-
indole (DAPI), Figure 3 (4). The merged image (Figure 3 (5))
shows that late endosomes are yellow fluorescence due to
colocalization of red fluorescence (TGal-PTX@Cy3SiO2NP or
TGal@Cy3SiO2NP) and green fluorescence (LysoTracker
Green DND-26). Therefore, the NPs accumulated in late
endosomes and/or lysosomes after endocytosis. In our previous
studies,8 different ligands (such as galatoside, glucoside, and
sialoside) were separately conjugated on a specifically designed
Cy3-labeled magnetic nanoparticle (MNP), and their uptake by
HepG2 was evaluated. The results showed that galatoside as
surface ligand on MNP provides the best delivery efficiency.
Besides, the galatoside modified MNP displays the specific
targeting to HepG2 cell over HeLa cell, indicating the selective
delivery through ASGP-R mediate endocytosis.8 As shown in
Figures 3 (2c) and (2d), the red color spreads throughout the
cytoplasm, providing evidence that the NPs escaped from
endosomes after receptor-mediated endocytosis. Because PTX
is a microtubule-stabilizing agent, it promotes polymerization of
tubulin, causing cell death by disrupting cell division.56,57 As
shown in Figure 3 row (1), the tubulin pattern of the TGal-
PTX@Cy3SiO2NP-treated cell (Figure 3 (1c)) is the similar as
that of the PTX-treated cell (Figure 3 (1b)), indicating that the
NPs were internalized into cells and PTX presented its
fuction.30,31,58 Notably, it has been reported that the paclitaxel
of PTX prodrug can be released by esterase located in
cytoplasma to execute microtubule inhibition and apoptosis
once the prodrug is delivered into the cell.30,33,35,36 By contrast,
the confocal image of TGal@Cy3SiO2NP (negative control,
Figure 3 row (d)) showed the same uptake mechanism but
without a change in cell morphology or tubulin pattern.
In order to evaluate the efficacy of TGal-PTX@Cy3SiO2NP,

the cell proliferation assay was performed. As shown in Figure
4, HepG2 cells were treated with a series of concentrations of
TGal-PTX@Cy3SiO2NP or TGal@Cy3SiO2NP in serum-free
DMEM for 1 h and then cultured for 1 day. After repeating this
process for twice, the cells were then continuously cultured for
another 2 days and the WST-8 assay was performed. The PTX
concentration of TGal-PTX@Cy3SiO2NP at 25, 12.5, 6.3, 3.2,
and 1.6 μg/mL is approximately to 1.3, 0.7, 0.35, 0.17, and 0.09
μM based on the estimated PTX amount by one-third of the
amount of galactose ligand on TGal-PTX@Cy3SiO2NP.
Furthermore, different concentrations of PTX drug (5.3, 2.7,
1.3, and 0.7 μM) in serum-free DMEM with 1% DMSO were
also added into cell culture wells and the experiments, almost
the same as described in the NP treated experiments but with
treatment of 3 h, were performed (Figure 4b). The cell
proliferation results revealed that the cytotoxicities of both
TGal-PTX@Cy3SiO2NP and PTX drug are dose-dependent
and TGal@Cy3SiO2NP is nontoxic. However, TGal-PTX@
Cy3SiO2NP showed 50% cell killing effect at the concentration
of 12.5 μg/mL (corresponding to 0.7 μM of PTX) while, under
the same concentration, free PTX drug shows no cytotoxicity

(data is not showed) and the longer treatment (for 3 h) of it
displays only very low toxicity on HepG2 cells. Although, for
PTX sensitive cells such as the breast cancer cell, the effective
cell killing concentration of PTX is around nM range, HepG2
cell was not sensitive to PTX drug.59,60 The low toxicity of free
PTX on HepG2 cell may be due to its slow and nonspecific
diffusion rate to pass through cell membrane. Nevertheless, our
designed TGal-PTX@Cy3SiO2NP provides much higher cell
killing effect than free PTX (Figure 4), indicating the advantage
of specifically targeting. Moreover, it should be noted that 1%
DMSO was required to solubilize free PTX in medium. The
presence of DMSO may influence the cell life cycle and lead to
cytotoxicity or allergic reaction.44,45 Overall, the developed
mutlifunctionalized NP was demonstrated as an attractive drug
carrier for specific and efficient delivery of drug to the target
cell.

■ CONCLUSIONS
In summary, the surface of the SiO2 nanoparticles was
functionalized with a trifunctional bridge linker with orthogo-
nally clickable dialkyne 8, which increases the surface
availability for further functionalization by stepwise orthogonal
click chemistry (SOCC). Because the SPAAC reaction does not

Figure 4. Cytotoxicities of (a) TGal-PTX@Cy3SiO2NP and TGal@
Cy3SiO2NP and (b) PTX drug assessed using the WST-8 assay. The
cells were treated with TGal-PTX@Cy3SiO2NP and TGal@
Cy3SiO2NP, respectively, for 1 h or PTX for 3 h, and then incubated
for 1 day at 37 °C. This process was repeated twice and then the cells
were continuously cultured for another 2 days. The PTX
concentration of TGal-PTX@Cy3SiO2NP at concentration of 25,
12.5, 6.3, 3.2, and 1.6 μg/mL is approximately to 1.3, 0.7, 0.35, 0.17,
and 0.09 μM.
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require other chemical reagents, the expensive PTX can be
easily recovered. The use of a trivalent galactosyl ligand, which
interacts with the ASGP-Rs on the surface of HepG2 cells, not
only provides a targeting function, but also overcomes the
inherent low water solubility of PTX. The in vitro assays
indicate that TGal-PTX@Cy3SiO2NP was trapped in the cell
and escaped from endosomes. Due to the specific targeting of
TGal moiety and receptor-mediated endocytosis, TGal-PTX@
Cy3SiO2 NP provides much better cell killing effect than that
of free PTX at the same drug concentration, although HepG2
cell is not sensitive to PTX. Thus, it is anticipated that the
Dialkyne@Cy3SiO2NP could serve as an optimal nanocarrier
for the specific delivery of anticancer drugs.
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