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ABSTRACT: Dual clickable nanospheres (DCNSs) were
synthesized in one step using an efficient approach of
ultrasonic-assisted azide−alkyne click polymerization, avoiding
the need of surfactants. This novel approach presents a direct
clickable monomer-to-nanosphere synthesis. Field emission
scanning electron microscopy (FESEM), Fourier transform
infrared spectroscopy (FTIR), and dynamic laser scattering
(DLS) were used to characterize the synthesized DCNSs.
Numerous terminal alkynyl and azide groups on the surface of
DCNSs facilitate effective conjugation of multiple molecules or
ligands onto a single nanocarrier platform under mild
conditions. To exemplify the potential of DCNSs in biological applications, (1) multivalent glyconanoparticles (GNPs) were
prepared by clicking DCNSs with azide-functionalized and alkyne-functionalized lactose sequentially for the determination of
carbohydrate-galectin interactions with quartz crystal microbalance (QCM) biosensor. Using protein chip (purified galectin-3
coated on chip) and cell chip (Jurkat cells immobilized on chip), the QCM sensorgrams showed excellent binding activity of
GNPs for galectins; (2) fluorescent GNPs were prepared by clicking DCNSs with azide-functionalized Rhodamine B and alkyne-
functionalized lactose sequentially in order to target galectin, which is overexpressed on the surface of Jurkat cells. The
fluorescent images obtained clearly showed the cellular internalization of fluorescent GNPs. This fluorescent probe could be
easily adapted to drugs to construct lectin-targeted drug delivery systems. Thus, DCNSs prepared with our method may provide
a wide range of potential applications in glycobiology and biomedicine.

KEYWORDS: clickable nanospheres, click polymerization, ultrasonic, surfactant-free, carbohydrate-lectin interactions, cell imaging

■ INTRODUCTION

Advantages of polymeric nanoparticles (PNPs), including low
cytotoxicity,1,2 biocompatibility,3 low cost,4 and functional
diversity,5,6 have led to numerous applications in fabrication
of novel materials,7 nanomedicine,8 cell imaging,9 bioanalysis,10

and other biological areas.11,12 To enable these applications,
various methods have been developed for the production of
well-controlled polymer nanoparticles in the past decades. So
far, the most successful and commonly used method for the
preparation of polymeric nanoparticles is emulsion polymer-
ization, which requires a large amount of surfactants. However,
the use of surfactants in emulsion polymerization is costly,
environmentally unfriendly, and more importantly, detrimental
to the properties of nanoparticles.13 Surfactants are irremovable
from nanoparticle surfaces in many cases.14 These residues,
especially those that are fluorinated, on the surface of
nanoparticles are undesirable for many applications including
cell imaging and drug delivery. The drawbacks are not only
high cytotoxicity15,16 caused by the surfactants themselves, but
also alteration of the biocompatibility and surface properties of
nanoparticles, and possible blocking the access to modified
surfaces.17 Therefore, surfactant-free (soap-free) approaches for

PNP synthesis are extremely desired. The approaches reported
include microwave methodology,18,19 self-assembly of amphi-
philic copolymers,20,21 copolymerization with surfmers,22,23 and
acoustic emulsification.13,24 For example, Hawker et al.
prepared well-defined nanoparticles (NPs) of poly(methyl
methacrylate) (PMMA) with hydroxy functional groups via
microwave methodology.19 By using oligoglycidol macro-
monomers with linear and branched oligoglycidol structures
and variable chain length as surfmers, Pitch et al. prepared
copolystyrene NPs.23 Recently, Atobe et al. developed acoustic
emulsification to prepare PMMA NPs. However, the high
frequency ultrasonic equipment that is required for this process
is hard to obtain, and thus limits its application.13,24 These
approaches usually found their applications in systems with
styrene or alkyl acrylates as monomers. It remains a long-
standing challenge to develop an approach for PNP synthesis
with different monomers to enrich the material diversity of
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PNPs, which is in urgent demand due to their increasing
applications in material chemistry and in biology.
However, bifunctional NPs facilitate the assembly of multiple

components in a single nanocarrier platform, which is a
pressing need in many biological applications. The work
published regarding this includes carboxyl/hydroxyl dual
surface-functionalized polystryrene/Fe3O4@SiO2 Janus NPs
prepared with miniemulsification25 and alkynyl/azide surface-
functionalized nanogels, via click chemistry between dextrans
modified with alkyne or azide groups using conditional inverse
emulsion method.1 Both methods involved the utilization of
surfactants. Considering the disadvantages mentioned above,
these methods are not favorable, especially from the viewpoint
of green process.
Resurrected in 2002,26 click reaction, known for 1,3-dipolar

cycloaddition reaction between azide and alkyne functional
groups using Cu(I) as catalyst (CuAAC), has become a
powerful polymerization technique in preparation of den-
drimers, postfunctionalization of preformed polymers, and
generation of functional surfaces.27−30 Polytriazoles, synthe-
sized via CuAAC, displaying advanced functions, such as
aggregation-induced emission,31,32 thermal stability, biocompat-
ibility,1,29 and optical nonlinearity,30 are increasingly gaining
attraction.35 Although there are a few examples of preparing
PNPs via click reaction,1,30 the difficulty lies in avoiding the
coalescence of PNPs due to the click reactions occurring
between the two existing reactive groups, azide and alkyne. To
overcome the coalescence of PNPs in a surfactant-free click
polymerization, Tuncel et al.30 introduced positive charges to
the PNPs using diaminodialkyne as a clickable cross-linker;
Tang et al.32 performed click polymerization with unequal
number of reactive functional groups of alkyne and azide, so
that one type of functional groups can be consumed rapidly to
ensure that the polymer is only encapped with the other type of
functional groups. However, the trade-off of this method is the
synthesis of single-functionalized polymer nanoparticles pre-
pared instead dual ones. To the best of our knowledge,
ultrasonic irradiation, a widely used solution for enhancing
solubility and particles dispersion,13 easily accessed from a
ultrasonic bath in routine laboratories, has not been used as a
measure for resisting the coalescence of PNPs via surfactant-
free click polymerizations.
Here, we report a novel synthetic approach for one step

synthesis of dual clickable nanospheres (DCNSs), avoiding the
need of surfactants, via ultrasonic-assisted alkyne−azide click
polymerization catalyzed by Cu(PPh3)3Br. The monomers and
cross-linkers used for click polymerization in this work are
listed in Scheme 1. The potential biological applications of
DCNSs were exemplified by preparing multivalent glyconano-
particles (GNPs) to detect carbohydrate-galectin interactions
with a quartz crystal microbalance (QCM) biosensor and by
preparing fluorescent glyconanopaticles (GNPs) for cell
imaging, respectively.

■ RESULTS AND DISCUSSION
To fabricate DCNSs via click polymerization, 3,5- and 2,6-
dialkynylpyridine (1 and 2) were chosen as the monomers.
This is because the rigid structure of 6-member ring can endow
polymer nanosphere essential structural rigidity, and the easy
formation of quaternary ammonium salt from pyridine36−38 can
be further used to improve hydrophilicity and bactericidal
activity36,39 of DCNSs if required. 1,3-bis(azidoacetoxy)-2-
azidoacetoxymethyl-2-ethylpropane (triazide, 3) and 2,2-bis((2-

azidoacetoxy)methyl)propane-1,3-diyl bis(2-azidoacetate)
(tetra-azide, 4) were chosen as the cross-linkers. The alkyne−
azide cycloaddition between either of the monomers and either
of the cross-linkers, four “monomer + crosslinker” combina-
tions (1 + 3 or 4 and 2 + 3 or 4) in total, were catalyzed by
Cu(PPh3)3Br, which is more effective than classical catalysts,
such as CuI or CuBr, due to its better solubility in organic
solvents.27 When the click polymerization between monomer 1
and cross-linker 3 was performed with a magnetic stirrer bar,
i.e., without ultrasonic-assitance, irregular cauliflower-like
particles in micron scale were formed. As expected, heavy
adhesion among the particles was observed (Scheme 2a and
Supporting Information (SI) Figure S1), as there was no
surfactant to stabilize the high surface energy of nanospheres
that formed during polymerization.
Ultrasonic irradiation can be used to overcome the

nanosphere coalescence arising from their high surface energy40

via its cavitation effect, which causes high speed impinging
liquid jets and strong hydrodynamic shear-force.41,42 Most
importantly, with ultrasonic assistance, nanoparticles can be

Scheme 1. Chemical Structures of Monomers (1,2) and
Crosslinkers (3,4) Used for Synthesis of DCNSs

Scheme 2. Synthesis of DCNSs with Monomer 1 and
Crosslinker 3 in CH3CN/CHCl3 (96:4 in Volume)a

a(a) stirring at room temperature leading to the formation of irregular
polymer particles; (b) ultrasonic irradiation leading to the formation of
nanoshperes.
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formed in the absence of surfactants, which avoids all the
possible problems resulting from the residue of surfactants on
the nanoparticles. In this work, to inhibit coalescence among
nanospheres in the absence of surfactants, ultrasonic irradiation
was applied throughout the polymerization process.
Under ultrasonic irridation of 40 kHz, we explored the

polymerization between 1 and 3 (Scheme 2) in a few different
polar aprotic solvents because of their crucial role in
determining the morphology of nanoparticles.43 The solvents
affected the morphology of the polymer particles via their
different collapse speed of cavitation bubbles produced by
ultrasonic waves, where different surface tension and viscosity
of the solvents resulted in variation in pressure inside the
bubbles.44 As shown in Figure 1, the morphology of the

particles formed by the polymerization of 1 and 3 varied in
different solvents: irregular nanoparticles with heavy adhesion
were obtained in tetrahydrofuran (THF) (Figure 1a), slightly
adhesive nanospheres with minor distortion were formed in
dichloromethane (DCM) (Figure 1b) or DMF (Figure 1c),
while nice nanospheres were favored in a solvent mixture of 4
vol % chloroform (CHCl3) in CH3CN (Figure 1d). Further
investigation on the ratio of CHCl3 to CH3CN disclosed that
higher concentration of CHCl3 in the solvent mixture caused
structural deformities in the nanospheres as shown in SI Figure
S2. Therefore, 4 vol % CHCl3 in CH3CN was used as the
solvent in the following polymerizations.
Our preliminary study showed that ultrasonic irradiation was

effective in inhibiting coalescence of nanoparticles in the
absence of surfactants. Encouraged by this, we further
investigated the effect of frequency on the morphology of
polymer particles synthesized from 2 + 3 combination in
CH3CN/CHCl3 (96:4 in volume) with three different
frequencies (45, 80, and 100 kHz) for the optimization of
dispersion, size, and polydispersity. The results are displayed in
Figure 2a−c. Although nice nanospheres were obtained in each

case of the three frequencies, one can clearly see that the
difference caused by frequency on dispersion, size, and
polydispersity of DCNSs: individual DCNSs with a wide size
distribution were formed at 45 kHz (Figure 2a); In contrast to
45 kHz, slightly aggregated DCNSs with a narrow size
distribution were formed at 100 kHz (Figure 2c). The results
above could be explained with the relationship between the
radius as well as the range of cavitation bubbles and the
frequency. It is known that the possible radius of cavitation
bubbles as well as distribution increase inversely to the
frequency.45 The strength of the shear-forces associated with
the collapse of cavitation bubbles, responsible for the dispersion
of particles, is greater at a lower frequency (45 kHz) than that
at a higher one (100 kHz) because of the larger bubbles
emerged at lower frequencies. Thus, a lower frequency affords
better particle dispersion; however, the distribution of the
bubbles, responsible for the homogeneity of monomer
concentration and subnano-nuclei, is narrower at a higher
frequency. Correspondingly, DCNPs formed at 100 kHz had a
narrower distribution.
Surprisingly, at 80 kHz, aggregated DCNSs with two

different ranges were obtained (Figure 2b), not showing any
advantage either in size distribution (comparing with 45 kHz)
or dispersion (comparing with 100 kHz). A tentative
explanation could be that the shear-force produced at 80 kHz
is not strong enough to prevent the coalescence of nuclei;
alternatively, the distribution of microbubbles is not narrow
enough to provide homogeneous monomer concentration in
the vicinity of the nuclei. Accordingly, coalesced particles with
two different distributions formed at 80 kHz.
On the basis of this conjecture, we assumed that a

multifrequency mode of ultrasonic irradiation with a
prolongation of the time under 45 kHz and 100 kHz should
benefit the formation of nanoparticles with relatively narrow

Figure 1. FESEM images of the polymer particles synthesized from 1
+ 3 combination under ultrasonic irradiation at 40 kHz: (a) THF; (b)
DCM; (c) DMF; and (d) CH3CN/CHCl3 (96:4 in volume).

Figure 2. FESEM images of nanospheres synthesized from 2 + 3
combination in CH3CN/CHCl3 (96:4 in volume). During the
polymerization, the reaction mixture was under ultrasonic irradiation
of either mono- or multifrequency mode: (a) 45 kHz, (b) 80 kHz, (c)
100 kHz, and (d) multifrequency mode.
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size distribution with good dispersion. Delightfully, the best
result was obtained with a multifrequency mode (tandem
repeats of 45 s cycles of different frequency during polymer-
ization with fixed time periods: 45 kHz for 15 s, 80 kHz for 5 s,
100 kHz for 25 s), as shown in Figure 2d. Dynamic laser
scattering (DLS) analysis indicated the formation of nano-
spheres under the multifrequency mode with a narrow size
distribution centered at a hydrodynamic diameter (DH) of 282
nm with a polydispersity index (PDI) of 0.413.
With these findings in hand, the optimized conditions (multi-

frequency mode, CH3CN/CHCl3 96:4 in volume) for
fabricating nanospheres was further applied to other “monomer
+ crosslinker” combinations, including 1 + 3, 1 + 4, and 2 + 4.
As can be seen in Figure 3, nanospheres from 1 + 3 (Figure 3a),

1 + 4 (Figure 3b), and 2 + 4 (Figure 3c) were successfully
synthesized. The results are summarized in Table 1. To the best

of our knowledge, this is the first report for a single step
monomer-to-nanosphere synthesis, with consideration of dual
surface functionalization of NSs and surfactant-free polymer-
ization.
The corresponding DCNSs were characterized by DLS (SI

Figure S3) and FTIR (SI Figure S4), respectively. DLS analysis
showed the nanospheres with DH between 282 ± 36−766 ± 63
nm and PDI between 0.287 and 0.453 could be obtained with
our approach. The terminal alkynyl and azide groups on
DCNSs were confirmed by FTIR spectra with the absorption at
3245, 2106, and 2097 cm−1 ascribed to CH, CC in
propargyl and azide functionality, respectively.46

On the basis of the existence of terminal alkynyl and azide
groups on NPs synthesized in our work, we predict that,
theoretically, any azide- or alkyne-functionalized molecule (so-
called “clickable molecule”) can be effectively conjugated to
DCNSs via click chemistry; Hence, specific products can be
formed under mild conditions.

To exemplify the potential of DCNSs in biological
applications, first, DCNSs were used to prepare GNPs by
clicking with azide- and alkyne-functionalized lactose (5 and 6
in Scheme 3) sequentially, which were then applied in the
detection of carbohydrate-lectin binding affinity with QCM
biosensor.

Carbohydrate-lectin recognition plays important roles in
fertilization, immune function, and cellular adhesion. However,
binding affinity of lectins for individual monosaccharide units is
rather weak.47−49 Hence, multivalent glycoconjugates for
generating strong interactions for lectins, so-called Glycoside
Cluster Effect, are particularly in need.50 With DCNSs
synthesized using our approach, the simple preparation of
GNPs was as following: catalyzed by CuSO4/sodium ascorbate,
DCNSs were sequentially conjugated with azide-functionalized
lactose (5) and alkyne-functionalized lactose (6) at room
temperature sequentially in two separate steps. GNPs were
obtained after dialysis against PBS buffer (Figure 4A upper
route). The FESEM image of GNPs showed that the surface of
nanospheres became slightly rough (Figure 5a). The FTIR
spectra showed that the characteristic absorption peaks of
alkynyl group and azide group disappeared; a new broad peak
ranging from 3681 to 3021 cm−1, which corresponds to the
stretching absorption of hydroxyl groups in lactose, appeared
after modification (Figure 5b). Furthermore, the surface of
hydrophobic DCNSs turned hydrophilic as they became
covered by a layer composed of lactose and hydrophilic chain
of PEG. These results indicated that lactose molecules were
successfully conjugated to DCNSs. The hydrophilicity of GNPs
was adequate to allow a stable aqueous emulsion solution
suitable for QCM measurement.
QCM biosensor is a label-free and real-time sensor

technology for measuring biomolecular interactions.51−53 In
our experiments, carbohydrate−protein interactions were
measured by QCM biosensor with protein chip and cell chip,
respectively. Protein chip is a traditional biochip, which is
limited to immobilizing isolated and purified target proteins
from cells on sensor surfaces. Cell chip is fabricated by growing
or capturing cells onto sensor surfaces, where binding events
take place, more closely mimicking a native environment.54

Although the binding data obtained from protein chip do not

Figure 3. FESEM images of the nanospheres synthesized from 1 + 3
(a), 1 + 4 (b), and 2 + 4 (c) combination in CH3CN/CHCl3 (96:4 in
volume) under multifrequency mode. The polymerization were
catalyzed by Cu(PPh3)3Br (15 mol %) at 13 °C for 3 h.

Table 1. Summary of DCNSs under the Optimal
Conditionsa

entry monomer + cross-linker DH
b (nm) PDIb FESEM

1 1 + 3 553 ± 75 0.453 Figure 3a
2 1 + 4 495 ± 59 0.298 Figure 3b
3 2 + 3 282 ± 36 0.413 Figure 2d
4 2 + 4 766 ± 63 0.287 Figure 3c

aReaction conditions: monomer/cross-linker = 1:1 equiv, Cu-
(PPh3)3Br 15 mol %, 13 °C, 3 h. CH3CN/CHCl3 (96:4 in volume),
multifrequency mode. bAverage values of three measurements by DLS
(SI Figure S3).

Scheme 3. Chemical Structures of Alkyne- and Azide-
Functionalized Compounds
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Figure 4. Schematic illustration of the preparation and application of GNPs and FGNPs: A Upper route: preparation of GNPs via dual click
reactions and application to QCM biosensor; Lower route: preparation of FGNPs via dual click reactions and application to cell imaging. B
Frequency shifts caused by interaction of GNPs with galectin-3 (dashed line), galectins on surface of Jurkat cells (dotted line), and Con A (solid line,
control) immobilized on a QCM biosensor surface, respectively. C Confocal fluorescence images of Jurkat cells after incubation with FGNPs (50 μg/
mL) for 30 min: (a) nuclei stained with Hoechst 33342 blue; (b) cell membrane (RhB channel); (c) bright field; and (d) merged image of (a) and
(b).

Figure 5. (a) FESEM image of GNPs; (b) IR spectra of GNPs; (c) Viability studies of Jurkat cells. The cells were stained with PI prior to analysis,
and viability was assessed immediately after incubation with flow cytometry: control (black), cells treated with GNPs (200 μg/mL) for 12 h (green),
24 h (red), and 48 h (blue); (d) Rhodamine-labeled GNPs (FGNPs) image by FESEM; and (e) IR spectra of FGNPs; (f) LSCM image of FGNPs,
the inset on upper-left is an enlarged view of FGNPs for the marked area.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504479w | ACS Appl. Mater. Interfaces 2014, 6, 16909−1691716913



present the biological contexts and do not reflect their native
functions in cells accurately, it can be used as a control for
comparison with that obtained from cell chip. The emulsion of
GNPs (1 mg/mL in PBS buffer) was applied to detect their
binding activity with galectins (lactose-specified lectins). The
binding value was recorded as the resulting frequency shifts of
the quartz crystal. The QCM sensorgrams (Figure 4B) showed
excellent binding activity of GNPs for galectins using protein
chip (purified galectin-3 coated on chip, specific control) and
cell chip (Jurkat cells55 immobilized on chip) with a frequency
shift of 234 and 170 Hz, respectively. Concanavalin A (Con A,
does not bind to lactose) was used as a nonspecific control; a
frequency shift of only 5 Hz for Con A indicating that the
interaction between GNPs and Galectin-3 was specific.
Furthermore, to examine the potential toxicity of GNPs,

Jurkat cells were incubated with GNPs (200 μg/mL) for 12, 24,
and 48 h, respectively. No obvious apoptosis was observed
(Figure 5c), indicating that, as expected, the lactose function-
alized nanospheres exhibit excellent biocompatibility.
Fluorescence labeling, despite its many advantages, may

affect the bioactivities of directly labeled biomolecules.56,57

With DCNSs synthesized in this work, we can conveniently
combine multivalent fluorescent tags and biomolecules onto a
single nanocarrier platform, avoiding any direct labeling on the
biomolecules. Following the similar procedure for fabricating
GNPs mentioned above, FGNPs could be obtained by
replacing one of the two differently tagged lactoses with a
clickable fluorescent compound. For example, azide-function-
alized Rhodamine B (RhB, 7), replacement of 5, was first
conjugated to DCNSs, followed by the conjugation of 6 for
FGNPs synthesis (Figure 4A lower route). FGNPs were
obtained after dialysis against PBS buffer and characterized by
FESEM, FTIR, and Laser Scanning Confocal Microscope
(LSCM), respectively. The smooth surface of DCNSs became
slightly rough, corresponding to the conjugation of lactose and
Rhodamine B (Figure 5d); The characteristic absorbance peaks
of alkyne and azide disappeared according to the IR spectrum
of FGNPs (Figure 5e); FGNPs emitted red fluorescent light
under RhB channel with LSCM (Figure 5f). All of these proved
the successful conjugation of DCNSs with the clickable ligands.
Lactoses on FGNPs acted as targeting ligands for galectins
overexpressed on the surface of Jurkat cells,55 which enabled
receptor-mediated endocytosis due to the specific interaction of
lactose with galectins.25,58 The fluorescent images obtained
with LSCM (Figure 4C) clearly showed that FGNPs entered
the cells after incubating Jurkat cells with FGNPs (50 μg/mL)
for 30 min, where FGNPs could be taken up by Jurkat cells
through endocytic mechanism during incubation.59 Moreover,
the fluorescent probe could be easily replaced with drugs for
constructing lectin-targeted drug delivery system, which is
currently underway in our laboratory.

■ CONCLUSIONS
DCNSs were synthesized for the first time through a one step
monomer-to-nanosphere approach of ultrasonic-assisted azide−
alkyne click polymerization, avoiding the use of surfactants.
DCNSs can be fabricated by choosing suitable solvent system
and ultrasonic irradiation mode. The approach developed here
may be extended to the synthesis of other types of tailored
polymeric NSs. Furthermore, so-fabricated DCNSs are ready
for further facile conjugation of clickable ligands, especially
sensitive biomolecules, and facilitate incorporation of multiple
components onto a single nanocarrier platform under mild

conditions, which is a huge advantage for keeping bioactivities
of biomolecules. Their biological applications, demonstrated
with the detection of carbohydrate-galectin binding interactions
via QCM biosensor and fluorescent cell imaging, may expand in
diverse research areas, particularly glycobiology and biomedi-
cine.

■ EXPERIMENTAL SECTION
Materials and Instruments. All chemicals used in this work from

commercial sources were used as received. Acetonitrile was dried by
CaH2 and chloroform was distilled before use. The other solvents were
used as received. Column chromatography was performed using silica
gel with a grain size of 40−63 μm (Qingdao Haiyang Co., Ltd.). 2,6-
Dibromopyridine and 3,5-dibromopyridine were purchased from
Beijing Datianfengtuo Chemistry Co., Ltd. Tetraglycol, trimethylol
propane, and pentaerythritol were obtained from Aladdin. 1-Ethyl-3-
[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC), N-
hydroxysulfosuccinimide (sulfo-NHS), ethanolamine (1 M, pH 8.5),
Concanavalin A (Con A), and the blue nucleic acid stain Hoechst
33342 were purchased from Sigma. Galectin-3 was obtained from Sino
Biological Inc. Jurkat cells were kindly provided by Prof. Bin Gao at
Institute of Microbiology, Chinese Academy of Sciences (IMCAS).

1H and 13C NMR spectra were recorded on a Bruker Advance 500
instrument in CDCl3, using the residual signals from CHCl3 (

1H: δ
7.26 ppm; 13C: δ 77.0 ppm) as internal standard. HRMS (High
Resolution Mass Spectrometer) analysis was performed on an Agilent
1290−6540 UHPLC Q-Tof-HRMS. Infrared spectra were measured
using KBr pellets and recorded on an FTIR-instrument (BRUKER
TENSOR 27, Germany). The Dynamic Light Scattering (DLS) data
was obtained by Delsa Nano C analyzer (Beckman Coulter, Inc.).
Field emission scanning electron microscopy (FESEM) images were
taken on a Hitachi-S4800 instrument operated at 10 kV. A Laser
Scanning Confocal Microscope (LSCM, Carl Zeiss LSM 510
UVMETA, Germany) was used to capture images of the cells after
incubation with fluorescent glyconanoparticles. Ultrasonic irradiation
was produced by SB-5200DT monofrequency ultrasonic cleaner
(Ningbo Scientz Biotechnology Co., Ltd.) or KQ-300VDB multi-
frequency ultrasonic cleaner (Kun Shan Ultrasonic Instruments Co.,
Ltd.). The centrifuge was performed with H1650−W table-top micro
capacity high-speed centrifuge (Hu Nan Xiang Yi Instruments Co.,
Ltd.). Biosensor experiments were undertaken using an Attana Cell
A200 QCM instrument (Attana AB, Stockholm, Sweden) at 22 °C and
the running buffer was phosphate buffered saline (PBS) at pH 7.2.

Synthesis of Compound 1−7. Synthesis of compounds 8−11
can be found in the SI.

3,5-Diethynylpyridine (1).60 To a 250 mL flask, Compound 8 (2.0
g, 8.23 mmol) and KOH (0.92 g, 16.5 mmol) were added into 100 mL
of Ar-degassed toluene, the resulting solution was refluxed for 12 h.
The solvent was removed under vacuum to leave a yellow brown solid,
which was then dissolved in dichloromethane. The solution was
filtered and the filtrate was dried under vacuum to give a yellow brown
solid. Purification by column chromatography on silica gel afforded a
white powder of 1 (0.53 g, 51%). 1H NMR (400 MHz, CDCl3) δ 8.65
(d, J = 1.9 Hz, 2H), 7.88 (t, J = 1.9 Hz, 1H), 3.26 (s, 2H) ppm. 13C
NMR (126 MHz, CDCl3) δ 151.95, 141.90, 119.00, 81.44, 79.39 ppm.

2,6-Diethynylpyridine (2).61 To a 50 mL flask, Compound 9 (1.02
g, 3.76 mmol) was dissolved in 20 mL of MeOH, followed by addition
of K2CO3 (2.59g, 18.8 mmol). The mixture was stirred for 12 h at
room temperature. The solvent was evaporated under vacuum. 50 mL
CH2Cl2 was added to the residue, and the insoluble solids were filtered
away. The filtrate was washed with saturated brine (2 × 30 mL), and
the organic phase was dried over Na2SO4. After removing the solvent,
the crude was purified by flash chromatography on silica gel to afford a
white solid (0.38 g, 79%). 1H NMR (400 MHz, CDCl3) δ 7.67 (t, J =
2 Hz, 1H), 7.46 (d, J = 2 Hz, 2H), 3.18 (s, 2H) ppm. 13C NMR (126
MHz, CDCl3) δ 142.75, 136.56, 127.12, 82.11, 76.81 ppm.

1,3-Bis(azidoacetoxy)-2-azidoacetoxymethyl-2-ethylpropane
(3).62 To a 25 mL flask, 1,3-Bis(chloroacetoxy)-2-chloroacetoxymeth-
yl-2-ethylpropane (3.63 g, 10 mmol) was dissolved in 30 mL DMSO,
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NaN3 (2.93 g, 45 mmol) was added with cooling. The reaction mixture
was slowly warmed to 40 °C and stirred for 2 days. The reaction
mixture was then poured into ice water and extracted with
dichloromethane (3 × 30 mL). The dichloromethane extract was
washed 3 times with brine and then dried over Na2SO4. Evaporation of
the solvent and purification by column chromatography on silica gel
afforded 3 as a colorless liquid (2.41 g, 63%). 1H NMR (500 MHz,
CDCl3) δ 4.19 (s, 6H), 3.91 (s, 6H), 1.54 (q, J = 7.6 Hz, 2H), 0.94 (t,
J = 7.6 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 168.02, 64.67,
50.35, 41.12, 22.98, 7.27 ppm.
2,2-Bis((2-azidoacetoxy)methyl)propane-1,3-diyl bis(2-azidoace-

tate) (4).62 To a 25 mL flask, 2,2-bis((2-chloroacetoxy)methyl)-
propane-1,3-diyl bis(2-chloroacetate) (4.42 g, 10 mmol) was dissolved
in 30 mL DMSO, NaN3 (3.9 g, 60 mmol) was added with cooling. The
reaction mixture was slowly warmed to 50 °C and stirred for 2 days.
The reaction mixture was then poured into ice water and extracted
with dichloromethane (3 × 30 mL). The dichloromethane extract was
washed 3 times with brine and then dried over Na2SO4. Evaporation of
the solvent and purification by column chromatography on silica gel
afforded 4 as a colorless oil (2.53 g, 54%). 1H NMR (400 MHz,
CDCl3) δ 4.30 (s, 8H), 3.94 (s, 8H) ppm. 13C NMR (125 MHz,
CDCl3) δ 167.84, 62.80, 50.29, 42.58 ppm.
2-(2-{2-[2-(2-Azido-ethoxy)-ethoxy]-ethoxy}-ethyl) β-D-galacto-

pyranosyl-(1 →4)-β-D-glucopyranoside (5).63 To a solution of
Compound 10 (840 mg, 1 mmol) in dry MeOH (10 mL),
CH3ONa (54 mg, 1 mmol) was added. The reaction mixture was
stirred at room temperature for 2 h. The solution was then neutralized
by addition of ion-exchange resin (Amberlite IR 120 H+) until pH = 7,
filtered, and the solvent was removed under reduced pressure for the
final product as a white solid (567 mg, 97%). 1H NMR (500 MHz,
D2O) δ 4.42 (d, J = 7.9 Hz, 1H), 4.36 (d, J = 7.8 Hz, 1H), 3.98 (dt, J =
8.2, 3.9 Hz, 1H), 3.89 (d, J = 11.7 Hz, 1H), 3.83 (d, J = 2.9 Hz, 1H),
3.79−3.48 (m, 21H), 3.46 (d, J = 8.1 Hz, 1H), 3.42 (t, J = 4.9 Hz, 2H),
3.26 (t, J = 8.2 Hz, 1H) ppm. 13C NMR (126 MHz, D2O) δ 102.98,
102.14, 78.43, 75.36, 74.78, 74.33, 72.84, 72.57, 70.97, 69.70, 69.61,
69.59, 69.58, 69.55, 69.23, 68.71, 68.57, 61.02, 60.10, 50.16 ppm.
3,6,9,12-Tetraoxapentadec-14-ynyl (β-D-galactopyranosyl)-(1→

4)-β-D-glucopyranoside (6).64 To a solution of Compound 11 (850
mg, 1 mmol) in dry MeOH (10 mL), CH3ONa (54 mg, 1 mmol) was
added. The reaction mixture was stirred at room temperature for 2 h.
The reaction mixture was neutralized by addition of Amberlite IR120
H+ until pH = 6. The resin was filtered off and the filtrate was dried
under vacuum to give the product as a white solid (550 mg, 99%). 1H
NMR (500 MHz, D2O) δ 4.54 (d, J = 8.0 Hz, 1H), 4.47 (d, J = 7.8 Hz,
1H), 4.27 (d, J = 2.1 Hz, 2H), 4.05−4.14 (m, 1H), 4.00 (d, J = 10.8
Hz, 1H), 3.95 (d, J = 3.1 Hz, 1H), 3.89−3.53 (m, 24H), 3.37 (t, J = 8.5
Hz, 1H), 2.92 (s, 1H) ppm. 13C NMR (126 MHz, D2O) δ 102.97,
102.13, 79.39, 78.43, 76.03, 75.37, 74.79, 74.32, 72.83, 72.56, 70.97,
69.70, 69.61, 69.57, 69.44, 68.76, 68.68, 68.57, 61.03, 60.12, 57.92
ppm.
Azide-Functionalized Rhodamine B (7). To a 25 mL round-

bottom flask with a stirrer bar, Rhodamine B (409 mg, 0.85 mmol)
and 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-ol (100 mg, 0.57
mmol) were dissolved in 10 mL CH2Cl2, followed by EDC (326 mg,
1.17 mmol) and 4-(dimethylamino)pyridine (DMAP, 5 mg, 0.04
mmol). The reaction mixture was stirred at room temperature
overnight. The solvent was removed under reduced pressure.
Purification by flash chromatography on silica gel (CH2Cl2/CH3OH
30:1 to 10:1 in volume) afforded compound 7 (389.5 mg, 0.60 mmol,
71%) as a thick red oil. Rf = 0.35 (CH2Cl2/CH3OH, 10:1 in volume).
1H NMR (500 MHz, CDCl3) δ 8.34−8.28 (m, 1H, ArH), 7.80 (t, J
= 7.5 Hz, 1H, ArH), 7.72 (t, J = 7.8 Hz, 1H, ArH), 7.28 (d, J =
7.5 Hz, 1H, ArH), 7.08−7.02 (m, 2H, ArH), 6.89 (dd, J = 9.5, 2.4
Hz, 2H, ArH), 6.79 (t, J = 5.7 Hz, 2H, ArH), 4.16 (t, J = 4.6 Hz,
2H, COOCH2), 3.68−3.51 (m, 21H, OCH2CH2O, Ar
CH), 3.36−3.32 (m, 2H, N3CH2), 1.28 (t, J = 7.1 Hz, 12H, 
CH3) ppm.

13C NMR (126 MHz, CDCl3) δ 165.06, 159.03, 157.92,
155.69, 133.83, 133.33, 131.67, 131.49, 130.53, 130.35, 129.86, 114.39,
113.71, 96.43, 70.78, 70.72, 70.62, 70.16, 68.83, 64.83, 50.82, 46.30,
12.82 ppm. ESI HRMS: Calcd for C36H47N5O6 [M − H]−: 644.3448,

found 644.3454. The 1H NMR, 13C NMR, COSY, and HRMS data of
compound 7 were showed in SI Figures S5−S8.

Synthesis of DCNSs. A typical procedure for fabrication of
polymeric nanospheres was as following: To a 10 mL flask, monomer
(75 μmol), cross-linker (1 equiv), and 2.4 mL dry CH3CN were
added. The flask was put into an ultrasonic water bath and a certain
amount of Cu(PPh3)3Br in 100 μL dry chloroform was injected. The
mixture was exposed to ultrasonic irradiation in a specified mode at 13
°C for a specified time. The final emulsion was centrifuged at 16500
rpm and the precipitate was washed 3 times with chloroform and dried
in vacuum. The yield of DCNSs is around 6−10% (the yield of diyne
and triazide type is about 6−7%, and nearly 9−10% for diyne and
tetra-azide type). The synthesized DCNSs were characterized by DLS,
FESEM, and FTIR.

Preparation of Lactose-Modified Nanoparticles (GNPs). The
GNPs were prepared according to the following: (1) To a suspension
of DCNSs (10.0 mg) in CH3OH/H2O (6 mL, 5:1 in volume), azide-
functionalized lactose (5, 10.0 mg), CuSO4·5H2O (7.5 mg) and
sodium ascorbate (12 mg) were added. The mixture was stirred at
room temperature for 24 h. The yellow emulsion was centrifuged at
16 500 rpm. The precipitate was washed three times with H2O and
one time with methanol. (2) Use alkyne-functionalized lactose (6, 10
mg) to replace 5, repeat the process with the precipitate obtained in
Step (1). Finally, the reaction mixture was dialyzed using a dialysis
membrane (8000−14 000 MWCO) against PBS buffer to remove
residual small molecules to obtain GNPs buffer emulsion. GNPs were
characterized by FESEM and FTIR (Figure 5a,b).

Preparation of Rhodamine-Labeled Glyconanoparicles
(FGNPs). FGNPs were prepared in two steps: (1) To a suspension
of DCNSs (10.0 mg) in chloroform (6 mL), azide-functionalized
Rhodamine B (7, 10.0 mg) and Cu(PPh3)3Br (6.8 mg) were added.
The mixture was stirred at rt for 24 h. The dark red emulsion was
centrifuged at 16 500 rpm. The precipitate was washed 3 times with
chloroform. (2) The precipitate obtained in Step (1) was dispersed in
CH3OH/H2O (6 mL, 5:1 in volume). Following the process described
in GNPs preparation, alkyne-functionalized lactose (6, 10 mg) was
conjugated to the surface of the nanospheres. The final emulsion was
dialyzed using a dialysis membrane (8000−14 000 MWCO) against
PBS buffer to remove residual small molecules. FGNPs were
characterized by FESEM, LSCM, and FTIR (Figure 5d−f).

Interaction between GNPs and Galectin-3, Jurkat Cells or
Con A by QCM. The protein (galectin-3 or Con A) and Jurkat cell
chips were fabricated by following the published procedures.65 For
measuring the carbohydrate-lectin interaction, each of the sensor chips
was inserted into the instrument and allowed to stabilize (baseline drift
<0.2 Hz/min) under a continuous flow (20 μL/min) of running buffer
(PBS buffer, pH = 7.2). GNPs emulsion in PBS buffer (1 mg/mL) was
injected over the surface of the chips, allowed to bind for 105 s, and
dissociate for 295 s. The frequency shifts associated with binding
events were recorded with the Attester software (Attana, Sweden) in
real time.

Sample for Cell Imaging by LSCM. Jurkat cells, cultured
according to the standard method,65 were immobilized on the surface
of carboxyl-modified coverslip (20 × 20 mm2) by following the
procedure published previously.66 In brief, 8 × 107 Jurkat cells were
seeded onto the Con A-coated coverslip with 1.8 mL PBS in a 6-well
plate (Thermo) and incubated at room temperature for 0.5 h. After
the cells were immobilized on the modified glass surface, 200 μL
FGNPs emulsion was added. The final FGNPs concentration was 50
μg/mL. The plate was incubated at room temperature for 30 min to
allow FGNPs interacte with galectins on the cell surface. The cells
were rinsed 3 times with PBS, fixed with 3.7% formaldehyde for 10
min. The nuclei of the cells were stained with Hoechst 33 342 and the
cells were rinsed with PBS buffer. The cells were then imaged by
LSCM.
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