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Bioconjugation based on crosslinking primary amines to carboxylic acid groups has found broad

applications in protein modification, drug development, and nanomaterial functionalization. However,

proteins, which are made up of amino acids, typically give nonselective bioconjugation when using

primary amine-based crosslinking. In order to control protein orientation and activity after conjugation,

selective bioconjugation is desirable. We herein report an efficient and cysteine-selective thiol–ene click

reaction-based bioconjugation strategy using colloidal nanoparticles. The resulting thiol–ene based

aptamer and enzyme nanoconjugates demonstrated excellent target binding ability and enzymatic

activity, respectively. Thus, thiol–ene click chemistry can provide a stable and robust crosslinker in

a biocompatible manner for bioconjugation of any thiol-containing biomolecule with nanomaterials. This

will open more opportunities for applications of thiol–ene reactions and functional colloidal

nanoparticles in chemical biology.
Introduction

With their unique physicochemical properties, hydrophobic
colloidal nanoparticles have broad application in biochem-
istry,1 in areas such as bioimaging, drug delivery, cancer
therapy, and enzyme mimicry.2–5 On the other hand, the lack of
biocompatibility has, to some extent, limited their applica-
tions.6 To overcome this obstacle, hydrophobic colloidal nano-
particles must typically rst be transferred to an aqueous phase,
followed by surface functionalization through 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC)/N-
hydroxysuccinimide (NHS) coupling, or the Michael addition of
a nucleophile to a maleimide.7,8 However, EDC/NHS coupling
usually has low crosslinking efficiency, and while the
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tion (ESI) available. See DOI:
maleimide reaction is rapid and has been widely used for
antibody drug conjugates, the succinimide linkage of the mal-
eimide addition product is susceptible to hydrolysis.9,10 There-
fore, even though nanomaterial bioconjugates have enjoyed
success, the chemistry of nanoparticle–biomolecule linkage still
determines their applications in biochemistry.

“Click” chemistry includes a class of biocompatible reac-
tions that are oen employed to join substrates to biomolecules
in a quick, selective, and high-yielding manner.11 With its effi-
ciency and selectivity, click chemistry is a powerful tool in the
eld of biomolecular labeling, cell surface modication and
drug development.12,13 Many chemical ligations have been
employed to fulll the demands of bioorthogonal reactions,
including copper-catalyzed azide–alkyne reactions.14,15

However, no azides or alkyne functional groups are found
among native biomolecules, thus making it necessary to
specially introduce these groups into proteins or DNA.
Compared to the azide–alkyne reaction, we suggest that the
thiol functional group of cysteine-containing proteins makes
bioconjugation more readily achievable through a thiol–ene
click reaction.16,17 So far, the thiol–ene click reaction has been
extensively studied in synthetic methodologies, nanoparticle
surface modication, and polymerization.18,19 But those studies
mainly focused on organic systems, which limit their applica-
tions in biochemistry.20,21 Thus, the thiol–ene reaction-based
bioconjugation of colloidal nanoparticles will open up more
opportunities for applications of the thiol–ene reaction and
functional colloidal nanoparticles.
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Ligand exchange of hydrophobic colloidal nanoparticles and subsequent thiol–ene click reaction for bioconjugation.
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At the interface of biology and nanomaterials, bionano-
technology aims to utilize the unique properties of nano-
materials within a biological context to overcome the problems
associated with systemic administration of drugs and contrast
agents.22–24 We have previously reported a facile ligand exchange
method for colloidal nanoparticle surface functionalization.5,7

Now, with the advantages of the click reaction, we have
designed a cysteine-selective and robust crosslinker and applied
it to thiol–ene click reactions for the bioconjugation of nano-
materials. Specically, the double bond group was modied on
the replacement ligand and then anchored on the hydrophobic
colloidal nanoparticle surface via ligand exchange. With this
advantage, any thiol-containing biomolecules can be conju-
gated on the surfaces of nanoparticles. Here, HS-PEG, HS-DNA,
and cysteine-containing horseradish peroxidase are selected to
test the thiol–ene crosslinker for bioconjugation of colloidal
nanoparticles (Scheme 1).
Results and discussion

To increase the efficiency of the thiol–ene click reaction, we
selected acryloyl chloride, which is a better electrophile than the
usual methacryloyl chloride, to incorporate the ene group.
Therefore, as shown in Scheme 1, when reacted with dopamine,
the product, dopamine acrylamide, as the replacement ligand,
can replace the surfactant stabilizer oleic acid to form a robust
anchor on the surface of colloidal nanoparticles via a ve-
membered metallocyclic chelate.25 Using this method, hydro-
phobic lanthanide-doped upconversion nanoparticles
(UCNPs),26 iron oxide nanoparticles,27 and manganese oxide
nanoparticles28 were all synthesized to test the thiol–ene-based
crosslinker. As an example, NaYF4 (Yb 30%, Er 2%) was selected
This journal is © The Royal Society of Chemistry 2017
to study optical properties and biocompatibility aer bio-
conjugation with HS-PEG, HS-DNA, and cysteine-containing
horseradish peroxidase.

13C- and 1H-NMR spectroscopy demonstrated that dopamine
acrylamide was successfully synthesized (Fig. S1 and S2, ESI†).
Both the colloidal nanoparticles and the replacement ligand
could be dissolved in tetrahydrofuran (THF). Thus, ligand
exchange was conducted in THF as a single-phase system at
40 �C for 3 h. Infrared (IR) spectra of UCNPs showed that the
characteristic peaks of amide C]O and phenol C–O appeared
aer ligand exchange, indicating successful immobilization of
the required acrylamide moities (Fig. S3, ESI†). Then, either HS-
PEG1000 or HS-DNA, aer reducing the disulde bond by 1,4-
dithiolthreitol (DTT) and purifying through a desalting column,
was dissolved in water and mixed with dopamine acrylamide
functional UCNPs in THF for 3 h. Triethylamine was used as
a catalyst to promote the thiol–ene click reaction. Upon irradi-
ation with a 980 nm laser, a bright luminescence beam was
observed when UCNP–S-DNA was dispersed in water (Fig. 1a
and b). No obvious change was observed in the photo-
luminescence spectra of UCNPs aer conjugation with HS-
PEG1000 or HS-DNA upon excitation at l ¼ 980 nm (Fig. S4,
ESI†). Transmission electron microscopy (TEM) revealed that
the monodispersed UCNPs, iron oxide NPs, and manganese
oxide NPs retained their shape and size in the aqueous phase
aer conjugation with HS-PEG1000 and HS-DNA (Fig. 1). The
zeta-potential of UCNPs aer conjugation with HS-PEG showed
almost neutral surface charge (�3.2 mV). Because the DNA
oligonucleotide is negatively charged, UCNP–S-DNA showed
negative surface charge (�25.9 mV), as shown in Fig. S5 (ESI†).
UCNPs gave signicant uorescence signals at 525 nm aer
Chem. Sci., 2017, 8, 6182–6187 | 6183
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Fig. 1 Photographs of the UCNPs in chloroform (a) before ligand
exchange and water (b) after thiol–ene crosslinking with HS-DNA
under 980 nm laser illumination. TEM images of UCNPs in hexane (c)
and water (d), iron oxide in hexane (e) and water (f), and manganese
oxide in hexane (g) and water (h), before ligand exchange and after
thiol–ene crosslinking with HS-DNA.

Fig. 2 (Top) Stability test of UCNPs thiol–ene click conjugation by
agarose gel (lane 1 is ladder. Lane 2 is UCNP–DNA covalent conju-
gation via thiol–ene click chemistry. Lane 3 is UCNP–DNA non-
covalent conjugation without thiol–ene click chemistry. Lane 4 is
UCNPs only. Lane 5 is DNA only); (bottom) flow cytometry histograms
of CEM (left) and Ramos (right) cells incubated with aptamer and
UCNP–S-aptamer.
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linking with FITC-modied HS-PEG3400, indicating a successful
covalent thiol–ene conjugation reaction (Fig. S6, ESI†).

Thermogravimetric analysis (TGA) was used to examine the
thiol–ene click crosslinking efficiency. Assuming the iron oxide
nanoparticles (12 nm) are spherically shaped and using the
density of iron oxide, the average mass of a single iron oxide
nanoparticle was calculated as 4.52 � 10�18 g. Based on TGA
curves of dopamine acrylamide modied iron oxide nano-
particles before and aer thiol–ene crosslinking with HS-PEG
(Fig. S7 and S8, ESI†), the number of dopamine acrylamides
was calculated as 1556 and the number of PEG chains aer
thiol–ene crosslinking was calculated as 984.29,30 Thus a 63.23%
of thiol–ene crosslinking efficiency was achieved. To rule out
the possibility of physical absorption of PEG on iron oxide
nanoparticles surface, control experiments were conducted and
no obvious physical absorption was found (Fig. S9, ESI†).
6184 | Chem. Sci., 2017, 8, 6182–6187
The stability of thiol–ene adducts is a signicant factor
contributing to their applications in bioconjugate chemistry.
Therefore, we used agarose gel electrophoresis to study the
stability of the thiol–ene crosslinker with UCNPs. Four parallel
samples, including UCNP–S-DNA covalent conjugation via the
thiol–ene crosslinker, UCNP–DNA noncovalent conjugation
without the thiol–ene crosslinker, UCNPs alone, and DNA
alone, were prepared for agarose gel electrophoresis. Based on
agarose gel imaging (Fig. 2 top), DNA only showed a band at its
position. Only UCNPs alone had no band at all. In lane 3,
UCNP–DNA refers to UCNPs that were not subjected to the
ligand exchange process but contained only physically adsorbed
HS-DNA. A very strong band at the free DNA position was
observed. This band is attributed to the release of physically
adsorbed DNA on the nanoparticle surface under electropho-
resis. Without covalent conjugation, physically adsorbed DNA
on the nanoparticle surface is not stable under electrophoresis
conditions. However, a band was observed in lane 2, which was
very strong and did not move. This immobility could be
explained by the covalent linkage of DNA on the nanoparticle
surface via the thiol–ene crosslinker and the large size of UCNPs
(28 nm) under electrophoresis. Thus, it was concluded that
This journal is © The Royal Society of Chemistry 2017
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thiol–ene click chemistry could provide a stable and robust
crosslinker.

Having demonstrated a robust thiol–ene crosslinker, we
further studied the biomedical applications of UCNPs using HS-
aptamer. Thiol-modied Sgc8 aptamer labeled with carboxyte-
tramethylrhodamine (TAMRA) was conjugated on the UCNP
surfaces via thiol–ene click chemistry to test the aptamer's
binding ability to target cancer cells (Table S1, ESI†). Aptamer
Sgc8 can bind with the membrane protein PTK7, which is highly
expressed on CEM cells.31,32 Ramos cells with less expression of
PTK7 were used as a negative control. As shown by ow
cytometry histograms in Fig. 2 (bottom), an obvious shi was
observed for CEM cells, while only a negligible shi was
observed for Ramos cells, indicating the excellent target
binding ability of this UCNP–S-aptamer.

We next explored the targeted binding of UCNP–Sgc8 with
the human cervical carcinoma (HeLa) cell line, using TAMRA-
labeled UCNP–Sgc8 and TAMRA-labeled UCNP–T20. The
cellular binding of UCNP–Sgc8 complex was then monitored
using confocal laser scanning microscopy (CLSM), as shown in
Fig. 3a. Signicant red uorescence was observed aer the cells
were treated with TAMRA-labeled UCNP–Sgc8 (25 mg mL�1). In
contrast, only negligible uorescence was observed when the
cells were treated with TAMRA-labeled UCNP–T20. This target-
ing specicity of Sgc8 aptamer matches well with the results
from the ow cytometry as shown in Fig. 2.

Protein bioconjugation with nanomaterials is a powerful
reaction in biochemistry and medicine.33 However, the control
of protein orientation on the nanoparticles, which is essential
in catalysis, delivery, and therapy, necessitates selective bio-
conjugation.34–36 Cysteine is an ideal residue for the chemical
modication of proteins based on the unique reactivity of the
thiol group and low abundance of cysteine residues in natural
proteins. Therefore, cysteine-selective conjugation for biona-
noconjugates is desired.9,10 In order to study nanoparticle–
protein conjugation, horseradish peroxidase (HRP) was selected
Fig. 3 Confocal microscopy images of HeLa cells treated with TAMRA
labeled UCNP–Sgc8 (a), and TAMRA labeled UCNP–T20 (b) in Dul-
becco's modified Eagle's medium.

This journal is © The Royal Society of Chemistry 2017
for conjugation with UCNPs. HRP has 8 cysteines which form 4
disulde bonds. Before thiol–ene crosslinking, the disulde
bonds of HRP were reduced by treatment with DTT. The
reduced HRP was puried by a desalting column before cross-
linking with dopamine acrylamide-functionalized UCNPs.
Triethylamine (TEA) was added as a catalyst to promote the
thiol–ene click reaction. The resultant UCNP–S-HRP conjugates
were then analyzed by SDS-PAGE (sodium dodecyl sulfate
polyacrylamide gel electrophoresis). As shown in Fig. 4 (top), to
obtain a better comparison, the gel pictures were taken under
UV-light (le) and natural light (right). HRP without reduction
or TEA catalysis was physically adsorbed on the surfaces of
UCNPs and showed an HRP band and a long tail band (lane 4)
under electrophoresis. In contrast, the UCNP–S-HRP conju-
gated via thiol–ene crosslinking gave a single band (lane 2), but
did not move owing to the large size of UCNPs, indicating that
a stable and robust thiol–ene linkage had occurred between
UCNPs and HRP.

As a result of structural disturbance, enzymatic activity may
be affected by conjugation with nanomaterials, because it is
dependent on active sites with access to the environment.31 HRP
is an enzyme which can catalyze the oxidation of 3,305,50-tetra-
methylbenzidine (TMB) in the presence of hydrogen peroxide.
Thus, we further studied the catalytic activity of HRP aer
conjugation with UCNPs to form UCNP–S-HRP via thiol–ene
Fig. 4 (Top) SDS-PAGE gel of UCNP–S-HRP (2), HRP (3) and UCNP–
HRP (4) under UV-light (left) and natural light (right); (bottom) enzy-
matic activity of UCNP–S-HRP via thiol–ene crosslinking, UCNP–S-
PEG, and HRP (red dots are superimposed on black squares).

Chem. Sci., 2017, 8, 6182–6187 | 6185
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click reaction. As shown in Fig. 4 (bottom), UCNPs alone (black
square) show no catalytic activity. UCNP–S-HRP was washed 4
times aer conjugation until all free HRP enzyme was removed
and no catalytic activity was observed in the supernatant.
However, under the same conditions, we observed excellent
catalytic activity from UCNP–S-HRP in the presence of TMB
(blue triangles). For HRP enzyme activation, its substrate TMB
must react with the active sites and nally release the product.
Therefore, the cysteine-selective conjugation with dopamine
acrylamide-functionalized UCNPs via the thiol–ene click reac-
tion had no deleterious effect on the active site of HRP enzyme
aer conjugation.
Conclusion

In conclusion, we have developed a thiol–ene based bio-
conjugation strategy in a biocompatible manner for colloidal
nanoparticle-based bioconjugates, including iron oxide,
manganese oxide, and UCNP, and tested the crosslinker by HS-
PEG pegylation, HS-aptamer labeling, and enzyme immobili-
zation. Gel electrophoresis demonstrated that the thiol–ene
crosslinker is stable and robust. Moreover, the stable and
robust thiol–ene linkage between dopamine acrylamide-
functionalized UCNPs and aptamer or HRP did not affect the
binding ability of aptamer to its target cells or the catalytic
activity of HRP enzyme. Bioconjugates based on reactions with
nanomaterials have enormous potential in such elds as
biology and materials science. In particular, the superior
selectivity and stability of the thiol–ene adduct will enable
engineering of multifunctional nanomaterial bioconjugates,
making this a powerful tool with broad applications in bio-
sensing, bioanalysis, bioimaging, drug delivery, and
theranostics.
Acknowledgements

The authors are grateful to Dr K. R. Williams for useful
discussion. This work is supported by grants awarded by the
National Institutes of Health (GM079359, GM111386, and
CA133086). It is also supported by the National Key Scientic
Program of China (2011CB911000), NSFC grants (NSFC
21221003 and NSFC 21327009) and China National Instru-
mentation Program 2011 YQ03012412. A portion of this mate-
rial is based upon work supported by the National Science
Foundation (DMR-1410223).
Notes and references

1 P. D. Howes, R. Chandrawati and M. M. Stevens, Science,
2014, 346, 1247390.

2 T. Chen, I. Ocsoy, Q. Yuan, R. Wang, M. You, Z. Zhao,
E. Song, X. Zhang and W. Tan, J. Am. Chem. Soc., 2012,
134, 13164–13167.

3 Q. Yuan, Y. Wu, J. Wang, D. Lu, Z. Zhao, T. Liu, X. Zhang and
W. Tan, Angew. Chem., Int. Ed., 2013, 52, 13965–13969.
6186 | Chem. Sci., 2017, 8, 6182–6187
4 L. Qiu, T. Chen, I. Ocsoy, E. Yasun, C. Wu, G. Zhu, M. You,
D. Han, J. Jiang, R. Yu and W. Tan, Nano Lett., 2015, 15,
457–463.

5 Y. Liu, D. Purich, C. Wu, Y. Wu, T. Chen, C. Cui, L. Zhang,
S. Cansiz, W. Hou, Y. Wang, S. Yang and W. Tan, J. Am.
Chem. Soc., 2015, 137, 14952–14958.

6 T. Zhang, J. Ge, Y. Hu and Y. Yin, Nano Lett., 2007, 7, 3203–
3207.

7 Y. Liu, T. Chen, C. Wu, L. Qiu, R. Hu, J. Li, S. Cansiz,
L. Zhang, C. Cui, G. Zhu, M. You, T. Zhang and W. Tan, J.
Am. Chem. Soc., 2014, 136, 12552–12555.

8 J. Lee, Y. Jun, S. Yeon, J. Shin and J. Cheon, Angew. Chem., Int.
Ed., 2006, 45, 8160–8162.

9 N. Toda, S. Asano and C. Barbas, Angew. Chem., Int. Ed., 2013,
52, 12592–12596.

10 E. Vinogradova, C. Zhang, A. Spokoyny, B. Pentelute and
S. Buchwald, Nature, 2015, 526, 687–691.

11 (a) M. Azagarsamy and K. Anseth, ACS Macro Lett., 2013, 2, 5–
9; (b) B. S. Sumerlin and A. P. Vogt,Macromolecules, 2010, 43,
1–13.

12 J. Baskin, J. Prescher, S. Laughlin, N. Agard, P. Chang,
I. Miller, A. Lo, J. Codelli and C. Bertozzi, Proc. Natl. Acad.
Sci. U. S. A., 2007, 104, 16793–16797.

13 H. Kolb and K. B. Sharpless, Drug Discovery Today, 2003, 8,
1128–1137.

14 E. Sletten and C. Bertozzi, Acc. Chem. Res., 2011, 44, 666–676.
15 J. Lutz and Z. Zarafshani, Adv. Drug Delivery Rev., 2008, 60,

958–970.
16 M. Li, P. De, H. Li and B. S. Sumerlin, Polym. Chem., 2010, 1,

854–859.
17 I. Cobo, M. Li, B. S. Sumerlin and S. Perrier, Nat. Mater.,

2015, 14, 143–159.
18 C. Hoyle and C. Bowman, Angew. Chem., Int. Ed., 2010, 49,

1540–1573.
19 K. Killops, L. Campos and C. Hawker, J. Am. Chem. Soc.,

2008, 130, 5062–5064.
20 B. Korthals, M. C. Morant-Miñana, M. Schmid and
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