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Surface immobilization provides a useful platform for biosensing, drug screening, tissue engineering and
other chemical and biological applications. However, some of the used reactions are inefficient and/or
complicated, limiting their applications in immobilization. Herein, we use a spontaneous and catalyst-
free amino-yne click bioconjugation to generate activated ethynyl group functionalized surfaces for fast
immobilization of native proteins and cells. Biomolecules, such as bovine serum albumin (BSA), human
IgG and a peptide of C(RGDfK), could be covalently immobilized on the surfaces in as short as 30 min.
Notably, the bioactivity of the anchored biomolecules remains intact, which is verified by efficiently
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Introduction

Surface modification has been an effective technique to fabri-
cate functional surfaces with various properties, such as
hydrophilicity, charged surface, biocompatibility and reactivity
to provide a useful platform for biosensing,'® tissue engi-
neering”® and other chemical and biological applications.”*®
Meanwhile, an ideal reaction used for surface bio-
functionalization should meet the requirements of simplicity,
efficiency, universality, and biocompatibility, etc. Present tech-
niques for surface biofunctionalization can be classified as
nonspecific adsorption'™** and covalent interactions.”™* In
comparison to nonspecific adsorption, chemical ligation of
molecules on a surface can greatly shorten the time and facili-
tate the formation of a more stable layer on the surface.®
Therefore, the development of a powerful ligation reaction with
high efficiency and simple operation is highly desirable.
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highly efficient surface biofunctionalization.

Many chemical reactions have been reported for surface
immobilization, such as NHS (N-hydroxysuccinimide) ester-
amino ligation,” aldehyde-assisted ligation,*® epoxy-amino
ligation,** thiol-maleimide ligation,”® Staudinger ligation'
and photoactive bioconjugations.”® However, some of them are
inefficient, easily hydrolyzed or complicated, limiting their
applications in bioconjugate immobilization (Table S1, ESIT).
Recently, the click reaction has attracted more attentions in
surface modification because of its fast, efficient and simple
features. Several click reactions, such as Cu(i)-catalyzed azide-
alkyne cycloaddition,**?® strain-promoted azide-alkyne cyclo-
addition,” and Diels-Alder ligation,'* have been used to
immobilize biomolecules on surfaces. Nevertheless, the
biomolecules need to be pre-modified by introduction of func-
tional groups, resulting in tedious and complicated processes.
Thereby, to develop a new technique for immobilization
without pre-modification is in great demand.

In our previous work, we have developed a spontaneous
amino-yne click polymerization that enjoys the advantages of
atom economy, mild reaction and catalyst-free conditions, and
stereo- and regioselectivity, etc.”*** More recently, the amino-
yne click reaction was proved to hold great potential for bio-
conjugation applications.**** Attracted by this highly efficient
spontaneous amino-yne click reaction, herein, we applied it in
functionalizing surfaces and sequentially immobilizing native
bioconjugates for the first time. Excitingly, the amino group
coated glass surfaces could be successfully functionalized with
ester activated ethynyl groups through the catalyst-free amino-
yne click reaction, which could be further modified with
organic dyes, native proteins and cells in one step (Fig. 1).
Furthermore, we combined the amino-yne click reaction with
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Fig.1 The illustration of the spontaneous amino-yne click reaction (a)
and (b) and its application in surface biofunctionalization (c).

a micro contact printing (1CP) technique to seed HeLa cells and
mesenchymal stem cells (MSCs) on the surfaces with well-
defined patterns, which is promising for application in tissue
engineering.

Results and discussion

The glass slides were chosen as the model substrate because of
their wide applications in bioassay. Briefly, the glass surfaces
were first treated with 3-aminopropyltriethoxysilane (APTES) to
readily generate amino group coated surfaces,* followed by the
excessive addition of ester activated diyne 1 (Fig. 2a). Then, an
ester activated ethynyl group functionalized layer on the glass
surface was fabricated. To verify the reaction between the acti-
vated ethynyl groups of diyne 1 and amino groups on the

a
J
o
rrw rr: /r
S AN o's-'"o
QH QH OH  APTES ?6? 1 101
R —
Surface 1 Surface 2 TH, 165 Surface 3
b d
i
2 3 4
C
3
s
%‘
i Gl | 3 | | r}
a
Surface 2
HN :
“o | so | 80 6w
Surface 3 Wavelength (nm)
Fig. 2 (a) Schematic description of construction of an ethynyl group

functionalized surface via the spontaneous amino-yne click reaction.
(b) The chemical structures of AlEgens. (c) The amino-yne click
reactions between the functional surfaces and AlEgens. (d) The images
and photoluminescent spectra of the functional surfaces after treat-
ment with AlEgens. Aex = 365 nm.
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surface, we studied the reaction of APTES with diyne 1 in
tetrahydrofuran (THF) solution by using Fourier-transform
infrared spectroscopy (FT-IR). The results showed that a new
peak at 1610 cm ™" corresponding to the newly formed vinyl
groups appeared (Fig. S1, ESIf), indicative of the successful
reaction of APTES with diyne 1.*° This result suggests that the
ethynyl groups of 1 can react with amino groups of APTES on
the surface effectively.

To further confirm the success of the modification, the water
contact angles of surfaces with different treatments were
measured. As listed in Table S2 (ESIf), a distinct change in
hydrophobicity could be observed after APTES treatment of the
surface. The subsequent reaction with diyne 1 further increased
the hydrophobicity of the surface with Af changing from 9.55°
to 18.42° due to the introduction of the hydrophobic alkyl
chains. Meanwhile, X-ray photoelectron spectroscopy (XPS)
measurements of the surfaces before and after the modification
of diyne 1 further proved the occurrence of the amino-yne click
reaction. As shown in Fig. S2 (ESIt), a new peak assignable to
the C-O band appeared after the treatment of surface 2 with
diyne 1. Furthermore, the data of the element percent ratio of C/
N revealed that the values of surface 2 increased compared with
those of surface 3 (Table S3, ESIT). Based on the above analysis,
we could conclude that the activated ethynyl groups have been
covalently introduced on the surfaces of the glass slides.
Importantly, unlike the commercial aldehyde modified surfaces
that exhibit strong autofluorescence under 488 nm light exci-
tation, the ethynyl functionalized surfaces don't have any
autofluorescence under the same conditions, which is more
desirable for immobilization (Fig. S3, ESIT).

With the activated ethynyl group modified surfaces in hand,
we treated them with functional molecules through the amino-
yne click reaction. First, hydroxyl-, ethynyl- and amino-
containing luminogens 2, 3 and 4 were designed and synthe-
sized (Fig. 2b and Schemes S1-S3, ESIt). Notably, these lumi-
nogens feature the unique aggregation-induced emission (AIE)
characteristics (Fig. S4, ESIT). According to the AIE mechanism
of restriction of intramolecular motion (RIM),* once the AIE-
active luminogens (AIEgens) are immobilized on the surface,
it would be emissive upon excitation. We then treated the
surfaces 1-3 with the AIEgens of 2-4, respectively. As shown in
Fig. 2c and d, intense fluorescence can only be detected on the
surfaces 2 and 3 upon treating with 3 and 4 under UV lamp
irradiation after a general washing process with THF, respec-
tively. This phenomenon could be well explained: AlIEgen 3
could covalently be immobilized on the amino group
functionalized surface 2, whereas, 4 could be covalently
bound on the ethynyl groupcontaining surface 3 through the
spontaneous amino-yne click reaction, and the RIM mechanism
enables the surfaces emissive. However, the treatment of 2-4
with surface 1, 2 and 4 with surface 2 as well as 2 and 3 with
surface 3 resulted in no emission upon UV irradiation because
the AIEgens could be washed away due to the noncovalent
binding between the molecules and the surfaces. These results
further confirmed that ethynyl groups had been well-
functionalized on the surface 3, and the amino-yne click

This journal is © The Royal Society of Chemistry 2020
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reaction could be performed successfully for immobilization
applications.

Given that the proteins are full of aliphatic amino groups
with low isoelectric points,*” and according to our study that the
aliphatic amino groups could efficiently react with the activated
ethynyl groups via the spontaneous amino-yne click reaction,
we next tried to immobilize native proteins on the ethynyl group
functionalized surfaces via this reaction (Fig. 3a). Bovine serum
albumin (BSA) was employed due to its wide applications in
surface biomodification. The ethynyl group functionalized
surfaces were incubated with FITC-labelled BSA (BSA-FITC)
followed with washing to remove the unreacted ones. Then,
the immobilization rate of BSA was evaluated using a gel
imaging system. As shown in Fig. 3a, a strong fluorescence
signal on the surface was observed after treatment with BSA-
FITC. Time-lapse imaging of the immobilization process of
BSA-FITC on the surface indicated that the reaction could
complete within 30 min (Fig. 3b). Moreover, by increasing the
concentration of BSA-FITC, the fluorescence intensity of the
formed spots on the surface was enhanced (Fig. 3c) under the
same treatment conditions because more BSA-FITC could be
immobilized on the surface.

It is worth noting that the immobilization of BSA-FITC on the
activated ethynyl group functionalized surfaces is much more
efficient in terms of the reaction time and protein density than
that on the commercial aldehyde modified surfaces (Fig. S5,
ESIt). As shown above, the immobilization time on the former
is only 30 min, while on the latter is at least 180 min.>*** More
importantly, the immobilization of BSA-FITC on activated
ethynyl functionalized surfaces is much more stable than that
on the commercial aldehyde modified surfaces because the
enamine groups generated from the reaction of ethynyl and
amino groups are more stable than the imine ones formed via
the reaction of aldehyde and amino groups.** As shown in

|
v
@
e

I
|
O
ﬁ
3
5
r=<

(
|

Fig. 3

‘?’
§ Goat Anti -human IgG/Cy5

- c :

A

View Article Online

Chemical Science

Fig. S6 (ESIt), when treating the two surfaces in buffer solutions
containing acetic acid with a pH value of 3 after the immobili-
zation of BSA-FITC, we found plenty of proteins released from
the aldehyde modified surface after 1 h, while the majority
proteins on the activated ethynyl functionalized surface
remained. This result confirms that the linkage between native
proteins and the activated ethynyl functionalized surface is
quite stable, which is potentially more suitable for practical
applications.

Encouraged by the successful, efficient and stable immobi-
lization of BSA on the ethynyl group functionalized surfaces, we
further tried to fabricate a functional biochip, and human IgG
was selected as a model antibody. We first investigated its
immobilization efficiency and bioactivity on the surfaces. After
spotting the human IgG solution on the surface 3 for 30 min at
room temperature, the functionalized surface was washed with
PBS buffer containing 0.2% sodium dodecyl sulfate to remove
the unreacted antibody, and then blocked with BSA to inhibit
the nonspecific adsorption. Next, we added Cy5-labeled goat
anti-human IgG (goat anti-human IgG/Cy5), the secondary
antibody, on the surface to test the bioactivity of human IgG.*°
As shown in Fig. 3d, by increasing the concentration of the
antibody, the fluorescent signal of the spots increased
synchronously. In sharp contract, the sole BSA coated surface
showed no observable fluorescent signal after treatment with
the antibody under the same experimental conditions (Fig. S7,
ESIT). This result well excluded the non-specific physical
adsorption of the secondary antibody on the surface.

Furthermore, we immobilized cells on the surface because of
the important roles of cell adhesion in tissue engineering.
Herein, MSCs were chosen for surface adhesion due to their
broad applications in bone regeneration.*' To achieve this goal,
C(RGDfK), a short peptide that can enhance cell adhesion

through an integrin-mediated interaction, was first
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(a) Schematic illustration of the process of anchoring biomolecules on the ethynyl group functionalized surfaces by the spontaneous

amino-yne click reaction. (b) Time course of immobilizing BSA-FITC on the ethynyl group functionalized surfaces. The concentration of BSA-
FITCis 1 mg mL™2. (c) The changes in PL intensity after spotting different amounts of BSA-FITC on the surface. (d) The changes in PL intensity of
human IgG immobilized surface 3 upon addition of the goat anti-human IgG/Cy5 secondary antibody. (e) The MSC adhesion on the ethynyl

group functionalized surfaces. Aex = 365 nm.
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(a) Schematic procedures for the preparation of biomodification patterns and seed cells by combining the amino-yne click reaction and

a micro contact printing (WCP) technique. (b) and (d) Bright field, and (c) and (e) fluorescent images of Hela cells and MSCs that were stained with

Mito Tracker Green on preformed patterns, respectively. Aex = 365 nm.

immobilized on the surface 3 via the amino-yne click reaction.
Then, MSCs were incubated with the C(RGDfK) modified
surface for 3 h followed by a mild washing process. For
comparison, surfaces 1-3 were also used to treat with MSCs
under the same conditions. As shown in Fig. 3e and S8 (ESIf}),
only the C(RGDfK) modified surface could greatly promote the
adhesion of MSCs. In addition, the cells on both the ethynyl
group and C(RGDfK) functionalized surfaces exhibit a normal
cell morphology, indicative of the good biocompatibility of
these two kinds of surfaces.

It has been demonstrated that certain patterns can promote
the differentiation of MSCs.** To further exploit the versatility of
the amino-yne click reaction in surface modification, we
combined a micro contact printing (uCP) technique with the
amino-yne reaction to form well defined functional patterns on
the surface (Fig. 4a). The patterned surfaces were prepared
using the similar procedures to those used in the previous
process except that the APTES reagents were transferred to the
glass slides via the mediation of PDMS stamps. HeLa cells were
incubated with the patterned surface, and the results showed
that they could selectively adsorb on the patterned surfaces
(Fig. 4b and c and S6, ESI}). Similar results were observed by
using MSCs for pattern preparation (Fig. 4d and e, and S9, ESIT),
although the adhesion efficiency was not as high as that of HeLa
cells because HeLa cells generally have a stronger adhesion
force than MSCs.*

Conclusions

In conclusion, we generated a new type of surface for biomol-
ecule immobilization by using the efficient and spontaneous
amino-yne click reaction. This kind of ligation tool does not
require a catalyst or harsh reaction conditions, and the reaction
between ethynyl group functionalized surfaces and biomole-
cules can be finished within 30 min, which is much shorter than
that between aldehyde modified surfaces and biomolecules.

3934 | Chem. Sci,, 2020, 1, 3931-3935

Through this technique, we successfully immobilized native
proteins and cells on the surfaces with their bioactivity intact.
Moreover, we also used a uCP technique and the amino-yne
click reaction to seed cells on the surfaces with the well-
defined patterns. Thanks to their easy fabrication, good
biocompatibility, fast native protein immobilization, stable
linkage, and no background fluorescence, the activated ethynyl
functionalized surfaces together with the proposed technique
hold great potential for surface biofunctionalization.
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