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ABSTRACT: Most of the recent reports focused on using
cyclodextrin/azobenzene/polymer for reversible immobilization of
biomolecules, the reversible photoswitching of biofunctions via
universal and low-cost strategy, were barely investigated. Herein, we
report light-triggered switching of reversible and alterable bio-
functionality on silicon interface via p-cyclodextrin/azobenzene
based host—guest interaction. Biofunctional azobenzene-grafted
polymers were synthesized and assembled onto p-cyclodextrin
anchored interfaces to form “smart” monolayers of light-triggered
switchable brushes. The photoresponsive interfaces exhibit reversible
and alterable biofunctionality switching from antibacterial/hemo-
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static to bioadhesion/anticoagulant upon ultraviolet and visible (UV—vis) light cycles.

he ability to stimuli-regulation of interactions between
functional polymers provides great opportunity to develop
novel materials with alterable functionality and cycling usage for
reversible biosensors, bioadhesion, and many other biomedical
fields.'~® To improve the performance of the material surface
and endow the surface with reusability, self-assembled
monolayers (SAMs) that respond to external stimuli, such as
Iight,4’5 pH,6 and redox,” have been extensively studied,
especially the smart surfaces that can recognize specific
molecules, which have become increasingly important to design
versatile biointerfaces.*” Among the molecular recognition
based host—guest interactions, the cyclodextrin (CD)/
azobenzene (Azo) interaction is the most widely studied for
the construction of reversible assembly of switching bio-
functions.'® CD with its hydrophobic cavity has been known to
form inclusion complexes with a large number of comple-
mentary Azo derivatives via host—guest interaction. It is well-
known that Azo can reversibly switch between trans- and cis-
isomers upon UV—vis irradiation and the photoisomerization
of Azo moiety dominates the inclusion and exclusion between
CD and Azo due to the stability of the host—guest
complexes." "> Thus, the trans-Azo can be fully recognized
by CD via hydrophobic and van der Waals interactions, while
the cis-Azo cannot be due to the unmatched host—guest pairs.
The processes of the inclusion and exclusion between CD and
Azo are completely reversible under alternate irradiation with
UV and vis light.
In addition, light is a fascinating stimulus since it can be
remotely operated with high spatial and temporal precision
easily. Therefore, the unique photoresponsive host—guest
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interaction has been widely used to design light-sensitive
assembly systems, especially in the bioactive interface.'* Based
on the photoresponsive Azo and CD/Azo interaction, many
typical bioactive systems had been founded. Jiang group
designed Azo-RGD peptide grafted SAMs for the patterned
growth of cells and ultrasensitive cell sensors.'> Gong et al.® had
reported a RGD grafted photoresponsive smart surface for
reversible cell adhesion via the CD/Azo host—guest interaction.
Though, the peptides grafted interfaces had been proved to be
essentially useful for efficient regulation of biological responses,
the methods involved with complex synthetic processes and the
high-cost peptides might further restrict their applications in
biomedical fields. More universal and low cost method by using
synthetic functional polymers for the regulation of interface
bioactivity has not been extensively explored."® While, most of
recent reports focused on using CD/Azo/polymer for
reversible immobilization of biomolecules, for instance, the
cytochrome'” and protein fouling resistance.'® The photo-
switching of biofunction was barely investigated. Thus, a
universal and low-cost photoresponsive strategy should be
explored to develop reversible and alterable biofunction
switching via the CD/Azo/polymer based host—guest inter-
action, especially for some essential properties of biointerface,
such as the thrombotic responses and the regulation of
bioadhesion.
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Herein, we designed a CD/Azo/polymer based photo-
responsive biofunctional system on the silicon interface (Figure
1A,B), which could switch its surface properties from
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Figure 1. (A) Chemical routes for preparation of SW-CD; (B)
Synthesis of BPA, Azo-PMTAC, and Azo-PSS-co-AANa; (C) '"H NMR
spectra for f-CD (in DMSO-dg), EDA-B-CD (in D,0), Azo-PMTAC
(in D,0), and Azo-PSS-co-AANa (in D,0); 'H NMR spectrum of f5-
CD-OTs in DMSO-d (Figure S1).

]
" +1
t @ S
@N in 365 nm T o
e S S — < AR

450 nm . r
trans-Azo cis-Azo -|”

+ o+
+ 4

A QE EDA-B-CD  AzoPMTAC =

Azo-PSS-co-AANa =

N 5=
Y _i

SW-CDIAZ0-PSS-co-AANa s650m 3) 0000950 2) sesnm  SW-CD/Azo-PMTAC
o o €
B ¥ 000083000 N A f‘*",+
B 2% Al 1 b M Q8RR
2T 03, ) B ,,L RPN T
3 L 3\ & SW-CD I+ # ¢
0 AT 2 LS H )
i) 19 365nm 4) Q 365 o ) 1)
4 AR i__M, 8585508, o mﬁﬂﬁn Wit
I Yy ———— o9t o — U
d DO Azo.pss.conana, 450 nm QOSSJSSQQ 1)AZO-PMTAC, 450 nm ‘!T‘.%Q“f‘bo

Hemostatic and antibacterial
polymer brush

Anticoagulant and bacterial adhesion

polymer brush

B a)

S2s

A |
“ thwf{\,ﬁ.‘,w'\m WMWWMW

5
4
3
2
1

5
4
3 Woomen 2007111 it TR XA T
2 1 [l G
255 E T T T wr o wo e we
C Binding Energy (eV) Binding Energy (eV)
a 546°t15° d N N N . N . .
80 . . g Lo .
D 70 : N B
. $ : . .
£ olle ) : . .
g5|[< > 60 . P N
3 £ : A A1 :
b 57.7°%15 G 50 oo UNE L L N\E
iy .. - £ i U & R
S aof g g g g
. ° : Pl E L el B gl
g 7] . : o= @ = B
% £ 30k N S
>(l<@ ] . . . ] . o Qe N
5|3 : , 2 . & & . 8
H 20f g 8338 8833 88
C 452°%15° : 2 ; ; ; ; 2 ; = g ;
ot 5238555555608 o

Figure 2. (A) Schematic depiction of light-triggered alternate and
reversible assembly of Azo-PMTAC and Azo-PSS-co-AANa onto SW-
CD; (B) XPS spectra for the substrates within one whole function
switching cycle, C 1s spectra (B-a), N 1s spectra (B-b), and S 2s
spectra (B-c): (1) SW-CD, (2) SW-CD/Azo-PMTAC, (3) Azo-
PMTAC detached SW-CD, (4) SW-CD/Azo-PSS-co-AANa, (5) Azo-
PSS-co-AANa detached SW-CD; (C) Images of water drops on three
deferent kinds of surfaces: (a) SW-CD/Azo-PMTAC, (b) SW-CD,
and (c) SW-CD/Azo-PSS-co-AANa; (d) reversible wettability
transition of photoresponsive monolayer with UV—vis irradiation
and alternate assembly of Azo-PMTAC and Azo-PSS-co-AANa.

antibacterial/hemostatic to bioadhesion/anticoagulant upon
UV—vis cycles via alternate assembly of Azo-poly([2-(meth-
acryloyloxy) ethyl] trimethylammonium chloride) (Azo-
PMTAC) and Azo-poly(sodium 4-vinylbenzenesulfonate-co-
sodium acrylate) (Azo-PSS-co-AANa; see Figure 2A). The
positively charged Azo-PMTAC (antibacterial/hemostatic) and
negatively charged Azo-PSS-co-AANa (the sulfonic acid groups
and carboxyl acid groups in Azo-PSS-co-AANa could mimic the
chemical structure and functionalities of heparin, such as
anticoagulant, antithombotic, and promoting bioadhesion'?*°)
were applied as the model biofunctional Azo-grafted polymers
for alterably assembling with the S-CD anchored interface to
form monolayers of polymer brushes.

Silicon wafers (SW) were first treated scrupulously with a
freshly prepared piranha solution and then coupled with 3-
glycidoxypropyl trimethoxysilane (GPS). EDA--CDs were
then grafted onto the silicon wafer surface to obtain SW-CD
(Figure 1A). Azo-containing polymers (Azo-PMTAC and Azo-
PSS-co-AANa) were synthesized by atom transfer radical
polymerization (ATRP) from 2-bromoisobutyryl bromide 2-
(4-phenylazophenyl) ethyl ester (BPA; Figure 1B, Supporting
Information), and the corresponding chemical structures were
confirmed by using '"H NMR spectra (Figures 1C and S2).
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Furthermore, as shown in Figure 2A, the Azo-PMTAC was
assembled onto the SW-CD surface via the inclusion
complexation between B-CD and Azo moiety to obtain the
sample named SW-CD/Azo-PMTAC, and thus, the surface
could be used for antibacterial/hemostatic tests. After being
irradiated with UV light for 2 h, the azobenzene changed its
configuration from trans to cis, resulting in the detachment of
Azo-PMTAC from the SW-CD surface. To confirm the
alterable biofunction, Azo-PSS-co-AANa was then attached
onto the Azo-PMTAC detached SW-CD surface and named
SW-CD/Azo0-PSS-co-AANa, which might have excellent bio-
adhesion/anticoagulant abilit?r since the PSS-co-AANa is a
heparin-mimicking polymer.”’ And then four UV—vis cycles
were carried out to verify the reversible and reusable abilities of
the prepared surfaces.

X-ray photoelectron spectroscopy (XPS) was used to
confirm the photoswitching of polymer brushes. As shown in
Figure S4, the XPS peaks of silicon (binding energy: 152.8 eV
(Si 2s), 104.1 eV (Si 2p)), oxygen (binding energy: 532.9 eV),
and carbon (binding energy: 288.9 eV) were clearly detected
for the SAMs. The intensity of the nitrogen for the SW-CD/
Azo-PMTAC obviously increased compared to those for the
SW-CD and SW-CD/Azo-PMTAC-UV. (Figure 2B-b). Sim-
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ilarly, the peak of sulfur for the SW-CD/Azo-PSS-co-AANa
could be clearly observed, after being irradiated with UV light
for 2 h in ultrapure water, the intensity was dramatically
decreased and the peak became inconspicuous (Figure 2B-c).
Meanwhile, in Figure 2B-a, the peaks at 288.8 eV were ascribed
to C=0, which gave further evidence that the Azo-PMTAC
and Azo-PSS-co-AANa were successfully attached onto the
surface of SW-CD.

To study the photoswitchable property of the as-prepared
SAMs, first, water contact angle (WCA) measurements were
carried out to observe the transitions in surface wettability with
UV—vis irradiation and alternating assembly of the Azo-
PMTAC and Azo-PSS-co-AANa, as shown in Figure 2C.% The
WCA for the SW-CD was 57.7 + 1.5°; after assembling with
the Azo-PMTAC, the WCA decreased to 54.6 + 1.5°. After
being irradiated with UV for 2 h in ultrapure water, Azo-
PMTAC was detached from the substrate, and the WCA for the
Azo-PMTAC detached surface decreased to the level of SW-
CD. Then, Azo-PSS-co-AANa was used to assemble onto the
Azo-PMTAC detached surface, and the WCA further decreased
to 452 + 1.5°. The reason should be the random
copolymerization of SS and AANa, resulting in the asymmetric
charge repulsion between the polymer brushes compared to
that for SW-PMTAC, which might reduce the effect of the
hydrophobic bromide groups at the outermost layer. Thus, the
surface of the SW-CD/Azo-PSS-co-AANa was much more
hydrophilic than the SW-CD/Azo-PMTAC.

Then, four UV—vis cycles were carried out to verify the
reversible transitions in surface wettability with alternating
assembly of the Azo-PMTAC and Azo-PSS-co-AANa (Figure
2C-d). It should be noted that the SW-CD substrate can be
assembled with Azo-PMTAC and Azo-PSS-co-AANa alternately
and repeatedly. The changes of WCAs are reversible for many
UV—vis cycles. These results strongly indicated that the
surfaces of the SW-CD/Azo-polymers were photoresponsive
surfaces.

To further confirm that the as-prepared SAMs can be
switched from antibacterial/hemostatic to bioadhesion/antico-
agulant by alternate assembly of Azo-PMTAC and Azo-PSS-co-
AANa; bacteria adhesion experiment was employed to evaluate
the antibacterial and bioadhesion properties of the SAMs,
followed by the evaluations of the hemostatic and anticoagulant
photoswitchable properties via the measurements of platelet
adhesion and activate partial thromboplastin time (APTT) and
thrombin time (TT).

First, Escherichia coli (E. coli) and Staphlococcus aureus (S.
aureus) were seeded onto the samples within two function
switching cycles (Cl1 and C2; details were described in
Supporting Information), and then the results were evaluated
via a scanning electron microscope (SEM); as shown in Figure
3, few bacteria could adhere onto the surface of SW-CD/Azo-
PMTAC, while after switching to Azo-PSS-co-AANa, the
adhesions of both E. coli and S. aureus increased dramatically.
In cycle 2, although the adhered bacteria on the Azo-PMTAC
slightly increased, it still maintained a very low level compared
to those for the SW-CD and Azo-PSS-co-AANa. Thus,
confirming that the as-prepared SAMs can be photoswitched
from antibacterial to promote bioadhesion by alterable
assembly of Azo-PMTAC and Azo-PSS-co-AANa.

Platelets adhesion is a vital event during thrombus formation.
The SEM images in Figure 4 show the results of platelet
adhesion. For the SW-CD/Azo-PMTAC (Figure 4a), a large
amount of platelets aggregated and accumulated on the SAM,
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Figure 3. SEM images for E. coli and S. aureus cultured on SW-CD,
SW-CD/Azo-PMTAC, and SW-CD/PSS-co-AANa within two whole
cycles of functional switching; the histograms in the lower right show
the antibacterial and bioadhesion transition, and the adhesion amounts
were calculated from six SEM images. Note: due to the aggregation of

bacteria, these data only present the approximate values.
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Figure 4. SEM images for the platelets adhering onto SW, SW-CD,
SW-CD/Azo-PMTAC, and SW-CD/Az0-PSS-co-AANa; (a) presents
the activated platelets on SW-CD/Azo-PMTAC surface and (b)
presents the antiplatelet adhesion and the platelets remaining in
quiescent after exposing with SW-CD/Azo-PSS-co-AANa. (c) The
platelet adhesion amounts were calculated from six SEM images; note:
due to the aggregation, these data only present the approximate values.
(d, &) APTT and TT assays of the PPP, SW, and SAMs, values were
expressed as means + SD, n = 3.

and the platelets presented irregular shapes and an abundant
amount of pseudopodium, while the adhered amount on the
SW-CD/Az0-PSS-co-AANa was very low (Figure 4b) and both
the spreading and the pseudopodium formation of the platelets
were obviously suppressed, indicating lowered platelet
activation and improved antithrombotic by the heparin-
mimicking SAM of the Azo-PSS-co-AANa.

APTT and TT measurements were further performed to
evaluate the hemostatic and anticoagulant activities of the
SAMs, since the APTT and TT were widely used for the
clinical examination of the abnormality of blood plasma and for
the primary check of the activity of anticoagulative regents.
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Figure 4d,e shows the clotting times for the platelet poor
plasma (PPP), pristine silicon wafer, and the samples for four
UV—vis cycles. APTT for the SW-CD was approximately 46 s,
while it slightly increased for the Azo-PMTAC assembled SAM
to approximately 54 s, which indicated no obvious anticlotting
activity. After switching to heparin-mimcking polymer, as for
the Azo-PSS-co-AANa, assembled surface, the APTT prom-
inently increased to approximately 70 s, indicating prolonged
clotting time. For the TT results, the same changing tendency
was observed. To verify the photoswitchable and reversible
properties of these SAMs, four UV—vis cycles were performed.
The results clearly indicated that the as-prepared SAMs showed
excellent photoswitching reversibility. Combined with the data
of the platelet adhesion and activation, the results indicated that
the SAM of Azo-PSS-co-AANa was anticoagulant, while
hemostatic for the SAM of Azo-PMTAC.

In summary, we have demonstrated a photoresponsive
surface with reversible and alterable biofunctionality, which
can switch its function from antibacterial/hemostatic to
bioadhesion/anticoagulant upon UV-—vis cycles via the
alternate assembly of Azo-PMTAC and Azo-PSS-co-AANa
onto the S-CD terminated silicon interface. The photo-
responsibility, reversibility, and bioactivity switching for the
system were demonstrated. This strategy is efficient, universal,
and low-cost, which is expected to own great potential for light-
triggered regulation of many different types of functional
polymers reversibly, thus, to advance the design of bioactive,
versatile, and “smart” biomaterials in the near future.
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Materials, synthesis steps, and characterization for CD and Azo
grafted polymers and interfaces, antibacterial tests, and
anticoagulant evaluation. This material is available free of
charge via the Internet at http://pubs.acs.org.
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