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We report the synthesis of a water-compatible bis-glycosyl diaryl-
ethene using click chemistry that undergoes photochromism and
functions as a molecular logic gate.

Photochromic molecules are a family of unique chromophores,
which can undergo light-controlled reversible transformations
between two isomeric states." Because of the sharp difference
in physical properties® such as optical,® electrochemical* and
geometrical features® between the two isomers, photochromic
compounds can be used to construct a variety of photo-
switchable functional materials including fluorescence probes,®
molecular logic gates,” optical data-storage devices® and photo-
responsive assemblies.’

Of the photochromic compounds reported, diarylethenes
are viewed as one of the most promising candidates for
photo-electronic applications due to their outstanding
fatigue-resistance,'® thermal stability'* and rapid response
towards light."* In recent years, the design and synthesis of
diarylethene derivatives incorporating fluorophores have been
a decent strategy in the rational design of molecular logic gates
based on Forster resonance energy transfer (FRET) or photo-
induced electron transfer (PET)."*"*

Logic-gate systems are employed in the binary notation, 0
and 1, and the principles of Boolean language'®™” to mimic
computing functions of conventional semiconductors. More
interestingly, they have also been extended for biochemical applica-
tions such as drug delivery, pro-drug activation and medical
diagnostics.'®"® Recently, Schiller et al. reported a Mn(1) tricarbonyl
complex as a molecular logic “OR” gate with two inputs: light
and peroxide and outputs: fluorescence and CO, which can be
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used to monitor peroxide and track CO in vivo.>° Berreau et al.
reported an extended flavonol motif which operates as an AND
logic gate in the sensing of cellular thiols and release of CO
induced by visible light and 0,.>' The requirement of O, for CO
release demonstrates that the molecular logic system is suitable
for probing variable cellular levels of O,.

Despite the progress made in the synthesis and application of
diarylethene derivatives for molecular logic gates, the majority of
the systems developed require the presence of a large portion
of organic solvents, which are not suitable for biological applica-
tions. As a result, the development of water-compatible photo-
switchable logic gates is still a challenging task.?*">° Recently, we
have demonstrated that the glycosylation of hydrophobic organic
dyes is a promising strategy to overcome the water insolubility
of traditional organic dyes, achieving full-aqueous sensing and
targeted cell imaging.>® Here we show that the introduction of a
carbohydrate group to diarylethenes can lead to the development
of a water-compatible reversible photochromic system with logic-
gate operation.

A new bis-glycosyl diarylethene 10 (Scheme 1) was synthe-
sized by the Suzuki coupling between a naphthalimide deriva-
tive with a piperazine moiety and diarylethene.>” Then, the
resulting conjugate was coupled with two p-p-galactosides by a click
reaction (Scheme S1, ESIt). The absorbance and fluorescence spectra
of 10 were first measured using a 1 x 10~° mol L' compound
solution in water at room temperature. As shown in Fig. 1a, the
absorbance maxima of 1o in water was observed at 260 nm. Upon
irradiation with a UV light of 254 nm, the absorbance at 260 nm
decreased and a new band centred at 535 nm appeared. The
intensity of 535 nm increased with irradiation time till the photo-
stationary state (PSS) was reached. Meanwhile, the initial yellow
colour of the aqueous solution gradually turned red, indicative of a
ring-closing process to form the ring-closed isomer 1c.?® The reddish
1c solution could be recovered to the initial yellowish solution when
visible light (>500 nm) was used, suggesting a photocycloreversion
from 1c to 1o. The photocyclization quantum yield of the ring-open
isomer (¢,54 = 0.176) was much higher than the photocycloreversion
quantum yield of ring-closed isomer (¢s,5 = 0.013).
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Scheme 1 Structural transformations of 1o in response to UV/Vis and
TFA/TEA stimuli.

To verify the importance of the sugar groups for the water-
compatible photochromism, a control compound 3o (Fig. 1b
and Scheme S1, ESIf) without a bis-galactoside moiety, was
synthesized. Despite an obvious photocyclization in organic
solvents (Fig. S1, ESIt), photochromism of 30 could hardly be
activated by UV light in the same water solution used for 10
(Fig. 1b vs. Fig. 1a). This is probably due to the poor water
solubility of 30. Unlike water-soluble 10, the absorption spec-
trum baseline of the ring-opened isomer of 3o fluctuated,
suggesting the formation of aggregates.”® The fatigue resistance
of 10 was examined using absorbance spectra through an alternate
irradiation with UV and visible light at room temperature. The
coloration/decoloration cycles of 10 could be repeated 10 times
in aqueous solution without obvious degradation (Fig. 1c). The
compound also showed a good thermo-stability as the character-
istic absorbance at 535 nm for the ring-closed isomer of 1¢ did not
vary after being stored at 323 K in the dark for 7 days (Fig. 1d).

Fig. 2a shows the emission spectral variations of 10 in water
(1 x 107° mol L™ ") under different stimuli at room temperature.
Upon excitation with a 408 nm light, the fluorescence emission
peak of 10 was observed at 525 nm. Owing to the photo-induced
electron transfer from piperazine to 1,8-naphthalimide unit,*®
the initial fluorescence of 10 was relatively low (¢r = 0.02,
Table S1, ESIt). The PET effect can be blocked by protonation
of piperazine in an acidic environment, thereby recovering the
strong emission of 1,8-naphthalimide.*" After addition of 6.0 eq.
of TFA to the yellow solution of 10 in water, we observed that the
absorbance maxima of 1,8-naphthalimide of 10 (405 nm) blue-
shifted to 390 nm in 1Ho (Fig. S2, ESIt) and the solution became
colorless. Meanwhile, the fluorescence spectrum exhibited a blue
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Fig. 1 Absorption spectral changes of (a) 10 and (b) 30 (1 x 10> mol L™
in water solution (with 0.25%0 Triton X-100) upon irradiation with UV
(254 nm) and visible light (>500 nm). Fatigue resistance of (c) 1o
(1 x 107° mol L™Y in water solution (with 0.25%, Triton X-100) upon
alternating irradiation with UV and visible light shown in absorption
switching cycles. (d) Thermostability of 1o and 1c (1 x 107> mol L™} in
water solution (with 0.25%o Triton X-100) monitored at 535 nm in absorp-
tion spectral at 50 °C in the dark.

shift from 525 nm to 515 nm and the intensity significantly
enhanced by a factor of 3-4 (¢p = 0.12, Table S1, ESIf).
Neutralization of 1Ho to its initial state 1o by addition of
triethylamine (TEA) regenerated the low fluorescence. In addi-
tion, the bis-glycosyl diarylethene 10 exhibited good fluorescence
reversibility in water when adding TFA and TEA alternately for
10 cycles (Fig. 2b). The fluorescence response of 10 at different
pH was determined (Fig. S3, ESI{). Under basic and neutral
conditions, 10 emitted low fluorescence upon excitation at 408 nm.
In contrast, 10 was strongly emissive under acidic pH and the pK,
was calculated to be 4.41 & 0.09 (Fig. S4, ESIT). This value is similar
to the pH range of the lysosome (3.8-5.0),>* clearly demonstrating
the potential of the system for bio-imaging applications.

When the protonated diarylethene 1Ho was irradiated with
UV light of 254 nm, a new absorbance band at 540 nm appeared
(Fig. S5, ESIT), and the colour of solution turned purple, which
was red-shifted with respect to 1c (535 nm). Fig. 2c shows that
the emission at 515 nm was remarkably quenched to ca. 30%
(¢r = 0.03, Table S1, ESIt) with respect to the fully protonated
state (¢r = 0.12, Table S1, ESI{). We ascribed this fluorescence
quenching to an intramolecular FRET mechanism since the
absorbance band of the light-induced product 1Hc overlaps
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Fig. 2 Fluorescence changes (a) and fatigue resistance (b) of 1o
(1 x 107> mol L™ in water solution (with 0.25%, Triton X-100) upon
alternating addition with TFA (6.0 eq.) and TEA (6.0 eq.). Fluorescence
changes (c) and fatigue resistance (d) of 1Ho upon alternating irradiation
with UV (254 nm) and visible light (>500 nm). Fluorescence changes
(e) and fatigue resistance (f) of 1o upon alternating irradiation with UV
(254 nm) and visible light (>500 nm). All emissions were produced upon
excitation at 408 nm.

well with the emission band of 1,8-naphthalimide, resulting in
the strong FRET effect.>® Furthermore, the fluorescence
was recovered by irradiation with visible light (>500 nm).
Meanwhile, the fatigue resistance of 1Ho was shown to tolerate
10 switching cycles in water (Fig. 2d). Even with the low
emissive 1o state photo-modulated FRET can take place effi-
ciently (Fig. 2e).

The above results suggest that the emission intensity of
diarylethene 10 could be independently tuned through stimu-
lation by UV/Vis and TFA/TEA cycling (Fig. S6, ESIT). These
results inspired us to employ 10 for the development of an
aqueous “INH” logic gate (Fig. 3a) with two inputs: UV light
(In1) and TFA (In2). The normalized fluorescence intensity at
520 nm (I55,) was treated as the output signal. According to
the truth table (Table S2, ESIT), for input, the presence of UV
light (In1) or TFA (In2) was defined as the ‘1’ state, and their
absence, as the ‘0’ state. For output, I5,, value at 0.5 was set as
the threshold to define the ‘1’ (> 0.5) and ‘0’ (<0.5) states. In
other words, we can use the fluorescence changes as the output
by defining high fluorescence of the solution as ‘1’ state and the
low fluorescence of the solution as ‘0’. Either with (1, 1) or
without (0, 0) the two inputs will generate low fluorescence
states (output ‘0’). When subjected to TFA input (0, 1) alone, the
fluorescence of solution could increase sharply, giving an out-
put signal of ‘1’. On the other hand, with only UV light input
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Fig. 3 (a) Schematic diagram of aqueous INH logic gate with two inputs:
In1 (UV light), In2 (TFA) and a single output: /5o (the normalized fluores-
cence intensity at 520 nm). The actual output values are shown below the
diagram. (b) A more complicated logic circuit designed with four inputs:
In1 (visible light), In2 (UV light), In3 (TFA) and In4 (TEA), and a single output:
Is20 (the normalized fluorescence intensity at 520 nm). The actual output
values are shown below the diagram.

(1, 0), the I5,, was extremely low and the output returned to ‘0’. Thus,
an INH logic gate within a single molecule has been achieved.
Furthermore, to construct a more complicated logic circuit,
four stimuli could be used as inputs: visible light (In1), UV light
(In2), TFA (In3) and TEA (In4). Similarly, the change of

This journal is © The Royal Society of Chemistry 2017
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fluorescence intensity at 520 nm (Is,) is used as the output
signal. The output signal could be regarded as a Boolean value
of ‘1’ when I5,, > 0.5. Otherwise, it was regarded as a Boolean
value of ‘0’. Thus, a logic circuit with AND, OR and NOT gates
within a single molecule has been achieved (Fig. 3b) according
to the truth table (Table S3, ESIf). Notably, this is a rare
logic gate system operated by a water-compatible glycosyl
photochromic compound.

To summarize, we have developed a unique water-compatible
glycosylated system that can realize photochromic actions and
molecular logic gate operation with fluorescence as the output.
This research paves the way for the development of photo-
controlled diagnostic glycoprobes®® for biomedical applications.
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