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Multiple and configurable fluorescence logic gates were fabricated
via self-assembly of layered double hydroxides and various chromo-
phores. These logic gates were operated by observation of different
emissions with the same excitation wavelength, which achieve YES,
NOT, AND, INH and INHIBIT logic operations, respectively.

Molecular systems capable of information processing, which are
potentially used to develop molecular scale electronics, chemical
and biological computers, have received a great deal of attention."
Since the proposal of the first molecular AND logic gate by de Silva
and co-workers in 1993, a variety of Boolean logic gates (AND, OR
and NOT gate, etc.) based on unimolecular systems have been
developed.®> However, even with multiple inputs, unimolecular
logic gates allow only basic logic operations on single bits of
information.* In order to simulate the components and devices
with multibyte information processing, it is necessary to construct
multimolecular logic gates. In this regard, supramolecular
systems can exhibit complex physicochemical properties and
perform nontrivial functionalities, which is especially suited for
the construction of multicomponent systems. Therefore, the
key issue in the design of multimolecular logic gates lies on
how individual molecules integrated within a supramolecular
platform can transfer signals from one to the other.”

Recently, organic fluorescence molecule-based logic systems have
attracted remarkable interest owing to their high sensitivity and
detectable fluorescence signals at the single molecule level.® In addi-
tion, the property of fluorescence resonance energy transfer (FRET), in
which excited energy is transferred from a donor to an acceptor
chromophore,” provides a promising approach for the connecting
logic operations implemented on different molecules. However,
organic chromophores generally suffer from instability, bleaching
and quenching, which ultimately leads to declined logic capability.

State Key Laboratory of Chemical Resource Engineering, Beijing University of
Chemical Technology, Beijing 100029, P. R. China.

E-mail: weimin@mail.buct.edu.cn; Fax: +86-10-64425385; Tel: +86-10-64412131

i Electronic supplementary information (ESI) available: Preparation and perfor-
mance of these UTFs, the logic gate operation and their stability. See DOI:
10.1039/c4cc08069f

This journal is © The Royal Society of Chemistry 2015

chromophore assembliesT

Wenying Shi, Yi Fu, Zhixiong Li and Min Wei*

Therefore, how to obtain stable or even enhanced signal of organic
chromophore-based logic gates remains a considerable challenge.
Recently, inorganic nanosheets of layered double hydroxides (LDHs)®
have been utilized to immobilize organic fluorescence anions,” and the
resulting composites show significant enhancement in terms of their
stability, fluorescence intensity and efficiency.'® Therefore, this inspirits
us to challenge the construction of multimolecular logic gates based on
the assembly of LDH nanosheets and various fluorescence molecules.
It is critical to employ matchable fluorescent molecules and to
enrich assembly methods for the combination of chromophores
and LDH nanosheets, so as to construct multiple and configur-
able fluorescence logic gates with high stability and excellent
efficiency of signal transmission.

In this work, three fluorescent molecules containing sulfonated
poly( p-phenylene) (APPP, Fig. 1a), fluorescein (FLU, Fig. 1b) and
ethidium bromide (EB, Fig. 1c) were used as model chromophores
to incorporate with LDH nanosheets due to their dual FRET
property (Fig. S1, ESIt). The resulting multiple logic gate contains
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Fig. 1 Chemical structures of (a) APPP, (b) FLU, (c) EB, (d) nucleotide
sequences dsDNA, (e) the schematic representation of an LDH-FLU
nanoparticle and a single nanosheet.
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triple compositions: (1) the conjugated polymer APPP was chosen as
the light-harvesting unit owing to its strong light absorption, a large
molar extinction coefficient and high quantum yield,"* which can
be assembled directly with LDH nanosheets thanks to its abundant
negative charge (Fig. S2, ESIt); (2) for the assembly of FLU with LDH
nanosheets, intercalation of FLU into the interlayer region of LDH
nanopatrticles followed by exfoliation was carried out, owing to the
insufficient negative charge of FLU molecules (Fig. 1e and Fig. S3,
ESIt); and (3) in the case of the EB cation, DNA (Fig. 1d) was applied
both as the building unit for the assembly with LDH nanosheets
and as the support for the intercalation of EB into its cavity'>
(Fig. S4A, ESIT). By combining the assembly methods mentioned
above, a multiple and configurable system of (APPP/LDH-FLU/
DNA-EB), ultrathin films (UTFs) was obtained (Fig. S4B, ESIt), in
which a dual FRET occurs via a two-step sequence: energy transfer
from APPP to FLU, followed by a further transfer from FLU to EB.
The different fluorescence emissions of APPP (blue), FLU (green) and
EB (yellow) provide the chance to integrate multiple logic operations
in parallel. Therefore, the corresponding logic gates (YES, NOT, AND,
INH and INHIBIT) were designed by controlling the energy transfer
process among APPP, FLU and EB components.

The (APPP/LDH-FLU/DNA),, UTFs were fabricated by a layer-by-
layer assembly method through alternate deposition of APPP, LDH-
FLU and DNA on quartz substrates for n cycles. In order to obtain
highly efficient FRET in the process of logic operation, the optical
characterization of the UTFs was investigated. Fig. S5A (ESIt) shows
the UV-vis absorption spectra of the (APPP/LDH-FLU/DNA),, UTFs
with various trilayer numbers (n). It is observed that the absorption
bands of DNA, APPP and FLU at ~260, 350 and 501 nm (n-m*
transition) correlate linearly with n, respectively (inset in Fig. S5A,
ESIY), indicating a stepwise and regular film growth procedure. SEM
(Fig. S6A, ESIt) was further performed to monitor the deposition
process of the (APPP/LDH-FLU/DNA),, UTFs, from which an approxi-
mately linear increase of the film thickness (25-126 nm) as a
function of the trilayer number (n = 5-25) is observed (Fig. S6B,
ESIT), indicating a uniform and periodic layered structure. Fig. S5B
(ESIt) reveals that the fluorescence emission intensity of the (APPP/
LDH-FLU/DNA),, UTFs at 435 and 525 nm attributed to APPP and
FLU, respectively, increases gradually along with n from 5 to 25. The
largest value of fluorescence intensity ratio (Is,s/I435) is located at
n =20 (inset in Fig. S5B, ESIt), demonstrating the optimum FRET
between APPP and FLU. Therefore, n = 20 was chosen for further
study in the next section.

The YES gate, a single-input gate, is the simplest logic device and
the NOT logic corresponds to an inversion of the YES logic."® The YES
and NOT gates were realized based on the (APPP/LDH-FLU/DNA),,
UTF by combining an APPP polymer, an LDH-FLU nanosheet and a
DNA molecule (Fig. 2A). The YES and NOT logic gate was manipu-
lated by immersing the UTF into EB solution, in which EB as the
input (I) can be intercalated into the cavity of DNA. The fluorescence
emissions of the (APPP/LDH-FLU/DNA),, UTF at 525 nm (O,, the
maximum emission of FLU) and 600 nm (O,, the maximum emission
of EB) were used as outputs. The excitation wavelength was 350 nm,
which is the maximum absorption of APPP."* Fig. 2B shows the
fluorescence emission spectra of the (APPP/LDH-FLU/DNA),, UTF in
the presence and absence of EB, and their relation to integrated YES
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Fig. 2 (A) A schematic representation of the molecular basis of YES and
NOT logic operations. (B) Fluorescence emission spectra of the (APPP/
LDH-FLU/DNA),o UTF (green line) and the (APPP/LDH-FLU/DNA-EB),o UTF
(red line) (excitation wavelength e = 350 nm, [EB] = 10~° M). (C) The
combinatorial logic scheme. (D) The truth table of the YES and NOT logic gate.

and NOT logic in parallel. The fluorescence intensity at 525 nm is
high (1) without EB and low (0) when EB is incorporated into the
UTF; while the fluorescence intensity at 600 nm is high (1) in the
presence of EB and low (0) in the absence of EB. Therefore,
correlating the presence or absence of EB with the emission intensity
at 525 nm and 600 nm provides a NOT and a YES logic, respectively.
A schematic representation and the truth table of the logic gates are
shown in Fig. 2C and D, respectively.

The INH function can be interpreted as a particular integra-
tion of AND and NOT logic functions, where the output signal is
inhibited by the input."® In this case, an INH gate can be created
based on the (LDH-FLU/DNA),, UTF, which was manipulated by
utilizing APPP (I,) and EB (L) as the inputs while the emission at
525 nm (O,) was used as the output. Fig. 3 shows the four
possible input combinations ((0,0), (0,1), (1,0), (1,1)) for an INH
gate. A strong signal of FLU emission at 525 nm is observed only
in the presence of APPP and in the absence of EB. At the same
time, when monitoring at 600 nm (O,), the (1,1) combination
shows a strong fluorescence intensity, which corresponds to the
AND logic. Therefore, the integrated INH and AND logic opera-
tion in parallel is also obtained.
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Fig. 3 (A) A schematic representation of the molecular basis of AND and
INH logic operation. (B) The truth table of the AND and INH gate. (C) The
combinatorial logic scheme.
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Fig. 4 (A) A schematic representation of the molecular basis of AND +
AND, INH, and INHIBIT logic operation: (a) the (LDH/DNA),o UTF, (b) the
(LDH/DNA-EB),q UTF, (c) the (LDH-FLU/DNA),q UTF, (d) the (APPP/LDH/
DNA),o UTF, (e) the (APPP/LDH-FLU/DNA),q UTF, (f) the (LDH-FLU/DNA-
EB),o UTF, (g) the (APPP/LDH/DNA-EB),q UTF, (h) the (APPP/LDH-FLU/
DNA-EB),o UTF. (B) The fluorescence intensity of the INHIBIT gate at
525 nm from the eight possible input combinations (1ex = 350 nm, [EB] =
1073 M). (C) The truth table of the AND + AND, INH and INHIBIT gate.
(D) The combinatorial logic scheme.

By combining the molecular components of AND and NAND
gates, a three-input INHIBIT logic gate can be constructed with the
(LDH/DNA),, UTF. The inputs for the INHIBIT gate are APPP (L),
FLU (I,) and EB (I3); while the emission at 525 nm (irradiation at
350 nm) is used as the output (Fig. 4A and Fig. S7, ESIt). The third
input (EB) inhibits the output of the logic gate. In the absence of EB,
a strong fluorescence signal at 525 nm was observed for the INHIBIT
gate in the presence of I; and I, (Fig. 4B). A more complicated logic
can be implemented, which is provided by the three emissions in the
(APPP/LDH-FLU/DNA-EB),, assembly. Upon monitoring at 600 nm
(0y), a strong emission is present only for the (1,1,1) combination,
conforming to the integrated logic of two AND gates. In the presence
of APPP and the absence of FLU, a strong signal of APPP emission at
435 nm (O;) is observed whether EB is present or not. This
combination thus corresponds to the INH logic (Fig. 4C and D).

The stability of a logic gate operation is absolutely critical, which
may result in declined, wrong readout and even the breakdown of
logic ability in extreme cases. Fig. S8 (ESIT) shows the fluorescence
intensity of the (APPP/LDH/DNA),, UTF, the (LDH-FLU/DNA),,
UTF, the (LDH/DNA-EB),, UTF, pristine APPP, FLU and EB in
aqueous solution upon irradiation with UV light for a comparison
study. It is observed that the half-life of the UTF samples (5 min for
the (APPP/LDH/DNA),, UTF, 5 h for the (LDH-FLU/DNA),, UTF and
1 h for the (LDH/DNA-EB),, UTF) is much longer than the
corresponding aqueous solutions (2 min for APPP, 2 h for FLU
and 40 min for EB). Moreover, ~94% of the initial fluorescence
intensity was maintained even after one month measurement of
the UTF samples (Fig. S9, ESIt). Therefore, the results show that the
photo- and storage stability of APPP, FLU and EB molecules are
significantly enhanced in the LDH matrix. In addition, these UTFs
show good reproducibility with RSD < 3.0% for 5 independent
measurements (Fig. S10, ESIT).
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In summary, YES, NOT, AND, INH and INHIBIT logic gate
functions with fluorescence readout were successfully achieved by
employing various assembly methods (electrostatic interaction,
intercalation-exfoliation and intercalation) based on three chromo-
phore components. The simultaneous integration of multiple logic
operations in parallel was carried out based on fluorescence
emissions of APPP, FLU and EB, by monitoring different emissions
(435, 525 and 600 nm) with the same excitation wavelength
(350 nm). In addition, these chemical logic devices display largely
enhanced photo- and storage stability as well as good reproduci-
bility. This strategy can be further expanded to the development of
other molecular logic gates with fluorescence readout by virtue of
the variety of organic chromophores and versatility in assembly
methods. It is expected that these logic gates can be potentially
applied in the detection and measurement of multi-analyte or real-
time information of complicated samples in analytical chemistry
and environmental science.
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