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Leveraging complex coacervation of a polycation and a bivalent
anion with aggregation-induced emission characteristics, we accom-
plish eight basic logic operations with environmental stimuli as
inputs, producing Boolean-like fluorescence intensity or turbidity
‘outputs’ with contrast higher than one order of magnitude. Storage
of information of a fluorescent pattern and thermo-sensor applica-
tions are also demonstrated.

Molecular logic operations are performed via molecular logic
gates based on the ‘digital’ molecular response to changes in
the environment,'” wherein one or more binary inputs pro-
duce a single binary output.* Molecular logic gates have been
constructed and investigated owing to their fundamental roles
in the integration, processing and storage of information, as
well as a wide array of applications spanning biosensors,
environmental monitoring, and diagnosis of diseases." A wide
array of materials have been used as the building blocks of
molecular logic gates, including small molecules,”” polymers,®
coordination materials® and biological materials,">"" which
can be triggered by inputs with distinctive nature, including
physical, chemical and biological stimuli."* In particular, the
eight basic logic operations with single input (‘Buffer’*™° and
‘NOTy‘lG*lS) or two il’lputs (‘AND,,5,13716,19724 ‘ORy’13715,17,22,23,25
5NAND’,5,22724,26,27 ;NOR,’17,22,23 ‘XORJS,ZO,ZS,ZQ and ;XNOR128,30733)
have aroused broad interest. To the best of our knowledge, these
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New concepts

Molecular logic operations have been largely constructed as they exem-
plify the miniaturization of Boolean operations. However, most of the
reported systems only performed limited types of basic logic operations
or/and exhibited limited contrast between Boolean output signals. Here,
simply exploiting the complex coacervation between a polycation and a
bivalent anion with aggregation-induced emission characteristics, we
accomplish all the eight basic logic operations, namely, ‘Buffer’, ‘NOT’,
‘AND’, ‘OR’, ‘NAND’, ‘NOR’, ‘XOR’ and ‘XNOR’, producing Boolean-like
fluorescence intensity or turbidity ‘outputs’ with contrast higher than one
order of magnitude. Moreover, a matrix of Buffer-type molecular logic
gates is fabricated to store the information of a fluorescent pattern, and a
solidified NOT-type logic gate in a hydrogel is exploited as a thermo-
sensor of the surrounding solution. This work can help to boost the
design of simple yet high-contrast molecular logic gates, together with the
development of information storage media and environmental sensor
devices.

reports perform limited basic logic operations,>****”** require

complicated fabrication processes,>** or exhibit limited con-
trast between outputs.">?***?7% 1t will be promising if a
concise and easy-to-make molecular system can achieve all basic
molecular operations with high contrast between Boolean
outputs.

Fluorescence has been widely used as an optical output of
molecular logic operations owing to the ease of observation,'*?®
The well-known quenching effect of luminophores causes a
decrease of fluorescence intensity (FI), affording the intrinsic
nature of a NOT logic operation. Distinctively, aggregation-
induced emission (AIE) is an unconventional photophysical
phenomenon coined in 2001."*" The AIE luminogens are non-
emissive under the dispersed state; however, they become emissive
under conditions of aggregation or restriction of intramolecular
motion, and have been developed into smart materials*® respon-
sive to multifaceted stimuli such as mechanics, temperature, pH
and light.*® Coacervation, also known as liquid-liquid phase
separation,”® is a pivotal*>**> way of intracellular organization of
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biomolecules and is fundamental to the formation of membrane-
less organelles.**™° The peculiar liquidity of membraneless orga-
nelles affords cells to host compartments with high dynamics,
mobility, environmental responsiveness and reversibility.>!
Complex coacervation is the process of associative phase separa-
tion of oppositely-charged molecular species, generating a con-
densed phase (coacervate) and a dilute phase (dispersed phase).>>
We reason that complex coacervation with AIE luminogens (AIE-
gens) that otherwise do not self-aggregate can trigger prominent
and environment-responsive enrichment of the dye. This would
lead to restriction of the intramolecular motion of AlEgens and
allow the excitons to decay radiatively. In this paper, leveraging a
binary complex coacervation phenomenon comprising AIEgens,
we demonstrate the construction of eight basic molecular logic
operations with FI or turbidity as the digital-like Boolean outputs.

Polyelectrolytes can undergo complex coacervation with
charge-complementary species,”>>* particularly with counter-
ionic bivalent small molecules as transient and weak ‘cross-
linkers’ to mediate complex coacervation.”® The arginine-
glycine-glycine motif is widely presented in human proteins
for molecular interactions including electrostatic attraction.>® As
such, we grafted dextran®” with cysteine-terminated (arginine-
glycine—glycine)-containing peptide (Ac-CGGRGG-CONH,), to
synthesize a dextran-CGGRGG hybrid (DCH) as the polycation
(Fig. 1). For the counterionic partners, we synthesized 1,2-bis[4-
(4-sulfonatobutoxyl)phenyl]-1,2-diphenylethene salt (BSBOTPE,
Fig. 1), a bivalent, anionic and hydrophilic small molecule com-
prising tetraphenylethene with AIE characteristics.® Whilst the
DCH or BSBOTPE alone remained dispersed in solution, the
coexistence of DCH and BSBOTPE engendered coacervation in a
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stoichiometry-dependent and temperature-responsive manner
with an upper critical solution temperature (UCST), as indicated
by turbidimetry (Fig. S1A and C, ESI{). This UCST-type*® phase
behavior is consistent with a previous report of complex coa-

60,61 More-

cervation comprising hydrophilic polyelectrolytes.
over, the presence of coacervation is concomitant with the
surge of fluorescence in a coherent fashion (Fig. S1B and D,
ESIt), as indicated by overall FI. These data suggest that the
complex coacervation phenomenon could be exploited for
molecular logic operations with environmental stimuli and
chemicals as ‘inputs’, and FI or turbidity as ‘outputs’ with high
contrast between ‘0’ and ‘1’ values.

Firstly, DCH and BSBOTPE were used as inputs to demon-
strate Buffer and AND logic operations. The relative FI at
471 nm is viewed as the output with 0.5 as the threshold value.
For a Buffer logic operation, the output (‘0’ or ‘1’) is the same as
the input (‘0’ or ‘') (Fig. 2A and B). DCH alone was non-
fluorescent (output = 0), whilst the addition of BSBOTPE
generated complex coacervation and aggregation of BSBOTPE
in coacervate phase, thereby producing high FI signal (output =
1) (Fig. 2C and D). The role of DCH and BSBOTPE can be
switched to perform another Buffer logic operation (Fig. S2,
ESIT). For an AND logic gate, the output is ‘1’ only if both inputs
are ‘1’ (Fig. 3A and B). This scenario is well represented by the
combination of BSBOTPE and DCH as the inputs, namely, only
the coexistence thereof can generate ‘1’ output owing to
complex-coacervation-caused AIE (Fig. 3C and D). For an OR
logic gate, the output is ‘1’ if either of the inputs is ‘1’ (Fig. 4A
and B). We added an intrinsically disordered protein (IDP)-
mimicking polymer-oligopeptide hybrid* (IPH*), which is

Complex coacervation
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Fig. 1 Schematic illustration of complex coacervation and application for molecular logic operations thereof.
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Fig. 2 Buffer logic operation. (A) Symbol of logic gate. (B) Truth table.
(C) The normalized fluorescence spectra of logic operation with different
inputs. (D) Normalized FI at 471 nm. The concentrations of DCH and
BSBOTPE used are 6 uM and 141 uM, respectively. Excitation wavelength
was set at 350 nm. n = 3.
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Fig. 3 AND logic operation. (A) Symbol of logic gate. (B) Truth table.
(C) The normalized fluorescence spectra of logic operation with different
inputs. (D) Normalized FI at 471 nm. The concentrations of DCH and
BSBOTPE used are 6 puM and 141 uM, respectively. Excitation wavelength
was set at 350 nm. n = 3.

capable of self-coacervation and recruitment of charged cargoes,” **
as an input. Therefore, we used DCH and IPH*, the macromolecules
without and with self-coacervation capability, respectively, as
the two inputs to the BSTOPE gate. Incorporation of DCH or
IPH* or both exhibited coacervation in complexation with
BSBOTPE to generate high FI (output = 1) (Fig. 4C and D). All
FI data of Buffer, AND and OR logic operations are consistent
with turbidimetry (Fig. S3A-D, ESIf) and confocal laser scan-
ning microscopy (CLSM) (Fig. S4-S7, ESIf).

Next, pre-formed complex coacervates from ‘DCH +
BSBOTPE’ were used as the gate to demonstrate NOT, NAND,
NOR and XNOR logic operations. The relative FI at 471 nm is
viewed as the output with 0.5 as the threshold value. For a NOT

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 OR logic operation. (A) Symbol of logic gate. (B) Truth table.
(C) The normalized fluorescence spectra of logic operation with different
inputs. (D) Normalized FI at 471 nm. The concentrations of DCH (or IPH*)
and BSBOTPE used are 6 uM and 141 uM, respectively. Excitation wave-
length was set at 350 nm. n = 3.

logic operation, the output (‘0’ or ‘1’) is different from the input
(‘0’ or ‘1’) (Fig. 5A and B). The complex coacervation from DCH
and BSBOTPE exhibited high FI signal (output = 1), whilst the
employment of mild heating (from 25 °C to 40 °C) dissolved
coacervates and reversed the aggregation of BSBOTPE to the
dispersed state, thus producing a low FI signal (output = 0)
(Fig. 5C and D). Salt can be used as another ‘input’ to perform
NOT logic operation (Fig. S8, ESIf) owing to a charge
screening® effect. For a NAND logic gate, the output is ‘0’ only
if both inputs are ‘1’ (Fig. 6A and B). The 0-NBA is a photoacid
capable of releasing protons upon UV irradiation,*® thereby
engendering the drop of pH®” (Fig. 6E). Whilst the 0-NBA or UV
light treatment alone had negligible effect on the FI (output =
1), the concurrence thereof triggered a pH drop and protona-
tion of BSBOTPE, thereby disrupting the charge complementary
complex coacervation and AIE to produce low FI (output = 0)
(Fig. 6C and D). For a NOR logic gate, the output is ‘1’ only if
both inputs are ‘0’ (Fig. 7A and B). Heat or salt or both can
dissolve the complex coacervation and reverse the aggregation
of BSBOTPE to the dispersed state, thereby producing low FI
signal (output = 0) (Fig. 7C and D). For a XNOR logic gate, the
output is ‘1’ only if the inputs are the same, namely, both are ‘0’
or ‘1’ (Fig. 8A and B). The complex coacervation between DCH
and BSBOTPE produces high FI without input (output = 1).
With the addition of HCl or NaOH, the protonation of
BSBOTPE or the deprotonation of DCH was engendered,
respectively, thereby eliminating the charge-complementary
complex coacervation and aggregation of BSBOTPE (output =
0). With the addition of both HCl and NaOH, neutralization
thereof produced marginal effect (output = 1) (Fig. 8C and D).
For NOT, NAND and NOR logic operations, FI data are con-
sistent with turbidimetry (Fig. S3E-H, ESI{) and CLSM (Fig. S9-
S12, ESIt). Note that for XNOR logic operation, the FI data are

Mater. Horiz., 2022, 9, 2443-2449 | 2445
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Fig. 5 NOT logic operation. (A) Symbol of logic gate. (B) Truth table. (C) The normalized fluorescence spectra of logic operation with different inputs.
(D) Normalized Fl at 471 nm. The concentrations of DCH and BSBOTPE used are 6 uM and 141 uM, respectively. Excitation wavelength was set at 350 nm.

The ‘heat’ input is incubated under 40 °C for 2 min. n = 3.
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Fig. 6 NAND logic operation. (A) Symbol of logic gate. (B) Truth table.
The normalized fluorescence spectra of logic operation with different
inputs. (D) Normalized FI at 471 nm. (E) Reaction of o-NBA under UV
irradiation. DCH stock solution was first heated under 70 °C for 2 min,
followed by addition to solvent (150 mM NaCl, 10 wt% PEG 8000, and
pH = 7.4) and 15-min maturation under 25 °C. BSBOTPE was then added
by inserting minute stock solution, followed by 15-min of incubation.
0-NBA or/and 365-nm UV light (UVGL-25, Analytik Jena, USA) were
applied and incubated for 15 min, followed by 15-min maturation before
measurement. The pH of the (1, 1) sample is 6.0, whilst those of the others
are 7.4, as is measured by pH-indicator strips. The concentrations of DCH
and BSBOTPE used are 6 pM and 141 uM, respectively. Excitation wave-
length was set at 350 nm. n = 3.

consistent with CLSM (Fig. S13, ESIt), whilst there is a mis-
match of turbidimetry and FI with the input (0, 1) (Fig. S3I,
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Fig. 7 NOR logic operation. (A) Symbol of logic gate. (B) Truth table.
(C) The normalized fluorescence spectra of logic operation with different
inputs. (D) Normalized FI at 471 nm. The concentrations of DCH and
BSBOTPE used are 6 uM and 141 uM, respectively. Excitation wavelength
was set at 350 nm. The ‘heat’ input is incubation under 40 °C for 2 min. The
‘NaCl' input is increasing NaCl concentration from 150 mM to 600 mM,
followed by 2-min incubation. n = 3.

ESIT), namely, the FI signal is low, whilst the turbidity is high.
This surge of turbidity is attributed to the self-coacervation of
DCH under alkaline conditions (Fig. S3K, ESIt), which gener-
ates little complex coacervation and aggregation of BSBOTPE,
resulting in low FI (output = 0).

Further, a mixture of ‘DCH + BSBOTPE’ was used as the gate
to demonstrate XOR logic operations, wherein the relative
turbidity is viewed as the output with 0.5 as the threshold
value. For a XOR logic gate, the output is ‘0’ only if the inputs
are the same, namely, both are ‘0’ or ‘1’ (Fig. 9A and B). Without
input, there is only prominent formation of sub-micron-sized
droplets, thus resulting in little scattering of visible light and

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 XNOR logic operation. (A) Symbol of logic gate. (B) Truth table.
(C) The Normalized fluorescence spectra of logic operation with different
inputs. (D) Normalized Fl at 471 nm. HCl or NaOH was incorporated by
adding stock solution (1 M) at the volume fraction of 2% to adjust the pH
from 7.4 to 3.4 or 11.4, respectively, followed by 15-min incubation. The
concentrations of DCH and BSBOTPE used are 48 puM and 141 uM,
respectively. Excitation wavelength was set at 350 nm. n = 3.

no turbidity (Fig. 9C and Fig. S3] and S14, ESIt) (output = 0).
With the input of NaCl to adjust [NaCl] to an intermediate level
(1200 mM), there is prominent formation of micron-sized
droplets, thus producing extremely high turbidity (Fig. 9C
and Fig. S3] and S14, ESIT) (output = 1). With the input of
twofold NaCl to adjust [NaCl] to 2400 mM, however, this high
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Fig. 9 XOR logic operation. (A) Symbol of logic gate. (B) Truth table.
(C) Normalized turbidity with different inputs. DCH stock solution was first
heated under 70 °C for 2 min, followed by addition to solvent (10 mM
HEPES, 10 wt% PEG 8000, and pH = 7.4) and 15-min maturation under
25 °C. BSBOTPE was then added by inserting minute stock solution,
followed by 15-min incubation. For (0, 1) and (1, O) inputs, NaCl was
incorporated by adding solids (to 1200 mM), followed by 15-min matura-
tion before measurement. The concentrations of DCH and BSBOTPE used
are 48 pM and 141 uM, respectively. n = 3.
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ionic strength generates a significant charge screening effect to
melt complex coacervation, thereby producing low turbidity
(Fig. 9C and Fig. S3], S14, ESIf) (output = 0). Note that the
amount of turbidity does not totally match that of the FI. The
low-turbidity-generating input (0, 0) results in high FI, owing to
the complex coacervation on the sub-micron scale (Fig. S14 and
S15, ESIt). The high-turbidity-generating inputs (0, 1) and (1, 0)
result in low FI, owing to the blockage of light transmittance in
the bulk solution environment with extremely high turbidity
(Fig. S3], S14 and S15, ESIt), albeit some fluorescence can be
seen via CLSM (Fig. S14, ESI¥).

Lastly, we sought to demonstrate some proof-of-concept
applications that employ these molecular logic operations for
the further development of organic luminescent materials in
aggregation.®® For information storage and read-out, for exam-
ple, we applied the ‘Buffer (2)' logic operations. A matrix of
BSBOTPE (15 pL each, as the gate) was pre-loaded into a 384-
well plate, followed by DCH (15 pL each, as the input) loading
as a pattern of letters ‘HKUST’. This is the information storage
process and no pattern can be seen by the naked eye. Upon UV
irradiation for information reading, the wells with DCH input
emitted intense blue light, resulting into a ‘HKUST’-like fluor-
escent pattern with high signal-to-background ratio (Fig. 10A).
To construct a thermo-sensor, for example, we used the
solution of complex coacervates from ‘DCH + BSBOTPE’ as
the solvent to prepare dextran hydrogels crosslinked by a
vinylsulfone-thiol Michael addition reaction,®” thereby achiev-

ing the ‘solidification’ of solution-state logic gates (Fig. 10B and
ESIT). A solidified ‘NOT’ logic gate was leveraged for tempera-
ture monitoring of the sample solution, whilst the ‘output’ can

B
00000000900000000000
0@000000000000@0000
000000000@000000000
0@0@000000000@0@@00
0@0@0@0000000000@00

>

Cc

Heating
g

Low temperature High temperature

(25°C) (40°C)
Fig. 10 Application of molecular logic operations. (A) Storage of a
'HKUST' pattern with ‘Buffer (2)" gate matrices in a 384-well plate. Top:
Schematic illustration of ‘0" or 1" input to wells. Bottom: Fluorescent
pattern ‘output’. (B) Solidification of logic gates in a dextran hydrogel.
(C) Application of (B) as thermo-sensors in solution. A 365-nm UV lamp
was used for excitation. Scale bars, 10 mm.
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be easily acquired by the naked eye with the assistance of a
portable UV lamp (Fig. 10C).

Conclusions

Leveraging the complex coacervation of polycationic DCH and
anionic AIEgen named BSBOTPE, we demonstrated eight basic
molecular logic operations with high contrast between Boolean
outputs. Environmental stimuli, including heating, pH, ionic
strength, ultraviolet light and chemicals (including polycation,
IDP-mimetic, bivalent anion and photoacid) were used as either
inputs or gates, whilst FI and turbidity were outputs. This work
represents a simple yet versatile platform for the execution of
molecular logic operations with high contrast between outputs,
which can pave the way to the performance of integrated and
complicated Boolean operations on the molecular level, which
support applications such as information storage and readout
media and environmental sensor devices.
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