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ABSTRACT: A fluorescent logic gate was fabricated based on calcein/layered double hydroxide ultrathin films (UTFs) via
alternate assembly technique, which exhibits high stability, reversibility, and resettability. The logic gate was manipulated by
utilizing pH value, Hg** and Cl~ ion as inputs, and the fluorescence emission of the (calcein/LDH),; UTF as output, serving as a
three-input logic gate that combines the YES and INHIBIT operation.

1. INTRODUCTION

Miniaturization microprocessors have promoted remarkable
improvements in computational capability and speed, in which
the design and construction of molecular systems capable of
information processing have raised considerable attention.'
Various molecular systems operating as logic gates can be
described using Boolean logic,” with the prospect of solving
complex problems.®> From the viewpoint of chemistry, many
organic fluorescence molecules have been employed to perform
Boolean logic operations due to their detectable fluorescence
signal even within one molecule,* which results in the
remarkable progress of various fluorescence molecule-based
logic systems.” However, two key problems remain unresolved
for the fluorescence molecular logic gates reported previously:
(1) they are generally operated in solution, which remains far
from practical applications in information technology; (2)
unstable lifetime causes signal quenching or drifting, leading to
the breakdown of its logic ability in extreme cases. Therefore,
how to design advanced fluorescence logic gates still remains a
challenging goal.

During the past decade, considerable efforts have been
focused on immobilization of fluorescence molecules onto
carriers or substrates to develop miniaturized molecule-based
gate operation. An important approach is to stablilize
fluorescence molecules onto the surface of suitable polymer
beads.’ Unfortunately, polymer-based materials normally suffer
from long-term sustainability as a result of variation in
illumination, temperature, pressure, environmental pH, and so
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forth, which limits their practical application. Therefore, one
effective solution to this problem is to explore novel matrices
for the immobilization of functional fluorescence molecules, for
the purpose of achieving gate operations with high stability,
reversibility, processability, and resettability.

Layered double hydroxides (LDHs), whose structure can be
generally expressed as [M",_ . M",(OH),](A"), - mH,0 (M"
and M™ are divalent and trivalent metals respectively; A" is a
n-valent anion), are one type of important layered materials
which represent a large versatility in terms of their chemical
composition and the ability to build up 2D-organized
structures. LDH materials have been widely used in the fields
of catalysis, separation, biology, medicine, and sensors.’
Recently, the delamination of LDHs into nanoscale monolayers
which can be used as building blocks for the construction of
functional ultrathin films has been widely investigated.® This
inspires us to challenge the goal of fabricating fluorescence
molecular logic gates via alternate assembly of positively
charged LDH nanosheets and negatively charged fluorophore
by the layer-by-layer (LBL) technique. The combination of
fluorescence molecule and this 2D inorganic matrix will show
the following advantages: (1) a high dispersion of fluorophore
with uniform orientation can be obtained in the confined
region of LDH gallery, which would suppress chromophore
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aggregation and reduce fluorescence quenching; (2) a high
stability (optical, thermal, and mechanical) for the fluorophore
can be achieved due to the presence of inorganic counterpart.

N,N-Bis(carboxymethyl)aminomethylfluorescein (calcein,
Scheme 1), first reported by Diehl and Ellingboe in 1956, is

Scheme 1. Assembly Process for the (Calcein/LDH), UTFs
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one of the most promising chemical indicators due to its large
extinction coeflicient, high quantum vyield, and acid—base
bifunctional property.'® Herein, fluorescence molecule/LDH
UTFs were fabricated by alternate assembly of calcein and
ZnAl-LDH nanosheets on quartz substrates using the LBL
deposition technique (Scheme 1). The resulting fluorescence
UTFs exhibit selective response to pH, Hg**, as well as Cl,
which achieves a nanoscale chemical logic gate with a three-
input, controllable, and resettable operability.

2. RESULTS AND DISCUSSION

Figure 1A shows the UV—vis absorption spectra of the
(calcein/LDH), UTFs with various bilayer numbers (n)
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Figure 1. (A) UV—vis absorption spectra of the (calcein/LDH),
UTFs (n = 4-20) (inset: photographs with different n under
daylight); (B) plots of the absorbance at 230, 280, 350, and 498 nm
versus 1.

deposited on quartz substrates. It was observed that the
absorption bands of calcein at ~230, 280, 350, and 498 nm
(z—n* transition) correlate linearly with n (Figure 1B),
indicating a stepwise and regular film growth procedure,
which was further confirmed by the gradual color enhancement
with the increase of bilayer number (inset in Figure 1A).
Compared with the absorption spectrum of pristine calcein
solution sample (Figure S1-A, Supporting Information), the
absorption band of the (calcein/LDH), UTFs becomes broader

7120

and unresolved, which may be attributed to the electrostatic
interaction between calcein molecule and LDH nanosheets.
The fluorescence emission peak at 520 nm of (calcein/LDH),
UTFs also displays a consistent increase along with 7, as shown
in Figure S1-B in the Supporting Information. No obvious red
or blue shift of the fluorescence spectra for the as-prepared
UTFs was observed in comparison with the pristine calcein
solution, indicating the absence of calcein aggregation
throughout the whole assembly process.

The deposition process of the (calcein/LDH), UTFs was
farther monitored by scanning electron microscopy (SEM;
Figure S2-A, Supporting Information). The thicknesses of the
as-prepared UTFs (n = 4—16) are in the range 10—43 nm. The
approximately linear increase of the thickness upon increasing
the layer number confirms that the UTFs present uniform and
periodic layered structure (Figure S2-B, Supporting Informa-
tion), in agreement with the behavior revealed by the
absorption and fluorescence spectra above. A typical top view
of the SEM image for the (calcein/LDH),s UTF (Figure 2A)
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Figure 2. (A) Top-view of SEM image, (B) side-view of SEM image,
(C) tapping-mode AFM image, and (D) XRD pattern of the (calcein/
LDH),; UTF.

shows that the film surface is microscopically smooth and
uniform. The thickness of (calcein/LDH),, UTF is 43 nm
observed from its side view of SEM image (Figure 2B), from
which it can be estimated that the thickness of one bilayer
(calcein/LDH), is ~2.68 nm. The atomic force microscopy
(AFM) topographical image (Figure 2C) shows the morphol-
ogy and roughness information of the UTF, with a root-mean-
square roughness of 10.6 nm. The X-ray diffraction (XRD)
pattern (Figure 2D) exhibits a Bragg peak at 20 = 3.16°,
indicating a so-called superlattice structure perpendicular to the
substrate. The average repeating distance is ~2.79 nm,
approximately consistent with the thickness augment per
deposited cycle observed by SEM (2.68 nm). Moreover, this
is also in agreement with the ideal single-layered arrangement
model of the calcein/LDH supramolecular structure with the
thickness of ~0.48 nm for a monolayer of LDH and 2.03 nm
for the extended chain configuration of calcein (Scheme 1).
Taking into account both the fluorescence intensity and
response time, the (calcein/LDH) s UTF sample was chosen in
the following study (see Figures S1-B, S3 and corresponding
discussion, Supporting Information). The pH was used as input
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Figure 3. (A) Emission spectra of the (calcein/LDH) s UTF with the presence of different Hg** concentration (295 K, 4., = 498 nm); (B) Hg**

titration curve of the (calcein/LDH),s UTF for emission at 510 nm.

for the fluorescence logic gate, which is a fundamental
parameter in chemical and biochemical processes. The
fluorescence emission spectra and the titration plots for the
(calcein/LDH),4 UTF with different pH values are shown in
Figure S4 (Supporting Information). The fluorescence intensity
increases at first to reach a plateau at pH 7.0—8.5 and then
gradually decreases as the pH value increases. Calcein displays a
complex pH-dependent equilibrium resulting from its various
ionic forms (Figure S5, Supporting Information),'" and the
quadrivalent anionic form emits the strongest fluorescence.
Therefore, the change in fluorescence intensity of UTFs is
based on the equilibrium between different fluorescence forms
of calcein in the LDH gallery.

Hg** also triggers significant change in the fluorescence
intensity of the UTF. Figure 3A displays that the fluorescence
intensity of the (calcein/LDH),;; UTF decreases with the
increase of Hg** concentration from 2.0 X 107> nM up to 1.0 X
10° nM. The titration plot of this UTF obtained with excitation
of 498 nm and emission of 510 nm is displayed in Figure 3B.
The results show that the fluorescence intensity was propor-
tional to the Hg** concentration in the range 2.0 X 107"'~1.2 X
107'° M with #* = 0.991. The absolute detection limit was 0.8
pM, much lower than the level defined by the World Health
Organization.'> The reason for fluorescence quenching of the
UTF with the presence of Hg** is related to the binding
between calcein and Hg2+, which will be further discussed in the
next section.

The fluorescence response of the (calcein/LDH),;; UTF to
various metal ions (Ca**, Cd**, Co*", Cr**, Cu**, K*, Mg*", Na',
Ni**, Pb*, Zn*, AP*, and Hg’") in a neutral medium was
investigated (Figure 4A). It was found that the response of the
UTF to other cations was much lower compared with Hg*,
and less change in the fluorescence intensity of UTF for these
interferential species (~15%) than Hg** (~90%) was observed
with the concentration of 1 yuM. Moreover, no significant effect
on the response of UTF toward Hg*" was found with the
presence of all these cations (1 uM each). The results above
show that the UTF exhibits a rather high selectivity for Hg*".

To investigate the effect of anions on the fluorescence of
UTF in a neutral medium, the quenched (calcein/LDH),; UTF
with Hg?* was immered into a sodium salt solution containing
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Figure 4. Fluorescence intensity ratio (I/I,) of the (calcein/LDH);4
UTF at 510 nm induced by the indicated: (A) metal cations (1 uM
respectively); Mix = a mixed solution containing all the tested cations
(1 uM each) and (B) anions (2 uM).

various anions such as H,PO,”, 5042_, CO32_, AcO7, HCO;,
HPO,*, F-, I, Br’, and CI” (2 uM each). Significantly, the
presence of Cl™ can efficiently recover the fluorescence of the
quenched UTF (Figure 4B).

The fluorescence emission spectra, the photographs under
UV illumination and microscopic image of the UTFs in the
presence of various metal ions, anions as well as with different
pH values are shown in Figure S, from which the following
conclusions can be drawn: (1) at high pH value (pH > 12), the
fluorescence quenching occurs accompanied with significantly
decreased brightness, irrespective of the presence of any metal
ions or anions in the system; (2) Hg®" ion can quench the
fluorescence of the UTF in the absence of CI7; (3) at 6.5 < pH
< 12, CI” ion can effectively inhibit fluorescence quenching
imposed by Hg*". Based on the above results, we designed a
logic device that defines a threshold of pH, Hg*', and CI~ as
inputs, and the fluorescence signal of the UTF as output. For
input, the presence and absence of Hg*" ion (>1 ym) or CI”
ion (with 2 equiv of Hg*" added) are defined as 1 and 0,
respectively; and pH > 12 and 6.5 < pH < 12 as 1 and 0,
respectively. For output, the normal fluorescence of the UTF is
denoted as 1 and the quenched fluorescence as 0 (see details in
Figure S). Based on the above definitions, binary transfer of a
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Figure S. Fluorescence emission spectra [inset: photographs under
365 nm UV light (left) and microscopic images (right)] of the
(calcein/LDH),s UTF under different input conditions: a = UTF; b =
UTF + CI”; ¢ = UTF + Hg*" + CI"; d = UTF + OH™ + Cl7; e = UTF
+ OH™ + CI"+Hg>; f = UTF + OH™; g = UTF + Hg>; h = UTF +
OH™ + Hg*". Fluorescence intensity higher than the threshold value
specified at 510 nm is assigned as 1, and lower than that value is
assigned as 0.

logic operation can be achieved by controlling the three inputs
(pH, Hg*, CI") and by monitoring the fluorescence output.
The truth table and a schematic representation of the logic gate
are presented in Table 1. The results show that the (calcein/
LDH),4 UTF performs the YES and INHIBIT logic operation
with the three inputs.

Table 1. Truth Table for the YES and INHIBIT Logic Gate”

input 1 pH  input 2 Hg**  input 3 CI”  output F (4, = 510 nm)

0 0 0 1 (high, 794.9 + 5)

0 1 1 (high, 789.2 + 8)

0 1 0 0 (low, 67.6 + 7)

0 1 1 1 (high, 784.8 + 10)

1 0 0 0 (low, 53.5 + 5)

1 0 1 0 (low, 49.4 + 6)

1 1 0 0 (low, 31.9 + 2)

1 1 1 0 (low, 47.2 + 3)

“The values in parentheses in the output column indicate the
experimental fluorescence intensity in arbitrary units. The correspond-
ing binary states are determined by applying a threshold value of Ir =
200. The errors were determined by repeating experiments for five
times.

To develop a better understanding of the mechanism for the
logic gate, the X-ray photoelectron spectroscopy (XPS)
measurement was recorded (Figure 6). Compared with the
original UTF (Figure 6A-a), the XPS spectrum of the UTF +
Hg*" sample (Figure 6A-b) displays signal of Hg 4d3 (380.1
eV), indicating that Hg*" was bonded in the UTF via the
complexation with calcein. The disappearance of Hg signal for
the UTF + Hg*" + CI” sample confirms the removal of Hg**
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Figure 6. XPS spectra of (A) Hg 4d3 and (B) N Is: (a) original
(calcein/LDH),4 UTF, (b) UTF + Hg*, and (c) UTF + Hg*" + CI".

from the UTF (Figure 6A-c) as a result of the formation of
HgCl, in the solution (the titration plot is shown in Figure S6
in the Supporting Information). The complexation of Hg** and
calcein in the UTF is based on a high thermodynamic affinity of
Hg*" for typical N-chelate ligands and fast metal-to-ligand
binding kinetics, while the recovery of the quenched UTF is
rooted in the complexation of Hg** and CI~ due to the much
larger complex constant between CI~ and Hg** (log K =~
13.22)" than calcein and Hg** (log K =~ 4.89 based on the fit
result of the Stern—Volmer formula, see Figure S7 in the
Supporting Information). The XPS spectra of both the original
UTF and the UTF + Hg** + Cl” sample show two peaks
attributed to N 1s (402.55 and 399.50 eV; 402.60 and 399.65
eV), while the UTF + Hg*" sample displays one new peak at
406.85 eV besides the two old ones, indicating the coordination
bond between Hg** and N atom of calcein (Figure 6B). This
new signal of nitrogen with higher binding energy was
attributed to the reduction of electron density."* Figure S8 in
the Supporting Information shows that no change of O and C
signals for the original UTF, UTF + Hg*', and UTF + Hg*" +
CI” samples was observed, which eliminates the coordination
between Hg?>" and COO™ groups. In addition, the polarized
photoemission spectra show no significant discrepancy in the
anisotropy for these three samples, indicating that the
embedment/removal of Hg*" does not give rise to effect on
orientation and/or stacking of calcein in the gallery of LDH
(Figure S9, Supporting Information).

The reset capability is a key factor for the chemical-driven
logic operations from the viewpoint of practical application. In
this work, the fluorescence can be restored by immersing the
quenched (calcein/LDH),; UTF into a solution of EDTA (a
metal ion chelator, 10 uM), demonstrating the binding between
calcein and Hg?* is chemically reversible. A good repeatability
of the UTF was obtained with the RSD = 2.21% (EDTA) and
RSD =1.83% (Hg*") in 20 cycles (Figure S10 in the Supporting
Information). This observation suggests that the (calcein/
LDH),4 UTF logic gate can be readily reset by the treatment of
EDTA (Figure S10-A) and/or the adjustment of pH value
(Figure S10-B). The liquid-state logic opration generally suffers
from the accumulation of chemical waste produced in the reset
process. In this work, however, the convenient manipulation of
solid-state UTFs effectively resolves this problem in the
chemically driven opration process.
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The stability of gate operation is of major importance, since
it leads to unreliable and destructive readout and even the
breakdown of logic ability. The fluorescence intensity of the
(calcein/LDH),; UTF and pristine calcein in solution was
recorded by illuminating with UV light for comparison study
(Figure S11-A, Supporting Information). A remarkable
fluorescence quenching of the calcein solution was observed
after 1 h irradiation, while the (calcein/LDH),; UTF remained
~93% of initial fluorescence. The result indicates that the
photostability of calcein molecule is significantly enhanced in
the LDH matrix. The storage stability test of the UTF shows
that ~95.3% of its initial fluorescence intensity remained after 1
month measurement (Figure S11-B). In addition, no
delamination or peeling occurred on cross-cutting the surface,
indicating strong adhesion of the UTF film to the substrate
(shown in Figure S12, Supporting Information).

3. CONCLUSION

In conclusion, a three-input chemically controlled logic gate,
which combines the YES and INHIBIT operation, was
fabricated by alternate assembly of calcein and Zn—Al LDH
nanosheets. The pH value, Hg*", as well as CI~ were employed
as the three inputs, and the fluorescence intensity of the UTF
was monitored as the output. This chemical logic device
displays excellent resettability, photostability, as well as
mechanical stability. Significantly, the strategy based on the
fluorescence molecule/LDH UTFs in this work provides a
feasible approach for the fabrication of other integrated,
complicated, and multifunctional molecular logic devices. It is
anticipated that such intelligent fluorescence molecule/LDH
UTF materials can be potentially applied in the fields of
environment-sensitive actuators, cell cultures, and molecular
switches.
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