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Abstract: Carbon dots (CDs)-based logic gates are smart nanoprobes that can respond to various
analytes such as metal cations, anions, amino acids, pesticides, antioxidants, etc. Most of these logic
gates are based on fluorescence techniques because they are inexpensive, give an instant response,
and highly sensitive. Computations based on molecular logic can lead to advancement in modern
science. This review focuses on different logic functions based on the sensing abilities of CDs and
their synthesis. We also discuss the sensing mechanism of these logic gates and bring different types
of possible logic operations. This review envisions that CDs-based logic gates have a promising
future in computing nanodevices. In addition, we cover the advancement in CDs-based logic gates
with the focus of understanding the fundamentals of how CDs have the potential for performing
various logic functions depending upon their different categories.
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1. Introduction

In many fields of science, carbon dots (CDs) have grabbed significant attention due
to their unique chemical and physical properties. These properties include nontoxicity,
inexpensive synthesis, and excitation dependent fluorescence performance [1,2]. In 2004,
the CDs were developed accidentally during the electrophoretic purification of carbon
nanotubes (CNTs) by Xu and coworkers [3].

The photophysical, as well as chemical properties of CDs, can be tuned by changing
their size and by doping with different heteroatoms such as nitrogen (N), oxygen (O), sulfur
(5), and boron (B) [4]. Both the biological and electronic properties of CDs, such as water
solubility and biocompatibility along with their electron donor and acceptor behavior,
resulted in their application in the field of bioimaging, drug delivery, biosensors, optronics,
catalysis, and sensors [5-9]. Initially, CDs were considered as an amorphous allotrope
of carbon. From XRD analysis a broad diffraction pattern of sp® carbon atoms inside
CDs was demonstrated. Recently, the crystalline structure of CDs was studied by some
researchers. These crystal structures can be classified as CDs having a graphitic crystalline
core and others having non-graphitic crystallinity [10]. Regarding optical properties,
CDs show a strong absorption band in the UV region in the range of 240-350 nm. The
shorter wavelength bands, which are 240-280 nm, correspond to 7—7t* transitions, while
the longer wavelength transition in the range of 350 nm is for n—mt* transitions. In some
cases, additional bands are observed because of the presence of multiple functional groups
on the surface of the CDs. CDs possess excitation dependent emission properties, which
make them distinct from other carbon allotropes. The surface composition of CDs was
studied through the X-ray photoelectron spectroscopy (XPS) technique. The surface of
CDs mostly consists of an oxygen-containing functional group such as —COOH, —OH, a
nitrogen-containing group such as —NH;, CONHy, and other groups depending on the
doping and functionalization of the CDs. The sensing ability of CDs imparted due to the
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Carbon Dots

presence of different functional groups on CDs surface made them suitable candidates for
performing logic operations due to their “Turn-ON” and “Turn-OFF’ response with analytes
(Figure 1) [11]. Typically, the surface of CDs is rich in groups such as —COOH and —OH.
This functional group gets a negative charge in the solution. Thus, the stable metal ion-CDs
complex formation is favored in presence of positive ions due to electrostatic interaction.
Metals ions such as Cu®*, Hg?*, Fe3* when dispersed in CDs solution lead to the quenching
of the CDs fluorescence. This is due to electron transfer from CDs to metal ions, preventing
the radiative recombination of excitons. It is a well-established fact that CDs act as electron
donors, which leads to their interaction with metal ions. CDs can also act as electron
acceptor depending upon their surface structure. The charge transfer complex is formed
between CDs and organic molecules or when CDs are adsorbed on the semiconductor
surface. Apart from this, the pH of the solution changes the emission intensity of CDs. This
is probably due to the changes in the charge state of the surface functional group. This also
confirms that the surface state of the CDs plays an important role in their interaction with
metal ions and the analytes.

Logic Function

Sensing
Ability

Figure 1. Carbon dots and their application in logic function based on their sensing ability.

Logic operations are performed by the molecules using one or more inputs and
producing measurable output signals. Logic gates are the elementary building block for
any digital system, where there is a certain relationship between the input and output
signal based on a certain logic. The seven basic logic gates include AND, NOT, NOR, XOR,
OR, NAND, and XNOR. Along with it, there are integrated logic gates, such as INHIBIT
(INH) and IMPLICATION (IMP) circuits. These logic gates have several applications, such
as AND gates being used for data transfer, while NAND gates are used in alarms and
buzzers. They are used in circuits that involve processing and computation. In 1993 for the
first time, Silva et al. explored the ability of the molecules to perform logic operations [12].
The logic output can be observed by the change in emission or absorption intensity or
wavelength and establish the basis of logic gate operation via the known Boolean arithmetic
function [13]. These molecular logic gates are superior to their semiconductor comparable
as they can provide different information available to molecular logic as opposed to voltage
information only [14]. The input can be physical (temperature [15], pressure [16], pH [17],
light [18]), biochemical (enzymes [19,20] nucleotides [21]), and chemical (atomic [12],
molecular [22]). For molecular computing, it is essential to design the logic gates using
nano regime electronic circuits. Logic gates mimicking electronic circuits can be fabricated
using nanomaterials such as fluorophores [23], graphene oxide dots [24], CDs [25], copper
nanomaterials [26], silver nanocluster [27], and more.

CDs can be considered as the green carbonaceous nanomaterial possessing great
potential to replace the conventional fluorophore [28] and silicon-based logic gates tech-
niques [29]. Recently, molecular logic gates performing logic functions produced capti-
vating research of miniaturization in the field of information technology [30]. CD-based
logic gates show strong potential for optical sensing, leading to new avenues for future
advancement of multidirectional memory devices. There are several reviews on CDs
based on their forensic applications [31], synthesis [2], bioimaging [28], and sensing [6].
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In addition, there are reviews on molecular logic gates based on their past, present, and
future [32], fluorescent sensors [33], and biological logic gates [34]. To date, no review has
been devoted to the combination of CDs and logic gates. This review is focused on the
application of CDs in logic functions. It covers the latest advancement and development in
the field of CDs-based logic gates, along with understanding the mechanism of CDs-based
logic systems. Here we have categorized logic output based on their received output as
single, combinational, sequential, and reversible. In a similar manner, we have divided
the CDs used for logic function depending upon their synthesis as pristine, functionalized,
doped, co-doped and other CDs complexes.

2. Logic Output

CDs based logic gates can be categorized based on their displayed logic output. For
this review purpose, we have categorized the CDs based logic gates as single output,
combinational output, sequential output, and reversible systems (Figure 2).

Single Output

Output

Combinational Output

Output 1

Output 2

Sequential Output

C _—_.— Output

;

Figure 2. Different categories of carbon dots (CDs)-based logic gates according to their output. I. Single output, where only
one output is generated. II. Combinational outputs are the integration of simple logic operations to obtain the complex

combinational output. III. Sequential output, which responds to multiple inputs but with different stages of activation that
should happen in a predestined order. IV. Reversible systems can switch between ON and OFF states depending upon the

input added to the system.

2.1. Single Output

The single output is the basic building block of CDs based logic gates. It is important
to establish a complex logic function based on these simple single-output logic operations.
This type of system responds to multiple inputs to give a single response. Due to the sim-
plicity of these systems, many researchers have used CDs as fluorophores for developing
CDs based logic gates. Lin et al. have demonstrated different logic functions such as YES,
OR, NOT, XOR, and IMP based on the sensing properties of CDs with metal cations and
anions. These multiple logic gates are created through sequential metal ion association and
anion dissociation process with CDs [35]. Zhao et al. constructed an AND logic gate with
AgNPs nitrogen-doped CD nanocomposites without any chemical labeling and complex
modification [36]. There are several reports that have constructed AND logic operation
through the detection of different metal ions, such as Cro* [37], ng+ [38], Cu?* [39], and
Fe®* [40]. Apart from AND, other logic operations such as the INHIBIT function were
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also fabricated through sensing of various metal ions through different amino acid deriva-
tized CDs [41], histidine [42], Cu?*, H,S [43], arginine, and acetaminophen [44]. Other
researchers developed IMPLICATION logic operations using the sensing ability of CDs
for Hg (II) and cysteine [45], AA [46], Fe3+ [47], Hg2+, and biothiols [48], Hg(Il), and glu-
tathione [49]. A multilevel single-output logic system was also developed using gadolinium
doped CDs with H*, OH~, Cu?* as inputs, which trigger both Fluorescence intensity (FI)
and magnetic resonance (MR) signals [50]. Apart from the fluorescence technique, using
magnetic resonance signal for dual readout logic operations is of significant importance, as
the combination of FL/MR techniques gives the logic devices better applicability in case of
biological application.

2.2. Combinational Logic Output

The output of the combinational logic operation is the instant response to their current
input state as logic 0 or logic 1. This type of output depends upon the combination of
the input all the time. Thus, the combinational logic circuit is termed as ‘memoryless’.
Combination logic circuits combine or connect simple logic operations to build a complex
logic circuit. Tang et al. demonstrated the combinational nano logic gate with a dual output
channel. The supramolecular assembly based on CDs showed two distinctive patterns
of logic function at two different emission wavelengths of 440 nm and 490/545 nm. The
output channel at 490/545 nm consists of a combination of two INHIBIT gates [51]. The
supramolecular strategy serves as a substitute for covalent modification and simplifies the
fabrication process. Zhao et al. performed half addition and half subtraction operations on
synthesized pH-responsive CDs at two different emission wavelengths. A half-adder was
constructed by combining XOR and AND gates, which further implement the function of
sum and carry, while the half-subtractor consisted of the INHIBIT gate producing borrow
bits and XOR gate for obtaining difference bits [52]. Fan et al. have designed a three-
input and three-output combinational circuit along with a keypad lock using red emissive
CDs/Prussian blue composite electrode films. The complicated logic gate was constructed
using elementary functions such as OR, AND, INHIBIT, and IMP [53].

2.3. Sequential Output

Unlike combinational output, the third category is the sequential output in which the
output depends on both present inputs and previous output. In contrast to combinational
output, it has a memory, so the output varies based on the input. Qu et al. designed multiple
single and sequential DNA-based logic gates. These types of logic gates were inspired by B
to Z-DNA transition induced by functionalized CDs. The logic gate was constructed based
on FRET between CDs and DNA intercalators and fluorescence quencher for CDs. Single
AND functions were established at 585 nm and NAND logic at 465 nm. Similarly, AND +
INHIBIT and NAND + INHIBIT sequential circuits were constructed at 585 nm and 465 nm,
respectively [54]. Fluorescence techniques have certain limitations, such as shorter emission
lifetime of nanoseconds leading to inner filter emission (IFE), overlapping of excitation and
emission spectra, interference from the light scattering, and short-lived autofluorescence
species. These limitations can be overcome by the triplet excited state phenomena known
as ‘Phosphorescence’. Wang et al. developed a phosphorescence-based OR-INHIBIT logic
gate using inputs such as Hg(Il), tDNA (target ssDNA), and doxorubicin [55]. The phos-
phorescence logic gates are superior to most common fluorescence-based logic gates due
to their benefits over fluorescence. Viswanathan et al. used the switching nature of CDs
to design memory devices having sequential circuits due to reversible response with the
addition of Hg(II) and L-cysteine alternatively. A Write-Read-Erase-Read nature of sequen-
tial circuit was developed using OFF-ON reversible behavior with inputs as Hg (II) and
L-cysteine. [56]. Other research groups have reported integrative logic gates such as NOR
and INHIBIT (INH) and IMPLICATION (IMP), NOR and AND logic functions. These logic
gates have three inputs such as Zn(II), pH 2, and Cu(Il) for NOR and INH and four inputs
such as Zn%*, $%, Cu?*, and pH 2 for IMP, NOR, and AND logic operation [57]. Recently, an
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integrative logic system based on dual readout logic devices with both magnetic resonance
(MR) and FI of holmium doped CDs was discussed by Fang et al. The multi-readout logic
circuits were developed by recording the same signal by two different readout techniques.
The chemical inputs were H*, Fe** and Fe?*, while the fluorescence output was recorded at
440 nm along with magnetic intensity. A fluorescence-based NOR-INHIBIT and MR-based
(XOR-INHIBIT)-OR sequential logic system was demonstrated successfully [58].

2.4. Reversible Output

The reversible system is interesting because it allows the reassessment of the out-
put [59]. The advantage of this process is that the logic operation can be performed
multiple times without adding more analytes constantly. The reversible system with the
activated condition can revert to its original state with the introduction of a reactivator.
CDs-based reversible logic gates work on the principle of quenching the FI signal, which
further recovers by a recovery agent [43]. This type of logic gate is a potential candidate for
low-power computing [60].

3. Sensing Mechanisms of CDs Based Logic System

The majority of the CDs based logic gates depend upon the changes in the fluorescence
response of CDs. These changes either in FI or wavelength make them potential candidates
for performing various logic operations, such as AND, OR, NOR, INHIBIT, IMPLICA-
TION, etc. [32]. Different sensing mechanisms are responsible for inducing the fluorescence
changes of the CDs based logic system. Initially, CDs interact with the quencher leading to
the OFF state, then with the introduction of the recovery agent, the FI of CDs is recovered
bringing it back to the ON state. These interactions can be noncovalent, which includes hy-
drogen bonding, - interactions, donor and acceptor, co-ordination based, or electrostatic,
and covalent interactions [61]. When CDs interact with the quencher molecule, the FI is
quenched due to nonradiative energy transfer from the donor to the acceptor. A different
mechanism, such as PET, FRET, and IFE, is responsible for the energy transfer process
as depicted in Figure 3. In the case of PET mechanism, there is a redox reaction upon
irradiation between CDs (donor) and the other analytes (acceptor), which can donate and
accept electrons, leading to the formation of a non-fluorescent complex. In the case of FRET,
the excited CDs while returning to the ground state transfers their energy non-radiatively
to the acceptor molecule. Theoretically, the rate of energy transfer depends on: (a) The
orientation of the donor and acceptor, (b) the extent of overlap between the donor emission
and acceptor absorption spectrum, and (c) the separation distance between the donor and
acceptor that should be less than 10 nm.

Between static and dynamic quenching, dynamic quenching dominates the FRET
quenching process as energy transfer takes place in an excited state [62]. Another mecha-
nism of FI quenching is IFE, primarily IFE due to excitation beam attenuation in highly
concentrated samples. In this case, the fluorophore facing the excitation fluoresce brighter
than the ones at the center, which strongly affects the detected signal. In secondary IFE,
there is a significant overlap between excitation and emission spectrum, and the emitted
light is reabsorbed by the sample, leading to the quenching of the FI signal. Most of the
CDs based logic gates operate on the mechanism of efficient FI quenching of CDs due to
the above-mentioned phenomena, and the occurrence of restoring agents brings back the
fluorescence effectively leading to the sensing of various analytes. The sensing mechanisms
of CDs based logic systems are shown in Figure 3.
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Figure 3. Mechanism of sensing CDs based logic systems with photoinduced electron transfer (PET), fluorescence resonance
energy transfer (FRET), and inner filter effect (IFE) process for quenching and recovery by interactions with recovery agents.

4. Carbon Dots Design for Logic Function

The design of CDs for performing logic functions is generally based on five cate-
gories (Figure 4): Pristine CDs, functionalized CDs, doped CDs, co-doped CDs, and other
complexes with CDs.

Figure 4. Five different categories of CDs design for logic function.

4.1. Pristine CDs

The first category of design based on the synthesis procedure is the direct interaction
of CDs with the analytes in their pristine form. The interaction is possible due to the
presence of the different functional groups on the CDs surface. Hu et al. have used the
as-prepared CDs for the determination of auramine O. In their work instead of fluorescence
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intensity (FI), the appearance of two peaks was taken as an output. They demonstrated
dual emission, which is the auramine O-stimulated response [63]. Chattopadhyay and
co-workers have synthesized CDs for logic operation in two different phases, i.e., solid
and liquid phases. The direct interactions of CDs with organic molecules and metal ions in
both phases achieved the basic and integrated logic operations [64]. This kind of operative
multiphase logic response are scarce in literature, developing a solid phase integrated logic
function could be a good option. In the year 2016, Hu et al. prepared a D- Penicillamine
sensing fluorescence switch sensor whose logic gate function was based on the luminescent
recovery of CDs (Figure 5). The quenching of FI was done through Hg?* ions, which was
retrieved with the addition of D- Penicillamine [65].

|/ \\
v/

Fluorescence ON OFF ON

[ Output

Input
- D |
Q—@'— Fluorescence recovery

"AND" logic gate

hv / hv/ ) )
Ex=358 Em=adr  + Hg" (L D-penicillamine

Figure 5. Schematic diagram of D-Penicillamine (D-PA) detection by pristine CDs and its AND logic gate function.
Reproduced from ref [65] with permission of Sensors and Actuators, B: Chemical copyright 2016.

The following year, in 2017, Hu et al. designed CDs for sensing glyphosate (Gly)
based on fluorescence resonance energy transfer (FRET). The logic function is based on
FI quenching of CDs in presence of Gly due to energy transfer between the donor (CDs)
and acceptor (Gly) [66]. In the same year, two other research groups, Zhao et al. and Dong
et al., used pristine CDs for intracellular pH sensing, and arginine and Cu?* detection [11],
respectively. A three-state switch was obtained by controlling the fluorescence emission
at different pH levels [52]. Later, Vishwanathan et al. derived CDs from pineapple peels.
Logic operations, such as implication (IMP) and NOT gate, were generated using Hg?* and
cysteine as inputs [56]. Chromium (Cr®*) and cysteine were detected using red emissive
CDs via dual modes, such as colorimetry and fluorescence by Dong et al. The red-emitting
CDs constructed an AND logic gate [37]. A dual signal sensing of Hg?* and glutathione
was achieved by down and upconversion CDs with high quantum yield (QY) —62%. The
logic operation was obtained through the “ON-OFF-ON” process [38]. Recently, Shuang
et al. prepared blue CDs that are excitation independent and used them for Fe** and F-
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sensing. An AND molecular logic gate was devised with the help of Fe>* and F- as chemical
inputs [40].

4.2. Functionalized CDs

The second category includes the functionalization of the CDs. The functionaliza-
tion imparts specific molecular recognization abilities to the CDs depending upon the
organic molecule used to functionalize the surface. Qu et al. for the first time reported
spermine-functionalized CDs (SC-dots) to induce right-handed B DNA to left-handed
Z DNA transition under physiological conditions. Furthermore, a variety of logic gates
were constructed based on FRET between fluorescent CDs and DNA intercalators, such
as Ethidium bromide (EB) and FI quenching of CDs with iodide ions [54]. Namasivayam
Dhenadhayalan and King-Chuen Lin prepared two types of CDs, COOH functionalized
CDs and amine-functionalized CDs. The significant observation of their study was that
the functional group present on the CDs surface plays an essential role in both cation
and anion detection. In addition, the interaction of these functional groups with the
ions and anions leads to the construction of different types of logic gates, as shown in
(Figure 6) [35]. This study confirms that the functional groups present on CDs surfaces
imparts certain association affinity of CDs towards certain metal ions. Xia et al. developed
phosphorescence-based logic gates using surface-modified CDs, ssDNA, and graphene
oxide (GO). Room temperature phosphorescence (RTP) based logic operations, such as
INHIBIT, OR, and OR-INHIBIT were designed using inputs such as Hg2+, DOX, and tDNA
and phosphorescence-ON as an output signal [55].

Figure 6. Functionalized CDs (COOH and amine functionalization) used for the detection of Fe3*, Zn%* cations, and
$,03%, PO4* anions with its multiple logic operations. Reproduced from ref [35] with permission of Scientific Reports

copyright 2015.

For the limited tunability of the CDs spectrum, it is essential to improve the homogene-
ity of local electronic structure by controlling the size of sp2 domains, the surface functional
group through surface passivation. Thus, the electronic properties of CDs were systemati-
cally modulated with ethylenediamine and different amino acids, such as cysteine, lysine,
histidine, and arginine by Kuei and group. This kind of derivatization resulted in tuning
the selectivity of sensing metal cations. The logic gates obtained from the fluorescence
response of CDs depend on the fluorescence quenching in presence of metal ions [41]. Das
et al. surface quaternized the CDs with benzalkonium chloride, which was synthesized
from seaweed and lemon juice abbreviated as KLBC-dots. The functionalized probe acts
both as a bifunctional fluorescent sensor for Cr®* and ascorbic acid (AA), and also as an
antibacterial agent. The logic operation was based on the inner filter effect (IFE) [67]. In
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another study, Zhang et al. capped CDs with polyethyleneimine and used them bioassay
of Cu?* and S%. The INHIBIT Boolean logic is influenced by the FI quenching and recovery
process in presence of analytes [43].

4.3. Doped CDs

The third type of design is based on doping. The electronic characteristic of the CDs
can be effectively adjusted with chemical doping, which further improves their optical
properties [68]. Zhao et al. reported the green synthesis of nitrogen-doped CDs and
silver nanoparticles composites (AgNPs/N-CDs), with surface-enhanced Raman scattering
(SERS) properties. A simple AND logic system was obtained based on AgNOj (silver
nitrate) and NaOH (sodium hydroxide) as inputs. The output signal was the presence of
an absorption peak at 405 nm due to the formation of AgNPs/N-CDs nanocomposites [36].
There are very few reports where the absorption is used as an output signal for logic
operation. Most of the available CDs showing logic gate application emits in the blue
region, however, it is better to shift to a longer wavelength, which increases the penetration
depth and is harmless to tissues. Dong and co-workers used bright green emissive nitrogen-
doped CDs for Fe** and AA sensing, cellular imaging, and logic gate applications. The FI of
doped CDs was quenched with the addition of Fe3* due to photoinduced electron transfer
(PET), which was further recovered by AA addition [69]. In another study by Chen’s group,
they have synthesized three different types of nitrogen-doped CDs using citric acid as a
source and small molecules such as ethanediol, ethanolamine, and ethidene diamine as the
dopant. They were used for Hg?* and biothiol sensing and further an IMPLICATION logic
gate was created [48]. The N doped CDs were also used for sensing Cu®** and GSH and
an AND logic gate was constructed based on their sensing behavior [39]. Not only doped
CDs were used for metal ion, biothiols, ascorbic acid detection. In the next research, Yang
et al. used doped CDs for recognition of a phenothiazine drug known as chlorpromazine
hydrochloride (CPH). An AND logic gate was constructed using N-CDs and CPH as inputs
and quenching of FI as an output (Figure 7) [70].

Ex=340 nm En=427 nm
Hydrothermal \

I
o NH O O
+ Y - 200C/6h Q00

NH,

OH NH; O O

Out ut (@]

Input AND
® —i I Fluorescence quenching E.= 427 nm
“AND” logic gate Ex= 340 nm “ *
b 8F b
O N-cps © Chlorpromazine hydrochloride ﬁo i%’

Figure 7. Schematic diagram of the formation process of N-CDs and detection for chlorpromazine hydrochloride (CPH).

Reproduced from ref [70] with permission of the Journal of Photochemistry and Photobiology A: Chemistry copyright 2019.

For better feasibility and biomedical application, it is important to investigate dual
readout logic devices. Yi et al. synthesized holmium (Ho%**) doped CDs (Ho-CDs), which
exhibited pH responsiveness for both FI and magnetic resonance (MR) signals. In this
study, the inputs were H*, Fe?*, or Fe*, and the change in FI and MR signals served as an
output for multilevel logic operations [58].
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4.4. Co-Doped CDs

Co-doping is another important strategy for tuning the dopant population, magnetic
properties, and electronic properties. It is used to enhance the solubility of CDs along with
improving their stability and optical properties [71]. Li et al. developed novel magnesium
and nitrogen co-doped CDs for selective sensing of Hg?* and cysteine via FI quenching
due to the formation of a non-fluorescent complex of CDs and Hg?*, and the recovery
was done with the addition of cysteine. An IMP logic gate was constructed using Hg?*
and Cys as chemical inputs, and a change in the FI of Mg-N-CDs as an output signal [45].
Nitrogen and sulfur co-doping plays a vital role in enhancing the QY of CDs, as nitrogen
and carbon have almost the same size which makes nitrogen doping easy and feasible.
While sulfur tunes the fluorescence emission toward a longer wavelength by providing
emissive traps for excited electrons. The work reported by Guttena’s group emphasizes
converting toxic cigarette butts into nontoxic fluorescent N, S (nitrogen, Sulphur) co-doped
CDs. In this work, the waste cigarette butts were converted to fluorescent CDs by a simple
hydrothermal process without using any expensive instruments and having a variety of
application. The synthesized CDs used for the detection of Fe*>* and AA, based on their
sensing characteristic an IMPLICATION logic gate, was constructed. Apart from this,
these co-doped CDs were used as invisible ink for security applications [47]. In another
study, N-S doped CDs were used for sensing Cr®* and AA based on the IFE and redox
reaction. The fluorescence behavior of co-doped CDs was used to design molecular logic
gate operations [72]. Mobin et al. synthesized the N, S co-doped CDs (N_S@RCD) from
green alternatives such as Rosa indica, and use it for Aud and S* detection. This was
the first report in which CDs act as a turn-on sensor for S?* without the formation of any
intermediate quencher complex. The system exhibits a single input “YES” and multilevel
INHIBIT logic functions (Figure 8) [73].

-
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Figure 8. (i) Schematic illustration of multifunctional N-S@RCD. (ii) “INHIBIT” logic function using N-S@RCD. (a) Truth
table, (b) fluorescence response of N-S@RCD under different inputs, and (c) Symbol of INHIBIT logic. Reproduced from

ref [73] with permission of the Carbon copyright 2018.

4.5. Other Complexes with CDs

Blue and green emission of CDs limits their use in biological applications as the
penetration depth is low and autofluorescence is maximum. Therefore, it is important to
have CDs that emit towards a longer wavelength. To achieve this goal Song et al. fabricated
silver-CDs nanohybrid with infrared fluorescence. The FI signal was enhanced with metal
enhanced fluorescence. The nanohybrid was used to detect AA, an antioxidant. An IMP
logic gate was constructed using Fe** and AA [46]. Satnami et al. used the aggregation
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and dispersion of gold nanoparticles (AuNPs) in the presence of CDs to sense pesticides.
A FRET-based logic gate was designed using toxic pesticides as inputs. A combination
circuit consisting of INHIBIT and OR circuit was developed [25]. Similarly, Fang et al.
used AuNPs and CDs hybrid for sensing fluoride ions using a bridge of 3-mercapto-1,2-
propanediol. An AND molecular logic gate was developed based on anions and metal
ions as inputs [74]. External factors, such as temperature, concentration, and solvent, affect
the emission of the fluorescence sensing system. In order to overcome these limitations,
researchers shifted their focus to ratiometric sensing, as it depends upon the calibration
of two peaks and avoids the influence of the external and instrumental factors. Singh
et al. used CDs and rhodamine-based ratiometric complex for the detection of histidine.
The sensing systems depend on the FRET between CDs and rhodamine derivatives. An
INHIBIT logic gate was implemented using Fe** and histidine as the inputs [74]. Later, Gui
et al. used CDs and DNA template copper nanoclusters for ratiometric sensing of arginine
and acetaminophen. Based on the FI response, an INHIBIT logic gate was designed [44].

5. Conclusions

In the present review, a comprehensive study was made on the advancement of
CDs-based logic gates during the year 2013-2020. It consists of their synthesis, sensing
mechanism, different types of possible logic operation, and we have also discussed the
design of the CD sensor for logic operation based on the nature of CDs. This review
can help researchers develop more low cost and biocompatible CDs-based chemosensors
for logic gate applications. Developing molecular logic devices with small molecules or
biomolecules gives a huge impact on modern-day science. With the current pandemic
situation, the development of smart medicine will be very helpful. There are some reports
available that discuss one of the strategies to fight the outbreak of COVID 19 is the real-
time monitoring of proteolytic activity with potential protease inhibitors as biosensors for
COVID 19 [75]. In one of the reports, COVID 19 genome was used as the input for an AND
logic function. Two types of fragments were used as inputs. This detection was based on
exonuclease III and DNAzyme [76]. Thus, CDs based logic gates can act as smart materials
that can respond to various analytes resulting in the development of smart nanodevices.
Table 1 summarizes most of the logic systems discussed in the text ordered by their year
of publication.

Table 1. Summary of CDs-based logic systems.

Types of CDs Application Logic Function Type of Logic Output Ref.
. . . . AND, NAND, AND + INH, . .
Spermine functionalized CDs B to Z DNA transition NAND + INH Single and sequential [54]
Pristine CDs O auramine detection NOR-AND Sequential [63]
: 2+ 3+
. Metalions (Fe™, Fe*)and o1 op AND, NOR, .
Pristine CDs organic molecules (Picric Single and Integrated [64]
: . NAND, NOT-NAND
acid and H,O,) detection
Acid and Cations and anions sensin YES, OR, XOR, NOT, IMP Single [35]
amine-functionalized CDs © & Y ’ ! &
S . . Phosphoresce logic gates
Nucleic acid functionalized ;i OR, INHIBIT, . .
were developed using cd, Single and sequential [55]
carbon dots OR-INHIBIT
DNA, hg2+, dox

Surfacse qgatermzed Phosphate detection YES, two INHIBIT Combination [51]

cationic CDs

Silver

Nanoparticles/N-Doped SERS AND Single [36]

CDs Nanocomposites
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Table 1. Cont.

Types of CDs Application Logic Function Type of Logic Output Ref.

magnesium and nitrogen o . .
co-doped CDs Hg~* and cys detection IMPLICATION Single [45]
Pristine D-Penicillamine detection AND Single [65]
Silver-CDs nanohybrid AA detection IMPLICATION Single [46]
Pristine CDs Glyphosate detection AND Single [66]
CDs-MnO2 adduct NAC detection YES Single [77]
Pristine CDs Intracellular pH sensing XOR-AND, INHIBIT-XOR Combination [52]
Pristine CDs Arginine and Cu?* detection AND Single [11]

; 2+ 3+
Amino acid derivatized CDs Detec;ggogg e e AND, INHIBIT Single [41]
Nitrogen doped CDs Fe3* and AA detection AND Single [69]
Pristine CDs fluoride ions detection NOT, IMP, NOT-AND-OR Single, sequential [56]
Pristine CDs Cr®* and Cys detection AND Single [37]
. Zn?*, Cu®*,S* and IMP-NOR-AND, .
Polyamine coated CDs H* detection NOR-INH Integrative [57]
Fluorescent Film, Security
N, S-Codoped CDs Ink, Bioimaging, FeZ*, Fed* IMP Single [47]
and AA Sensing

I Hg?* and .
Pristine CDs glutathione detection AND Single [38]
N,S- Codoped CDs Crb* and AA detection AND Single [72]
N,S- Codoped CDs Au®* and S?~detection AND Single [73]
Nitrogen-doped CDs Hg?* and biothiols Detection IMP Single [48]

Benzalkonium chloride Cro* sensing and .
functionalized CDs antibacterial activity AND Single (671

2+ :
N-doped CDs Hg a nd glut.athloine IMP Single [49]
detection, cell imaging

Polyethyleneimine-capped N . .
fAluorescent CDs Cu“" and H,S detection INHIBIT Single [43]
CDs-gold nanoparticle Detection of pesticides INHIBIT-OR Combination [25]
Nitrogen-doped CDs Cu?* and GSH detection AND Single [39]

. chlorpromazine .
Nitrogen-doped CDs hydrochloride detection AND Single [70]
Pristine CDs Fe3* anf F~ sensing AND Single [40]
Holium doped CDs dual imaging XOR+INH-OR Integrative [58]

6. Future Perspectives

CDs-based logic gates serve as potential agents for sensing various analytes, and thus
can be used to design smart biocompatible nanodevices in the future. With the significant
advancement in computational power, it will be interesting to develop computation in
human bodies using these CDs-based logic systems. Fluorescent lifetime (FLT) may provide
great applications for CDs-based logic gates owing to its advantages over steady-state FI
detection [78-80]. This phenomenon is concentration and excitation quality independent.
Other factors, such as sample thickness, absorption by sample, FI, and photobleaching
also do not affect FLT measurements. FLT imaging microscopy (FLIM) is another imaging
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technique that can be effectively used to monitor the biologically driven logic gates. Most
of the CDs based logic gates outputs are based on FI technique that can be replaced
by phosphorescence as it has many key merits, such as longer emission FLT, minimum
interference from scattered light, and short-lived autofluorescence species, and a wide
gap between emission and excitation spectra. Though CDs are good replacements for
toxic quantum dots and silicon-based technology, low QY and blue emission restrict their
applications in biological applications. Therefore, it is important to take measures to
increase the QY and to shift the spectra towards longer wavelengths, as the penetration
depth of electromagnetic radiation is higher and the autofluorescence of tissue is minimum
at the near infra-red window. There are very few reports on red-emitting CDs based logic
gates. Recently, Gadolinium-doped [81] and holmium-doped CDs were used as contrast
agents for generating MRI signals, to construct the dual emission mode CDs based logic
gates. Both of them are unsuitable for biological applications due to the toxicity issues,
hence it is essential to synthesize a biocompatible contrast agent.

Author Contributions: Writing—original draft preparation, S.P., Writing—Review & Editing, S.P,,
H.D., YF; D.E; Supervision, Y.E, D.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All data are available upon email request. Restrictions apply to the
availability of these data. Some data are not publicly available since some articles are not open access.

Acknowledgments: Shweta Pawar thanks the Planning and Budgeting Committee (PBC) of the
Council for Higher Education of Israel for supporting with a fellowship.

Conflicts of Interest: The authors declare no financial or commercial conflict of interest of data; in
the writing of the manuscript, or in the decision to publish the results.

References

1. Ej, O, Kozak, K.; Maria, M.; Sudolska, S.; Pramanik, G.; Cigler, P.; Otyepka, M.; Zbofil, R. Photoluminescent Carbon Nanostruc-
tures. Chem. Mater. 2016, 28, 4085-4128.

2. Wang, Y,; Hu, A. Carbon quantum dots: Synthesis, properties and applications. J. Mater. Chem. C 2014, 2, 6921-6939. [CrossRef]

3. Xu,X;Ray, R, Gu,Y,; Ploehn, H.J.; Gearheart, L.; Raker, K.; Scrivens, W.A. Electrophoretic Analysis and Purification of Fluorescent
Single-Walled Carbon Nanotube Fragments. J. Am. Chem. Soc. 2004, 126, 12736-12737. [CrossRef]

4. Tuerhong, M.; XU, Y.; YIN, X.B. Review on Carbon Dots and Their Applications. Chin. J. Anal. Chem. 2017, 45, 139-150. [CrossRef]

5. Kailasa, S.K.; Mehta, V.N.; Hasan, N.; Wu, H.E. Applications of carbon dots in biosensing and cellular imaging. In Nanobiomaterials
in Medical Imaging: Applications of Nanobiomaterials; William Andrew: Norwich, NY, USA, 2016; pp. 339-364. ISBN 9780323417389.

6. Xu, D, Lin, Q.; Chang, H.T. Recent Advances and Sensing Applications of Carbon Dots. Small Methods 2020, 4, 1-17. [CrossRef]

7.  Sakdaronnarong, C.; Sangjan, A.; Boonsith, S.; Kim, D.C.; Shin, H.S. Recent developments in synthesis and photocatalytic
applications of carbon dots. Catalysts 2020, 10, 320. [CrossRef]

8. Niu, Y,; Ling, G,; Wang, L.; Guan, S.; Xie, Z.; Barnoy, E.; Zhou, S.; Fixler, D. Gold Rod-Polyethylene Glycol-Carbon Dot
Nanohybrids as Phototheranostic Probes. Nanomaterials 2018, 8, 706. [CrossRef] [PubMed]

9. Liu, X; Liu, L,; Hu, X,; Zhou, S.; Ankri, R.; Fixler, D.; Xie, Z. Multimodal bioimaging based on gold nanorod and carbon dot
nanohybrids as a novel tool for atherosclerosis detection. Nano Res. 2018, 11, 1262-1273. [CrossRef]

10. Pal, A.; Sk, M.P; Chattopadhyay, A. Recent advances in crystalline carbon dots for superior application potential. Mater. Adv.
2020, 1, 525-553. [CrossRef]

11. Lu, W, Gao, Y, Jiao, Y,; Shuang, S.; Li, C.; Dong, C. Carbon nano-dots as a fluorescent and colorimetric dual-readout probe for the
detection of arginine and Cu2+ and its logic gate operation. Nanoscale 2017, 9, 11545-11552. [CrossRef]

12. De Silva, P.A.; Gunaratne, N.H.Q.; McCoy, C.P. A molecular photoionic and gate based on fluorescent signalling. Nature 1993, 364,
42-44. [CrossRef]

13. Bozdemir, O.A.; Guliyev, R.; Buyukcakir, O.; Selcuk, S.; Kolemen, S.; Gulseren, G.; Nalbantoglu, T.; Boyaci, H.; Akkaya, E.U.
Selective manipulation of ICT and PET processes in styryl-bodipy derivatives: Applications in molecular logic and fluorescence
sensing of metal ions. J. Am. Chem. Soc. 2010, 132, 8029-8036. [CrossRef] [PubMed]

14. Wright, G.D,; Yao, C.Y.; Moody, T.S.; De Silva, A.P. Fluorescent molecular logic gates based on photoinduced electron transfer
(PET) driven by a combination of atomic and biomolecular inputs. Chem. Commun. 2020, 56, 6838—-6841. [CrossRef] [PubMed]

15. Hamed, A.; Ndao, S. NanoThermoMechanical AND and OR Logic Gates. Sci. Rep. 2020, 10, 1-8. [CrossRef]

16. El-Atab, N.; Canas, J.C.; Hussain, M.M. Pressure-Driven Two-Input 3D Microfluidic Logic Gates. Adv. Sci. 2020, 7, 1903027.

[CrossRef]


http://doi.org/10.1039/C4TC00988F
http://doi.org/10.1021/ja040082h
http://doi.org/10.1016/S1872-2040(16)60990-8
http://doi.org/10.1002/smtd.201900387
http://doi.org/10.3390/catal10030320
http://doi.org/10.3390/nano8090706
http://www.ncbi.nlm.nih.gov/pubmed/30201913
http://doi.org/10.1007/s12274-017-1739-4
http://doi.org/10.1039/D0MA00108B
http://doi.org/10.1039/C7NR02336G
http://doi.org/10.1038/364042a0
http://doi.org/10.1021/ja1008163
http://www.ncbi.nlm.nih.gov/pubmed/20297820
http://doi.org/10.1039/D0CC00478B
http://www.ncbi.nlm.nih.gov/pubmed/32432237
http://doi.org/10.1038/s41598-020-59181-2
http://doi.org/10.1002/advs.201903027

Nanomaterials 2021, 11, 232 14 of 16

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

Uchiyama, S.; Kawai, N.; De Silva, A.P,; Iwai, K. Fluorescent Polymeric AND Logic Gate with Temperature and pH as Inputs. J.
Am. Chem. Soc. 2004, 126, 3032-3033. [CrossRef]

Gust, D.; Andréasson, J.; Moore, T.A.; Pischel, U. Data and signal processing using photochromic molecules. Chem. Commun.
2012, 48, 1947-1957. [CrossRef]

Beiderman, M.; Ashkenazy, A.; Segal, E.; Barnoy, E.A.; Motiei, M.; Sadan, T.; Salomon, A.; Rahimipour, S.; Fixler, D.; Popovtzer, R.
Gold Nanorod-Based Bio-Barcode Sensor Array for Enzymatic Detection in Biomedical Applications. ACS Appl. Nano Mater.
2020, 3, 8414-8423. [CrossRef]

Barnoy, E.A.; Motiei, M.; Tzror, C.; Rahimipour, S.; Popovtzer, R.; Fixler, D. Biological Logic Gate Using Gold Nanoparticles and
Fluorescence Lifetime Imaging Microscopy. ACS Appl. Nano Mater. 2019, 2, 6527-6536. [CrossRef]

Stojanovic, M.N.; Stefanovic, D.; Rudchenko, S. Exercises in molecular computing. Acc. Chem. Res. 2014, 47, 1845-1852. [CrossRef]
Cooper, C.R.; James, T.D. Selective D-glucosamine hydrochloride fluorescence signalling based on ammonium cation and diol
recognition. Chem. Commun. 1997, 15, 1419-1420. [CrossRef]

Boorboor Azimi, E.; Badiei, A.; Jafari, M.; Banitalebi Dehkordi, A.; Ghasemi, J.B.; Ziarani, G.M. Boron-doped graphitic carbon
nitride as a novel fluorescent probe for mercury(ii) and iron(iii): A circuit logic gate mimic. New J. Chem. 2019, 43, 12087-12093.
[CrossRef]

Bogireddy, N.K.R.; Barba, V.; Agarwal, V. Nitrogen-Doped Graphene Oxide Dots-Based “turn-OFF” H202, Au(IIl), and “turn-
OFF-ON” Hg(II) Sensors as Logic Gates and Molecular Keypad Locks. ACS Omega 2019, 4, 10702-10713. [CrossRef] [PubMed]
Korram, J.; Dewangan, L.; Nagwanshi, R.; Karbhal, I.; Ghosh, K.K.; Satnami, M.L. A carbon quantum dot-gold nanoparticle
system as a probe for the inhibition and reactivation of acetylcholinesterase: Detection of pesticides. New J. Chem. 2019, 43,
6874-6882. [CrossRef]

Cao, Q.; Li, J.; Wang, E. Recent advances in the synthesis and application of copper nanomaterials based on various DNA
scaffolds. Biosens. Bioelectron. 2019, 132, 333-342. [CrossRef]

Zhang, S.; Shi, W.; Li, K.B.; Chen, E; Su, J.; Han, D.M. Graphene oxide/silver nanoclusters based logic devices and their
application to multiplexed analysis of miRNA. Sens. Actuators B Chem. 2018, 273, 408—417. [CrossRef]

Zhang, J.; Yu, S.-H. Carbon dots: Large-scale synthesis, sensing and bioimaging. Mater. Today 2016, 19, 382-393. [CrossRef]
Zeng, S.; Zhang, Y.; Li, B.; Pun, E.Y.B. Ultrasmall optical logic gates based on silicon periodic dielectric waveguides. Photonics
Nanostructures Fundam. Appl. 2010, 8, 32-37. [CrossRef]

Wang, R.; Lu, K.Q.; Tang, Z.R.; Xu, Y.J. Recent progress in carbon quantum dots: Synthesis, properties and applications in
photocatalysis. J. Mater. Chem. A 2017, 5, 3717-3734. [CrossRef]

Verhagen, A.; Kelarakis, A. Carbon dots for forensic applications: A critical review. Nanomaterials 2020, 10, 1-27. [CrossRef]
Erbas-Cakmak, S.; Kolemen, S.; Sedgwick, A.C.; Gunnlaugsson, T.; James, T.D.; Yoon, J.; Akkaya, E.U. Molecular logic gates: The
past, present and future. Chem. Soc. Rev. 2018, 47, 2228-2248. [CrossRef] [PubMed]

Daly, B.; Silverson, V.A.D,; Yao, C.Y.; Chen, Z.Q.; de Silva, A.P. Molecular Logic Gates as Fluorescent Sensors. In Comprehensive
Supramolecular Chemistry II; Elsevier Inc.: Amsterdam, The Netherlands, 2017; Volume 8, pp. 3-19. ISBN 9780128031988.
Barnoy, E.A.; Popovtzer, R.; Fixler, D. Fluorescence for biological logic gates. J. Biophotonics 2020, 13, 1-15. [CrossRef] [PubMed]
Dhenadhayalan, N.; Lin, K.C. Chemically Induced Fluorescence Switching of Carbon-Dots and Its Multiple Logic Gate Imple-
mentation. Sci. Rep. 2015, 5, 10012. [CrossRef] [PubMed]

Su, Y,; Shi, B,; Liao, S.; Zhao, J.; Chen, L.; Zhao, S. Silver Nanoparticles/N-Doped Carbon-Dots Nanocomposites Derived from
Siraitia Grosvenorii and Its Logic Gate and Surface-Enhanced Raman Scattering Characteristics. ACS Sustain. Chem. Eng. 2016, 4,
1728-1735. [CrossRef]

Gao, Y;; Jiao, Y.; Lu, W,; Liu, Y,; Han, H.; Gong, X.; Xian, M.; Shuang, S.; Dong, C. Carbon dots with red emission as a fluorescent
and colorimeteric dual-readout probe for the detection of chromium(vi) and cysteine and its logic gate operation. J. Mater. Chem.
B 2018, 6, 6099-6107. [CrossRef]

Bai, Z.; Yan, F; Xu, J.; Zhang, ].; Wei, ].; Luo, Y.; Chen, L. Dual-channel fluorescence detection of mercuric (II) and glutathione by
down- and up-conversion fluorescence carbon dots. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2018, 205, 29-39. [CrossRef]
Gao, Y.; Zhang, H.; Shuang, S.; Han, H.; Dong, C. An “on-off-on” fluorescent nanoprobe for recognition of Cu2+ and GSH based
on nitrogen co-doped carbon quantum dots, and its logic gate operation. Anal. Methods 2019, 11, 2650-2657. [CrossRef]

Li, L.; Shi, L.; Jia, J.; Jiao, Y.; Gao, Y.; Liu, Y.; Dong, C.; Shuang, S. “On-off-on” detection of Fe3+ and F—, biological imaging,
and its logic gate operation based on excitation-independent blue-fluorescent carbon dots. Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 2020, 227, 117716. [CrossRef]

Cheng, H.J.; Kao, C.L.; Chen, Y.F; Huang, P.C.; Hsu, C.Y.; Kuei, C.H. Amino acid derivatized carbon dots with tunable selectivity
as logic gates for fluorescent sensing of metal cations. Microchim. Acta 2017, 184, 3179-3187. [CrossRef]

Singh, H.; Sidhu, J.S.; Mahajan, D.K.; Singh, N. A carbon quantum dot and rhodamine-based ratiometric fluorescent complex for
the recognition of histidine in aqueous systems. Mater. Chem. Front. 2019, 3, 476—483. [CrossRef]

Chen, Z.H.; Han, X.Y,; Lin, Z.Y,; Fan, Y.L.; Shi, G.; Zhang, S.; Zhang, M. Facile reflux synthesis of polyethyleneimine-capped
fluorescent carbon dots for sequential bioassays toward Cu?* /H,S and its application for a logic system. Biotechnol. Appl. Biochem.
2019, 66, 426-433. [CrossRef] [PubMed]


http://doi.org/10.1021/ja039697p
http://doi.org/10.1039/C1CC15329C
http://doi.org/10.1021/acsanm.0c01819
http://doi.org/10.1021/acsanm.9b01457
http://doi.org/10.1021/ar5000538
http://doi.org/10.1039/a703300a
http://doi.org/10.1039/C9NJ03127H
http://doi.org/10.1021/acsomega.9b00858
http://www.ncbi.nlm.nih.gov/pubmed/31460168
http://doi.org/10.1039/C9NJ00555B
http://doi.org/10.1016/j.bios.2019.01.046
http://doi.org/10.1016/j.snb.2018.06.027
http://doi.org/10.1016/j.mattod.2015.11.008
http://doi.org/10.1016/j.photonics.2010.01.002
http://doi.org/10.1039/C6TA08660H
http://doi.org/10.3390/nano10081535
http://doi.org/10.1039/C7CS00491E
http://www.ncbi.nlm.nih.gov/pubmed/29493684
http://doi.org/10.1002/jbio.202000158
http://www.ncbi.nlm.nih.gov/pubmed/32537894
http://doi.org/10.1038/srep10012
http://www.ncbi.nlm.nih.gov/pubmed/25943914
http://doi.org/10.1021/acssuschemeng.5b01698
http://doi.org/10.1039/C8TB01580E
http://doi.org/10.1016/j.saa.2018.07.012
http://doi.org/10.1039/C9AY00424F
http://doi.org/10.1016/j.saa.2019.117716
http://doi.org/10.1007/s00604-017-2336-7
http://doi.org/10.1039/C8QM00554K
http://doi.org/10.1002/bab.1739
http://www.ncbi.nlm.nih.gov/pubmed/30806989

Nanomaterials 2021, 11, 232 15 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.
59.
60.
61.
62.
63.
64.
65.
66.

67.

68.

69.

Bu, X.; Fu, Y,; Jiang, X.; Jin, H.; Gui, R. Self-assembly of DNA-templated copper nanoclusters and carbon dots for ratiometric
fluorometric and visual determination of arginine and acetaminophen with a logic-gate operation. Microchim. Acta 2020, 187, 154.
[CrossRef] [PubMed]

Liu, T.; Li, N.; Dong, J.X.; Luo, H.Q.; Li, N.B. Fluorescence detection of mercury ions and cysteine based on magnesium and
nitrogen co-doped carbon quantum dots and IMPLICATION logic gate operation. Sens. Actuators B Chem. 2016, 231, 147-153.
[CrossRef]

Tian, T.; Zhong, Y.; Deng, C.; Wang, H.; He, Y.; Ge, Y.; Song, G. Brightly near-infrared to blue emission tunable silver-carbon dot
nanohybrid for sensing of ascorbic acid and construction of logic gate. Talanta 2017, 162, 135-142. [CrossRef]

Bandi, R.; Devulapalli, N.P,; Dadigala, R.; Gangapuram, B.R.; Guttena, V. Facile Conversion of Toxic Cigarette Butts to N,S-
Codoped Carbon Dots and Their Application in Fluorescent Film, Security Ink, Bioimaging, Sensing and Logic Gate Operation.
ACS Omega 2018, 3, 13454-13466. [CrossRef]

Liao, S.; Li, X;; Yang, H.; Chen, X. Nitrogen-doped carbon dots rapid and selective detection of mercury ion and biothiol and
construction of an IMPLICATION logic gate. Talanta 2019, 194, 554-562. [CrossRef]

Singh, V.K,; Singh, V.; Yadav, PK.; Chandra, S.; Bano, D.; Koch, B.; Talat, M.; Hasan, S.H. Nitrogen doped fluorescent carbon
quantum dots for on-off-on detection of Hg2+ and glutathione in aqueous medium: Live cell imaging and IMPLICATION logic
gate operation. J. Photochem. Photobiol. A Chem. 2019, 384, 112042. [CrossRef]

Fang, Y.; Zhou, L.; Zhao, J.; Zhang, Y.; Yang, M.; Yi, C. Facile synthesis of pH-responsive gadolinium(III)-doped carbon nanodots
with red fluorescence and magnetic resonance properties for dual-readout logic gate operations. Carbon N. Y. 2020, 166, 265-272.
[CrossRef]

Xie, Y.J.; Wu, W.Y,; Chen, H.; Li, X.; Zhang, H.L.; Liu, L.L.; Shao, X.X,; Shan, C.E; Liu, W.S.; Tang, Y. An Elaborate Supramolecular
Assembly for a Smart Nanodevice for Ratiometric Molecular Recognition and Logic Gates. Chem. A Eur. |. 2016, 22, 8339-8345.
[CrossRef]

Lan, C.; Zhang, L.; Shi, B.; Chen, D.; Zhao, L.; Zhao, S. Fluorescent carbon dots with tunable emission by dopamine for sensing of
intracellular pH, elementary arithmetic operations and a living cell imaging based INHIBIT logic gate. J. Mater. Chem. B 2017, 5,
5265-5271. [CrossRef]

Li, M.; Wang, Z.; Liang, J.; Yao, H.; Shen, L.; Liu, H.; Fan, L. A chemical/molecular 4-input/2-output keypad lock with easy
resettability based on red-emission carbon dots-Prussian blue composite film electrodes. Nanoscale 2018, 10, 7484-7493. [CrossRef]
[PubMed]

Feng, L.; Zhao, A.; Ren, ].; Qu, X. Lighting up left-handed Z-DNA: Photoluminescent carbon dots induce DNA B to Z transition
and perform DNA logic operations. Nucleic Acids Res. 2013, 41, 7987-7996. [CrossRef] [PubMed]

Gui, R;; Jin, H.; Wang, Z.; Zhang, F.; Xia, J.; Yang, M.; Bi, S.; Xia, Y. Room-temperature phosphorescence logic gates developed
from nucleic acid functionalized carbon dots and graphene oxide. Nanoscale 2015, 7, 8289-8293. [CrossRef] [PubMed]
Vandarkuzhali, S.A.A.; Natarajan, S.; Jeyabalan, S.; Sivaraman, G.; Singaravadivel, S.; Muthusubramanian, S.; Viswanathan, B.
Pineapple Peel-Derived Carbon Dots: Applications as Sensor, Molecular Keypad Lock, and Memory Device. ACS Omega 2018, 3,
12584-12592. [CrossRef] [PubMed]

Zou, W.S.; Zhao, Q.C.; Kong, W.L.; Wang, X.F,; Chen, X.M.; Zhang, J.; Wang, Y.Q. Multi-level fluorescent logic gate based on
polyamine coated carbon dots capable of responding to four stimuli. Chem. Eng. ]. 2018, 337, 471-479. [CrossRef]

Fang, Y.; Zhou, L.; Yang, J.; Zhao, J.; Zhang, Y.; Yi, C.; Yi, C. Multilevel, Dual-Readout Logic Operations Based on pH-Responsive
Holmium(III)-Doped Carbon Nanodots. ACS Appl. Bio Mater. 2020, 3, 3761-3769. [CrossRef]

Pan, W.D.; Nalasani, M. Reversible logic. IEEE Potentials 2005, 24, 38—41. [CrossRef]

Vally, A. Low Power Computing Logic Gates design using Reversible logic. [JAIEM 2014, 3, 123-129.

Sun, X.; Lei, Y. Fluorescent carbon dots and their sensing applications. TrAC Trends Anal. Chem. 2017, 89, 163-180. [CrossRef]
Khan, Z.G.; Patil, PO. A comprehensive review on carbon dots and graphene quantum dots based fluorescent sensor for biothiols.
Microchem. J. 2020, 157, 105011. [CrossRef]

Zhu, J.H.; Li, M.M,; Liu, S.P; Liu, Z.F,; Li, Y.F; Hu, X.L. Fluorescent carbon dots for auramine O determination and logic gate
operation. Sens. Actuators B Chem. 2015, 219, 261-267. [CrossRef]

Sk, M.P; Sailapu, S.K.; Chattopadhyay, A. Luminescent carbon dots for logic operations in two phases. ChemPhysChem 2015, 16,
723-727. [CrossRef] [PubMed]

Yuan, Y.; Zhao, X.; Liu, S.; Li, Y.; Shi, Y.; Yan, J.; Hu, X. A fluorescence switch sensor used for D-Penicillamine sensing and logic
gate based on the fluorescence recovery of carbon dots. Sens. Actuators B Chem. 2016, 236, 565-573. [CrossRef]

Yuan, Y,; Jiang, J.; Liu, S.; Yang, J.; Zhang, H.; Yan, J.; Hu, X. Fluorescent carbon dots for glyphosate determination based on
fluorescence resonance energy transfer and logic gate operation. Sens. Actuators B Chem. 2017, 242, 545-553. [CrossRef]

Das, P; Ganguly, S.; Bose, M.; Ray, D.; Ghosh, S.; Mondal, S.; Aswal, V.K; Das, A.K,; Banerjee, S.; Das, N.C. Surface quaternized
nanosensor as a one-arrow-two-hawks approach for fluorescence turn “on-off-on” bifunctional sensing and antibacterial activity.
New J. Chem. 2019, 43, 6205-6219. [CrossRef]

Du, Y.; Guo, S. Chemically doped fluorescent carbon and graphene quantum dots for bioimaging, sensor, catalytic and photoelec-
tronic applications. Nanoscale 2016, 8, 2532-2543. [CrossRef]

Du, F; Gong, X.; Lu, W,; Liu, Y,; Gao, Y.; Shuang, S.; Xian, M.; Dong, C. Bright-green-emissive nitrogen-doped carbon dots as a
nanoprobe for bifunctional sensing, its logic gate operation and cellular imaging. Talanta 2018, 179, 554-562. [CrossRef]


http://doi.org/10.1007/s00604-020-4146-6
http://www.ncbi.nlm.nih.gov/pubmed/32020297
http://doi.org/10.1016/j.snb.2016.02.141
http://doi.org/10.1016/j.talanta.2016.10.021
http://doi.org/10.1021/acsomega.8b01743
http://doi.org/10.1016/j.talanta.2018.09.114
http://doi.org/10.1016/j.jphotochem.2019.112042
http://doi.org/10.1016/j.carbon.2020.05.060
http://doi.org/10.1002/chem.201505082
http://doi.org/10.1039/C7TB01072A
http://doi.org/10.1039/C8NR01258J
http://www.ncbi.nlm.nih.gov/pubmed/29637973
http://doi.org/10.1093/nar/gkt575
http://www.ncbi.nlm.nih.gov/pubmed/23814186
http://doi.org/10.1039/C4NR07620F
http://www.ncbi.nlm.nih.gov/pubmed/25882250
http://doi.org/10.1021/acsomega.8b01146
http://www.ncbi.nlm.nih.gov/pubmed/30411011
http://doi.org/10.1016/j.cej.2017.12.123
http://doi.org/10.1021/acsabm.0c00356
http://doi.org/10.1109/MP.2005.1405801
http://doi.org/10.1016/j.trac.2017.02.001
http://doi.org/10.1016/j.microc.2020.105011
http://doi.org/10.1016/j.snb.2015.05.032
http://doi.org/10.1002/cphc.201402747
http://www.ncbi.nlm.nih.gov/pubmed/25581414
http://doi.org/10.1016/j.snb.2016.06.007
http://doi.org/10.1016/j.snb.2016.11.050
http://doi.org/10.1039/C8NJ06308G
http://doi.org/10.1039/C5NR07579C
http://doi.org/10.1016/j.talanta.2017.11.030

Nanomaterials 2021, 11, 232 16 of 16

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Zhang, L.; Qin, J.; Yang, Q.; Wei, S.; Yang, R. Cost-effective and facile fluorescent probes for label-free recognition of chlorpro-
mazine hydrochloride and logic gate operation. J. Photochem. Photobiol. A Chem. 2019, 382, 111918. [CrossRef]

Zhang, J.; Tse, K.; Wong, M.; Zhang, Y.; Zhu, ]. A brief review of co-doping. Front. Phys 2016, 11, 117405. [CrossRef]

Yang, H.; He, L.; Long, Y.; Li, H.; Pan, S.; Liu, H.; Hu, X. Fluorescent carbon dots synthesized by microwave-assisted pyrolysis for
chromium(VI) and ascorbic acid sensing and logic gate operation. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2018, 205, 12-20.
[CrossRef]

Sharma, V.; Kaur, N.; Tiwari, P,; Saini, A.K.; Mobin, S.M. Multifunctional fluorescent “Off-On-Off” nanosensor for Au3+ and S2—
employing N-S co-doped carbon—-dots. Carbon N. Y. 2018, 139, 393—403. [CrossRef]

Feng, D.Q.; Liu, G.; Chen, Z,; Lu, H.; Gao, Y.; Fang, X. A logic gate for fluoride anion detection based on carbon dots/gold
nanoparticles. Microchem. J. 2020, 157, 104977. [CrossRef]

Oliveira-Silva, R.; Sousa-Jeronimo, M.; Botequim, D.; Silva, N.J.O.; Paulo, PM.R,; Prazeres, D.M.F. Monitoring Proteolytic Activity
in Real Time: A New World of Opportunities for Biosensors. Trends Biochem. Sci. 2020, 45, 604-618. [CrossRef] [PubMed]

Pan, J.; He, Y; Liu, Z.; Chen, J. Dual recognition element-controlled logic DNA circuit for COVID-19 detection based on
exonuclease III and DNAzyme. Chem. Commun. 2021. advance article. [CrossRef]

Jana, J.; Aditya, T.; Ganguly, M.; Pal, T. Carbon dot-MnO2 FRET system for fabrication of molecular logic gates. Sens. Actuators B
Chem. 2017, 246, 716-725. [CrossRef]

Yahav, G.; Gershanov, S.; Salmon-Divon, M.; Ben-Zvi, H.; Mircus, G.; Goldenberg-Cohen, N.; Fixler, D. Pathogen Detection Using
Frequency Domain Fluorescent Lifetime Measurements. IEEE Trans. Biomed. Eng. 2018, 65, 2731-2741. [CrossRef]

Yahav, G.; Hirshberg, A.; Salomon, O.; Amariglio, N.; Trakhtenbrot, L.; Fixler, D. Fluorescence lifetime imaging of DAPI-stained
nuclei as a novel diagnostic tool for the detection and classification of B-cell chronic lymphocytic leukemia. Cytom. Part A 2016,
89, 644-652. [CrossRef]

Fixler, D.; Namer, Y.; Yishay, Y.; Deutsch, M. Influence of fluorescence anisotropy on fluorescence intensity and lifetime
measurement: Theory, simulations and experiments. IEEE Trans. Biomed. Eng. 2006, 53, 1141-1152. [CrossRef]

He, X,; Luo, Q.; Zhang, J.; Chen, P.; Wang, H.J.; Luo, K.; Yu, X.Q. Gadolinium-doped carbon dots as nano-theranostic agents for
MR/FL diagnosis and gene delivery. Nanoscale 2019, 11, 12973-12982. [CrossRef]


http://doi.org/10.1016/j.jphotochem.2019.111918
http://doi.org/10.1007/s11467-016-0577-2
http://doi.org/10.1016/j.saa.2018.07.015
http://doi.org/10.1016/j.carbon.2018.07.004
http://doi.org/10.1016/j.microc.2020.104977
http://doi.org/10.1016/j.tibs.2020.03.011
http://www.ncbi.nlm.nih.gov/pubmed/32386890
http://doi.org/10.1039/D0CC06799G
http://doi.org/10.1016/j.snb.2017.02.129
http://doi.org/10.1109/TBME.2018.2814597
http://doi.org/10.1002/cyto.a.22890
http://doi.org/10.1109/TBME.2006.873539
http://doi.org/10.1039/C9NR03988K

	Introduction 
	Logic Output 
	Single Output 
	Combinational Logic Output 
	Sequential Output 
	Reversible Output 

	Sensing Mechanisms of CDs Based Logic System 
	Carbon Dots Design for Logic Function 
	Pristine CDs 
	Functionalized CDs 
	Doped CDs 
	Co-Doped CDs 
	Other Complexes with CDs 

	Conclusions 
	Future Perspectives 
	References

