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ABSTRACT: The interest in nanomaterials resides in the fact that they can
be used to create smaller, faster, and more portable systems. Nanotechnology 7
is already transforming health care. Nanoparticles are being used by scientists e
to target malignancies, improve drug delivery systems, and improve medical  Trypsin
imaging. Integration of biomolecular logic gates with nanostructures has

opened new paths in illness detection and therapy that need precise control i l
of complicated components. Most studies have used fluorescence intensity

techniques to implement the logic function. Its drawbacks, mainly when

working with nanoparticles in intracellular media, include fluctuations in excitation power, fluorophore concentration dependence,
and interference from cell autofluorescence. We suggest using fluorescence lifetime imaging microscopy (FLIM) in order to
circumvent these constraints. Designing a nanohybrid composed of gold nanoparticles (AuNPs) and red-emitting carbon dots
(CDs) can be used to develop a FLIM-based logic gate that can respond to multiple input parameters. Our findings indicate a
nanohybrid that can serve as a nano-computer to receive and integrate chemical and biochemical stimuli and produce a definitive
output measured by FLIM. This can open a new research avenue for enhanced diagnostics and therapy that require complicated
factor handling and precise control. The AuNPs are conjugated to CDs’ surfaces through a strong covalent linkage. The AuNP—CD
nanohybrid shows fluorescence lifetime (FLT) quenching of pristine CDs after conjugation to AuNPs. The FLT was reduced from
3.61 + 0.037 to 2.48 + 0.040 ns. This quenched FLT can be recovered back by using trypsin as a recovering agent, giving us a
reversible logic output. The FLT was recovered to 3.01 + 0.01 ns after trypsin addition. This “on—off—on” response can be used to
construct the IMPLICATION logic gate.
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1. INTRODUCTION

Recent advances in nanotechnology have ?romoted the
. . . . . -3 o s

development of diverse biomedical applications. ~~ Combining

the logic gates with nanomaterials has paved innovative

flux, catalysis, or affinity to relevant molecules. Current
stimulus-responsive nanomaterials are mostly considered as
“YES/NO” gated devices.'® Yet, these are inadequate for
defining biological conditions, particularly in biosensing and

avenues in disease diagnostic and therapy (theranostics) that
comprises precise control and handling of complex factors.””
Nanomaterials of various types have unique physicochemical
and surface properties that can improve activity and in vivo
bioavailability of various therapies.” In particular, stimulus-
responsive nanomaterials, which respond to environmental
factors such as enzymes, pH, light, or temperature, can
enhance therapy specificity and lower potential side effects.”~ "’
However, the accuracy and precision of such nanomaterials
remain limited by disease heterogeneity and the complex in
vivo environment.'' The recent combination of logic gates with
nanoparticles has emerged as a potentially effective solution to
address these challenges* and can open new paths in disease
diagnostics and therapy (theranostics) that require precise
control and handling of complex factors. Logic gates were
originally defined as physical or computational devices
implementing Boolean logic operations upon receiving inputs
and generating specific outputs.'” This computational concept
of logic gates can be applied to the design of nanomaterials
with intelligent stimulus-activation by single or multiple
inputs—including chemical or biological inputs such as ion
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disease diagnosis. Thus, efforts have been made to develop
nanodevices incorporating logic gates that can execute complex
information processes.

Personalized logic function within living bodies can be
achieved using gold nanoparticles (AuNPs) as they have
tremendous biomedical and biochemical applications.'” ™"’
AuNPs are popular due to their non-toxic nature, easy
modification,””*" biocompatibility,”> and tunable optical
properties” along with a wide absorption cross section.”* To
use AuNPs for fluorescence-based logic operation, they should
be combined with a fluorophore. Carbon dots (CDs) are
recently developed fluorescent carbon nanomaterials with
excellent optical and structural properties, which can address a
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Figure 1. Schematic representation of FLIM nano logic gates based on AuNP—CD (gold nanoparticle—carbon dot) nanohybrid.

HoN

+ HNO,
NH,

p-phenylenediamine Nitric acid

600 nm

180° C,4h

Carbon Dots

Figure 2. Schematic representation of the synthesis of red-emitting CDs. The CDs were synthesized via hydrothermal treatment of p-PD and nitric

acid.

variety of logic functions."” The CDs are suitable candidates
due to their chemical inertness, biocompatibility, facile
functionalization, and high photostability.””~>’ CDs emitting
in the near-infrared window are of significant importance for
biological logic functions due to their high electromagnetic
radiation penetration depth and minimum autofluorescence of
tissue.”* " Nanohybrids formed between AuNPs and CDs
have potential to serve as novel fluorescent nanomaterials, and
as such these hybrids can retain the optical properties of both
nanoparticles and CDs.

Fluorescence lifetime (FLT) imaging microscopy (FLIM) is
a highly advanced functional microscopy technique, which can
be used to implement fluorescent-based logic gates.”"”” In
contrast to conventional fluorescence intensity (FI) methods,
FLIM is independent of both the power of the excitation
source and dye concentration. FLT can be altered by reactions
between AuNPs and CDs, and variations in the proximity
between AuNPs and CDs can be deduced more accurately by
FLT than by FI. Due to these features, development of an
AuNP—CD (AuCD) nanohybrid has potential to serve as a
useful FLIM nanoprobe.” The challenge is combining AuNPs
and CDs to generate a new nanohybrid34 containing FLIM-
based logic gates that can serve for various biomedical
applications.

In this study, we describe nanohybrids made up of
biocompatible fluorophores like CDs and AuNPs that can be
utilized to make FLIM-based nano logic gates. CDs were
incorporated on the surface of AuNPs by l-ethyl-3-(3-
dimethyl-aminopropyl)carbodiimide hydrochloride (EDC)—
N-hydroxy succinimide (NHS) coupling to create the
nanosized fluorescent hybrid (Figure 1). To obtain the
appropriate fluorescence logic output, we will use AuNPs
and trypsin as inputs. As a result, CDs can be used as a
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nanoscale IMPLICATION (IMP) logic gate, with AuNPs and
trypsin as chemical inputs and the FLIM data as the output.
Designing a reversible logic output with CDs, quenching its
fluorescence with AuNPs, and recovering with trypsin are part
of our technique. Because of its reversible system, the
synthesized nanohybrid can be used to make reusable NP
devices.

2. MATERIALS AND METHODS

2.1. Preparation of Samples. 2.1.1. Preparation of Red-
Emitting CDs. The red-emitting CDs were synthesized
through hydrothermal treatment on p-phenylenediamine (p-
PD) and nitric acid with the concentration ratio of ¢[p-PD]/
c[HNO;] to be 2.5. Here, the p-PD acts as a carbon source,
while nitric acid is used for nitrogen doping. The mixture was
thermalized at 180 °C for 4 h in an autoclave inside the furnace
(Figure 2). After that, the obtained solution was subjected to
centrifugation at 20 000 rpm for 30 min and the supernatant
was collected and lyophilized.

2.1.2. Purification of Red-Emitting CDs. The obtained
CDs, prepared with the aid of volatile acid (HNO;), were
separated to the acid-contained crude products by solvent
evaporation. Crude products were washed repeatedly with
hexane to remove the unreacted p-PD and then centrifuged at
14 000 rpm for 30 min to remove any polymer precipitation.
Finally, the solution was filtered through a 022 um filter
membrane to remove the precipitation. Purified CD solutions
were dried to obtain CD powder by oven drying.

2.1.3. Preparation of PEG-Coated Gold Colloids. AuNPs
were prepared in situ by addition of HAuCl,:3H,O to the
PEG—NH, solution containing NaOH. In a typical process,
340 uL PEG and 0.75 mL of 1% NaOH were mixed in a 50 mL
beaker with a magnetic stirrer and heated to 50 °C. Then,
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Figure 3. CDs, AuNPs, and AuCDs before and after conjugation: (a) DLS, (b) { potential measurements, and (c) absorption spectra.

19.74 mg of gold precursor (HAuCl,-3H,0) was added under
vigorous stirring. The resulting solution was slowly heated to
80 °C and stirred till the solution turned ruby red. The color
change from transparent to ruby red confirmed the formation
of PEG-coated AuNPs.

2.1.4. Preparation of AuCD Nanohybrid. The AuCD
nanohybrid was created through an amide linkage between the
CDs’ carboxylic group and the AuNPs’ surface amide groups.
One mL of gold colloid and EDC solution (8 L of 10 mg/
mL) along with NHS (16 uL) were taken. The solution was
vortexed and incubated for 30 min. The solution was then
centrifuged at 3600 relative centrifugal field (rcf) for S min. 1
mL of PEG-coated AuNPs was mixed with 1 mg of purified
CDs and then vortexed and mixed thoroughly and incubated
overnight.

2.1.5. Materials. The gold salt (HAuCl,-3H,0) was
procured from the ] and K Chemicals. Co. (Beijing China),
while NaOH and p-PD were purchased from Sigma-Aldrich.
Amine-terminated polyethylene glycol (NH,—PEG—COOH)
was purchased from Peng Shuo Biological Technology Co.,
Ltd. (Shanghai, China). EDC and NHS were purchased from
Aladdin (Shanghai, China). The hexane used in the study was
of analytical grade and was obtained from Sigma. Trypsin
solution was acquired from Biological Industries. Analytical
grade HNO; (70%) was procured from DAEJUNG Korea. All
chemicals were of analytical grade and used without any
further purification. Distilled water was used for the
preparation of all the solutions.

2.1.6. FLIM Measurement. The AuCD sample was
subjected to FLIM measurement in order to observe the
changes in FLT before and after the conjugation and also after
adding reagents. An inverted two-channel laser scanning
confocal microscope system (DCS 120, Becker & Hickl
GmbH, Berlin, Germany) was used to perform the FLT
measurements presented in this paper. A 495 nm LP filter and
a 1.0 mm pinhole were used to identify 256 X 256 pixel sample
regions excited by 473 nm laser pulses. The software
SPCImage v. 5.3 was used to create FLIM images (Becker &
Hickl GmbH 2015, Berlin, Germany). FLT measurements
were performed using scanning confocal PicoQuant micro time
microscope (MT200) with time-correlated single-photon
counting abilities.

2.1.7. Sample Characterization. Transmission electron
microscopy (TEM) images were obtained using a JEOL
JEM-1400 analytical TEM with an accelerating voltage of 120
kV. The ultraviolet (UV—vis) absorption spectra were
recorded using a Shimadzu UV-1900 spectrophotometer. A
Cary Eclipse spectrofluorometer (Varian, Palo Alto, CA, USA)
was used to record the fluorescence spectra and relative
quantum yield (QY) values. Rhodamine B (RhB) was used as a
reference to measure the QY values of CDs.

3. RESULTS AND DISCUSSION

3.1. CDs, AuNPs, and AuCD Nanohybrid Character-
ization. The sizes of CDs, AuNPs, and AuCDs were measured
by dynamic light scattering (DLS), and the sizes were found to
be 6 + 1.36 nm for CDs, 14 + 3.68 nm for AuNPs, and two
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peaks for AuCD nanohybrid at 23 + 5.58 and 200 + 26.74 nm
(Figure 3a). The larger AuCD hybrid aggregates were
generated when smaller AuCD nanohybrids were combined
into larger particles.

The aggregates are of nanohybrid nature and this is
confirmed through TEM images (Figure S6) and absorption
data. There is no significant change in the plasmonic peak of
AuNPs after the addition of CDs confirming non-aggregation
of AuNPs in the solution (Figure 3c). The increase in size for
AuCDs compared to AuNPs suggested the coupling of AuNPs
on the surface of the CDs. The { potential for CDs, AuNPs,
and AuCDs are 8.42 + 11.80, —28.6 + 6.17, and —25.8 + 7.28
mV, respectively (Figures 3b and S1). These ¢ values suggest
that there is an electrostatic attraction between AuNPs and
CDs for the hybrid formation, while the negative potential
value of the nanohybrid formed confirms its stabilization. The
UV absorption spectrum for CDs shows a peak at 284 nm,
which is due to z—z* transitions of C—C structure.”” The
plasmonic peak for AuNPs was around 520 nm. However, the
absorption spectra of AuCD nanohybrid were a combination of
both AuNPs and CDs with UV—vis spectra (Figure 3c) further
confirming the conjugation.

The synthesized CDs showed the typical behavior of
excitation wavelength-dependent FI (Figure 4). We saw that

300
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Figure 4. FI of red-emitting CDs when excited at different
wavelengths. The graph demonstrates the excitation-dependent
emission of CDs.

with increasing excitation wavelength, the emission bands were
shifted bathochromically, which revealed the distribution of
surface energy states on the CDs.*® The QY values of the
obtained CDs were found to be 3% (calculation given in the
Supporting Information Section S1).

The TEM images presented in Figure 5 exhibit that the
sample was well dispersed and the average sizes of the CDs,
AuNPs, and AuCDs were 7.70 + 0.56, 10 + 4.51, and 57 +
3.42 nm, respectively (Figures S2—S4).

The average particle sizes were analyzed using Image]
software. The spherical morphology was also confirmed
through this TEM analysis. Along with single nanohybrid,
bigger aggregates are also observed (Figure SS). The CDs’ FI
remained nearly constant at different temperatures (Figure S6)
ranging from 10 to 100 °C, indicating that they were stable at
higher temperatures. The effect of pH on the CDs’ FI was
measured, as shown in Figure S6. The intensity of the

CDs

Figure 5. TEM images of (a) CDs, (b) AuNPs, and (c) AuCDs.

fluorescence increased as the pH values increased from 2 to 6
in the acidic zone but decreased between 8.0 and 14.0 in the
alkaline region. Protonation of the amino groups on the surface
of carbon dots generated the decreased FI in acidic conditions.

3.2. Steady-State and FLT Analysis. Next, we measured
the FI and FLT of CDs and AuCD nanohybrids. We found a
decrease in FI after addition of AuNPs to CDs (Figure 6a).
Similarly, we also observed a decrease in FLT (Figure 6b) after
CD—AuNP interaction; the average FLT of CDs significantly
decreased from 3.61 + 0.037 to 2.48 + 0.040 ns (Table 1).
These results indicate successful formation of the AuCD
nanohybrid. The fluorescence quenching observed in FI
steady-state measurements and shortening of the FLT are
likely due to the change in the microenvironment before and
after interaction of CDs and AuNPs, which resulted in different
FLIM images for CDs and AuCDs (as seen in Figure 9).

3.3. Mechanism of Fluorescence Recovery. We next
examined the mechanism of fluorescence quenching and
recovery of the AuCDs. As shown above, the conjugation of
CDs to AuNP led to quenching of the CD’s fluorescence. This
quenching may be either static, dynamic, or intramolecular.
Assessment of CD lifetime values revealed a shortening of
lifetime after CD conjugation to AuNPs (Figure S7); this
change in lifetime rules out the possibility of static quenching
of fluorescence. The strong covalent bond (amide linkage) that
is formed between CDs and AuNPs indicates intramolecular
quenching of CD fluorescence. The shortening of FLT is likely
caused by the “through-bond” interaction®” that occurs during
formation of the nanohybrid (Figure 7).

Trypsin is a known peptide-cleaving enzyme; therefore, it
could potentially break the amide bond that forms the AuCD
nanohybrids. Thus, we tested the response of AuCD
nanohybrids to treatment with trypsin, that is, whether trypsin
can induce cleavage that would return CDs back to their
original fluorescent state. To this end, trypsin was incubated
with AuCDs (37 °C) and FLIM was then used to image
lifetimes. Ground-state interactions between CDs, AuCDs, and
trypsin are shown in Figure S8. FLIM images showed
fluorescence of CDs alone, and then, fluorescence quenching
after CD conjugation to AuNPs that created AuCDs (Figure
8). Notably, FLIM images taken after incubation of trypsin
with AuCDs showed recovery of the fluorescent state. The
FTIR spectrum of CDs showed a strong peak at 1515 cm™,
indicating the presence of the —NH group, whereas the broad
peak around 1345 cm™" corresponded to —OH deformation
vibrations. The covalent attachment of AuNPs onto the CD
surface was confirmed by the shift of the carbonyl peak of
carboxylic acid from 1623 to 1609 cm™', endorsing the
formation of an amide linkage. After trypsin treatment, the
peak again goes back to 1621 cm ™!, confirming the cleavage of
the amide bond between CDs and AuNPs (Figure S9).

Figure 9 summarizes the mechanism of CD fluorescence
quenching and recovery by AuNPs and trypsin.
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Table 1. FLT of CDs and AuCDs Calculated from Time-
Resolved Fluorescence Decay Curves

sample a (%) 7 (ns) b

CDs 100 3.61 + 0.037 1.01

AuCDs 100 2.48 + 0.040 1.09
Quencher

s,.—i)\_ .\? o
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Figure 7. Schematic representation of the fluorescence quenching
mechanism of AuCDs. Intramolecular quenching occurs when CDs
interact covalently with AuNPs.
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Figure 8. FLIM images of CDs, AuCDs, and of AuCDs with trypsin.
Trypsin treatment returned CDs back to their original fluorescent
state. Images were taken using a 473 nm laser.

3.4. Logic Gate Application. The AuCD nanohybrid can
be used for logic operations based on FLT of CDs. We have
defined “inputs” for our system as the presence of AuNPs or
trypsin. Different logics possible in the system can be
recognized by conditions such as no AuNPs and no trypsin
(0, 0), presence of AuNPs and no trypsin (1, 0), absence of
AuNPs and presence of trypsin (0, 1), and presence of both

22822

AuNPs and trypsin (1, 1). Chemical inputs such as the
presence of either AuNPs or trypsin are represented by the
Boolean “0” and “1” values. “0” indicates the absence of the
AuNPs or trypsin (OFF state), while “1” indicates the presence
of the AuNPs or trypsin (ON state) Figure 10.

The fluorescence variations of CDs were monitored
(excitation: 473 nm) with two chemical inputs such as
AuNPs and trypsin, the truth table (Table S1 and Figure S10)
for the IMPLICATION function was obtained, while the
ground-state interactions are shown with the absorption
spectra Figure S8. To assign the logic function, we need to
simply choose the current cut-off value for the system as
defined as “output”. The cut-off value was 2.48 + 0.04 ns;
above this lifetime value it was assigned ON, and below this
the output is OFF. With AuNPs and trypsin as chemical inputs
and FLIM image as the desired output, this unique optical
response has been successfully leveraged to construct an
IMPLICATION logic gate. The behavior of AuCD nanohybrid
displays the FLIM-based nano logic gate ability. It is important
to have a reversible logic system as irreversible schemes do not
allow complex logic operations.”® For an irreversible construct,
it is impossible to recognize if there is a change in condition. In
the case of the reversible system, these kinds of changes can be
studied again without the insertion of a brand new construct
into the system. It can reveal the condition repeatedly in either
positive or negative direction.

The scheme of the FLIM-based nano logic gate is depicted
in Figure 11.

4. CONCLUSIONS

In the present study, we developed a nanohybrid that
incorporates CDs and AuNPs, and which can be efficient for
constructing FLIM-based logic gates. Logic operations were
defined by chemical and biochemical inputs and by FLIM
imaging output of the nanohybrid.

FLIM is a valuable tool for logic gate definitions due to the
ability to select precise cut-off values. Although FI-based logic
gates cannot be predefined, as they depend upon both the
detection and excitation parameters, FLT values do not
depend on these parameters, or on nanoparticle concentration,
and are much more reproducible and quantifiable.
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Figure 9. Scheme of the mechanism of fluorescence quenching and recovery. CD fluorescence is quenched after conjugation to AuNP and
recovered via trypsin cleavage of the amide bond between the AuNPs and CDs.

Figure 10. FLIM images of CDs in the presence of AuNPs and
trypsin as chemical inputs, and FLIM image as the output.
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Figure 11. Scheme of the AuCD nanohybrid displaying a FLIM logic
gate behavior and its reversibility.

Here, we used red-emitting CDs, with emission profiles in
the infrared region. This feature can enable future use of
AuCDs in vivo due to high penetration of infrared light through
tissues. In addition, the AuCDs comprise a reversible system
that can enable future construction of reusable nanodevices.
Future studies can also modify the nanohybrid to affect
behavior of the next construct in the logic network and thus
provide functions similar to computer-like logic.
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