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Dopamine Sensing Based on Ultrathin Fluorescent Metal-Organic

Nanosheets

Faezeh Moghzi, Janet Soleimannejad,” Eva Carolina Sanudo, and Jan Janczak

ABSTRACT: The importance of dopamine (DA) detection as a
biomarker for several diseases, especially Parkinson’s disease, has

persuaded scientists to develop new nanomaterials for efficient sensing
of DA in clinical samples. Ultrathin metal—organic nanosheets due to

their exceptional thickness, large surface area, and flexibility are endowed
withmanyaccessibleactivesitesandoptimal surfaceinteraction withthe
target analyte molecules. In this regard, a novel layered fluorescent

metal-organic nanomaterial with a honeycomb topology based on
europium, [Eu(pzdc)(Hpzdc)(H20)]. (ECP) (H2pzdc = 2,3-pyrazine
dicarboxylic acid), was synthesized. X-ray crystallography revealed that
the 3D supramolecular architecture of ECP is constructed from
noncovalent interactions of coordinated water molecules between the
2D layers along the b axis. These layers that are only ~4 nm thick were
conveniently separated through ultrasound-induced liquid phase
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exfoliation. Optical studies show that the reduction of ECP thickness enhances the fluorescence intensity and serves as an

efficient optical marker for DA detection. ECP nanoflakes exhibited fast response and high selectivity for DA detection in clinical

samples. Good linearity for DA detection in the range of 0.1-10 uM with a detection limit of 21 nM proves the potential of ECP

1. INTRODUCTION

Dopamine (DA) is a member of the catecholamine family and
playsseveral vital rolesinthe brainandhumanbody, especially
in the neural system.! In the brain, DA functions as a
neurotransmitter to send signals to nerve cells.! Abnormal
levels of DA could be considered as an indication for many
diseases such as cancer, Parkinson’s, Schizophrenia, epilepsy,

and memory loss.>~* Therefore, the selective and sensitive
detection of DA is critical for the diagnosis of these discases.
The normal concentration of DA in urine and blood serum is
0.1 M and in the cerebrospinal fluid it ranges from 0.5 to 25
nM.’

Diverse methodologies such as high-performance liquid
chromatography, immunoassays, and spectrophotometry have
been utilized for DA detection.®® The limitations of such

methodologies are intricate instrumentation, multitude of the
process steps, complicated sample preparation, and time
consumption.!” Considering such limitations, electrochemical
and optical methods have been developed as alternative
methodologies for DA sensing in human serum, urine, and

neuronal cell lines.!!~" Despite their advantages for DA
detection, electrochemical methods suffer from interfacial

effects of competing species especially ascorbic acid (AA)
with a similar oxidation potential.?° Fluorescence detection

methodologies with high selectivity and sensitivity, fast
response, cost efficiency, and instrumentation ease-of-use can

coverweaknesses of other analytical methods.?’ Moreover, by
developing nanomaterials, the latter has proven to be an
efficient methodology for DA detection.?!-2*

Currently, ultrathin 2D nanomaterials with single or several
atomic layers have attracted remarkable attention because of
their widespread applications such as catalysis, electronics,
magnetics, optics, medicine, and sensing owing to their

nanoscale and tunable thickness, large specific surface area,
strong quantum confinement, optical transparency, mechanical
flexibility, and their extremely highnumber ofexposed surface
atoms and accessible active sites.”*~*° Following the enormous
success of graphene as a multifaceted single-atomic nanoma-
terial, efforts have been devoted to developing new ultrathin
2D nanomaterials beyond graphene that could expand our
engineering and design freedom.!-
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Ultrathin metal—organic nanosheets, as a pioneering family
of 2D hybrid materials, have emerged because of their tunable
structure and functionality.**~*" Metal-organic materials

(MOMs) are a rapidly growing class of organic—inorganic

hybrid materials, which are built through the interconnection
of the organic bridge ligands and metal centers to construct
engineered, versatile, and tunable structures with a wide range

of applications.*!~* In the past decade, MOMs have attracted

great attention as a new class of fluorescent materials for

sensing applications because of the bridge organic ligands,
metal centers, the interactions between them, and also some

host—guest supramolecular interactions that allow MOMs to
emit orinduce fluorescence.*** A few pioneering studieshave
proven the significant potential of 2D metal—organic nano-

sheets as fluorescent sensors owing to their large specific
surface area and accessible active sites, which guarantees the
high sensitivity and rapid response required for sensing
applications.**-*

Considering the abovementioned characteristics of ultrathin
metal—organic nanosheets that prove their potential as next-
generation nanosensors, herein we report a novel ultrathin
fluorescent metal—organic nanosheet of europium, [Eu(pzdc)

(Hpzdc)(H20)]. (ECP), with highly sensitive and selective
DA detection capability. ECP nanosheets were obtained using
top-down liquid exfoliation in the presence of ultrasound
irradiation and were fully characterized. Structural details were
determined using X-ray crystallography. The liquid exfoliation
process was carried out with several solvents to control the

morphology of the ECP nanoflakes. Different parameters for

DA sensing and the performance of ECP nanoflakes in the real
samples were investigated and optimized.

2. RESULT ANDDISCUSSION
2.1. Crystal Structure of [Eu(pzdc)(Hpzdc)(H20)]s. The
2D metal-organic framework of [Eu(Hpzdc)(pzdc)(H20)s]x

(ECP) with a special honeycomb topology was formed via the
reaction of Eu** ions and Hapzdc in ambient condition. The
crystal structure of ECP was determined using X-ray
crystallography. As presented in Table 1, ECP is crystallized
in the orthorhombic centrosymmetric space group Pbca. The
asymmetric unit contains one Eu** ion, which is connected to
the Hpzdc~ and pzdc?- anionic ligands and three coordinated
water molecules (Figure 1a). In the crystal lattice, each Eu®*
ion is nine-coordinated through two N atoms from Hpzdc and
pzdc and seven O atoms from four monodentate carboxylates
and three water molecules, which is compatible with the
tricapped-trigonal prismatic geometry (Figure 1b).

In the EuO7N2 polyhedron, the four Eu—O bonds (the
average distance 0f2.373 c5) linking to carboxylate groups are
slightly shorter than the Eu—O bonds linking the water

molecules (average distance 0f 2.464 c5), while the two Eu—N

bonds linking to the N-pyrazine ring are significantly longer

(average distance 0f2.782 c¢5). Table S1 shows bonds lengths
and angles surrounding the central ECP atom. As shown in
Figure 1c, each Eu atom is connected to three other Eu atoms
through four organic bridge ligands to produce 3-connecting
units. In this regard, self-assembly of 3-connecting Eu nodes
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Table 1. Crystal Data and Structure Refinement Details of

ECP

Crystal data

chemical formula
Ml’

crystal system, space group

temperature (K)
a, b, ¢ (c5)

V (c5°)

VA

radiation type

M (mm™)

crystal size (mm)
Tinin, Tmax

no. of measured, independent, and observed

[I>20(])] reflections
Rlﬂl

and linear linkers (Hpzdc and pzdc) form the 2D metal— organic

Ci12HiiEuN4O1
539.21
orthorhombic, Pbca
100

7.8240 (5), 14.5884 (8),
27.506 (2)

3139.5 3)

8

Mo Ka

4.07
0.21x0.12%0.11
0.927, 1.000

31781, 5495, 3291

0.115

layers with hexagonal compact (hep) (Figure 2a,b).

In the supramolecular architecture of compound ECP (Figure
3f), the coordinated water molecules have a key role in building

the 3D supramolecular network where 2D metal— organic layers

are connected through the intermolecular



(sin 8/A)max (¢571) 0.763

R[F? > 20(F)], wR(F?), S 0.049, 0.079, 1.02
no. of reflections 5495
no. of parameters 256
H-atom treatment H-atom
parameter
S
constrain
ed
Dmax, Domin (e ¢57°) 229, -1.39

hydrogen bonds of 02W-H2WA"--0121, O2W-H2WB- -

03, O3W-H3WA:--02ii, and O3W-H3WB:---013"
(sym- metry code as in Table S2) among uncoordinated
carboxylate groups with coordinated water molecules.
The details of H- bonding geometries are given in
Table S2.

2.2. General Characterization. The comparison

between the powder X-ray diffraction (PXRD)
pattern of the synthesized compound ECP and the
simulated pattern of ECP single crystals’ XRD data
confirms thatthe synthesized compound ECP is

structurally identical to [Eu(pzdc)(Hpzdc)- (H20)3]»
and the result shows single-phase purity of ECP
(Figure 3a,b). Moreover, the stability of ECP bulk
crystals in a biological fluid was studied by treating ECP

inPBS for6hand as exhibited in Figure 3c, the
PXRD pattern of ECP after treating with PBS

confirms its stability in the biological fluid. Asshownin

Figure 4a, the infrared spectrum of ECP shows the
symmetric Vsym(COQO) and asymmetric Vas(COO)
vibrations of the carboxylate groups at 1442 and 1635

cm™!, whichprovesthe linking of pyrazine dicarboxylic
acidsto ECP centers. Furthermore, a broad band
located in the 3000—-3500 cm™! region is attributed to

the O—H stretching vibration of
coordinated water molecules.

The thermal stability of [Eu(pzdc)(Hpzdc)(H20)s3]»
was investigated via thermal gravity analysis in the
range of 20— 1000 °C. As exhibited in Figure 5, TGA
and DTA curves have two weight-loss steps and ECP is
stable up to 200 °C. The first step could be attributed to

coordinated water molecules and the decomposition
occurred between 200 and 500 °C with a weight loss
0f 69.7% (calc. 69.0%). The exothermic peaks at

422 and 472 °C in the DTA curves confirm the full

decomposition of ECP.

2.3. Top-Down Exfoliation of ECP. The bulk
crystals of ECP, suitable for exfoliation, were washed
with distilled water and dried in air. After the

exfoliation process and at different time intervals, the
formation of nanoflakes was examined using the Tyndall

effect and SEM analysis. SEM images show that by

increasing exfoliation time to 30 min, well-shaped
ECP
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(b)

Figure 1. (a) Asymmetric unit and coordination environment of ECP with the atom numbering scheme (atoms with i and ii suffix are generated

using (i) —x+ 1, =y + 1, —z + 1 and (ii) x + 1, y, z symmetry code), (b) coordination polyhedron of the ECP ion, and (c) coordination
environment of Eu atom in ECP with regard to the pzdc bridging ligands.
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Figure 3. XRD patterns of the (a) simulated pattern based on single-crystal X-ray data of ECP, (b) bulk crystals of ECP prepared in ambient
conditions, (c) bulk crystals of ECP treated by the PBS solution, (d) ECP nanoflakes formed through the LPE method, (¢) ECP nanoflakes after
DA adsorption,and(f) exhibitionof2Dlayers’ orientationinthe crystallatticeand packing of ac layers vianoncovalent interactions between layers.
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Figure 4. (a) IR spectra of ECP as the bulk crystal as synthesized and

(b) IR spectra of ECP fak optimum duration for the delamination processes (Figure S1).
spectra o nanoflakes.

The results confirm that all three solvents showed successful

delamination of the layered crystal (Figures 6 and S1). As

shown in Figure 6, the delamination in ethanol produces

irregular nanosheets, in acetone the diamond-like nanosheets
44502

nanosheets are formed and after 30 min the lateral size of the
nanosheets is decreased. Therefore, 30 min was selected as an



Figure 6. SEM micrographs of ECP nanoflakes prepared by the LPE method with different solvents: (a) ethanol, (b) acetone, and (c) distilled

water.
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Figure 7. (a) Image of bulk crystal with red emission under the fluorescent microscope, (b—d) TEM images of ECP nanoflakes, (¢) Tyndall effect
demonstration of the colloidal suspension in water, (f) tapping mode AFM topography (in ambient air) of a layer on silicon substrate, (g) height
profile corresponding to the line in (f), and (h) ECP nanosheets’ thickness distributions as determined by AFM.

are formed, and the delamination process in distilled water
results in the desired morphology with a higher yield than the
other solvents. These results show the ability of the solvent to
control the morphology of nanosheets and delamination in
water keeps constant the morphology of the bulk crystals.
Therefore, we selected distilled water as the proper solvent for

the exfoliation and the prepared nanoflakes in water were used
for further characterizations including PXRD, scanning trans-
mission electron microscopy, Fourier transform infrared
(FTIR), energy-dispersive X-ray, and atomic force microscopy
(AFM).

As shown in Figure 7e the observation of the Tyndall effect
confirms the formation of ECP nanoflake colloidal suspen-

sions. Also, the PXRD pattern of ECP nanoflakes shows the
formation of crystalline nanosheets with orientation in the
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direction of the ac plane (020), which confirms the exfoliation of
the layered crystals because 2D networks are grown inac



planes and hydrogen bonds have connected the 2D
networks along the b-axis (Figure 3d,f). The results
show that the noncovalent interactions between
coordinated water molecules are broken with ultrasonic

irradiation to form nanoflakes. As shown in Figure

4b, the FTIR spectra of ECP nanoflakes

remained relatively constant after exfoliation, which
suggests that only the noncovalent interactions are
broken and coordinated water molecules are present
in the network. Furthermore, the comparison between

SEM and TEM of nanoflakes with an optical image of
bulk crystals confirms that the morphology of crystals
is kept constant (Figure 7b—d) during the exfoliation
process and the nanoflakes are flexible. To specify the
thickness of ECP nanoflakes, AFM was utilized. The
thin films of ECP nanoflakes were prepared by
deposition of nanoflakes onto the silicon substrate.

AFM of the prepared thin films demonstrated ~4 nm
average thickness and the results proved the
formation of nanoflakes with ~6 atomic
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Figure 8. (a) Excitation and emission spectra of ECP bulk crystals. (b) Effect of pH on the emission intensity of ECP nanoflakes in the presence of
DA (10 uM) in different pH conditions. (c) Fluorescence intensity of ECP nanoflakes in different DA concentrations and (d) plots of the ECP

nanoflakes’ emission at 618 nm vs DA concentration. Inset: The linear relationship between ECP nanoflakes’ emission at 618 nm and DA

coneentration from 0.1 te 1OM. —————

layers considering 0.729 nm d-space in the crystal lattice
(Figures 3f, 7f=h). EDS mapping of ECP nanosheets is shown

in Figure S2. The results of EDS confirm the stability of ECP

after delamination.
2.4. Optical Properties and DA Detection. The

performance of ECP nanoflakes for optical sensing was

investigated based on the fluorescence intensity. To assess

the optical properties of ECP, the absorption spectra of
H>pzde and ECP were recorded from 200 to 700 nm in
distilled water. As shown in Figures 8 and S3, both Hzpzdc and
ECP show a broad absorption band with a maximum at 280
nm, which can be ascribed to the TT — TT* transition of the

Hazpzde organic ligand. The solid-state fluorescence of ECP

upon a 280 nm excitation exhibited five characteristic Eu**

emission peaks at 581, 592, 618, 651, and 698 nm, attributed
to the emission from the *Do excited state of Eu*" ions to "F; (j
=0, 1,2, 3, 4) states. The normalized absorption and emission
spectra for ECP are shown in Figure 8a and the result proves

the antenna effect of the Hapzdc organic ligand for enhancing
the emission of Eu*" ions. The comparison between the

with the increase of the pH value from 7 to 9, the

emission of ECP bulk crystals and nanoflakes (Figure S4)
showed that the emission was enhanced upon reducing the
vertical dimensions to several nanometers, which could be
attributed to the scale-dependent internal electric field. The
red emission with a maximum at 618 nm was used for DA

sensing.*
To study the sensing capability of ECP nanoflakes for DA
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the
biological pH and maximum fluorescence intensity, we
utilized the pH of 7.4 for further analyses. Also, the sensing
time was monitored by recording the fluorescence intensity

fluorescence intensities decreased. Considering

of ECP nanoflakes in the presence of DA and the results
confirm a fast response where the fluorescence intensity
reaches its maximum within 5 min (Figure S5). To assess
the sensitivity of ECP nanoflakes for DA detection, we

studied the fluorescence intensity of ECP nanoflakes in the

presence of different DA concentrations, ranging from 0.1
to 40 pM (Figure 8c). Upon increasing the DA
concentration from 0.1 to 10 uM, the fluorescence intensity

of ECP nanoflakes was significantly enhanced but after 10

MM of DA concentration, the enhancement of fluorescence
intensity was slow and the emission intensity was relatively
constant above 20 UM of DA concentration. Interestingly,
the change of fluorescence intensity against DA

concentrationshoweda Langmuiradsorptionbehavior (Figure
8d), which is compatible with eq 1
1 1 1

= +
I-1Ih b—-—1I Kb — Io)Copa (1)

where K is the association constant, /o is the emission intensity
of ECP in the absence of DA, / ]ijs the emission intensity of

ECP  with the excess amount of DA, [ is the fluorescence

intgnsity QERCR i dhe-Recsenspy o differentameonnisof e,



sensing, the effects of pH and time on DA sensing were DA 1

_1 1
there is a linear relationship between I and c from 0.1 to
)

optimized in advance. The effect of pH on the emission DA

intensity of ECP nanoflakes in the presence of DA (10 uM)
was investigated at different pH values. As shown in Figure 8b,

10 UM of DA concentration, with a correlation coefficient (R%)
0f 0.9972. The association constant was calculated from the
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intercept/slope of the mentioned linear plot in Figure S4. The
K value 1.25 x 10° L mol~! confirms that DA is adsorbed on
the surface of ECP nanoflakes and the association of DA is
relatively strong. Furthermore, the fluorescence intensity has
good linearity with DA concentration in the range 0.1-10 ym
and is governed by the equation y = 12408x + 81903 with a

correlation coefficient (R?) of 0.9965 (Figure 8d inset). The

limit of detection (LOD) was calculated according to the 30/s
criterion, where O is the standard deviation of blank
measurements, b is the intercept, and s is the slope for the

linear region of the fluorescence intensity against the DA

concentration plot. LOD of ECP nanoflakes for DA sensing is

21 nM and this is lower than that of most reported
nanomaterials (Table S3).
2.5. Selectivity and Reusability for DA Detection. To

ensure the capability of ECP nanoflakes for DA detection in a
practical sample, we examined the selectivity of ECP
nanoflakes in the presence of the interfering species in

biological samples including histidine (His), ascorbic acid
(AA), uricacid (UA), citric acid (CA), arginine (AG), aspartic
acid (Asp), alanine (AL), tyrosine (Tyr), glucose (G), Na*, K",

Ca*",Mg?*, and Zn?". To study the effect of interfering species

on fluorescence intensity of ECP nanoflakes, apart from

individual sensing experiments for each of the species (50 uM)
and DA (10 yM), a mixture of 10 yM of DA and 50 yM of
each of the other interfering species including His, AA, CA,
UA, AG, Asp, AL, Tyr, G, Na*, K, Ca?*, Mg*", and Zn** was

used and as shown in Figure 9, the interface effect of the other

3.5

2.5

1,

15

&

ETTFER

Figure 9. Sensing the selectivity of ECP nanoflakes in the presence of
theinterfering species in biological samples including histidine (His),
ascorbic acid (AA), citric acid (CA) uric acid (UA), arginine (AG),
aspartic acid (Asp), alanine (AL), tyrosine (Tyr), glucose (G), Na”,
K*, Ca?*, Mg?*, and Zn?".

species is negligible, even when using fivefold higher
concentrations of the interfering chemicals compared to DA.
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after DA adsorption is shown in Figure 3e and it confirms the

stability of ECP nanosheets after DA adsorption. To
investigate reusability, ECP nanosheets were immersed in
distilled water for 1 day and then nanosheets were washed with

water for five consecutive washes and were then used for DA
detection. The results confirmed the reusability of ECP
nanosheets and the efficiency of ECP nanosheets was only
decreased by 4% after five cycles of DA adsorption and
desorption (Figure S7).

2.6. Possible Mechanism of DA Detection. As
mentioned before, the plot of fluorescence intensity of ECP
nanoflakes against DA concentration is compatible with the
Langmuir equation for isothermal adsorption and it confirms
that DA molecules are adsorbed on the surface of the

nanoflakes.*?**! The PXRD of ECP nanoflakes after treating

with the DA solution was measured and because this pattern
remained relatively unchanged after adsorption, it can be

concluded that ECP nanoflakes are stable after DA adsorption.
To prove the adsorption of DA molecules on the surface of
ECP nanoflakes, the zeta potential of pure ECP nanoflakesand

the nanoflakes after DA exposure was investigated. The zeta
potential value of ECP nanoflakes was =24 mV and after DA
exposure, it changed to —17 mV. Changing the zeta potential
values proves the electrostatic interaction between ECP
nanoflakes and DA molecules.'->* Furthermore, the emission
intensity of ECP nanoflakes in PBS solution due to the
quenching effect of OH-oscillators decreased, but DA
adsorption can recover the emission intensities of ECP
nanoflakes. Therefore, DA-adsorbed molecules can protect

ECP nanoflakes from the quenching effect of the environment.

Furthermore, the absorption spectrum of DA shows a band
with a maximum at 280 nm (Figure S3). Hence, it is possible
that upon a 280 nm excitation, the adsorbed DA molecules
transfer energy to ECP ions to enhance their emission and DA

molecules show antenna effect for europium ions. To confirm
the antenna effect of DA molecules for ECP nanoflakes, the
luminescence decay of ECP nanoflakes before and after DA
adsorption at the 280 nm excitation wavelength was studied.

As shown in Figure S8, the lifetime of Eu** fluorescence is

increased after DA adsorption, which demonstrates energy
transfer from DA molecules to ECP centers.*?*245
2.7. DA Detection in Biological Samples. To prove the

capability of ECP nanoflakes toward DA detection as a

potential nanosensor, the performance of ECP nanoflakes in

human serum samples was studied by the standard addition
method. The human serum samples were diluted (100-fold) in

a PBSbuffer solution and the spiked samples were prepared by
adding the DA solution. Then, the ECP nanoflakes were mixed

in the samples and the fluorescence intensity of the mixtures
was studied. As presented in Table 2, the quantitative
recoveries for the fluorescence turn-on of DA detection were

obtained between 90 and 99%. These results confirm the

Table 2. Results of the Luminescent Turn-On Detection of



DA in Biological Samples

These results confirm that ECP nanoflakes show high DA spiked DA measured recovery
selectivity for DA adsorption and DA molecules can recover sample M) (mean £ std dev, M) (mean £ std dev, %)
the fluorescence of ECP nanoflakes. Specially, we did not human 1 0.98 £0.04 98 +4
observe the interface effect of ascorbic acid, which is the main e 3 274013 90 +3
limitation of using electrochemical sensors for DA detection. 5 471 +0.14 94 +3

To prove the stability of ECP nanosheets for DA detection, 7 6.92 +0.10 99 +1

they were examined by PXRD. The PXRD pattern of ECP
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potential application of ECP nanoflakes for DA detection in

clinical samples with acceptable recovery in comparison with
other reported nanomaterials for DA detection (Table S3).

3. CONCLUSIONS

In summary, a novel 2D fluorescent metal—organic compound

based on ECP was successfully synthesized in ambient
conditions. The ECP supramolecular structure consists of
2D layers connected by a noncovalent interaction between
coordinated solvents, which were simply cancelled upon

ultrasound LPE. ECP nanoflakes demonstrated high selectivity
and fast response features toward DA molecules in real
samples, which serves as an efficient “turn-on” optical sensing

mechanism for DA detection. Moreover, ECPnanoflakes show

good linearity intherelevant DA detection range with very low
LOD (21 nM) in comparison to other sensors, providing a

new efficient method for DA detection. This simple method

was utilized for DA detection in human serum and the results
were in agreement with the results of the standard additions
method with an acceptable recovery range. Although this

marksavery early stage ofresearch onultrathinmetal—organic

nanosheets, the hybrid nature of the presented nanostructure
and its graphene-like thickness, this class of nanomaterials
opensupabrilliant future inmany application areas, especially
in biosensing.

4. EXPERIMENTAL SECTION
4.1. Synthesis of Single Crystal [Eu(pzdc)(Hpzdc)(H O)] .

4.1.1. First Method. 2

The mixture of ligands including 2,3-pyrazine
dicarboxylic acid (0.2 mmol, 34 mg) and piperazine (0.2 mmol, 18
mg) in 5 mL of distilled water was stirred for 5 min to solve them.
The aqueous solution of Eu(NO3)3-5H,0 (2 mL)(0.1 mmol, 42 mg)
was added to the mixture of ligands and stirred for 10 min in room
temperature. Single crystals of [Eu(Hpzdc)(pzdc)(H20)s], (ECP)
were grown for 1 day through slow evaporation with 87% yield, mp >
350 °C. Anal. Calcdfor CoH EuN4Oy1: C26.7%, H2.4%,N 10.9%.
Found, C26.9%, H2.2%,N 10.7%, IR (cm™"): 780 (s), 868 (s), 1117
(s), 1167 (s), 1361 (s), 1406 (s), 1456 (m), 1643 (vs), 3250 (m),
3370 (br).

4.1.2. Second Method. The method used here is exactly the same
as the above procedure except that in this case piperazine was not
used. Colorless block single crystals of ECP were obtained after 2
weeks through slow evaporation with 71% yield, mp > 350.

4.2. Exfoliation Process. ECPbulk crystals were exfoliated to 2D
flakes with the liquid-solvent exfoliation (LPE) methodology assisted

>

by an ultrasound probe tip. The effect of solvent upon the exfoliation
process was investigated. The crystals (1 mg) were dispersed in 5 mL
of diverse solvents including ethanol, acetone, and water. The
dispersions were placed in a water-ice bath to avoid thermal
decomposition of ECP and the ultrasound tip with 550 W power
was immersed into dispersions for 10, 20, 30, 40, and 60 min. After
sonication, the bulk crystals were collected in the bottom of the tube
by centrifugation (1 min at 2000 rpm). At this stage, the nanoflakes
remained suspended in the supernatant. To complete the delamina-
tion process, the suspension was kept under constant shaking
condition for 12 h. A further centrifugation at 6000 rpm was carried
out to separate unexfoliated crystals (which were lighter than the
original bulk crystals). Finally, the solvent was evaporated with a
rotary evaporator and nanoflakes were collected.
4.3. Detection of DA. To assay DA detection, the ECP

nanoflakes (1 mg) were dispersed in a PBS buffer solution (2 mL,
0.1 M, pH 7.4) to form a stable suspension. A certain amount of DA
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selectivity for DA detection, the fluorescence spectrawererecordedin

the presence of different interfacial species. To validate the

experimental results, each measurement was repeated at least three
times.

For DA sensing in the biological fluid, human serums were diluted
100 times using a PBS buffer solution. The standard solutions of DA,

with different concentrations, were added to the diluted samples to
prepare biological samples and 10 pL of these samples were mixed
with a 2 mL suspension of the ECP nanoflakes (1 mg) in the PBS

buffer solution (0.1 M, pH 7.4). After 5 min, the fluorescence spectra
samples were measured at room temperature.
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