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In this paper, a new isatin-Schiff base L1 was prepared via a simple reaction of isatin with 2-amino-3-
hydroxypyridin. Subsequently, cerium(i)-Schiff base complex C1 was obtained through the reaction of
the prepared Schiff base L1 with cerium chloride via a hydrothermal method. The prepared L1, as well as
C1, were fully characterized using many spectroscopic techniques, such as mass spectra, elemental
analysis, UV-vis, FT-IR, *H-NMR, C-NMR, FE-SEM/EDX, and HR-TEM. A photoluminescence study (PL)
was carried out for the prepared complex C1. The promising photoluminescence results revealed that C1
could be used for the detection of creatinine in different human biological samples as a selective optical
biosensor. The results showed that C1 after excitation at 370 nm has a strong emission band at 560 nm.
The calibration graph was obtained in a wide concentration range between 2.5 and 480 nM creatinine
with limits of detection (LOD) and quantitation (LOQ) of 1.07 and 3.25 nM, respectively. In addition, the
correlation coefficient (r?) was found to be 0.9890. The PL spectra indicate that C1 has high selectivity
toward creatinine without interference from other different analytes and can be successfully used as an

Received 3rd December 2019 optical sensor for creatinine detection. The mechanism of quenching between the Ce(i) complex and
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creatinine was a dynamic type. The geometry of Schiff base L1 and its cerium(i) complex C1 was proven

DOI: 10.1039/c9ral0133k by using density functional theory (DFT). The energy of the LUMO and HOMO, energy gap, dipole
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Introduction

Cerium complexes have a wide range of applications in
miscellaneous fields because of their significant electromag-
netic properties." These complexes have an excessive influence
in the fields of optics, physics, and engineering.* They can be
used as electroluminescence devices® and bio-makers,’ they are
imperative for the fabrication of optical waveguides* and met-
amaterials, and they possess numerous applications, such as in
antenna,® photo-detection,® light-emitting diodes, laser diodes
and cloaking devices.”® Organic Ce(m) complexes are recog-
nized to emit in the UV to green region, between 300 and
550 nm, with their emission wavelength being tunable through
selection of appropriate ligands.*® Benefited by such tunability,
the above complexes can be used as light sources. This is
a protuberant characteristic of Ce(m) complexes in contrast to
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moment and structure—activity relationship were determined and confirmed.

conservative complexes of lanthanides, such as Eu(m) and
Tb(wr), which emit in the green and orange region, corre-
spondingly, due to their 4f-4f transitions.*

Compared to complexes of lanthanides that display a 4f-4f
transition,’ the spin allowed 4f-5d transitions in the Ce(m)
complexes are predicted to result in enormous emission quantum
yields (@), as well as a short emission lifetime (te,). Also, if the
complexes with 4f-4f transitions work as an emitter, a suitable
ligand structure must be selected. In practice, the modification of
the structures of the ligands, such as the substitution of C-H
bonds with C-D and C-F bonds, can be carried out to gain great
P, values.™ In contrast, Ce(m) complexes are approximately free
from such limitations in the selection of ligands. One of the small
restrictions of these species is that the coordination of solvents
with hydroxyl-functionalities to Ce(m) may modify the structure of
the complex, which should be avoided.™

On the other hand, Schiff bases create a significant category
of organic compounds with an extensive range of biological
properties, including cytotoxic, anticancer, and antifungal
activities.”> Different derivatives of isatin are known to have
an extensive variety of pharmacological properties.'® Among
those paramount pharmacological effects are antibacterial,"”
antifungal,® antiviral'® and anti-HIV' activity.
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Creatine (2-amino-1-methyl-5H-imidazol-4-one)" is metabo-
lized into creatinine in tissues and organs, and adenosine
triphosphate is known to take part in this conversion. Before
this step, creatine is synthesized mainly in the pancreas, liver,
and kidneys.** Creatinine is a chemical waste product of normal
muscle function in the blood that passes through the kidneys to
be purified and removed in the urine. The levels of creatinine in
the blood reflect both the amount of muscle a person has and
their amount of kidney function.*® Around 95% of the creatine
in the human body is stored in skeletal muscle and 5% is in the
brain, so it is a source of energy for muscle activity and the
brain.* Most men with normal kidney function have approxi-
mately 60 to 110 uM of creatinine and women with normal
kidney function have between 45 and 90 puM of creatinine.
Serum creatinine allows us to dictate the glomerular filtration
rate (GFR).*® Creatinine clearance (Ccr) measures how well the
kidneys filter waste and can be determined after evaluating
serum creatinine and calculating GFR.

The most popular methods used for the analysis of creati-
nine are based on colorimetry or enzymatic colorimetric
methods by Jaffé's reaction,* chromatographic methods,* LC-
UV,*® low-capacity cation-exchange chromatography,” UV/vis
spectrophotometry of a copper/creatinine complex,*® ampero-
metric methods,* electrochemical impedance spectroscopy®
and cyclic voltammetric methods.**

Herein, we report a Ce-complex C1, which was constructed
from the reaction of Schiff base L1 and cerium chloride by
a hydrothermal method. Schiff base L1 is prepared via the
reaction of isatin with 2-amino-3-hydroxypyridin by a simple
method. This complex shows strong emission at room
temperature after excitation at 370 nm. Its emission is effi-
ciently quenched by the addition of creatinine in the presence
of other different interfering analytes. The molecular structures
of L1 and C1 were theoretically studied using DFT calculations.
These final data indicate that C1 can be used as an outstanding
optical biosensor for simple, fast, low-cost and highly specific
and selective detection of creatinine.

Results and discussion
Characterization of Schiff base L1 and Ce(m)-complex C1

The Schiff base ligand L1 and Ce(m) complex C1 were prepared
easily in two systems according to Scheme 1. Both L1 and C1 are
highly colored compounds, soluble in DMSO and DMF, non-
hygroscopic in nature and stable in air. The most essential
physical data for the prepared compounds are provided in Table
1.

Elemental analysis

The elemental analysis of both L1 and C1 is presented in Table
1. The obtained results were in agreement with those calculated
for the suggested formula. Anal. calc. (%): for ligand L1;
C13HoN;0,; (239.23 g mol™Y); C, 65.27; H, 3.79; N, 17.56; found
C, 64.95; H, 3.54; N, 16.92. And for the cerium(u)-complex C1;
C34H,40CeCINOy; (880.31 g mol '); C, 46.39; H, 4.58; N, 12.73;
found C, 46.62; H, 4.85; N, 12.52.

5854 | RSC Adv, 2020, 10, 5853-5863

View Article Online

Paper

FT-IR spectra

The most significant frequencies of both L1 and C1 in the FT-IR
spectra are presented in Fig. S1 (ESIt) and Table 1. Both spectra
were in adequate agreement. L1 exhibits a broad absorption
band in the range from 3640-3300 cm ™", which can be assigned
to the »(OH) of the alcohol. The band at 3120 ecm ™' is attributed
to the »(NH) vibrations of the ring of indole. The broadband
between 1754 and 2010 cm ' centered at 1900 cm ' can be
attributed to aromatic sp> C-H bending patterns. The two
bands at 1618 and 1704 cm ™" can be attributed to »(C=0) of the
isatin moiety and »(C=N), correspondingly. The band detected
at 1390 cm ™ is due to »(C-N) groups. The bands at 1457 and
2930 cm ™" are assigned to »(C=C) groups and »(=C-H) groups,
respectively.*> On the other hand, the FT-IR spectrum of C1
indicates the bonding association of the ligand with the metal
ion. In contrast to the spectrum of the free ligand L1, in that of
C1, we observed that there is a significant shift for the »(OH),
¥(NH), »(C=N) and »(C-N) vibrations. Meanwhile, the »(C=0)
and »(C=C) vibrations stay more or less in the same place,
which indicates that (C=C) does not contribute to coordination
with the metal ion. Therefore, L1 acts as a neutral bidentate
coordination site via »(OH), (C-N), (C=0) and azomethine
nitrogen (C=N) atoms. This observation is additionally sup-
ported by new bands that were found in the 665 and 527 cm™*
regions assigned to »(Ce-O) and »(Ce-N), respectively.*

UV-vis spectra

The electronic absorption spectra of the ligand and its metal
complex observed in DMF at room temperature are provided in
Fig. S2 (ESI{). From this figure, it can be established that L1 reveals
three absorption bands at 365, 449, and 642 nm, which were
assigned to intra ligand charge transfer (n—7* and m—*). Mean-
while, C1 reveals four absorption bands at 357, 400, 532, and
630 nm, which were assigned to ligand-metal charge transfer tran-
sitions (LMCT) and intra-ligand charge transfers (n—* and rt-m*).*

'"H-NMR spectra

The '"H-NMR spectrum of the ligand L1 (Fig. S3; ESI{) showed
two signals at 10.21 and 9.58 ppm corresponding to NH and
OH, respectively. The signals that appeared at 8.28, 7.29 and
7.21 ppm can be assigned to the phenyl ring protons. Benzene
ring proton signals are noticed as a multiplet in the range of
6.94-7.43 ppm. The signals at 2.87 and 1.89 ppm are attributed
to OH and CH; protons of methanol. Meanwhile, the "H-NMR
spectrum of the Ce-complex C1 (Fig. S4; ESIT) shows a signal
of OH at 11.41 ppm. The signals appearing at 8.28, 7.29 and
7.21 ppm are attributed to protons of the phenyl ring, but the
multiplet signals in the range of 7.77-6.94 ppm can be attrib-
uted to the protons of a benzene ring. The signals at 2.91 and
8.02 ppm conform to the CH; and CHO of the DMF solvent, and
the signal at 2.11 ppm can be assigned to MOH.**

13C-NMR spectra

The "*C-NMR spectrum of L1 (Fig. S5; ESIT) shows two signals at
170 and 159.6 ppm corresponding to the (C=0) and (C=N)
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groups of the phenyl ring. The signals that are observed at 156
and 148.6 ppm belong to the (C=C) groups of the benzene ring,
but the bands of DMSO and alcohol appeared in the range of
50-34 ppm. Meanwhile, the ">C-NMR spectrum of C1 (Fig. S6;
ESIt) shows signals at 155, 140 and 138 ppm attributable to (C=
0), the carbonyl group of the DMF solvent and (C=N), respec-
tively. The signals appearing at 135 and 130 ppm belong to the
phenyl ring, while the signals at 115 to 122 ppm correspond to
the benzene ring. The signals appearing at 40 and 45 ppm
correspond to MOH and the DMF solvent.

Mass spectra

The electron impact mass spectra of L1 and C1 were recorded
and investigated at 70 eV of electron energy. Fig. S7 and Scheme
S1 (ESIt) show the mass spectrum and the proposed fragmen-
tation of L1, respectively. It is noted that the molecular ion
peaks are in respectable correspondence with their suggested
empirical formulae as indicated from elemental analysis. The
mass spectrum fragmentation mode of the ligand demonstrates
the exact mass of 239.68 (theoretically calculated was 239.23 g
mol ") conforming to the formula C,;H,N;O, (Fig. S7; ESIT).
The ion of m/z = 239.68 undergoes fragmentation to a stable
peak at m/z = 146.22 (theoretically calculated as 146.15 g mol %)
by losing CsHsNO atoms as shown in Scheme S1 (ESIt). The
breaking of the CN bond leads to the fragmentation with m/z =

View Article Online
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148.16. The loss of C,H,N,O atoms leads to the fragmentation
with m/z = 78.11. The loss of NH, leads to the fragmentation
with m/z = 57.05. A breakdown of L1 gives the fragments in
Scheme S1 (ESIf). In addition, Fig. S8 and Scheme S2 (ESIT)
show the mass spectrum and the suggested fragmentation of
C1, respectively. The mass spectrum fragmentation mode of the
complex shows the exact mass of 880.54 (theoretically calcu-
lated as 880.31 g mol ') conforming to the formula C;4H 4
CeCINgO, (Fig. S8; ESIT). The ion of m/z = 880.54 undergoes
fragmentation to a stable peak at m/z = 652.94 by losing two
molecules of MOH and DMF and one molecule of H,O as pre-
sented in Scheme S2 (ESIT). The loss of C;3HoN;0, atoms leads
to the fragmentation with m/z = 413.79. The loss of the (Ce-Cl)
bond leads to the fragmentation with m/z = 239.23. The loss of
CsH;NO atoms leads to the fragmentation with m/z = 146.15.
The loss of C,H;NO atoms leads to fragmentation with m/z =
93.13. A breakdown of the backbone of the complex gives the
fragments in Scheme S2 (ESIf). Generally, the subsequent
fragmentations of both L1 and C1 were inconsistent and fully
agree with the molecular weight of the offered structures.

FE-SEM/EDX

The FE-SEM images and EDX analysis of L1 and C1 are shown in
Fig. 1. L1 in Fig. 1a and b exhibited the morphology of
distributed overlapping sheets; while C1 in Fig. 1d and e
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Scheme 1 The proposed scheme of the reaction of Schiff base L1, and Ce()-complex C1.
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appeared to exhibit a macrospore shape with an average pore
size of 75 nm. In addition, the EDX mapping of L1 and C1 is
shown in Fig. 1c and f, respectively.

The EDX mapping showed the presence of carbon, nitrogen,
and oxygen as the constructing block elements in L1, and
cerium, carbon, nitrogen, chlorine, and oxygen as the con-
structing block elements in the distinctive particles for C1.
Based on the beneficial results obtained and the good L1 and C1
distribution noticed from the SEM images, as well as the results
obtained from the EDX analysis, the formation of C1 was
confirmed. Additionally, the EDX mapping confirmed our
explanations and these results matched with those gained by
elemental analysis and with those calculated theoretically for
L1; C, 65.27; N, 17.56; and O, 17.17; found: C, 65.95; N, 17.57;
and O, 16.48 (Table S1; ESI{); and for C1; C, 46.39; N, 12.73; O,
16.36; Cl, 4.03; and Ce, 15.92; found: C, 47.0; N, 13.68; O, 18.49;
Cl, 4.24; and Ce, 16.59 (Table S2; ESIT).

TEM

Transmission electron microscope (TEM) images for L1 and C1
are presented in Fig. 2a and b, respectively. The morphology of
the ligand L1 shown in Fig. 2a was distributed overlapping
sheets, while the morphology of Ce-complex C1 shown in
Fig. 2b was a well-overlapping macrospore shape. The data
obtained from the TEM pattern were fairly comparable and in
good correspondence with the data obtained from FE-SEM.
Based on the physical and spectral information of L1 and C1
discussed, we can assume that the structures of L1 and C1 are as
suggested in Fig. 3a and b, respectively. Some representative
bond distances of the optimized structures are provided in
Table S3 (ESIT). In addition, the cartesian coordinates of the
optimized structures are provided in Tables S4 and S5 (ESIT).
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Theoretical and computational
methods

Geometry optimizations and other DFT calculations were per-
formed on the Schiff base L1 and its cerium(m) complex C1. DFT
is considered a cost-effective method to approximate electron
correlation effects. All DFT calculations were performed by
using the B3LYP level of theory, Becke's three parameter (B3)
nonlocal exchange with the correlation functional of Lee, Yang,
and Parr (LYP).** Nowadays, the B3LYP level is currently widely
used to study organic electronic compounds because the pre-
dicted geometries are very reliable and provide good estima-
tions for the HOMO-LUMO gaps, in good agreement with
experimental values. All of the calculations were carried out at
the B3LYP/6-31g(d) level for all atoms, except Ce atoms were
described by using the CEP-4g basis set.?” All computations were
carried out by using the Gaussian09 suite of programs.*® The
Gauss View 5.0 package was used to obtain various graphic
views of molecular shapes of distinctive molecular orbitals.

DFT calculations

The major elements of augmented geometry of the Ce(m)
complex seem to have an octahedral geometry, Fig. 3b. The
highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs) are actual substantial
elements of the theoretical molecular sketch.* Fig. 4 represents
the HOMO and LUMO of L1 and C1; the HOMO is the donor site
for the electrons and the LUMO is the acceptor site of the
electrons. The molecular softness and hardness of any
compound can be expected from the gap between the HOMO
and LUMO.* Soft molecules have a small energy gap (E,),
whereas hard molecules have enormous (Eg) values.**?

Table 1 Analytical and some important physical measurements for L1 and C1

Assignments L1 C1
Preparation method Reflux Hydrothermal
Color Light green Dark green
Aspect Powder Fine crystal
Melting point (°C) 113 >300
Reaction time 1 days 3 days
Yield (%) 78.0 70.8
Chemical formula C13HoN;0, C34H,(CeCINgOq
Molecular weight (g mol ") 239.23 880.31
Elemental analysis (calc.)/found C% (65.27)/64.95 (46.39)/46.62

H% (3.79)/3.54 (4.58)/4.85

N% (17.56)/16.92 (12.73)/12.52
Characteristic infrared frequencies (cm™") v(OH) 3640-3300 3675-3250

y(NH) 3120 3062

»(C=0) 1618 1621

¥(C=N) 1704 1712

»(C-N) 1390 1353

»(C=C) 1457 1465

»(C-H) 2930 2779

¥(Ce-0) — 665

»(Ce-N) — 527
UV-Amax (NM) 365, 449, 642 357, 400, 532, 630
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From the calculations of Ez, C1 was found to be more reactive
than L1. The charge separation (polarity) over the molecule,
which is calculated from the dipole moment (u), illustrates that
the w of C1 is higher than the u of L1 (ucy > prq). Moreover, it
was noticed that there is a transfer of charge density from L1
atoms to the metal ion (Ce). In addition, there is a back-
donation of electrons from the cerium ion to the Schiff base
donating atoms after the complexation process. The greater
reactivity of C1 over L1 is described by the difference in E,
which determines the reactivity; as the E, increases, the reac-
tivity decreases and hence the quantity of electronic charge
transfer from L1 to C1 (central cerium metal ion) increases. The
Enomos Evumos Eg, and u of L1 and C1 are recorded in Table 2.

Photoluminescence study and applications

The photoluminescence of Ce-complex C1 was reported at
different wavelengths of excitation as revealed in Fig. 5a. To
establish the optimal wavelength for photoluminescent excitation,
excitation spectra were first obtained by measuring emission at the
maximum intensity wavelength. From Fig. 5a it was realized that
C1 had a high emission peak at 560 nm after excitation at 370 nm.
The excitation and emission spectra of C1 are shown in Fig. 5b.

Using the Ce(u)-complex as an optical sensor for creatinine

The PL spectra of C1 (1 x 10~ % M in distilled water solutions)
were examined versus various concentrations of creatinine

View Article Online
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(Fig. 5c). From Fig. 5¢, the PL intensities of C1 were highly
quenched as the creatinine concentration increased.

Calibration curve and detection limit

The linear correlation graph between the PL intensity of C1 at A¢p,
= 560 nm after excitation at A, = 370 nm and the creatinine
concentration in the range between 2.5 nM to 480 nM is pre-
sented in Fig. 5d, and a summary of the regression analysis data
is provided in Table S6 (ESIT). The LOD was found to be 1.07 nM,
whereas the LOQ was 3.25 nM, with a dynamic line range of 2.5-
480 nM. The low LOD value was considered as verification of the
extreme sensitivity of the applied approach. The contrast between
the analytical performance of the current work and other pub-
lished methods®*>* for creatinine determination is presented in
Table 3. From the comparison evaluation, it can be noted that
this method exhibited a fast response time, high sensitivity, high
accuracy and precision, good reproducibility, applicability, good
recovery and effectiveness, a wider linear range and lower values
of LOD and LOQ in comparison with other reports. Also, many of
the published methods are more costly, more time-consuming
and carried out in several steps.

Selectivity and interference study

The selectivity of the applied optical biosensor based on C1 to
creatinine was investigated by observing the impact of the
presence of other interfering analytes on the C1 PL intensity as

Fig. 1 SEM and EDX images: [a—c] Schiff base L1, and [d—f] Ce(i)-complex C1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 TEM image of: [a] Schiff base L1, and [b] Ce(m)-complex C1.

shown in Fig. 5e and S9 (ESIT). The PL spectra of C1 (1 x 10°
M) against different interfering analytes in distilled water
solutions [uric acid 6.0 mg dL ™', ascorbic acid 0.5 mg dL ",
glycine 0.5 yM mL™", acetaminophen 100 mg mL ", glucose
100 mg dL ™', and creatinine 100 nM] were considered. From
these figures, the intensity of the PL spectrum of C1 isn't
affected by these various kinds of interfering analytes. This
indicates that C1 is extremely sensitive and enormously selec-
tive for creatinine due to the enormous quenching effect even in
the presence of numerous competing interfering analytes. The
PL quenching histogram of C1 upon the series addition of
creatinine with different concentrations is shown in Fig. S10

(ESTH).

Accuracy and precision

The accuracy and the precision of the currently suggested
biosensor for creatinine determination were assessed and

a 18
14
16 29 8
12
171
13
10|

11

7, m

a summary of the obtained information is provided in Table S7
(ESIT). The present investigation was done at four creatinine
concentrations (5.0, 50.0, 100.0, and 250.0 nM). The process of
measurement was recorded (3) times on various days and on the
same day to examine the reproducibility and repeatability of our
work. Based on the obtained table of data: the mean values (X)
were 5.033, 48.67, 99.5, and 241.3 nM, with an average standard
deviation (SD) of 0.208-2.165, and a coefficient of variation (CV)
of 0.043-4.688, for intra-day measurements. In addition, X was
4.831,49.22,99.18, and 251.7 nM, with SD of 0.235-3.25, and CV
of 0.055-3.58, for inter-day measurements. The proximity of the
investigated data from the X values and the lower values of SD as
well as the CV values demonstrate the extraordinary precision of
this approach. Furthermore, the analyzed obtained values for
the relative-error percent (RE%) for inter/intra-day measure-
ments, which were =1.04%, indicate the high accuracy of the
suggested creatinine biosensor.

ac.

SC

Fig. 3 Optimized structures of [a] Schiff base L1, and [b] Ce(i)-complex C1.
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L1 HOMO

C1 HOMO

Fig. 4 HOMO and LUMO energy level images of: [a and b] Schiff base L1, and [c and d] Ce(i)-complex C1.

Application to real samples & recovery study

The current investigation was accomplished to examine the
effectiveness, ability, and applicability of C1 to confirm creati-
nine in various real samples (serum and plasma). The investi-
gation was done by spiking serum or plasma samples with
creatinine standard at various concentrations (50.0, 100.0 and
200.0 nM), performing each experiment 3 times, and then the
suggested method was applied to determine their creatinine
content. The data obtained from the recovery (RE) investigation,
including the relative standard deviation (RSD), are provided in
Table S8 (ESIT). The results in Table S81 show that the recovery
values (percent + SD) of creatinine were 101.3 + 2.02, 97.42 +
1.34, and 98.34 £ 0.40 for the serum samples, and 98.34 & 0.10,
98.49 + 2.70, and 97.55 + 2.94 for the plasma samples. Hence,
the nearness of RE values to one hundred percent and the lower
RSD values (less than 2.94%) together demonstrate that the
current method has a quite respectable accuracy and that the
current suggested method can be applied for the determination
of creatinine with acceptable results.

Mechanism of PL quenching

The mechanism of interaction and quenching between the
sensing material (Ce-complex) and the quencher (creatinine),
was determined by studying the quenching in the PL band
intensities of C1 upon systematic addition of creatinine as
shown in Fig. 5¢.*>** Herein, the Ce-complex acts as the electron
donor site and creatinine acts as the electron acceptor site. The
lanthanide luminescence behavior is due to the 4f-5d transition
rather than the conventional 4f-4f transition, which means that
Ce(m) complexes can be used as electroluminescent devices.*
The emission wavelengths can be adjusted by using suitable

This journal is © The Royal Society of Chemistry 2020
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ligands," so the photocatalytic properties of the cerium(u)
complexes are due to their outer-sphere electrons, as observed
for homoleptic tris-guanidinate.*” Herein, the variation in the
PL intensity of C1 with increasing creatinine concentration
occurs due to the interaction between C1 and creatinine. The
observed PL quenching is expected to be due to the electron or
energy transfer between the donor site C1 and acceptor site
(creatinine) or it may be due to the fast quenching of the excited
state of Ce(m), which results from non-radiative relaxation
pathways.*® The energy transfer from the excited state of C1 (as
a donor site) to creatinine (as an acceptor site) through non-
radiative dipole-dipole coupling is the basic possible mecha-
nism.* Furthermore, the FRET mechanism can be described as
the quenching mechanism if the distance (R°) (critical radius/
critical transfer distance) between the donor C1 and acceptor
(creatinine) is lower than 10 A. By using the Stern-Volmer
equation on the acquired results and from the linear calibration
graph in Fig. 5d:

K., value = 0.01549; C° = 1/K,, = 64.558; R® = 7.35C°""3;
© = 7.35 x (64.558)713; R° = 1.83 A.

Table 2 The energy of the HOMO (eV), the energy of the LUMO (eV),
the energy gap (eV) and the dipole moment (Debye) for the Schiff base

L1 and Ce(n)-complex C1

Parameter L1 C1
Exomo (€V) —5.81 ~4.85
Erumo (eV) —2.29 —2.97
Egap (V) 3.52 1.88
w (D) 4.42 4.84
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where C° is the critical value of creatinine concentration, and R°
is the distance between creatinine and C1. Hence, the R° was
1.83 A from the above calculations and so we can conclude that
the quenching mechanism is due to the energy transfer between
the C1 and creatinine.*®**

Furthermore, a temperature dependence investigation can
determine or predict the quenching mechanism category for
any system that may be a dynamic or static mechanism. In the
case of a dynamic mechanism, the value of K, increases as the
temperature increases, and for the static mechanism type, the
value of K, decreased as the temperature increased. The Stern—
Volmer graph of the PL quenching of C1 with diverse concen-
trations of creatinine at several temperatures (298, 300, 303, and

View Article Online
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308 K) was plotted. As shown in the Stern-Volmer plot in Fig. 5f,
the plot presents effective linearity within the studied concen-
trations of creatinine. In addition, it was established that the
slopes (K, values) of the C1 plots were directly proportional to
the temperature (Table S9, ESIf), which proves that the
quenching mechanism between C1 and creatinine is
dynamic.***

Experimental
Materials

All solvents and chemicals used in this study are analytical
reagent grade and were used as received. Isatin (Cy;Hj,), 2-
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[a] The PL emission spectra at different excitation wavelengths for C1. [b] Excitation (red line) and emission (black line) spectra of C1. [c]

The PL spectra showing the behavior of C1 towards human creatinine. [d] The linear relationship between the photoluminescence intensity of C1
and different concentrations of human creatinine. [e] The PL enhancement efficiency histogram of C1 against different types of interferents. [f]
The Stern—-Vélmer plots for PL quenching of C1 by creatinine at four different temperatures.
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amino-3-hydroxypyridin (CsHeN,0) and cerium(im)chloride
anhydrous CeCls; 99.9% were purchased from Sigma-Aldrich.

Instruments

The characterization was carried out using different analytical
equipment: the field emission scanning electron microscopy
(FE-SEM) images and element mapping by spatially resolved
energy dispersive X-ray spectroscopy (EDX) were recorded with
a JEOL JSM-6510LV advanced electron microscope with a LAB-6
cathode at 520 keV (JEOL, Japan). The structure of the formed
phases was examined by using a high-resolution transmission
electron microscope (HR-TEM) with an acceleration voltage up
to 200 kv (TEM, JEOL-JEM-2100, Tokyo, Japan). Fourier trans-
form infrared (FT-IR) spectra were recorded on a JASCO FT/
IR-460 spectrophotometer using KBr tablets, at room tempera-
ture in the range 400-4000 cm ' (JASCO, USA). Ultra violet-
visible (UV-vis) spectra were obtained for the prepared Schiff
base ligand (HL) and metal complex by using a PerkinElmer 550
spectrophotometer in a 1 cm quartz cell in ethanol, over a range
of 200-900 nm. Mass spectra of the solid ligand and complex
were registered using a Thermo Scientific, ISQ Single Quadru-
pole MS (Thermo Scientific, USA). "H-NMR and the "*C-NMR
spectra were acquired in DMSO-dg using a Gemini-300 MHz
NMR spectrometer (ECA 500 II, JEOL, Japan). Elemental anal-
ysis (C, H, and N) was achieved using a Costech (ECS-4010)
elemental analyzer (Costech, Italy). The photoluminescence
(PL) emission spectra were obtained using a spectro-
fluorophotometer (Shimadzu RF-5301PC, Japan). The samples
were investigated at room temperature at a different excitation
wavelength and the data analysis was executed by Origin (8)
software.

Procedure

Synthesis of (E)-2-((3-hydroxypyridin-2-yl)imino)indolin-3-
one (L1). Schiff base was prepared as follows: isatin (1 mmol,
1.471 g) was dissolved in 30 mL methanol/10 mL DMF and was
added to a solution of 2-amino-3-hydroxypyridin (1 mmol, 1.101
) dissolved in methanol (10 mL) in the presence of four drops
of glacial acetic acid (about 200 pL). The resulting mixture was
refluxed for 24 hours at 100 °C in a closed system. The mixture
was left to cool, and the precipitated Schiff base was light green
(Scheme 1). The collected precipitate was washed with 20 mL
distilled water and 20 mL acetone, and then dried at 100 °C, the
calculated yield was 78.0%.
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Synthesis of cerium(m) complex C1. Cerium chloride anhy-
drous CeCl; (1 mmol, 1.232 g) was dissolved in 10 mL distilled
water, and then added to 2 mmol Schiff base L1 as shown in
Scheme 1. This system was refluxed for 2 hours, and then the
mixture was shifted to an autoclave for 72 hours and heated at
130 °C. After cooling the mixture at room temperature, the
precipitate was dark green (Scheme 1). The resulting precipitate
was washed with 20 mL of distilled water and then with acetone
and dried, and the calculated yield was 70.8%.

Computational methods. The geometry optimizations and
all DFT calculations on the Schiff base L1 and its cerium(m)
complex C1 were performed using the Gaussian09 suite of
programs.®®

Photoluminescence study and applications. The Ce(m)
complex used in the present study was obtained from a stock
solution of C1 dissolved in dimethyl sulfoxide (1 x 107> M) and
was added to a clean 10 mL measuring flask, and then appro-
priate concentrations (1 x 10™° to 1 x 10> M) were obtained by
dilution to the mark with distilled water. These solutions were
used for the subsequent photoluminescence measurements.
The photoluminescence intensities were measured at different
excitation wavelengths at room temperature. The photo-
luminescence spectra of C1 (1 x 10~* M) in a distilled water
solution with different analytes were recorded for selected
excitation wavelengths.

To determine creatinine using the Ce(u) complex, the PL
spectra of C1 (1 x 107> M) in distilled water against different
concentrations of standard creatinine as described above were
recorded. The required concentrations were recently prepared
before the measurement step. Also, each concentration was
done in a separate step to avoid the carry-over and/or adsorption
of this concentration of creatinine on the sample container or
cuvette and then the samples were determined at the chosen
excitation wavelength. A linear relationship was established
between the photoluminescence intensity of Ce-complex C1 at
Aem = 560 nm and the creatinine concentration in the range
between 2.5 and 480 nM. The graph was expressed via
aregression equation: Y = a + bX where Y = photoluminescence
intensity of C1 at A.;,, = 560 nm; a = intercept; b = slope and X =
concentration of creatinine in nM. The regression data analysis
of photoluminescence intensity was carried out by applying the
least-squares method to evaluate the slope, intercept and
correlation coefficient (r*) values. The LOD and LOQ were
calculated from the equations: LOD = 3.35/b and LOQ = 10S/b>

Table 3 Comparison of the photoluminescence approach with some existing methods for the determination of creatinine

Method Linear range (uM) Limit of detection (uM) Reference
LC-UV method 20-900 ~1.5 26
Low-capacity cation-exchange chromatography 1-1000 0.02 27
UV/vis spectrophotometry of a copper/creatinine complex 8.8-530 2.5 28
Amperometric detection 10-650 0.5 29
Electrochemical impedance spectroscopy 0.05-0.2 pg mL™* ~0.35 30
Cyclic voltammetry 10 0.001 31

Photoluminescence approach

This journal is © The Royal Society of Chemistry 2020
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where S is the blank standard deviation of the photo-
luminescence intensity values, and b is the slope of the cali-
bration graph.

Determination of creatinine in real samples. Real serum
samples from healthy females and males were supplied from
a medical laboratory. Then, blood samples were collected by
jugular venipuncture in test tubes and centrifuged immediately
for 15 min at 4000 rpm min~'. The obtained serum samples
were stored at —20 °C until being assayed for creatinine. The
procedure of the PL measurements described above was applied
to study the effect of creatinine in the serum samples upon
appropriate dilution of the spiked samples (spiking tech-
niques). The measured PL intensities were introduced into the
linear portion of the constructed calibration graph obtained
with creatinine standard solutions.

Conclusions

A novel optical creatinine approach was suggested by the
preparation of a smart sensing material [Ce(m)-isatin Schiff
base complex]. The current optical sensor (C1) exhibited fast
response time, high sensitivity, high accuracy and precision,
good reproducibility, applicability, good recovery and effec-
tiveness to determine creatinine in various real samples (serum/
plasma). This study supplies a suitable approach to develop
a new kind of creatinine biosensor with an enormous linear
range and lower LOD and LOQ values compared with other
published reports. The nature of the interaction and quenching
mechanism was also well investigated by using the Stern-
Volmer equation. The results of this study indicated that the
energy-transfer was responsible for the quenching of our system
and the quenching mechanism between C1 and creatinine was
a dynamic type. DFT calculations were executed to investigate
the optimized structures of L1 and C1.
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