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Abstract
A novel, sensitive, rapid, and simple fluorescent probe has been developed based on green-synthesized carbon dots (CDs). In this
work, CDs have been synthesized from valerian root by hydrothermal method. Transmission electron microscopy (TEM) and
dynamic light scattering (DLS) results confirm the formation of CDs with sizes of less than 10 nm. Fluorescence quenching of
CDs was due to the aggregation of the negative charges of CDs with the positive charge of imipramine (IMI) and was then used as
the signal for determination of IMI. In addition, the cytotoxicity of CDs was determined using the MTT assay. The probe
responses under optimum conditions were linear in the range of 1.0–200.0 ng mL−1 with a limit of detection of 0.6 ng mL−1.
Afterwards, mesoporous boehmite (MB) was modified with synthesized CDs (CDs/MB). TEM images confirmed MB modifi-
cation with CDs. In this case, the variations in the fluorescence signal for different concentrations of IMI increased leading to the
higher sensitivity for IMI detection. The limit of detection and linear range for determination of IMI with CDs/MBwere obtained
as 0.2 and 0.5–200.0 ng mL−1, respectively. To evaluate the fluorescent probe, IMI was measured in real samples.
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Introduction

In the modern world, depression is one of the most important
impairments in mental health and the treatment is very impor-
tant [1, 2]. Imipramine (IMI) is one of the tricyclic antidepres-
sant (TCA) drugs, which are the most common and effective
for the treatment of psychiatric disorders, especially depres-
sions [3]. This drug elevates the mood of patients by interfer-
ing with the reuptake of norepinephrine or serotonin [4, 5].
Similar to other psychiatric medications, IMI leads to some
adverse effects. The common side effects of consuming IMI
include low blood pressure, rapid heart rate, dizziness, dry
mouth, drowsiness, and overdose, which can result in death
[6]. The symptoms of taking too much IMI include uncontrol-

lable body movements, seizure, and coma [7, 8]. Therefore, a
fast determination of IMI with high sensitivity and precision is
essential. Several analytical methods have been reported for
the determination of IMI in human fluids. These methods
include high-performance liquid chromatography (HPLC),
capillary electrophoresis, thin layer chromatography, electro-
analytical methods, and atomic absorption spectrometry [9,
10]. However, many of these methods are limited in terms of
their application and equipment. The fluorescent based meth-
odwas considered because of its high degree of sensitivity and
specificity, relative simplicity, fastness, and less expense com-
pared with the other methods for the determination of the low
concentrations of the drug [11]. In this work, fluorescence
assays have been evaluated based on the aggregation and
electron transfer of CDs for the determination of IMI.

Carbon nanomaterials have received a huge amount of re-
search interest, especially for sensing applications. The large
surface area of nanoparticles provides a great number of active
sites in which target molecules can bind and interact [12].

CDs have recently gained great attention because of their
interesting properties such as high solubility, high fluorescent
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properties, the surface modification capability, tunable excita-
tion, emission wavelength, and high resistance to
photobleaching. Furthermore, biological potentials of CDs en-
able them for in vivo determination [13]. Emission in the
visible region makes CDs applicable in optical tools. Their
rather broad absorption spectra enable different sizes of CDs
to be excited by only a single source [14]. The synthesis of
CDs with high fluorescent emission in the visible range by
simple, inexpensive, and green methods has been recently
considered. In this work, Valerian root was utilized for the first
time as a carbon source to produce new CDs. Valerian is an
herbal product used to promote sleep and an anxiolytic for
nervous unrest, epilepsy, and spasmolytic effects. Valerian
roots affect stress and neuralgia [15]. In this work, the aggre-
gation behavior, in which the changes in light scattering were
measured as a response function of the probe, was effective in
changing the intensity of fluorescence. The aggregation mech-
anism can be confirmed by using several techniques such as
fluorescence spectroscopy, TEM, and zeta potential measure-
ment. Furthermore, the DLVO (Derjaguin, Landau, Verwey,
and Overbeek) theory can be used to justify the experimental
results [16]. In the next step, boehmite (AlOOH), one of the
most stable mesoporous materials, which is non-toxic and
inexpensive and has a high surface area and porosity, is used
as a support for CDs [17–19]. Modification of the surface of
the mesoporous boehmite (MB) makes it useful in targeting
applications. There are many hydroxyl groups on the surface
layered structure ofMB, which can bindwith hydroxyl groups
on the CDs [20, 21]. MB modified with CDs shows increased
fluorescence intensity due to its high rigidity.

Sensing the response to the changes in the emission inten-
sity of CDs can be connected by electron transfer mechanism,
which occurs when an electron relocates from an atom or
molecule to another such chemical entity. It is based on the
electrostatic adsorption of cationic quencher on the surface of
anionic CDs [22].

Materials and methods

Chemicals

All the chemicals were of analytical grade or of the highest
available purity and distilled water was used throughout the
experiments. Valerian root, as the carbon source, was pur-
chased from a local market. Imipramine hydrochloride (≥
99.0%) was obtained from Amin Drug Company (Esfahan,
Iran). Human liver cancer (HepG2) and cervical cancer
(HeLa) cell lines were obtained from Pasteur Institute (Iran,
Tehran). Universal buffer solution (0.04 mol L−1) at pH 6.0
was prepared by phosphoric acid (H3PO4), boric acid
(H3BO3), and citric acid (CH3COOH) (each of them in
0.04 mol L−1) and that titrated to the desired pH with the

appropriate amount of sodium hydroxide NaOH
(0.2 mol L−1) [6]. Ethanol (C2H5OH), iso-propanil, chloride
salts of Ni2+, Hg2+, Fe2+, Cu2+, Zn2+, L-cysteine, glutathione
(GSH), ammonium acetate, Rhodamine B (RhB), and methyl
thiazolyl diphenyltetrazolium bromide (MTT) were purchased
from Sigma Aldrich Chemical Co. Acetonitrile (ACN) and
methanol HPLC–grade were supplied from Merck
(Darmstadt, Germany). Pure water was obtained by OES sys-
tem (Oklahoma, USA). Aluminum iso-propoxide was synthe-
sized based on a previously published procedure [23].

Apparatus

UV–Vis light absorption spectra were obtained using a Jasco
V-570 UV/Vis/NIR spectrophotometer (Tokyo, Japan).
Fluorescence spectra were recorded on a Jasco FP-750 spec-
trofluorometer (Tokyo, Japan). TEM experiments were car-
ried out with a Philips CM30 300 kV TEM (Eindhoven,
The Netherlands). Fourier-transform infrared spectra (FTIR)
were recorded on a JASCO FTIR (680 plus) spectrophotom-
eter (Tokyo, Japan) to obtain information about the functional
groups of CDs. The particle size distribution was determined
using a Malvern ZEN3600 DLS instrument (Birmingham,
UK). X-ray diffraction (XRD) analyses were carried out with
a Bruker D8/Advance X-ray (Washington, USA). Energy dis-
persive X-ray spectroscopy (EDX) was carried out with a
Seron AIS 2300 (Korea). A coring pH meter, model 827 pH
Lab (New York, USA) was used to determine the pH of the
solution. A Malvern Zetasizer NanoZS, Model ZEN3600
(UK) was used for zeta potential measurements.
Chromatographic separation was carried out on an RP–C18
column HPLC (250 mm × 4.6 mm, 5 μm particle size,
Leonberg, Germany) with UV–Vis detector. Themobile phase
consisted of ammonium acetate (0.05 M at pH 5.5), ACN in
ratio of 55: 45, and v/v at a flow rate of 1 mL min−1.

Synthesis of CDs

CDs have been synthesized by hydrothermal method. In brief,
0.5 g of dry powder of Valerian roots was mixed with 40 mL
of distilled water and the mixture was placed in an autoclave
and heated at 180 °C for 12 h. The bulky particles were re-
moved from the consequential solution by centrifuging at
12,000 rpm for 20 min and filtration using a 0.45-μm filter
membrane and centrifugal filters (10 kDa MW cutoff). The
obtained CD solutions were kept at 4 °C in a dark place for
further characterization and use.

Synthesis of MB

High surface area mesoporous boehmite (MB) of specific
morphology was synthesized via a cost effective, green, and
surfactant free method in a short time [17]. To obtain the
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nanoboehmite, a solution of aluminum 2-propoxide in 2-
propanol was hydrolyzed around the boiling point of 2-
propanol by addition of acetic acid aqueous solution, followed
by aging at reflux temperature for 24 h. The sample was then
dried at 70 °C for 3 h at a pressure of 120 mbar.

Synthesis of CDs/MB

For the synthesis CDs/MB, a mixture of 4% mass ratio of
CDs/MB was prepared. After stirring for 8 h, the doped ma-
terials were centrifuged (10,000 rpm/ 20 min). The residual
precipitate was filtered and dried at room temperature [24].
The synthesis of CDs/MB was based on interaction between
functional groups of CDs andMB. The CDs/MBwas used for
determination of different concentrations of IMI.

Quantum yield measurements

The quantum yield of CDs, which is generally dependent on
the synthesis method employed, the nature of the precursors,
and the passivation method used, was obtained through
Eq. (1), Rhodamine-6G (Q = 0.31) being used as a standard
sample.

Qc ¼ Qr:Ic=I r:Ar=Ac:η
2
c=η

2
r ð1Þ

Here, Q denotes QY of CDs, A is the absorbance at the
excitation wavelength, I is the integrated emission under fluo-
rescence spectrum, η is the refractive index of the solvent, the
subscript r and c indicate respectively the standard and sample
[25].

Fluorescent assays

For the determination of IMI, a mixture of 40 μL
(2.34 mg mL−1) of CDs or 100 μL (1.00 μg mL−1) of CDs/
MB was mixed with the appropriate amount of the sample
solutions and subtilized with universal buffer solution (pH =
6.0). When the excitation wavelength was 400 nm, the fluo-
rescence intensity of the solution was recorded in the range of
420–700 nm. The excitation and emission slit widths used for
recording the fluorescence spectra were 10.0 nm.

The response factor (F0-F) values were obtained and the
sensitivity of the assay was evaluated. F0 and F correspond to
the maximum fluorescence intensity in the absence and pres-
ence of IMI, respectively. The maximum fluorescence inten-
sity was recorded at 485 and 483 nm excitation wavelengths
in the presence of CDs and CDs/MB, respectively.

Study of cytotoxicity CDs

Given the numerous types and properties of CDs, they have a
wide range of biomedical and biological applications.

The cytotoxicity of CDs has an important effect on cell
growth and viability and has been observed in numerous
in vitro studies. Some excellent properties of CDs have been
discovered and applied in many areas of our lives. More and
more people have an awareness of the benefits of CDs.
However, the corresponding disadvantages still need to be
considered.

Therefore, the cytotoxicity of the synthesized CDs was
determined via an MTT assay. Two types of cancer cells,
HeLa and HepG2, were plated separately in 96-well plates at
10,000 cells/well for 24 h. The cells were then exposed to the
increasing concentration of CDs for 48 h at 37 °C. Thereafter,
the cells were incubated for 3 h with 10 μL of MTT dye per
wall of the plate. Absorbance was measured at 490 nm and the
results represent the mean values from three independent ex-
periments [26].

Sample preparation

The blood plasma samples of several volunteers were obtain-
ed from the clinic center of the Isfahan University of
Technology. The samples were diluted and filtered with sy-
ringe filters several times in order to separate any particles.
The standard addition method was applied to different con-
centrations of IMI spiked to the serum.

For this evaluation, 350 μl of the filtered plasma sample
was added to the solution containing 39.0 μg mL−1 CDs,
pH = 6.0. Afterwards, 400.0 μL of the serum sample was
added into 2.6 mL of the mixture containing 1.00 μg mL−1

of CDs/MB, pH = 6.0. After preparation, the fluorescence
spectrum was recorded at 400 nm excitation wavelength in
the range of 420–700 nm.

Cell viability assay

For studying the biocompatibility of green, synthesized CDs,
the cell viability of the two types of cancer cells, HeLa and
HepG2, were obtained using Eq. (2) [26]. The results showed
that the cytotoxicity of the synthesized CDs was very low and
more than 80% of these cells survived in the presence of CDs.

Cell viability ¼ Abss
Absc

� 100 ð2Þ

Results and discussion

Characterization of the synthesized CDs

DLS technique was used to display the average diameter and
size distribution of CDs. Fig. 1a shows that the synthesized
CDs have a narrow distribution of 4.1–5.3 nm with the aver-
age size of 4.5 ± 0.4.
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The absorbance and fluorescence emission spectra of CDs
were recorded. Figure 1b shows the emission spectra of CDs
at different excitation wavelengths. As it can be observed, the
emission signal is higher at 400 nm excitation wavelength.
Thus, 400 nm was selected as the excitation wavelength for
analytical assays.

The emission wavelength of CDs relies heavily on the ex-
citation wavelength, which is common to CDs produced [27].

Effective factors on the fluorescent behavior of the com-
pounds included the nature of any substance, structure, and ri-
gidity. As seen in previous works, MB with rigid structure was
used to disperse the carbon nanoparticles and is mesoporous
making it a good candidate to enhance fluorescence in solution.
After dispersion of CDs on the MB, these CDs showed stronger
photoluminescence with excellent stability against pH [28].

Characterization of CDs typically includes UV–visible ab-
sorption and fluorescence spectroscopy due to their optical
properties [13]. The synthesized CDs show strong absorption
in the UV–Vis region.

As it can be observed, the emission spectra of CDs are
narrow and symmetrical, which makes it easy to distinguish
one color of CD from another. Figure 1c shows the emission

spectra with a maximum at 485 nm under an excitation wave-
length of 400 nm.

The absorbance spectra of CDs and CDs/MB are compared
in Fig. 1d. Maximum absorbance wavelengths of CDs and
CDs/MB were in 281 and 258 nm, respectively, and the ab-
sorbance intensity of CDs/MB was higher than that of CDs.
Therefore, the fluorescence emission intensity of CDs/MB
was greater than that of CDs.

As can be seen in (Fig. 1e), MB has the low intensity
fluorescence in ~ 440 nm. That is different with the maximum
wavelength fluorescence of CDs and was not interfered with
quantitative measurements.

EDX patterns were studied to obtain the chemical compo-
sition of CDs and CDs/MB. As observed in Fig. 2a, major
elements of CDs are carbon and oxygen. Furthermore, Fig.
2b shows oxygen, aluminum, and carbon in the CDs/MB.

XRD method was used to study the structure of CDs and
CDs/MB (Fig. 2c and d). The XRD pattern of CDs/MB includes
a band at 20°with an intensity greater than that of CDs. This peak
emphasizes the amorphous structure of CDs/MB. Furthermore,
two peaks are observed at 50° and 65° with low intensity, which
are related to the crystalline structure of MB [17].

Fig. 1 a DLS analysis of CDs; b
the emission spectrums of CDs in
different excitation wavelength; c
absorbance and fluorescence
emission of CDs; d comparison
absorbance spectrums of CDs and
CDs/MB; e comparison emission
spectrums of CDs, MB, and CDs/
MB
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TEM was used to study the shape and size of the synthe-
sized CDs and CDs/MB. TEM images of synthesized CDs
indicate CDs are made spherical and smaller than 10 nm in
size (Fig. 3a).

Moreover, the surface charge of CDs was negative at
pH 6.0 and the zeta potential of CDs was negative (− 18.5 ±
2.1 mV) as well. The electrostatic repulsion between CDs
forms a stable colloidal condition.

At environmental conditions (pKa = 9.4), IMI carry a pos-
itive charge in aqueous solution and the effective charge of the
N-terminal amino group of IMI (zIMI) is about + 0.95 at pH =
7.4. Studies show pKb of IMI at neutral pH is equal to 4.6 that

emphasize the amino structure of IMI [29]. Therefore, amino
group in IMI becomes more positive at acidic pH. Zeta poten-
tial was measured. The zeta potential value for IMI was +
17.1 ± 2.5 mV that imparts a positive surface charge on the
IMI.

Figure 3b shows the TEM images of MB, which indicate a
well-defined structure layered. Moreover, this method can be
used to estimate the surface size and shape and layer thick-
ness. Figure 3c shows the morphology of CDs/MB. The CDs
with spherical shape and size under 10 nm were dispersed in
the layers of MB. The modified MB was formed due to hy-
drogen bonding between MB and CDs.

Fig. 3 a TEM images of CDs; b
TEM images of MB; c TEM
images of CDs/MB; d TEM
images of CDs after addition of
IMI

Fig. 2 a EDX pattern of CDs; b
EDX pattern of CDs/MB; c XRD
pattern of CDs; d XRD pattern of
CDs/MB
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The TEM analysis of CDs after the addition of IMI pro-
vides evidence for the aggregation of these nanoparticles

(Figure 3d). The aggregation of CDs by IMI occurs when
smaller particles are deposited onto larger particles through
an electrostatic interaction between negatively charged CDs
with positively charged IMI.

Fourier-transform infrared (FTIR) spectroscopy has been
extensively used to investigate the surface nature of nanopar-
ticles [11]. Figure 4a shows the FTIR spectra of CDs and CDs/
MB. Asymmetric and symmetric stretches of the carboxylate
group are emerged at 1570 and 1391 cm−1, respectively. In
addition, the overlap of the –OH/–NH can be observed at
3200–3500 cm−1 [30]. Other peaks show hydrocarbon groups
on the CDs.

The template or content of the MB can be identified
using FTIR. The FTIR spectra of synthesized CDs/MB
also show two peaks at 621 and 868 cm−1 related to the
Al–OH and Al–O–Al, respectively [31]. The FTIR spectra
of CDs/MB show both CDs and MB groups and the inten-
sity peak of the hydroxyl group have not changed after MB
modification [32].

Raman spectroscopy is a valuable technique for investigat-
ing the detailed bonding structure of the CDs. The Raman
spectra of synthesized CDs show two peaks in 1385 and
1562 cm−1 with different intensities corresponding to dia-
mond (D) and graphite (G) bands, respectively (Fig. 4b).
The ratio of the peak intensity of D-band to G-band (DI/GI)
was 0.7, which confirms the graphitic structure of synthesized
CDs [33, 34].

Fig. 4 a FTIR spectra of CDs and CDs/MB; b Raman spectra of CDs

Fig. 5 a Effect of pH in determination IMI with CDs and CDs/MB as a fluorescence probe; b effect of concentration of CDs in determination IMI; c
effect of time reaction in determination IMI with CDs and CDs/MB as a fluorescence probe
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Optimization of reaction conditions

Effect of sample solution pH

Influences of different experimental variables on the re-
sponse factor (F0-F, where F0 and F correspond to
fluorescence intensity in the absence and presence of
IMI) were studied. The effect of pH was examined over
the range of 2–12 in the solution containing 39 μg mL−1 of
CDs and 60 ng mL−1 of IMI. Figure 5a shows the carboxyl
groups of CDs were protonated in an acidic pH. Therefore,
the fluorescence signal of the probe was quenched due to
its agglomeration [35]. The zeta potential of the synthe-
sized CDs was negative at pH 6.0 and the fluorescence
signal was maximum, which is the best value for determi-
nation of IMI. IMI is positively charged at pH 6.0 while
this surface charge is hydrated at basic pH. An electrostatic
interaction can occur between CDs and IMI at optimum
pH, followed by the aggregation of CDs at pH 6.0. In
addition, the pH in the presence of CDs/MB did not con-
siderably influence the response factor of the probe. When
MB was modified with CDs, the hydroxyl groups of the
CDs were involved with those of MB and the pH of the
solution did not affect the fluorescence emission intensity
of the probe. The hydrogen bonding between CDs and MB
can intercept the protonation and deprotonation of CDs in
different pHs [36].

Effect of concentration CDs

The influence of different concentrations of CDs was studied
on the response of the probe. When the concentration of IMI
was 60.0 ng mL−1 and the pH of the universal buffer was 6.0,
the response factors of different amounts of the CDs were
measured (Fig. 5b). The results show the best response of
the IMI probe was obtained in 39.0 μg mL−1 of CDs. At
higher concentrations, the fluorescence signal was decreased
due to the self-quenching of CDs. On the other hand, the
signal to noise ratio was decreased if the concentration of
CDs was too low [11, 35].

Effect of reaction time

The influence of different reaction times between CDs and
IMI on the fluorescence intensity was studied. In a solution
containing 60.0 ng mL−1 of IMI and 39.0 μg mL−1 of CDs at
pH 6.0, the response factor (F0-F) of different reaction times
in the range of 1 to 40min was recorded. The results show that
15 min is the best reaction time (Fig. 5c). This could be due to
the completion of the reaction. Thus, 15 min was selected as
optimum reaction time for further experiments.

The results of different reaction times between CDs/MB
(1 μg mL−1) and IMI (40.0 ng mL−1) were obtained. As

observed in Fig. 5c, different reaction times have no consid-
erable influence on the sensitivity of the CDs/MB probe be-
cause of completing the groups on the surface of CDs and thus
the reaction time remains constant [36].

Given the more active surface area of MB, the reaction
completed very fast and the effect of reaction time on the
signal was not significant. The fast response can be illuminat-
ed by enhancing the electron transfer in the porous structure
by the forward bias-induced barrier lowering [37].

Figure of merit

The fluorescence spectra of different concentrations of
IMI (1–200 ng mL−1) under the optimum condition are
shown in Fig. 6a. The response factor (fluorescence
quenching of CDs) clearly depended on the concentration
of IMI. It was shown that a linear relationship existed
between (F0-F) and log C (C is the concentration of
IMI). In the linear range of 1.0–200.0 ng ml−1, the corre-
lation coefficient was 0.992. The theoretical limit of de-
tection (LOD) was calculated by 3 Sb/m, where m is the
slope of the calibration diagram and Sb is the standard

Fig. 6 Fluorescence spectra of calibration curve (a) 39.0 μg mL−1 CDs at
pH = 6.0 in the presence of different concentrations of IMI as (a) 1 (b) 5
(c) 10 (d) 20 (e) 40 (f) 60 (g) 100 (h) 120 (i) 150 (j) 200 ng mL−1. (b)
1.0 μg mL−1 CDs/MB and different concentration of IMI as (a) 1 (b) 2 (c)
3 (d) 5 (e) 10 (f) 20 (g) 40 (h) 60 (i) 90 (j) 120 (k) 150 (l) 200 ng mL−1
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deviation of the blank (n = 10). The LOD was obtained at
0.6 ng mL−1 IMI. On the other hand, the experimental
limit of detection was recorded as 1 ng mL−1. The relative
standard deviation (RSD) for a set of 5 measurements for
10.0 and 80.0 ng mL−1 IMI under the optimum conditions
was obtained as 1.2 and 1.0%, respectively. In the fluo-
rescence spectrum, the red-shift of maximum wavelengths
is due to the decreased distance between CDs upon the
addition of IMI [35]. Besides, Fig. 6b shows the fluores-
cence intensity of 1 μg mL−1 CDs/MB with different con-
centrations of IMI.

The correlation coefficient was obtained as 0.9947 in
the liner range of 0.5–200.0 μg mL−1 of IMI. When CDs/
MB was used as a probe, LOD was calculated at
0.2 ng mL−1 (n = 10) and RSD was 1.2 and 1.02% (n = 5)
for 5 and 60 ng mL−1, respectively. Considering the pres-
ence of carboxyl groups on the CDs, hydrogen bonding
was formed between CDs and IMI, which probably in-
creased the electron transfer rate from CDs to IMI and
quenching mechanism occurred better [32].

Interference

In order to study the effects of different species in the blood on
the response of the assay based on CDs, the effect of ions such
as Ca2+, K+, Fe3+, and organic compounds in the blood in-
cluding ascorbic and uric acids, and several amino acids such
as dopamine, histidine, glucose and glycine, and drug used
with IMI, carbamazepine [38] were investigated. All of the
interferences in 4500.0 ng mL−1 and concentration of IMI
was 60.0 ng mL−1. A high concentration of interference was
selected to ensure the interference effects.

The results in Fig. 7 indicate that the response of CDs to
IMI was much more than that of interference species.

A strong interaction between CDs and IMI arising from the
conflict surface charges can be the reason for the selectivity of
this method. In the presence of CDs/MB, in the presence of
3000.0 ng mL−1 of several spices and 40.0 ng mL−1 of IMI
was studied. IMI was measured with high sensitivity and with-
out noticeable interference effect due to the strong hydrogen
bonds between CDs/MB and IMI (Fig. 7).

Applications

Application of CDs and CDs/MB as probes for determination
of IMI in the serum samples was studied. IMI was measured in
the real samples with the standard addition method. The results
in Tables 1 and 2 show that the recovery percent of these probes
in different serum samples is acceptable. The student t test was
used to make sure the data accuracy in this method. The capa-
bility of these sensors for imipramine detection in real samples

Table 3 Determination IMI in urine samples

Sample Proposed method a HPLCa tcal

(ng mL−1) (ng mL−1) (ttable (95%, 4) = 2.78)

CDs 31.7 ± 1.2 36.9 ± 2.6 2.28

CDs/MB 33.2 ± 1.1 36.9 ± 2.6 1.65

a Average values of three determinations ± standard deviations

Table 2 Determination IMI in real samples in the presence of CDs/MB

Serum sample IMI added IMI found RSD Recovery
(ng mL−1) (ng mL−1) (%) (%)

D 75.0 73.01 1.5 96.3

100.0 100.9 1.3 100.7

150.0 153 1.6 102.4

E 50.0 48.6 2.3 97.2

150.0 153.6 1.6 102.4

F 50.0 54.2 2.0 108.4

150.0 159.5 1.5 106.3

Fig. 7 Fluorescence response of CDs, 39.0 μg mL−1; IMI, 60 ng mL−1

and in the presence of different species interference, 60,000 ng mL−1 and
CDs/MB, 1 μg mL−1; IMI, 40 ng mL−1 and different species,
40,000 ng mL−1

Table 1 Determination IMI in real samples in the presence of CDs

Serum sample IMI added IMI found RSD Recovery
(ng mL−1) (ng mL−1) (%) (%)

A 100.0 95.8 2.3 95.8

150.0 146.5 1.7 97.7

B 50.0 55.8 2.7 111.5

150.0 147 1.4 98

C 70.0 64.5 2.8 92.8

100.0 107.9 1.2 107.9

150.0 150.6 1.3 100.6
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was examined by comparing the concentration of the imipra-
mine in the urine sample of a patient using this drug.

The obtained results were compared with those achieved by
HPLC method. After dispersive liquid–liquid microextraction
of imipramine in human urine samples, HPLC-UV was used
for the determination of the imipramine [39]. The t test results
presented in Table 3 demonstrate the accuracy of the method.

Conclusion

In this work, simple, rapid, selective, and sensitive methods
were developed for satisfactory determination of IMI by the
fluorescent method based on green CDs and CDs/MB. The
CDs were synthesized from Valerian root for the first time.
When MB was modified with CDs, the fluorescence intensity
increased and sensitivity in the determination of IMI
improved.

After the addition of IMI, fluorescence quenching was ob-
served, which was due to the reaction between CDs and IMI.
The fluorescence quenching of the bare CDs with IMI was
due to the aggregation of CDs. Electrostatic interaction be-
tween the negatively charged surfaces of CDs and positively
charged IMI produced a significant reduction of the fluores-
cence signals.

The second interaction involves electron transfer between
CDs on the MB and IMI. The protonated IMI may interact
with the oxygenated surface of CDs located on the MB by
hydrogen bonding, causing quenching of fluorescence.

The results of the employed method in this work showed a
wide linear range and low limit of detection. The responses of
the synthesized fluorescence probes were unaffected by dif-
ferent species in the body fluids, indicating the high selectivity
of this method. To investigate the accuracy of this method, the
results were compared with those of other reported methods
such as spectrophotometry, UPLC, HPLC, electrochemical,
IMS, electrochemiluminescence, and spectrofluorometry.

Table 4 shows the proposedmethod employing a simple green
system with good sensitivity and selectivity.
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