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Abstract

The present study sought to develop a facile and green synthetic approach for producing fluorescent carbon dots (CDs) from a
natural biomass using aqueous extraction of carbonized blue crab shell. Spherical carbon dots (6.00 +3.0 nm) exhibited an
extended emission range with excellent quantum yield (14.5 +3.5%). In order to measure ceftriaxone, we offered a simple and
sensitive method, based on fluorescence quenching of carbon dots in plasma and water with recovery values of 94.5-104.1%.
Furthermore, with usage of central composite design (CCD) based response surface methodology (RSM); we optimized the
effect of different factors. In addition, ANOVA evaluated the accuracy and suitability of quadratic model. Under optimal
conditions, fluorescence quenching revealed a sensitive response in the concentration range of 201000 nM with the limit of
detection 9.0 nM for ceftriaxone. Finally, carbon dots-based fluorescence quenching procedure was able to quantify ceftriaxone
in plasma, as well as mineral and tap water. Spiked samples achieved satisfactory efficiencies.
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Introduction

In the recent years, more attention has been paid to quantum
dots (QDs) due to the novel luminescence characterization.
However, some problems limited QDs applications including
complicated synthesis approach, heavy metal toxicity, and en-
vironmental hazards [1].

Photoluminescence properties of Carbon dots
(CDs)(<10 nm) are similar to QDs. Additionally, they offer
advantages such as water solubility, Photostability, high
chemical stability, emission wavelength adjustment, low tox-
icity, biological availability and synthesis facility. CDs as fluo-
rescent probes were widely replaced semiconducting QDs or
fluorescent dyes utilized to measure analyte. In order to
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synthesis CDs, an extended range of available natural biomass
such as plants [2], vegetables [3, 4], juices [5, 6], shrimp shell
[6], and fish scales were used [7].

Ceftriaxone (CFX) belonging to the cephalosporin family
(with long half-life) exhibits high stability and potent antibac-
terial activity against gram-positive and gram-negative bacte-
ria. In addition, it is prescribed for treating septicacmia, men-
ingitis, bronchitis Lyme (early and recovery stage after the
disease), bone, joint, soft tissue, kidney and urinary tract, re-
spiratory system (especially pneumonia), Otolaryngology,
genital tract (such as gonorrhoea), skin, wound, intra-
abdominal infections (peritonitis, gastrointestinal and biliary
tract), infection in patients having a poor immune system, and
preventing from infection during surgery [8]. Thus, in order to
support patient’s health, ceftriaxone amount should be moni-
tored in biological samples. High performance liquid chroma-
tography (HPLC) technique commonly quantifies ceftriaxone
in plasma [9, 10]. Some researchers measured ceftriaxone in
drug formulations using spectrophotometry [11-14],
spectrofluorimetry [15, 16], Voltammetry [17], Chemi-
luminescence [18] and recently QDs fluorescence quenching
[19, 20].

Single variable optimization approach (SVA) is a tool
for optimizing in analytical chemistry [21], without
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regarding the combined effects of parameters, which is
regarded as the main disadvantage. Consequently, the
researcher implemented multivariate statistical methods
such as response surface methodology (RSM), as the
most appropriate one, which is considerably utilized in
analytical chemistry. The RSM, as a collection of math-
ematical and statistical techniques, is a useful approach
to determine the effects of operational parameters in
optimizing and developing process. The most common
and efficient RSM [22-26] is Central composite design
(CCD) method.

In the present study, the researcher offered a rapid and
green method for producing CDs from heated blue crab shell.
Based on CDs good photoluminescence, a facile, potent,
quick and non-toxic fluorescent probe was provided.
Further, the effect of pH, as well as time and temperature of
incubation on the fluorescent probe were examined by CCD-
based RSM. Furthermore, the stability, response to interaction,
and limit of detection (LOD) were assessed. Finally, CDs
based optosensor was used in order to identify and quantify
ceftriaxone in plasma, as well as tap and mineral water.

Materials and Methods
Materials

Sigma—Aldrich provided Ceftriaxone and quinine sulfate. The
blue crab of The Persian Gulf was purchased from supermar-
kets and washed with double distilled water. All chemicals
and reagents were of analytical grade. Thus, there is no need
to further purification. Double distilled water was utilized in
all experiments.

Instruments and Software

A Perkin-Elmer LS55 spectrofluorimeter was used to determine
fluorescence spectra in emitting and exciting slits (band width =
5 nm). Then, absorption spectra were obtained using a Perkin-
Elmer Lambda 25 spectrophotometer. Regarding Fourier trans-
form infrared (FT-IR) spectra, a Perkin-Elmer Spectrum 400
spectrometer was implemented. JEOL JEM-2010 instrument
was applied to record transmission electron microscopy
(TEM) images. The X-ray photoelectron spectroscopy (XPS)
analysis was conducted by VG-Microtech Multilab 3000.

To investigate the interaction between CFX and CDs,
Heidolph 1000 incubator, Sonorex RK100 (Ultra Center
Europe) ultrasonic bath, and Hettich D-78532 centrifuge was
used. Designing an experiment, modeling surface response,
and calculating optimal condition function was performed
using Design Expert 10.0.1.0 software.
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Synthesis of CDs

The CDs were produced via method [6] with little mod-
ification for the similarity between the raw material of
the crab and shrimp (chitosan) shell. First, 5 g of blue
crab shell was heated in an oven at 210 °C for 20 min.
To prepare a homogeneous solution, 0.1 g of carbonized
resultant was mixed with double-distilled water (1 ml)
in a micro-tube and placed in an ultrasonic bath for
6 min to speed up particle scattering and CDs
extracting. Finally, the solution was centrifuged at
9000 rpm for 7 min, and the supernatant solution was
filtered through a cellulose acetate syringe filter
(0.45 wm) and stored for further steps.

Quantum Yield of Prepared CDs

Based on the previous approach [22, 23], the quantum yield
(QY) of the obtained CDs was calculated by quinine sulfate in
0.1 M H,SO4 Mr=1.33, QYR =0.54 in 360 nm) as the stan-
dard sample. The quantum yield was determined via the fol-
lowing equation:

e (1) ()3

where “I” represents the measured integrated emission
intensity, “A” corresponds to the absorbance on the ex-
citation wavelength, and “n” shows the refractive index.
The subscript “S” and “R” are regarded as the sample
and standard.

Assay Procedure

Briefly, 200 uL of CDs homogenous solution, 400 pL
Britton-Robinson buffer (pH = 5) and various amount of cef-
triaxone standard solution (I mM) was mixed. Then, double
distilled water was added to attain a final volume of 5 ml. In
addition, the mixture was incubated at 50 °C for 27 min.
Based on fluorescence spectra of the sample and standard
between 360 to 700 nm (A = 340 nm), the difference of the
fluorescence intensity in the sample (F) versus standard (F)
resulted in achieving responses. All the experiments were re-
peated 3 times.

Design of the Experiment

In this work, the effect of three variables including in-
cubation time (10—40 min) and temperature (25-65 °C),
along with pH (3—11) on the response (Fo-F), was eval-
uated. The optimization conditions, main parameters,
and their interaction were simultaneously examined
using CCD. The relevant ranges for selected variables
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Fig. 1 a TEM image, (b) Size distribution, (¢) FTIR spectrum, (d) XPS, (e) Cls and (f) N1 s XPS spectra of synthetized CDs

were chosen based on early screening study in the lit-
erature review. The factors were designed in a five-level
and 20 experimental runs including six axial runs, eight
cubic runs corresponding with8 runs in the full factorial,
and 6 repeated runs for a central point (x=2). The
following second-order polynomial model approximated
the relationship between these independent variables:

Y =By + X8 + i T ByX X + T BaX (2)

where X; and X, are considered as the main variables,
By represents the constant of the model, and 3; shows
the linear coefficient. The coefficients of the interactive

and non-linear (quadratic) effect of the main factors are
By and 3; respectively. The statistical significance of
parameters, their interactions, and sufficiency of the de-
veloped regression model was assessed by ANOVA.

Sample Preparation

The ceftriaxone stock solution (I mM) was produced
with double-distilled water and stored in darkness at
4 °C prior to using. Britton-Robinson buffers were cre-
ated by mixing the amounts of boric, acetic, and phos-
phoric acids and NaOH.
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Fig. 2 a UV-Vis absorption, (b) fluorescence excitation and emission spectra of obtained CDs

The Damavand Co. and tap water samples were fil-
tered (pore size=0.45 pm) and directly used without
early preparation. Human plasma samples were provided
by the Iranian blood transfusion organization. To elimi-
nate proteins, 1 ml of plasma was added to 1 ml of
acetonitrile and centrifuged at 8000 rpm for 30 min.
Subsequently, the supernatant layer was collected, and
resultant acetonitrile was evaporated by passing the N,
stream, afterward stored at 4 °C for further analysis.
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Results and Discussion
Characterization of CDs

As TEM images illustrated in Fig. 1a, the CDs were dispersed
appropriately and distributed in the range of 3.0-9.0 nm (Fig.
1b). In order to identify the surface functional groups in the
obtained CDs, the FT-IR spectra (Fig. 1c) were utilized. The
absorption bands at 3458 and 2922 cm ! have corresponded to
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Fig. 3 a Stability of CDs fluorescence intensity under UV radiation, (b) Ionic strength effect of NaCl solution, (c) pH effect on CDs fluorescence

intensity (inset: pH Linear relationship in 4—12 range)
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Table 1 ANOVA for response
surface quadratic model Source Sum of Squares Df Mean Square F Value p value
Prob >F
Model 43,431.96 9 4825.77 108.60 < 0.0001 significant
A-Time 482.55 1 482.55 10.86 0.0081
B-Temp. 2915.93 1 2915.93 65.62 < 0.0001
C-Ph 13,635.28 1 13,635.28 306.84 <0.0001
AB 2375.33 1 237533 53.45 < 0.0001
AC 2954.90 1 2954.90 66.50 < 0.0001
BC 789.97 1 789.97 17.78 0.0018
A? 16,975.32 1 16,975.32 382.01 < 0.0001
B’ 4154.25 1 4154.25 93.49 <0.0001
c? 5824.00 1 5824.00 131.06 <0.0001
Residual 44437 10 44.44
Lack of Fit 239.15 47.83 1.17 0.4354 not significant
Pure Error 205.22 41.04
R-Squared 0.9899
Adj R-Squared 0.9808

C=0 and C=C stretching vibrations. The stretching vibrations
of tertiary C-N, C=N, C-O, and C-N were appeared in 1398,
1289, 1123 and 1031 cm ', respectively. Chemical status of
CDs was characterized by XPS. Figure 1d demonstrates three
signals in 285, 399.5 and 532 eV belonging to C;g, Ny, and
Oy, respectively. Based on XPS spectra of CDs, it consists of
carbon, nitrogen and oxygen, as well as N- and O- doped car-
bon frame without any impurities (Fig. 1d). In order to sense
elemental form better, C;s and N4 spectra were deconvoluted
and fitted. Cy4 spectrum (286.5 eV) related to C groups in C-N,
C-0O, C=N, C=0, C-C and C=C bonds, as well as N, peak
(400.04 eV) corresponding to the fitted -NH2, indicated the
existence of nitrogen and oxygen within a carbon frame of
CDs (Fig. le, ). The presence of various oxygen and nitrogen
groups on CDs resulted in improving the hydrophilic properties

Predicted vs. Actual

Residuals vs. Run

of CDs and acting as chromophores and auxochrome which
stabilizes surface active sites, thus enhancing fluorescence ac-
tivity of CDs.

Optical Properties of CDs

The optical properties of the synthesized CDs were assessed
by using UV-Vis and fluorescence techniques. According to
the UV-Vis spectrum (Fig. 2a), the 7t-7t* transition of C=C and
n-7t* transition of C=0 were exhibited two absorption peaks
at 240 and 340 nm, respectively. The maximum emission of
CDs centered at 412 nm with 340 nm excitation. As displayed
in Fig. 2b, the emission wavelength (A.,,) is redshifted when
the Ao changes from 280 nm to 480 nm associated with the
lowered intensities. It indicates that the prepared CDs have
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Fig. 4 a The predicted vs. observed response, (b) A plot of the externally studentized residuals vs. run number, (¢) Normal probability plot
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Fig. 6 Plot of (Fy/F) vs. CFX 124
added (20-1000 nM)

FoO/F
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Aex-dependent emission behavior, which has commonly ob-
served in the other previous reported CDs. This behavior may
be due to the different distribution of emissive energy trap,
different size distribution of CDs and different surface states
on CDs [27, 28].

The stability of the CDs affects their use. Its photostability
was measured under UV irradiation for 100 min. The fluores-
cence signal reduced only 10% during the studied time, by
offering good photostability (Fig. 3a). Investigating the ionic
strength effect on the fluorescence intensity revealed that
changing the NaCl concentration (0.1 to 0.8 M) plays a trace
role on the fluorescence signal (Fig. 3b). The fluorescence in-
tensity was estimated under a pH range of 3—13 (Ao = 340 nm),
as displayed in Fig. 3c. In addition, it decreased by improving
pH, and good linear behavior was observed in the pH range (4—
12). The fluorescence quantum yield of the synthesized CDs
was 14.5 +3.5%, using a reference standard of quinine sulfate.

Optimization of Sensing Conditions

Based on CCD experiments, the effects of sensing parameters,
incubating time as well as temperature and varying pH (3—11)
was assessed. According to the experimental data, the quadrat-
ic polynomial model was utilized for describing the response
(Fo-F) and interaction between variables (eq. 3).

Fo—F = 42.62 +4.52 x; + 3.70 x,—15.72 x3
+ 0.230 X1X2 + 1.281X]X3
+0.45 x,x3-0.462 x,2-0.129 x*,—-3.805 x3>  (3)

In this equation, x; and X, represent incubation time and
temperature, and x3 shows pH. ANOVA (Table 1) was used to
assess the statistical significance of each parameter, their in-
teractions, and the sufficiency of the calculated regression

y =0.0003x + 1.0395
R?*=0.9981

y =0.0001x + 1.0805
R2=0.9961

T 5

T T T T T
200 300 400 500 600 700 800 900

1000
Conc.nM

model. The proposed model was validated using the coeffi-
cient of determination (R? and adjusted-R?). The R (0.9899)
and adjusted-R* (0.9808) showed a significant relationship
between experimental values and model, by providing a high
efficiency designed model for predicting response. Based on
the ANOVA data, F-value (108.60) and p value (<0.0001)
showed that the defined model is significant, while the lack
of fit P value (0.4354) represented the inconsistency of the
fitted model. Figure 4a illustrates a linear relationship between
predicted responses versus observed data. The studentized
residuals were plotted versus the run number (Fig. 4b). The
random pattern of residuals represented the high effectiveness
of the model and its independence on run arrangement. Based
on the normal probability plot (Fig. 4c), the points were dis-
tributed normally.

In the next step, 3D surface and Contour plots were used to
detect variables and their interaction on the response Fo —F
effects. A factor in the central level was kept constant, while
two other factors were varied. The surface response sought to
find the optimized factors at the maximum response (Fig. 5a-c).

Based on the results, an increase in pH reduced fluorescence
intensity and Fo-F (Fig.5b, ¢). The surface hydroxyl and carbonyl
groups were protonated at a strongly acidic pH. CFX as an acid
(pK,=3.0, 3.2 and 4.1) [29] did not interact with CDs well
because of inappropriate distribution in strong acidic conditions.

The maximum interaction between CFX and CDs was ob-
tained at pH =15, as expected. The results of Fig. Sa-c show
that the addition of incubation time to 20-35 min initially
increases the Fy-F response, however, the response decreases
by more incubation time. The optimum parameters were cal-
culated as incubation time = 27 min, incubation temperature =
50 °C and pH =5. At this condition, the maximum response
was determined using the RSM model. The experiment re-
peated 5 times in optimum condition and the result was
achieved 128.02 +2.05.
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Fig. 7 a Fluorescence spectra of CDs before (Fy) and after CFX addition in optimum conditions, (b) (FO-F) vs. CFX (20-1000 nM)

Possible Fluorescence Quenching Mechanism

Quenching mechanisms of CDs include static quenching, dy-
namic quenching, and inner filter effect (IFE). Inner filter ef-
fect (IFE) would occur when the absorption spectrum of
quencher overlapped with the excitation or emission spectra
of CDs. Generally, highly effective IFE requires that the ab-
sorption band of the absorbent should overlap sufficiently
with the excitation of the fluorophore and/or the emission
band [30]. Ceftriaxone has a UV-Vis spectrum in 200—
340 nm. The excitation wavelength used in this work was
340 nm and the emission spectrum was in 350-600 nm. The
absorption spectrum of CFX did not overlap effectively with
the excitation spectrum of CDs, and the absorption ability of
CFX at 430 nm irradiation was very weak, suggesting that
CFX could neither shield the excitation light for CDs nor
absorb the emission light of CDs. Hence, the quenching mech-
anism in CDs-CFX system was not the inner filter effect.
Fluorescence quenching mechanism is classified to dynam-
ic and static by colorless quenchers. Concerning static
quenching mechanism, the interaction between fluorophores

and quenchers resulted in forming ground state complex and
failed to change chemical structure and fluorophore activity.
Regarding dynamic mechanism, this interaction often results
in generating ground state with weak or without fluorescence,
which indicates the permeating impact between them.
Fluorescence quenching behavior of CFX is analyzed by
Stern-Volmer equation:

Fy

ya =14+ Ky Cepx = 1 + Ky70Ccryx (4)
where Ky represents Stern-Volmer quenching constant, K, is
the bimolecular quenching rate constant, T, is the average
lifetime of the molecule without quencher and Ccpy is
regarded as the CFX concentration. Based on Eq. 4, Fo/F
was plotted versus CFX concentration (Fig. 6).

For two concentration regions 20-200 and 200-1000 nM,
the regression equations Fy/F = 0.0003Ccgx + 1.0359 (R*=
0.9981) and Fy/F = 0.0001C¢px + 1.0805 (R*=0.9961) were
calculated, respectively. Kgys were calculated from the slop of
regression equations (3.0 x 10° L.mol™ " and 1.0 x
10° L.mol ', respectively). Based on the average fluorescence

Table 2 The comparison between developed optosensor and other methods for detecting ceftriaxone

Analytical method Linear range (pg LY Limits of detection (g LY Recovery (%) RSD (%) References
Spectrofluoremetry 1664-55,457 555 - <1 [19]

Voltammetry 6-5546 5 90-101 3 [17]
Chemiluminescence 11-4436 2.7 97-106 - [18]
Spectrofluoremetry 400-20,000 1.3 97-100 5 [15]
Spectrofluoremetry 200-20,000 19.4 94-100 3 [16]

HPLC 500-250,000 170 98-102 4.67 [10]
Spectrofluoremetry 0.10-50.0 0.10 83-99 <8 [20]

MIP-GQs and MIP-CdTe QDs

Spectrofluoremetry CDs 11.09-554.58 5.0 94.5-104.1 <5 The Present study
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Fig. 8 Effects of (a) relevant a B
metal ions, (b) biomolecules and A
other co-existing compounds on
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lifetime of 7o = 10"® s [31, 32], the bimolecular quenching rate  interactions and hydrogen bonding resulted in forming com-
constants were calculated to be 3.0 x 10" Lmol ' s ™' and  plex. XPS and FT-IR spectra confirmed the presence of -
1.0 x 10" Lmol ™" s™'. This value is obviously higher than ~ COOH, -OH and -NH2 groups on CD surface. In weak acidic
the limiting diffusion constant Kg;r of the biomolecule  pH, carboxyl and enol groups of CFX are negatively charged,
(Kgir=2.0 x 10" Lmol ™" s7") [31, 32], which suggests that ~ while NH2 and -NH groups on CD surface are positively
the fluorescence quenching was induced by specific interac-  charged. Therefore, they are interacted electrostatically.
tion between CDs and CFX. These findings indicate that the =~ Hydrogen bonding was simultaneously generated between
quenching process may be caused by static quenching by the ~ oxygen atoms in CFX carbonyl group and hydrogen atoms
formation of a ground state complex. The electrostatic ~ in -NH on CD surface.
Table 3 Results of determining
ceftriaxone in real sample Sample Spiked (nM) Founded (nM) Recovery% (n=3) RSD% (n=3)
Plasma 0 - - -
50 47.23 94.5 3.16
100 104.13 104.1 3.48
0 _ _ _
Tap water 50 48.50 97.0 2.64
100 101.37 101.4 223
0 _ _ _
Mineral water 50 47.28 95.6 1.80
100 100.91 100.9 1.78
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Analytical Characteristics

As shown in Fig. 7a, increasing CFX concentrations gradually
reduced CD fluorescence intensities. A direct linear relationship
between the response Fy—F and CFX concentrations was attained
in 20200 nM and 200-1000 nM ranges with regression equa-
tions of (Fo-F) =0.2177C¢px +23.199 (R*=0.9958) and (F-
F)=0.074Ccpx + 53.695 (R*=0.9957), respectively (F and Fy
illustrate the fluorescence intensities of CDs in the presence and
absence of CFX, while Ccpx is considered as CFX concentra-
tion) (Fig. 7b). The limit of detection (LOD) for CFX was quan-
tified at 8.9 nM (S/N =3). The analytical features of the present
study are consistent with the reported literature regarding CD-
based CFX nano-sensors (Table 2).

Investigating Potential Interferences

To examine the analytical application of our proposed method
in real samples, the effects of potential interfering substances
such as metal ions (Fe**, Na*, Ca®*, Mg>*, K*, Cu**, Mn*",
Ag*, Ba®*, Cr’*), organic compounds (cysteine, glutamic ac-
id, glycine, glucose, glutathione, alanine, histidine, ascorbic
acid), which were available in water and plasma real samples
were assessed. CFX could significantly affect CDs fluores-
cence intensity, while a slight increase in CDs fluorescence
was observed for other interfered substances (Fig. 8).

Real Samples Analysis

Finally, the suggested approach was implemented for detect-
ing CFX in some real samples such as mineral and tap water
and human plasma (Table 3). Standard addition method was
applied in recovery studies. The results for plasma and water
(94.5-104.1 and 95.6-101.4, respectively) offered the appli-
cability of the method for detecting CFX in real samples.

Conclusion

The present study aimed to synthesize CDs through a facile,
green, rapid and cost-efficient method to develop the appro-
priate and sensitive optosensor for detecting trace amounts of
CFX in real samples. The goat CDs were fluorescence nano-
sensors for sensitive and selective detection of CFX. The ex-
perimental parameter effects on the fluorescence quenching of
CFX were mathematically evaluated using CCD-based RSM.
Regarding CFX, the linear response ranges were 20-200 and
200-1000 nM, while the limit of detection was obtained at
8.9 nM. This fluorescent nano-sensor was successful in de-
tecting CFX in real samples. The proposed CDs-based nano-
sensor proposed a quick and assay for detecting CFX, espe-
cially in clinical and environmental tests.
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