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Abstract

In this work, we report an environment friendly core-shell material based on Carbon Dot core and Molecularly Imprinted
Polymer shell as sensor for highly selective fluorescence detection of ketoprofen. The Carbon Dots (CDs) were prepared by a
hydrothermal method and the polymer layer around the CDs core was synthesised by sol-gel polymerisation. The prepared
material was characterized by Fluorescence Spectroscopy, FT-IR Spectroscopy and Transmission Electron Spectroscopy (TEM).
Fluorescence from the Carbon Dots- Molecularly Imprinted Polymer (CDs-MIP) was found to quench selectively in the presence
of ketoprofen and quenching effect was found to be greater than for Non-Imprinted Polymer (CDs-NIP) which indicated the
potential of CDs-MIP as a fluorescence sensing material for ketoprofen. The imprinting factor was obtained to be 2.35. Under
optimized conditions, a linear response was obtained in the concentration range from 0.039 to 3.9 uM with a detection limit of
0.01 uM. The correlation coefficient was 0.999. The developed sensor was applied to determination of ketoprofen in human
serum and urine samples with good recoveries ranging from 96 to 104% indicating successful application of the proposed sensor

in biological fluids.
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Introduction

Molecular Imprinting Technique (MIT) involves the artificial
creation of cavities in polymer matrices which are comple-
mentary to the template in their size, shape, and functionality.
It is considered as an efficient and versatile tool capable of
recognizing a wide variety of molecules, both biological and
chemical [1, 2]. The Molecularly Imprinted Polymers (MIPs)
are tailor-made materials having specific recognition abilities
[3, 4]. Molecularly Imprinted Polymers have gained signifi-
cance as materials of high sensitivity and affinity, which have
huge potential in the field of sensor development [5-7].
Traditional MIPs, generally prepared by bulk synthesis suffer
from many drawbacks such as non-uniform distribution of
binding sites, deep embedded cavities, difficult extraction
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and poor rebinding etc. which can be largely overcome by
use of core-shell MIPs [8, 9]. The special structure of core-
shell MIPs results in concentration of recognition sites at or
near the surface which results in faster removal and rebinding
of the template molecules [10, 11]. Detection approaches
using core-shell MIPs result in faster detection using lesser
amount of samples. Sol-gel process is one of the efficient
methods for core-shell polymerisation which results in forma-
tion of rigid inorganic framework around the template mole-
cule. The method has certain advantages such that it is sim-
pler, easier and needs no extreme temperatures for polymeri-
zation and it results in the formation of polymers having ex-
cellent permeability, good homogeneity and uniform porosity
[12, 13]. Sol-gel process combined with surface imprinting
technology results in core-shell MIPs with highly desirable
characteristics [14]. Compared to traditional acrylic based
MIPs, sol-gel silicas are more robust, inert, bio-compatible
and exhibit faster diffusion kinetics [13, 15].

Fluorescent carbon dots have aroused much interest in re-
searchers in recent years. The CDs are superior to quantum
dots and fluorescent dyes as fluorescence probes owing to
their easy and fast synthesis, low cost, high aqueous solubility,
chemical inertness, good biocompatibility and low toxicity.
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As a result, they are being applied in diverse fields such
as sensing, biological labelling, bio-imaging, drug delivery,
catalysis etc. [16, 17]. During the recent years, a lot of
research has been done in the field of synthesis and ap-
plications of CDs and their field of applications is fast
expanding [18, 19]. Semiconductor quantum dots (SQDs)
are generally used as core materials, however CDs offer
an alternative approach for the formation of cores but they
have been rarely used in core-shell MIPs. Another advan-
tage of CDs is their ease of functionalization. Various
groups can be easily grafted onto the surface of CDs
which affect their optical and physico-chemical properties
[20]. Modification of cores by some functionalizing re-
agent improves their efficiency towards polymerisation
and result in better stability and biocompatibility [21,
22]. Combining the unique fluorescence properties of
CDs with specific recognition properties of MIPs can re-
sult in highly functional materials which can perform se-
lective recognition of analytes. In such systems, the
change of fluorescence signal of CDs in response to spe-
cific binding of analytes to MIPs can be utilized for spe-
cific sensing of certain analytes. However, the potential of
this sensing system has not been much exploited [23].

Ketoprofen is a nonsteroidal anti-inflammatory drug
which serves to reduce inflammation and pain in the
body and also have antipyretic activity. It is used for
treatment of various kinds of inflammatory disorders
such as those related to arthritis, vascular headaches
and musculoskeletal pain. However, prolonged use and
overdose can cause intestinal bleeding, ulceration, heart
attack etc. [24, 25]. Due to widespread use of the drug,
it is important to have rapid, simple and efficient
methods for analysis of the drug. The reported methods
for determination of ketoprofen include thin layer chro-
matography [26], high performance liquid chromatogra-
phy [27, 28], gas chromatography [29], capillary elec-
trophoresis [30], potentiometric [31], UV-visible spectro-
photometry [32], flow injection chemiluminescence [33,
34], terbium sensitised luminescence [24] and quantum
dot fluorescence [25]. The fluorescence analysis is sim-
ple, cost effective and sensitive technique for analytical
method development making it suitable for trace analy-
sis. However, the weakly fluorescent nature of
ketoprofen limits its analysis by fluorimetric methods.

In this work, a highly selective surface molecularly
imprinted polymer for ketoprofen was synthesized on the sur-
face of silane functionalized CDs by a sol-gel process and a
fluorescent sensor was developed for the determination of
ketoprofen. In this sensing system, the fluorescence intensity
of CDs varies as a result of specific binding of ketoprofen to
the imprinted cavities. The variations in fluorescence intensity
as a result of concentration of ketoprofen and applicability of
the method were also evaluated.
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Materials and Methods
Apparatus

The Fluorescence spectra were recorded on a Shimadzu RF-
5301PC fluorescence spectrophotometer equipped with a
quartz cell. The slit widths of the excitation and emission
monochromators were both set at 10 nm. The UV-Vis absorp-
tion spectra were obtained by a Shimadzu UV-Vis 1600 spec-
trophotometer. Fourier transform infrared (FT-IR) measure-
ments were carried out with an FT-IR spectrometer (Bruker
Co., Germany). Particle sizes were determined using Hitachi
TEM system (Hitachi, Japan).

Reagents and Solutions

The reagents used were of analytical grade and no further
purification was done. Triply distilled de-ionized water was
used for the preparation of all solutions. N- (3-(aminoethyl)-y-
aminopropyltrimethoxysilane (AEAP), tetraethoxysilane
(TEOS) and citric acid anhydrous were purchased from
Merck. Ketoprofen was obtained from Sigma Aldrich. A stock
standard solution of 1.0 x 10> mol L™ ketoprofen was pre-
pared in ethanol and stored at 4 °C. Working solutions were
prepared by further dilution of the standard stock solution with
water as and when required. For preparing Britton-Robinson
buffer, phosphoric acid (0.1 M), acetic acid (0.1 M) and boric
acid (0.1 M) were mixed together. The desired pH was obtain-
ed by making necessary adjustments with 0.1 M NaOH.

Synthesis of Silane Functionalized Fluorescent CDs

Fluorescent CDs were prepared by a reported method [35]
with some modifications. For the synthesis of CDs, 0.5 g citric
acid was dissolved in 10 mL of deionized water and the solu-
tion was degassed with nitrogen for about 10 min. Then
2.0 mL of AEAP was added and stirring was done for about
10 min. The resultant solution was taken in a 50 mL Teflon
lined autoclave and kept in oven at 200 °C for 2 h for hydro-
thermal treatment. At the end of 2 h, fluorescent solids were
obtained from a colorless solution.

Synthesis of MIP and NIP Coated CDs

The imprinted polymer was fabricated on fluorescent CDs via
sol-gel polymerisation. For synthesis, 0.03 g of ketoprofen
(template) was dissolved in 20 mL ethanol and mixed with
0.05 mL of AEAP. Then 0.5 g of silane functionalized CDs
were added and stirred for about 10 min. To the mixture,
0.1 mL of TEOS and 0.1 mL of ammonia solution were added
and the solution was stirred for about 24 h in dark. The resul-
tant solution was centrifuged and MIP coated CDs were sep-
arated. Washing with ethanol was then carried out till no
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Scheme 1 Illustration of oH H5CO
synthesis of silane functionalized
CDs CH,COOH—— CH,COOH  +  p.co Si CH,CH,CH,NHCH,CH,NH,
CH,COOH H;CO
Citric acid AEAP

template could be detected by UV-Vis spectrophotometry. The
prepared MIP coated CDs were dispersed in water and stored at
4 °C. The CDs coated with non imprinted polymer were pre-
pared in similar manner without the addition of the template.

General Procedure

To a 4.0-mL standard cuvette, 0.5 mL of stock solution of CDs-
MIP, 0.2 mL of Britton Robinson buffer solution (pH =6,
0.1 M), and appropriate amounts of ketoprofen solution were
added and the volume was made up to 3.5 mL with deionized
water. After incubation for 5 min, the fluorescence intensity was
measured at 450 nm with an excitation wavelength of 360 nm.

Scheme 2 Illustration of
synthesis of CDs-MIP

Analysis of Real Samples

Human serum samples were collected from a local hos-
pital. Urine samples were collected from healthy per-
sons. A 1.0 mL volume of the urine sample or serum
sample was placed in centrifugation tube and spiked by
appropriate amounts of ketoprofen standard solution. In
order to precipitate the proteins, 1.5 mL of ZnSO,4
(0.1 M) solution and 2 mL of Ba(OH), (0.1 M) solution
were added in the tube and the solution was subjected
to centrifugation for 15 min when the proteins coagulat-
ed and settled at the bottom. After centrifugation, the
clear solution obtained was diluted to 20 mL and ana-
lyzed according to the general procedure.

5
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Fig. 1 FT-IR spectrum of a silane functionalized CDs and b CDs-MIP (1) and CDs-NIP (2)

Results and Discussion

Preparation and Characterisation of CDs, CDs-MIP
and CDs-NIP

Highly luminescent CDs were prepared by one-step hydro-
thermal method using AEAP as functionalization reagent as
shown in Scheme 1. The preparation of CDs involved pyrol-
ysis and decomposition of anhydrous citric acid. AEAP used
during the synthesis of CDs acted as coordinating solvent and

@ Springer

also resulted in passivation of the surface of CDs. The surface
functionalization of CDs with silane is known to increase their
stability and improved their efficiency towards polymerisation
[35]. MIP layer around the CDs was prepared by sol—gel po-
lymerisation reaction. AEAP served as functionalization agent
as well as functional monomer for the polymerisation reaction.
The mixture was further copolymerized with functionalized
CDs by the condensation and hydrolysis reaction of TEOS
and AEAP in presence of aqueous ammonia as the catalyst
as shown in scheme 2. Template molecules were removed
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Fig. 2 Transmission Electron a
Microscopy (TEM) of a silane o
functionalized CDs and b CDs- o
MIP

from CDs-MIP by washing with ethanol and distilled water
and specific recognition cavities of ketoprofen were obtained
in the polymer matrix. The complete removal of the template
from CDs-MIP was confirmed by absorption spectroscopy
through monitoring of the absorption peak at 254 nm. The
synthesized CDs, CDs-MIP and CDs-NIP were characterized
with FT-IR, fluorescence and TEM measurements. The FT-IR
spectra of CDs, CDs-MIP and CDs-NIP are shown in Fig. 1.
The acylation reaction between carboxylic groups present on
the surface of citric acid derived CDs and the primary amine
group of AEAP was confirmed by FT-IR spectroscopy. The
spectrum of silane functionalized CDs exhibited peaks at
1587.5 cm ' and 1655.8 cm ™' corresponding to secondary
amide N-H bending and secondary amide C=0 stretching
vibrations correspondingly. A broad peak around
3275.7 ecm™" corresponding to N-H stretching was also ob-
served. This confirmed the formation of amide group during
passivation reaction. The stretching vibration of Si—-O-CH
(1080 cm™ ') and the asymmetric stretch of Si-CH,
(747.9 cm™ ") and the bands near 2932.6 cm ' corresponding
to C-H stretching gave evidence of the presence of aminoalkyl

*

= @

500 nm.

group arising from AEAP bonding on the surface of the CDs.
The FTIR spectra of both CDs-MIP and CDs-NIP show
strong peak at 1078 cm™' due to Si-O-Si asymmetric
stretching and peaks at 755 cm ™' and 417 cm ™" due to Si-O
vibrations. The presence of bands at 2922 ¢cm ' and
2965 cm ' (aliphatic C-H stretching) and at 3452 cm™' and
1591 em ' (N-H stretching) indicate presence of aminoalkyl
groups. All these provide evidence for the formation of poly-
mer layer around CDs core. The similar characteristic peaks in
the FT-IR spectra of CDs-MIP and CDs-NIP also suggest
complete removal of the template and similar compositions.
The transmission electron microscope (TEM) images of the
prepared CDs and CDs-MIP were also obtained in order to
know about size and distribution of particles as shown in
Fig. 2. The TEM image of CDs revealed a size distribution
in the range of 7-10 nm. From the TEM image of CDs-MIP it
could be verified that the CDs-MIP obtained had a spherical
structure with an average diameter of about 60 nm, thus indi-
cating the formation of the material of desired shape and mor-
phology. In order to obtain information on their fluorescence
characteristics, the fluorescence spectra of CDs, CDs-MIP and

Fig. 3 Emission spectra of silane
functionalized CDs at various 700
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Fig. 4 Fluorescence Emission Spectra of (a) CDs-NIP; CDs MIP (b)
without template (d) with template; CDs MIP with addition of 1.9 uM
ketoprofen

CDs-NIP were also recorded. Silane functionalized CDs were
found to exhibited strong fluorescence characteristics and
their fluorescence emission was found to be dependent on
excitation wavelength [36, 37] as shown in Fig. 3. The max-
imum fluorescence emission intensity was obtained at 450 nm
when excitation was provided at 360 nm. The fluorescence
emission spectra of CDs-MIP and CDs-NIP were also record-
ed to study the effect of MIP layer on the fluorescence prop-
erties of CDs. The CDs-MIP and CDs-NIP also exhibited
emission maxima at 450 nm when excitation was done at
360 nm similar to silane modified CDs (Fig. 4). This revealed
that silica coating does not restrict the fluorescence emission
of functionalized CDs as silica is optically transparent material
[38].

Method Development for Ketoprofen

The prepared CD-NIPs and CDs-MIP both exhibited a blue
line emission wavelength at 450 nm when excitation was

290
270
250
230
2 210
190
170
150

0 2 4 6 8 10 12

pH

Fig. 5 Effect of pH on fluorescence intensity of the sensor system
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provided at 360 nm. However, the intensity of CDs-MIP is
sharply quenched in the presence of template ketoprofen
while removal of the template by extraction restores the inten-
sity of CDs-MIP to about 90% of the value of CD-NIPs. This
quenching of fluorescence of CD-MIPs by ketoprofen was
found to be dependent on concentration and based on this an
optical method was developed for the determination of
ketoprofen. The fluorescence emission intensities of CDs-
NIP, CDs-MIP in the presence and in the absence of template
are shown Fig. 4. The various factors affecting the method
were optimized.

Effect of pH

The effect of pH on the specific recognition of ketoprofen by
CDs-MIP was studied in the pH range of 2—10 using Britton-
Robinson buffer solutions of different pH values. The highest
fluorescence change was observed at pH 6, therefore, this pH
was selected for the further studies. The effect of pH on the
fluorescence intensity of the system is given in Fig. 5.
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Fig. 7 Fluorescence Emission Spectra of CDs-MIP with addition of con-
centration from 0 uM to 3.9 uM of ketoprofen
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Fig. 8 Stern-Volmer plots for CDs-MIP and CDs-NIP

Fluorescence Stability of CDs-MIP

The stability of the fluorescence emission of the developed
sensor was investigated by measuring variations of fluores-
cence intensity of CDs-MIP with time. Measurements of the
fluorescence intensity of a fixed amount of CDs-MIP were
made every 5 min over a total time of 1 h (Fig. 6). The
resulting plot indicates the excellent fluorescence stability of
CDs-MIP. The relative standard deviation (R.S.D) of 3.91%
was obtained by 12 repeated detections after every 5 min up to
atotal of 1 h in 1.9 uM ketoprofen CDs-MIP solution.

Response Time of the Sensor

The time response of fluorescence quenching of CDs-MIP by
ketoprofen was also studied to know the optimum time re-
quired for the detection. The fluorescence intensity of CDs-
MIP was found to decrease rapidly on the addition of a fixed
amount of ketoprofen and stabilized quickly. A constant value
was reached within 5 min. Therefore, 5 min was selected as a
suitable response time for next experiments.

Ketoprofen Measurements and Calibration Curve

The fluorescence intensity of CDs-MIP was found to marked-
ly quench with the increasing concentrations of ketoprofen

Table2 Maximum permissible limits for various interfering substances

Interfering lons Permissible Limit (M)

Cu®, Zn**, Ca®* 1000
Na*, K* 1000
Fe** 500
CI" S04, 1000
Sucrose, Glucose 500
Uric acid, Ascorbic acid 100
Thiamine 100

(Fig. 7). This is due to specific recognition of ketoprofen by
the polymer matrix as a result of imprinted cavities.
However, the CDs-NIP did not exhibit much quenching
with the addition of ketoprofen. Thus CDs-MIP turned
out to be more sensitive for the ketoprofen determina-
tion. The relation between fluorescence intensity and the
concentration of ketoprofen was found to obey Stern-
Volmer equation:

F,/F = 1 + K,y [ketoprofen]

where F, and F are the fluorescence intensities of the
CDs-MIP in the absence and presence of a given con-
centration of ketoprofen, respectively and Kgy is the
Stern—Volmer quenching constant. The Ster-Volmer plots
are shown in Fig. 8. The CDs-MIP dots exhibited a
linear response to ketoprofen in the range of 0.039—
3.9 uM with a correlation coefficient (Rz) of 0.999.
The LOD, limit of detection (S/N=3) was calculated
to be 0.01 uM while LOQ, limit of quantification was
calculated to be 0.33 uM.

The imprinting factor (IF) which is used to evaluate the
selectivity of the imprinted materials, is given by the equation,
IF = Kgympr/Kgynip and it could be calculated from the slopes
of the linear equations obtained for CDs-MIP and CDs-NIP.
Under the optimum conditions, the imprinting factor was cal-
culated to be 2.35, indicating better selectivity of CDs-MIP as
compared to CDs-NIP. The comparison of the present method
with some other reported methods for ketoprofen is provided

Table 1 Comparison with other
reported methods

Method Linear Range (uM) LOD (uM) Ref

Terbium sensitized luminescence 0.28-3.1 0.087 23

Quantum dot fluorescence 29-393 9.04 24

HPLC 0.393-58 - 26

Gas chromatography 0-0.078 4.58 28

Capillary Electrophoresis 3.9-983 1.96 29
Potentiometric method 0.39-390 63 30

Flow injection chemiluminescence 0.05-3 0.002 32

CDs-MIP 0.039-3.9 0.01 Present method
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Fig. 9 Fluorescence quenching of CDs-MIP and CDs-NIP by ketoprofen
and related drugs

in Table 1. From the comparison, it can be concluded that the
present method has comparable or better analytical perfor-
mance than other reported methods.

The process of fluorescence quenching of CDs-MIP due to
ketoprofen binding can be understood in light of the following
facts. The fluorescence emission in the silane functionalized
CDs is believed to mainly arise from radiative recombination
of electron-hole pairs trapped on the surface. When there is no
template around the CDs-MIP, a blue emission is generated by
exciting at 360 nm. After adding the template, the amino groups
(—-NH,) of APES, in binding sites of CDs-MIP, can interact with
the functional groups such as carbonyl in the template molecule
to form a complex through hydrogen bonding. So, the
quenching of MIP-CDs fluorescence can occur as a result of
strong interaction between ketoprofen and MIP-CDs.

Selectivity Studies

To assess the ability of the developed sensor to analyze com-
plex real samples, the effects of some species which could
potentially interfere with the method, on the response of the
CDs-MIP were investigated. For this, excess amounts of in-
terfering substances were added to the sensing system and the
resulting solutions were analyzed. The tolerance limit was
taken as the concentration of the added species causing a var-
iation of £5% in the fluorescence signal. The obtained results

are presented in Table 2. As can be seen from the Table, most
of the potentially interfering substances do not interfere with
determination of ketoprofen even when present at 100 folds
higher concentration. Thus no interferences from these species
are expected in determination of ketoprofen in serum and
urine samples. The selectivity studies of the CDs-MIP were
investigated with structurally related compounds including
naproxen, ibuprofen and fenoprofen. Being similar in struc-
ture, these drugs do show some affinity for the molecularly
imprinted polymer, resulting in some fluorescence quenching,
however the fluorescence quenching of CDs-MIP was found
to be strongest by ketoprofen as compared to other related
drugs as shown in Fig. 9. This indicates the specific binding
ability of the prepared CDs-MIP for ketoprofen because of
imprinted sites specific for ketoprofen.

Applications

Low concentration and complexity of the real matrix make the
determination of ketoprofen difficult. The proposed method
can selectively determine ketoprofen in complex samples
without interference. To validate the applicability of the sen-
sor, the proposed method was employed for analysis of
ketoprofen in real human urine samples. Recovery studies
were carried out by spiking the samples with ketoprofen in
the concentration range of 0.4 to 2 uM. A summary of the
calculated mean ketoprofen concentration for each sample is
shown in Table 3. The concentrations of ketoprofen in the
spiked samples by the proposed method were in good agree-
ment with those of ketoprofen added with recoveries ranging
between 96.0% and 104%. The results indicate that the pro-
posed method has a good accuracy. Therefore the proposed
fluorescent sensor CDs-MIP can be successfully applied to the
determination of ketoprofen in complex samples.

Conclusions

The present work involves development of a low cost, eco-
friendly core shell material as fluorescent sensor for specific

Table 3 Recoveries of

ketoprofen from spiked urine and Samples Amount Added (uM) Amount Found (uM) Recovery (%) RSD (%)

serum samples by present

method. (n=3) Urine Samples
Sample 1 0.4 0.39 97.5 2.06
Sample 2 0.8 0.85 103.7 2.04
Sample 3 2 1.95 97.5 1.31
Serum Samples
Sample 1 1 0.96 96 1.51
Sample 2 0.5 0.52 104 1.85
Sample 3 1.8 1.85 102.7 2.00
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determination of ketoprofen. The fluorescent CDs were used
as core and MIP shell was obtained from silica precursors by
sol-gel process with surface imprinting technique resulting in
robust, inert and non-toxic MIP material with high specificity
and faster binding kinetics. The high sensitivity, selectivity
and good linear range of the developed method enabled suc-
cessful application of the developed method for the determi-
nation of ketoprofen in human serum and urine samples. The
developed sensing system combines high selectivity of MIPs
with unique fluorescence properties of CDs having many po-
tential applications in analytical field.
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