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Abstract We are introducing functionalized carbon dots (C-
dots) coated with a shell of molecularly imprinted sol-gel as a
new tool in molecular imprint-based detection. Specifically,
an imprint recognizing nicotinic acid (NA) was prepared in
two steps. The first involves pyrolytic decomposition of citric
acid in the presence of aminopropyltriethoxysilane to yield
triethoxysilyl-modified C-dots with a typical size of
2.8 ± 1.1 nm. These are then polycondensed in the presence
of tetraethoxysilane and NA at room temperature to give
spherical silica nanoparticles (SiNPs) with a typical size of
~300 nm and containing C-dots and NA in the silica matrix.
NAwas then removed by extraction. The resulting SiNPs are
well permeable to NA, photostable, display strong blue lumi-
nescence and can bind NA fairly selectively. The fluorometric
detection scheme is based on the finding that increasing con-
centrations of NA quench the fluorescence of the C-dots in the
SiNPs. NA can be determined by this method in the 0.5 to
10.5 μM concentration range, with a 12.6 nM detection limit.

The composite was successfully utilized as a fluorescent probe
for the determination of NA in spiked human urine samples.
The method is believed to have a wider scope in being appli-
cable to other analytes that are capable of quenching the fluo-
rescence of C-dots.
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Introduction

Molecular imprinting technique refers to taking a particular
target molecule as a template, and preparing a polymer which
is specific for the molecule by simulating antigen-antibody
interaction. Based on this theory, bulk molecularly imprinted
polymers (MIPs) have been commonly prepared by self-
assembly approach and applied for a wide scope [1], for in-
stance, in separation processes, catalysis, antibody mimics and
artificial enzymes. Because most binding sites are in the inner
part of bulk MIPs, it is hard for the large molecules, especially
proteins, to go into and out of the polymers [2]. The approach
by using small molecule as template to prepare MIPs can ef-
fectively improve the adsorption capacity and specific identi-
fication of prepared polymers. A further improvement of their
efficiency can be achieved by placing the active site inside
soluble nanoparticles [3]. Many approaches have been devel-
oped for the preparation ofMIPs. Among them, sol-gel process
has many advantages, such as mild processing conditions, eco-
friendly reaction solvent, etc. As we known, many kinds of
MIPs with great sensitivity and selectivity necessary for sens-
ing applications have been prepared by sol-gel approach [4].

C-dots are a class of nano-structured materials, which are
strongly fluorescent, emission-color-tuning and non-blinking.
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Owing to low cytotoxicity and impressive photostability of C-
dots, they have garnered considerable interest since their dis-
covery. Among the physicochemical characteristics of C-dots,
their optical properties, especially their fluorescence emis-
sions, have attracted considerable attention [5]. However, the
main problem, lacking molecular recognition properties, has
limited their application. With the increasing complexity and
diversity of samples for drug analysis, the separation and de-
tection of trace components have become a prominent issue.

As the increasing demand of complicated sample analysis,
reports about the functional composite materials have in-
creased greatly [6]. MIPs not only were synthesized on the
surface of carbon nanotubes [7], but also have been combined
with many other kinds of materials to prepare composite ma-
terials for a wider scope application. For instance, Lin et al. [8]
synthesized MIPs thin films on the surface of CdSe/ZnS core-
shell. Similarly, Lin et al. [9] used poly(ethylene-co-ethylene
alcohol) as cross-linker to incorporate quantum dots into
MIPs. Wang et al. [10] anchored the MIP layer on the surface
of quantum dots via a surface molecular imprinting process
using tetraethoxysilane as cross-linker. Some researchers have
coated fluorescence C-dots with molecularly imprinted silica
film by sol-gel polymerization approach [11]. Therefore, com-
bining the molecular imprinting technique with fluorescence
technique, functional composite materials can be prepared,
which will not only have molecular specific identifying char-
acteristics, but also show high optical sensitivity. These mate-
rials can be used as a fluorescent probe to detect trace sub-
stances in complex samples.

Nicotinic acid (NA) belongs to the vitamin B group. It
participates in the oxidizing process of cells, lowers plasma
levels of cholesterol, and maintains the normal functions of
skin. NA has been widely used in medicine and food addi-
tives. Detection and quantification of NA are important in
diagnoses and treatments of several disorders [12]. Different
analytical methods have been developed for NA determina-
tion, including high-performance liquid chromatography
(HPLC) [13], capillary electrophoresis [14], enzymic method
[15] and supercritical fluid chromatography coupled to tan-
dem mass spectrometry [16]. Enzymic method was not sensi-
tive enough in some case. HPLC and capillary electrophoresis
were susceptible to ambient temperature. Supercritical fluid
chromatography coupled to tandem mass spectrometry has
detection limit as low as 1 ng mL−1, but this method is com-
plex, expensive, and the sample has to be diluted with organic
solvent. Therefore, low cost, sensitive and selective sensor
systems have become increasingly needed for NA
determinations.

To the best of our knowledge, there are no previous reports
on NA fluorescent optosensing based onmolecular imprinting
technology.We describe the preparation of a fluorescent probe
for NA detection. First of all, using anhydrous citric acid as
precursor, we prepared silane groups coated C-dots [17].

Secondly, we used NA as template molecules, which were
mixed with silane groups coated C-dots, functional monomer
and cross-linker in ethanol, SiNPs were fabricated by sol-gel
method. Once more, upon removal of the templates, the rec-
ognition specificity of SiNPs and the effect of NA on the
fluorescence intensity were studied. Moreover, linear regres-
sion analysis was performed to assess the relationship between
fluorescence response and NA concentration. Eventually,
SiNPs were utilized as a fluorescent probe for the detection
of NA in biological samples.

Experiment

Apparatus

Solution pH values were determined by use of a pHS-25 pH
meter (Shanghai Albert Instrument Factory, China). UV–vis ab-
sorption was characterized by a UV1800 UV–vis spectropho-
tometer (Shimadzu Corporation, Japan). Photoluminescence
emission measurements were performed using a RF-5301PC
fluorescence spectrophotometer (Shimadzu Corporation,
Japan). FT-IR spectrum was performed on a Shimadzu IR-
prespige-21 FT-IR spectrometer (Kyoto, Japan) in the range of
400–4000 cm−1. The morphology of the nanoparticles was stud-
ied using a JEM-2100 (HR) transmission electron microscope
(TEM) (JEOL, Japan). TheX-ray photoelectron spectra (XPS) of
C-dots were obtained with an X-ray photoelectron spectrometer
(K-Alpha, Thermo Fisher). Time-resolved fluorescence spectra
were carried out in a time-correlated single-photon counting
(TCSPC) system from an Edinburgh FLS920 spectrometer
(Edinburgh Instruments, UK) excited at the wavelength of
370 nm. Dynamic light scattering studies and zeta potential mea-
surements were recorded on a Malvern Instruments (Malvern,
UK) Zetasizer Nano ZS90.

Materials and reagents

Ascorbic acid (AA) and isonicotinic acid (INA) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China; www.reagent.com.cn), anhydrous citric
acid was purchased from Shanghai Ziyi Reagent Factory
(www.ziyi-reagent.com), 3-aminopropyl triethoxysilane
(APTES), tetraethoxysilane (TEOS), ammonia solution
(25 % in water) and NA were obtained from Aladdin
(Shanghai, China; http://www.aladdin-e.com). Doubly
deionized water was used throughout.

Fabrication of C-dots

The overall synthetic procedure is illustrated in Scheme. 1. C-
dots were prepared from anhydrous citric acid according to the
previously described method with some minor modifications
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[17]. 10 mL APTES was added into a 100 mL three-necked
flask, purged with nitrogen, and was heated to 210 °C, then
0.5 g anhydrous citric acid was quickly added with vigorous
stirring. After keeping the temperature at 210 °C for 10 min,
the mixture was naturally cooled down to room temperature.
The final product was separated by precipitation with petro-
leum ether, and was purified with dichloromethane to remove
the unreacted organic moieties, then centrifuged at 10,
000 rpm. The obtained nanoparticles were dispersed in etha-
nol for the next process.

Synthesis of silica nanoparticles (SiNPs)

Nicotinic acid (NA; 30 mg) acting as the template was mixed
with 18 mL of a solution of C-dots in ethanol (containing
1824 mg of C-dots) in a 50 mL flask, sonicated to dissolve
NA. To the resulting mixture, 155 μL APTES (functional
monomer) and 0.7 mLTEOS (cross-linker) were added under
magnetic stirring. Finally, 430 μL water and 60 μL ammonia
solution were added, the mixture was magnetically stirred for
24 h at room temperature.

After the reaction was finished, the solution became turbid,
and a thick white emulsion was obtained. Then it was centri-
fuged at 3000 rpm, the white precipitate was washed with
ethanol to discard the unreacted monomers. Templates in the
composite were extracted with the mixture of methanol and
acetic acid (9/1, v/v) several times, until the template mole-
cules in the eluent were not detected with UV spectrometer at
263 nm. The obtained SiNPs were washed with water three
times, dried at 60 °C in a vacuum drying oven overnight.

Following the same procedure, non-imprinted polymer
nanoparticles were prepared as a control, except that no tem-
plate was added.

Fluorescence properties of SiNPs

The obtained SiNPs were added into deionized water
(pH 7.0), and 20 μg mL−1 mixed solution was prepared.
10 μL NA aqueous solution of certain concentration was di-
luted to produce 5 mL by adding the SiNPs solution, mixed
thoroughly. After reaction for 8 min at room temperature, the
fluorescence emission spectra were obtained by scanning the

emission from 300 to 700 nm on the spectrofluorimeter. The
measurement of non-imprinted polymer nanoparticles as con-
trol was the same as SiNPs.

Analytical application

Human urine samples were collected from healthy volunteers.
1 mL of urine sample was diluted with deionized water to
100 mL. 20 μg mL−1 SiNPs mixed solution was prepared
using the diluted urine sample. 10 μL NA aqueous solution
of certain concentration was diluted to produce 5 mL by
adding the mixed solution, the resulting urine solutions were
detected by the spectrofluorimeter. The amount of NA was
determined according to the calibration curves.

Results and discussion

Selection of materials

Even though many composite materials have been prepared
using quantum dots and organic cross-linkers, synthesis of
conventional semiconductor quantum dots usually required
laborious processes. Meanwhile, most of the metal-based
quantum dots in use are toxic, resulting in environmental
and biological hazards [5]. MIPs prepared using organic
cross-linkers such as poly(ethylene-co-vinylalcohol) [9] were
hydrophobic, so they are poorly water-soluble [18].
Furthermore, when quantum dots were wrapped in a shell of
MIPs, their fluorescence intensity decreased and emission
peak red-shifted, fluorescence property would change [8]. To
solve the above-mentioned questions, C-dots have inspired
extensive studies. C-dots have unique attributes, such as be-
nign chemical composition, high aqueous solubility, low tox-
icity, good biocompatibility, facile functionalization, non-
photobleaching, low cost and easy of synthesis [19]. What’s
more, C-dots with high quantum yields have been fabricated
by hydrothermal method [20]. Silica matrix is a kind of inert
and transparent material [21], composite materials using
TEOS as cross-linker can keep the photoluminescence prop-
erties of C-dots. Because of many hydrophilic hydroxyl
groups on the surface of SiNPs, they are water-soluble and

Scheme 1 Illustration of the
preparation of silica nanoparticles
(SiNPs)
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their imprinting efficiency can be improved. So C-dots and
organic silanes are applicable as initial materials to synthesize
SiNPs.

Characterization of C-dots

Highly luminescent C-dots functionalized with triethoxysilane
groups were prepared via a pyrolytic process. The functionalized
C-dots were characterized with FTIR spectroscopy, TEM and
fluorescent spectroscopy.

The TEM image (Fig. 1a) showed that the C-dots with
microspherical shape were uniform, mono-dispersed. A parti-
cle diameter of 2.8 ± 1.1 nm was estimated from TEM image
by investigating 87 particles, which was consistent with the
dynamic light scattering result (Fig. S1, Electronic
Supplementary Material, ESM). The zeta potential of the C-
dots in water at pH 7.0 was measured to be 3.51 mV. In the
process of C-dots synthesis, anhydrous citric acid was
decomposited and carbonized under high temperature condi-
tions. Surface passivation was achieved using the reaction of
the amine group in APTES with the carboxyl groups on the
surface of pyrolyzed organics, thereby achieving bright lumi-
nescence and surface functionalization of C-dots simulta-
neously [17].

FT-IR spectra comparison between APTES and C-dots was
shown in Fig. 2a. Spectra of APTES and C-dots displayed
some common characteristic absorption bands. The FTIR
peak at 3456 cm−1 was ascribed to N-H stretching vibration.
The peak at 1078 cm−1 corresponded to O-Si-O asymmetric
stretching vibration. The peak at 1554 cm−1 was attributed to
secondary amine R-NH-R bending vibration, 1639 cm−1 was
attributed to the stretching vibration of secondary amide car-
bonyl (C = O). The two typical signals of C-dots (1554,
1639 cm−1) demonstrated that acylation reaction had occurred
between C-dots and APTES, and that silane groups had been
connected on the surface of C-dots via amido linkage. The
surface elemental analysis for the resultant nanoparticles was
determined by XPS. The full range XPS analysis (Fig. 2b) of
the resultant C-dots clearly showed four peaks at 284.08,
399.08, 531.08 and 101.58 eV, which were attributed to C
1 s, N 1 s, O 1 s and Si 2p, respectively. Functionalization of
C-dots was further confirmed by the XPS result.

The fluorescent emission spectra were detected by scan-
ning the emission from 300 to 700 nm on the spectrofluorim-
eter (with 5 and 5 nm slit width for excitation and emission,
respectively). Figure 2c depicted the UV–vis absorption and
photoluminescence spectra of C-dots in ethanol. The maxi-
mum UV absorption peak was observed at 360 nm. When

Fig. 1 a TEM images of C-dots;
scale bars: 20 nm. b TEM images
of SiNPs; scale bars: 200 nm

Fig. 2 FT-IR spectra of APTES (a) and C-dots (b) a. Survey XPS spectra
of C-dots b. UV–vis absorption spectra and photoluminescence spectra of
C-dots excited at the wavelength from 320 to 450 nm c
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excited at the wavelength from 320 to 450 nm, the C-dots
showed blue-green photoluminescence. The fluorescent inten-
sity gradually increased with increasing excitation wavelength
from 320 to 380 nm, the photoluminescence spectra showed
the highest fluorescence intensity when C-dots were excited at
380 nm, however, the fluorescent intensity gradually de-
creased as the excitation wavelength continued increasing.
The emission peak position shifted from 448 nm to 507 nm
with increasing excitation wavelength from 320 to 450 nm.
Their emission spectra were highly dependent on the excita-
tion wavelength.

Characterization of SiNPs

Catalyzed by aqueous ammonia, polymerization took place on
the surface of C-dots through the hydrolysis and condensation
reaction of APTES and TEOS, MIPs were successfully
anchored on the surface of C-dots. The morphology of
the SiNPs was characterized by TEM. As shown in
Fig. 1b, the resulting particles showed spherical nanostructure
with ca. 300 nm diameter, and they were in relatively narrow
size distribution.

The fluorescent emission spectra of SiNPs in ethanol were
detected by scanning the emission from 350 to 700 nm on the
spectrofluorimeter. As shown in Fig. 3, with the decrease of
the incident light wavelength, the ultraviolet absorption of
SiNPs (unlabelled curve) gradually increased, but no UV ab-
sorption peak was observed. When excited from 320 nm to
360 nm, the fluorescence intensity of SiNPs gradually in-
creased, the maximum fluorescence emission peak at
452 nm was obtained when excited at 360 nm. From
360 nm to 390 nm, with the excitation wavelength increasing,
the fluorescence intensity gradually decreased. These results
demonstrated that the silica coating had little influence on the
fluorescence intensity of C-dots [22]. Different from C-dots,
the emission peak position of SiNPs had no shift as the exci-
tation wavelength increasing from 320 to 390 nm. This phe-
nomenon might be caused by fluorescence resonance energy
transfer [23]. The C-dots acted as donors, MIPs served as

acceptors, this donor-acceptor system lead to intra-energy
transfer [24], so there were no wavelength shifts.

The fluorescence intensity of an aqueous solution of SiNPs
(20 μg mL−1) was recorded every 5 min under 360 nm exci-
tation. As shown in Fig. S2 (ESM), the fluorescence intensity
of SiNPs in water was relatively strong and stable.

Recognition capability of SiNPs

Figure 4 compared the FTIR spectra between non-imprinted
polymer nanoparticles and SiNPs. All spectra exhibited strong
N-H stretching vibration at 3438 cm−1. The presence of the
carbonyl group in the spectrum of SiNPs before template mol-
ecules extraction was confirmed by the peak at 1668 cm−1,
corresponding to the C = O stretching mode. The characteris-
tic peak at 1486 cm−1 was attributed to pyridine ring skeletal
vibration of NA molecule. The presence of pyridine ring and
carbonyl group peaks in the spectrum of SiNPs before tem-
plate molecules extraction, combined with the absence of
these characteristic peaks after solvent elution, demonstrated
the successful imprinting of NA into the silica matrix. The
broad and strong peak around 1078 cm−1 was assigned to
the O-Si-O asymmetric stretching vibration, and the peaks at
458 cm−1 and 795 cm−1 were assigned to the Si-O stretching
vibration. The peak at 1638 cm−1 was attributed to the
stretching vibration of secondary amide carbonyl (C = O).
All these bonds demonstrate that molecular imprint incorpo-
rating C-dots have successfully been prepared by sol-gel con-
densation approach.

As shown in Fig. 5a, b and c, after template extraction, the
fluorescence intensity of SiNPs increased greatly, while
quenched a lot when interacted with NA solution. These spec-
tra confirmed that the extraction and rebinding of NAwere a
reversible process.

The selectivity adsorption of the SiNPs was investigated
with INA and AA as the reference compound. As can be seen
from Fig. 5b, the fluorescence responses of SiNPs towards

Fig. 3 UV–vis absorption spectrum and Photoluminescence spectra of
SiNPs excited at the wavelength from 320 to 390 nm

Fig. 4 FT-IR spectra of non-imprinted polymer nanoparticles (c), SiNPs
before (a) and after (b) template molecules extraction
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NA were much larger than its structure analogues AA and
INA, which indicated SiNPs had better adsorption and bind-
ing capacity for the template molecules. With increasing con-
centration of NA, fluorescence quenching degree increased.
Because of nonspecific adsorption, there were some fluores-
cence responses towards AA and INA, but much lower than
that of NA. After the removal of template molecules,
imprinted cavities and specific binding sites in a
predetermined orientation were formed. The shapes of the
cavities were fit for the unique molecular structure of NA,
but the imprinted cavities were not suitable for other structure
analogues. Other analogues were not bound tightly in the
imprinted cavities. This was attributed to the imprinting effect,
different molecular interactions and their specific structures
[25], so the SiNPs had highly specific recognition for the
template molecules.

Template measurement

The fluorescence intensity of the SiNPs at 452 nm (exCitation
360 nm) gradually decreased with increment of NA concen-
tration, revealing that this method was sensitive to NA

concentration in aqueous solution. The photoluminescence
quenching data followed the Stern-Volmer equation:

F0=F ¼ 1þ KSV CNA½ �

F and F0 are the fluorescent intensities of the SiNPs in the
presence and absence of NA respectively. [CNA] is the con-
centration of NA, KSV is the quenching constant of the
quencher (NA). The fluorescence quenching efficiency of
SiNPs was 2.8 times as large as that of non-imprinted polymer
nanoparticles, which confirmed the efficient imprinting effect
of SiNPs. Owing to better steric matching of recognition sites
with NA in the SiNPs, more template molecules were
adsorbed in the imprinted silica matrix via hydrogen bonds
and van der Wall forces [26], leading to C-dots fluorescence
quenching. To get further insight into the fluorescence
quenching mechanism, the time-resolved fluorescence of
SiNPs in the presence and absence of NA was performed
under the excitation of 370 nm (Fig. S3, ESM). After adding
NA solution, the decay time of SiNPs changed little, indicat-
ing that a static mechanism dominated for the quenching [27,
28]. Calibration for NAwas constructed from the fluorescence
spectra results with concentration increment of NA, and a
linear regression equation was obtained as follows:

F0=F ¼ 1þ 5:85� 104 CNA½ �

A good linear relationship was observed up to NA concen-
tration ranging from 0.5 to 10.5 μM with a correlation coeffi-
cient of 0.9981. KSV was found to be 5.85 × 104 L mol−1. The
detection limit, calculated according to the 3σ IUPAC criteria,
was 12.6 nM.

Applications of SiNPs

Urine of healthy adults was diluted 100-fold with deionized
water, 20 μg mL−1 SiNPs mixed solution was prepared using
the diluted urine. Determinations were carried out for a set of
measurements of 10, 50 and 100 × 10−7 M of NA in diluted
urine, respectively. Table 1 showed that the quantification re-
sults of NA were in good agreement with the added values.
The recovery was calculated as the ratio of the responses of
NA obtained from the spiked urine against those of the stan-
dard solutions at the same levels (n = 6, average of six

Table 1 Determination of urine sample by this method (n = 6)

Urine sample Added NA
(× 10−7 M)

Average founded
(× 10−7 M)

Recovery
(%)

RSD
(%)

1 10.00 9.76 97.60 4.76

2 50.00 49.64 99.28 4.21

3 100.00 101.12 101.12 3.45

Fig. 5 Fluorescence emission spectra of non-imprinted polymer
nanoparticles (a), SiNPs before (b) and after (c) template extraction,
SiNPs (20 μg mL−1) with addition of aqueous solution of NA (d) a.
Selectivity adsorption of SiNPs b
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replicate measurements), and the RSD were 4.76 %, 4.21 %
and 3.45 %, respectively. These values indicated that this
method was accurate and precise.

Table 2 summarized the detection limit, linear range and
comments using different methods for the determination of
NA. Our method was comparable with micellar liquid chro-
matography [30], micellar electrokinetic chromatography
with ultraviolet detector [31] and reverse phase high-
performance liquid chromatography [33]. The results demon-
strate that this method offers a facile and selective approach
for the detection of NA in urine solution.

Conclusions

A facile method for the highly selective recognition of NAwas
developed based on the combination of the fluorescence and
molecularly imprinting techniques. C-dots were prepared at
relatively low temperature in APTES. Using NA as template
molecules, SiNPs were fabricated by sol-gel polymerization at
room temperature. The fabrication process was facile without
any complex or post-treatment procedures. The starting mate-
rials are low cost and easily available. The fabricated SiNPs
showed some advantages such as strong fluorescence, stabil-
ity and monodispersity. They were used as optical sensor,
which selectively bound to the template molecules. A good
linear relationship between fluorescence intensity ratio of the
system and concentration of NA in aqueous solution was ob-
served in a wide response range. Furthermore, the method was
successfully developed for the determination of trace NA in
human urine samples. Combining their low cost, stability,

selectivity and convenient synthesis, we expect the method
will play an important role in probing other analytes which
can quench the fluorescence of C-dots.
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