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Abstract
A simple fluorescent nanobiosensor based on molecularly imprinted polymers (MIPs) and carbon
quantum dots (CQDs) was developed for hemoglobin (Hb) detection. The nanocomposites were
synthesized by a novel one-pot surfactant-free Pickering emulsion method, in which imprinted
cavities complementary to Hb were formed at the surface of the particles for target recognition,
while CQDs were incorporated in the core as the fluorescence probe. We innovatively used the Hb
template as emulsifier to help stabilize the emulsion droplets. The method eliminated the need of
surfactant, which greatly simplified Pickering emulsion synthesis procedures, and significantly
enhanced the fidelity of molecular imprinting. Moreover, the method provided an easy way to
integrate fluorescent probes with MIPs in a single step. The nanobiosensor was utilized for
determination of Hb via fluorescence quenching, and high selectivity and sensitivity were
achieved. Under the optimized conditions, a linear range of 0.77-7.7 nM and a detection limit of
0.77 nM were obtained. The resulting nanocomposites were also successfully applied to detect Hb
in the serum samples, which showed good recoveries ranging from 86.8% to 93.9%.
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1. Introduction
Hemoglobin (Hb) is a major component in red blood cells and plays an important role for
reversible oxygen carrying and storage. It is important to monitor Hb as numerous diseases are
associated with Hb, such as thalassemia, sickle cell disease and emphysema [1,2]. To get precise
measurements of Hb, fluorimetry, chemiluminescence and electrochemical methods have been
reported [3–5]. However, a number of drawbacks limit their applications, including the fact that

they require expensive materials like antibodies as receptors, or require complicated sample
preparation procedures.
Recently, much attention has been paid to the development of biosensors based on molecularly
imprinted polymers (MIPs) [6–8]. MIPs have been regarded as the most potential artificial
recognition materials owing to low cost and high robustness. A few Hb imprinted polymers have
been reported, including hydrogel MIPs, magnetic MIPs etc [9,10]. However, not much work has
been done to employ Hb MIPs for biosensing applications. One of the primary technical hurdles is
the lack of simplistic methodologies to synthesize stable Hb MIPs . For protein templates such
as Hb, MIPs are normally prepared with a low amount of cross-linker due to the large molecular
size, which lead to low stability and reproducibility. To improve the mechanical strength of MIPs,
a hard core is required. Pickering emulsion has been successfully used to prepare MIPs with high
mechanical strength, which has been proven to be a good method for Hb imprinting [11]. The
resultant MIPs could selectively extract Hb from mixed proteins. However, the MIPs were large in
size (20 µm), the polymerization step could easily cause protein denaturation due to the high
reaction temperature (60 ºC), and the use of surfactant or silica nanoparticles as droplet stabilizer
and subsequent HF etching made the synthesis process both complicated and dangerous. Hence, it
is necessary to have a simple Pickering emulsion method that can synthesize sub-micrometer sized
particles at room temperature.
Another difficulty with MIP-based biosensors is that since MIPs contain no inherent signaling
element, they have to be interfaced with transducers to convert the binding events into measurable
signals [4], which is not always trivial. A promising method to address this challenge is to
combine MIPs with quantum dots (QDs). QDs are fluorescent semiconductor nanocrystals with
significant advantages, such as high luminescence, stability against photo bleaching, and narrow
emission bands, which make them good candidates for preparing highly sensitive fluorescent
sensors. Intense interests have focused on CdTe QDs-based MIPs firstly [5,12]. However, obvious
biological toxicity of QDs prepared from heavy metal has been demonstrated [13]. Recently,
carbon quantum dots (CQDs) have attracted a lot of interest due to excellent water solubility, good
biocompatibility, low toxicity and excellent optical and chemical stabilities. Besides, the band gap
and electronic density of CQDs can be well tuned to improve the quantum yield by means of
chemical doping. Among them N-doping is the most popular and simple approach to improve the

properties of CQDs. It has been shown that the interactions between Hb and CQD can lead to
fluorescence quenching [14], whereas CQDs alone has no selectivity. To our best knowledge,
there has been no work to demonstrate hybrid MIP/CQD for Hb detection.
In this work, we developed for the first time, a nanobiosensor for Hb detection by embedding
CQDs in MIPs using a new one-pot surfactant-free Pickering emulsion method (Scheme 1). We
innovatively used Hb itself as emulsifier to help with the stability of the emulsion, since Hb has
both hydrophobic and hydrophilic properties. With the help of probe sonication, we managed to
decrease the size of the emulsified droplets to sub-micrometer scale. The CQDs initially dissolved
in the water phase were encapsulated in the droplets during this process. Polymerization was then
carried out at room temperature by using benzoyl peroxide (BPO) and N,N-Dimethylanaline
(DMA) as the initiators [15]. After washing, imprinted cavities complementary to Hb in size,
shape and function groups were formed on the surface. The technique eliminated the need of
surfactants or silica nanoparticles, which greatly simplified Pickering emulsion synthesis
procedures, and significantly enhanced the fidelity of molecular imprinting. Moreover, the method
provided a simple way to combine MIPs with fluorescent probes. The electron transfer between Hb
and CQDs could lead to fluorescence quenching. The MIP/CQD-based nanobiosensor was applied
to selectively detect Hb. A linear range of 0.77-7.7 nM and a detection limit of 0.77 nM were
obtained. In addition, the nanobiosensor was successfully employed for Hb detection in serum
samples and recoveries ranging from 86.8% to 93.9% were achieved.
Scheme 1. Schematic illustration of preparation of MIPs/CQD-based nanobiosensors by one-pot
surfactant-free Pickering emulsion.
2. Method
2.1. Materials
Methacrylic acid (MAA, 98.5%), sodium dodecyl sulphate (SDS, 98%) and Triton X-100 (99.5%)
were obtained from Merck (Darmstadt, Germany). Benzoyl peroxide (BPO, 97%),
N,N-dimethylaniline (DMA, 98%), acrylamide (AAm, 98%), ethylene glycol dimethacrylate
(EGDMA, 98%), hemoglobin (Hb, MW 65 kDa, pI 6.8–7.0), bovine serum albumin (BSA, MW
69 kDa, pI 4.9) and Trypsin from porcine pancreas (TRP, MW 23.8 kDa, pI 10.2-10.8 ) were
purchased from Sigma-Aldrich. Other solvents and inorganic salts were of analytical reagent grade

and were used without further purification.
2.2. Synthesis of N-doped CQDs
2.8 g of citric acid and 2.8 g lysine were dissolved in 25 mL of water. The resultant solution was
then transferred to an autoclave reactor and heated to 200 °C for 5 hours. The resultant yellow
solution was then washed in dichloromethane (DCM) for 3 times to remove the starting materials.
Retaining the aqueous layer, the carbon dots were precipitated using acetone to form white solid
and pelleted using a centrifuge at 3500 RCF for 15 minutes. Three additional washes using
acetone and centrifugation were performed. The resultant N-doped carbon dot pellet was then
re-suspended in water and freeze dried to give a crystalline solid.
2.3. Preparation of MIP/CQD nanocomposites by surfactant-free Pickering emulsion
The Hb (10 mg) was dissolved in 3 mL milliQ water, and CQDs (30 mg) were dispersed in the
solution. Then a mixture of AAm (100 mg), MAA (136 µL) and NaOH (3 M, 250 µL) were added.
For the oil phase, 7 mg of BPO was dissolved in EGDMA (400 µL) and toluene (100 µL). The
emulsification was carried out using a probe sonicator set (Hielscher, Germany) at 10% of the
energy output for 15 s (3 s on and 3 s off) after the two phases were mixed. At last, DMA (35 µL)
was added to initiate the polymerization. The solid beads were collected after 16 h-reaction at
room temperature and washed with methanol for 2 times. Further template removal was ensured
by washing the polymer beads with water containing 10% acetic acid and 5% SDS for 6 times.
Finally the polymer beads were washed with water for 6 times before further drying. The
procedure for the preparation of the MIPs is depicted in Scheme 1. As a reference polymer,
non-imprinted polymer (NIP) beads were prepared in the same way as the MIP beads, except that
the Hb in the water phase was replaced by Triton X-100 (10 mg).
2.4. Characterization of CQDs and MIP/CQD nanocomposites
Transmission electron microscopy (TEM) images were taken using a Tecnai T20 G2 (FEI, Oregon
USA) transmission electron microscope. All samples were filtered using a 1 µm syringe filter, and
2.5 µl of each sample was deposited on a copper TEM grid prior to analysis. IR spectra was taken
using a Spectrum 100 (PerkinElmer, MA, USA). X-ray photoelectron spectroscopy (XPS) analysis
was carried out by Thermo ScientificTM K-Alpha+TM X-ray Photoelectron Spectrometer (XPS)
System with an Al K-Alpha (1486 ev) x-ray source.
2.5. Optimization of the experimental parameters

To investigate the kinetics of Hb quenching, MIP/CQD nanocomposite solution (1 mg mL-1,
150 µL) were mixed with Hb buffer solution (15.4 nM, 150 µL, pH 6.2). At different time

intervals, the fluorescence spectra were measured with an excitation wavelength of 330 nm and an
emission wavelength of 380 nm, using a Spark® multimode microplate reader (Tecan, Sweden).
The fluorescence quenching effect was indicated by Fo/F, where Fo and F were the fluorescence
intensity before and after the addition of Hb, respectively. All measurement were conducted in

duplicate.
To investigate the effect of pH on Hb quenching, MIP/CQD nanocomposite solution (1 mg
mL-1, 150 µL) were mixed with Hb buffer solution at different pH (1.54 nM, 150 µL, pH 5.5, 6.2,
7.0 and 8.0), respectively. After incubation for 10 mins, the fluorescence spectra were measured as
described in section 2.5.
2.6. Detection of Hb using MIP/CQD-based nanobiosensor
Hb with different concentrations (1.54 nM, 3.08 nM, 7.7 nM, and 15.4 nM, 150 µL) in PBS buffer
(pH 6.2) and MIP/CQD nanocomposite solution (1 mg mL-1, 150 µL) were sequentially injected
into each well of a Nunclon 96-well flat-bottom black microplate. After incubation for 10 mins,
the fluorescence spectra were measured as described in section 2.5.
2.7. Spiked samples
For detection of Hb in serum samples, different concentrations of Hb (20 µL) were spiked into the
pig serum (80 µL) to get with the final concentrations of 0.77 nM, 1.54 nM, and 3.85 nM,
respectively. The measurement was taken in the same manner as described in section 2.5.
3. Results and discussion
3.1. Synthesis of MIP/CQD-based nanobiosensor by Pickering emulsion
Protein is a kind of macromolecule with long chains. It can act as surfactant and help keep the
emulsion stable, since its nonpolar (hydrophobic) segment is partitioned into the oil phase and its
hydrophilic segment is exposed to the aqueous phase. As shown in Scheme 1, during the emulsion
formation, most of Hb stayed on the oil/water interface. As the imprinting process was going on at
the interface, imprinted sites were created on or close to the surface. It is a big advantage to avoid
the use of surfactants, as they generally interfere with the imprinting procedure and are also
difficult to be removed from the resulting MIPs. The combination of benzoyl peroxide (BPO) and
N,N-Dimethylanaline (DMA) was used to initiate the polymerization at room temperature in this

work. High temperature was circumvented here, so that the structure of Hb could be kept for long
time during imprinting process.
The monomers used here were mixture of MAA and AAm, as MAA showed electrostatic
interactions with the template while AAm could form hydrogen bond interactions, which were
used successfully for protein imprinting [11,16,17]. By adding CQDs in the water phase,
MIP/CQD nanocomposites with recognition cavities on surface were simply prepared by the
one-step Picking emulsion polymerization.

3.2. Characterization of MIP/CQD nanocomposites
TEM was used to investigate the morphology and size distribution of CQDs, MIP/CQDs and
NIP/CQDs. As shown in Fig. 1, the CQDs are spherical in shape and uniform in size, with a
diameter of approximately 7 nm. The average diameter of MIP/CQD nanocomposites were 900
nm with regular appearance and good monodispersion. The sub-micrometer sized MIP/CQD
particles provided higher surface area, making it more suitable for biosensing applications.

Fig. 1. TEM of CQDs (a), MIP/CQDs (b) and NIP/CQDs (c).
N-doped carbon dots were characterized using both FT-IR spectroscopy and x-ray photoelectron
spectroscopy. The IR spectrum for N-doped carbon dots is shown in Fig. 2a. Peaks at 2939 cm-1
corresponds to the v(C-H) while the peaks at 1590 cm-1 and 1413 cm-1 correspond to v(N-C=O)
and v(C-O-C) respectively. These results suggested the presence of nitrogen and epoxide groups
on the surface of the carbon dots. The XPS survey scan (Fig. 2b) showed three peaks at 289 eV,
401 eV and 529 eV which correspond to C1s, N1s and O1s respectively. Deconvolution of the C1s
scan (Fig. 2c) revealed three peaks at 284 eV, 285 eV and 287 eV which correspond to C-C, C-N
and C=O respectively. Deconvolution of the N1s scan (Fig. 2d) showed two peaks at 399 eV and
400 eV which corresponds to C-N and N-H respectively. Overall, these results confirmed the
presence of nitrogen and carbon containing species on the surface of the carbon dots. FT-IR of
MIP and NIP after polymerization were shown in Fig. 2e. . The peak observed at 2953 cm-1 was
due to the presence of methylene group in both MAA and EGDMA. The carbonyl group C=O
stretching peak was observed in both MIP and NIP at 1721 cm-1 which also originated from MAA
and EGDMA.

Fig. 2. (a) FT-IR of CDs. (b), (c) and (d) XPS survey spectra for CDs. (e) FT-IR of MIP and NIP.

3.3. Effect of pH on the fluorescence detection
For proteins, isoelectric point (pI) is the pH at which the protein molecule carries no net electrical
charge in the statistical mean. Since the surface properties of protein are affected by the pH of the
solution, it plays an important role in the interaction between Hb and the MIP/CQD
nanocomposites. Quenching experiments over the pH range of 5.5-8.0 were carried out. All the
measurements were conducted after 10 min incubation as the binding reached saturation point
after 10 min (Fig. 3a). The response time was much shorter compared with other MIP-based
sensors [18,19], which proved that the cavities were located on the surface. It can be seen from Fig.
3b that the optimum pH value for the detection was 6.2. The fluorescence quenching efficiency of
CQDs to Hb was remarkably affected by the pH due to the electrostatic interaction. The pI value
of Hb is between 6.8 and 7.0. At higher pH , the zeta potential of CQDs was negative whereas the
HB was neutral or negative charged, which could cause weak electrostatic interaction.

Fig. 3. (a) Kinetic quenching of MIP to Hb at concentration of 7.7 nM. (b) Effect of pH on the
quenching of MIP and NIP to Hb at concentration of 0.77 nM.

3.4. Sensitivity of Hb detection using MIP/CQD-based nanobiosensor
Fluorescence detection of Hb using MIP/CQD-based nanobiosensor was done under the optimal
conditions. As shown in Fig. 4 the fluorescence quenching of MIP/CQDs was much larger than
NIP/CQDs under the same condition, which were attributed to the specific molecular recognition
sites on the surface of MIPs created during the imprinting process. Moreover, an increase of the
Hb concentration resulted in greater quenching. The extent of the fluorescence quenching of MIPs
was linearly related to Hb concentration in the range of 0.77-7.7 nM. The limit of detection
towards Hb was estimated at 0.77 nM. This performance was comparable to other reports as
shown in Table 1.

Fig. 4. Fluorescence emission spectra of MIP/CQDs (a) and NIP/CQDs (b) with Hb of different
concentration (0, 0.77, 1.54, 3.85 and 7.7 nM).
Table 1
Comparison with other report results

3.5. Selectivity of MIP/CQD-based nanobiosensor
CQDs have been utilized as a fluorescence probe for direct detection of Hb in the presence or
absence of H2O2 [14]. The presence of H2O2 can lead to further improvement of the sensitivity of
Hb detection. However, the use of H2O2 need to be optimized and made the detection more
complicated. Moreover, the lack of selectivity is also a problem. The combination of CQDs with
MIPs would greatly enhance the selectivity of Hb. This is extremely important as the sample
matrices in real world are usually complex and contain a handful of interfering proteins or
contaminants. Here fluorescence quenching of MIP/CQD nanocomposites with other proteins was
investigated. As shown in Fig. 5, the fluorescence quenching caused by trypsin (TRP) and bovine
serum albumin (BSA) were not obvious compared with Hb. Although BSA is similar to Hb in size,
it could not match the imprinted sites in the shape or functional groups.
Fig. 5. Fluorescence of the MIP and NIP mixed with Hb, TRP and BSA (all set at 3.85 nM),
respectively. Measurement were taken after incubation for 10 mins at pH 6.2.
3.6. Applications to real samples analysis
Up to now, the main problem in the detection of Hb is the low concentration and interfering
proteins. It is necessary to increase the sensitivity and selectivity. To validate the applicability of
the nanobiosensor, it was employed to analyze Hb in real serum samples. A recovery study was
carried out in the serum samples spiked with different amounts of Hb. Good recoveries in the
range of 83.7-93.9% were obtained which was comparable with other reports [4,20] where sample
pretreatment and dilution were normally needed. It was worth nothing here that the serum was
used directly without dilution or any other pretreatment. It means that nanobiosensor can detect
the target protein even in the presence of many kinds of interfering proteins. The results indicated
that the proposed method provided good accuracy and low detection limit. Therefore, the
fluorescent nanobiosensor is suitable and promising for the rapid analysis of Hb in complex

samples.
Table 2
Recovery of Hb from spiked pig serum samples.

4. Conclusion
In this work, a new surfactant-free Pickering emulsion strategy was developed to prepare
MIP/CQD-based nanobiosensor for Hb detection. The use of Hb itself as emulsifier, the
improvement of initiator choice and size control made this method more applicable for protein
imprinting. Besides, the MIP/CQD-based nanobiosensor exhibited excellent sensitivity, high
selectivity and fast response. The good recoveries from real serum samples further demonstrated
that the nanobiosensor holds great promise for Hb determination. The simplicity of this method
can help produce the nanobiosensor in a large scale.
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