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Abstract
Using the surface molecular imprinting technique, a thermo-sensitive molecularly imprinted fluorescent sensor was constructed
for bovine hemoglobin (BHb) detection with the silanized carbon dots (CD@SiO2) as fluorescent signal, N-isopropylacrylamide
as monomer sensitive to temperature, and BHb as template. The silanized carbon dots coated by the molecularly imprinted
polymer (CD@SiO2@MIP) were characterized by high-resolution transmission electron microscopy, Fourier transform infrared
spectroscopy, and fluorescence spectroscopy. Owing to the combination of the strong fluorescence sensitivity of CDs and the
high selectivity of the molecular imprinting shell, the prepared sensor showed good recognition and detection performance to the
target protein BHb, with a linear range of 0.31–1.55μMand a detection limit of 1.55μM. Furthermore, the sensor was utilized to
detect the content of BHb in real urine with a recovery of 98.6–100.5%. The CD@SiO2@MIP sensors present a high potential for
applications in the detection of BHb in biological systems.
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Introduction

Hemoglobin (Hb) is a major component of red blood cells. It
binds to oxygen and transports oxygen and carbon dioxide,
and plays a particularly important role in many physiological
activities [1]. Its content is a good indicator of anemia. For
example, it is low in symptoms such as anemia, palpitations,
and lack of blood color [2]. Therefore, the research of Hb is
greatly important for proteomics and clinical diagnosis. Since
the similarity of bovine hemoglobin (BHb) with Hb reaches
above 90% [2, 3], BHb is generally applied as an alternative
for Hb.

Molecularly imprinted polymers (MIPs) have specific
binding sites that are complementary to size, shape, and

function-group position of the template molecule [4, 5].
Compared with other recognition systems, MIPs have unique
structure predictability, recognition specificity, and applica-
tion universality, and thus are widely used in molecular rec-
ognition and protein capture. At present, the development of
imprinting of small molecules is relatively complete due to
simple molecular structure and easy imprinting process.
Scientists have successfully developed many MIPs of small
molecules [6–10]. However, the imprinting of biological mac-
romolecules such as proteins or viruses still faces significant
challenges due to their large size, complex structure, and sen-
sitivity to the environment [11–13].

Now, methods for preparing protein MIPs mainly include
epitope imprinting [14, 15], surface imprinting [16, 17], and
metal chelation imprinting [18, 19]. In the surface imprinting,
the template molecules can be completely removed from the
MIPs, and therefore, the MIPs can provide good accessibility
to the target protein molecules, which largely solves the prob-
lems of low sensitivity and long response time of the sensor.
Consequently, the surface imprinting has become one of com-
monly used methods for macromolecular imprinting. In addi-
tion, other fluorescence methods based on the innovative gat-
ed resonance energy transfer have recently been developed for
the detection of proteins with high sensitivity [20, 21].

Meanwhile, the construction of fluorescence sensing sys-
tems is a feasible approach for sensitive detection of proteins
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and other biological macromolecules. At present, some re-
search groups have reported on molecularly imprinted fluo-
rescent sensors for detecting BHb based on different fluores-
cent materials [12, 13]. Among these fluorescent materials,
carbon dots (CDs), compared with conventional fluorescence
materials like semiconductor quantum dots (QDs) and fluo-
rescence dyes, have low toxicity, good biocompatibility, and
excellent optical property, and thus have attracted much atten-
tions in the field of chemical sensing [22–28]. Since CD-based
molecularly imprinted fluorescence sensors combine the fluo-
rescence sensitivity of CDs with the high selectivity of MIPs,
they have stood out in many areas such as chemical and bio-
logical analyses [29]. For example, they have been utilized to
detect trace analytes in complex samples. However, the CD-
based molecularly imprinted fluorescent sensors also have
disadvantages, such as easily affecting fluorescence intensity
[26]. To solve this problem, we have used the silanization
technique to protect the fluorescent intensity of silica-coated
CD (CD@SiO2) [30].

Here, we report a new thermo-sensitive molecularly
imprinted fluorescence sensor (CD@SiO2@MIP) for the de-
t ec t i on o f BHb. In the p repa ra t i on p roces s o f
CD@SiO2@MIP, CDs were silanized, which play a role of
fluorescence signal and carrier for deeply imprinting proce-
dure. Thermo-sensitive property and fluorescent sensing per-
formance of CD@SiO2@MIP as probe to BHb were studied.
Finally, the sensor was successfully used for BHb detection in
real urine samples, indicating a powerful potential for detec-
tion of the target protein in biological systems.

Experimental section

Chemicals and materials

The chemicals and materials and instruments utilized are put
in the Electronic Supplementary Material (ESM).

Preparation of CD@SiO2@MIPs

Carbon dots with blue fluorescence were prepared by one-step
hydrothermal method according to the literature [31]. The
silica-coated CD (CD@SiO2) were prepared with the Stöber
method [32] with some modifications. The experimental de-
tails for preparing CD and CD@SiO2 are given in the ESM.
The CD@SiO2 coated with MIP (CD@SiO2@MIP) was syn-
thesized using the surface imprinting method [33]. First of all,
the CD@SiO2 composite was dispersed into 10mL phosphate
buffer solution (PBS, pH = 6.8). Then, 80 mg of N-
isopropylacrylamide (NIPAAm) as the thermo-sensitive
monomer, 30 μL of methacrylic acid (MAA) as the functional
monomer, 25 mg of the template BHb, and 20 mg of N,N-
methylenebis(acrylamide) (MBA) as the cross-linking agent

were added sequentially to the dispersion system under stir-
ring at 25 °C for 4.5 h to pre-polymerize. Thirdly, the poly-
merization was initiated by adding 10 mg of ammonium per-
sulfate (APS) as the initiator and 100 μL of N,N,N′,N′-
tetramethylethylenediamine (TEMED) as the catalyst under
nitrogen atmosphere, and the polymerization was carried out
at 25 °C for 20 h. Finally, the product was centrifuged and
washed repeatedly with the SDS (1 g) + acetic acid (10 mL) +
DI-water (90 mL) solution until the template BHb molecules
could not be detected by UV-vis spectrophotometry. Using
the same method without addition of BHb template, we also
prepared corresponding non-imprinted polymer material
(CD@SiO2@NIP) for comparison.

Binding experiments

The adsorption kinetic curves were measured and are present-
ed in Fig. S3 (see ESM). Briefly, 80 mg of CD@SiO2@MIP
composite was dissolved into 10 mL of PBS (0.01 M, pH =
6.8). Then, 10 mL of BHb (1 mg/mL) solution was added to
the CD@SiO2@MIP dispersion and incubated for 1 h. After
centrifugation at 10000 rpm for 15 min, the absorbance of
supernatant was measured with a UV-vis spectrophotometer
at 405.5 nm to determine concentration of BHb in the super-
natant. The adsorption amount (Q, mg/g) was computed by

Q ¼ c0−crð ÞV=m ð1Þ
where c0 and cr (mg/mL) are the original and the residual
concentration of BHb, respectively, V (mL) is the solution
volume, and m (g) is the mass of CD@SiO2@MIP. For
CD@SiO2@NIP, similar method was used.

Fluorescence measurements

Fluorescent intensity detection was performedwith a FLS-980
spectrofluorometer, with 6 nm of slit width for the excitation
and emission, 345 nm of excitation wavelength, and a record-
ing range of 365–600 nm of emission wavelength. After
adding a given concentration of BHb solution in the disper-
sion of CD@SiO2@MIP, the mixture was shaken for 60 min
and then scanned.

Urine samples

The urine sample was filtered through a microfiltration mem-
brane (0.22 μm) for removing particulate matter, and then was
diluted 100-fold for use. The recovery was determined using
the standard addition method with 0.5, 1.0, and 1.5 μmol/L of
BHb. Each sample was parallelly measured at least three
times.
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Results and discussion

Preparation and characterization of CD@SiO2@MIP

Figure 1 represent s the prepara t ion process of
CD@SiO2@MIP. First, CDs were synthesized using one-
step hydrothermal method and doped into silica to obtain uni-
form silanized CD composite (CD@SiO2). Optically transpar-
ent silica protects the fluorescence intensity of CDs and pro-
vides biocompatibility, dispersibility, and surface functionali-
ty to CD@SiO2 particles [34]. Subsequently, using CD@SiO2

as fluorescent signal, NIPAAm andMAA as functional mono-
mers, BHb as template molecule, MBA, APS, and TEMED as
pre-polymerization reagents, the CD@SiO2@MIP material
was prepared, where a thin MIP shell was produced to coat
the CD@SiO2 (see Fig. 1). After the template BHb molecules
were removed, some molecularly imprinted sites consistent
with BHb were left in the shell layer. When the
CD@SiO2@MIP was added to BHb solution, the
CD@SiO2@MIP particles would rapidly adsorb the template
BHb molecules, leading to the fluorescence quenching of the
CD@SiO2@MIP, and thus achieving the recognition toward
the target molecule BHb.

The morphology and size for CDs, CD@SiO2, and
CD@SiO2@MIPs were studied using transmission elec-
tron microscopy. As shown in Fig. 2 a, the average diam-
eter of CD particles was about 3.05 nm, which is consis-
tent with that reported in the literature [31]. In addition,
the CDs were also characterized by FT-IR, XPS, and
XRD, and results are represented in Figs. S1 and S2
(see ESM), demonstrating successful preparation of the
CDs. Figure 2 b shows that the structure of the
CD@SiO2 particles are spherical, with uniform size of
about 365 nm which is much larger than CDs, because
many CDs were coated with silica in a CD@SiO2 particle.
The CD@SiO2@MIP particles also have a uniform size of
about 405 nm (Fig. 2c). The thickness of thin MIP layer
can be calculated to be about 20 nm, which is beneficial
to the specific recognition of the target protein.

Thermo-sensitive properties of the CD@SiO2/MIP

It is well known that thermo-sensitive polymers reversibly
swell and shrink with change in temperature. At a lower crit-
ical solution temperature (LCST) of ~ 32 °C, NIPAAm will
undergo a phase transition [35]. To verify the thermal-
sensitivity of the CD@SiO2@MIP, a temperature-response
test was carried out, providing the adsorption amounts of the
template protein BHb (Fig. 3a) and the fluorescent intensities
of the CD@SiO2@MIP at 28 °C and 44 °C (Fig. 3b). The
recognition of the CD@SiO2@MIP to BHb exhibits signifi-
can t tempera ture-dependence , meaning tha t the
CD@SiO2@MIP may be used as the temperature switch to
control the capture/release of BHb. As shown in Fig. 3 a, the
adsorption amount of BHb by the CD@SiO2@MIP at 28 °C
is higher than at 44 °C. At higher temperatures, the
CD@SiO2@MIPs appear as hydrophobic pellets with a weak-
er fluorescent signal (Fig. 3b), which is not conducive to their
returning into the imprinted cavity again, and thus the adsorp-
tion amount is smaller. At lower temperatures, the
CD@SiO2@MIPs are transformed into hydrophilic pellets
and therefore the fluorescence signal becomes stronger.
Under this condition, it is more favorable for BHb to be
recombined to the imprinted cavity, thus leading to a larger
adsorption amount [15].

Fig. 1 Schematic illustration for the preparation procedure of
CD@SiO2@MIP

Fig. 2 Transmission electron microscopy images for a CDs, b CD@SiO2, and c CD@SiO2@MIP
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Optical sensing property of the CD@SiO2@MIP

To inves t iga te the binding af f in i ty proper ty of
CD@SiO2@MIP and CD@SiO2@NIP to the template BHb,
their fluorescence tests were performed at different concentra-
tions of BHb. Using the prepared CD@SiO2@MIP, the pur-
pose of identifying BHb was achieved by the fluorescence
quenching due to the special interactions of the template mol-
ecules with the imprinting cavities. The fluorescence
quenching follows the Stern-Volmer equation [36]:

F0=F ¼ 1þ KSVc ð2Þ
where F0 and F stand respectively for the fluorescent intensi-
ties of CD@SiO2@MIP without and with BHb, KSV is the
Stern-Volmer constant, and c is the molarity of BHb.

The fluorescence spectra of the CD@SiO2@MIP and
CD@SiO2@NIP for various molarities of BHb are shown in
Figs. 4 a and b, respectively. Figure 4 shows that the fluores-
cent intensities of the CD@SiO2@MIP and CD@SiO2@NIP

decrease linearly with increase in the BHb molarity. At the
same molarity of BHb, the fluorescent intensity of
CD@SiO2@MIP exhibited a more decrease than that of
CD@SiO2@NIP. This is because some specific molecular
recognition sites formed on the surface of CD@SiO2@MIP
are in accordance with size and shape of the template protein
BHb molecule. Therefore, compared with non-molecularly
imprinted polymers, molecularly imprinted polymers can ad-
sorb more BHb molecules, resulting in a greater degree of
fluorescence quenching.

The insets in Fig. 4 a and b show the BHb fluorescent
q u e n ch i n g b eh av i o r f o r CD@S iO2@MIP and
CD@SiO2@NIP, respectively. In a BHb concentration range
(0.31–15.5 μM), the fluorescence quenching of the
CD@SiO2@MIP follows the equation: F0/F = 0.9178 +
7.0222 c (R2 = 0.9952), with a detection limit of 0.155 μM.
Similarly, the fluorescence quenching behavior of the
CD@SiO2@NIP follows the equation: F0/F = 0.9454 +
2.2988 c (R2 = 0.9940). Consequently, the imprinting factor

Fig. 3 Effect of temperature on a adsorption amount of the target protein BHb (Q) and b fluorescence intensities of CD@SiO2@MIP. The error bar is
based on three parallel experiments

Fig. 4 Fluorescence emission spectra of a CD@SiO2@MIP and b
CD@SiO2@NIP in different BHb concentration of 0 to 1.0 mg/mL.
Insets in these two figures represent the Stern-Volmer plot. F0 and F

are the fluorescence intensity without and with BHb. Experimental con-
ditions: concentrations of CD@SiO2@MIP or CD@SiO2@NIP are
1 mg/mL (PBS, 0.01 M, pH = 6.8), 28 °C, and λex = 345 nm
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(IF = KSV,MIP/KSV,NIP, assessing the imprinting effect of
CD@SiO2@MIP as a sensor) was calculated to be 3.11.
This indicates that the CD@SiO2@MIP was good fluorescent
sensor to quantitatively detect BHb.

Selective and competitive binding

To further demonstrate the selectivity of CD@SiO2@MIP to
BHb, other proteins like bovine serum albumin (BSA), oval-
bumin (OVA), and lipase were selected as references. Figure 5
shows that the CD@SiO2@MIP has the strongest fluorescent
response to the template protein BHb. Compared with other
proteins, BHb exhibited the largest fluorescence quenching
ability to CD@SiO2@MIP. The results confirm that as-
prepared CD@SiO2@MIP has a selective recognition ability
to BHb. And this further proves that the cavity that is comple-
mentary to the templating molecule in morphology, size, and
function-group was formed on the surface of the MIP shell
during the preparation of CD@SiO2@MIP. Thereby, the pur-
pose of the selective capture of the target protein has been
achieved. As for reference proteins, they are similar to BHb
in sizes and structures, but not complementary to the recogni-
tion sites imprinted on the MIP. Therefore, these reference
proteins cannot effectively quench the fluorescence of the

CDs embedded in silica. The IF of CD@SiO2@MIP for
BHb is much larger than those for other proteins (see
Fig. 5), indicating that the prepared CD@SiO2@MIP has ex-
cellent selectivity to BHb. In addition, the selectivity of
CD@SiO2@MIP sensor was also confirmed by adsorption
kinetic experiments (see ESM Fig. S3).

Figure 6 shows that the fluorescent intensity of
CD@SiO2@MIP hardly changes when the concentration ratio
of the competitive proteins to BHb increases. Because the
structure of competitive proteins does not match the specific
sites imprinted by BHb, they cannot effectively quench the
fluorescence of CD@SiO2@MIP. These competition binding
tests also confirm that CD@SiO2@MIP has a good specific
recognition ability to BHb. In addition, the results of recycling
tests also indicate that CD@SiO2@MIP has fine cyclic stabil-
ity (ESM Fig. S4).

Analysis and detection of BHb in real sample

The practical applicability of the molecularly imprinted
fluorescence sensors to BHb was further investigated in
urine sample. It can be clearly seen from Table 1 that
using the CD@SiO2@MIP sensor, the recoveries of
BHb in a 100-fold diluted urine sample ranged from
98.6 to 100.5%, with relative standard deviations
(RSDs) of 0.85–2.6%. These results show that the sensor
can determine sensitively and accurately the content of
BHb in biological samples. Moreover, a comparison of
our sensor is made with other MIP-based materials report-
ed in the literature [37–41] (see Table 2), exhibiting that

Fig. 5 Selectivity of CD@SiO2@MIP and CD@SiO2@NIP to some
proteins and the imprinting factor (IF) of CD@SiO2@MIP. F0 and F
are the fluorescence intensity without and with proteins: concentration
of proteins is 1.2 mg/mL and λex = 345 nm

Fig. 6 Competition binding of CD@SiO2@MIP with BHb and some competitive proteins at various ratios of BHb to competition proteins at 0.03 mg/
mL of BHb (PBS = 0.01 M, pH = 6.8), at 28 °C, and λex = 345 nm

Table 1 Results for determination of BHb in the 100-fold diluted urine
sample (n = 3)

Sample Added (μM) Found (μM) Recovery ± RSD (%)

Urine 0.5 0.502 ± 0.013 100.4 ± 2.6

1.0 0.986 ± 0.026 98.6 ± 2.6

1.5 1.508 ± 0.013 100.5 ± 0.9
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our sensor possesses a comparable linear detection range
and detection limit.

Conclusions

In summary, we successfully constructed a novel thermo-
sensitive molecularly imprinted fluorescence sensor
(CD@SiO2@MIP) by using CDs as fluorescent signal and
NIPAAm as thermo-sensitive monomer to detect BHb. The
CD@SiO2@MIP demonstrated good thermo-sensitive prop-
erty and could be employed as a temperature switch to control
the capture/release of the template molecule BHb. The sensor
exhibited high selectivity and recognition specificity to the
target protein BHb. Moreover, the sensor can accurately de-
termine the content of BHb in real urine sample with recover-
ies of 98.6–100.5%. Consequently, the CD@SiO2@MIP is
expected to serve as a promising sensor material for special
recognition and detection of BHb, and this strategy can also be
expended to the detection of other proteins in biological fluids.
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