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A B S T R A C T

The non-specific adsorption of interferents onto the outside surface of molecularly imprinted polymers (MIPs)
particles is disadvantageous for selective determination of the template molecules. Based on the fact that the
responses of non-imprinted polymers (NIPs) and MIPs particles to non-template molecules are similar, the anti-
interference ability of MIPs sensor can be much improved via differential strategy, demonstrated by bovine
hemoglobin (BHb) determination. The MIPs for BHb were prepared via surface imprinting and sol-gel process,
with graphene quantum dots@SiO2/CdTe quantum dots (GQDs@SiO2/CdTe QDs) for ratiometric fluorescence
measurements. By using a weight factor of 1.283 to compensate the lower specific surface area in NIPs particles,
the differential ratiometric fluorescence signals between MIPs and NIPs channels to 2.00 μM ovalbumin and
phycocyanin are equivalent to BHb at the concentration of 0.025 and 0.014 μM, which are only about 11 % and
5.8 % of the interference level in the normal ratiometric fluorescence method, respectively. The differential
ratiometric fluorescence measurement was also performed in a smartphone-based device for field analysis of
BHb in urine samples, with the linear range of 0.05–4 μM and the detection limit of 13 nM.

1. Introduction

Generally, selective recognition to target analytes is the cornerstone
of the chemical or biological sensors. The probes with excellent re-
cognition selectivity, such as enzymes, antibodies, nucleic acids, and
aptamers are widely used as the molecular recognition elements in
biosensors [1–3]. However, the using of such biological receptors in
biosensors faces some of impediments, such as high cost, low stability,
and time-consuming protocol for bio-probes immobilization. In the
modern sensors, the natural receptors can be replaced by the synthetic
materials which mimic the natural antibody–antigen behavior with
almost similar specificity and sensitivity without their restrictions [4].
Molecularly imprinted polymers (MIPs) are tailor-made materials with
specific recognition sites complementary in shape, size, and functional
groups of template molecules, and benefit from advantages such as
chemical and physical stability, easy synthesis, reusability and cost-ef-
ficient of mass preparation [5–7]. The molecular imprinting technology
has been widely used in industrial and environmental applications

[8,9], sample pretreatment [10], and biosensors [11,12]. Compared
with MIPs for small molecules, the imprinting of biomacromolecules,
like proteins, is still challenging because of large size, flexible con-
formation, complex structure, and denaturation of template in non-
physiological polymerization conditions [13,14]. Among various stra-
tegies for biomacromolecules imprinting, surface imprinting based on
the sol-gel method has been the most impressive technique owing to its
simplicity and remarkable performance [7,15]. The sol-gel based MIPs
provide highly crosslinked gels, strong abrasion resistance, and having
more physical rigidity to the conservation of the delicately imprinted
cavities compared with flexible organic polymers [16]. Moreover, the
sol-gel reaction occurs in an aqueous media and ambient temperature
that prohibits deformation and inactivation of proteins. Meanwhile, the
imprinted cavities generated by surface imprinting are located on the
surface of polymers, promoting accessibility to binding sites and sup-
pressing the mass transfer resistance.

Ratiometric fluorescence methods are well known for their high
sensitivity and self-correction ability [17]. MIPs based ratiometric
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fluorescence sensors offer high sensitivity and selectivity [18]. Usually,
the fluorescence intensity of the luminophore is measured by a spec-
trofluorometer. More recently, the combination of novel sensing tech-
nologies with smartphones promotes the development of powerful lab-
on smartphone platforms for real-time and on-site detections [19–21].
Through integrating various specifically designed accessories, smart-
phones with powerful imaging hardware have been successfully en-
gineered as optical quantitation platforms in colorimetry [22,23],
fluorometry [24–26], chemiluminescence [27], electro-
chemiluminescence [28] etc. Compared to traditional analytical in-
struments, the smartphone-based analytical devices are more portable
and cheaper, and have an inherent capacity in data storage, analysis
and share [29]. In these up-to-date devices, the images of a group of
sample areas can be recorded in one picture, offering high-throughput
optical sensing.

Unlike small templates, biomacromolecules have a complex struc-
ture with numerous functional groups available for the interaction with
functional monomers. Since different regions of a biomacromolecule
have various charge and hydrophobicity, some analogous regions may
be existed in other templates and could be adsorbed by functional
monomers. In other words, biomacromolecules have innumerable het-
erogeneous binding sites, which could create nonspecific binding
through weak interactions. Therefore, despite the devoting great effort
for improving the selectivity of MIPs, non-specific adsorption of matrix
interferences compounds is inevitable during the sensing process. For a
better understanding of this fact, recent synthesized BHb-MIPs are
overviewed. BHb is an important protein component of red blood cells
and has the function of oxygen transporting, participating in various
physiological activities. Thus, it has been frequently used as a model
target analyte in protein imprinting technique [30–32]. Newly fabri-
cated BHb-MIPs particles exhibited the imprinting factors (IF) in the
range of 2 ∼ 5 [30–35], implying these recognition adsorbents lack
enough anti-interferences ability. For example, in the BHb determina-
tion using MIPs with IF even as high as 15.2 [36], other proteins such as
bovine serum albumin, lysozyme and ovalbumin can change approxi-
mately 19 % of fluorescence intensity of BHb at the same concentration,
demonstrating considerable interference from these proteins. It is
worthy to note that the responses of MIPs and NIPs to these non-tem-
plate molecules are usually similar [36–42], because the surface prop-
erties of MIPs and non-imprinted polymers (NIPs) particles which could
inducement of non-specific binding are almost same. Hence, it is pos-
sible to eliminate such interferences by using a differential strategy.

In this work, we report an approach to improve the selectivity and
reliability of MIPs sensor via differential strategy. As the adsorption
behavior of interferents on the MIPs and NIPs is similar, their response
can be eliminated greatly in a differential measurement model, espe-
cially after correcting the difference in the specific surface area between
MIPs and NIPs particles. The applicability of the differential MIPs
sensor was demonstrated by using BHb as the model analyte, which was
prepared via surface imprinting and sol-gel process (see Fig. 1). To
improve the stability of fluorescence signal, the fluorescence intensity
ratio of graphene quantum dots (GQDs) in SiO2 core and CdTe quantum
dots (QDs) in surface printing layer was measured, suppressing the
baseline drift from variations in light intensity and the concentration of
MIPs or NIPs particles. The differential ratiometric fluorescence signals
were also measured in a smartphone-based fluorescent device, in which
the fluorescence images of twin cuvettes filled with MIPs and NIPs
particles were captured by the built-in camera. The proposed device
offers the advantage of portability, sensitivity and reliability in field
analysis.

2. Experimental

2.1. Reagents and instruments

Acetonitrile, cadmium chloride pentahydrate, citric acid, 3-

aminopropyltriethoxysilane (APTES), 3-mercapto propyl trimethox-
ysilane (MPS), tetraethyl orthosilicate (TEOS), ammonia, 2-N-morpho-
linoethanesulfonic acid (MES), PBS, 3-ethylcarbodiimide hydrochloride
(EDC), and N-hydroxysuccinimide (NHS) were purchased from
Shanghai Sinopharm Chemical Reagent Co., Ltd. Sodium borohydride,
tellurium powder, thioglycolic acid (TGA), bovine hemoglobin, bovine
serum albumin (BSA), lysozyme (Lyz), ovalbumin (OVA), protamine
(PA) and phycocyanin (PC) were supplied by Sigma-Aldrich (Shanghai,
China). All the reagents were of analytical grade and used directly.
Ultrapure water was obtained through ion-exchanger and quartz dis-
tiller.

The fluorescence, UV–vis absorption, and infrared absorption
spectra were measured on a spectrofluorometer (F-7100, Hitachi), a
UV–vis spectrophotometer (UV-1700, Shimadzu), and a Fourier trans-
form infrared (FT-IR) spectrometer (Nicolet iS10, Thermo Fisher
Scientific, USA), respectively. The scanning electron microscope (SEM)
images were captured on an SEM microscope (Hitachi S-4800 FE). The
size distribution measurements were performed on NanoZS90 Zetasizer
(Malvern, UK) instrument.

The smartphone-based differential fluorescent device and schematic
illustration of differential ratiometric fluorescence MIPs sensor are
shown in Fig. S1 in the Electronic Supporting Information (ESI). A
365 nm LED flashlight light was used as the excitation light source. To
obtain better parallel light beam, a collimator made of four ladder-
shaped mirrors was mounted between the light source and the twin
cuvettes, where the non-detection areas in the front of the cuvettes were
covered by black light-tight film. The fluorescent images were captured
by the camera built-in a smartphone (Huawei Honor 7, China). The
camera was about 45mm apart from the outside wall of the cuvette.
The auto-setting function of the camera was turned off and the focus
and shooting parameters were adjusted manually. The brightness
(unitless, with value ranged 0∼255) of the fluorescence images in the
red (R) and blue (B) components in RGB mode was measured by a user-
edited APP software.

2.2. Synthesis of GQDs@SiO2/CdTe QDs

The preparation of GQDs was carried out according to the previous
procedures [43], and the details are described in ESI. The preparation
of GQDs@SiO2–NH2 is according to the protocol reported previously
with slight modification [44], and the details are described in ESI. CdTe

Fig. 1. Schematic illustration for the preparation of fluorescence MIPs sensor
toward target BHb and differential ratiometric determination method.
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QDs were synthesized according to our previous work (see ESI) [45].
The composite fluorescent nanomaterials containing CdTe QDs and

GQDs@SiO2–NH2 were prepared by EDC/NHS reaction process. In
brief, 12mL of 10mg/mL newly prepared EDC solutions in 0.1 mMMES
buffer (pH=5.5) was added to 10mL of GQDs@SiO2–NH2. After stir-
ring for 20min at room temperature, 2 mL of CdTe QDs and 6mL of
10mg/mL NHS (in 0.1 mM MES buffer, pH=5.5) were added into the
above solution and dispersed uniformly. The mixture solution was
stirred for 12 h in the dark. The finally obtained CdTe QDs/GQDs@SiO2

composites were centrifuged and washed with ultrapure water and then
were re-dispersed in 12mL 0.01M PBS (pH 7.4) and kept in the dark at
4 °C for further use.

2.3. Preparation of BHb imprinted nanoparticles

12mL of the as-obtained GQDs@SiO2/CdTe QDs (1.33 mg/mL) was
added to 8mL of 0.01M PBS (pH 7.4). After stirring evenly, 10 mg of
BHb and 20 μL of APTES were added into the above solution. After
further stirring for 1 h, 40 μL of ammonia (NH3·H2O) and 40 μL of tet-
raethyl orthosilicate (TEOS) were added and kept stirring for 2 h in the
dark. The acquired polymers were centrifuged and washed with
ethanol/acetonitrile (8:2, v/v) to remove BHb, and then were washed
with ultrapure water three times. Finally, the obtained MIPs were dis-
persed in 0.01M PBS (pH 7.4) and stored in dark at 4 °C. As a com-
parison, the corresponding non-imprinted polymers (NIPs) were pre-
pared following the similar steps to those of MIPs, except without
adding template of BHb. The MIPs of PC were prepared by the same
protocol as that of MIPs of BHb by replacing BHb with PC.

2.4. Analysis of real samples on site

Three urine samples were randomly collected from healthy bovines
from a rural house-hold (Local in Jinan City). The samples were filtered
with a 0.22 μm microfiltration membrane to remove the particulate
suspension and were diluted by 2-fold volume of 0.01M PBS (pH 7.4).
In two plastic centrifugal tubes, 5.00mL of the diluted urine sample was
added and mixed with 100 μL of MIPs or NIPs solution (2.2 mg/mL),
respectively. The mixture of the sample and NIPs was added to the left
reference cuvette and mixture of the sample and MIPs to the right
sensing cuvette. After an incubation time of 15min, the fluorescence
images of the twin cuvettes were recorded by the smartphone-based
portable detection device (Fig. S1). The brightness ratio was calculated
by the user-edited APP software to determine the concentration of BHb
according to the pre-saved calibration curve. In the recovery experi-
ments, BHb was added in the diluted urine samples at three spiked
concentration levels of 0.50, 1.00 and 2.00 μM. All determinations were
performed on site in triplicate.

3. Results and discussion

3.1. Construction and characterization of MIPs

To perform the ratiometric fluorescence measurement, the blue
emissive GQDs was covered by SiO2 shell and used as the reference
luminophore, and the sensing luminophore of red emissive CdTe QDs
were immobilized on the surface of the SiO2 shell via the EDC/NHS
routine (Fig. 1). The imprinting of BHb on the surface of GQD@SiO2/
CdTe QDs was performed via a sol-gel process. It could be seen that
MIPs particles present rougher surfaces (Fig. 2A) than the NIPs particles
(Fig. 2B), due to the temple removing process. The size distribution of
MIPs particles was in the range from 60 to 170 nm with the average size
of 106.7 nm (Fig. 2C), which was less slightly than that of 122.6 nm in
the NIPs particles (Fig. 2D).

As shown in Fig. S2, the FT-IR spectra of MIPs and NIPs particles
were very similar. The characteristic peaks at 1395 and 1589 cm−1 are
possibly belonged to the symmetric and antisymmetrical vibrations of

the COO− [46]. The absorption band at 1474 cm−1 may be described to
the stretching vibration of the propylamine groups
(−CH2−CH2−CH2‒NH2) [47]. These results proved the successful
preparation of TGA-QDs and addition of APTES in MIPs and NIPs. The
absorption peak at 3419 cm−1 is corresponded to NeH stretching vi-
bration, illustrating that amino groups (‒NH2) were effectively mod-
ified onto the surface of MIPs and NIPs particles.

As shown in Fig. S3, the fluorescence excitation peaks of the GQDs
and CdTe QDs were around 363 nm and 376 nm, respectively. The so-
lution of MIPs exhibited two well-separated fluorescence emission
peaks around 460 nm and 660 nm, which were corresponded to those of
GQDs and CdTe QDs, respectively. By using quinine sulfate in 0.1M
H2SO4 (PLQY=54 %) as standard reference [48], the photo-
luminescence quantum yields (PLQY) of GQDs and CdTe QDs in the
MIPs were measured to be about 9.0 % and 16.9 %, respectively. Under
the illumination of 365 nm UV light, the solution of GQDs and CdTe
QDs showed blue and red color, respectively. The pink of solution of
MIPs were due to the higher fluorescence intensity of CdTe QDs than
GQDs and the higher sensitivity of eye to red than to blue.

3.2. Performance of the differential ratiometric fluorescence method

Ratiometric fluorescence methods are well known for their good
self-correction ability to the variations in excitation and measurement
conditions [17]. In this work, MIPs of GQDs@SiO2/CdTe QDs were
prepared for BHb determination in a ratiometric fluorescence method.
Upon the rebinding to BHb, the red fluorescence of CdTe QDs in the
imprinting layer was quenched gradually while the blue fluorescence of
GQDs core covered by SiO2 layer was unaffected. Hence, the fluores-
cence intensity ratio at the wavelength of 460 and 660 nm (I460/I660)
was measured by a spectrofluorometer and used for the determination
of BHb.

As shown in Fig. 3A, with increasing concentration of the MIPs or
NIPs particles, the fluorescence intensity at 460 and 660 nm was in-
creased linearly due to more CdTe QDs and GQDs were available for
fluorescence emission. As expected, the intensity ratio of I460/I660 is
independent of the concentration of MIPs or NIPs particles (Fig. 3B).
Because more fluorescence of CdTe QDs in MIPs was quenched by BHb
than in NIPs, the value of I460/I660 in MIPs is greater than that in NIPs.
Importantly, the difference of I460/I660 between MIPs and NIPs is also
unchanged in the concentration range tested, which offers the con-
venience for differential ratiometric fluorescence measurements
without strictly controlling the concentration of MIPs and NIPs parti-
cles. Thus, the differential ratiometric fluorescence signal can obtained
from two independent measurements with the same or different con-
centration of MIPs and NIPs particles. Based on the need of the fluor-
escence brightness measurement in the smartphone-based device, the
concentration of 43 μg/mL was chosen for MIPs and NIPs in the de-
termination of BHb.

3.3. Condition optimization for BHb determination

To obtain better analytical performance of the MIPs sensor, pH and
adsorption time were optimized. As can be seen from Fig. S4, in the pH
range from 5.0 to 9.0, the ratiometric fluorescence signal difference
between BHb solution (2.00 μM) and blank (indicating by the subscript
of 0), (I460/I660) – (I460/I660)0, was achieved the maximum at pH 7.4.
The reason is that protein may be denatured under higher or lower pH.
Hence, PBS of pH 7.4 was used for BHb determination.

The response of a MIPs sensor is based on its specific binding to the
template molecule. As shown in Fig. S5, the values of (I460/I660) – (I460/
I660)0 were increased with the contact time due to the increasing
amount of BHb adsorbed and bound onto MIPs particles, which could
quench the fluorescence of CdTe QDs in the imprinting layer. Compared
with MIPs, the fluorescence response of NIPs was smaller because less
BHb molecules were adsorbed onto NIPs particles due to the relatively
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smooth surface without imprinted cavities. Under the experimental
conditions, the response was increased rapidly in the initial 8 min and
then approached gradually to the stable level. The stable response in
NIPs was obtained at shorter contact time due to the relatively smooth
surface of NIPs particles. The differential ratiometric signal was nearly
stable after a contact time of 15min, which was used as the incubation
time for BHb determination.

3.4. Sensitivity and selectivity of MIPs sensor for BHb determination

As can be seen in Fig. 4A, with increasing concentration of BHb, the
fluorescence intensity of CdTe QDs in MIPs was reduced gradually
while fluorescence intensity of GQDs was near the same due to the
protection of the SiO2 coating layer. By using the ratiometric fluores-
cence intensity in MIPs, RFMIPs = [(I460/I660)/(I460/I660)0]MIPs–1, as the
signal indicator, the calibration curve in the MIPs sensor showed ac-
ceptable linearity in the concentration of 0.03–4 μM (curve a in
Fig. 4C). Based on the 3σ rule (σ is the standard deviation in blank), the
LOD of the ratiometric fluorescence MIPs method was 11 nM, offering
acceptable sensitivity in compared with other method for BHb de-
termination (see Table 1).

As depicted in Fig. 4B, the fluorescence intensity of CdTe QDs in
NIPs was reduced slightly with increasing BHb concentration. The
reason is that part of BHb can be adsorbed on the outer surface of NIPs
particles to quench the fluorescence of CdTe QDs nearby. The ratio-
metric fluorescence intensity in NIPs, RFNIPs = [(I460/I660)/(I460/
I660)0]NIPs–1, was also increased with increasing concentration of BHb
(curve b in Fig. 4C). According to the slope of calibration curve in MIPs
and NIPs channels, the IF value was estimated to be 7.36, indicating the
existence of numerous imprinted cavities in MIPs particles shell to ad-
sorb BHb molecules. As listed in Table 1, the IF values for BHb in other
MIPs protocols are in the range of 1.82 ∼ 15.2. The IF of 7.36 in MIPs
of GQDs@SiO2/CdTe QDs was relatively high, offering the acceptable
selectivity for the determination of BHb.

As an artificial antibody, MIPs are expected to form a highly specific
three-dimensional recognition cavity to recognize template molecules
in shape, size and function [5–7]. However, the outer surface of MIPs
particles is exposed freely to various molecules in solution. As a result,
the non-specific adsorption of other species on the surface of MIPs
particles may also change of the signal intensity, causing systematic
errors in the determination of target analytes. For example, the pre-
sence of other proteins can also result in the decrease of the fluores-
cence intensity of CdTe QDs in MIPs (Fig. 5). According to the

Fig. 2. SEM images and size distribution histograms of the (A, C) MIPs and (B, D) NIPs particles.

Fig. 3. Influence of the concentration of MIPs or NIPs particles on (A) the
fluorescence intensity of GQDs and CdTe QDs and (B) ratiometric fluorescence
signals in the MIPs or NIPs in contact with 4.00 μM BHb solution.
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calibration curve in normal ratiometric fluorescence model (curve a in
Fig. 4C), 2.00 μM of BSA, Lyz, OVA, PA, and PC were equivalent to BHb
at the concentration of 0.251, 0.228, 0.225, 0.201, and 0.236 μM, re-
spectively, implying minor determination errors for BHb determination.
It can be seen that the non-specific adsorption of other species on the
outer surface of MIPs is one of the errors source in the determination of
template molecule. Interestingly, except BHb, the responses of MIPs and
NIPs particles to other proteins were very similar. Hence, the anti-in-
terference ability of the MIPs method is expected to improve greatly in
a differential ratiometric mode, which uses the response of NIPs
channel as the reference. In this work, the differential ratiometric
fluorescence signal (ΔRF) was calculated by eq. (1).

= − = ⎡
⎣⎢

⎤
⎦⎥

− ⎡
⎣⎢

⎤
⎦⎥

ΔRF RF RF I I
I I

I I
I I

( )
( )

( )
( )MIPs NIPs

460 660 0

660 460 0 MIPs

460 660 0

660 460 0 NIPs (1)

Under the used conditions, the values of ΔRF were also in good
linear correlation with the concentration of BHb (curve c in Fig. 4C).
Significantly, the ΔRF values of the five non-target proteins (2.00 μM)
were equivalent only to BHb at the concentration range of

0.044–0.074 μM. The interference from the five proteins in ΔRF signal
was only 20 % ∼ 32 % of that in normal ratiometric fluorescence
method.

It should be noted that the responses of the NIPs particles is due to
the non-specific adsorption of the proteins on their surface. As the
surface of NIPs particles is smoother than that of MIPs particles, the
smaller specific surface area in NIPs particles is speculated as the reason
for the less response of NIPs to non-target proteins compared with MIPs
particles. Hence, a weight factor (α) is used to compensate the lower
specific surface area in NIPs particles. In this work, a modified differ-
ential ratiometric fluorescence method described in eq. (2) was used to
improve further the anti-interference ability of the MIPs sensor.

′ = − = ⎡
⎣⎢

⎤
⎦⎥

− ⎡
⎣⎢

⎤
⎦⎥

ΔRF RF αRF I I
I I

α I I
I I

( )
( )

( )
( )MIPs NIPs

460 660 0

660 460 0 MIPs

460 660 0

660 460 0 NIPs (2)

By using 2.00 μM BSA solution as the balance point (ΔRF′=0),
α=1.283 was estimated to compensate the difference in specific sur-
face area between MIPs and NIPs particles. It can be seen that the in-
terference of the non-target proteins was suppressed further in the

Fig. 4. The fluorescent emission spectra of (A) MIPs and (B) NIPs at different BHb concentration and (C) the calibration curves for BHb determination. Insert:
fluorescence images of MIPs+ BHb and NIPs+ BHb under illumination of UV lamp of 365 nm.

Table 1
Performance comparison with other MIPs fluorescent methods for BHb determination.

Sensors Emission mode Linear range
μM

LOD
μM

IF Ref.

M-CDs@MIPs single 0.05–16 0.017 4.1 [30]
Si-NP/CdTe/MIPs single 0.02–2.1 0.0094 3.8 [50]
UCNPs/MOFs/MIPs single 1.6–9.3 0.96 1.82 [51]
CdTe@MIPs+CdTe@SiO2 dual 0.05–3 0.0096 6.8 [47]
(Mn)ZnS QDs/MIPs dual 0.1–5 0.038 3.1 [52]
CdTe/M-R-MIPs dual 0.02–2 0.0063 10.8 [53]
R-MIPs+G-MIPs+B-MIPs ternary 0.025–3 0.0078 15.2 [36]
GQDs@SiO2-CdTe QD, MIPs－NIPs ratiometric 0.03–4 0.011 7.36 This work

differential ratiometric 0.03–4 0.0083
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modified differential method. Under the experimental used conditions,
the presence of 2.00 μM Lyz, OVA, PA, and PC resulted in the errors of
-0.016, 0.025, -0.0092, and 0.014 μM in BHb determination, respec-
tively, which was only about -7.1 % ∼11 % of the interference levels in
the normal ratiometric fluorescence method. Among the six proteins
test, PC solution emits weak fluorescence in the visible spectral region
of 600–780 nm peak at 672 nm with the excitation wavelength of
532 nm [49]. But the fluorescence from low concentration PC solution
is much weaker than that from CdTe QDs in MIPs and NIPs. Moreover,
most of the weak fluorescence from PC solution can be offset in the
differential strategy. The emission fluorescence spectra of BHb and
other non-template proteins tested are in the ultraviolet spectral region,
which were not excited and detected under the measurement conditions
used in this work. Hence, the possible interference from the weak
fluorescence in solution except MIPs and NIPs is also much suppressed
by the proposed differential method.

In addition, although the slope of the calibration curve in the
modified differential model (curve d in Fig. 4C) was only 81.5 % of that
in the normal ratiometric one (curve a in Fig. 4C), the error bars in the
former were also less than those in later. As a result, the LOD in the
modified differential ratiometric method was lowered to 0.0083 μM,
which was even lower than that of 0.011 μM in the normal ratiometric
fluorescence model.

The reusability and stability are the important MIPs sensor perfor-
mance metrics [41]. After a group of determinations, the MIPs and NIPs
particles were collected separately by centrifugation, and washed with
ethanol/acetonitrile (8:2, v/v) and ultrapure water to regenerate them
for reuse. As shown in Fig. S6A, the fluorescence intensity from CdTe
QDs in MIPs and NIPs were decayed slightly with increasing recycles.
But most of the recognition ability of MIPs to BHb was remained in the
regenerated MIPs particles, especially in the ratiometric fluorescence
model (Fig. S6B). For example, after five recycles, the value of (I460/
I660)/(I460/I660)0 of the regenerated MIPs particles is about 85 % of the
initial value using fresh MIPs particles. Because the ratiometric fluor-
escence signal in NIPs is less obviously than that MIPs, the differential
strategy is shown low efficiency to correct the signal decay in the re-
generated MIPs. After storing in dark for 3 months, the ratiometric
fluorescence signal in MIPs is still 93.1 % of the original value. These
results demonstrated that the reusability and stability of the prepared
differential ratiometric fluorescence MIP sensor is satisfactory.

It is worth mentioning that the proposed differential approach may
be applied to other MIPs systems. As reported previously, the responses
of MIPs and NIPs particles to the non-target species are also similar
even very close in MIPs methods for the determination of 2,4-

dichlorophenoxyacetic acid [54], PC [55], dopamine [56], glycoprotein
ovalbumin [57], pyrethroid metabolite [58], hepatitis viruses [41],
Japanese encephalitis virus [42], omethoate [59], and Brilliant Blue
[60]. If the differential approach had been used, the anti-interference
ability of these MIPs method would have been improved greatly.

To address above assumption, the MIPs for PC were prepared by the
same protocol as that used in MIPs for BHb. As shown in Fig. S7, the
MIPs exhibited obviously enhanced RF signal to PC in compared with
NIPs. The IF for PC was estimated to be about 5.63. As the RF signals of
MIPs and NIPs to BSA, Lyz, OVA, PA, and BHb are similar, RF signal
differences between MIPs of PC and NIPs for the five non-temple pro-
teins is much less than the normal RF signals, especially in the modified
differential method with α=1.19. Under the experimental conditions
used, the presence of 2.00 μM of BSA, Lyz, OVA, PA, or BHb were
caused the errors in PC determination by 0.334, 0.310, 0.251, 0.288 or
0.431 μM in the normal RF method, 0.0672, 0.0691, 0.0426, 0.0663 or
0.0650 μM in the differential RF method, and 0.0026, 0.111, -0.0773,
0.0135 or -0.0211 μM in the modified differential RF method, respec-
tively. These results demonstrated again the good efficiency of the
modified differential strategy in enhancing the anti-interference ability
in the MIPs method.

3.5. Performance of smartphone-based differential ratiometric fluorescence
device

As can be seen from the insert in Fig. 4A, the color of the MIPs
solution was changed from rose-red to blue, which could be applied to
the visual determination of BHb with the LOD about 0.5 μM. To im-
prove the sensitivity and reliability in visual determination, the fluor-
escence images of the MIPs solution can be recorded by a camera in a
smartphone and the brightness of the three primary color of red, green
and blue can be measured for quantification. In this work, the differ-
ential ratiometric measurements were also performed in a smartphone-
based fluorescence device equipped with twin cuvettes (Fig. S1). Ac-
cording to the fluorescence excitation spectra in Fig. S3, a 365 nm LED
light source was used to excite GQDs and CdTe QDs in the MIPs and
NIPs channels. The wavelength ranges of the RGB components are
corresponded to 560–700 nm, 500–600 nm, and 360–510 nm [61], re-
spectively. It could be seen that the fluorescence emission spectra of
GQDs and CdTe QDs were mainly distributed on the blue (B) and red
(R) components, respectively. The fluorescence intensity of the two
peaks were recorded in the same image and indicated by the brightness
values in the blue and red components, which was measured by a user-
edited APP image analysis software.

As a cheap light source, the intensity of the LED light is related to
the available capacity of the rechargeable battery. To test the self-cor-
rection ability of the brightness ratio, the light source intensity was
adjusted artificially by changing the working voltage of a DC regulated
power supply, and measured by the illustration sensor of the smart-
phone. As shown in Fig. 6A, with increasing excitation light intensity,
the values of R and B in the MIPs and NIPs channels were increased
near-linearly. However, the influence of the variation in light source
intensity on the brightness ratio was much less than brightness
(Fig. 6B). For example, with the excitation light intensity increased
from 1.41 to 2.81 klx (lx is the unit of luminance), the R values in the
MIPs and NIPs channels were increased by 46.1 % and 32.2 %, re-
spectively. But values of B/R in MIPs and NIPs channels were
1.0604 ± 0.0066 and 0.8568 ± 0.0171 (mean ± standard devia-
tion), with the relative standard deviation (RSD) of 0.62 % and 2.0 %,
respectively. Noted that the RSD in the MIPs channel was obviously less
than that in the NIPs channel, which was due to the larger difference
between R and B values in the later. As reported previously [62], the
brightness of an image is in a non-linear correlation with the fluores-
cence intensity. Hence, the corrected brightness (HR and HB) in eq. (3)
and (4) are used as the indicator of the fluorescence intensity of CdTe
QDs and GQDs.

Fig. 5. The ratiometric fluorescence responses of MIPs and NIPs to different
proteins (2.00 μM) and the differential ratiometric fluorescence response be-
tween MIPs and NIPs channels.
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where R0 and B0 are the background values of the red and blue com-
ponents in RGB mode, respectively. The ratio of HR to HB is given by eq.
(5).
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As shown in Fig. 6B, the corrected brightness ratio, HB/HR, was
remained nearly constant in the excitation light intensity tested range.
The values of HB/HR in MIPs and NIPs channels were 1.1174 ± 0.0006
and 0.7021 ± 0.0005, demonstrating the good self-correction of the
ratiometric fluorescent signal in the smartphone-based device with si-
multaneously recording the fluorescence brightness of GQDs and CdTe
QDs in MIPs and NIPs channels. In the twin cuvettes, the excitation
light intensity in right channel is less slightly than that in the left
channel, which is caused by the absorption and scatting of the solution
in left channel and the well of the cuvette. But the influence of ex-
citation light intensity loss on the fluorescence brightness of GQDs and
CdTe QDs in the right channel is the same and can be corrected by the
ratiometric signal. Consequently, the order of MIPs and NIPs channels
in the cuvette can be exchanged if needed and the calibration curve can
be saved for subsequent determinations on site. On the other hand, the
light source can be powered off except capturing the images, prolonging
the service time of the rechargeable battery.

In this work, a 365 nm LED light source was used to excite GQDs
and CdTe QDs in the MIPs and NIPs channels. As can be seen from Fig.
S3, the fluorescence emission spectrum of GQDs was overlapped with
the fluorescence excitation spectrum of CdTe QDs. As a result, part of
the fluorescence of CdTe QDs in the MIPs and NIPs particles is excited
by the blue fluorescence from GQDs. But the fluorescence intensity of
GQDs is much weaker than the intensity of 365 nm excitation light
source. The reason is that only a small fraction of the excitation light
(usually< 5%) was absorbed by GQDs in MIPs solutions at low con-
centration (43 μg/mL) while the PLQY of GQDs in the MIPs was about

9.0 %. Thus, fluorescence intensity of CdTe QDs excited by the blue
fluorescence of GQDs is insignificant, especially by the blue fluores-
cence from the nearby channel in the twin cuvettes due to the limit of
emission direction of fluorescence. In addition, the fluorescence in-
tensity of GQDs is stable as they were isolated from the solution by SiO2

coating layer. Hence, the influence of the blue fluorescence of GQDs on
the fluorescence intensity of CdTe QDs in the nearby channel is ig-
norable.

3.6. Application of field analysis of BHb in real samples

To demonstrate the applicability of the portable device and the
differential MIPs method, BHb in bovine urine samples was determined
on site. As shown in Fig. 7A, compared with the NIPs channel, the red
color of the fluorescence images in the MIPs channel was decayed more
obviously with increasing BHb concentration, indicated by the decrease
in R values in Fig. 7B. By using the correction brightness ratio of HB/HR

as the signal indicator, the calibration curve showed acceptable line-
arity in the concentration of 0.05–4 μM ( r2= 0.9983), with the LOD of
0.013 μM. It can be seen that the simple smartphone based portable
fluorescence device has the near same sensitivity as the spectro-
fluorometer. In this work, the differential ratiometric fluorescence
signals between the MIPs and NIPs channels in the smartphone based
device is calculated by eq. (6).

⎜ ⎟ ⎜ ⎟
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⎝
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⎠
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⎠

= − −
− −

− − −
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MIPs MIPs0 MIPs

NIPs NIPs0 NIPs

NIPs NIPs0 NIPs (6)

As discussed above, the differential ratiometric fluorescence signal
was insensitive to the variations in the measurement conditions such as
light source intensity and the concentration of MIPs and NIPs, which is
advantage for field analysis of the portable device.

As listed in Table 2, the concentration of BHb in two bovine urine

Fig. 6. Influence of excitation light intensity on the (A) brightness and (B)
brightness ratio in the MIPs and NIPs channels. (a) and (b) R and B in NIPs
channel images, (c) and (d) R and B in MIPs channel images, (e) and (f) B/R in
the MIPs and NIPs channels, (g) and (h) HB/HR in the MIPs and NIPs channels.
The concentration of BHb was 1.00 μM.

Fig. 7. (A) The fluorescent images of the twin cuvettes at different BHb con-
centration and (B) the calibration curves for BHb determination in smartphone-
based fluorescence method. (a) and (b) R values in the images of NIPs and MIPs
solutions, (c) and (d) ratiometric fluorescence calibration curves of NIPs and
MIPs to BHb, (e) modified differential ratiometric fluorescence response
(α=1.283) to BHb.

J. Wang, et al. Sensors & Actuators: B. Chemical 322 (2020) 128581

7



samples was detectable by the proposed smartphone based differential
ratiometric fluorescence method. In addition, recoveries were de-
termined by spiking BHb to the bovine urine samples at three con-
centration levels of 0.500, 1.00 and 2.00 μM. The recoveries were in the
range from 96 % to 104 %, indicating that the proposed device and
MIPs method were successfully applied in the detection of BHb in
biological samples on site.

4. Conclusions

In summary, the differential response signal between the MIPs and
NIPs channels can eliminated most of the interference from the non-
specific adsorption on the outer surface of MIPs particles, enhancing the
anti-interference ability of MIPs sensors greatly. In a modified differ-
ential method to correct the difference in specific surface areas between
the MIPs and NIPs particle, anti-interference ability of MIPs sensors can
be improved further. In the model system for BHb determination using
MIPs of GQDs@SiO2/CdTe QDs as the sensing material, the interference
levels from Lyz, OVA, PA or PC in the modified differential ratiometric
fluorescence method were only -7.1 %∼ 11 % of the interference levels
in the normal ratiometric fluorescence method. The determination of
BHb in real samples on site demonstrated the good potential applic-
ability of the proposed ratiometric fluorescent device, which offered the
advantage of portability, sensitivity and reliability for field analysis.
Our proposed differential strategy can be used in other MIPs biosensors,
such as colorimetric, photoelectrochemical, voltammetric and quartz
crystal microbalance methods.
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