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Introduction

Thermosensitive molecularly imprinted core—shell
CdTe quantum dots as a ratiometric fluorescence
nanosensor for phycocyanin recognition and
detection in seawatert

Jinhua Li.* Junging Fu,” Qian Yang,? Liyan Wang,? Xiaoyan Wang* and
Lingxin Chen () xade

Versatile molecular imprinted fluorescence sensors have been prepared for various species, but the
imprinting based fluorescence detection of target proteins upon different external stimulation is rarely
reported. Herein, a novel phycocyanin-imprinted ratiometric fluorescence nanosensor was developed for
the temperature regulated sensing and detection of a phycocyanin target based on fluorescence reso-
nance energy transfer (FRET). The nanosensor was fabricated via simple facile copolymerization, with
amino/carboxyl modified quantum dots (QDs) as a fluorescent support, N-isopropylacrylamide as a
thermo-responsive functional monomer, N,N-methylenebisacrylamide as a cross-linker and phycocyanin
as a template. Under temperature control at 20 °C and 45 °C, the fluorescence intensities of the QDs and
phycocyanin were regularly decreased and enhanced, respectively, to a different extent as the concen-
tration of phycocyanin increased, and thereby the ratio of the two fluorescence peak emission intensities
of QDs and phycocyanin was used to determine the concentration of phycocyanin. Good linearity was
obtained within the range of 0-1.8 uM (r = 0.9900) with a low detection limit of 3.2 nM, and excellent
recognition selectivity towards the phycocyanin target was achieved over other proteins. Moreover, satis-
factory recoveries of 92.0-106.8% were obtained in spiked seawater samples. This study provides a facile,
fast and intelligent way to conduct identification analysis of trace proteins in complex water matrices, and
can push forward protein imprinting and stimuli-responsive imprinting related research.

ship with cyanobacterial biomass.> So, phycocyanin in cyano-
bacteria can be used as an indicator for cyanobacteria, which

Nowadays, cyanobacterial blooms pose a great threat to water
bodies, aquatic animals and human health, due to their poten-
tial to induce water intake pollution, hypoxia, biodiversity
reduction and toxic secondary-metabolite production.’
Phycocyanin, an accessory cyanobacteria-specific pigment
protein, often provides quantitative information relating to
cyanobacterial bloom assessment, owing to its close relation-
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is of great significance for marine environmental monitoring.?
Moreover, phycocyanin can emit fluorescence with a high
absorption coefficient over a wide spectral range, and it has
high biological and biomedical value and is stable in water for
a long time.>" However, to the best of our knowledge, few
measurement methods have been developed for phycocyanin
determination, except for remote sensing methods,">® and
imprinting sensing methods.*”~® Therefore, it is highly impor-
tant to develop sensitive, selective, and rapid, as well as low-
cost and environment-friendly, methods to identify and detect
phycocyanin.

Molecular imprinting, used for preparing molecularly
imprinted polymers (MIPs), is a promising approach for the
realization of the selective detection of template analytes,
especially trace analytes in complex matrices, owing to the MIP
tailor-made binding sites, which are complementary to the
template molecules in size, shape, and functional groups.'’
Recently, stimulus-responsive MIPs (SR-MIPs) have aroused
increasing interest for their controllable molecular recognition
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upon specific external cue changes, such as temperature, pH,
ionic strength, and so on.'®'" Amongst SR-MIPs, temperature-/
thermo-responsive MIPs (T-MIPs) can not only respond to
external temperature changes, but they also have molecular
recognition ability for template molecules, providing a promis-
ing strategy for ensuring the system can respond more rapidly
to an external temperature change.'’ The template molecules
can be more easily removed from or rebind to T-MIPs via
appropriately regulating the environmental temperature,
which will enhance mass transfer and rebinding percen-
tages.'’ Moreover, the temperature regulation system is
simple, convenient, cost-effective and environment-friendly."?
Accordingly, T-MIPs are widely being researched.'®™** For
instance, Xiong et al'? proposed switchable zipper-like
T-MIPs, using 2-acrylamide-2-methylpropanesulfonic acid
(AMPS) as a thermoresponsive monomer for controlled adsorp-
tion with the release of estradiol (E2) in response to tempera-
ture change, with which higher adsorption capacity and stron-
ger selectivity were obtained at 30 °C compared to at 20 °C and
40 °C. Besides AMPS, N-isopropylacrylamide (NIPAM) is more
widely used as a thermo-responsive monomer in T-MIP prepa-
ration because of its lower critical solution temperature
(LCST), between 25 °C and 32 °C, permitting applications at
physiological temperatures, with a promising future.'* At its
LCST, NIPAM possesses soluble (hydrophilic)-insoluble
(hydrophobic) transition properties, displaying a coil (soluble)
state when the solution temperature is below the LCST, as well
as a collapsed (insoluble) state above the LCST.'” Pan et al.'®
reported a lysozyme-imprinted nanogel, using NIPAM as the
major monomer for the specific recognition and controlled
release of proteins. However, most of these reported T-MIPs
rely on bound/free separation and subsequent chromato-
graphic analysis, making the experimental procedure tedious
and real-time monitoring unachievable. Hence, molecular
imprinted sensing materials are preferred for instantaneous
phycocyanin determination. For better transduction of
binding events into measurement signals, an ideal alternative
is to combine these with ultra-sensitive detection technology,
e.g., fluorometry.

The combination of fluorescence detection and MIPs for
phycocyanin determination has been explored, depending on
the red-emitting autofluorescence of phycocyanin.*'”
However, separation between bound/free phycocyanin is still
required in order to distinguish the fluorescence signals pro-
duced by the MIP-phycocyanin complex and free molecules in
test solution. To eliminate the separation procedure, an
alternative is to introduce proper fluorescence materials (not
existing in test samples) during MIP preparation, to produce
an optical signal upon phycocyanin recognition. For example,
embedding quantum dots (QDs) into mesoporous structured
MIPs and then interacting these with phycocyanin to cause QD
fluorescence quenching is a good choice.” Besides, combining
the luminescence of embedded fluorescence substances and
the intrinsic luminescence of phycocyanin is a potential way to
propose a ratiometric fluorescence sensor, which can exhibit
two emission bands.® The ratio of the two fluorescence intensi-
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ties, instead of the absolute intensity of one peak, can be uti-
lized for the determination of phycocyanin. And therefore,
owing to this self-referencing capability, compared with tra-
ditional fluorescence measurements with a sole responsive
signal, ratiometric fluorescence sensors exceed in not being
affected by interference from various experimental factors,
such as the instrumental conditions, background interference
and operational parameters, providing more precise
measurements.®'%2° What's more, ratiometric fluorescence
sensors tend to provide different colors upon target reco-
gnition at different concentrations, facilitating visual detection
even without using any analytical instruments.®*52°

So in the present work, we propose a novel thermosensitive
molecular imprinting based ratiometric fluorescence nano-
sensor for phycocyanin detection via facile one-pot free radical
polymerization. The nanosensor was produced via the copoly-
merization of the thermosensitive functional monomer NIPAM
and the cross-linker N,N-methylenebisacrylamide (MBA) in the
presence of phycocyanin on the surface of QDs. The wide exci-
tation but sharp and symmetrical emission spectrum of QDs,
differing from phycocyanin, has a part that overlaps with the
absorption spectrum of phycocyanin, which enables fluo-
rescence resonance energy transfer (FRET). Consequently, a
phycocyanin-imprinted ratiometric fluorescence sensor was
developed for the temperature regulated sensing detection of
the phycocyanin target based on FRET; that is, the fluo-
rescence intensities of QDs and phycocyanin themselves
changed upon different degrees of phycocyanin rebinding,
under the modulation of temperature. The constructed sensor
was well validated and successfully applied to seawater
samples.

Experimental

Reagents and materials

Glutathione (GSH), N-isopropylacrylamide (NIPAM), N,N-
methylenebisacrylamide (MBA), and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich (Shanghai, China).
Phycocyanin, phycoerythrin, and spirulina powder were kindly
provided by Shandong Oriental Ocean Co. (Yantai, China).
Tellurium powder, chloride cadmium (CdCl,), sodium boro-
hydride (NaBH,), potassium peroxydisulfate (K,S,0s), sodium
hydroxide (NaOH), ammonia, hydrochloric acid (HCI), thiogly-
collic acid (TGA), and ethanol were supplied by Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China). All chemicals
were of at least analytical grade and used as received without
further purification, unless otherwise specified. All aqueous
solutions throughout this work were prepared with ultrapure
water (18.2 MQ specific resistance), which was produced using
a Pall Cascada laboratory water system (Millipore, Bedford,
MA, USA).

Surface seawater samples from the Fisherman’s Wharf of
the Yellow Sea, located in the coastal zone area of Yantai City
(Yantai, China), were gathered in a Teflon bottle and stored at
4 °C before use. The water samples were simply filtrated
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through 0.45 pm PTFE syringe filters (Phenomenex, Los
Angeles, CA, USA) to remove suspended particles before MIP
treatment.

Synthesis and surface modification of CdTe QDs

Water-soluble TGA-GSH modified CdTe QDs were synthesized
according to a reported method,*! with some necessary modi-
fications. Briefly, 68.4 mg of CdCl,-2H,0, 25 pL of TGA, 0.11 g
of GSH and 75 mL of ultrapure water were mixed to form the
cadmium precursor. The mixture was adjusted to pH 9 with
1 M NaOH and stirred for 30 min under N, conditions. Then,
1 mL of freshly prepared NaHTe supernatant (prepared by the
orderly adding of 1.5 mL of alcohol and 0.5 mL of water into a
mixture of 38.3 mg of tellurium powder and 40 mg of NaBH,,
with fast sealing and heating at 40 °C for 4 h) was injected into
the cadmium precursor solution, with N, deaerating for
20 min. The reaction solution was heated until boiling and
refluxed for 2 h, and the resultant product was TGA-GSH
modified CdTe QDs.

Preparation of the thermosensitive molecular imprinted
sensor

Firstly, 6 mL (20 mg) of the above-obtained TGA-GSH modified
CdTe QDs and 10 mL of phycocyanin (2 g L") were dispersed
into 14 mL of water under stirring for 2 h. Next, 6 mL of
aqueous solution containing 100 mg of NIPAM and 80 mg of
MBA was added into the above solution. After deaerated with
N,, polymerization was initiated by adding 4 mg of KPS and
reacting for 4 h at 30 °C. The resultant products were centri-
fuged and washed to remove the templates using ethanol/
NaOH (5:1, v/v), followed by ethanol and ultrapure water
washing to neutrality for further use. Accordingly, a thermo-
sensitive molecular imprinted sensor was attained, which was
named MIP sensor for simplicity. For comparison, a non-
imprinted polymer (NIP) sensor was also prepared as above
without adding phycocyanin.
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Characterization

Morphological evaluations were conducted using transmission
electron microscopy (TEM, JEM-1230, operating at 100 kV). A
Fourier transform infrared (FT-IR) spectrometer (Thermo
Nicolet Corporation, USA) was employed to record the infrared
spectra of samples, using a pressed KBr tablet method. UV-vis
spectra were obtained using a Thermo Scientific NanoDrop
2000/2000C spectrophotometer (Thermo Fisher Scientific,
Waltham, MA). All fluorescence measurements were obtained
using a Fluoromax-4 spectrofluorometer (Horiba Scientific)
under the same conditions: the excitation and emission slit
widths were both 3 nm and the excitation wavelength was set
to 468 nm for the QDs and 590 nm for phycocyanin,
respectively.

Temperature control experiments

The temperature responsiveness evaluation of the MIP sensor
was performed as follows. 0.8 mg of MIP was dispersed in
2 mL of phycocyanin solutions of different concentrations (0,
0.25, 0.50, 0.70, 0.90, 1.4, and 1.8 pM), and then these were
immediately transferred into thermostat water baths adjusted
to 20 °C and 45 °C, respectively, and incubated for 10 min.
Subsequently, the solutions were immediately transferred into
the fluorometer for fluorescence measurements. Each group of
experiments was carried out five times in parallel.

Results and discussion

The construction and possible detection method of the
thermosensitive imprinted ratiometric fluorescence sensor

Fig. 1 illustrates the construction process and possible detec-
tion method of the thermosensitive phycocyanin imprinted
ratiometric fluorescence sensor. Firstly, the 555 nm emitting
CdTe QDs were modified with GSH and TGA for surface passi-
vation and the achievement of desirable amino and carboxyl
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Fig. 1 A schematic illustration showing the construction and recognition process and possible detection method of the thermosensitive imprinted

ratiometric fluorescence sensor (MIP sensor) for phycocyanin.
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groups for MIP anchoring, where TGA and GSH are widely
used modifiers/stabilizers because of the carboxyl, amino, and
amide coordination groups, and the complexation reaction
between the thiol group and Cd**.** Besides, modification
with TGA and GSH can better coat QDs to reduce their toxicity.
Then, the modified QDs were used as fluorescent supports,
with NIPAM as a thermo-responsive functional monomer,
MBA as a cross-linker and phycocyanin as a template; spon-
taneously copolymerization was initiated by KPS, leading to
the formation of MIPs with the subsequent removal of the phy-
cocyanin template. The MIP shell layer could not only protect
the QD fluorescence and effectively decrease the QD toxicity
but it could also facilitate high accessibility to binding sites
and the rapid mass transfer of template molecules.*® Upon
light irradiation, only one QD fluorescence emission peak was
observed at 561 nm, with a small red shift compared with the
initial spectrum. However, after rebinding phycocyanin
through hydrogen bonds, the QD fluorescence intensity was
quenched and the intensity of phycocyanin was enhanced
through FRET from the energy donor of the QDs to the accep-
tor of phycocyanin, realizing the ratiometric determination of
phycocyanin. Moreover, the MIPs could achieve different
sensing abilities with temperature changes owing to the tran-
sition property of NIPAM: the coil (soluble) state at low temp-
eratures and the collapsed (insoluble) state at high tempera-
tures correspond to opened and blocked channels, respect-
ively, so the amount of phycocyanin getting to recognition
sites was modulated.

FRET could reasonably explain the corresponding fluo-
rescence quenching and enhancement in the QDs and phyco-
cyanin, respectively. As seen in Fig. S1,7 the emission spec-
trum of the QDs overlaps with the absorption spectrum of phy-
cocyanin, meeting the prerequisite demands of FRET and
allowing the QDs to act as an energy donor and phycocyanin
to act as an acceptor.>* When phycocyanin bound again into
the imprinted sites, its spatially close interaction with the QDs
conformed to the distance requirements between a donor and
an acceptor (within 10 nm).?®**?* Hence, the fluorescence
emission of the QDs could be strongly absorbed by the
rebound phycocyanin, resulting in fluorescence quenching of
the donor and enhancement of the acceptor. However, free
phycocyanin in test solution, owing to the wider distance
between and unsatisfactory orientation of the donor and
acceptor dipoles, couldn’t be excited through absorbing energy
from the QDs or by excitation light at 468 nm, and further
failed to emit fluorescence. So, only the rebound phycocyanin
could be detected; that is, the constructed thermosensitive
imprinted ratiometric fluorescence sensor could recognize and
detect phycocyanin based on FRET.

The optimization of experimental conditions for MIP sensor
construction

In order to attain the optimal construction conditions for the
MIP sensor, the dosage of modified QDs, the binding of the
thermosensitive monomer NIPAM and the type/amount of
elution solvent were investigated, as below.

This journal is © The Royal Society of Chemistry 2018
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Binding experiments with 10 mg (3 mL), 15 mg (4.5 mL),
20 mg (6 mL) and 30 mg (9 mL) of QDs and 20 mg of phycocya-
nin (10 mL) were carried out. Using the same reagents and
conditions, the results showed that a small amount of QDs not
only exhibited low fluorescence intensity, but also made it
difficult to form a shaped particle; excessive QDs did not
increase the fluorescence intensity. Furthermore, fluorescence
quenching experiments on the QDs were carried out using a
fixed dosage of QDs (400 pg, 120 pL) and various amounts of
phycocyanin (0, 100, 200, 300, 400 and 500 pg, i.e., 0, 50, 100,
150, 200, and 250 pL). As seen in Fig. S2A,T the quenched
amount of QDs increased with an increase in the amount of
phycocyanin until they reached the same amounts (400 pg).
Obviously, more phycocyanin, 500 pg, did not quench more
QDs. So, combining the quenching results, and with the
purpose of saving QDs, the same amounts of phycocyanin and
QDs, 400 pg, were used to construct the expected MIP sensor.
That is, 200 pL (2 g L") of phycocyanin and 120 pL of QDs
were selected for MIP sensor construction.

The appropriate amount of NIPAM was selected as 1.5 mg
when the phycocyanin mass was fixed at 400 pg, as verified
using the fluorescence spectra shown in Fig. S2B.T As seen, at
a fixed phycocyanin concentration, the fluorescence intensity
of phycocyanin gradually decreased as NIPAM increased (0,
0.5, 1.0, 1.5 and 2.0 mg), indicating that phycocyanin and
NIPAM formed a stable host-guest interaction. However, when
more than 1.5 mg of NIPAM was present, only a small intensity
decrease was observed, suggesting that additional NIPAM did
not contribute to the formation of a more stable complex.
Given the fact that inadequate NIPAM couldn’t provide enough
sites to enhance the sensitivity, but that an excess of NIPAM
would generate unspecific adsorption so that selectivity would
be decreased, 2.0 mg of NIPAM was chosen in the present
work.

Additionally, as listed in Table S1,t the eluting effects of
several reported eluents were investigated. Compared with
others, the eluent ethyl alcohol/NaOH (5: 1, v/v) was preferred
because it provided the obvious fluorescence peak of the MIPs
after elution, with easy dispersion and centrifugation, as well
as high MIP yield.

Characterization of the MIP sensor

The constructed MIP sensor was characterized via TEM, fluo-
rescence spectra and FT-IR. As shown in Fig. 2, the average
particle diameters of the CdTe QDs (Fig. 2A) and MIPs (Fig. 2B
and inset) were about 5 nm and 30-40 nm, respectively. The
obvious difference in size demonstrated the copolymerization
of phycocyanin, NIPAM and MBA onto the surfaces of the QDs.
The morphological imperfection of the spherical MIPs may be
caused by the small particle size of the QDs, so most of the
imprinted layers were wrapped on unevenly assembled
QDs.>>*” Despite this, the size of 30-40 nm still largely
decreased mass transfer resistance and made imprinted sites
more accessible, which played a beneficial role in the sensing
and recognition of the imprinted materials.
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Fig. 2 TEM images of (A) CdTe QDs and (B and inset) MIPs, and (C) fluorescence spectra of the QDs, NIPs and MIPs (1.26 mg mL™?) at 20 °C.

Additionally, fluorescence spectra of QDs, NIPs and MIPs at
the same concentration were observed at room temperature, as
shown in Fig. 2C. Obviously, the intensities of the MIPs and
NIPs were weaker than that of the QDs, owing to the quench-
ing effect of the polymer layers on the QDs, and the former
had a distinct red shift of about 6 nm. The red shift could be
attributed to the formation of a hybrid MIP structure, which
could increase the effective size of the QDs and reduce the
quantum size effect, leading to a red shift in the photo-
luminescence maximum. The lower fluorescence intensity of
the MIPs than the NIPs, similar to that previously
reported,”® " is very likely owing to the effect of residual tem-
plate molecules in the MIPs, since the absolutely complete
removal of template molecules is almost impossible.****** On
the other hand, the results also could indicate that the
imprinting of phycocyanin has taken place successfully.

The differences in FT-IR spectra (Fig. 3) confirmed the
characteristic functional group changes between the QDs and
the MIPs before and after phycocyanin rebinding. As seen in
Fig. 3, the characteristic peaks around 1643 cm™' and
3432 cm™" of the three samples were all strong, and could be
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Fig. 3 FT-IR spectra of modified QDs, and MIPs before and after PC
(phycocyanin) rebinding.
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ascribed to the bending vibration of N-H, which proved that
amino groups were induced successfully. The ionic R-COO™ at
1396 cm ™" in the QDs was stronger than that in the MIPs and
the MIPs rebinding to phycocyanin, possibly owing to the cov-
erage of the imprinted layer. The characteristic absorption
peaks at 1535 ecm™ " and 1650 cm™" could be assigned to
amido bonds, and the peak intensities of MIPs rebinding to
phycocyanin were stronger than those of MIPs, which demon-
strated that phycocyanin was successfully rebound, because
the protein contains abundant peptide bonds. Therefore, a
phycocyanin imprinted sensor was obtained.

Intelligent response to different temperatures

As is well known, poly-NIPAM is able to change its structure
and size upon changes in the environmental temperature:'*>?
it becomes soluble when the temperature is below its LCST
because the intermolecular hydrogen bonds are dominant,
while the relative equilibrium of hydrophilicity/hydrophobicity
is lost when temperature is above its LCST.>> Hence, the
obtained MIPs were promising candidates to show this temp-
erature sensitivity characteristic. As proof-of-concept, after
adding phycocyanin, the fluorescence intensities of the
thermo-responsive MIPs were measured under the same con-
ditions, only with different temperatures of 20 °C and 45 °C,
standing for low and high temperature, respectively. As seen in
Fig. 4A, the interaction of the MIPs with phycocyanin showed a
conspicuous temperature-dependent on-off fluorescence
intensity, indicating that poly-NIPAM contracted at the high
temperature of 45 °C, thereby blocking partial channels in the
sensor; however, at the low-temperature of 20 °C the poly-
NIPAM was relaxed and the channels opened, hence,
imprinted sites were accessible to phycocyanin, leading to a
fluorescence intensity change. Additionally, the fluorescence
intensities of the MIPs after adding phycocyanin at low and
high temperatures were recorded continuously for four cycles,
as displayed in Fig. 4B. As seen, the fluorescence intensities
recorded at both 20 °C and 45 °C showed no significant
decrease after the four-cycle test, suggesting the temperature-
dependent recognition ability of the thermo-responsive MIPs
was quite stable and reliable.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) Fluorescence spectra of the MIP sensor at 20 °C and 45 °C, and (B) the recoverability of the fluorescence intensity of the MIP sensor
between 20 °C and 45 °C, respectively, through four repeated examinations. The concentration of MIPs was 1.26 mg mL™%.

The response time, sensitivity and selectivity of the MIP sensor

For excellent sensing performance, a quick response, high sen-
sitivity and super selectivity are matters of necessity. The
response time of the MIP sensor to phycocyanin was first
investigated. As shown in Fig. 5A, after adding phycocyanin,
the fluorescence intensity of the MIP sensor at 561 nm gradu-
ally decreased as the time increased and it then obtained a
constant value within 10 min. That is, most of the imprinted
cavities were situated at the surface or in the proximity of the
surface, so this largely decreased mass transfer resistance and
made imprinted sites accessible, and dynamic adsorption
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equilibrium with the free phycocyanin in the test solution
could be reached within a short time. Hence, 10 min was
chosen as the response time for further experiments.

For sensitivity evaluation, the fluorescence response was
investigated based on the change in the fluorescence intensity
ratio (I55/Is61) upon adding different amounts of phycocyanin
into the MIP dispersion solution at 20 °C or 45 °C. As dis-
played in Fig. 5B and C, in the absence of phycocyanin at
20 °C or 45 °C, only one fluorescence peak from the QDs was
observed at 561 nmj; as the phycocyanin concentration
increased from 0 to 1.8 pM, the fluorescence intensity of the
QDs was remarkably quenched along with the fluorescence
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Fig. 5 (A) Fluorescence intensity changes upon increasing the response time of MIPs to phycocyanin, and fluorescence spectra (B—D) of the MIP
sensor (B, C) upon the addition of the indicated concentrations of phycocyanin at temperatures of (B) 20 °C and (C) 45 °C, respectively, and of the
NIP sensor (D) upon the addition of the indicated concentrations of phycocyanin at a temperature of 20 °C. The inset plots (B—D) shows the linear
relation between lgss/ls61 (B, C) or Igss/lsss (D) and the concentration of phycocyanin, from 0 to 1.8 uM. The concentration of MIPs or NIPs was

0.40 mgmL™™.
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intensity of phycocyanin at 655 nm being enhanced. This indi-
cated that FRET occurred and the emission energy of the QDs
was absorbed by phycocyanin. For more directly observing the
fluorescence response upon the addition of phycocyanin, a
calibration curve was established through plotting the inten-
sity ratio versus the phycocyanin concentration (insets of
Fig. 5B and C). As seen, Iss5/I56; increased regularly as the
phycocyanin concentration increased and, at both 20 °C and
45 °C, excellent linearity was attained ranging from 0 to
1.8 uM. The limit of detection (LOD), defined as 3o/s, where &
is the standard deviation of the blank signal and s represents
the slope of the calibration curve, was calculated to be 3.2 nM.
In particular, the trend of the ratio increasing at 45 °C
(0.46807) was larger than at 20 °C (0.36086), indicating that
the thermosensitive functional monomer NIPAM changed its
properties and resultantly changed the sensing performance
of the MIPs.

Besides, the sensing performance of the NIPs towards
phycocyanin was also investigated. As shown in Fig. 5D and its
inset, the change in Is55/I555 was largely smaller than it was for
the MIPs, ie., the sensitivity of the NIPs to phycocyanin was
less positive. We define the imprinting factor as the ratio of
the slopes of the two calibration curves of the MIPs and NIPs,
and hence, high imprinting factors of 12.1 and 15.6 could be
obtained at 20 °C and 45 °C, respectively. We could reasonably
conclude that the obvious gap in sensitivity was caused by the
matching degree between phycocyanin and the recognition
sites of the MIPs or NIPs. Abundant phycocyanin-complemen-
tary recognition sites were located on the nanosized MIPs and
it was easy for the MIPs to capture phycocyanin and change
their fluorescence characteristics; however, no recognition
sites existed in the NIPs and only non-specific binding caused
a slight variation in the fluorescence intensity.

Furthermore, the selectivity of the sensor towards phycocya-
nin was investigated using phycoerythrin, spirulina powder
and BSA as control proteins. The concentration of these four

0.6 12
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Fig. 6 The selectivity of the MIPs and NIPs for phycocyanin over other
analogues, including phycoerythrin, spirulina and BSA at a concentration
of 1.368 uM at 20 °C.
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proteins was set to 1.368 pM and the ratios of the fluorescence
intensities (Iss5/Is61 or 555) Of the MIPs and NIPs before and
after the proteins were added were recorded. As shown in
Fig. 6, for the MIP sensor, the change in the ratio upon phyco-
cyanin rebinding was considerably larger than that caused by
the other three proteins. Due to the fact that phycoerythrin
has a similar spatial structure to phycocyanin, and both exist
in the spirulina power, phycoerythrin and spirulina powder
also changed the fluorescence intensity ratio, obviously to a
larger extent than BPA, which possesses a completely different
shape and molecular weight to phycocyanin. We ascribed this
result to the shape, size and functional group memory of the
imprinted cavities with regards to phycocyanin, rather than
towards the other proteins.** Additionally, no obvious changes
in the fluorescence intensity ratios were found after the
addition of these four proteins to the NIPs. To sum up, the
results implied the high selectivity of the MIPs towards
phycocyanin.

Sensor stability and practical applications

To assess the fluorescence stability of the MIP sensor, the fluo-
rescence intensity at the maximum emission peak was
measured repeatedly every 10 min. As exhibited in Fig. S3,f the
fluorescence of the MIP sensor was quite stable within 60 min,
indicating that the MIPs were uniformly dispersed in solution
without obvious settlement and agglomeration. What’s more,
with storage in a refrigerator at 4 °C without exposure to light,
the modified QDs could be kept for at least 6 months, and the
fluorescence intensity of the MIP sensor could be maintained
within 90% in an initial one month, proving good physical
stability and chemical inertness owing to the highly cross-
linked polymeric features. Hence, the imprinted sensor had
good stability and could be used as an excellent sensor for
protein detection.

To demonstrate its practical application, the MIP sensor
was further employed for the determination of phycocyanin in
real seawater samples spiked with different concentrations of
phycocyanin (0.25, 0.50, 0.75 and 1.00 uM). Each concentration
was analyzed using five replicates, and the averages were pre-
sented with relative standard deviation (RSD) values. As listed
in Table S2,T satisfactory recoveries were obtained in the range
of 92.0-106.8%, with RSDs of 2.9-5.5%, indicating that the
obtained MIP sensor was practically applicable for the accurate
determination of trace phycocyanin in complicated seawater
samples.

Conclusions

In summary, stimulus-responsive materials, molecular
imprinting techniques and ratiometric fluorescence detection
were smartly integrated to construct a novel thermosensitive
imprinted ratiometric fluorescence nanosensor via a facile
method for the temperature-regulated sensing recognition and
detection of phycocyanin, based on FRET. The sensor demon-

strated an excellent temperature response, high sensitivity and
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selectivity, good stability and reliability, and great application
potentials. The simple, rapid, reliable, time-saving and cost-
effective strategy could offer an excellent fluorescence analysis
platform for phycocyanin monitoring, and an alternative
approach for the construction of FRET-based detection
systems. Furthermore, the development of such types of MIP
based sensors with temperature-modulated functionality can
provide convenient and environmentally friendly ways to
conduct contaminant analysis and environmental monitoring,
and satisfy green sustainable development goals.
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