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1. Introduction

Molecularly imprinted polymers (MIPs) are known to possess

Rational construction of a triple emission
molecular imprinting sensor for accurate naked-
eye detection of folic acid+

Qian Yang,®” Chuyao Li,*" Jinhua Li,** Xiaoyan Wang,”< Maryam Arabi,®
Hailong Peng, €2 Hua Xiong & *2 and Lingxin Chen { *><d

Multiple emissions of blue, green and red from a molecular imprinting sensor rationally constructed, were
used for the fluorescence colorimetric visualization of a fluorescent analyte of folic acid, using a flexible
post-imprinting mixing strategy. That is, two kinds of folic acid-templated molecularly imprinted polymers
(MIPs) were firstly synthesized by encapsulating green and red fluorescent quantum dots (g-QDs and
r-QDs) individually on SiO, cores, and they were then mixed at an appropriate ratio, resulting in a triple
emission MIPs sensor. Upon folic acid recognition, the inherent blue fluorescence of folic acid was inten-
sified, and the green and red fluorescence of the sensor QDs were gradually quenched. The quenching
rate difference between g-QDs and r-QDs was greatly enhanced and used to obtain a wider-range and
profuse fluorescence color evolution, by investigating the influences of the QDs modifier, eluent and
imprinting layer thickness in detail. Under optimal conditions, the ratiometric intensity change of the three
color emissions varied in a logistic function within 0.01-50 ppm of folic acid, and the corresponding flu-
orescence colors shifted from yellow to orange to red to purple and finally to blue. This excellent visual-
ization capability of the MIPs sensor contributed to the accurate naked-eye detection of folic acid con-
centration using a portable ultraviolet lamp. Moreover, the MIPs sensor succeeded in determining folic
acid in complicated food and serum samples, providing comparable results with the PRC standard
method and satisfactory recoveries of 99.5-108.0%. The merits, including construction simplicity, high
sensitivity and selectivity, and result visualization, enable such a multiple emission MIPs sensing strategy to
be potentially applicable for visual identification and determination of various analytes in more fields.

rebinding behavior of MIPs is transduced into measurable
signals by joining them with other technologies, such as
electrochemistry,®  piezoelectricity,Y =~ Raman,”  UV-Vis

desirable rebinding abilities by mirroring the imprinted cavities
of complementary targets in terms of shape, size and functional
groups. MIPs also have other unique features including remark-
able physical/chemical robustness, straightforward preparation
and low cost, especially compared with natural ligands such as
antibodies." In various sensing fields, the specific analyte
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absorption,®” fluorescence,®’ etc., to determine the analyte con-
centration. Among these, ratiometric fluorescence based MIPs
sensors have been extensively constructed and applied, which
can yield a spectrum with two or more detection signals, e.g.,
fluorescence emission intensities."”"! Upon analyte recognition,
the multiple fluorescence intensities are changed at different
trends or degrees (e.g., enhancing/decreasing, or fast quench-
ing/slow quenching), providing self-calibration quantitative
determination, and overcoming interferences introduced by
various analyte-independent factors such as instrumental fluc-
tuation, sensing microenvironment, background fluorescence
and personnel operation, that often exist when recording single-
emission spectra.’> More importantly, the ratiometric intensity
variations induce the transition of fluorescence color, helping
visualize the contents of target analytes.'*""

Nowadays, most ratiometric fluorescence based MIPs
sensors provide two emissions and their color composite pat-
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terns mainly involve blue mixed with red,"® blue mixed with
green,' and green mixed with red,"* to realize fluorescence
color variation within their respective transition color of blue-
purple-red, blue-cyan-green, and green-yellow-red, respect-
ively, upon analyte recognition (Fig. S1f). Admittedly, their
visualization capabilities are much higher than the “turn-
on”">'® or “turn-off”'”'® fluorescence brightness variation of
single-emission MIPs sensors. However, the color evolution
windows are still narrow. Cai et al.'® have pointed out that the
color variation ranges of dual-emission sensors (including but
not limited to MIPs sensors) are expected to be enlarged by
introducing one more emission, namely ternary emissions. In
their research,'® upon interaction with Cu®>* ions, green fluo-
rescent quantum dots (QDs) and red fluorescent QDs were
quenched, but blue fluorescent carbon dots remained
unchanged, resulting in wider color evolution from red to
yellow, green, and finally blue. However, the selectivity of this
tricolor sensor toward Cu®** ions was not mentioned clearly.
Inspired by this work and taking advantage of the selective
recognition ability of MIPs, our group has constructed a
ternary-emission MIPs sensor for bovine hemoglobin (BHb)
visualization, where the blue, green and red fluorescence of
7-hydroxycoumarin, CdTe QDs, and CdTe/ZnS QDs are
enhanced, quenched, and quenched upon binding BHbD,
respectively.”® A profuse color evolution following the green-
yellow-red-purple-blue route is therefore attained. Obviously,
QDs are excellent candidates for constructing MIPs sensors
with multiplex emissions, because of their wide excitation
spectra but narrow symmetrical emission profiles which allow
the simultaneous excitation by a single wavelength and emis-
sion of several well-resolved peaks.”’ Besides, the emission
wavelength is controllable allowing location within a desired
fluorescence window, and the cooperation of blue, green and
red emissions is optimum for the construction of a triple emis-
sion sensor.

Importantly, compared with the unchanged blue emission
in Cai et al’s research,” the blue fluorescence growing from
low to high in our previous work®® is more favorable for enlar-
ging color evolution. A visible blue image after complete
quenching of the green and red fluorescence demands an ade-
quate blue emission. If the blue fluorescence is unchanged
throughout, the initial fluorescence image with unquenched
green and red fluorescence as well as adequate blue fluo-
rescence, will be difficult to present the near-green or near-red
color, owing to the contribution of blue. Conversely, if the blue
fluorescence is increased from a low value, the little blue color
will have a negligible impact on adjusting the initial color.
However, it is quite troublesome and difficult to find three
suitable fluorescent substances that can respond to a target
analyte in different variations, e.g., one enhancing and
another two decreasing, or vice versa. Generally, three emis-
sions are simultaneously quenched, or two emissions are
quenched and another one is unchanged, but these go against
attempts to realize broad and profuse color evolution.
Accordingly, it can be reasonably deduced that triple emission
MIPs sensors are more applicable to fluorescent analytes,
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because the intrinsic fluorescence of the analyte can provide
one gradually increasing emission peak, which should work in
unison with another two suppressed peaks of the sensor to
construct a ternary-emission sensor.

Hence, as a proof of concept, we develop a triple emission
MIPs sensor for naked-eye detection of a fluorescent analyte by
a fluorescence colorimetric method, taking folic acid as the
model analyte. Folic acid, biosynthesized in plant tissue, plays
an essential role in the synthesis of purines, pyrimidines and
DNA, as well as in cell replication in animals and humans.**??
Inadequate folic acid intake raises the risk of cardiovascular
exacerbation, malformation and neural tube defects during
pregnancy, while excess ingestion can mask vitamin B-12
deficiency so as to predispose older adults to additional neuro-
pathies.”* Thus, the concentration measurement/monitoring
of folic acid is an important task. The proposed triple emis-
sion MIPs sensor was rationally constructed via a post-imprint-
ing mixing method, i.e., the green fluorescent MIPs (g-MIPs)
and red fluorescent MIPs (r-MIPs) were pre-synthesized separ-
ately, and then were mixed in appropriate volume proportions.
The key points for successful construction of a triple emission
MIPs sensor were investigated and discussed in detail. Upon
rebinding folic acid, the green and red emissions of two kinds
of QDs were quenched at different rates, and the blue fluo-
rescence of folic acid was gradually enhanced. The out-of-sync
change of the three emissions triggered a profuse fluorescence
variation over the yellow-orange-red—-purple-blue range,
offering an excellent tool for the accurate visual detection of
folic acid by ordinary personnel, even in complicated food and
serum samples with the aid of a portable UV lamp, without
requiring any bulky instruments or professional operation.

2. Experimental section

2.1. Materials and reagents

Folic acid, methotrexate (MTX), trimethoprim (TMP), thiamine
chloride (VB1), ascorbic acid (VC), glycine (Gly) and glucose
(Glu) were purchased from Solarbio (Beijing, China).
3-Aminopropyltriethoxysilane (APTES) and tetraethyloxysilane
(TEOS) were offered by Aladdin (Shanghai, China). Ethanol
(EtOH), methanol (MeOH), acetonitrile (ACN) and ammonium
hydroxide (NH;3-H,0) were supplied by Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China). All chemicals were at least
of analytical grade and were used as received. Ultrapure water
of 18.2 MQ specific resistance (Millipore, Bedford, MA, USA)
was used throughout all experiments.

2.2. Apparatus

Fluorescence emission spectra and UV-Vis absorption spectra
were recorded by a fluorescence spectrophotometer (F-7000,
HITACHI) and a UV-Vis spectrophotometer (Tu-1900, PERSEE),
respectively. Morphology evaluation was performed by a trans-
mission electron microscope (TEM, JEM-2100). Elemental ana-
lysis was carried out on an energy dispersive spectrometer
(EDS, INCA X-Act, Oxford). Fourier-transform infrared (FT-IR)
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spectra were obtained on an FT-IR spectrometer (Nicolet 5700,
Thermo Nicolet Corp.). Size distribution was analyzed by
dynamic light scattering (DLS) on a Malvern Zetasizer Nano-
7590 (ZEN3590).

2.3. Synthesis of green-emission and red-emission folic acid-
templated MIPs

Firstly, SiO, nanoparticles, GSH-modified green fluorescent
QDs (g-QDs) and MPA-modified red fluorescent QDs (r-QDs)
were synthesized as previously reported,”"** with necessary
modification (synthesis details are given in the ESIt). Then,
the green-emission folic acid-imprinted polymers (g-MIPs)
with core-shell structure were prepared by coating the
imprinted layer on the surface of SiO, nanoparticles through a
sol-gel reaction. In brief, 1 mL of SiO, nanoparticles (10 mg
mL™") and 3 mL of g-QDs were first dispersed in 16 mL of
ultrapure water, and then 8 mg of folic acid (template mole-
cule) and 37 pL of APTES were added and the solution was
stirred for 1 h. Afterwards, 50 pL of NH;3-H,O and 50 pL of
TEOS were injected into the mixture, reacting for 12 h in the
dark. Finally, the product (g-MIPs) was collected by centrifu-
gation and washed with MeOH to remove the template folic
acid completely. For comparison, green-emission non-
imprinted polymers (g-NIPs) were also prepared by the same
method but without adding folic acid. Meanwhile, red-emis-
sion folic acid-imprinted polymers (r-MIPs) and their corres-
ponding r-NIPs were synthesized in accordance with the prepa-
ration procedures of g-MIPs and g-NIPs, respectively, but repla-
cing g-QDs with 6 mL of r-QDs, reducing the volume of water
to 13 mL, increasing the volume of both NH;-H,O and TEOS
to 200 pL, and eluting the folic acid with ACN.

2.4. Construction of the triple emission MIPs sensor and the
fluorescence detection procedure

For optimal visualization of folic acid, the triple emission
MIPs sensor was constructed by mixing 50 pL of g-MIPs and
35 pL of r-MIPs in 100 pL of phosphate buffer (0.1 M, pH 8),
with the final volume brought to 1 mL using ultrapure water.
After spiking with folic acid at the final concentration of
0-50 ppm and incubating for 7 min, the fluorescence spectra
were recorded under 365 nm excitation with slit widths of 10/
10 nm. The corresponding fluorescence images were observed
under a 365 nm UV lamp. In addition, the fabricated sensor
was also used for the detection of the analogue compounds
(e.g., MTX and TMP) and other substances (e.g., VB1, VC, Gly
and Glu), and their corresponding changes of fluorescence
spectra and images were compared with that of folic acid,
where all these analytes were at the same concentration of

5 ppm.
2.5. Analysis of real samples

The practical use of the constructed triple emission MIPs
sensor for folic acid determination was investigated in several
typical real samples, involving milk powder (Yili group Co. Ltd,
Inner Mongolia, China), folic acid tablets (Zhongzhou Pharma
Co. Ltd, Yantai, China) and porcine serum (SenBeiJia
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Biological Technology Co., Ltd, Nanjing, China). The milk
powder and folic acid tablets were pretreated according to the
PRC standard method GB 5009.211-2014, with details given in
the ESI.T The porcine serum was filtered through 0.22 pm pore
size membrane and diluted 100-fold to conduct the recovery
experiments at three spiked concentration levels of 0.1, 5 and
20 ppm folic acid. Proper volumes of aqueous samples were
used for assaying the folic acid contents using the constructed
MIPs sensor, ensuring that the final folic acid concentrations
were within the detection range. All tests were performed in
triplicate, and the results were compared with those measured
by the PRC standard method (GB 5009.211-2014).

3. Results and discussion

3.1. Construction, characterization and possible detection
mechanism of the triple emission MIPs sensor

Fig. 1 illustrates the preparation procedures of g-MIPs and
r-MIPs, the construction of the triple emission MIPs sensor,
and the sensing method for the fluorescence detection of folic
acid. As can be seen in route (i), g-MIPs and r-MIPs were separ-
ately synthesized by anchoring a folic acid-imprinted layer on
the surface of SiO, nanoparticles, using g-/r-QDs, folic acid,
APTES, TEOS, and NH3;-H,O as the fluorescence provider,
imprinting template, functional monomer, cross-linker and
catalyst, respectively. After template removal, g-MIPs and
r-MIPs with customized imprinted cavities complementary to
folic acid in shape, size, and functional groups, were success-
fully obtained, and the contained g-QDs and r-QDs provided
green and red fluorescence at 540 nm (Fig. 2A, a) and 644 nm
(Fig. 2A, b), respectively. Besides the fluorescence emission,
the presence of additional elements of S, Cd and Te in g-MIPs
and r-MIPs compared with SiO, nanoparticles (Fig. S2t), also
demonstrated the successful embedding of MPA-capped g-QDs
and GSH-modified r-QDs in the imprinted layer. FT-IR spectra
were recorded to observe the functional groups of SiO, nano-
particles, g-MIPs/NIPs and r-MIPs/NIPs (Fig. 2B). As can be
seen, g-MIPs/NIPs and r-MIPs/NIPs had similar major back-
bones with related peaks at 461, 793 and 1095 cm™", where the
first two were ascribed to the symmetrical stretching vibration
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Fig. 1 Scheme illustration for (i) the synthesis procedures of g-MIPs
and r-MIPs, and (i) the construction strategy of the triple emission MIPs
sensor and its application for folic acid determination.
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Fig. 2 (A) Fluorescence emission spectra of (a) g-MIPs, (b) r-MIPs, and
the developed MIPs sensor (i.e., a mixture of r-MIPs and g-MIPs) (c)
before, and (d) after the addition of 5 ppm folic acid. The inset shows
the corresponding fluorescence images taken under a 365 nm UV lamp;
(B) FT-IR spectra of SiO, nanoparticles, g-MIPs, g-NIPs, r-MIPs and
r-NIPs; and TEM images of (C) g-MIPs, (D) g-NIPs, (E) r-MIPs and (F)
r-NIPs.

of Si-O and the last one was assigned to the antisymmetric
stretching vibration of Si-O-Si,*® revealing the primary compo-
sitions of the SiO, matrix. The characteristic peaks at
3452 cm™" were rooted in the hydroxide of SiO, nanoparticles
and the polymeric shell, and the primary amines of APTES
and GSH. The specific absorption peaks in MIPs/NIPs at 686
and 1545 cm™" belonged to C-S bonds and the carboxylic acid
groups of GSH and MPA,*’ again confirming the existence of
the functional monomer of APTES, as well as the GSH-modi-
fied g-QDs and MPA-modified r-QDs in the (non-)imprinted
shell. Furthermore, Fig. 2C-F display the morphologies of
2-MIPs, r-MIPs and their corresponding NIPs, where MIPs and
NIPs had a rougher surface than SiO, nanoparticles (Fig. S37),
indicating the successful anchoring of the polymeric layer. The
2-MIPs/NIPs and r-MIPs/NIPs had larger average diameters of
approximately 85 and 93 nm, respectively; as estimated, the
polymeric layer thickness was less than 10 nm. The ultrathin
imprinting layer allowed the placement of most recognition
sites in the proximity of or even at the shell surface, and there-
fore decreased mass transfer resistance and made the sites
accessible.***®

After the imprinting procedure, g-MIPs and r-MIPs were
well mixed at the optimal volume (50:35) to construct the
triple emission MIPs sensor, defined as a “post-imprinting
mixing” strategy, as schematically shown in route (ii) of Fig. 1.
One fluorescence spectrum with two well-resolved emission
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peaks at 540 and 644 nm was recorded under 365 nm exci-
tation, corresponding to a yellow fluorescence image (Fig. 24,
¢). With the addition of folic acid, the MIPs sensor with the
tailor-made binding cavities captured and rebound it, and the
nearby g-QDs and r-QDs emissions were gradually quenched
by the rebound folic acid at different rates, while the blue fluo-
rescence of folic acid at 465 nm was enhanced (Fig. 24, d).
Thus, the ratiometric intensity of Isyy X Iss0/l465 Was regularly
decreased by increasing folic acid concentration, where Is,y4,
Is40 and I,e5 are the fluorescence emission intensities at 644,
540 and 465 nm, respectively. The fluorescence image there-
upon evolved from the original yellow into orange, red, purple
and finally blue, providing accurate quantitative detection of
folic acid with the naked eye.

Reasonably, the fluorescence decline of g-QDs and r-QDs
did not stem from the fluorescence resonance energy transfer
(FRET) mechanism, because no spectral overlap existed
between the absorbance of folic acid and the emission of
2-QDs/r-QDs (Fig. S4Af). Inspired by the former studies,**?° it
was speculated that the photoinduced electron transfer (PET)
process from QDs to folic acid could account for the declining
fluorescence intensities. As schematically shown in Fig. S4B,
in the presence of folic acid, the hydrogen bond forces were
formed between the hydroxyl and amino groups of folic acid
and the amino groups of APTES in MIPs.>® The rebound folic
acid has a UV absorption peak close to the band gap of g-MIPs
and r-MIPs (Fig. S4AY), so the excited charge at the conduction
bands of the QDs was easily transferred to the lowest unoccu-
pied molecular orbital of folic acid,** as shown in Fig. S4C.T In
this case, the process of returning the QDs’ excited charge to
its valence band disappeared, and therefore no fluorescence
was emitted. Hence, folic acid could be quantitatively and visu-
ally detected by the developed multi-emission MIPs sensor.

3.2. Conditions exploration for constructing the optimal
triple emission MIPs sensor

In this experiment, green and red fluorescence decreased with
the addition of the target, and it is known that the synchro-
nous intensity changes (simultaneous quenching or enhan-
cing) at the same rate in a triple emission system would cause
a narrow color variation.'>*® It means that only when there
was an obvious difference in their quenching rates, could the
MIPs sensor provide broader-range and profuse color evol-
ution. Besides, it is also necessary to seek a proper intensity
ratio of green- and red-emission peaks. Hence, the two key
points were explored as below, on the prerequisite of opti-
mized pH of 8 (Fig. S5Af) and an incubation time of 7 min
(Fig. S5Bf).

Firstly, the quenching rates were remarkably distinguished
by increasing the green emission’s quenching rate but sup-
pressing the red emission’s rate, which could be realized by
optimizing three experimental parameters, namely: the modi-
fier of the QDs, the eluent, and the thickness of the imprinting
layer. As can be seen in Fig. S6,} the quenching degrees (i.e.,
(Io — D)/I,) of green and red emissions were affected by the type
of QD modifier (GSH, MPA, and TGA) and eluent (MeOH,

This journal is © The Royal Society of Chemistry 2020
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EtOH/ACN, ACN/H,0, and ACN). For the green emission, the
quenching degree of g-QDs using GSH as the modifier greatly
exceeded that of g-QDs using MPA and TGA as the modifier
(Fig. S6A-Ct) with the same concentration of folic acid and the
same eluent. With the GSH-modified g-QDs, elution using
MeOH won out (Fig. S6At). The quenching degrees of g-MIPs,
embedded with GSH-modified g-QDs and eluted by MeOH,
were up to 20.41% and 69.06% at 0.5 and 10 ppm, respectively
(Fig. S6AT). Moreover, in a similar manner, the degree of red
emission quenching affected by the modifier and eluent was
also investigated: distinctly, the recognition of folic acid by
MPA-modified r-QDs was greatly inferior to that of GSH- and
TGA-modified r-QDs (Fig. S6D-Ft); and with the same modi-
fier of MPA, r-MIPs displayed a lower quenching rate using
ACN as the eluent - less than 0.24% and 18.40% at 0.5 and
10 ppm folic acid, respectively (Fig. S6ET). Hence, GSH-modi-
fied g-QDs and MPA-capped r-QDs were embedded in the
g-MIPs and r-MIPs, using MeOH and ACN to remove folic acid,
respectively.

In addition, more effort was paid to further expand the
quenching rate difference, such as by changing the thickness
of the imprinting layer. Many published studies have con-
firmed that a thicker imprinted shell goes against the sensitive
determination of analytes, and the thickness can be controlled
by adjusting the polymerization method, imprinting time,
reagent dosage, etc.”'** Herein, the imprinting shell thickness
of -MIPs was controlled by adjusting the amount of cross-
linker (TEOS) and catalyst (NH;-H,O). As revealed in the size
distribution results measured by DLS (Fig. S7A-Ef), the
average size of SiO, was about 90 nm and several r-MIPs were
approximately 96, 100, 110 and 118 nm corresponding to
different dosages of TEOS and NH;-H,O at 50, 100, 200 and
300 pL, respectively, indicating that the imprinting layer was
getting thicker with increasing amounts of TEOS and NH;-H,O.
Then, the quenching degree of r-MIPs, prepared with increasing
TEOS and NH3-H,O volume (equal to growing MIPs shell thick-
ness), exhibited gradual decline and reached an equilibrium at
200 pL (Fig. S7Ft). It was interpreted that the imprinted cavities
were deeply encapsulated in the polymer network with a higher
cross-linker degree, hindering template removal and target
adsorption and lessening the number of specific binding sites
per unit mass of MIPs,"** and therefore the quenching effect
was lowered. Hence, to further suppress the quenching rate of
r-MIPs, 200 pL of TEOS and NH;-H,O was used for anchoring
the r-MIPs shell on the SiO, core.

After the design of g-MIPs and r-MIPs by the aforemen-
tioned specific methods, their volume ratio in the MIPs sensor
(total volume: 1 mL) was further investigated, which deter-
mined the original intensity ratio of green and red emissions.
As illustrated in Fig. 3A, the MIPs sensor consisting of only 5%
2-QDs (i.e., 50 pL), displayed a gradually reducing green-emis-
sion peak and growing blue fluorescence with folic acid
addition, with a narrow color shift from green to blue. When
the volume fraction of r-MIPs increased from 0.5% to 8% (i.e.,
5-80 pL) with a fixed composition of 5% of g-MIPs, it was
observed that the red fluorescence peak was heightened
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Fig. 3 Fluorescence spectra and images of MIPs sensor toward
0-50 ppm folic acid, where the MIPs sensor was composed of 50 pL of
g-QDs and (A) 0, (B) 5, (C) 20, (D) 35, (E) 50 or (F) 80 uL of r-QDs,
respectively.

(Fig. 3B and F) and the initial color of the as-obtained MIPs
sensor obviously changed from olive green to yellow to orange-
red, with brightness improving simultaneously (upper of
Fig. 3). However, the MIPs sensors with an extremely low
amount of r-MIPs (0.5%) failed to provide a profuse color
without the appearance of a red segment (Fig. 3B); and the
yellow part was missed with excessive use of r-MIPs of 5% and
8% (Fig. 3E and F). Excitingly, when 5% g-MIPs were combined
with 2% or 3.5% r-MIPs, an ideal wide-ranging fluorescence
color evolution of yellow-orange-red-purple-blue occurred
(Fig. 3C and D). Then, in comparison to the MIPs sensor con-
sisting of 2% r-MIPs (Fig. 3C), the MIPs sensor with 3.5%
r-MIPs was endowed with a relatively brighter image, as well as
more delicate and profuse fluorescence variation before and
after the red inflection point (at 5 ppm folic acid, Fig. 3D).
Therefore, the MIPs hybrid integrating 5% g-MIPs and 3.5%
r-MIPs was determined as the optimal MIPs sensor for further
use, promising to provide the best visual outcome.

As mentioned above, the volume ratio of g-MIPs and r-MIPs
would determine the initial color as well as the color evolution
of the as-constructed MIPs sensor. With the fast quenching
green emission but slow quenching red emission toward folic
acid, the volume ratio of g-MIPs and r-MIPs should be large
enough to obtain the initial near-green or yellow image, fol-
lowed by a wide color evolution range of yellow-orange-red-
purple-blue. Furthermore, it can be reasonably deduced that if
red emission is quenched faster than green emission, color
variation following a red-orange-yellow-green-cyan-blue route
(Fig. S81) would be provided by the MIPs sensor, where the
volume ratio of g-MIPs and r-MIPs should be small enough to
make the initial fluorescence color near-red.

3.3. Multiplex and visual detection of folic acid by the triple
emission MIPs sensor

Under the above-optimized conditions, the triple emission
MIPs sensor was used for the multiplex and visual detection of
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Fig. 4 Fluorescence spectra and corresponding images of (A) triple
emission MIPs sensor, (B) triple emission NIPs sensor, and dual emission
MIPs sensors of (C) blue- and green-emission, and (D) blue- and red-
emission toward 0-50 ppm folic acid. Insets of (A), (C) and (D) show the
fitting curves for the ratiometric intensity changes, with related para-
meters given in Table S1;1 and the inset of (B) shows the fluorescence
spectra of green-emission and red-emission peaks after eliminating the
effect of spectral overlap from the blue-emission peak with increasing
folic acid.

folic acid. As can be seen in Fig. 4A, before folic acid addition,
the MIPs sensor provided only green-emission and red-emis-
sion peaks at 540 and 644 nm under single excitation. A yellow
fluorescent image presented under a 365 nm UV lamp. Upon
folic acid addition from 0 to 1 ppm, the fluorescence intensity
of the green-emission peak was drastically dropped to half of
the original value, while only a tiny decrease was observed in
the red fluorescence intensity because of its deliberately
limited quenching rate, and almost no blue fluorescence from
the folic acid itself appeared. The dominant contribution of
the green-emission peak gave rise to the fluorescence color
shift from yellow to orange. With folic acid concentration
increasing to 5 ppm, most of the green fluorescence dis-
appeared, a small amount of r-QDs were quenched, and the
blue fluorescence peak from 5 ppm folic acid appeared but
had little impact. So, the fluorescence color continued to look
red, easily observed by the naked eye. With further addition of
folic acid to 50 ppm, the impact of the further diminishing
green fluorescence was limited but the r-QDs were almost com-
pletely quenched, and the blue fluorescence was regularly
enhanced. The dynamic regulation of the dimming red fluo-
rescence and increasing blue fluorescence resulted in the
further color change to purple and finally to blue. The ratio-
metric intensity change of red-, green- and blue-emission
peaks, i.e., (Issa X Isa0/ls65)/(Isaa % Isa0/lses)o, Obeyed a logistic
function (inset of Fig. 4A and Table S11) with a high corre-
lation coefficient (*) of 0.9988, where (Igss X Issollsgs)o and
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(Isaa X Issolls65) mean the ratiometric intensity of three emis-
sion peaks before and after folic acid addition. An ultralow
detection limit of 0.0052 ppm folic acid was obtained based on
the 36 IUPAC rule.

In contrast, the triple emission NIPs sensor exhibited
enhancing blue and green fluorescence and unaffected red
fluorescence with folic acid addition (Fig. 4B). It was easy to
understand the folic acid-triggered increase of blue fluo-
rescence, but the raised green fluorescence was quite incom-
prehensible. After eliminating the effect of spectral overlap
from the blue-emission peak, it was found that both green-
and red-emission peaks were quenched by increasing folic
acid, but weakly (inset of Fig. 4B). With the distinct blue fluo-
rescence enhancing, but the slight decreasing of green and red
fluorescence, the fluorescence color of the NIPs sensor did not
change from yellow to pink-purple until folic acid concen-
tration increased to higher than 30 ppm (upper of Fig. 4B).
Comparing the analysis performance (both the spectra and
image changes) of the MIPs sensor, we were convinced that
there were numerous specific cavities playing the recognition
role in the imprinting layer, and the tiny intensity alteration of
the NIPs sensor was attributed to the nonspecific adsorption.

The analysis performance of the triple emission MIPs
sensor was further compared with that of dual emission MIPs
sensors. As shown in Fig. 4C and D, similarly, the green-emis-
sion and red-emission peaks were quenched, and the blue
emission was enhanced upon folic acid addition, resulting in
ratiometric intensity changes with a similar trend (insets of
Fig. 4C and D, and Table S17). Compared with the slopes of
the fitting curves, it was discovered that the ratiometric inten-
sity change of the triple emission MIPs sensor (inset of
Fig. 4A) was less sensitive than that of the green- and blue-
emission MIPs sensor (inset of Fig. 4C) when folic acid was at
trace concentrations, because the r-MIPs competitively bound
some target folic acid molecules but an intensity change in
emission caused by this behavior was rare. On the contrary,
the red- and blue-emission MIPs sensor (inset of Fig. 4D) was
no match for the triple emission, because the green fluo-
rescence was much more sensitive towards trace folic acid than
the red. Owing to their just being a dual peaks change of
rising blue fluorescence and declining green/red fluorescence,
color variation was absolutely compressed in the green-blue or
red-purple scope (upper of Fig. 4C and D). Moreover, for the
single emission MIPs sensor, it was conceivable that only the
higher blue fluorescence intensity and brighter blue image
could be observed. To sum up, the triple emission MIPs
sensor was significantly better than all the single and dual
emission MIPs sensors, especially the capacity to provide a
broad-range and profuse fluorescence color evolution for rea-
lizing the accurate analyte visualization.

3.4. Selectivity and stability evaluation of the MIPs sensor

To appraise the selectivity of the tricolor MIPs sensor, some
analogue compounds such as MTX and TMP as well as some
other possible concomitant substances like VB1, VC, Gly and
Glu were investigated. Firstly, folic acid was recognized by the
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imprinted cavities (complementary in shape, size and func-
tional groups) of the MIPs sensor and therefore quenched the
emission of the g-QDs and r-QDs, so the ratiometric intensity
of Igys X I540/l465 Was diminished and the fluorescent color
turned red (Fig. 5, upper-left). However, most other substances
except MTX had negligible influence on the ratiometric inten-
sity change with the same unobservable color change (Fig. 5,
upper-left). It revealed that the folic acid-imprinted cavities
were not complementary to other molecules so no rebinding
behavior occurred, but MTX has a similar structure to folic
acid so a small part of MTX was rebound and caused a certain
amount of quenching of the QDs emission. Meanwhile, the
NIPs sensor had no specific recognition site toward any mole-
cule so the embedded g-QDs and r-QDs were not affected by
folic acid and other substances; however, folic acid emitted
blue fluorescence with a certain intensity, leading to an
obvious ratiometric intensity change (Fig. 5). Fortunately, the
insufficient blue fluorescence made little difference to the
fluorescence color of the NIPs sensor, with similar fluo-
rescence as shown in the images toward other substances
(upper-right of Fig. 5).

Additionally, the stability of the tricolor MIPs sensor was
investigated by repeatedly measuring the fluorescence spectra
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Fig. 5 Ratiometric intensity changes of MIPs sensor and NIPs sensor
toward folic acid, MTX, TMP, VB1, VC, Gly and Glu at the same concen-
tration of 5 ppm. Upper: the corresponding fluorescence images of MIPs
sensor (left) and NIPs sensor (right).
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every day before and after interaction with 5 ppm folic acid. As
displayed in Fig. S9,T the intensities of green and red emis-
sions almost remained constant during the 10 days storage.
Meanwhile, the ratiometric intensity change for 5 ppm folic
acid remained stable without obvious change. Both facts con-
firmed that the developed MIPs sensor possessed excellent
storage stability without a significant decrease in its sensing
performance.

3.5. Practical applicability of the MIPs sensor

Based on the extraordinary selectivity, sensitivity and stability,
the developed MIPs sensor was used for quantifying folic acid
in three different real samples, with the tested results shown
in Table 1. As can be seen, folic acid concentration in milk
powder tested with the MIPs sensor was 158 pg per 100 g,
being highly consistent with that (167 pg per 100 g) tested by
the microbiological method given in the PRC standard of GB
5009.211-2014. And folic acid content in tablets was 0.385 mg
per tablet and 0.408 mg per tablet detected by the MIPs sensor
and the microbiological method, respectively, showing the low
deviation of —3.75% and 2% against the labeled value of
0.40 mg per tablet. The tested results demonstrated that folic
acid content was within the authorized deviation range (+15%)
given in the PRC standard of GB 28050-2011. In addition,
recovery experiments for porcine serum were performed using
the MIPs sensor at three spiked concentrations, and recoveries
ranging from 99.5 to 108.0% were achieved with relative stan-
dard deviations (RSDs) lower than 3.0%. These results demon-
strated the excellent practicability of the developed MIPs
sensor for the detection of folic acid in complex real samples.

4. Conclusions

To sum up, a novel triple emission MIPs sensor was rationally
constructed by a post-imprinting mixing method for multiplex
ratiometric and visual determination of folic acid, providing
folic acid-dependent growing blue fluorescence and decreasing
green and red fluorescence, with wide-range and profuse color
variation. The key variables for the successful construction
were explored and optimized. The sensor benefited from the
advantages of simple construction by the post-imprinting
mixing strategy, outstanding selectivity and sensitivity of the

Table 1 Folic acid content in real samples and spiking recoveries detected by the developed MIPs sensor and comparisons with those measured by
the microbiological method given in the PRC standard of GB 5009.211-2014

Samples Microbiological method (mean + CV¥) Spiked MIPs sensor (mean + RSD (%)) Recovery (mean + RSD (%))
Milk powder 167 pg per 100 g + 0.8 0 158 pg per 100 g” + 2.1 —
Folic acid tablets 0.408 mg per tablet + 4.0 0 0.385 mg per table‘ + 3.2 —
Porcine serum — 0 — —
0.100 mg L™* 0.108 mg L™* 108.0 + 2.0
5.000 mg L™" 5.147 mg L™" 102.9 +2.9
20.000mg L' 19.905 mg L™" 99.5+ 1.6

@ CV: coefficient of variation. ” With a relative error of —5.389% against the result tested by the microbiological method. “ With a relative error (%)

of —5.637% against the result tested by the microbiological method.

This journal is © The Royal Society of Chemistry 2020
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molecular imprinting fluorescence detection, and the ideal
coordination between blue-, green- and red-emission peaks.
More prominently, the color evolution range covered the
yellow-orange-red-purple-blue window, making for more
reliable and accurate naked-eye detection of target contents
even in complicated real samples. Also, the unparalleled visu-
alization capability suits perfectly non-specialised users with a
portable UV lamp, so there is no need for well-trained person-
nel or large complex instruments. We expect that this success-
ful proof of concept would accelerate the development of mul-
tiplex-emission MIPs sensors and their wide applications in
more fields, especially for on-site visual determination of fluo-
rescent analytes.
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