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Abstract

A highly effective fluorescent molecularly imprinted sensor (F-PDA-MIS) based on fluorescent polydopamine (F-PDA)
was successfully synthesized for selective and ultrafast detection of p-nitrophenol (P-NP) in drinking water. F-PDA with
abundant surface functional groups has been artfully modified to firstly serve as both fluorescent monomer and functional
monomer in the synthesis of a uniform luminous F-PDA-MIS, which can greatly improve the detection efficiency. As
expected, F-PDA-MIS had an obvious emission wavelength of 535 nm with the optimal excitation wavelength at 400 nm.
Specially, F-PDA-MIS could detect P-NP in the range 100 to 1100 nM with much lower detection limit of 24.2 nM within
120 s compared with other conventional imprinted fluorescent sensors based on pure quantum dots (QDs) or dyes. This
excellent test phenomenon is mainly ascribed to the rapid electron transfer between F-PDA and P-NP. Satisfactory recov-
ery of 98.0-104% for mineral water and 98.6-106% for boiling water were obtained with relative standard deviations
(RSDs) of 2.7-3.4% and 2.6-3.5% respectively. The detection reliability of F-PDA-MIS was verified by the comparison
with high-performance liquid chromatography (HPLC-UV). Consequently, F-PDA as a fluorescence functional monomer
has been shown to be a possible strategy to effectively improve the detection limit and shorten response time of the target
determination in water..

Keywords Fluorescent polydopamine - Molecularly imprinted technique - Fluorescent functional monomer -
p-Nitrophenol - Rapid response

Introduction

P-nitrophenol (P-NP) is an important intermediate of
chemical raw materials. It is extensively used in the
manufacture of explosives, dyes, pharmaceuticals, and
pesticides [1, 2]. P-NP has an accumulative effect; it
can exist in water for a long time and then continuously
enriched through the food chain; finally, it will attack the
human immune system and cause the increasing of can-
cer risk [3]. Therefore, P-NP has been listed as one of
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68 pollutants that need priority control in water in China
[4]. The concentration of P-NP in daily drinking water is
stipulated to be not higher than 0.14 pM [5]. Moreover,
the maximum concentration of P-NP permitted in drink-
ing water by the US Environmental Protection Agency is
0.43 pM [6-8]. So, it is of great importance to accurately
detect P-NP in drinking water, which is closely related to
human’s physical health. Recently, the common analytical
methods for the detection of P-NP are meanly ultraviolet
spectrometry [9], electrochemical analysis [10, 11], high-
performance liquid chromatography (HPLC-UV) [12], gas
chromatography (GC-PID) [13], and fluorescence analysis
[14-16]. Consequently, fluorescence analysis was superior
to other analysis method and has been widely used in the
analysis of templates due to its advantages of sensitivity
and relatively low cost. However, the defects in selectivity
greatly limit its scope of application; thus, constructing a
fluorescence sensor with selective detection capability is
of great significance.
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Molecular imprinted technology (MIT), which is a tech-
nology aimed to synthesis molecular imprinted sensors
(MIS), matched with templates in size, shape, and spatial
structure. Nowadays, MIT has been artfully applied to
improve the selectivity for templates in fluorescence analy-
sis [17]. Generally, the common way of building fluores-
cent molecularly imprinted sensor (F-MIS) is to construct a
core—shell type fluorescent sensor, which used fluorescent
monomer (quantum dots, organic dyes and rare earths) as
the core of F-MIS, the shell layer as imprinted layer to avoid
the leakage of fluorescent monomer to realize the selective
detection of templates. However, it will inevitably lead to a
decrease in sensitivity and a delay in detection time. Wang
et al. [18] regulated the thickness of imprinted layer to
improve the detection time and efficiency and finally drew a
conclusion that the thinner the imprinted layer was benefit to
improve the detection time and detection sensitivity. Yet the
approach has some drawbacks: One is the uncontrollability
of the imprinted layer and the complication of the regulatory
process, and another is the damage caused by the leakage
of fluorescent monomer from the thin imprinted layer. So,
it is a challenge to construct an F-MIS in which synthesis
and fluorescent detection performance can be well balanced.

Fluorescent polydopamine (F-PDA) is an environmental
and biofriendly fluorescent organic material formed by self-
polymerization of dopamine [19, 20]. Recently, F-PDA has
fleetly entered into a wide range of applications, spanning
the fields of energy [21], environment [22-27], biomedical
[28, 29], and biosensors [30-33]. However, inspired by the
multiple modifiable groups (adjacent hydroxyl, amidogen
and imino groups) on the surface of F-PDA. The response
time delay of common F-MIS can be effectively overcome
by the usage of F-PDA as the fluorescent functional mono-
mer. Since using F-PDA as the fluorescent functional mono-
mer in the polymerization reaction greatly speeded up the
binding time with the target, thereby increasing the response
time of F-MIS to the target.

In this work, a novel F-MIS based on F-PDA (F-PDA-
MIS) was successfully synthesized and applied to detect
P-NP. F-PDA was prepared and optimized by reaction time
and reactant concentration, etc. Moreover, F-PDA was modi-
fied by C=C to act as fluorescent functional monomer, P-NP
was the template, and the F-PDA-MIS were successfully
synthesized by MIT using precipitation polymerization.
Herein, F-PDA was firstly used as a fluorescent functional
monomer in the polymerization reaction to overcome the low
fluorescence performance caused by deep embedding of flu-
orescent substances in normal F-MIS. It could imprint P-NP
on the surface of the polymer to achieve surface imprinting
in a real sense and thus increase the effective identification
sites of the target and shorten the detection time of the target.
The F-MISs based on CdTe QDs (CdTe QDs@MIS) and
rhodamine 6G (R6G@MIS) were synthesized at the same
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time to compare the detection time and detection limit with
F-PDA-MIS. Finally, a series of characterization techniques
were used to characterize and test F-PDA-MIS. Last but not
the least, the comparison experiments between fluorescence
analysis method and HPLC-UV method were conducted for
the P-NP determination in real samples and obtained satis-
factory results.

Experimental
Reagents and materials

P-nitrophenol (P-NP) (AR, 98%), polyethyleneimine (PEI)
(99%), dopamine hydrochloride (DA) (98%), ethylene gly-
col dimethacrylate (EGDMA) (98%), 2,2-azobis (2-methyl-
propionitrile) (AIBN) (98%), methyl methacrylate (MMA)
(AR, 99%), tellurium powder (~100 mesh, 99.99%), mercap-
toacetic acid (AR, 90%), CdCl,-2.5H,0 (99.99%), NaBH,
(99%), rthodamine 6G (R6G) (AR), allyl glycidyl ether
(AGE) (99%), o-nitrophenol (O-NP) (99%), m-nitrophenol
(M-NP) (99%), catechol (CA) (AR, 99%), 2-aminophenol
(2-AP) (98%), hydroquinone (HQ) (AR), p-cresol (P-Cr)
(99%), 2,4-dichlorophenol (2,4-DP) (99%), 2,6-dichloro-
phenol (2,6-DP) (AR, 99%), and methanol (HPLC, 99.8%)
were purchased from Aladdin Reagent Company (Shanghai,
China). Ethyl alcohol (75%), acetic acid (AR, >99.5%), and
methyl alcohol (AR, >99.5%) were bought from Guoyao
Chemical Reagent (Shanghai, China). All chemicals were
of analytical grade reagents, and the water used in the whole
experiment was double distilled water (DDW).

Instrument

The model of heating magnetic stirrer is RET basic (IKA,
Germany). The electronic balance model is TE124S (Sar-
torius, Germany). The structure and composition analysis
of nanomaterial were investigated by Nicolet NEXUS-470
apparatus Fourier transform infrared (FT-IR, USA); thermal
gravity analysis (TGA) was performed using Diamond TG
instruments (PerkinElmer, USA). The laser confocal micro-
scope (LCSM), TCS SP5 II was bought from brookhaven
instruments companies in the United States. We measured
fluorescence performance with F98 fluorescence spectropho-
tometer (Shanghai Leng Light Technology Co. LTD, China).
The morphologies were investigated by transmission electron
microscope (TEM, JEOL, JEM-2100). HPLC-UV (Agilent
1260 Infinity IT) was used to detect 4-NP in actual samples.

Preparation of F-PDA

The preparation of F-PDA referred to the previous synthesis
method with some modifications [34]. Firstly, compounded a
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series of different concentrations of PEI solution with DDW.
Next, a series of different concentrations of dopamine solu-
tions were prepared and added into the PEI solution, respec-
tively, and stood for a period of time to wait for the color of
solutions turning into bistre and then stirred in DDW with a
3500 Da dialysis bag for 24 h to filter out unreacted reactants
and impurities to obtain pure fluorescent polydopamine.
Finally, all the solutions were freeze dried under -90 °C and
were stored in 4.0 °C for further use.

Preparation of fluorescence functional monomer
(F-PDA-AGE)

To use the F-PDA as a fluorescence functional monomer,
C=C unsaturated double bond is essential to provide the
possibility of imprinting polymerization. In this work, the
F-PDA-AGE was synthesized according to the previous
method with some modifications [35]. Briefly, the dialyzed
F-PDA and AGE (v:v = 1.0: 1.1) were dissolved in ethanol to
control the total concentration of reactants at 0.2 g/mL. The
reaction was refluxed at 75 °C for 12 h under nitrogen atmos-
phere. Then, the solvent ethanol in the system was distilled
off under reduced pressure at 60 °C and, finally, precipitated
in n-hexane, treated for three times, and freeze dried under
-90 °C to obtain a high-viscosity product F-PDA-AGE.

Preparation of F-PDA-MIS

The synthesized F-PDA-AGE was well water-soluble but
slightly soluble in ethanol and meanwhile insoluble in ace-
tonitrile, so ethanol was selected to be the reaction medium.
The first step was the preparation of precursor solution; P-NP
and EGDMA were added in 20 mL ethanol with a certain
mole ratio (np_xp:DEgpma = 1:16). After dispersing evenly with
ultrasonic machine, it was allowed to stand for 2.0 h. Sec-
ondly, 1.0 mL F-PDA-AGE was dissolved in 5.0 mL DDW
primarily; 35 mL ethanol was added subsequently. In the third
step, the aforesaid two solutions were mixed uniformly and
stood for 30 min with nitrogen; next, a certain amount of ini-
tiator (AIBN) was added to induce the reaction under 60 °C
stirring for 24 h. The last step was the elution of P-NP; the
F-PDA-MIS were collected by centrifugation and washed
repeatedly with ethanol and DDW. After that, F-PDA-MIS
was eluted with 100 mL of acetic acid/methanol (1:9, v/v)
to dislodge P-NP by Soxhlet extractor for 3.0 d and then col-
lected again and dried at 40 °C under vacuum overnight.
The synthetic processes of fluorescent non-imprinted
polymer (F-PDA-NIS) were similar with F-PDA-MIS
except the addition of P-NP. Another NIS without F-PDA
and P-NP (N-NIS) were synthesized by precipitation
polymerization which used MMA as a functional mono-
mer (Np_np:NyviaNegpma = 1:4:16). The CdTe QDs@MIS
and R6G@MIS were synthesized by the same method with

F-PDA-MIS except for the addition of fluorescent materi-
als. Specially, the addition of CdTe QDs and R6G were all of
1.0 mL, respectively.

Fluorescence detection of P-NP

In order to apply F-PDA-MIS into actual environment, a series
of questions would be considered, such as the stability of F-PDA-
MIS, reaction time for targets, pH of detection environment, iden-
tification of similar substances, and inference of co-existing ions.
First, F-PDA-MIS (about 0.4 g/L.) were dispersed in colorimetric
tubes evenly as a stock solution; then the stock solution (500 pL)
was dissolved in 5.0 mL DDW as the test solution; P-NP solutions
with a certain concentration gradient were added to the test solu-
tion to perform fluorescence detection; and a linear relationship
equation between fluorescence intensity and target concentration
was obtained. In selective studies, O-NP, M-NP, CA, 2, 6-DP,
2-AP, HQ, P-Cr and 2, 4-DP were selected to explore the specifity
of F-PDA-MIS to P-NP, finally was the inference of co-existing
ions in surrounding environment. All the fluorescence detections
above were tested under room temperature by a F98 fluorescence
spectrophotometer, the excitation wavelength was set at 400 nm,
the slit width of emission and excitation was both set at 10 nm, and
finally, the energy of the photomultiplier tube was set to 800 V.
Similar tests were compared under the same testing conditions.

HPLC-UV analysis of actual samples

The HPLC-UV analysis method was referred to “Urine-
Determination of p-nitrophenol-High-performance liquid
chromatographic method (WS/T 58-1996),” which was issued
by the Ministry of Health of the People’s Republic of China.
Specially, a HPLC-UV (Agilent 1260 Infinity II) with Wonda
Cract ODS-2 reversed-phase column (250 mm X 4.6 mm,
5 pm) was used for chromatographic separation at the 55 °C
column temperature. The mobile phase was an isocratic eluent
of the mixture of methanol and purified water (v:v=30%:70%)
under a 317 nm UV detector. The flow rate was set at 1.0 mL.
min~!, and the injected volume of samples was 5.0 pL with a
detection time of 30 min.

The actual samples of the mineral water and the boiling
water were firstly filtered for three times through the water-
phase filter membrane to remove the macromolecular impuri-
ties. Finally, the actual samples were sampling and testing by
HPLC-UYV analysis.

Results and discussion
Synthesis and characterization of F-PDA-MIS

Scheme 1la is the prepared scheme of F-PDA-MIS; as
could be seen in the picture, the F-PDA was synthesized

@ Springer



25 Page4of13

Microchim Acta (2022) 189: 25

Scheme 1. a Synthesized a OH PEI
process of F-PDA-MIS; b C=C Ho ~ 0 % (]
modification of F-PDA i, g B0 N0 NQ D
> 90% > L 909%™
NH: polymerization 75 o° AGE NP )
DA F-PDA F-PDA-AGE
OH m
(2]
=
v
> >
P No, 2
]
' z
Q9 o
Y Remove P-NP § * @
%% = 0%
99 99
F-PDA-MIS

F-PDA

by oxidation of dopamine in an alkaline environment; the
green fluorescence F-PDA was obtained after dialysis
purification. For the diversity of surface functional groups
of F-PDA, F-PDA was connected to the double key and
provided the possibility of imprinting polymerization
(Scheme 1b). Therefore, in this study, F-PDA played the
roles of both fluorescent material and functional monomer
in polymerization reaction; P-NP was the target analysis
and had great electrical absorption, which could pull the
electrons that transition to the excited state in F-PDA to
their own groups, thereby reducing the probability of
electronic transitions from the excited state to the ground
state, resulting in the fluorescence quenching of F-PDA.
EGDMA was used as a cross-link; F-PDA-MIS were syn-
thesized by precipitation polymerization, which were used
for the detection of P-NP.

Figure la and b are the TEM images of F-PDA and
F-PDA-MIS; as shown in the pictures, F-PDA was tiny, and
the size was on the quantum scale, in which the diameter was
about 2.0 nm. Figure 1b is the TEM image of F-PDA-MIS.

@ Springer

F-PDA-AGE

It could be seen from the figure that the F-PDA formed the
polymer with irregular shape after the polymerization reac-
tion, but the polymer did not produce the double agglomera-
tion phenomenon, and the dispersion was good. Figure 1c is
the laser scanning confocal microscope (LSCM) images of
F-PDA-MIS, in which excitation wavelength was 365 nm;
as the picture shown, the entire surface of the F-PDA-MIS
glowed bright fluorescence and distributed very evenly; this
indicated that F-PDA participated in the reaction as a substi-
tute of functional monomer, not just a fluorescent material.
In other words, F-PDA directly participated in the reaction
and maintained its fluorescent properties. It was evenly dis-
persed on the surface of F-PDA-MIS to form a homogeneous
and stable fluorescent imprinted polymer. Next, Fig. 1d and
e are the pictures of F-PDA-MIS and N-NIS under daylight
and 365 nm UV lamp, respectively; compared to F-PDA-
MIS with N-NIS, the color of F-PDA-MIS under daylight
was light brown, while N-NIS was white, and the color of
F-PDA-MIS under 365 nm was bright green, while N-NIS
had no color.
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Mechanism 1 Diagram of
the recognition mechanism of
F-PDA-MIS and P-NP
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There have been many functional groups on the surface
of F-PDA, but there were no carbonized double bonds, and
molecularly imprinted polymerization could not be carried
out on the surface of F-PDA to improve the selectivity when
recognizing the targets. Therefore, double-bond end capping
was conducted to synthesize F-PDA with C =C. Figure S5a
is the 'THNMR spectra of F-PDA and F-PDA-AGE; com-
pared to F-PDA with F-PDA-AGE, it could be observed that
there were obviously C =C characteristic peaks between 5.0
and 6.0 ppm, which indicated that C =C was successfully

modified on the surface of F-PDA. FT-IR spectra of F-PDA,
F-PDA-AGE, and F-PDA-MIS are shown in Figure S5b;
the three materials had a distinct characteristic peak around
3300 cm™!, which was the stretching vibration peak of -OH
on F-PDA. Next, the F-PDA was contacted with AGE; the
peak at 1109 cm™' was the stretching vibration peak of the
ether bond, which indicated that AGE was successfully
connected to the surface of F-PDA. Finally, F-PDA was
involved in the polymerization reaction to form the F-PDA-
MIS; several small peaks appeared in the infrared spectra

@ Springer
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of F-PDA-MIS; the peak at 1160 cm~! was a stretching
vibration peak of the ether bond; the peak at 1257 cm~! was
the bending vibration peak of -CH,, at 1388 cm™! was the
stretching vibration peak of C-O, and at 1728 cm™! was the
stretching vibration peak of C=0; these new characteris-
tic peaks were functional groups of EGDMA, which indi-
cated that the F-PDA-MIS were synthesized successfully.
Figure S6 is the thermogravimetric analysis (TGA) data
of F-PDA-MIS and F-PDA-NIS; as shown in the picture,
the initial thermal weight loss is due to the internal crystal
water disappearing with the increase of temperature; when
the temperature rose to 270—430 °C, the crosslinking agent
and functional monomers gradually decomposed as the tem-
perature rose; finally, the weight loss of F-PDA-MIS and
F-PDA-NIS were 6.91% and 6.44% respectively. The above
analysis results well illustrate that a polymer layer success-
fully coated on the surface of F-PDA and the polymers had
good thermal stability.

Fluorescence quenching mechanism

As shown in Mechanism 1, F-PDA is formed by the oxi-
dative polymerization of dopamine in an alkaline environ-
ment containing PEI. There were many functional groups on
the ring of F-PDA, such as -OH, -NH,, and -NHR, which
were all electron-donating functional groups, so the excited
state of F-PDA is usually excited by the n electrons on the
hydroxyl and amino outside the ring and transferred to the
ring to produce fluorescence. In order to further explore
the quenching mechanism of P-NP quenching fluorescence
of F-PDA. The transient fluorescence lifetime diagrams of
F-PDA and the mixture of F-PDA and P-NP were exhibited
in Figure S7a and Figure S7b, respectively. The first-order
fitting was selected as the best fit formula by the compari-
sons of second-order fitting and third-order fitting [36, 37],
finally, the T and © were calculated to 4.19 ns and 3.21 ns
respectively, T /t # 1, this result indicated that the quenching
mechanism couldn’t be static quenching.. Next, the UV—vis
absorption spectra of P-NP and F-PDA and the mixture
of F-PDA with P-NP were measured, as displayed in Fig-
ure S7c; the ultraviolet absorption peak of F-PDA did not
shift significantly after adding P-NP, which indicated that
there was no complex formed between F-PDA and P-NP;
therefore, the possibility of internal filtration effect (IFE)
[38] was ruled out. However, the position of the emission
peak of F-PDA and the ultraviolet absorption peak of P-NP
was quite different, so it was impossible for them to be
fluorescence quenching caused by fluorescence resonance
energy transfer (FRET) [39]. Finally, zeta potentials of
F-PDA and P-NP and mixture of F-PDA and P-NP under
the same test pH conditions were tested, and the results in
Figure S7d demonstrated that there had been electrostatic
attraction between F-PDA and P-NP. Thence, electron
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transfer (ET) [1] was the dominating quenching mechanism
in this sensor, and the quenching mechanism is showed in
Mechanism 1 detailly.

Optimization of detection conditions

Before detecting P-NP, the detection conditions should be
explored. Firstly, the fluorescence dependence of F-PDA
was conducted to select the optimal excitation wavelength.
Figure 2a is the absorption spectrum, fluorescence emission
spectrum, and fluorescence excitation spectrum of F-PDA;
it could be found that the absorption peak of F-PDA was at
280 nm, the emission wavelength of F-PDA was as 535 nm,
and the optimal excitation wavelength of F-PDA was at
400 nm (Fig. 2a). Next was the stability of F-PDA-MIS,
the FL intensities of F-PDA-MIS were detected for many
times in 2.0 h, the results are displayed in Fig. 2b, and the
results were clear that the FL intensities of F-PDA-MIS
fluctuated only slightly within 2.0 h. Therefore, F-PDA-
MIS could remain relatively stable within 2.0 h, meeting
our experimental detection requirements.

Figure 2c is the reaction time of F-PDA-MIS when a cer-
tain amount of P-NP were added into the F-PDA-MIS solu-
tion; specifically, 500 pL of stock solution was dissolved in
5.0 mL DDW as the blank detection solution; a certain amount
of P-NP (100-1100 nM) were added into the blank detection
solution; the FL intensities were detected when P-NP was
added to the detection solution; and the fluorescence inten-
sities of F-PDA-MIS at different times after the addition of
P-NP were recorded until its fluorescence intensity was rela-
tively stable. The corresponding result is shown in Fig. 2c; the
response time of F-PDA-MIS to P-NP was 2.0 min, which was
faster than the reaction time of general polymers. Therefore,
using F-PDA as a substitute of traditional functional mono-
mer could better achieve the surface imprint of the target and
improve its response time to the target.

Figure 2d is the inference of pH value on the detection of
F-PDA-MIS; the FL intensities of F-PDA-MIS and F-PDA-
NIS before (black line) and after (red line) the addition of
400 nM P-NP under different pH value ranging from 3.0
to 13.0 were detected under the same test conditions. It
could be seen from the test results that F-PDA-MIS and
F-PDA-NIS had strong fluorescence intensity in a neutral
environment and relatively weak fluorescence intensity in an
over-acidic or over-alkaline environment. When the pH was
around 7.0-9.0, the F-PDA-MIS and F-PDA-NIS had the
best recognition effect on P-NP. Therefore, this experiment
was more suitable to be performed in a pH around 7.0-9.0.

Fluorescent detection of P-NP

The detective capability of F-PDA-MIS was the final pur-
pose of the research, so the F-PDA-MIS were dissolved in
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Fig.2 a Absorption spectrum (blue line), fluorescence emission spec-
trum (green line), and fluorescence excitation spectrum (pink line) of
F-PDA; b fluorescent intensities of F-PDA-MIS in 120 min; ¢ fluo-
rescent intensity of F-PDA-MIS in the presence of 800 nM P-NP at

DDW to be the stock solution and waited for the detection
of P-NP, first of all, F-PDA-MIS were dissolved again in a
colorimetric tube as a blank control, the target P-NP of dif-
ferent concentrations were added into blank solutions, and
the FL intensity of blank control and solutions with P-NP
were recorded, as shown in Fig. 3a, with the increasing
concentration of P-NP ranged from 100 to 1100 nM, the
FL intensity of F-PDA-MIS was decreased in turn, linear
relationship between FL intensity ratio and concentrations
of P-NP (Cp_np) Was gained by calculating F/F,, which F),
represented the FL intensity of blank control, F represented
FL intensity of solutions with P-NP, linear relation was F/
Fy=0.00199Cp np+0.92566, and linearly dependent coef-
ficient (R%) was 0.99304. It could be seen from the results
that the F-PDA-MIS synthesized in this experiment had a
good linear relationship with the concentration of P-NP and
could be used to detect the concentration of P-NP in actual
samples. Finally, limit of detection (LOD) was calculated by
formula: LOD =3¢/k (n=10), where o indicated as the rela-
tive standard deviation (RSD) after blank control was tested
for 10 times, k expressed as the slope of a linear curve, and
n was the testing times. The LOD is calculated to 24.2 nM
[16].

To explore the sensitivity of F-PDA-MIS, the fluores-
cent changes of F-PDA-NIS with P-NP were detected at
the same time under the same test conditions; as could
be seen in Fig. 3b, the FL intensities of F-PDA-NIS

Cppe/IM

40 80 120 160 200
C,»/nM

oL

T T T
600 800 1000 1200

different incubation time; d effect of pH on fluorescence intensity of
F-PDA-MIS and F-PDA-NIS before (black line) and after (red line)
addition of 400 nM P-NP

could decrease gradually with the addition of P-NP, but
it was not a significant drop compared with F-PDA-MIS;
the linear regression equation of F-PDA-NIS was F/
Fy=0.00041849Cp np+ 1.01556; linearly dependent coeffi-
cient (R?) was 0.99348. The imprinting factor (IF) (IF=k,,;p
/ ky;p) [40] was calculated to 4.76, which was high than
3.8 for F-PDA-MIS. The quenching rate of F-PDA-MIS and
F-PDA-NIS were calculated to 64.0% and 32.3%, respec-
tively; the quenching rate of F-PDA-MIS was twice as much
as that of F-PDA-NIS. The linear equations of both F-PDA-
MIS and F-PDA-NIS are displayed in Fig. 3d and Fig. 3e;
as shown in the comparison of two curves, F-PDA-MIS had
higher linear scope than that of F-PDA-NIS; this indicated
that the concentration of P-NP had a deeper efficiency of
F-PDA-MIS, which compared with F-PDA-NIS. From the
above, F-PDA-MIS had good linear relationship with P-NP
under the range of 100—1100 nM, which could be applied to
the detection of P-NP.

In addition, the detective capability of F-PDA was
explored as well; Fig. 3c displayed the FL intensity changes
of F-PDA in the presence of 4.0-200 nM P-NP, the FL
intensity decreased quickly with the addition of P-NP, and
consequently the concentration of P-NP had a good lin-
ear relationship with Log (F,/F). As displayed in Fig. 3f,
the linear regression equation of F-PDA to P-NP was
Log(Fy/F)=2.225x 10" Cp xp+0.08572, R? was 0.99246,
the LOD of F-PDA to P-NP was calculated to 2.34 nM.
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Fig. 3 Fluorescence spectra of F-PDA-MIS (a) and F-PDA-NIS (b)
upon the exposure to different concentrations of P-NP range from 0
to 1100 nM; fluorescence spectra of F-PDA (c¢) upon the exposure to

Compared with F-PDA-MIS, F-PDA detection of P-NP did
have a lower detection limit and faster detection speed, but
it lacked selectivity, because F-PDA had almost the same
detection ability for M-NP and O-NP as it detected P-NP.

Selective study of F-PDA-MIS

Selectivity of F-PDA-MIS was the key factor in the practi-
cal applications; it could test the responsiveness of similar
substances to F-PDA-MIS, thereby judging the practical-
ity of F-PDA @MIS. In this study, eight similar substances,
O-NP, M-NP, CA, 2,6-DP, 2-AP, HQ, P-Cr, and 2,4-DP were
selected to detect the responsiveness to F-PDA-MIS; for the
comparison, the recognition effect of F-PDA on these targets
was explored at the same time. Figure 4a showed the linear
regression curves of F-PDA upon the exposure to same con-
centrations (4.0 to 200 nM) of P-NP, O-NP, M-NP, CA, 2,6-
DP, 2-AP, HQ, P-Cr, and 2,4-DP. It could be found from the
picture that P-NP, O-NP, and M-NP had a more obvious rec-
ognition effect on F-PDA than other analogs based on their
strong electron-attracting effect, but the individual F-PDA
could not distinguish P-NP, O-NP, and M-NP well, which
indicated that the F-PDA had no selective recognition capa-
bility among P-NP, O-NP, and M-NP. Figure 4b is the linear
regression equations of F-PDA upon the exposure to same
concentrations (100 to 1100 nM) of P-NP, O-NP, M-NP, CA,
2,6-DP, 2-AP, HQ, P-Cr, and 2,4-DP. From the five curves,
the scope of linear fit of P-NP was much higher than the
others, which indicated that P-NP had greater influence on
F-PDA-MIS than other substances that included O-NP and
M-NP. This could be attributed to the special imprinting
holes on the surface of F-PDA-MIS, which endowed F-PDA-
MIS the ability to identify P-NP selectively.
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different concentrations of P-NP range from 0 to 200 nM; linear rela-
tionship of F-PDA-MIS (d), F-PDA-NIS (e), and F-PDA (f) upon the
same concentrations range of P-NP

lons interference experiment

For better usage of F-PDA-MIS, it was also necessary to
eliminate the interference of coexisting ions in the detec-
tion environment, so in order to detect P-NP in drinking
water, the coexisting ions in drinking water included Pb*",
Zn**, Cd**, K*, Mg**, Na*, Ni%*, Ba’*, Cu®*, Li*, Ca®",
AIP*, Co?*, and Fe*, which were selected to study the
effect on F-PDA-MIS. Figure 5 showed the FL intensity
changes of F-PDA (a) and F-PDA-MIS (b) after adding
400 uM Pb%*, Zn?*, Cd?**, K, Mg?*, Nat, Ni**, Ba’™,
Cu®*, Lit, Ca®*, AI’*, Co**, and Fe’* respectively. The
results showed that Pb%*, Ni2+, Cu?*, AI’*, Co?*, and Fe*
had more obvious effects on the detection of F-PDA than
F-PDA-MIS, which indicated that the imprinting layer
could improve the anti-interference ability of the sensor
to a certain extent. After continuing to add a certain con-
centration of P-NP, both F-PDA and F-PDA-MIS showed
an excellent recognition effect on the detection of P-NP.
In other words, F-PDA-MIS could be used to detect P-NP
in drinking water without disturbance.

Comparison of response time and LOD

The contrast experiments of CdTe QDs@MIS and R6G@
MIS were synthesized through the same method to detect
the concentration of P-NP. The fluorescent changes of CdTe
QDs@MIS and R6G@MIS with P-NP concentration are
showed in Fig. 6a and d; the corresponding linear relation-
ship equations are displayed in Fig. 6b and e respectively; it
could be found in the pictures that the FL intensities CdTe
QDs@MIS and R6G@MIS decreased gradually with the
addition of P-NP. Compared with F-PDA-MIS, the decline
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Fig.4 Linear relationship of F-PDA (a) and F-PDA-MIS (b) upon
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Fig.5 Fluorescence intensity discrepancy (F,-F) of F-PDA (a, pink bar) and F-PDA-MIS (b, orange bar) at 400 uM Pb**, Zn?**, Cd**, K*,
Mg?*, Na*, Ni**, Ba®*, Cu?*, Li*, Ca?*, AI**, Co®*, and Fe** and at the presence of the mixture of metal ions and P-NP (green bar)

of the other two sensors was less obvious than F-PDA-MIS;
consequently, the LOD of the two sensors was higher than
which of F-PDA-MIS. Specifically, the linear regression
equation of CdTe QDs @MIS was Log(F/F)=7.9723 x 107
Cpnp+0.95034 (R>=0.99601), the LOD of CdTe QDs@
MIS to P-NP was calculated to be 60.5 nM, the linear regres-
sion equation of R6G@MIS was Log(Fy/F) =9.2425 x 1074
Cp.np+0.9715 (R>=0.9963), the LOD of R6G@MIS
to P-NP was calculated to be 52.2 nM. The LODs of
CdTe QDs@MIS and R6G@MIS were both higher than

F-PDA-MIS, which may be attributed to the deep coating
of fluorescent materials. Furthermore, the response time of
CdTe QDs@MIS and R6G@MIS were detected and showed
in Fig. 6c¢ and f; compared with F-PDA-MIS, the response
time of CdTe QDs@MIS and R6G@MIS was much longer
than F-PDA-MIS. The results proved that the F-PDA as a
role of fluorescent functional monomer could immensely
promote the response time and detection limit.

In another hand, a series of MISs were listed to compare
the detection limit and detection time together. The response

@ Springer
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Fig.6 Fluorescence spec-

tra of CdTe QDs@MIS (a)

and R6G@MIS (d) upon the
exposure to different concentra-
tions of P-NP range from 0 to
1100 nM. The linear relation-
ship of CdTe QDs@MIS (b)
and R6G@MIS (e). Fluorescent
intensity of CdTe QDs@MIS
(c) and R6G@MIS (f) in the
presence of 800 nM P-NP at
different incubation times

Fluorescent off

time of various MISs is shown in the Table S1; the types of
MISs, their corresponding analysis targets, linear ranges,
and detection limits were also listed in the following table.
Especially, compared to this work to the last work listed in
Table S1, the response time of this work was the same with
Cu-CDs, which detected P-NP directly, while the detection
limit was lower than it. The comparison of the table showed
that the F-PDA-MIS in this experiment had a relatively nar-
row linear range, but a faster response time and lower detec-
tion limit, which could achieve fast and efficient detection of
P-NP in drinking water.

Detection of P-NP in drinking water
The final purpose of preparation of F-PDA-MIS was to apply

it to the detection of actual samples; the drinking water that
people drink every day was taken as the research object;
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mineral water was bought from supermarket in the university
as one of the drinking water samples; another sample was
the drinking water of the boiling water room in the univer-
sity dormitory. The two groups of samples were divided into
six groups, which three of the six groups were added differ-
ent concentrations of P-NP; another three groups were with-
out P-NP; each set of samples were detected for three times
and then took the average value to confirm the accuracy and
preciseness of the detective experiment. The corresponding
results are listed in Table 1, the recovery rates of mineral
water and boiling water were 98.6—106% and 98.0-104%
with RSD of 2.7-3.4% and 2.6-3.5% respectively. Compared
with the results of samples added P-NP to that without P-NP,
the concentration of P-NP could be detected by both two
groups; in other words, the F-PDA-MIS which synthesized
this experiment could analyze the concentration of P-NP
effectively. To further verify the accuracy of F-PDA-MIS in

Table 1 Results of P-NP

LR L Sample Determined Added Found Recover RSD
determination in drinking water number (M) (nM) (M) (%) (%, n=3)
samples

Mineral water 1 <LOD 500 490 98.0 2.8
24.6 800 819 102 34

2 25.0 500 514 103 29

<LOD 800 799 100 2.7

3 249 500 519 104 3.1

243 800 822 103 29

Boiling water 1 25.1 500 516 103 32
<LOD 800 789 98.6 2.7

2 31.2 500 531 106 33

29.0 800 831 104 29

3 29.0 500 532 106 2.6

339 800 837 105 35
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Table 2 Comparisons of

P F-PDA@MIS HPLC-UV
P-NP determination results
in drinking water samples by Samples Added Found Recover RSD Found Recover RSD
fluorescence analysis method (nM) (nM) (%) (%, n=3) (nM) (%) (%, n=3)
and HPLC-UV method
Mineral water 800 819 102 34 813 102 2.6
799 100 2.7 814 102 2.5
822 103 2.9 813 102 2.7
Boiling water 800 789 98.6 2.7 831 104 2.9
831 104 2.9 833 104 2.7
837 105 3.5 836 107 2.6

detecting P-NP, the standard recovery experiments of P-NP
in mineral water and boiling water via HPLC-UV were
conducted for the comparison. The HPLC-UV results are
displayed in Figure S9, and the comparison results are listed
in Table 2; the found concentrations of P-NP in mineral
water and boiling water were 13.4 nM and 33.4 nM, which
were basically in line with the results found by fluorescence
analysis method. The comparison experiment convincingly
proved that the fluorescence analysis method could detect
P-NP accurately and rapidly.

In summary, based on the excellent biocompatibility of
F-PDA, the research of this experiment had laid a good foun-
dation for its application in the field of biological monitoring
and detection. However, there are still areas for improvement
in the experiment. For example, the selectivity of F-PDA-
MIS needs to be improved. Because F-PDA directly partici-
pates in the reaction, it is inevitable that part of F-PDA will
be exposed outside the imprinting layer, which will speed
up the response time and it will also reduce the selectivity
of F-PDA-MIS. This is where we need to improve in the fol-
lowing experiment, and it also provides a guiding direction
for the next experiment.

Conclusion

In this work, a homogeneous and stable F-MIS has been
successfully synthesized for selective recognition of P-NP,
in which F-PDA was firstly put forward as both fluores-
cence monomer and functional monomer. In comparison
of conventional QDs-based and dyes-based fluorescent
molecularly imprinted sensor, F-MIS could realize ultra-
fast detection of P-NP with low detection limit. The selec-
tive detection results showed that F-MIS exhibited highly
selectivity among complex isomers in water samples. Then,
the anti-interference experiment proved the superiority of
F-MIS again. The final results of the determination of P-NP
in drinking water samples verified the practicality of F-MIS.
To sum up, F-PDA as a highly effective fluorescence func-
tional monomer could quickly complete the electron trans-
fer between F-PDA and P-NP and realize the fluorescence

quenching of F-PDA by P-NP. The application of F-PDA in
molecularly imprinted fluorescent sensors showed a bright
prospect for ultra-trace analysis and detection.
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