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Abstract

The surface of poly(methyl methacrylate) nanospheres (PMMA-NSs) was molecularly imprinted with sulfadiazine by a surface
imprinting method. Simultaneously, Mn(II)-doped ZnS quantum dots were incorporated into the imprinted PMMA-NSs. The
morphology of the fluorescent nanoprobe was characterized by transmission electron microscopy which revealed good spheroi-
dal core-shell structure and a homogeneous distribution of the QDs. Following binding of sulfadiazine, fluorescence (best
measured at excitation/emission maxima of 335/592 nm) is increasingly quenched. The detection range is 5-40 pmol-L™" of
sulfadiazine, and the detection limit is 0.24 pumol-L™". The fluorescence quenching mechanism is discussed, and a photo-induced
electron transfer process is shown to account for quenching. The fluorescent probe was applied to the determination of sulfadi-
azine in spiked tap water with recoveries and RSDs of 96.6-100.2% and 2.7-3.9%, respectively. The detection of sulfadiazine in
spiked lake water exhibited the recoveries and RSDs with 99.3-104.8% and 1.8-4.2%, respectively.
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mechanism

sulfonamides are the most common instruments to be used
in the detection of the sulfadiazine in wastewater, effluents,

Introduction

Sulfadiazine (SD) is commonly used as antibacterial medi-
cine, which is very easy to increase bacterial resistance by
releasing a large number of antibiotics into the environment
[1]. At present, the high-performance liquid chromatography
with tandem mass spectrometry, and high-performance liquid
chromatography-electrospray tandem mass spectrometry
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surface water and groundwater [2, 3]. Compared with the
traditional methods, the emergence of the fluorescent probe
method is more easy to realize these advantages such as timely
detection, inexpensive raw materials, simple operation, sensi-
tivity and convenience [4].

Semiconductor quantum dots (QDs) are widely used to
monitor chemical molecules due to their excellent properties
such as tunable absorption, tunable emission spectroscopy and
low photobleaching sensitivity [5]. In the past decades,
Cadmium QDs are largely researched since the first discovery
of Zinc sulfide-capped cadmium selenide QDs [6]. However,
the toxicity of cadmium QDs limited their further application
in biology labels and detection in the environment [7].
Excitedly, ZnS QDs as an excellent host material have
attracted much attention due to its low toxicity, wide direct
bandgap and small exciton Bohr radius [§]. Mn-doped ZnS
QD causes the red-shift of the initial emission wavelength of
ZnS quantum dots from 450 nm to 590 nm [9], where the red-
shift was triggered by the variation of transition from *T; to
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®A; in ZnS crystal stimulated by Mn ions [10]. Liu.et al. has
been reported the Mn-doped ZnS QDs fluorescence probe
with high sensitivity, selectivity and fast detecting
mercury(Il) in tap water [11].

Molecular imprinting polymers (MIPs) has been used to
recognize biomolecular, drug molecular and organic molecu-
lar because of its special recognition function [12]. Visually,
The relationship between MIPs and template molecular is re-
sembled with “lock-key” [13]. Firstly, the template molecular
forms a three-dimensional binding under the interaction be-
tween templates and monomers via covalent, non-covalent
and semi-covalent [14]. Subsequently, a cavity similar to the
template formed after the mixture solution polymerized with
the addition of cross-linkage [15]. Eventually, these cavities
can specifically recognize the target in the complicated liquid
again. Xu.et al. [16] has reported fluorescence nanobeads for
highly sensitive and selective determination of TNT by using
a mesoporous structured molecularly imprinted polymers
capped carbon dots method.

The large surface area provided by a matrix can enable
MIPs with a more stable structure and more cavities [17].
And the stable structure of MIPs warrants the accuracy of
special recognition to templates [18]. Thereby, the silica mi-
crosphere has been largely utilized as a matrix to support MIPs
[19]. However, the MIPs layer is generally difficult imprinted
on the surface of silica particles directly due to the smooth
surface of silica particles. In most cases, the modification on
the surface of silica always is carried out for enhancing the
affinity between the MIPs and silica nanobeads. Thereby, the
polymer nanosphere as supporting material to attach the MIPs
is very advanced because the polymer nanosphere is free-
modification owing to its abundant functional groups on its
surface. Various polymer microspheres such as polystyrene
microsphere, poly(styrene-copolymer) and poly(methyl meth-
acrylate) have been reported by taking different synthetic
strategies [20]. Therein, the preparation of poly(methyl meth-
acrylate) nanosphere via the soap-free polymerization method
has broadly caused interest due to the non-toxic and simple
fabrication [21, 22]. Thereby, a core-shell structure nanobeads
based on the PMMA-Ns imprinted with MIPs is synthesized
to detect the sulfadiazine. As our best knowledge, the
poly(methyl methacrylate) nanosphere(PMMA-Ns) as the
matrix to attach MIPs is seldom reported.

Methods

Preparation of the core-shell structure fluorescent
nanobeads

The MIPs@QDs@PMMA-Ns (MQPs) were synthesized by

surface molecular imprinting technology [23], where PMMA -
Ns and Mn-doped ZnS QDs were prepared as is given in
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Electronic Supporting Material. Firstly, the 10 mL absolute
ethanol solution including 125 mg SD, 250 uL 3-
aminopropyltriethoxysilane (APTES) and 100 mg PMMA-
Ns were added into 50 mL flask and stirred for 30 min.
Then 1 mL of tetracthoxysilane (TEOS) was added into the
above mixture and kept stirring for 10 min. After then, both of
100 mg Mn-doped ZnS QDs and 3.5 ml 6% NH;H,O were
added and continuously stirred for 20 h. The synthesis of
NIPs@QDs@PMMANs (NQPs) is similar to MQPs but no
SD. The MQPs and NQPs were centrifuged and then washed
several times via ethanol and acetic acid (9:1, v/v) to remove
the template molecules. Finally, MQPs and NQPs were dried
at 50 °C under vacuum.

Fluorometric analysis of MQPs

The fluorescence analysis was performed on the Lumina fluo-
rescence photometer (USA), where the fluorescence wave-
length range of spectra was set from 500 nm to 650 nm under
the exciting wavelength was 335 nm. The slit widths and the
photomultiplier tube voltage were set at 10 nm and 800 V,
respectively. Different concentration SD (from 0 to 40 umol-
L") was added into 5 mL calibrated test tubes with 2 mL
1 mg'mL~" MQPs. Then phosphate buffer (pH =7.3) was
added into tubes utile the volume was 5 mL. The fluorescence
analysis was carried out after 30 min. Every sample was tested
three times.

The practical sample analysis

To estimate the practicality, tap water and lake water were
selected as a sample to analysis. However, there was no SD
found in tap water and lake water. The standard addition re-
covery method was implemented on analyzing the different
prepared SD concentration. The test details as following: first-
ly, preparing 1 mmol-L ™" standard SD solution. Secondly, the
2 mL 1 mg'mL ™" MQPs was added into 5 mL calibrated test
tubes. Thirdly, the 1 mmol-L™! standard SD solution was di-
luted into 5.0 pmol-L ™", 10.0 umol-L™" and 15.0 pmol-L™"
based on 5 mL calibrated test tubes via phosphate buffer
(pH =7.3), respectively. Every sample was tested three times.

Result and discussion
Preparation of fluorescent nanobeads

Figure 1 systematically describes the process of MQPs prep-
aration. In simple terms, the PMMANSs and QDs are prepared
using the free-soap method and surface imprinting molecular
technology, respectively. And then the Mn-doped ZnS QDs
capped with 3-mercaptopropionic acid (MPA) are molecularly
imprinted on the surface of PMMANS. In the process of
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Fig. 1 Schematic presentation of
PMMA-Ns, Mn-doped ZnS QDs
and MQPs, and elution diagram
of SD

-

ZnSO,*7H,0
MnCl, - 4H,0
Na,S +9H,0

®__ SDBS

° PMMANSs

6%  Mn-doped CQDs o SD

preparing PMMA-Ns and Mn-doped ZnS QDs, the sodium
dodecylbenzene sulfonate and 3-mercaptopropionic acid are
used to adjust the diameter of PMMA-Ns and keep the stabil-
ity of Mn-doped ZnS QDs, respectively. Throughout the pro-
cess, the PMMANS do not require extra modification due to
the abundant ester groups on its surface (Fig.S1). Finally, after
the template is eluted from MQPs, the cavities are left and can
maximally reabsorb the SD in a complex solution.

The characterization of the nanobeads

The characteristic of PMMA-Ns, Mn-doped ZnS QDs, MQPs,
and NQPs are studied by using TEM, respectively. As is shown
in Fig. 2a and b, the PMMANSs and Mn-doped ZnS QDs present a
good sphere, respectively. Therein, the Mn-doped ZnS QDs pos-
sess an excellent mono-dispersity diameter. The average diameter
of PMMA-Ns and QDs are around 100 nm and 20 nm, respective-
ly. The patterns of MQPs and NQPs are shown in Fig. 2c and d,
respectively. The QDs are observed that it is embedded in the
MIPs. As aresult, it indicates that the fluorescent nanobeads have
a distinct core-shell structure. Additionally, compared with the
PMMA-Ns (Fig. 2a), the surface of MQPs is more roughness than
the PMMA-Ns. The phenomenon demonstrates that the MIPs are
successfully anchored on the surface of PMMA-Ns. The size of
MQPs and NQPs is around 100 nm. To further study the QDs
location on the surface of PMMA-NG, the partial enlargement of
QDs on the surface of the fluorescence nanobeads is carried out.
As is shown in Fig. 2e and f, the QDs are inserted inside of the
polymer layer rather than external. However, the diameter of

A

85°C 0
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/ Ve
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PMMA-Ns, MQPs, and NQPs are not utterly resembled which
may be caused by the nonuniform diameter of PMMA-NSs.

For further ensuring the successful synthesis of MQPs, the
FI-IR spectra and XRD pattern are studied, respectively. As is
shown in Fig. 3, compared with the Mn-Doped ZnS QDs
(curve a), the Mn-doped ZnS QDs capped with MPA (curve
b) appear two peaks around 1558.13 cm ' and 1401.85 cm ™',
which are attributed to the asymmetric and symmetric
stretching bands of carboxyl, respectively. The result explains
that the Mn-doped ZnS QDs have been modified with MPA.
However, the characteristic peak of S—H around 2550—
2680 cm ' is not found, which may be caused by the covalent
bonds between thiols and metal atoms of Mn-doped ZnS QDs.
The peak of PMMA-Ns (curve ¢) around 2995.45 cm !,
2954.037", and 1740.28 cm ! are considered as the CH;
stretching band, the CH2 of ((-C(R)-(CH2)-C(R)-),, n>=4)
stretching band and the stretching band of C=0, respectively.
The result predicates that the PMMANS is successfully prepared
and possess lots of ester groups. The strong and broad peak of
MQPs and NQPs (curve d and e) around 1134.67 cm " indicate
the Si-O-Si asymmetric band stretching, and the other peaks in-
cluding 2939.21 cm ' and 1545.67 cm ' present aliphatic C-H
stretching band and N-H band, which demonstrate the presence of
the aminopropyl group. The result illustrates the MIPs layer is
successfully synthesized and attached to the surface of PMMA-
Ns. The XRD analysis is shown in Fig.S2. As a result, the Mn-
doped-ZnS QDs have been successfully fabricated, and the MIPs
layer also has a protective ability to the Mn-doped ZnS QDs
except providing cavities. Also, the result of the XRD study
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on the surface of MQPs (e) and NQPs (f)

further proves that the QDs are embedded inside of MIPs layer. In
summary, the core-shell fluorescence nanobeads based on
PMMA-Ns are synthesized and imprinted with MIPs layer on
the surface of PMMA-NGs.
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Fig. 3 The FT-IR research of Mn-doped ZnS QDs (a), Mn-doped ZnS
QDs capped MPA (b), PMMA-Ns (¢), MQPs (d) and NQPs (e)
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Fig.2 The TEM investigation of PMMA-Ns (a), Mn-doped ZnS QDs capped MPA (b), MQPs (¢), NQPs (d), enlarged diagram of Mn-doped ZnS QDs

Fluorescence properties and optimization

The fluorescence intensity result of eluted and un-eluted
MQPs and NQPs are investigated and the result shows that
the template in MQPs almost is eliminated (Fig.S3). The sta-
bility of MQPs fluorescence intensity is investigated and
shows that the MQPs can keep stable within 60 min
(Fig.S4). The influence of pH value is studied. The data and
Figures are given in the Electronic Supporting Material
(Fig.S5). As a result, the best pH value is 7.3. All of the
following tests are based on the optimized condition.

Investigation to the concentration of sulfadiazine (SD)
and fluorescence intensity of nanobeads

The fluorescent intensity quenching of the MQPs is investi-
gated by adding different concentrations of SD. Under the
optimized condition, as is shown in Fig. 4a and c, the fluores-
cence emission intensity at 592 nm is gradually decreased
with increasing concentration from 0 to 40 umol-L™". The
result indicates that the MQPs nanobeads can be efficiently
quenched by the SD. The Iy/I study of MQPs and NQPs are
shown in Fig. 4b and d, it is very easy found that the MQPs
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Fig. 4 The fluorescence spectra b
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and NQPs have linear correlation within 5 to 40 umol-L ™" SD.
The fitted curve of MQPs and NQPs within the linear corre-
lation range are shown in Fig. 5a and b, respectively. The
linear correlation fitted curve of MQPs and NQPs are de-
scribed as following traditional Stern-Volmer equation, re-
spectively:

Y, =0.02313%X + 1.12424 (R12 = 0.9920) (1)

Y, = 0.00675%X + 1.15517 (R,* = 0.9958) (2)

Fig. 5 The linear fitted curve of a

25 30 35 40

Concentration (pmol-L'l)

Where Y, and Y, are the I /I of MQPs and NQPs, respec-
tively. The I and I are the fluorescence intensity in the ab-
sence and presence of SD, respectively. X is the concentration
of SD. The Stern-Volmer constant of MQPs and NQPs are
0.02313 and 0.00675, respectively. The correlation coefficient
of MQPs and NQPs is 0.99202 and 0.9958, respectively. The
30 / S is utilized to calculate the detection limit of MQPs,
where the o is the standard deviation of the blank signal and
S is the slope of the Stern-Volmer equation. As a result, the
detection limit is 0.24 umol-L™". The low detection limit may
be attributed to the PMMA nanosphere that provides a large
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surface area and stable structure for MIPs. Also, the
quenching extent of NQPs is less than MQPs, which is due
to no imprinting cavities on the surface of NQPs. The IF (K,
mrip / Kgv nip) 18 calculated into 3.43, which indicates the
MQPs have an excellent absorbability to SD. In conclusion,
the proposed MQPs can be efficiently quenched by SD. Both
of MQPs and NQPs have a good linear correlation within the
SD concentration range from 5 to 40 pmol-L™'. The limit of
detection of MQPs is 0.24 umol-L'. A review of the reported
methods for the detection of SD is investigated. As is shown in
Table S1, the results show that LOD of MQPs is close to
reported methods, which may be owing to the PMMA-Ns
providing a good surface area.

The absorbability of the nanobeads to sulfadiazine
(SD)

The absorbability of MQPs is investigated by utilizing three
similar molecules SM, SM2, and SMZ, respectively (Fig.S6).
As is shown in Fig. 6, compared with other similar molecules,
the 10/ of MQQPs is largest in the existence of SD. The result
illustrates that the MQPs have a maximal absorbability to SD,
which is attributed to the large quantities of imprinting cavities
on the surface of MQPs. Simultaneously, the 10/1 variation of
NQPs in the presence of SD, SM and SMZ are also studied. It
finds that the quenching extent of SD and other similar mol-
ecules to NQPs is very lower than MQPs. The lower
quenching extent is due to no imprinting cavities on the sur-
face of NQPs. However, a similar molecular still influences
the fluorescence intensity of MQPs. Thereby, the uncertainty
method is used to further studying the absorbability of MQPs
to SD. The Figures and graph are given in Electronic
Supporting Material (Fig.S7). As a result, the proposed
MQPs has a good special absorption capacity in the mixture
solution. Also, the influence of high concentration similar

1.6

Em MQPs
1.5' - NQPS

lllfq dl

”% "/fa Sut,
Nty i “hoxazey,

Fig.6 The absorbability research of MQPs and NQPs to 20 pmol-L ' SD
and pumol-L™" similar molecules including SM, SM, and SMZ
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molecules to the accuracy of monitoring SD is investigated
and shown in Fig.S8. As a result, the accuracy of detection to
low concentration SD in complex solution with high concen-
tration similar molecules does not have the desired effect.

Practical application to analyze tap water and lake
water

The practical application of fluorescence nanobeads is studied
using tap water and lake water samples. As is shown in
Table 1, no SD is found from three tap water samples.
Thereby, the practical application is carried out by using the
standard addition recovery method. Three different concentra-
tion solutions of SD are prepared with the addition of SD,
which are 5.0 pmol-Lfl, 10.0 pumol-L ™", and 15.0 pmol-L™",
respectively. After analysis the three prepared concentration
solutions of SD by MQPs, the result shows that the quantita-
tive recoveries in tap water ranged from 96.6% to 100.2%, and
the relative standard deviation (RSD) ranged from 2.7% to
3.9%. Similarly, no SD is not found in lake water also. The
same method is used to analyze the SD in lake water by using
proposed nanobeads. The result shows that the quantitative
recoveries rate in lake water ranges from 99.3% to 104.8%,
and RSD in lake water ranges from 1.8% to 4.2%. Both tap
water and lake water results indicate that the MQPs possess
the potential applicability to detect SD in real water. Also, the
recovery range and relative standard deviation investigation
on reported similar methods are listed in Table S2. After com-
paring with other reported methods, the result shows that the
proposed MQPs have the same or more excellent practical
application in real water.

Table 1 The practical application of MQPs with the different
concentration SD (0 pmol-L™!, 5 pmol-L™!, 10 pwmol-L 'and
15 umol'Lfl)in tap water and lake water (n=3)

Sample Concentration of SD (uM)  Recovery (%) RSD (%)
Add Found
Tapwater1 0 No found 0 0
5 4.83 96.6 32
Tap water2 0 No found 0 0
10 9.97 99.7 2.7
Tap water3 0 No found 0 0
15 15.03 100.2 3.9
Lake water 1 0 No found 0 0
5 5.24 104.8 42
Lake water2 0 No found 0 0
10 9.96 99.6 23
Lake water 3 0 No found 0 0
15 14.89 99.3 1.8
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Quenching mechanism

The fluorescent quenching mechanism is discussed. At pres-
ent, the popular FL quenching mechanisms are divided into
two mechanisms including photoinduced electronic transfer
(PET) and the Forster resonance energy transfer (FRET).
The FRET quenching mechanism requires the overlap be-
tween the emission spectrum of electron donor and the
absorbed spectrum of electron acceptor. However, the fluores-
cence of SD is not found in the experiment (date is not given).
As is shown in Fig.S9, the UV absorption wavelength of SD
(a) and the emission wavelength of MQPs (b) have no overlap.
Therefore, the quenching mechanism may be not FRET. After
compared with the UV-vis absorbance of SD, MQPs, and
mixture of SD and MQPs, as is shown in Fig.S10, the
MQPs does not exist the absorptive peaks, and the SD has
two absorptive peaks around 240 nm and 256 nm, respective-
ly. After adding the SD into MQPs, the two peaks have a little
change and located at 241 nm and 255 nm. The result indi-
cates that the SD may react with the MPA on the surface of
MQPs, which results the electrons transfer from excited
MQPs to SD. Also, the SD has many strong electronegativity
elements in its structure (shown in Fig.S6, sulfadiazine) such
as nitrogen, oxygen, and sulfur, which make SD be very easy
to absorb a charge from excited MQPs, and therefore the fluo-
rescence intensity of MQPs decrease. In conclusion, the PET
may be suggested as a possible fluorescent quenching
mechanism.

Conclusion

The core-shell fluorescent nanobeads based on PMMA-Ns are
successfully synthesized and applied to the detection of SD.
The lower LOD allows core-shell structured fluorescent
nanobeads to have potential applications for fast and easy
monitoring SD in real water. In addition, polymer nanobeads
as a MIPs-supporting matrix can provide other researchers
with new ways to further study polymer-based core-shell
nanospheres. However, the detection accuracy of MQPs to
low-concentration SD in high-concentration similar mole-
cules still needs further improvement. Making full use of the
abundant functional groups on the polymer nanoparticles may
realize the accurate detection of contaminants in complex
systems.
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